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SUMMARY

Micro and nanomechanical sensors are indispensable in modern consumer electron-
ics, automotive and medical industries. Gas pressure sensors are currently the most
widespread membrane-based micromechanical sensors. By reducing their size, their
unit costs and energy consumption drops, making them more attractive for integration
in new applications. Reducing the size requires the membrane to be as thin as possi-
ble, but also very strong. Graphene is the perfect material for such a membrane since it
is only one atom thick but also the strongest material ever measured. This dissertation
investigates the dynamics of suspended graphene membranes for sensing applications.
These sensing applications are not restricted to pressure sensors alone, but the dynam-
ics of graphene can also be used as a sensor for other physical properties. Thus, the
topic of this thesis goes into the broader subject of the dynamics of interacting graphene
membranes.

Part | of this work describes the research methods used throughout the dissertation,
starting with the fabrication of samples and the experimental setup in chapter 3. The
resonators used in this study are graphene membranes suspended over a cavity in a thin
silicon dioxide layer. These samples are fabricated by mechanical exfoliation and trans-
ferred using a viscoelastic polymer, or we use single-layer graphene grown by chemical
vapor deposition. Two classes of samples are used: either the graphene fully covers the
circular cavity (closed drum) or there is a venting channel to the environment (open
drum). Fabry-Perot interferometry is used to detect the motion of the graphene mem-
brane, by measuring the position dependence of the laser light reflected from the sam-
ple. This position-dependence is nonlinear, which is used to develop a novel method to
calibrate the sensitivity of the instrument to the amplitude of the resonance in chapter
4, requiring only that the wavelength of the laser light is known. A blue laser is used to
modulate the temperature of the suspended graphene, actuating the motion due to ther-
mal expansion. The mechanisms that play a role in this actuation scheme are a recurring
theme throughout the dissertation.

The dynamics of 2D material resonators interacting with heat is discussed in part
Il. We examine the mechanical response of both single-layer graphene (chapter 5) and
single-layer molybdenum disulfide (chapter 6) membranes to a high frequency intensity
modulation of the blue laser. We observe the effects of the diffusion of heat in the me-
chanical response, from which we can derive the thermal time constant of the system.
In the case of graphene, existing models fail to explain the value of the thermal time
constant and its diameter-dependence. A linear diameter-dependence is found, while a
quadratic dependence is expected. We propose that a combination of boundary effects
and the mesoscopic scale of phonon transport lies at the root of this observation. In the
case of MoS,, we find that the thermal time constants are consistent with the classical
theory of diffusive heat transport, allowing us to make the first estimate of the specific
heat of a 2D material.

xi



Xii SUMMARY

Part 11l studies the nonlinear dynamics of graphene membranes. The temperature
modulation causes rapid variations of tension in the resonator, resulting in parametric
resonance. Since the restoring force for every mode is determined by the tension in the
membrane, each mode can be parametrically excited resulting in a record number of 14
mechanical modes brought into parametric resonance in a single mechanical element as
shown in chapter 7. We also show that unconventional dynamic phenomena govern the
linewidth of the mechanical response. The nonlinear resonance is also sensitive to ran-
dom fluctuations, causing the resonator to show stochastic switching between the low-
and high amplitude attractors (chapter 8). We achieve 100 times faster switching rates,
while the effective temperature of the random fluctuations is ten times lower than the
state-of-the-art in MEMS. This opens the door for detecting small signals in the audible
domain in a way that mimics nature.

Having performed all the experiments in high vacuum environments up to this point,
the graphene membranes are now introduced to a fluid environment in part I1V. We first
show the squeeze-film pressure sensors, which are operated by compressing gas in a
thin cavity underneath the membrane that raises its stiffness, which is detected through
the resonance frequency. First, a proof-of-principle is shown on a multi-layer graphene
sample of 31 layer thickness in chapter 9, followed by a more extensive study on single-
layer devices in chapter 10. We show that inertia in the gas flow plays an important role
at high pressures and high frequencies by measuring the gas dependence of the squeeze-
film effect. Also, we show an actuation scheme that exploits the squeeze-film effect, by
fast temperature modulation of the gas due to the blue laser which causes the gas to
expand, which can be detected by an increase in the actuation force as a function of
pressure. After this, we show that graphene membranes that separate two gases can be
deflected by osmotic gas pressure in chapter 11. This time-dependent osmotic pressure
occurs when the two gases have different permeation rates, which can be used in future
gas sensors. The final chapter 12 of this part studies graphene membranes in water.
Using liquid-cell atomic force microscopy, we show that selectively permeable graphene
membranes can be deflected by osmotic pressure induced by a concentration gradient
of sucrose.

Part V provides an outlook and valorization. The outlook (chapter 13) shows the re-
sults of several projects that build on the research presented in the preceding parts. We
extensively discuss two methods to measure the mass of graphene, which we typically
find to be much higher than expected. Considerable steps towards CMOS integration
were taken, we show squeeze-film pressure sensors and Pirani type pressure sensors that
were fabricated in CMOS compatible processes. A method is shown that measures leak-
age through the graphene membranes at very fast timescales, building on the detection
of thermal time constants. We end the outlook by investigating the motion of graphene
membranes that are actuated by two incommensurable frequencies. The valorization
chapter 14 shows the possible practical applications that can emerge from this work.
The dissertation ends with the conclusions in chapter 15.



SAMENVATTING

Micro- en nanomechanische sensoren (MEMS-sensoren) zijn onmisbaar voor toepas-
singen in moderne consumentenelektronica-, automobiel- en medische industrieén.
Gasdruksensoren zijn de meest voorkomende MEMS-sensoren die gebruik maken van
een membraan. Door deze sensoren kleiner te maken, worden ze goedkoper en verbrui-
ken ze minder energie, waardoor ze makkelijker in nieuwe toepassingen passen. Om
druksensoren kleiner te maken is het nodig om het membraan dunner te maken, maar
daarvoor moet het materiaal sterk genoeg zijn. Grafeen is daarvoor het perfecte mate-
riaal, want het is maar 1 atoomlaag dik, maar tegelijk het sterkste materiaal dat ooit is
gemeten. Dit proefschrift onderzoekt de beweging van vrijhangende grafeen membra-
nen voor toepassing in sensoren. Deze sensor-toepassing is niet beperkt tot gasdruk-
sensoren, de dynamiek van grafeen kan ook gebruikt worden om andere fysische eigen-
schappen te onderzoeken. Dit proefschrift neemt dus een bredere belangstelling in de
beweging van grafeen membranen die een interactie ondergaan.

Deel I van dit werk beschrijft de methoden die verder in het proefschrift steeds op-
nieuw gebruikt worden, beginnend met de vervaardiging van proefstukken en de experi-
mentele opstelling in hoofdstuk 3. De mechanische resonatoren die gebruikt worden in
dit onderzoek zijn grafeen membranen, die vrij hangen boven een gaatje in een dunne
laag siliciumdioxide. Deze proefstukken worden gemaakt door mechanische exfoliatie
en een overdracht met een viscoelastisch polymeer, of we gebruiken enkellaags graf-
een dat is vervaardigd met een chemische opdamptechniek. We gebruiken twee soorten
proefstukken: of het grafeen bedekt het cirkelvormige gat volledig (een gesloten drum),
of het gat heeft een ontluchtingskanaal naar de buitenwereld (een open drum). Fabry-
Perot interferometrie wordt gebruikt om de beweging van het membraan te bepalen,
door de positieafhankelijkheid van het weerkaatste licht vanaf het proefstuk te meten.
Deze afhankelijkheid is niet-lineair, waar we gebruik van kunnen maken om de gevoelig-
heid van het instrument voor de uitwijking van het membraan te kalibreren in hoofdstuk
4, daarvoor is het alleen nodig om de golflengte van de laser te weten. Een blauwe laser
word gebruikt om de beweging aan te drijven, door op hoge frequentie het membraan
op te warmen zal deze gaan bewegen door thermische expansie. Er zijn verschillende
mechanismen die een rol spelen in dit aandrijfschema die steeds terug zullen komen in
dit proefschrift.

De beweging van tweedimensionale materialen die een interactie vertonen met warmte
wordt besproken in deel Il. We onderzoeken de mechanische respons op de hoogfre-
quente intensiteitsmodulatie van de blauwe laser van enkellaags grafeen (in hoofdstuk
5) en enkellaags molybdeendisulfide (in hoofdstuk 6). We observeren de effecten van
warmtediffusie in de mechanische beweging, waaruit we de karakteristieke thermische
tijdconstante van het systeem kunnen afleiden. In het geval van grafeen, kunnen we
de waarde van deze tijdsconstante en zijn diameterafhankelijkheid niet verklaren met
bestaande modellen. We observeren een lineaire diameterafhankelijkheid, terwijl men
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Xiv SAMENVATTING

een kwadratische afhankelijkheid zou verwachten. We stellen voor dat een combinatie
van effecten aan de rand en de mesoscopische schaal van het transport van fononen
deze observatie kan verklaren. In het geval van molybdeendisulfide kunnen we de ge-
meten thermische tijdsconstanten goed verklaren met klassieke modellen voor diffusief
warmtetransport, dit stelt ons in staat om voor het eerst een schatting te maken van de
specifieke warmte van een tweedimensionaal materiaal.

Deel 11l bestudeert de niet-lineaire dynamica van grafeen membranen. De tempe-
ratuurmodulatie van de blauwe laser veroorzaakt snelle variaties in de spanning van
het materiaal, wat leidt tot het parametrische resonantie-effect. Doordat de herstel-
kracht van iedere trillingsvorm van het membraan word bepaald door de spanning in
het membraan, kan iedere trillingsvorm parametrisch aangedreven worden. Dit leidt tot
een recordaantal van 14 trillingsvormen die parametrische resonantie vertonen in een
enkel mechanisch element, zoals aangetoond in hoofdstuk 7. Hier laten we ook zien dat
ongebruikelijke fenomenen ten grondslag liggen aan de piekbreedte van de mechani-
sche resonantie. De niet-lineaire resonantie is ook gevoelig voor willekeurige fluctuaties,
waardoor de resonator stochastisch wisselt tussen de hoog- en laag amplitude attractor
(hoofdstuk 8). Deze wisselingen zijn 100 maal sneller dan in de meest geavanceerde
MEMS-technologie, terwijl de effectieve temperatuur van de fluctuaties een factor 10 la-
ger is. Dit maakt grafeen aantrekkelijk om zeer zwakke signalen te meten in het hoorbare
domein, op een manier die de natuur nabootst.

Tot dusver zijn alle experimenten in een hoogvaculim omgeving uitgevoerd, maar
in deel IV word het membraan blootgesteld aan gassen en viloeistoffen. We laten eerst
de gasdruksensor gebaseerd op het squeeze-film (samengedrukte gasfilm) effect zien,
welke werkt door gas onder het membraan samen te drukken. Dit vergroot de stijfheid
van het systeem, wat wordt gemeten met behulp van de resonantiefrequentie. Eerst
laten we de principiéle bruikbaarheid van deze sensoren zien op 31-laags grafeen in
hoofdstuk 9, gevolgd door een meer uitgebreid onderzoek op enkellaags grafeen in hoofd-
stuk 10. We laten zien dat massatraagheid in de gasstroom een grote rol speelt bij hoge
drukken en hoge trillingsfrequenties door het squeeze-film effect met verschillende gas-
sen te meten. Ook laten we een nieuw aandrijfschema zien dat gebruik maakt van het
squeeze-film effect: door het gas in de dunne film heel snel op te warmen zal dit gaan uit-
zetten, wat wordt gemeten als een onverwachte toename van de aandrijfkracht bij hoge
gasdruk. Hierna laten we in hoofdstuk 11 zien dat grafeen membranen die twee ver-
schillende gassen scheiden worden doorgebogen door osmotische gasdruk. Deze tijds-
afhankelijke druk onstaat als de twee gassen verschillende permeatiesnelheden hebben
en kan gebruikt worden in toekomstige gassensoren. Het laatste hoofdstuk (12) in dit
deel bestudeert grafeen membranen in water. Door gebruik te maken van atomaire-
krachtmicroscopie in een vloeistofcel, laten we zien dat selectief permeabele grafeen
membranen worden doorgebogen door osmotische druk, die wordt opgewekt door een
verschil in concentratie van oploste sucrose in het water.

Deel V geeft een vooruitzicht in hoofdstuk 13 en valorisatie in hoofdstuk 14. Het
vooruitzicht laat resultaten van projecten zien die verder bouwen op het onderzoek in
de voorgaande hoofdstukken. We bespreken uitgebreid twee verschillende methodes
om de massa van grafeen te meten, welke vaak veel hoger dan verwacht is. Er zijn ook
vergaande stappen naar CMOS-integratie van de sensoren genomen, we laten deze zien
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voor de squeeze-film en de Pirani druksensor. Een methode om lekkage door grafeen
op zeer snelle tijdschalen te meten word besproken. En we eindigen de vooruitblik door
te kijken naar de dynamica van grafeen membranen die door twee signalen word aan-
gedreven. Het valorisatie hoofdstuk 14 bespreekt de praktische toepassingen die uit dit
proefschrift kunnen voortkomen. Het proefschrift sluit af met de conclusies in hoofd-
stuk 15.






INTRODUCTION

Micromechanical sensors have become widespread in numerous applications, due to con-
tinuous effort to reduce their size, power consumption, and unit costs. An example of a
micromechanical sensor is the gas pressure sensor, recently introduced on a large scale in
mobile phones. To continue the trend of downscaling their size, the membranes of the pres-
sure sensors have to become thinner. This thesis explores the ultimate limit of membrane-
based pressure sensors by employing graphene, the strongest material ever measured but
only one atom thick. Sensing implies that the graphene membrane interacts with a phys-
ical entity, here we study how these physical entities affect the mechanical motion of the
membranes. The work focuses mainly on the effects of heat and fluid dynamics on the
mechanics of suspended graphene. In this chapter we introduce these interactions and
relevant studies performed to date. Also, we show the pressure sensor concepts proposed at
the start of the project Integrated Graphene Pressure Sensors, which resulted in this thesis.



2 1. INTRODUCTION

Low pressure High pressure

Reference pressure

Flexible membrane

Reference pressure

Substrate

Figure 1.1: Cross section of a classical MEMS pressure sensor. The deflection of the flexible membrane is a
measure of the pressure in the environment.

able in the automotive, aerospace, medical and consumer electronics industry. This

development is due to the continuous effort to scale down MEMS to smaller di-
mensions. Reducing the size also leads to lower unit cost and less power consump-
tion, making them more attractive for integration into electronic devices. Consequently,
most modern mobile handsets contain multiple micro-mechanical sensors such as ac-
celerometers, gyroscopes, and gas pressure sensors to increase their functionality. Mod-
ern cars use multiple MEMS sensors such as the accelerometer of the airbag and pres-
sure sensors to monitor tire pressure. Today it is difficult to envision a world without
micro-mechanical sensors, demonstrating the truly disrupting and revolutionary char-
acter of the sensor industry.

Pressure sensors are the most widespread membrane-based MEMS, mainly due to
their recent introduction into smartphones. Current state-of-the-art sensors can count
the number of stairs the user has climbed by the change in ambient air pressure. These
sensors operate by employing a flexible membrane over a hermetically sealed cavity
that contains a well-known reference pressure (Fig. 1.1). One can determine the am-
bient pressure in the environment from the membrane’s deflection. Compared to other
MEMS, pressure sensors remain relatively large (in the order of »100 ,,m), while the in-
crease in production volume introduces a strong drive to reduce the area of pressure
sensors. However, a smaller area requires a thinner membrane to retain the sensitivity
of the sensor.

In this respect, atomically thin membranes can provide ultimate performance in
pressure sensitivity while reducing the sensor’s size. These membranes will have to with-
stand large pressure loads, therefore they require high strength. Recently, researchers
have discovered a group of such strong and atomically thin materials, known as two-
dimensional materials. Graphene is the most studied and strongest of these materials
and will be the focus of this thesis.

I N recent decades micro-electromechanical systems (MEMS) have become indispens-

1.1. GRAPHENE

Graphene is a single layer of carbon atoms arranged in a flat hexagonal structure (Fig.
1.2). The first isolation and measurement of its unusual electrical properties were first
performed in 2004 [1-4]. Andre Geim and Konstantin Novoselov received the 2010 No-
bel Prize in Physics for these groundbreaking experiments. The perfect hexagonal lattice
results in remarkable electronic properties, for example, it enables electrons to travel
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Figure 1.2: The hexagonal lattice of graphene viewed from above.

long distances without disturbance. More remarkable is that the electrons behave like
they have no mass, moving at a constant velocity of one million meters per second [3, 5].
These electronic properties make graphene interesting for a new generation of transis-
tors, potentially smaller, faster, and less power-consuming compared to silicon coun-
terparts. Since graphene is 98% transparent [6], while able to conduct electricity, appli-
cations such as transparent touchscreens [7], light panels and solar cells [8] are also of
interest.

This thesis will not go into the remarkable electronic properties of graphene, but the
remarkable mechanical properties of this perfect hexagonal lattice. Itis possible to freely
suspend this material since it forms wrinkles that stabilizes the structure [9]. Lee et
al. measured the breaking strength of suspended graphene and found this is 20 times
stronger than steel: to date graphene is the strongest material ever measured [10]. The
high density of the lattice makes these membranes graphene impermeable to the small-
est gas atom: helium [11]. Graphene is thus strong, thin, able to conduct electricity and
impermeable: these properties make it a perfect candidate as a membrane in gas pres-
sure sensors. With its high surface-to-mass ratio, graphene is also an attractive material
for other applications such as mass [12] and electrochemical gas sensors [13-15].

The remarkable mechanical properties of the graphene lattice result in unique phe-
nomena in heat transport through this material. Several groups have attempted to mea-
sure the thermal conductivity of graphene and, while the results can vary, researchers are
in agreement that the thermal conductivity is much higher than that of copper [16-29].
The lattice vibrations (phonons) can travel undisturbed for long distances, giving rise to
thermal conductivities that depends on the geometry of the device [23]. By exploiting the
unique properties of the lattice vibrations, researchers have implemented more exotic
devices such as thermal rectifiers [30]. The lattice waves or phonons in graphene come
in three polarizations: the in-plane longitudinal and transverse phonons; and the out-
of-plane flexural phonons. Flexural phonons travel slowly through the graphene since
the atomically flat structure has little bending rigidity. The in-plane phonons, however,
travel fast through the rigid hexagonal structure, around 100 times faster than the flexu-
ral phonons. Some researchers suggest that most of the heat is carried by flexural, rather
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than the in-plane phonons, which is unusual considering their low group velocity [31].

1.2. GRAPHENE PRESSURE SENSORS

Several researchers have studied the potential application of graphene as a pressure sen-
sor, revealing the hurdles that need to be overcome for industrial application. Bunch
et al. [11] were the first to demonstrate the potential application of graphene as a pres-
sure sensor. Using a suspended graphene membrane, they sealed a cavity and found
that upon changing the pressure in the environment, the resonance frequency of the
suspended membrane changed. The leakage rates were independent of the thickness of
the graphene flakes, leading to the conclusion that graphene isimpermeable. The actual
path of leakage remains a subject of debate. The initial hypothesis states that diffusion
through the silicon dioxide substrate is to blame [11], but later research points towards
the interface between the graphene and the oxide [32]. To date, no research has demon-
strated a hermetically sealed cavity using graphene at the timescale of years, whether is
achievable remains an open question.

Five years later, Smith et al. [33, 34] demonstrated a piezoresistive pressure sensor.
It operated by suspending graphene over a sealed cavity and measuring the change in
electrical resistance as the membrane deflects under a pressure difference. This sensor
demonstrated the highest sensitivity per unit area of any piezoresistive sensor. However,
the presence of oxygen in the atmosphere and leakage affected the sensor’s performance.

Koenig et al. [35] demonstrated graphene’s feasibility as a molecular sieve, being able
to separate gas molecules based on their size. Since graphene is atomically thin and is
still able to support large pressure loads, it has the potential to demonstrate high perme-
ation fluxes through the membrane while retaining high selectivity [36, 37]. The same
holds in the case for water: extensive research looks into water purification and desali-
nation using graphene [38-41]. Considerable challenges remain for the application of
graphene as a purification membrane, such as the requirement of large areas with intact
graphene [42].

This thesis investigates the potential application of graphene as pressure or gas sen-
sors, building on the existing research. Since the hermetic sealing of graphene is a con-
siderable challenge, we focus on pressure sensors that do not require a sealed cavity. The
selective nature of the leakage through the graphene membrane is however interesting
for gas sensing applications. Such a sensor opens a pathway towards detecting gases that
are inert, by measuring the size of the particles instead. Also, the selective properties in
water are interesting to build microscale sensors since on this scale it is less challenging
to control the number and the size of the pores.

1.3. INTEGRATED GRAPHENE PRESSURE SENSORS

This thesis is part of the project Integrated Graphene Pressure Sensors (IGPS), funded by
an HTSM (High Tech Systems and Materials) proposal from the Netherlands Organisa-
tion for Scientific Research (NWO-TTW). The project aims to demonstrate CMOS inte-
grated graphene pressure sensors. Different pressure sensors were proposed at the start
of the project, based on the existing research. Figure 1.3 shows the proposed concepts
and the implementations demonstrated at this time.
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Pressure buildup due
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Figure 1.3: Overview of proposed sensor concepts.

e The resonant pressure sensor measures the pressure-dependent resonance frequency
of a graphene membrane. Nanopores make sure that gases enter slowly into the
cavity, but at the high resonance frequency, the membrane will compress the gas.
Compression leads to an increase in stiffness, detected from the resonance fre-
quency shift of the resonator. During the project, the design changed to exploit
the squeeze-film effect, which only requires a membrane suspended close to the
substrate and can be open to the sides, removing the need for nanopores. High-
frequency vibration is enough to trap the gas in its position by viscous forces, so
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it will be compressed [43]. This concept is the squeeze-film pressure sensor and it
overcomes the hurdle of hermetically sealing a cavity since it is open through a
venting channel. Graphene is a perfect material to build this sensor since it has a
high surface-to-mass ratio and will therefore, respond very sensitively to gas com-
pression. The sensor is first introduced in chapter 9 and the properties of the
squeeze-film gas flow are more extensively studied in chapter 10. In collabora-
tion with the Else Kooi Laboratory at TU Delft, considerable steps have been taken
to fabricate these sensors on wafer-scale using a CMOS-compatible transferless
process developed by Sten Vollebregt et al. [44]. The outlook (chapter 13) shows
results on the mechanical characterization of these sensors.

The static pressure sensor measures the static deflection of the graphene mem-
brane subjected to a pressure difference. This is the classical sensor concept in
Fig. 1.1 that requires the cavity to be hermetically sealed. Different readout mech-
anisms can be used to measure the deflection of the drum, such as piezoresistive
[33] or capacitive [45] readout of the position. Hermetic sealing with graphene is
a considerable challenge that has seen some improvement in recent years [32, 40].
In this thesis, we do not try to resolve this problem, but rather shift the focus to-
wards the development of pressure sensors without hermetically sealed cavities, or
exploit the properties of leakage at the nanoscale to construct gas sensors. Davi-
dovikj et al. have demonstrated static capacitive readout of a single layer graphene
drum, demonstrating the feasibility of these sensors once the hermetic sealing
problem is resolved [45]. This type of readout can be useful in practical appli-
cations of the osmotic pressure sensors discussed in chapter 11 and chapter 12.

The Pirani gauge exploits the pressure-dependence of the thermal conductance of
gas through a nanogap. Collaboration with the Else Kooi Laboratory at TU Delft
has resulted in considerable progress to fabricate these sensors in a scalable man-
ner. Similar to the squeeze-film pressure sensor it requires the membrane to be
suspended close to the substrate. The graphene membrane is then heated by pass-
ing an electrical current and since the cooling rate is pressure-dependent, the tem-
perature is as well. Since the electrical resistance of the graphene is temperature
dependent, readout of the resistance can be used to measure the pressure. The
sensor has been demonstrated to work using graphene and it was also shown by
Joost Romijn et al. that CMOS integration of these sensors is feasible [46]. Exper-
imental characterization of the pressure and gas dependence of these sensors is
shown in the outlook (chapter 13).

The partial pressure sensor uses (sub-)nanometer pores in the suspended graphene
membrane that allows some gases to pass through while the membrane remains
impermeable to other gases. The pressure difference is then a measure of the par-
tial pressure of the gases for which the sensor isimpermeable. During the course of
the project, it was found that the ideal sieving of gases is not feasible. Nevertheless,
the partial pressures of the gas can be determined as long as the permeation rate
of each gas is different. If such a device is brought out of thermodynamic equilib-
rium, the time-dependent osmotic gas pressures that occur during the relaxation
towards equilibrium contain information on the composition of the gas. These
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devices are named gas osmometers and its physical principle is demonstrated in 1
chapter 11.

< A graphene-based microphone was proposed at the start of the project. However,
the considerable design challenges regarding the fast sampling times required while
also obtaining a significant reduction of the size made this concept too ambi-
tious at this point. The microphone was therefore abandoned in the course of
the project.

In the course of the project, a new sensing concept was developed, namely the os-
motic pressure sensor operating in liquids. This sensor uses a graphene membrane that
is selectively permeable and seals a cavity filled with water. When the osmotic pres-
sure in the surroundings is changed, it will deflect the membrane until the hydrostatic
pressure this membrane exerts is equal to the osmotic pressure difference. The physical
principle of this concept is demonstrated in chapter 12.

1.4. CONTENTS OF THE THESIS

This thesis studies the dynamics of graphene membranes which shows an interaction
with another physical phenomenon. Understanding these interactions allows us to study
the sensing capabilities of graphene. These sensing capabilities are partly aimed to de-
velop practical industrial applications, but can also be used to sense fundamental phys-
ical phenomena or properties of the material. The broad range of interactions and phe-
nomena that these moving membranes can show, resulted in a wide range of topics that
will be discussed in this thesis.

The remainder of this work is structured as follows. First, chapter 2 explains some of
the basic principles of dynamics that form the basis of this thesis. After this, the disser-
tation is divided into 5 parts: (1) Fabrication and methods, (1) Dynamics of 2D materials
interacting with heat, (111) Nonlinear dynamics of graphene membranes, (IV) Dynamics
of graphene membranes interacting with fluids and (V) Outlook and valorization.

PART |: FABRICATION AND METHODS

First, the fabrication and measurement of suspended graphene resonators are discussed
in chapter 3. These resonators were made by mechanical exfoliation of graphite and dry
transfer or by using single layer graphene via a wet transfer process. This chapter also
discusses the experimental setup used throughout this thesis to actuate and detect the
motion of these membranes. The detection of graphene’s motion is discussed in detail
in the first experimental chapter 4, which examines the interaction between graphene’s
motion and light. This results in a new method to calibrate the amplitude of 2D material
resonators in a Fabry-Perot interferometer.

PART I1: DYNAMICS OF 2D MATERIALS INTERACTING WITH HEAT

First, the mechanical motion of graphene in response to a very fast heat source is studied
in chapter 5. The unprecedented timescale of this experiment reveals the important role
that the boundary plays in heat transport through suspended graphene. It is interesting
to compare these results to a material with a much lower thermal conductivity, therefore



8 1. INTRODUCTION

the experiment was also performed on single-layer molybdenum disulfide in chapter 6.
These experiments provide the first estimates of the specific heat of 2D materials.

PART I11: NONLINEAR DYNAMICS OF GRAPHENE MEMBRANES

At faster timescales, the fast temperature modulation enables the stiffness of the res-
onator to be modulated by thermal expansion. This results in a phenomenon known
as parametric resonance, which is studied in chapter 7. What is unique about these
graphene resonators is that this can happen in all the vibrational modes, enabling us
to show a record number of parametric resonances in a single mechanical element. The
next chapter 8 treats a phenomenon known as stochastic switching, which occurs due
to the fluctuations caused by the finite temperature in the environments. Such effects
are readily observed in these resonators and can be used in new sensing schemes that
mimic nature.

PART IV: DYNAMICS OF GRAPHENE MEMBRANES INTERACTING WITH FLUIDS
Having studied the dynamics of graphene membranes in high vacuum, the system is
now introduced to fluid environments. We propose several sensing schemes that exploit
the unique properties of suspended graphene membranes. The squeeze-film pressure
sensor in chapter 9 exploits the ultrahigh surface-to-mass ratio of graphene to detect gas
pressure with very high responsivity. The following chapter 10 treats the properties of the
gas flow in more detail. Next, the gas osmometer is introduced that uses selective per-
meation to sense gases in the environment (chapter 11). Finally, we study the deflection
of graphene membranes by osmotic pressure in a liquid environment in chapter 12.

PART V: OUTLOOK AND VALORIZATION

Chapter 13 provides an outlook on further research that builds on the work in this the-
sis. We discuss measurement techniques to characterize the mass of graphene, the Pi-
rani pressure sensor, gas sensors based on effusion, wafer scale fabrication of squeeze-
film pressure sensors and quasiperiodic attractors in nonlinear graphene resonators. In
chapter 14 we discuss how the research in this work can be used in practical applications.
The dissertation ends with the conclusions in chapter 15.



THEORY

This chapter serves as an introduction to some of the general models and concepts that
form the basis of this work. Most of the theory shown here is well-established and is the
basis for much of the data analysis in this dissertation. The harmonic oscillator and the
circular membrane resonator are first treated in detail. After this, we discuss what happens
when the resonance becomes nonlinear at large amplitudes. We also examine some special
cases of the actuation force that can actuate the membrane.
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Figure 2.1: The classical harmonic oscillator.

2.1. HARMONIC OSCILLATOR
HE classical harmonic oscillator is a model system used in many different branches
T of physics. Figure 2.1 shows a schematic drawing of the simple harmonic oscilla-
tor. In this system, we consider a mass m attached to a fixed wall with a spring of
stiffness k. The mass is constrained to move only in the direction of x, which is the single
coordinate used to describe the motion of the system. The spring exerts a restoring force
F on the mass:
F~ ikx 2.1)

which strives to keep the mass in position x ~ 0. Now we use Newton's second law:
mX ™~ jkx, (2.2)

where X is the second order time derivate of x, which is the acceleration of m. A general
solution for x =~ Acos 1t Bsin !t, substituting:

im12(AcosIt Bsin¥t)~ jk(Acos !t BsinIt), (2.3)

yielding the simple expression:

12 = (2.4)

where 1 is radial frequency. We find that tﬁy&lving the equation of motion, the system
seems to have a “special” frequency, 1o~ k/m. This is the resonance frequency of the
system: the system has a natural preference to vibrate at this particular frequency. This
principle is highly important in many applications, without this property clocks would
not be able to keep time and musical instruments would not exist. The graphene mem-
branes in this work also show resonance and in many instances in this work (chapters 9,
10 and 11) we use the change in resonance frequency to track changes in the stiffness of
the system.

2.2. DAMPED HARMONIC OSCILLATOR

The simple harmonic oscillator is often not a realistic case: once the system is in mo-
tion it will keep vibrating forever. In reality, we will have to account for the fact that in
each cycle some energy is dissipated, which damps out the motion. The most simple
model that is often applied to this situation is viscous dissipation, which assumes a force
proportional to the velocity x of the system:

F~ jcx. (2.5)
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Now we write the equation of motion as:
mxX ™~ jcx j kx, (2.6)

which is more convenient to write in terms of the resonance frequency 1, and the di-
mensionless quality factor Q ~ lon

1
KT —2x T 12x 70, 2.7)

Q

To induce motion in the system, requires some external excitation force. Here, we con-
sider the periodic actuation force F ~ Ae''t, resulting in the equation:

X 65( 12— —el't, (2.8)

We substitute x ~ ze' 't this gives the expression:

i !zzei”_i—!o!zei“_!gzei”“ﬁe”t (2.9)
Q m

this yields the amplitude z of the resonator as a complex number:

- A/m
77— : (2.10)
15§ 127i1,1/Q

Which can be expressed as the magnitude and phase:

N, A/m
jzj T —F— (2.11)
'y2 . g22— Lot
LR R 0
- !
- L
\z j arctan Q—lﬁ . (212)
ol -

If we experimentally measure the resonance frequency and quality factor in this work,
we measure the resonator by sweeping the frequency of the actuation force, while keep-
ing the amplitude of the force constant. We can then fit eq. (2.11) to the experimentally
obtained response and extract the resonance frequency and quality factor. At the reso-
nance frequency, the amplitude peaks and its value is given by:

- AQ

12
=om

iZjru, , (2.13)

which can be useful if one wants to track changes in the amplitude of the force A.




12 2. THEORY

2.3. MODAL ANALYSIS

In this work, we almost exclusively study the dynamics of graphene resonators with a
circular shape, also called drum resonators. At first sight, it seems that a drum resonator
is not the same as a simple harmonic oscillator: it is a continuous body that can in prin-
ciple move in many different manners. Yet, even this continuous system has resonance
frequencies and we can simplify its dynamic behavior using its special properties at res-
onance.

Here we consider the case of a circular drum resonator. We assume that the mem-
brane is very thin and we can neglect bending rigidity, instead the restoring force of the
membrane is given by its pre-tension ng. This tension is already present in the mem-
brane even when it is in a fully flat configuration and for simplicity, we assume that this
tension is uniformly distributed over the membrane. This results in the following equa-
tion of free motion for the deflection w of the membrane in cylindrical coordinates:

@°w _ 1 @*w _ 10w _ %h @*w
@2 PTG rar no g @19

where r is the radial coordinate from the center of the drum and the angular coordi-
nate. Note that the deflection is dependent on both these coordinates. To find a solution,
we use separation of variables:

w(r, ,t) 7 R()T( )e(t), (2.15)
now we assume an harmonic vibration for the time dependent component ¢
w(r, ,t)7 R(r)T( )sinIt. (2.16)

2
Using the seperation constant , 2~ !n_azm we write the equation of motion as:

1
1, _1
RY FR° RT r—2R(r)T°°"O (2.17)

which can again be seperated into two ordinary differential equations using the constant

m2:

T m?T~0 (2.18)

N
==

_ _ m
RY FR0 ,Zir— R~O. (2.19)

Equation (2.18) is an harmonic equation with general solution:
T( ) Cimsinm =~ Cymcosm (2.20)

where m ™ 0,1,2,.... Equation (2.19) is a Bessel-type equation which has the general
solution:
R(r)™ Im(,5r), (2.21)

which at the radius a of the drum yields:

Im(;a)~ 0 (2.22)
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Figure 2.2: Four mode shapes of the circular membrane with the lowest frequency. a First (or fundamental)
mode Wo; correspondingto g1~ 2.405. b Mode W11 correspondingto 11~ 3.832. ¢ Mode W51 correspond-
ingto 27~ 5.135. d Mode W correspondingto g2 ~ 5.520.

Taking mn ~ ,a for convenience, we find an infinite number of roots for this equation,
the lowest value is o1 ~ 2.405. If we substitute this back into the definition of the seper-

ation constant, we find: s

mn No

1 = -
a %h

=mn

(2.23)

which are the resonance frequencies of the membrane. The consequence of the mem-
brane being a continuum system is that it now has an infinite number of resonance fre-
quencies at which the system can vibrate. The solutions of W are now given by:

WA (r, )7 R(MT( )™ Im( mar/a)cosm (2.24)
W2 (r, )7 In( mnr/a)sinm . (2.25)

Note that each resonance frequency !, corresponds to a certain special shape of the
membrane, either W,%lr)] or Wr%zr), These shapes are called the mode shapes of the res-
onator, the four mode shapes with the lowest frequency are shown in Fig. 2.2. Wrﬁr)\ and
Wrﬁf% are always 90 degrees apart and are called degenerate modes, since they have the
same frequency. The fact that the resonance occurs at a certain well-defined shape is
very useful, since it means that once the deflection is known in any point of the mem-
brane !, the deflection in any other part of the membrane is also well known. This prop-
erty allows us to take a single resonance of the membrane and describe it with a single

lE><cept at the nodes where Wmn ~ 0.
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degree of freedom x, which is also known as the generalized coordinate. This reduces

the equation of motion to: .
x T —0x T2 xTo. (2.26)
mn
Thus, we are able to describe each mode of resonance as a damped harmonic oscillator
with a certain resonance frequency and quality factor. Sometimes it is more convient to
write:

— Mg ! L
Mefr  —a M0 ¢ ~kerrx ~ 0, (2.27)

an
where mgg is the modal (or effective) mass of the resonance and kgg the modal (or ef-
fective) stiffness. Note, that mes and Kegr do relate to the actual mass and stiffness of the
resonator, but their values also depends on the mode shape and the definition of the
generalized coordinate x.

2.4. NONLINEAR RESONANCE
The damped harmonic oscillator usually describes the motion of the graphene resonator
well at small amplitudes. However, at large amplitudes the equation of motion becomes
nonlinear. This situation can still be described by investigating the resonance modes
of the membrane and projecting them to a single generalized coordinate x. The most
appropriate equation of motion for a graphene membrane is the Duffing-van der Pol
equation [47]: .

meﬁx'*'aoxf-xzkka*kgx%’ Fcos!t, (2.28)

where ,, is the damping coefficient, ”” the nonlinear damping coefficient, fl the reso-
nance frequency, k3 the cubic stiffness and F is the force. In the case of the graphene
membrane, the cubic stiffness k3 arises from the additional tension and geometry of the
system, which was shown by Davidovikj et al. to be [48]:

- Eh
1270977 §0.2772 a2’

ks (2.29)
where Eh is the 2D Youngs modulus and ™ Poisson’s ratio. The nonlinear term -x°x is
known as the van der Pol-term. Several works [49-53], including this dissertation (chap-
ter 7), have found that this term is necessary to describe the motion of graphene res-
onators. However, the exact origin of nonlinear (or linear) dissipation in graphene re-
mains an open question.

The presence of nonlinear terms in the equation of motion highly impact the prop-
erties of the resonance. Figure 2.3 compares a damped linear resonance (eq. (2.11)) to
a nonlinear resonance described by eq. (2.28). In the linear case, we find the amplitude
is maximum at the resonance frequency. The width of the peak depends on the qual-
ity factor of the resonance. In the nonlinear case, the resonance frequency becomes
amplitude-dependent. In a certain frequency range, three solutions can be found of
which two are stable. The point where a stable solution meets an unstable solution is
called a saddle-node bifurcation. In an experiment, if one sweeps the frequency from
low to high one would follow the high amplitude branch until the second saddle-node
bifurcation is reached. Then the amplitude jumps down to the other stable branch. If
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Figure 2.3: Comparison between a linear and nonlinear resonance peak.

Figure 2.4: a Instability diagram for the parametric oscillator. b Amplitude as a function of driving frequency
in the case of parametric resonance.

the frequency is swept backward, one would follow the lower amplitude branch until
the first saddle-node bifurcation is reached. The amplitude then jumps up to the high
amplitude branch. Nonlinear resonance peaks thus possess a characteristic hysteresis if
they are strongly driven, we also see this behavior in chapters 7 and 8. The case shown
here involves a spring hardening nonlinearity, where k3 "~ 0. If k3 = 0, the system shows
a spring softening nonlinearity, which makes the resonance bend toward lower instead
of higher frequencies.

2.5. PARAMETRIC RESONANCE

Another important type of resonance is parametric resonance. Parametric resonance
does not involve a direct external excitation force, but a modulation of one of the pa-
rameters of the resonator such as stiffness or mass. A unique property of this type of
resonance is that the modulation does not have to occur at the resonance frequency of
the system to induce resonance. If the system is parametrically driven at 21y/n, where
N is a positive integer, parametric resonance can occur. For parametric resonance to
occur, the drive has to exceed a certain driving level to overcome the linear dissipation
force in the resonator. Figure 2.4b shows a typical parametric response described by the
equation of motion:

1
meffk_'aok_-xzk_(k_—cos 1t)x  ksx® 0. (2.30)

Above the threshold of the modulation —, the zero amplitude solution becomes unsta-
ble and the resonance occurs. This unstable zero amplitude branch meets the stable
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amplitude branch at the period doubling bifurcations, which derives its name because
the mechanical response is at half the frequency of the drive. Figure 2.4a plots the pe-
riod doubling bifurcations as function of —, showing where the instability occurs. The
threshold of the instability depends on the dissipation, a resonator with high quality
factor shows parametric resonance at lower driving levels. Note that the instability dia-
gram in Fig. 2.4a only depends on the linear terms in eq. 2.30, because the instability
is reached from a flat configuration of the membrane. The mechanical response in Fig.
2.4b bends towards higher frequencies due to the spring hardening nonlinearity and one
saddle-node bifurcation is found. This saddle-node bifurcation depends strongly on the
nonlinear dissipation and only little on the linear dissipation [47]. Note that there are
now two unstable branches in the amplitude, one is the unstable solution between the
period doubling bifurcation, the other between the saddle-node and the second period
doubling bifurcation is due to the Duffing nonlinearity. Sweeping the frequency forward
and backward results in hysteresis, similar to the case of the nonlinear resonance.

2.6. FREQUENCY-DEPENDENT FORCING
Ideally, the harmonic oscillator is driven by a force that has a constant amplitude as a
function of frequency. However, at very high frequencies diffusive effects can cause this
force to become frequency dependent. One specific case that is extensively studied in
this work is opto-thermal actuation, where the force becomes frequency dependent due
to the thermal diffusivity of the system. In general, the graphene membrane will show
a delayed response in its deflection with a certain time delay ¢. This time-delay can be
described by a function h(t j t%) that leads to the following formulation for the force:
Z, 1
F(t)~ Fon h(t j t)dt. (2.31)
o 0t

where Fpp is a photo-induced force (which can be photo-thermal, radiation pressure or
radiometric pressure) that is exerted on the compliant graphene membrane. This force
can be inserted into the equation of motion for the mechanical resonator:

z l

t @F
8Fpn h(t i t)dt’, (2.32)

e’

_mly.
9%~ m !Sx
an
m is the modal mass. Using the properties of Laplace transforms for convolutions and
assuming Fpp, is an harmonic function: Fp, — " cos I't, we can now write eq. 2.32 in the
frequency domain:

mx

i 2mxy " itmixy  Kxy Til"hy (2.33)
Note that if we examine the system far below its resonance frequency and assume damp-
ing is small, we can approximate the equation of motion and immediately find the am-
plitude x: .
X!Vi!—h!. (2.34)
k
Thus, it is possible to directly find the delay function hy from a measurement of the
complex amplitude below the resonance frequency. Usually we simplify the analysis by
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taking a single relaxation time approximation for h(t):
h(t)~1eite, (2.35)
which has the Laplace transform:

1
hy 7 ——. 2.36
oiraTing) (2:36)
This gives for the low frequency complex amplitude of the system:

R(X!)Vm, (2.37)
"y

In chapter 5 and chapter 6 we use this equation to find the thermal time constant ¢,
where the delayed force arises from the diffusion of heat. We will also show a case in
chapter 10 where gas pressure actuates the membrane, and the same theory can be ap-
plied to find the pressure relaxation time, or leak time, of the cavity. A more complex
situation where hy is determined by both a thermal time constant and a pressure relax-
ation time is shown in the outlook (chapter 13).

2.7. THERMAL MOTION

Any mechanical resonator at a finite temperature experiences thermal motion due to
the fluctuations in the environment. This fluctuating force Fy, can be added into the
equation of motion of the harmonic oscillator:

X —x% " 12x . (2.39)
Q 0 Metf
We know from eg. (2.11) that the solution to the equation of motion is:
F 1
hixji ~ —— 4 S (2.40)
Mett 15 yofo—"101 2
ol ° Q

where hjxji is now the Fourier transform of the time averaged amplitude and F is also
the Fourier transform of the time averaged force. It is more convenient however to ex-
press the resonator’s amplitude as its one-sided power spectral density Syx:

- Sk
Sxx £ — (2.41)
m2, (12§ 12)27(110/Q)?
where Sgr is the PSD of the thermal force, using the equipartition theorem [54] this can

be expressed as:
~ 4kgT ¥ nMmeg

2.42
3 (242)

SFF




18 2. THEORY

which results in the expression:

4kgT 1,
Merr (12§ 1227 (110/Q)2

Sxx

(2.43)

Measurements of the PSD are used in micromechanical resonators to calibrate the am-
plitude, which works provided that the temperature and effective mass of the resonance
are well known. This method is known as thermomechanical calibration. We use an
adapted version of this method to find the mass or temperature of the resonator with a
well-known amplitude in chapter 8 and in the outlook in chapter 13.



PART I: METHODS
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FABRICATION AND MEASUREMENT
OF SUSPENDED GRAPHENE
RESONATORS

This chapter describes the fabrication procedures used in this thesis to make graphene res-
onators and shows the setup that actuates and reads out the motion of the membranes. It
shows the technique to make cavities in the chips over which graphene will be suspended.
Then it proceeds into the fabrication techniques to make graphene suspended over cavities
with a venting channel to the environment. Finally, the interferometer setup for actuating
and readout of the motion of the resonators is presented.
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a Silicon dioxigle (285 nm) b Resist

N

Silicon substrate
d Cavity

Figure 3.1: Fabrication of substrates with cavities. a Silicon substrate with a 285 nm layer of thermally grown
silicon dioxide. b A layer of electron beam resist is spin-coated, exposed and developed. ¢ Reactive ion etching
into the silicon dioxide layer creates the cavity. d The resist is stripped and the cavity is finished.

3.1. FABRICATION

ABRICATION of graphene resonators starts with the substrate, which contains cav-
F ities over which the graphene is suspended. These substrates consist of a silicon

chip with a layer of approximately 285 nm thermally grown silicon dioxide (Fig.
3.1a). This provides a thin optical layer that enhances the visibility of thin flakes of
graphene on top of the substrate [55]. In order to create cavities in the silicon dioxide
layer, the chips are spin-coated with a resist which is patterned using electron beam (e-
beam) lithography (Fig. 3.1b). After development of the resist, the silicon dioxide layer
is etched using reactive ion etching (Fig. 3.1c). This dry etching process results in cavi-
ties with high aspect ratios and well-defined dimensions after removal of the resist (Fig.
3.1d).

E-beam lithography allows the shape and size of the cavity to be easily varied, hence
in this work, two types of cavities were employed. The first is a simple circular cavity
which is completely sealed once the graphene is transferred on top, as shown in Fig. 3.1.
The second type of cavities are dumbbell shaped: they consist of two circular cavities
connected with a channel as shown in Figs. 3.2 and 3.3. The idea behind these cavities
is to cover one side of the dumbbell with a suspended graphene membrane, while the
other side remains open to the environment. In this manner, the channel that connects
the dumbbell forms a venting channel which ensures that the gas pressure in the cavity
is always equal to the pressure in its environment.

3.1.1. MECHANICAL EXFOLIATION AND DETERMINISTIC TRANSFER

Exfoliation of graphene crystals is a powerful and simple tool to create atomically thin
membranes for research purposes. Using blue Nitto tape, thin pieces of graphite are
exfoliated from a natural graphite crystal. This is transferred on a viscoelastic, optically
transparent PDMS stamp [56]. Using optical microscopy, the flakes are examined for
thickness and size, until a suitable flake of single-layer or few-layer graphene is found.
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Figure 3.2: Fabrication of resonators with a venting channel from exfoliated graphene. a Cavities are etched
into the silicon dioxide layer using the process in Fig 3.1. b Graphene is exfoliated on a dry stamp and posi-
tioned above the substrate. ¢ The stamp is brought in contact with the substrate and slowly released. d After
peeling off the PDMS the flake is transferred to the substrate. The positioning allows us to cover only half of the
dumbbell, creating a resonator with a venting channel. e Optical microscope image of a graphene flake used
in chapter 9, which has suspended resonators with a venting channel but also closed drums. f Optical image
of a graphene flake over a large number of closed cavities, used in chapter 11.

The stamp is then flipped upside down and mounted on an XYZ stage above the target
chip containing the cavities (Fig. 3.2b). An optical microscope is used to align the flake at
the correct position, for example, to cover one side of a dumbbell cavity. Once the correct
position is found, the stamp is brought into contact with the substrate and then slowly
released (Fig. 3.2c). Due to the viscoelastic properties of the stamp, the slow release
will cause the flake to adhere to the substrate, rather than the PDMS stamp. After the
release of the stamp, the graphene flake forms a suspended resonator over the cavity
(Fig. 3.2d). Figure 3.2e shows a flake transferred over dumbbell-shaped cavities such
that a venting channel is formed, along with a few circular closed drums, this sample was
used in chapter 9. Figure 3.2f shows another sample containing many closed resonators
which was used in chapter 11.

3.1.2. SINGLE-LAYER GRAPHENE RESONATORS

Single-layer graphene resonators are difficult to exfoliate and transfer using the deter-
ministic transfer method, due to their delicate nature. Mechanical exfoliation can also
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Figure 3.3: Fabrication of single-layer graphene resonators. a Substrate with cavities fabricated using the
method in Fig 3.1. b A large sheet of single-layer CVD graphene is transferred on top of the sample using a
protective polymer. ¢ The polymer is dissolved and subsequently dried using critical point drying. d Resonator
with one side of the dumbbell broken, creating a resonator with a venting channel on the other side. e Scan-
ning electron microscope (SEM) image of a successfully fabricated resonator. The top side of the dumbbell is
broken while the bottom is intact and suspended. f Another example of a successfully fabricated resonator,
where the bottom part is broken while the top part is intact.

only create a few suspended resonators at a time, meaning that costly time is required to
fabricate these resonators. In order to solve these problems, graphene grown by chemi-
cal vapor deposition was used to fabricate devices. Transfer of a large sheet of graphene
to create suspended structures is not straightforward since it is desired to transfer over
dumbbell shaped cavities and create a venting channel.

This requirement resulted in the transfer process shown in fig. 3.3. A large sheet of
single-layer graphene is transferred on top of the substrate with the help of a protective
polymer (Fig. 3.3b). This polymer is dissolved and subsequently the sample is dried by
critical point drying (CPD) using liquid carbon dioxide, to prevent that this suspended
graphene resonator collapses and adheres to the substrate (Fig. 3.3c). The idea behind
this process is that the dumbbell-shaped cavities are fully covered with graphene, how-
ever, the fluid forces in this process will break the weakest part of the dumbbell. After
CPD, on the other side of the dumbbell, there will be a suspended graphene resonator
(Fig. 3.3d). This process worked with reasonable yield for drum diameters between 2 to
7 ,,m. Figures 3.3e and f shows scanning electron microscope images of two resonators
where this process successfully yielded a suspended drum on one side of the dumbbell
while the other side is broken.
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Figure 3.4: Illustration showing the most important components of the experimental setup.

3.2. EXPERIMENTAL SETUP

With the fabrication of suspended graphene samples complete, we need an experimen-
tal setup to measure and actuate their motion. An illustration of the experimental setup
isshown in Fig. 3.4. A red helium neon laser is used for the readout of the motion. This is
performed using Fabry-Perot interferometry, in which the substrate acts as a back mirror
and the suspended graphene sheet as a moving mirror. The resulting optical cavity has a
very low finesse due to the low optical reflectivity of graphene, nevertheless the reflected
intensity is a clear function of the membranes position and can be used to measure the
membrane’s deflection. The readout of the membrane’s motion is nonlinear which can
be exploited to calibrate the amplitude of the resonator as shown in chapter 4.

Next, a means of actuating the membrane is required. To this end, a blue diode laser
is brought into the optical path. This diode laser is modulated at high frequencies by
applying an alternating current. The blue laser light provides a periodically changing
heat flux to the membrane, which will be actuated due to the thermal expansion. Sev-
eral clues on how this exactly results in mechanical motion were found in chapters 5,
6, 7 and 10. The membrane’s motion can be detected using different machines. Mostly
a vector network analyzer (VNA) is employed, which measures the transmission from
the diode laser modulation to the signal detected by the photodiode. This transmis-
sion measurement gives the amplitude and phase of the signal as function of frequency.
The VNA has the ability to perform frequency conversion measurements, allowing us to
drive the resonator at a certain frequency and detect the motion at a different frequency,
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this is mainly used in chapters 4 and 7. Frequency conversions measurements have the
drawback that they do not detect the phase of the signal. The Brownian motion of the
thermally driven resonator can also be measured by directly connecting a spectrum an-
alyzer at the output port of the photodetector. Besides the VNA and lock-in amplifier,
a waveform generator can be employed for the actuation signal, which was used as a
generator of random fluctuations to raise the effective temperature of the resonator in
chapter 8.

To perform measurements as function of gas pressure in the chamber, we use a dual-
valve PID pressure controller. This controller is rigidly connected to the vacuum cham-
ber and a voltage setpoint is used as a reference. The controller is connected to a vac-
uum pump and to a gas supply. Different gases are available to use in the experiment,
non flammable gases are chosen because of safety reasons and to prevent damage to
the samples. If experiments are performed in high vacuum, the pressure controller is no
longer used and the chamber is directly connected to a turbomolecular vacuum pump.



AMPLITUDE CALIBRATION BY
NONLINEAR OPTICAL
TRANSDUCTION

Contactless characterization of mechanical resonances using Fabry-Perot interferometry
is a powerful tool to study the mechanical and dynamical properties of atomically thin
membranes. However, amplitude calibration is often not performed, or only possible by
making assumptions on the device parameters such as its mass or the temperature. In
this work, we demonstrate a calibration technique that directly measures the oscillation
amplitude by detecting higher harmonics that arise from nonlinearities in the optical
transduction. Employing this technique, we calibrate the resonance amplitude of two-
dimensional nanomechanical resonators, without requiring knowledge of their mechan-
ical properties, actuation force, geometric distances or the laser intensity.

Parts of this chapter have been published in Applied Physics Letters 111 (25), 253104 (2017) [57].
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cause of their sensitivity to the surrounding environment, paving the way towards

gas (chapter 11) [35, 58] and pressure sensors (chapters 9, 10 and 13) [11, 59].
Additionally, the intricate thermal (chapters 5, 6) [60, 61], optical [62] and mechanical
properties [63] (chapter 7) of these materials are of interest as well. The analysis of the
linear frequency response of suspended 2D membranes usually provides information on
their pre-tension ng through the resonance frequency fp and on their energy dissipation
rate through the quality factor Q. Besides fg and Q, it is often desirable to calibrate the
amplitude of the resonant motion. This enables force sensing and also allows for deter-
mination of the mass, Young’s modulus [63] and the thermal properties [60]. However,
current calibration techniques assume that the temperature or the mass are well known,
which is difficult to justify for 2D material membranes.

Readout of the dynamic displacement of 2D resonators is usually performed by the
following two methods: (i) transconductance measurements [12, 64-66], where motion
is detected via a gate-induced conductance modulation or (ii) laser interferometry [49,
64, 67-70], where a Fabry-Perot cavity is formed between the resonator