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SUMMARY

This thesis revolves around nanomechanical membranes made of suspended two - di-
mensional materials. Chapters 1-3 give an introduction to the field of 2D-based nanome-
chanical devices together with an overview of the underlying physics and the measure-
ment tools used in subsequent chapters. The research topics that are discussed can be
divided into four categories: characterisation (Chapters 4 and 5), sensors (Chapter 6),
actuators (Chapters 7 and 8) and novel materials (Chapter 9). A short summary of each
chapter is given below.

Chapter 1 starts with a historical overview of the fields of 2D materials and nanoelec-
tromechanical systems (NEMS) and discusses how merging the two can lead to better
NEM devices, but also how NEMS can be used to probe the properties of 2D materials.

Chapter 2 provides a theoretical framework of nanomechanics of ultra-thin circular
membranes, both in the linear and nonlinear vibration regimes. It also explains the re-
lation between the material properties of the membranes and their nonlinear dynamic
response.

Chapter 3 is about the tools and methods that are used throughout the thesis. It
starts with an explanation of the laser interferometry setup as a means to measure the
displacement of 2D resonators and the underlying physical principles of transduction of
the mechanical motion to an optical signal. This is followed by a discussion on electro-
static driving and fitting of nonlinear response curves. At the end of the chapter, a brief
overview of the basic fabrication process flows is given.

Chapter 4 deals with spatial mapping of vibrational modes of suspended graphene
nanodrums. By optimising the measurement setup, up to eight vibrational modes of the
driven motion are detected. Higher order modes show spatial discrepancies compared
to the theoretically predicted mode shapes, which is attributed to morphological imper-
fections in the nanodrum. This is validated by a finite-elements model, that confirms
that mode shapes of higher order resonance modes are easily distorted by inhomoge-
neous tension distribution across the drum.

Chapter 5 aims at relating the nonlinear dynamic behaviour of 2D nanodrums to
their mechanical properties, in particular, their Young’s modulus. Using membrane the-
ory, a mathematical link is provided between the Young’s modulus of the material and
the nonlinear spring constant of the drums. The method is strengthened by using a fit-
ting algorithm that fits a set of measured nonlinear response curves at once, using a
single fit parameter. This provides a basis for fast, high-frequency and contactless char-
acterisation of the mechanical properties of 2D materials.
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Chapter 6 explores the limitations of capacitive sensing using a single nanodrum. By
optimising the chip design, the parasitic capacitances are minimised, which enables de-
tection of capacitance changes down to 50 aE The readout is implemented in a pressure
sensing scheme, where a graphene nanodrum is used to detect pressure changes down
to 25 mbar. The work is supported by a simplified model that investigates the possi-
ble routes for increasing the responsivity of tension-induced pressure sensors based on
graphene.

Chapter 7 describes a novel way to tune the tension in graphene nanodrums using an
on-chip heater structure. The heater serves both as a mechanical support for a graphene
nanodrum and as a tool to tune its in-plane tension electrothermally, by running a cur-
rent through the heater. The concept is demonstrated both in the ac regime, where the
drum’s motion is excited electrothermally and in the dc regime, where we demonstrate
that the temperature increase of the heater not only causes an increase in the resonance
frequency of up to 30%, but it also causes a decrease in dissipation (the quality factor
increases up to 50%). By simultaneously controlling the heater and the gate voltage, we
gain independent control of the resonance frequency and the quality factor, something
that cannot be achieved using a gating-only approach.

Chapter 8 uses the process flow described in Chapter 6 to develop a new kind of
graphene-based NEM device - a graphene gas pump. The pump system consists of two
cavities coupled by a narrow trench sealed with a single graphene flake. It is shown
that by employing a local gating scheme, attolitre quantities of gas can be controllably
pumped between the cavities and this pumping of gas can be measured optically.

Chapter 9 is an excursion to the uncharted territories of nanomechanics using mem-
branes made of ultra-thin epitaxially grown complex oxide films. Employing a recently
published method for growing and releasing thin films of complex oxides, nanodrums
of strontium titanate (SrTiO4) and strontium ruthenate (SrRuQ,) are fabricated and me-
chanically characterised. The temperature dependence of the mechanical properties of
SrTiO, shows signatures of structural phase transitions that seem to affect the resonance
frequency, but more so the mechanical dissipation of the structures. An explanation for
this behaviour is proposed, based on the polarity and configuration of domains and do-
main walls in the SrTiO, membranes.

Chapter 10 sublimates the entire research presented in this thesis and provides a crit-
ical overview of the work and its implications in the field of 2D-based nanomechanics.



SAMENVATTING

Dit proefschrift draait om nanomechanische membranen gemaakt van vrijhangende
twee-dimensionale materialen. Hoofdstukken 1-3 geven een introductie in het gebied
van 2D-gebaseerde nanomechanische apparaten samen met een overzicht van de on-
derliggende fysica en de meetinstrumenten die in de volgende hoofdstukken worden
gebruikt. De onderzoeksonderwerpen die worden besproken, kunnen worden onder-
verdeeld in vier categorieén: karakterisering (Hoofdstuk 4 en 5), sensoren (Hoofdstuk 6),
actuatoren (Hoofdstukken 7 en 8) en nieuwe materialen (Hoofdstuk 9). Hieronder volgt
een korte samenvatting van elk hoofdstuk.

Hoofdstuk 1 begint met een historisch overzicht van 2D-materialen en nano - elek-
tromechanische systemen (NEMS) en bespreekt hoe het samenvoegen van de twee kan
leiden tot betere NEM-apparaten, maar ook hoe NEMS kunnen worden gebruikt om de
eigenschappen van 2D-materialen te onderzoeken.

Hoofdstuk 2 biedt een theoretisch raamwerk van nanomechanica van ultradunne
cirkelvormige membranen, zowel in de lineaire als niet-lineaire trillingsregimes. Het
verklaart ook de relatie tussen de materiaaleigenschappen van de membranen en hun
niet-lineaire dynamische respons.

Hoofdstuk 3 gaat over de hulpmiddelen en methoden die in de thesis worden ge-
bruikt. Het begint met een uitleg van de laserinterferometrie-opstelling die wordt ge-
bruikt om de verplaatsing van 2D-resonatoren te meten, en een uitleg van de onderlig-
gende fysische principes van transductie van de mechanische beweging naar een op-
tisch signaal. Dit wordt gevolgd door een discussie over elektrostatische actuatie en het
fitten van niet-lineaire responscurves. Aan het einde van het hoofdstuk wordt een kort
overzicht gegeven van het fabricatieproces.

Hoofdstuk 4 behandelt het in kaart brengen van vibrationele modi van vrijhangende
grafeen-nanodrums. Door de meetopstelling te optimaliseren, kunnen tot acht vibra-
tionele modi van de aangedreven beweging gedetecteerd worden. Hogere orde modi
vertonen ruimtelijke verschillen ten opzichte van de theoretisch voorspelde modusvor-
men, die worden toegeschreven aan morfologische imperfecties van de nanodrum. Dit
wordt gevalideerd door een model gebruikmakend van de eindige-elementenmethode,
dat bevestigt dat modusvormen van hogere orde resonantiemodi gemakkelijk worden
vervormd door inhomogene spanningsverdeling over de drum.

Hoofdstuk 5 heeft als doel het niet-lineaire dynamische gedrag van 2D-nanodrums te
relateren aan hun mechanische eigenschappen, in het bijzonder hun Young’s modulus.
Met behulp van de membraantheorie wordt een wiskundige relatie gevonden tussen de
elasticiteitsmodulus en de niet-lineaire veerconstante van de drums. De methode wordt
verbeterd door een algoritme te gebruiken dat een reeks gemeten niet-lineaire respons
curves tegelijk kan fitten met behulp van een enkele fit-parameter. Dit biedt een basis
voor snelle, hoogfrequente en contactloze karakterisering van de mechanische eigen-
schappen van 2D-materialen.

Xiii
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Hoofdstuk 6 onderzoekt de beperkingen van capacitieve detectie met behulp van
een enkele nanodrum. Door het ontwerp van de chip te optimaliseren, worden de para-
sitaire capaciteiten tot een minimum beperkt, wat detectie van capacitieve veranderin-
gen tot 50 aF mogelijk maakt. De uitlezing is geimplementeerd in een drukmeetschema,
waarbij een grafeen-nanodrum wordt gebruikt om drukveranderingen tot 25 mbar te de-
tecteren. Het werk wordt ondersteund door een vereenvoudigd model dat de mogelijke
routes onderzoekt voor het vergroten van de responsiviteit van spanningsgeinduceerde
druksensoren op basis van grafeen.

Hoofdstuk 7 beschrijft een nieuwe manier om de spanning in grafeen-nanodrums
te regelen met behulp van een on-chip verwarmingsstructuur. De verwarmer dient zo-
wel als mechanische ondersteuning voor de grafeen-nanodrum en als een hulpmiddel
om zijn spanning in het vlak elektrothermisch te regelen door een stroom door de ver-
warmer te sturen. Het concept wordt in het AC-regime gedemonstreerd, waarbij de be-
weging van de durm elektrothermisch wordt geéxciteerd, en in het DC regime, waarbij
we aantonen dat de temperatuurverhoging van de verwarmer niet alleen een toename
van de resonantiefrequentie van maximaal 30 % veroorzaakt, maar ook een afname in
dissipatie (de kwaliteitsfactor neemt toe tot 50 %). Door gelijktijdig de verwarming en
de gate-spanning te regelen, verkrijgen we onafhankelijke controle over de resonantie-
frequentie en de kwaliteitsfactor, iets dat niet kan worden bereikt met behulp van een
gating-only benadering.

Hoofdstuk 8 gebruikt het fabricatieproces beschreven in Hoofdstuk 6 om een nieuw
soort op grafeen gebaseerd NEM-apparaat te ontwikkelen - een grafeen gaspomp. Het
pompsysteem bestaat uit twee holten gekoppeld door een smalle sleuf die is afgedicht
met een enkele laag grafeen. Aangetoond wordt dat, door toepassing van een lokaal
gating-schema, controleerbare hoeveelheden gas tussen de holten gepompt kan wor-
den, en dat het pompen van het gas optisch kan worden gemeten.

Hoofdstuk 9 is een excursie naar de niet in kaart gebrachte territoria van nanome-
chanica met behulp van membranen gemaakt van ultradunne epitaxiaal gegroeide films
van complexe oxiden. Gebruikmakend van een recent gepubliceerde methode voor het
groeien en scheiden van dunne films van complexe oxiden van hun substraat zijn na-
nodrums van strontiumtitanaat (SrTiO4) en strontium ruthenaat (SrRuO,) gefabriceerd
en mechanisch gekarakteriseerd. De temperatuurafhankelijkheid van de mechanische
eigenschappen van SrTiO, toont kenmerken van structurele faseovergangen die de re-
sonantiefrequentie en mechanische dissipatie van de structuren lijken te beinvloeden.
Een verklaring voor dit gedrag wordt voorgesteld, gebaseerd op de polariteit en de con-
figuratie van de domeinen en de domeinmuren in de SrTiO; membranen.

Hoofdstuk 10 sublimeert het volledige onderzoek gepresenteerd in dit proefschrift
en biedt een kritisch overzicht van het werk en de implicaties ervan op het gebied van
2D-gebaseerde nanomechanica.



README.TXT

It would not be a piece of 21 century literature without the essential README.txt file,
a sort of a preface with the sound of the future echoing from the .#xt extension. This is
usually the place where the authors (of a piece of software, a game, a script) try to wear
the shoes of the users (in this case, readers) and provide them with a manual on how to
use and treat their oeuvre, be it a piece of software, a script or, in this case, a book.

First, a few words about the title. A subject of passionate discussion between me,
my promotors, my friends and colleagues, this was what this book ended up with. The
godfather of the book, whom I will thank for this and many other deeds at the end of the
thesis, dottore Giordano Mattoni, knowing my aversion towards the serious and sterile,
came up with the suggestion of a title that is correct, yet not too scientific and just a bit
playful. This was assuming that in the sea of PhD theses on nanomechanics with two-
dimensional materials, this one would stand out: not only by its content, but also by its
title. Please do not get me wrong, dear reader, in this "sea" of theses that I mentioned,
there are absolutely marvellous pieces of work [1-4] (and many others). The authors of
these works simply depleted the pool of available titles.

If you are reading this it means that you either: (i) had to read this book (a big cheers
to the committee members here); (ii) you are a friend or a member of my family; (iii)
somebody recommended it; or (iv) the title actually worked. I take a bit of pride in all four
cases, personally. I have to have done a decent job so that eight people, world renowned
scientists, do me a favour by taking the responsibility to read and grade my work. If you
belong to the second category, I extend my greatest respect back. Even if it was just the
catchy title, it feels nice to successfully "lure" people into reading your work. This also
poses a great burden, for one now feels obliged to meet and exceed the expectations of
the reader, who took time to open this book. That said, I will try to do my best L

Dejan Davidovikj
Delft, January 2018

IDisclaimer: No matter how hard I try, whatever I write to explain the basic concepts underlying this thesis will
be of worse quality than a, say, Wikipedia article. This is nowadays experts from all around the world can work
together, elaborate on subjects from many different perspectives. This modern era is devoid of intellectual
property-knowledge is globalised and merits are shared, resulting in literature of finest quality. Although I
promised to do my best at sublimating the basics, I strongly encourage the reader to use other sources, some
of which are referenced in this thesis, to fill in the gaps, or, potentially, correct my mistakes. In a hundred
years from now, most of the things written here will be either obsolete or maybe even wrong. This is exactly
what makes science beautiful.






INTRODUCTION

In this chapter we will introduce the fields of two-dimensional (2D) materials and nano-
electromechanical systems (NEMS), as well as elaborate on the synergy between the two.



2 1. INTRODUCTION

1.1. TWO-DIMENSIONAL MATERIALS

ATERIALS are the building blocks of nature. Ultimately, these building blocks
M determine the durability and functionality of a device, machine or any kind

of system created by nature or engineered by humans. When a new material
is discovered, it triggers an avalanche of ideas and suggestions on how its special prop-
erties can provide new functionalities, how they can be used to construct new devices,
how it can unveil novel physics. So was the case with graphene. The first experimental
evidence of isolation and characterisation of atomically-thin carbon films [5] has more
than 30 thousand citations to date. The term "graphene" has more than 1.1 million hits
on Google Scholar. In the following section we will try to explain why this is the case.

1.1.1. GRAPHENE

On the macro-scale, from the standpoint of structural mechanics, it is rather obvious to
conclude that the geometrical ordering of the building blocks has a strong influence on
the mechanical properties of the final structure. Take a house of cards for example. Its
building blocks are so thin, so easily deformable that it is even hard to believe when you
see that you can keep building on and on and the cards on the bottom are able to sustain
the weight of all the layers on top. By carefully choosing the angles between the cards,
the distances between them, and the number of repetitions required for one layer to
support the next, a deck of cards can be transformed into a beautiful periodic structure
with a new functionality, using fewer building blocks than would otherwise be required
to reach the same height.

© 06 "0 ©

Figure 1.1: A top view of the lattice of graphene. The grey lines represent the bonds between the atoms.

It is somehow fascinating to think that these same rules apply at the nanoscale. We
are used to thinking that the properties of matter are ultimately determined by the prop-
erties of its building blocks, be it atoms or molecules, but this is not fully true. The same
chemical element can exist in more than one form, a property referred to as allotropy.
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For example, both graphite and diamond are made entirely out of carbon. The differ-
ence is the microscopic ordering of the constituent atoms'. It is the shape of the crys-
talline lattice that makes graphite an excellent conductor, and, on the other hand, makes
diamond an excellent insulator.

Graphene is an allotrope of carbon, just like diamond and graphite. As a matter of
fact, graphite is just many layers of graphene stacked on top of each other. Graphene
consists of a single layer of carbon atoms perfectly ordered in what resembles the struc-
ture of a beehive. This type of ordering is therefore referred to as a honeycomb or a hexag-
onal lattice. Again, what makes the structure stable are the carefully chosen distances
and angles between the carbon atoms, much like the house of cards discussed above.

PROPERTIES OF GRAPHENE

To understand the origin of the peculiar properties of graphene, it is necessary to look at
the way the atoms in the lattice form bonds. In its free form, carbon has an electron con-
figuration 1s22s22p?, meaning that the 1s and 2s orbitals are completely filled and the
two other electrons sit in two of the three 2p orbitals (2py, 2py, 2p,). However, carbon is
considered to have a valence of four. This is because an electron from the 2s orbital can
be easily excited to the unoccupied 2p orbital, resulting in a 1s?2s'2p® configuration?.
In graphene, the 2s, 2px and 2py orbitals mix to form three identical sp? hybridised or-
bitals, which form a radially symmetric planar configuration, allowing each carbon atom
to bond with three neighbouring atoms in a hexagonal crystal structure. Each pair of
carbon atoms are 1.42 A = 0.142 nm apart (see Figure 1.1) and form strong so-called o
bonds. These strong planar bonds give the material its exceptional strength and remark-
able mechanical properties, which will be discussed in the section below. The remaining
single electrons in the 2p, orbitals of each carbon atom are delocalised and make up the
7 band of graphene - a "cloud" of electrons that enables graphene to conduct electric-
ity with exceptional ease. The thickness of graphene is actually defined by the effective
thickness of this 7 band - a single layer of graphene is considered to be 335 pm thick. The
stacking of graphene sheets (what ultimately comprises graphite) is mediated by weak
van der Waals interactions between the layers®. This is, naturally, a generalized picture
that conceptually explains the structure of graphene and its influence on the main prop-
erties it exhibits. There are many exotic phenomena that have been predicted and/or
observed in graphene, which are outside of the scope of this thesis.

A brief overview of the most remarkable properties of graphene is given below:

e Band structure: Graphene is a zero-gap semimetal with a linear energy disper-
sion. As a consequence, the charge carriers in graphene behave as massless Dirac
fermions [6];

* Carrier mobility: Higher than 140 000 cm?V~'s™! at room temperature (when en-
capsulated with boron nitride) [7];

lAnd, of course, the price.

2This state of carbon is energetically favourable for forming bonds, since the energy released by forming two
additional bonds compensates for the energy required to excite one electron into the 2p orbital.

3This is why these materials are also called van-der-Waals or layered materials.
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e Optical properties: Graphene is transparent, absorbing only 2.3 % of light per
layer independent on the wavelength (in the visible spectrum) [8];

* Thermostability: Graphene has a melting point higher than 4000 K [9];

e Thermal conductivity: Higher than 1800 Wm™ 1K1 [10] and geometry-dependent [11].

This exceptional combination of traits makes graphene attractive not only as an
ultra-thin conductor, but also for applications in Hall sensors [12], as a heat sink
in electronic devices [13], field-effect devices [14], and in cheap and disposable
healthcare devices [15].

MECHANICAL PROPERTIES OF GRAPHENE

This thesis revolves around freely suspended membranes, hence we are mostly inter-
ested in the mechanical properties of graphene. With a Young’s modulus of 1 TPa [16, 17]
and an intrinsic tensile strength of 130 GPa [17], it is considered to be the strongest
material ever tested. It is stable in atmospheric conditions and it can even heal itself
when exposed to molecules containing carbon [18]. A unique aspect of graphene is that,
despite its atomic thickness, the electrons forming the in-plane bonds are so tightly
packed that a single layer of graphene is impermeable to gases [19]. In addition, it
has been demonstrated that nanometre pores of controllable size can be introduced in
graphene [20] which enable molecular sieving of gases through atomically thin graphene
membranes [21].

1.1.2. OTHER 2D MATERIALS
Graphene’s solitude at the throne came to an end soon after its discovery, when a whole
new zoo of ultra-thin materials with a similar structure were discovered and isolated.
These were all layered materials that also exhibit very strong in-plane bonds and can be
easily mechanically exfoliated and thinned down, due to the weak van der Waals forces
holding the layers together. The first materials to join graphene [22] were niobium dis-
elenide (NbSe,), a superconductor, molybdenum disulfide (MoS,), a direct band-gap
semiconductor and hexagonal boron nitride (h-BN), an exceptionally good insulator.
An interesting addition to the family was black phosphorous (b-P), isolated a few years
later [23, 24], which is an anisotropic semiconductor.

An overview of the mechanical properties of some of these materials is given in Ta-
ble 1.1, together with the values for graphene given above.

1.2. NANOELECTROMECHANICAL SYSTEMS (NEMS)

Microelectromechanical systems (MEMS) encompass all microscopic devices with di-
mensions ranging from 1 — 100 um that consist of moving mechanical parts and are ca-
pable of transducing an electrical signal to a mechanical motion (microactuators) or vice
versa (microsensors) [29]. Their size, low operational power, negligible weight and the
ability to produce many devices at once (batch fabrication) drastically lowers the cost
per unit, which makes them incredibly attractive and drives the need for their further
miniaturisation. MEMS are omnipresent in modern technology. Nowadays, smart mo-
bile phones have at least a few integrated MEMS devices. For example, the microphone
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Material Young’s modulus (E) Tensile strength N, permeability
graphene 430 - 1100 GPa [25] 130 GPa [17] <1072 mols~'Pa~! [19]
MoS, 150-430 GPa [25] 16 - 30 GPa [25] not measured
h-BN 334 GPa [26] - 865 GPa [27] 70.5 + 5.5 GPa [27] not measured
b-P 58.6 +£ 11 GPa (||) [28] 4.8+ 1.4 GPa (])) [28] not measured

27.2+£4.1GPa (1) [28] 2.3+£0.7GPa (1) [28]

Table 1.1: Mechanical properties of some of the most prominent 2D materials.

is a micromembrane, typically with sizes down to 500 pm, which is used to transduce
sound into an electrical signal. The accelerometer is a MEMS device, usually consist-
ing of a microplate suspended by a tiny spring. When it experiences acceleration, the
microplate is displaced and this displacement is read out electrically. This is the com-
ponent responsible for the contents of the screen on the phone always being displayed
upright. The state-of-the-art mobile phones are also equipped with pressure sensors -
micromembranes hermetically sealing a cavity which is at a constant pressure. When the
pressure on the outside changes, the membrane deflects due to the pressure difference
and the amount by which it deflects can be directly related to the pressure outside.

Nanoelectromechanical systems (NEMS) are the younger and smaller, nano sibling
of MEMS [30, 31]. A system is considered to be a NEMS when it is smaller than 100 nm in
at least one dimension. Due to their sub-nanometre thickness, two-dimensional mem-
branes belong to the category of NEMS. The even smaller size of NEMS is advantageous
not only due to the lower cost (even more devices can be produced in a single step),
but also due to the potential improvement of the sensitivity in force, mass, pressure and
charge sensing devices [1, 31, 32].

1.3. TWO-DIMENSIONAL NANOELECTROMECHANICAL SYSTEMS

The field of graphene- and 2D materials-based NEMS really took off with the work by
Bunch et al. [33], where the authors describe the fabrication of single-layer graphene
mechanical resonators. This work was the first demonstration of a working graphene
NEMS, a result which was quickly reproduced using other 2D materials [34-38]. In par-
allel, the first demonstrations of pressure [32, 39] and gas [21, 40] sensors, as well as
novel concepts for mass sensing using graphene [41, 42] were reported. The exploration
of graphene as a nanomechanical device was not limited to sensor applications, but it
also extended to NEMS RF oscillators [43, 44] and electromechanical switches [45]. In-
terestingly, although graphene is impermeable, membranes of oxidised graphene (GO)
have been shown to hold great promise for water filtration [46].
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Despite the immense potential, one question still remains: can 2D materials be read-
ily produced and commercialised [47]? To this end, a lot of effort has been put in grow-
ing graphene by means of chemical vapour deposition (CVD) [48]. Many works have
focused on improving the quality of CVD graphene and developing better transfer tech-
niques to successfully integrate it in NEMS devices [49-57]. Currently employed trans-
fer techniques, however, allow for little processing after the transfer of the 2D material,
which poses a lot of limitations on device design. Furthermore, for commercialisation
of 2D NEMS, a lot of work needs to be done to improve the uniformity and reliability of
the suspended membranes. There is currently no way to systematically transfer 2D ma-
terials, ensuring a homogeneous tension, little to no morphological imperfections and
maximum yield.

In the section below we will give a brief overview of the synergy between 2D mate-
rials and NEMS, or, in other words, why graphene and 2D materials are important for
NEMS devices, but also how NEMS devices can be used to learn something new about
2D materials.

1.3.1. OPPORTUNITIES FOR NEMS

The strong potential of 2D materials as NEMS devices stems from their remarkable me-
chanical properties, most attractive of which are their low mass, impermeability to gases,
their high flexibility, high tensile strength, and the ability to tailor their permeability to
gases. In Table 1.2 we summarise how the most important mechanical properties that
make graphene (and other 2D materials) stand out can influence the performance of
NEM sensors.

pressure gas mass microphones inertial

Sensors  Sensors  Sensors sensors
low mass A A A A v
impermeability A o o o o
flexibility A A o A o
tensile strength A o o A o
controllable porosity o A o o o

Table 1.2: A summary of the properties of graphene and their potential for improving the performance
of MEMS/NEMS sensors with respect to conventional sensors. A - improves performance, v - degrades
performance, o - not relevant.
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Owing to their atomic thickness, 2D materials have a very high surface-to-mass ra-
tio. Their low mass can significantly improve the sensitivity of pressure, gas and mass
sensors, as well as microphones (practically, high-frequency pressure sensors). Never-
theless, this property makes them a poor candidate for inertial sensors, where higher
mass results in larger forces and therefore higher sensitivities. Tension-induced pres-
sure sensors require a cavity that is completely sealed by the membrane, which is why
the impermeability of graphene is of great importance [19, 39]. However, even though
graphene itself has been shown to be impermeable [19], leakage of gas is readily ob-
served in graphene-sealed cavities [19, 40, 58]. The exact origin of the leakage is still
a subject of debate, but the generally accepted explanations are that this occurs either
through the underlying silicon oxide [19] or through the graphene-substrate interface [40].
It is important to mention that pores of controllable size can be readily introduced in
graphene, making it selectively permeable to gases [20, 21, 59], which gives it a great
advantage as a gas-selective barrier in NEMS gas sensors once the leakage problem is
solved. For pressure sensing applications, however, the need for a hermetically sealed
cavity can be eliminated by employing a squeeze-film pressure sensing concept, as demon-
strated in Ref. [32].

The high flexibility and high tensile strength of 2D materials enable large deflections
(or vibrational amplitudes) at smaller forces without breaking, which is beneficial for
sensing applications, because high amplitudes usually result in higher signal-to-noise
ratios. For the same reason, however, the high flexibility poses a limit on the electrostatic
force that can be applied to the membranes before pull-in [60] and can deteriorate the
dynamic range of graphene- and 2D materials-based NEMS.

The high tensile strength and low mass of 2D materials make them attractive as high-
speed NEMS actuators, for example, in micro-loudspeakers [61]. Although it is well
known that the dynamic performance of 2D-based NEMS is drastically impaired in the
presence of gas [19, 32], little has been explored in the quasi-static limit of such devices
for their use as actuators to displace fluids. This is, to a large extent, the inspiration be-
hind the device concept shown in Chapter 8, where we demonstrate pumping of gases
using pneumatically coupled cavities sealed with graphene.

One of the issues that still needs to be resolved is the readout of 2D resonators. The
two main readout mechanisms # currently employed are: (i) optical readout, using a laser
interferometer setup (similar to the one described in Chapter 3.1) [32-34], or (ii) electri-
cal readout, using either a transconductance [43, 62], piezoresistivity-based [39, 63, 64]
or capacitive readout [2, 65]. It is clear that the (bulky and expensive) optical read-
out cannot be integrated in the devices, so its use is limited to characterisation of 2D
nanodrums or proof-of-concept studies on sensing mechanisms. The electrical readout
schemes, on the other hand, rely either on the change in the conductance of the mem-
brane as a function of deflection (making them prone to variations in gas composition,
humidity, light intensity, temperature and material properties), or on the change in ca-
pacitance between the drum and a bottom electrode [2, 65], which currently relies on
a process flow with subsequent etching steps after the transfer of the flake. Neverthe-
less, for their application as tension-induced pressure sensors as well as for studying gas
permeation through 2D materials, it is highly preferable to have an electrical readout

“4that work at room temperature
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scheme that allows for a process flow that does not require underetching of the cavity
after the transfer of the 2D flake, i.e., the 2D material is transferred last and can be used
to seal the cavity. Moreover, since the dynamic performance of 2D resonators greatly de-
teriorates at room temperature and atmospheric pressure [32-34], it would be beneficial
that the readout circuitry is capable of detecting the static deflection of the membrane,
similar to the way that conventional MEMS pressure sensors operate. This requires a
complete redesign of the devices, a topic discussed in Chapter 6.

1.3.2. OPPORTUNITIES FOR 2D MATERIALS

The relationship between 2D materials and NEMS is not one-sided. The well established
technology and the solid theory basis on nanomechanical systems make them an excel-
lent platform for studying the properties of two-dimensional materials. Some examples
include extracting the mechanical properties of suspended graphene drums [17, 66-68],
extracting the thermal properties of 2D materials [69-74] and studying their mechani-
cal dissipation [67, 75-77]. Nevertheless, there are still many open questions. The re-
lation between the observed dynamic nonlinearities [33, 34] and the material proper-
ties of the resonator has not been fully explored. Moreover, the nature of mechanical
dissipation in 2D resonators and its drastic decrease at low temperatures is still poorly
understood [25, 43, 71]. We touch upon these topics in Chapters 5 and 7.

In Table 1.1 we showed that the mechanical properties of some 2D materials are simi-
lar in terms of tensile strength and elasticity. For the purpose of constructing mechanical
devices, the choice of the 2D material makes little difference. However, some 2D materi-
als also exhibit some more exotic properties that, in combination with their mechanical
superiority can lead to hybrid nanoelectromechanical systems with added functional-
ity. A few examples include: (i) piezoelectricity of MoS, [78, 79] and h-BN [80] for self-
transducing ° mechanical resonators; (ii) strain-induced bandgap tuning of transition
metal dichalcogenites (TMDCs) [81, 82] for suspended tunable photodetectors or (iii)
functionalisation of 2D materials [83] for selective gas and mass sensors. In this thesis,
the main focus will be on graphene, the most ubiquitous of all 2D materials. Two excep-
tions are Chapter 5, which includes characterisation of nanodrums made of MoS, and in
the final chapter, Chapter 9, where we fabricate and characterise nanomechanical res-
onators out of complex oxides, materials that exhibit a plethora of electronic and struc-
tural properties, including 2D superconductivity [84], ferroelectric/magnetic orders [85]
and negative capacitance [86].

1.4. THIS THESIS

The thesis is divided into four parts. The first part revolves around mechanical charac-
terization of the 2D membranes through their dynamic response. This includes Chap-
ters 4 and 5. In the second part (Chapter 6) we talk about on-chip electrical readout
of suspended graphene membranes and their potential as NEMS pressure sensors. The

5What is meant by "self-transducing" is that the dynamic displacement of the resonator will produce a voltage
at the edges that can be read out, eliminating the need for an active external readout circuitry.
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third part is about actuators: in Chapter 7 we talk about new ways of actuating graphene
NEMS and in Chapter 8 we propose a new graphene-based pneumatic actuator - a gas
pump. The final part consists of Chapter 9 which looks into a novel class of ultra-thin
materials - membranes made of complex oxides.







NANOMECHANICS

In this chapter we talk about the physics of motion at the nanoscale. First we start by
describing our ultra-thin membranes in the framework of linear harmonic oscillators. We
then take a step forward and derive an expression to relate the nonlinear dynamic response
of 2D resonators to an important material property: their Young's modulus.

11
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position, experiences a restoring force F proportional to its displacement x can

be modelled as a harmonic oscillator. The same goes for the vibrations of ultra-
thin two-dimensional membranes studied in this thesis. In the electronics community,
the word oscillator is reserved for systems with positive feedback, i.e., when the driving
force applied to the system is proportional to either its position or to its velocity. When
this is not the case, as in the measurements presented in this thesis, the system is usually
referred to as a resonator. In this the physics community, however, the word harmonic
oscillator is used for a resonator and in this thesis these words are going to be used in-
terchangeably.

3 NY system with inertia (or finite mass) that, when displaced from its equilibrium

2.1. TWO-DIMENSIONAL MEMBRANES AS LINEAR HARMONIC OS-

CILLATORS

We consider the motion of a driven damped linear harmonic oscillator in one dimen-
sion, x, being the axis perpendicular to the plane of the membrane, as we are mostly
interested in the out-of-plane displacement of the membrane. Assuming small vibra-
tional amplitudes (x<h, k being the thickness of the membrane), the restoring force that
the membrane experiences after being deflected by x is:

F=-kx, (2.1

where kj is the linear spring constant of the system. The explicit meaning of "linear"
will become clearer in Chapter 2.2. The system is also characterised by its mass m and
a damping factor b. The equation of motion when the system is subjected to a periodic
excitation force (f = F cos(wt)) is then given by [87]:

mix+bx+ ki x=Fcos(wt), (2.2)

where w is the angular frequency of the excitation force'. By taking the natural frequency

of the system to be wg =/ %, Equation (2.2) can be rewritten as:

. wom 2
mx+ Tx+w0mx=Fcos(wt), (2.3)
where Q = % is a dimensionless quantity called a quality factor (or Q-factor) of the os-
cillator, and it practically represents the ratio between the energy stored and the energy
dissipated per vibrational cycle.
At any actuation frequency w, the steady-state motion of the system is described by
x(t) =|Xylcoswt. X, is the complex amplitude of the oscillator, and it can be calculated
from the steady-state solution of Equation (2.3):

Fim
Xo= 5 7, 0w 24)
(1)0—(1) +IT

I Throughout this thesis the words excitation, actuation and driving shall be used interchangeably.
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The oscillation amplitude and phase with respect to the actuation force are then
given by:

Xl = Elm , (2.50)
Jo= )
¢, = —arctan (%), (2.5b)

which are plotted in Figure 2.1 as a function of the damping, i.e. Q-factor. A higher Q-
factor means that less energy is dissipated relative to the energy stored in the oscillator,
hence the amplitude at resonance increases with increasing quality factor. At resonance,
the amplitude and phase of the oscillations are given by:

FQ
|Xw:w0| = 2 ’ (2.68)
wom
b4
Go=wy =—% (2.6b)
2
a 42 b 0
— Q=10
1f — Q=50
Q=100 -4
0.8
£2)
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Figure 2.1: Modelled frequency response of a driven damped harmonic oscillator. a, Normalized oscillation
amplitude | X,y | and b, phase ¢, of an oscillator with a varying quality factor.

In a homodyne detection scheme (see Chapter 3.1) both the real and the imaginary
part of the complex amplitude can be measured and converted to amplitude and phase.
For basic characterisation, we are usually interested in the resonance frequency of the
resonator:

_a)o_l kl
Tom 2\ m’

fo 2.7)
and its quality factor Q. These two parameters can both be extracted by fitting the mea-

sured frequency response curves using Equations (2.5a) and (2.5b).
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2.2. NONLINEAR DYNAMICS OF TWO-DIMENSIONAL MEMBRANES

It is rather neat when the system under consideration is linear, i.e., an ideal spring with a
spring constant kj, which obeys Hooke’s law: F = —k; x. In reality, springs are not ideal.
When a spring is significantly deformed, assuming F(—x) = —F(x), the spring constant
itself starts to increase and becomes a function of the deflection:

k:k1+k3x2+k2n+1x2”,n> 1. (2.8)

The higher-order terms of Equation (2.8) (n > 1) are outside of the scope of this thesis,
and we will focus only on k3, which will be referred to as the nonlinear spring constant.
The nonlinear spring constant contains information on the added tension as a function
of the deflection of the system from equilibrium, which depends on the material that the
spring is made of, its geometry and the geometrical shape of the deflection (for 2D and
3D systems)®.

The spring-mass system of interest in this thesis is an ultra-thin circular membrane
resonator made of a two-dimensional material. In the dynamic case, due to the non-
linearity of the spring constant, the resonance frequency itself starts to change above a
certain critical vibrational amplitude. One can see that by replacing (2.8) in (2.7), the

resonance frequency becomes amplitude-dependent: fy(x) = % \/ k”Tk”z The ex-
pression for k3, in particular, its relation to the material properties of the membrane,
depends on the geometrical shape of the deformation (more details on this are given in
Chapter 5).

In this section, the relation between the nonlinear spring constant k3 of the mem-
brane and its material properties will be extracted using the deformation shape corre-
sponding to its fundamental resonance mode. This is necessary to relate the nonlinear
frequency response of the resonators in Chapter 5 to their Young’s modulus. To model it
mathematically, we start by writing out the expression for the strain energy of a circular
membrane as [89]:

2n prR Eh l—v
U :fo fo 0V (ef, +€§9 +2VErr€gg + — yfg)rdrde, (2.9

where E is Young’s modulus, v is Poisson’s ratio, & is the thickness and R is the radius
of the membrane. Moreover, €, €gg, and y,¢ are the radial and circumferential normal
and shear strains that are determined as:

L l(a—w)z (2.10)
or 2\or/’ ’
ov u 1,0w\2
699:%+;+5(%), (2.11)
ov v Ou owy(ow
v =57+ 75 (57 ) 7g8) @12

2We note that the nonlinearities discussed in this Chapter entail only changes in tension resulting from a ge-
ometrical deformation. In theory, even at a microscopic level, the "spring constant” between two atoms is
nonlinear. This is because the minimum of the potential well around the equilibrium point is not perfectly
quadratic (see [88]), but it deviates from a parabola for large deflections. To measure the influence of these
microscopic nonlinearities, however, much larger forces are required.
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where u, v and w are the radial, tangential and transverse displacements respectively.
For a membrane with fixed edges u, v and w shall vanish at r = R. Moreover, u and
v should be zero at r = 0 for continuity and symmetry. Assuming only axisymmetric
vibrations (v =0 and dw/00 = dv/66 = 0u/00 = 0) and fixed edges, the w and u can be
approximated as [90]:

= r 2.13
w—x(t)]o(a()}), (2.13a)
N
u=ugr+r(R-r Y qp@r*. (2.13b)
k=1

Here it should be noted that for axisymmetric vibrations the shear strain y,¢ would
become zero. In Equations (2.13a, 2.13b), x(#) is the generalized coordinate associated
with the transverse motion of the fundamental axisymmetric mode and g (¢) are the
generalized coordinates associated with the radial motion. Moreover, Jj is the Bessel
function of the first kind of order zero, and @ = 2.40483. In addition, N is the number of
terms in the expansion of radial displacement, and u, is the initial displacement due to
pre-tension (ng) that is obtained from the initial stress oy = ny/h as follows:

oo(1-v)
Ug = -5 (2.14)
The kinetic energy of the membrane neglecting radial (i.e. in-plane) inertia, is given
by:

1 2n rR
T= —phf f w?rdrdo, (2.15)
2 o Jo

where the overdot indicates differentiation with respect to time ¢.
In the presence of transverse harmonic distributed pressure p = Fg  cos(wt)/ R%7 (as-
suming the angle of the membrane is negligible), the virtual work done is:

R 2 R
W= 271[ pwrdr = ﬁf Fecos(wt)wrdr, (2.16)
0 0

where o is the excitation frequency and Fg gives the force amplitude, positive in the
transverse direction. Higher-order terms in w are neglected in Equation (2.16) [91]. The
Lagrange equations of motion are

24, 2,227 (2.17)

and q = [x(8), gx(1)], k=1,..., N, is the vector including all the generalized coordinates.

Since radial inertia has been neglected, Equation (2.17) leads to a system of nonlinear
equations comprising of a single differential equation associated with the generalized
coordinate x(f) and N algebraic equations in terms of g (f). By solving the N algebraic
equations it is possible to determine g (¢) in terms of x(#). This will reduce the N + 1 set
of nonlinear equations to a single Duffing oscillator as follows:

MegtX + bX + k1 x + kg,x3 = {Fgcos(wi), (2.18)
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where it is found that
Mesr = 0.2695m, k1 = 4.897ng, £ =0.432, (2.19)

and b is the damping coefficient that has been added to the equation of motion to in-
troduce linear viscous dissipation. The coefficients of ms, k1 and the value of ¢ are ob-
tained from the numerical solution of Equation (2.17) using Equations (2.13a) and (2.13b)
and are dependent on the deformation shape, i.e. the vibrational mode shape®. More-
over, k3 is the cubic stiffness, which is a function of the Young’s modulus and Poisson’s ra-
tio, and its convergence and accuracy is determined by using different number of terms
in the expression for the radial displacement (Equation (2.13b)). The value of k3 con-
verges for N > 3 and its relation to the Young’s modulus can be determined by fixing the
value of the Poisson’s ratio and numerically solving the set of N Lagrange equations. k3
can be expressed in the form:

Ehn
ks =Cs(V) 7 (2.20)

where C3 is dimensionless constant which is a function of the Poisson’s ratio. The so-

numerical ___ fit:
solution ) ’
Cs(v) =

1.269 - 0.967 v - 0.269 12

0 0.1 0.2 0.3
Poisson's ratio v

Figure 2.2: Numerical solutions for C3 as a function of v. The red line represents the corresponding fit.

lutions for Cs as a function of v are plotted in Figure 2.2 for values of the Poisson’s ratio
between 0 and 0.35.

The relation between C3 and v is best described with the inverse of a second-order
polynomial, namely:

1
"~ 1.269-0.967v —0.269v2 "

This functional dependence is similar to the one used for AFM nanoindentation mea-
surements, often referred to as g(v) [17].
Next, the following dimensionless parameters are introduced:

Cs

(2.21)

P=wt, (2.22a)

31t is important to note that the same values of megp, k1 and ¢ should be taken into consideration when de-
scribing the linear vibrations of the fundamental mode of a circular membrane.
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X=xlh. (2.22b)

By using Equations (2.18) and (2.22), the following dimensionless equation of motion
can be obtained:

. 1 ~
rei+ 6r5€+ %+n3%> = Acos(d), (2.23)

kl mawo kg h2 fFel w
= -, = , = y A = y = —. 224
@o \ m Q p B k1 mw3h g wo @24

Equation (2.23) is valid for studying nonlinear vibrations of membranes subjected to ex-
ternal harmonic excitation in the frequency neighbourhood of the fundamental mode.
Assuming the fundamental mode of vibration is not involved in an internal resonance
with other modes, then other modes accidentally excited will decay with time to zero
due to the presence of damping [92]. Here we assume that this condition is preserved
and therefore the response of the membrane is described by a single dimensionless Duff-
ing equation (Equation (2.23)), which is convenient for performing the fitting (parameter
identification) of nonlinear response curves (see Chapter 3.3).

where







METHODS

In this chapter we are going to describe the main tools that we use to fabricate and charac-
terise our devices, our scientific "arsenal". First, we briefly discuss the underlying principle
of interferometric motion detection and then we describe the standard configuration of
the measurement setup. This is followed by a description of the calibration of motion:
how to convert the voltage from the photodiode to a motion amplitude of our membranes
(in nanometres) and what kind of errors arise from the assumptions that we make. We
continue by describing the fitting of nonlinear frequency response curves, using a model
order reduction method to reduce the number of fitted parameters to a single variable. Fi-
nally, we explain how we fabricate our devices, laying out the process flows for most of the
devices used throughout this thesis.

19
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3.1. LASER INTERFEROMETRY

Most of the measurements in this thesis are performed optically, using a laser interfer-
ometer. In this section, the working principle of the setup will be outlined, together with
the underlying physics of the transduction of the motion amplitude of a 2D resonator to
an electrical signal.

a vacuum b Reflectivity
2
[ = graphene
< (0] 0.35 0N
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o
[
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<
N
[e]
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©
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Figure 3.1: A schematic of the optical cavity and a model of the reflectivity of the cavity as a function of
drum position. a, A schematic of the optical cavity. n; are the refractive indices of medium i, gy is the cavity
depth and the numbers 1-3 represent the interfaces in the system. The stationary optical field created by the
laser is sketched in red. b, Calculated reflectivity of the silicon-vacuum-graphene optical cavity as a function
of cavity depth and the number of graphene layers. ¢, Calculated reflectivity for a 5-nm thick graphene drum
(green curve) as a function of the position of the drum. The calculation is based on a measurement using a
A =632.8 nm laser. The black dot represents the initial position of the drum (cavity depth) go = 385 nm. The
purple line represents the linear approximation of the reflectivity (constant transduction) around gp.

All the samples in this thesis consist of a membrane of a two-dimensional material
suspended on top of a cavity. On the backside of the cavity there is a reflective surface,
usually made of silicon (Si), gold (Au) or gold-palladium (AuPd). The semi-transparent
membrane together with the reflective backmirror form an optical cavity, also called a
Fabry-Pérot cavity (see Figure 3.1a). A red helium-neon (HeNe) laser (1 = 632.8 nm) is
focused onto the membrane. The essence of the transduction of the membrane’s motion
to an electrical signal lies in the modulation of the power of the red laser that is reflected
off of the sample. This relies on two mechanisms:

1. Interference: the fraction of the light that is reflected from the reflective mirror in-
terferes with the light that is reflected directly from the membrane, which happens
due to a difference in path lengths;

2. Modulated absorption: the light reflected from the backmirror forms a standing
wave, due to the zero-electric-field condition at the metal-vacuum interface. The
intensity of the reflected light is then modulated by means of modulated absorp-
tion of the light by the graphene drum moving through this optical field.
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The interplay of these two mechanisms is determined by the thickness of the graphene
drum and the cavity depth.

Mathematically, the intensity of the reflected light can be described using the model
proposed in [93]:

1+ 12e7 100 4 r3e7i02 4y e 01102) 1o
R= . ‘ — |, 3.1
1+ 111267102 + 1y r3e~101402) 4 ryrye=i02

—_ ho—m _ hi—ng _ hop—ng 3 J
where 1| = morn 2= T, and r3 = o, represent the reflections from inter-

faces 1-3 and 0; and 0, are the phases that the light acquires while travelling through
the graphene and the cavity (vacuum) respectively (see Figure 3.1a). A colormap of the
reflectivity of the system calculated using this model as a function of the cavity depth
and the number of graphene layers, based on A = 632.8 nm, n; = 2.6 —1.3i and ny =
3.88 —0.02i, is shown in Figure 3.1b. Fixing the thickness of the graphene and the laser
wavelength, in Figure 3.1c we plot the reflectivity as a function of the position of the
drum for a 5-nm thick graphene flake.

To measure the intensity of the reflected light we use a laser interferometer setup,
schematically described in Figure 3.2. The sample is mounted inside a vacuum chamber,
usually at a pressure in the order of 107% mbar. The entire sample stage is motorized and,
in one of the setups used in this thesis, we also use a sample chamber that can be cooled
down to 3.5 K (using a closed-cycle Montana Instruments Cryostation).

The linearly polarised laser beam (polarization perpendicular to the plane of the
sketch) coming out of the HeNe laser is sent through a set of lenses (BE), which increase
the beam diameter by a factor of three. This is done in order to fill the entire aperture
of the objective lens (50x) in order to minimize the spot size by maximizing the angle,
resulting in a laser spot smaller than 1.3 ym. The beam is then sent through a polarised
beam splitter (PBS), which is transparent for vertically polarized light. The laser passes
through a 1/4 plate rotated at 45 °, which gives the light circular polarization. The beam
then goes through a cold mirror (CM), which is transparent for red light. The purpose of
the cold mirror will become clear below in the text. The light is then focused onto the
sample by a 50x objective lens. The part of the light that gets reflected off of the sample
passes again through the 1/4 plate, which effectively turns its polarization from circular
to horizontal (90° with respect to the light from the source). The PBS completely reflects
horizontally polarised light, so all the light coming from the sample is redirected towards
and focused on the photodiode (PD)'. Depending on the measurement, the output of
the photodiode is either connected to the input of a Vector Network Analyser (VNA) for
measurements of driven motion or to a Spectrum Analyser (SA) for measurements of
Brownian (thermal) motion.

I The PD model used throughout this thesis is a NewPort 1801 photoreceiver with a frequency range of 0 - 125
MHz. Using an internal amplifier, it converts laser power to voltage through two outputs: a dc-coupled output
(using an internal low-pass filter at 50 kHz) and an ac-coupled output (using an internal high-pass filter at 25
kHz). For most of the measurements presented in this thesis, the ac-coupled output of the photodiode is
used.
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Figure 3.2: Laser interferometer. A HeNe laser is focused on the suspended graphene drum, which is mounted
in a high-vacuum chamber. The motion of the drum modulates the reflected intensity of the laser, which is
captured using a photodiode (PD). The drum can be driven both optothermally (using the power-modulated
blue laser diode (LD)) and electrostatically (using the backgate, vg), depending on the switch (SW) configu-
ration. The driven motion is measured using a Vector Network Analyser (VNA) and the undriven (Brownian)
motion is measured using a Spectrum Analyser (SA). BE: beam expander, PBS: polarised beam splitter, CM:
cold mirror, BT: bias-tee.

Almost all measurements in this thesis rely on homodyne detection of the motion of
the membrane, i.e. the membrane’s motion is simultaneously actuated and measured
at the same frequency. This is done using the VNA shown in Figure 3.2. For conducting
materials and samples with electrical access (Au or AuPd electrode on top of which the
2D material is transferred) we use electrostatic actuation [43, 94]: the output port of the
VNA is in electrical contact with the membrane through the metallic electrode on the
chip. On top of this ac actuation signal, we add a dc component (Vg.) through a bias-tee,
to avoid frequency doubling of the actuation signal due to the quadratic dependence
of the electrostatic force on the applied voltage (see Chapter 3.2 for the mathematical
derivation).

Alternatively, we can use another, blue laser (1 = 405 nm) to excite the motion of the
membrane optothermally [33, 34]. The blue laser is coupled to the optical path through
the cold mirror. The cold mirror is transparent to red light, but is highly reflective for
blue light. By connecting the output of the VNA to the blue laser diode, we periodi-
cally modulate the output power of the laser, which is focused on the same spot as the
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measurement laser. The periodic modulation of the LD input power causes a periodic
modulation of the tension of the membrane through means of thermal expansion and
contraction. More details on the microscopic mechanism of optothermal actuation can
be found in [74].

3.1.1. CALIBRATION OF THE AMPLITUDE

In this section the procedure of calibration of the motion amplitude using the resonator’s
Brownian noise is explained. In addition, the effect of nonlinearities in the readout
method on the calibration is estimated.

To convert the measured signal (in Volts) to a motion amplitude of the resonator (in
metres), we use thermal calibration (we follow closely the procedure described in [95]).
This means that we can relate the time-averaged undriven (Brownian) motion of the
drum to its thermal energy. The following relation between the drum’s amplitude and its
thermal noise power spectral density (PSD) can be stated:

(X2 (1)) = f dfSw (), 3.2)
0

where (x,%(t)) is the mean-square amplitude of motion of the n-th mode of the drum,
f is the frequency, and S (f) is the measured one-sided spectral density of the drum’s
motion.

According to the equipartition theorem, the time averaged potential energy of a har-
monic oscillator per degree of freedom %meff, a2 (x2 (1)) is equal to %kB T. This allows
us to express the thermal noise PSD of the drum (S (f)) as [95]:

kpTfn
27'[37neff,nQrz[(fz - f,%)z + (ffn/Qn)z] '

Sxx(f) = (3.3)

where kg is the Boltzmann constant, T is the temperature (in our case, we take T =293
K), and f,, mefr,, and Q,, are the resonance frequency, effective mass (meg = 0.2695 m
when Sx is taken at the centre of the drum [95]) and quality factor of the n-th resonance
mode respectively.

We start by experimentally measuring the PSD using a spectrum analyser (Syv(f)).
This is obtained as V (f 12/A f, where V(f) is the voltage spectrum of the resonator’s mo-
tion, measured with a bandwidth Af. The unit of the obtained signal is then V?/Hz.
Svv(f) represents the total PSD of the system. This includes noise from various sources
in the detection system, among which the dark current noise of the photodiode (858 ,
measured as voltage over a 50 Q resistor), which can be easily measured and subtracted.
Assuming all other sources of noise to be very weakly dependent on frequency in the
measured bandwidth, we can consider them to be a flat additive contribution (S{’,"V) to
the total PSD. Sy, also determines the noise floor of the measurement. The remaining
signal can be entirely attributed to the thermal noise PSD of the drum (S (f)) multiplied
by a transduction factor a (V?/m?), which depends on the mechanical-optical-electrical
transduction of the system. It is worth mentioning that « is highly susceptible to changes
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in the measurement laser intensity, position and focus of the drum, the cavity depth
and optical/electrical losses in the system. To ensure that the value of a stays constant
throughout the measurements we take all measurements in one go, without changing
the sample position.

We can now write a general relation between the aforementioned quantities:

Sw(f) =S¥y + Stu (f) + aSxx(f) (3.4)
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Figure 3.3: Calibration procedure. a, Measured power spectral density (PSD) of the fundamental mode of a
5-nm thick MoS, drum. The blue curve is the measured PSD, the yellow curve is the PSD of the photodiode

dark current and the green curve is the resulting subtraction of Syy(f) — S\};\? (f). The constant offset of the
green curve accounts for all other sources of noise in the system SY%,. b, PSD of the motion of the drum, after
subtracting the noise floor from the green curve in a. The black curve is the fit of the PSD of the drum, from
which the transduction factor @ can be obtained.

In Figure 3.3 we show an example of a calibration measurement of an MoS, drum
shown in Chapter 5. The measured total PSD of the drum (Syy) is shown by the blue
curve in Figure 3.3a. Subtracting the photodiode dark current noise S\P;B (yellow curve),
we get the resulting green curve. This curve contains both aSx(f) and a constant noise
floor (S\"}’V), assuming a white noise background. Further subtracting this offset results
in the data (red points) shown in Figure 3.3b. This curve can now be fitted using Equa-
tion (3.3) multiplied by the transduction factor a. This fit is shown by the black curve in
Figure 3.3b. From this fit, we can determine 3 fit parameters: the resonance frequency
fo, the quality factor Q and, most importantly, the transduction factor « (in this case
a =2.56-10'2V?/m?).

Using this transduction factor, we can now determine the amplitude (in nanome-
tres) of the driven motion as well. The magnitude of the driven motion at resonance is
obtained from a two-port network analyser measurement and is given by [S21(fo)| (in
V/V). Multiplying this by the RMS value of the ac driving voltage (Vac,rms) gives us the
RMS value of the time averaged motion amplitude of the drum in Volts (Arms(f))

Arms () =1/{A2(f)) =18211(f) - Vac,rms- (3.5)
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This amplitude can be converted to metres (xgms(f)) considering a constant trans-
duction factor a by:

1
xpums () =/ (X2() = ﬁARMS(f)- (3.6)

3.1.2. CALIBRATION UNCERTAINTIES

The entire calibration procedure is done assuming that the transduction factor « is con-
stant, i.e. that the reflected intensity depends linearly on the position of the drum.

The square root of the transduction factor /a of the system is proportional to the
derivative of the curve shown in Figure 3.1c with respect to the drum position at the
point gy = 385 nm. Even though the cavity depth is adjusted such that we sit on the
linear part of the curve, there are still higher order terms from the linearisation which
can result in an error when determining the amplitude.

For thin flakes multiple reflections can be neglected and the intensity of the reflected
light can be approximated by:

I:A+Bcos(4ngoT+x), 3.7)

where I is the intensity of the light on the photodiode, A and B are constant coefficients,
8o is the cavity depth, A is the wavelength of light, and x is the vertical displacement of
the drum. This equation can be now expanded around the static position of the drum
(x=0):

I= A+Bcos(4n%) B751n(47l%)x B( /{[)ZCOS(47T%)%2+B(47ﬂ)3sin(4”%2:é)'

Assuming a periodic motion of the membrane, the amplitude is given by: x = xpax coswt.
Replacing this in Equation (3.8) gives:

I= A+BCOS(4H%) B%sin(4n§))xmaxcoswt—E(%)zcos@ﬂ%)xﬁmcossz
+§(%)3sin(4n%)x;axcos3wt.

(3.9

Substituting y = 471 ,Co = A+Bcos( ) Ci=B*,Cy = g(%)z and C3 = %(T”)S

we get:

I=Cy— (Cysiny)xmaxcoswt — (Co cosy)xﬁlax cos®wt + (Cs siny)xf’nax cos® wt. (3.10)




26 3. METHODS
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Using homodyne detection with a very narrow bandwidth filter (in our case < 1kHz),
we are only sensitive to the coswt component of Equation (3.11) (labelled f), hence the
actual intensity detected by the VNA at the resonance frequency wy is:

3
I(@) =7(Cs siny)x3 . — (C1 SinY) Xmax. (3.12)

The linear coefficient of Equation (3.12) corresponds to the transduction coefficient
extracted using the calibration procedure (v/@). At small amplitudes, the cubic compo-
nent plays little role. The error that the cubic term introduces in the amplitude calibra-
tion at large amplitudes is therefore given by:

3 : 3
7(Cssiny)x, 3C

_ 1138 Y Xmax _ 3 Sx2) (3.13)
(C1 siny) Xmax 41

or:

2
)

£= Zﬁxmax. (3.14)

Hence, using a laser with A = 632.8 nm, for amplitudes of up to xpax = 10 nm, the er-

ror that we make in the estimation of the amplitude is |¢| < 0.5 %. We note that this error

is independent of the the gap size gp. It is worth mentioning that the nonlinearities in

the optical transduction can be exploited to calibrate the amplitude of nanomechanical
resonators without the need of knowing their mass or temperature [96].

3.2. DETERMINATION OF THE ELECTROSTATIC DRIVING FORCE

In this section the electrostatic force is determined by two methods: (i) based on the ge-
ometry and the voltage applied on the drum and (ii) based on the measured amplitudes
at resonance.

The electrostatic force acting on the membrane at a frequency w, assuming a parallel
plate capacitor model, can be calculated as:

eoR%*n 2 _goR*m

Feaelw) =¢ Vac+Vaccos(w?)| =¢
calc 2g§ C zgg

2 ac

(3.15)
where gy is the gap size and ¢ = 0.432 is a correction factor that accounts for the funda-
mental mode shape of a fixed circular membrane (see Section 1 and main text).

1 1
dec+_ V2V Vac cos(w 1)+ 3 VazC cos(Cwi) |,



3.2. DETERMINATION OF THE ELECTROSTATIC DRIVING FORCE 27

In a homodyne detection scheme, only the motion resulting from a force at fre-
quency w can be detected. Therefore, the effective force on the drum will be:

eoR*m
Feale(w) = §———|2Vyc Vaccos(w1) | (3.16)
28y

It is worth mentioning that due to the fact that the output of the VNA has 50Q impe-
dance and the drum is a capacitor (high impedance), the ac voltage felt by the drum is
double the voltage that is output by the VNA (V¢ = 2V;c,yna)-

Knowing the applied driving force is crucial for fitting the nonlinear response curves
and finding the Young’s modulus of the membranes, and it therefore needs to be deter-
mined very accurately. Even though it can be easily calculated using Equation (3.15),
there are three main sources of uncertainty that can alter the calculated value. The first
one is the gap size gy. Even though the gap size is fixed by the sample fabrication and can
be easily measured, the actual position of the drum due to membrane slack and imper-
fections is unknown. This can change the effective gap size, and therefore the effective
force by up to 5 % (assuming slack of 20 nm over a 385 nm gap). A second source of
uncertainty is the dc voltage felt by the drum. It is well known that the charge neutrality
point (the resonance frequency minimum in fy vs. V3. measurements) is not at a volt-
age V. =0V [43, 97]. Similar effects have been observed in carbon nanotubes and are
often attributed to trapped charges [43, 98, 99]. These charges manifest themselves as
an added dc voltage of the drum, and can significantly affect the effective electrostatic
force. Finally, due to the presence of the AuPd electrode underneath the drum, the elec-
tric field will be screened by the edges of the electrode around the perimeter of the drum.
This will lower the effective capacitance of the drum and therefore also the effective elec-
trostatic force felt by it. For a flat drum, using a gap size of 385 nm and a 100 nm-thick
AuPd electrode, such fringe field effects can account for up to 15 % of overestimation of
the force.

To correct for these effects, we calculate the expected peak amplitude at resonance
(Xcale,RMSlw=w,) using the force calculated using Equation (3.16). In the linear vibration
regime, this function is expected to be linear with the force, hence with the applied ac
voltage:

Xcale,RMSlw=wy = —5—— Fealc,RMS» 3.17)
Wy Metf
Q . eoR’m
Xcale,RMSlw=wy = 2—5—2 Vidc Vac,rms = BVac. (3.18)

wWoMeff &

The slope of the xpvs vs. Vacrums curve at low ac voltages (linear regime) will be a
constant 3, defined as:

dx, - eoR%m
ﬁ: calc,RMS|(u wo _ ZQ 0 a Vdc; (3.19)
dVac,rms wime 8
_ Q
p Feale RMS- (3.20)

=
Wy Mgt Vac,RMS
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Knowing 3, we can calculate the force for any driving ac voltage:

w% Meff
Q

The actual force felt by the drum (Fgys) will be modified depending on the uncer-
tainties in determining V. (V; ) and gy (gg), possibly resulting in a different slope of the
XRMS VS. Vacrms curve: . We can use this value to cross-check and correct for the actual
force (Frms):

Fcalc,RMS = ﬁ Vac,RMS- (3.21)

2
Wy Meff
r-0te
Frvs = P Vac,RMS- (3.22)
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Figure 3.4: Force estimation and correction. The dc voltage applied is V3. = 1 V. The blue dots represent the
measured amplitude of a 8-nm thick FLG drum at resonance. The red curve is the calculated amplitude using
Equation (3.18) (in the linear regime) with the force calculated from Equation (3.16). The yellow curve is the
corrected force using Equation (3.22). The error in the force estimation in this case is roughly 10 %.

To visualize the procedure, in Figure 3.4, we present data from a 4-um in diameter,
8-nm thick FLG drum. The calibrated amplitude at resonance (or xgms max in the non-
linear regime) is plotted as blue dots (similar data can be seen in [33]). The calculated
expected amplitude based on Equation (3.18) is represented by the red line. To correct
for the difference in slopes in the linear part (left hand side), we fit the slope of the mea-
sured amplitude to extract §'. The resulting error in the force estimation is roughly 10 %,
which, assuming that the error is only due to trapped charges (neglecting effects of fringe
fields), translates to a 0.1 V offset over the applied Vg, =1V [43].

As long as the force scales linearly with the applied driving voltage (and there are no
significant nonlinearities in the actuation), this method can be easily extended to cali-
brate the force of other actuation methods, like optothermal actuation, since the force
can be extracted from the calibrated amplitude data. This is provided that the Q-factor
is known and the displacement x can be properly calibrated.
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3.3. NONLINEAR IDENTIFICATION

In order to be able to numerically fit or identify the nonlinear response curves, we need
an analytical solution to the Duffing equation (Equation (2.18)). To do this, here we uti-
lize the harmonic balance method. This method is a suitable and accurate mathematical
technique that entails the solution of nonlinear equations to be approximated by a trun-
cated Fourier series. In case of the dimensionless Duffing oscillator (i.e. Equation (2.23)),
a first order truncation has been shown to provide accurate results [92]. Hence,

X = x1sinf+ x, cost. (3.23)

Substituting Equation (3.23) into Equation (2.23) yields:

2 1 3 2
x1(1-r )—r6x2+zn3x1A =0, (3.24a)

1 3
X2(1— r?) + r6XI + anngz =A, (3.24b)

where A =/ xf + xg is the amplitude of motion, x; = Asin¢ and x» = Acos¢, ¢ being
the phase difference between the excitation and the response. From Equations (3.24a)
and (3.24b) the following analytical frequency-amplitude relation could be found:

Az[((l—r2)+ Zn3A2)2+(é)z] =22, (3.25)

The idea of harmonic balance based parameter estimation is to follow a reverse path
[100]. In other words, the identification is conducted by assuming that the vibration am-
plitude A and frequency ratio r are already known for every frequency step from experi-
ments. Therefore, in order to obtain unknown parameters, the following system should
be solved for every j-th frequency step, r'/:

-rPx 3x A% (4] _
rPx  2xA%) [ns]

—x1(1-(r)?)
—x(1-0)H+A

,j=[1:m]. (3.26)

System (3.26) can be compactly written as Ay, -Y = By, . This system is over con-
strained since it contains 2 x m equations. In order to solve (3.26) and to estimate system

parameters, least squares technique is used and the norm of the error Er = (A_h Y- B_h) .

_ T
(Ah Y- Bh) should be minimized. Accordingly, here the pseudo-inverse of matrix Ay,
is calculated and the solution is obtained as follows:

Y= (A-hTA-h)ilA_h-B_h. (3.27)

A problem in utilizing the least squares technique is that the identified peak amplitudes
in the frequency-response curves do not correspond to the ones obtained from the ex-
periments. In order to resolve this issue, a correction on the quality factor is made by
making use of the following expression (see Ref. [100] for the derivation details):




30 3. METHODS

Q—l[ L3 a2 TR PR (3.28)
) 13 Amax > 8773 max 4A12nax ) .

in which Ay is the experimentally measured peak amplitude for each frequency-am-
plitude curve. This will yield the nonlinear identification procedure to a single fit param-
eter algorithm for the estimation of 3.

3.4. SAMPLE FABRICATION

In this section we will briefly describe the process flow for fabricating most of the de-
vices used in this thesis. The devices usually consist of circular cavities? fabricated on
p++ doped silicon wafers with thermally grown SiO, with a thickness of 285 nm. Electri-
cal access usually means more control over the devices, since it provides an additional
tuning knob during the experiments. Therefore, the majority of samples have metallic
electrodes (usually made of gold-palladium (60-40) or pure gold). From our experience,
the AuPd provides a very flat surface (root-mean-square surface roughness down to 100
pm) compared to pure Au, which substantially improves the subsequent transfer of the
2D flakes. The highly doped silicon makes for a convenient gating electrode. When the
2D membrane is made of an insulating material, like the ones described in Chapter 9,
no electrical access is necessary and we thus work with simpler devices, consisting of
circular cavities in SiO,. Both of the process flows shall be described in detail below.

For fabricating the devices used in Chapters 6 and 8 a different process flow is used,
which is described in detail in Chapter 6.

3.4.1. S1-S10,-AUPD STRUCTURES

The fabrication process starts with cleaning 19x 19mm? Si/ SiO, chips in nitricacid (HNOj,).
Nine devices are usually patterned at once on a single chip (3 x 3 matrix). Two layers of
poly(methyl methacrylate) (PMMA) resist are spin-coated on the chip (see Figure 3.4.1a):
the bottom layer is of a lower (495 kDa) and the top layer is of a higher molecular weight
(950 kDa). The chip is then patterned using electron-beam lithography (doses ranging
from 900-1100 uC/cm?). The resist is then developed for 90 seconds in a solution of
methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA), MIBK:IPA 1:3, followed by
90 seconds of rinsing in IPA. The resulting resist profile is shown in Figure 3.5b. Using
two layers of resist helps in getting a so-called undercut, where the profile of the bottom
layer of resist (with a lower molecular weight) is slightly receded with respect to the one
on top.

The metals are deposited using electron-beam metal evaporation (Figure 3.5c). At
very low pressures (10~7 mbar) this provides for a strongly anisotropic deposition of the
metals. Usually three metals are evaporated: 5 nm of titanium (used as an adhesion
layer), 95 nm of gold-palladium and 30 nm of chromium (used as a hard mask for the
subsequent etching step). The final cavity depth can be controlled by controlling the
thickness of the AuPd layer. This is followed by a lift-off process in warm acetone (45°) for

2The device design is more complex in, for example, Chapter 7, but the process flow used is identical to what
is described in 3.4.1.
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Figure 3.5: Process flow for Si-Si0, -AuPd structures. a, E-beam patterning of the resist. b, The resist profile
after developing. ¢, E-beam evaporation of metals (Ti-AuPd-Cr). d, Lift-off in acetone. e, RIE using the Cr as a
hard mask. f, Wet etching of Cr using a Cr etchant. g, The resulting SiO,-AuPd cavity.

45 minutes (Figure 3.5d). The undercut in the bottom resist layer facilitates this process,
as it prevents contact between the top and bottom metallic layers and it provides easier
access for the acetone. The next step is creating the cavities, i.e., etching away the SiO,
in the areas that are not covered by metal. This is done using reactive ion etching (RIE)
at a pressure of 7 ubar (Figure 3.5€). Two gasses are used: 50 sccm of CHF; and 2.5 sccm
of Ar. This combination of gasses is selective to SiO, - the underlying silicon is left intact.
The next step is the removal of Cr, which is done in Cr etchant (Figure 3.5f). The resulting
chips (Figure 3.5g) are then diced into nine 6 x 6 mm? pieces.

3.4.2. S1-S10, STRUCTURES

The process flow for samples with no electrical access is somewhat easier, but well-
defined cavities with sharp vertical walls require some optimization of the process. From
our experience, the best quality of samples is achieved when using CSAR 62 (AR-P 6200.09)
resist, which is not only very sensitive and decreases the e-beam exposure time, but is
also very resistant and can be used as a mask for the subsequent RIE step. The resist
is patterned using e-beam lithography with doses ranging from 300 — 350uC/cm? (Fig-
ure 3.6a). The resist is developed in pentyl acetate for 60 seconds followed by rinsing in
MIBK:IPA 1:1 for 60s, and in pure IPA for 60s. The samples are then loaded into the RIE

a e~ b CHF; + Ar c d

Si SiO; (285 nm) l AR-P 6200.09

Figure 3.6: Process flow for Si-SiO2 structures. a, E-beam patterning of the resist. b, RIE using the resist as a
hard mask. ¢, Stripping the remaining resist in nitric acid. d, The resulting SiO, cavity.
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system and the same recipe as in Chapter 3.4.1 is used (Figure 3.6b). The ratio of the
etching rates of SiO, and CSAR 62 is about 2:1. The remaining resist is then removed in
HNOj, (Figure 3.6¢). The resulting chips (Figure 3.6d) are then diced into nine 6 x 6 mm?
pieces.

3.4.3. TRANSFER OF THE 2D MATERIALS

The flakes of the 2D materials are obtained by mechanical exfoliation from natural crys-
tals® and the transfer is performed using an all-dry transfer technique, which is descibed
in detail in [101]. The transfer of the 2D flakes is always done as the final step.

glass slide

d/'\e

monitor
lens tube =

Figure 3.7: Exfoliation and transfer of 2D materials. a, Exfoliation from natural crystals using Nitto tape. b,
Transfer of the exfoliated flakes from the Nitto tape onto a PDMS stamp stuck to a rigid glass slide. ¢, The flakes
of the material are now transferred on the PDMS. d, The glass slide is turned upside down and positioned above
the pre-patterned sample using a micropositioner. The process is monitored using an optical lens connected
to a camera and a monitor. e, The glass slide with the PDMS is slowly retracted upwards, such that the 2D
material flakes stay on the designated place on the substrate.

First, flakes are exfoliated from natural crystals using Nitto tape (Figure 3.7a). The
process is repeated several times in order to thin down the flakes. A thick piece of poly-
dimethylsiloxane (PDMS) is cut out and placed on a glass slide. The glass slide serves as
a rigid support for the polymer piece. The Nitto tape with the flakes of the 2D material
are then pressed onto the PDMS stamp (Figure 3.7b) and peeled off quickly. As a result,
some of the flakes stay on the PDMS stamp (Figure 3.7c). The glass-PDMS stack is turned
upside down and mounted onto a micropositioning stage. The process is monitored
through an optical system comprising of a lens tube and a camera connected to a screen

3This does not apply for the materials used in Chapter 9.
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that enables live monitoring of the whole process. The transparency of the glass slide
and the PDMS facilitate the positioning of the flakes onto the substrate (Figure 3.7d). The
stack is then pressed onto the pre-patterned substrate with holes and peeled off slowly
(Figure 3.7e). If successful, the flakes of the 2D material stay on the substrate, forming
suspended nanodrums.







VISUALIZING THE MOTION OF
GRAPHENE NANODRUMS

Membranes of suspended two-dimensional materials show a large variability in mechan-
ical properties, in part due to static and dynamic wrinkles. As a consequence, experi-
ments typically show a multitude of nanomechanical resonance peaks, which makes an
unambiguous identification of the vibrational modes difficult. Here, we probe the motion
of graphene nanodrum resonators with spatial resolution using a phase-sensitive inter-
ferometer. By simultaneously visualizing the local phase and amplitude of the driven
motion, we show that unexplained spectral features represent split degenerate modes.
When taking these into account, the resonance frequencies up to the eighth vibrational
mode agree with theory. The corresponding displacement profiles however, are remark-
ably different from theory, as small imperfections increasingly deform the nodal lines for
the higher modes. The Brownian motion, which is used to calibrate the local displace-
ment, exhibits a similar mode pattern. The experiments clarify the complicated dynamic
behaviour of suspended two-dimensional materials, which is crucial for reproducible fab-
rication and applications.

Parts of this chapter have been published in Nano Letters (2016) by D. Davidovikj, J. J. Slim, S. J. Cartamil-
Bueno, H. S. J. van der Zant, P. G. Steeneken and W. J. Venstra [97].
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materials have received growing interest in the past few years [33-36], and their

application in sensitive pressure, gas and mass sensors has been proposed [19,
21, 32, 39, 41, 59, 102]. Available techniques to study the mechanical properties of such
membranes include quasi-static indentation [16, 103] and dynamic response analyses in
frequency- and time-domains [33-35, 50, 104, 105]. These experimental studies show a
large variability in the mechanical properties [34, 49, 50], and to understand the intricate
dynamic behaviour of suspended graphene, it is necessary to detect its motion with spa-
tial resolution. While initial experiments were done on structures with radial symmetry
broken by design [106-108], the local phase of the membrane motion was not measured
in these cases, which makes identification of the mode difficult, especially for the higher
modes and in the presence of small imperfections. Moreover, previous experiments did
not measure absolute displacements, which makes the acquisition of quantitative dis-
placement profiles of the fundamental and higher modes impossible.

In this chapter we visualize the motion of two-dimensional nanodrums with un-
precedented resolution and sensitivity using a phase-sensitive scanning interferome-
ter. The driven motion and the non-driven Brownian motion of a suspended few-layer
graphene resonator vibrating at very high frequencies is detected up to the eighth vi-
brational mode. The phase information enables a reconstruction of the time-evolution
of the displacement profile. In the radially symmetric nanodrum we observe splitting
of multiple degenerate modes, as well as a distortion of the mode structure. By visual-
izing the Brownian motion, the displacement profiles are calibrated to obtain spatially
resolved displacement amplitudes. The spatially resolved measurements enable a de-
tailed examination of the mode structure, and provide a useful tool in the efforts towards
reproducible fabrication of suspended two-dimensional materials.

N ANOMECHANICAL devices from suspended graphene and other two-dimensional

4.1. EXPERIMENTAL SETUP

Circular graphene nanodrums are fabricated by transferring exfoliated few-layer graphene
on top of silicon substrates pre-patterned with circular holes, as is described in Chap-
ter 3.4.1. Figure 4.1a shows the graphene nanodrum of interest, with a diameter of
5um and a thickness of 5nm as confirmed by Raman spectroscopy and atomic force
microscopy (Figure 4.1b). The approximate mass of the moving part equals 230fg. The
flexural motion of the nanodrum is detected using an optical interferometer, which has
been used previously in frequency- and time-domain studies of the nanomechanical
properties of 2D-materials [33, 34, 103, 109, 110]. Figure 4.1c shows the setup and a
schematic cross-section of the graphene nanodrum. The drum is probed by a HeNe
laser, and the intensity variations caused by the interfering reflections from the moving
membrane and the fixed silicon substrate underneath are detected with a photodiode,
as is described in more detail in Chapter 3.1.

The sample can be moved in-plane with the graphene (x — y) using a motorized
nanopositioning stage. Compared to a scanning mirror, moving the sample does not
affect the intensity of the incident light such that the transduction gain of the setup re-
mains constant. This makes a calibration of the displacements possible, as will be shown
below. With a step size of 140nm, the spectral response is measured at 1500 points spa-
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Figure 4.1: Scanning laser interferometry of graphene nanodrums. a, Scanning Electron Microscope (SEM)
image of the graphene nanodrum. b, Raman spectrum (left) taken at the centre of the drum,; the relative height
of the G and 2D peaks is characteristic of multi-layer graphene. Atomic Force Microscope (AFM) trace (right)
taken along the red dashed line from (a), showing the flake thickness of 5 nm. ¢, Interferometric displacement
detection is accomplished by focusing a HeNe laser beam (A = 632.8nm) on the nanodrum, while recording
the interfering reflections from the graphene and the Si substrate underneath using a photodiode (PD). The
sample is mounted on a motorized Xy nanopositioning stage that scans the sample in a serpentine fashion,
with a step size of 140 nm. BE: 3x Beam Expander; PBS: Polarized Beam Splitter. Two measurement types
can be selected using switch SW: SW = 1 engages a phase-sensitive Vector Network Analyser (VNA) measure-
ment, while SW = 2 is used to detect the Brownian motion of the nanodrum using a Spectrum Analyser (SA). d,
VNA measurement (magnitude and phase) of the fundamental resonance mode, detected while probing at the
centre of the drum (black curves: fitted response). e, VNA measurement showing the eight lowest resonance
modes of the nanodrum, when driven at V¢ =2.2mV (red) and V,c = 8.9mV (purple). Eight resonance peaks
are detected, which are indexed 1-8 starting at the fundamental mode (for clarity, the magnitude of modes
2-8 is scaled 10x). The dashed green lines mark the calculated frequencies for a circular tension-dominated
membrane [95].
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tially distributed across the suspended part of the drum, which is sufficient to visualize
the displacements associated with higher vibration modes, which exhibit an increasing
number of nodal lines.

Two measurement types can be selected by setting the switch SW (see Figure 4.1c).
When SW = 1, the complex response (magnitude and phase) to an electrostatic driving
signal is measured using a Vector Network Analyser (VNA). When SW = 2, the driving
signal is switched off, and the Brownian motion of the membrane is detected using a
Spectrum Analyser (SA). Figure 4.1d shows the magnitude and phase response (SW = 1)
at the fundamental resonance mode, which corresponds well to an harmonic oscillator.
Figure 4.1e shows the response of the drum at higher driving frequencies, taken at low
(red curve) and higher (black curve) driving voltages, when probing close to the centre of
the drum. At strong driving, a multitude of peaks are detected, which are labelled f;, in
accordance with their position in the spectrum. The resonance frequencies calculated
for a perfect circular membrane are also displayed'. The measured resonance frequen-
cies are conspicuously different from the calculated ones, which raises the central ques-
tion addressed in this work: Which mode indices correspond to each of the observed
resonance peaks?
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Figure 4.2: Spatially-resolved measurements.a, Individual frequency response lines taken at positions 1-5
using the VNA (SW = 1), while applying a driving signal at f3. b, Recorded magnitude (left) and phase (right)
response at f3. A phase difference 7 indicates that on these locations the drum moves in opposite direction. c,
Root-mean-square displacement zgyis of mode 3, taken at a step size (x,y) of 140nm. The diffraction-limited
spot size of the probe laser is 1.3 um, which causes some loss of spatial resolution. d, Local phase response,
¢R, of the nanodrum, showing that two halves of the drum move in opposite directions. e, Reconstructed
displacement field map as obtained by zp = zgys sin¢. Scale bars in c-e: 1 um.

4.2, VISUALIZING DRIVEN MOTION

The motion of the graphene nanodrum is made visible using a phase-sensitive scanning
interferometer. To demonstrate the technique, we set out by measuring the frequency
response of mode 3 at five different positions on the drum, as illustrated in Figure 4.2a.
The amplitude and phase responses are fit to a harmonic oscillator function, and the fits
are shown in Figure 4.2b. From the responses it is observed that, while two halves of the
drum move at a comparable amplitude, their phase differs by 7.

n a circular membrane, the mode-shapes are labelled as (m,n), where m refers to the number of nodal diam-
eters and n to the number of nodal circles.
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Figure 4.3: Visualizing resonant motion. a-h, Top: experimental data; bottom: finite-element calculation.
The modes predicted by the calculation are indexed by (m,n). Panels b and ¢ show that the nanodrum hosts a
split degenerate (1,1) mode, while also the (2,1) mode is split, as is shown in panels d and e. The displacement
profile measured in f resembles a (0,2) mode, which is distorted due to an imperfection as will be discussed in
the main text. g and h reveal a degenerate (1,2) mode. Scale bars: 1 um.

This indicates that at positions 2 and 4 the graphene moves in opposite directions, as is
the case for a (1,1) mode. Following this procedure, a more refined measurement is per-
formed. Figure 4.2c-d display on a colour scale the fitted peak height, zpys, and phase
responses ¢ at the resonance peak frequency, measured on a square grid with a spacing
of 140 nm. The amplitude response reveals two anti-nodal points which are separated
by a nodal line, and the phase response shows that on either side of the nodal line the
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graphene moves in opposite directions. While for the (1,1) mode this phase behaviour
appears trivial, we will show below that the phase information is a requisite to under-
stand the motion of higher modes. Figure 4.2e shows a snapshot colormap of the mem-
brane movement, as obtained by zp = zgrms sin ¢.

In a similar way, the motion at the other resonance peaks of Figure 4.1e is visualized.
Figure 4.3a-h show the mode shapes that correspond to f; — fg, together with the theoret-
ical shapes, which were obtained by finite-element calculations for a circular membrane.
The fundamental mode was probed at a reduced driving voltage, as to maintain a linear
response as in Figure 4.1e, red curve. The measurements show unambiguously that the
peaks observed in the spectrum of Figure 4.1e are the result of split degenerate modes
(1,1), (1,2), and (2,1). The displacement profiles of modes 1-4 (Figure 4.3a-d) are in rea-
sonable agreement with the theoretically calculated mode shapes. Other modes, how-
ever, in particular the ones with higher indices (i.e., 5, 6 and 8 as shown in Figure 4.3e-g)
show a large discrepancy. Clearly, an imperfection is present whose influence on the lo-
cation of the nodal lines grows with the mode index. Note that this imperfection is not
visible in the SEM image of Figure 4.1a, but has a large impact on the mode shapes. Ta-
ble 4.1 summarizes the experimental and theoretical resonance frequencies and mode
shapes, and will be described further in the next section.

4.3. VISUALIZING BROWNIAN MOTION

The above experiments illustrate in detail the mode structure of a driven graphene nan-
odrum, and it is interesting to compare these driven measurements with the displace-
ments that are the result of thermal fluctuations. Compared to silicon carbide micro-
disk resonators, whose thermal motion was studied recently [111], graphene nanodrums
have a very low reflectivity and a 10-100 times lower mechanical Q-factor. Nevertheless,
the present technique is sensitive enough to visualize their Brownian motion.

To study the Brownian motion, the switch is set to SW = 2, in order to switch-off
the driving signal and to the record displacements with a Spectrum Analyser Figure 4.4a
shows an example of a thermal noise spectrum, taken close to the centre of the drum.
Three vibrational modes are observed that resemble the lowest three resonances of Fig-
ure 4.1e, albeit at somewhat lower frequencies. The difference in frequency results from
the absence of the electrostatic force: as Vj. = 0, no force is exerted on the graphene
drum. Compared to the driven measurement, a part of the mechanical tension is re-
leased, which causes the resonance frequencies to tune to a lower value. With the same
step size as in the driven measurement, we map the first three mode shapes and plot the
thermal RMS displacement as a function of position. Figure 4.4b shows the Brownian
motion of the fundamental (0, 1) mode, and Figures 4.4c and 4.4d show a splitting of the
degenerate (1,1) mode, in close agreement with the amplitude map of the driven mo-
tion. Note that in the absence of a driving signal the phase is not measured as it diffuses
within the measurement integration time.

For applications of suspended two-dimensional materials, it is important to quan-
tify the displacements associated with the motion. The RMS displacement of a nanome-
chanical resonator can be obtained by measuring its Brownian motion [112]. From the
power spectral density of the signal measured at the centre of the drum, Syv(f) = S}, +
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Figure 4.4: Visualizing Brownian motion. a, Spectrum analyser measurements (SW = 2) taken without apply-
ing a driving signal (Vac = 0) reveal three vibrational modes. b-d, Spatial maps of the RMS Brownian displace-
ments at each of the vibrational modes. The Brownian mode shapes correspond well with the ones observed
when the drum is resonantly driven (Figure 4.3a-c). The slightly lower frequencies are the result of the absence
of a dc voltage V4. = 0V, which results in a sightly lower mechanical tension in the drum.

Ss{? (f) + @Sz (f), the noise floor Sy, and the transduction factor (V2/m?) are calcu-
lated, as discussed in detail in Chapter 3.1.1. The thermal displacement noise spectral
density of the fundamental mode at the drum centre is given by S;,(f) (referred to as
S« (f) in Chapter 3.1.1) [95]. Note that the temperature of the drum is up to a few K
below the ambient temperature due to combined effects of laser heating and photother-
mal damping [113], as discussed in detail in Appendix 4.5.2. Using an incident optical
power of 0.8mW, the noise floor equals 11fm/v/Hz, which enables the detection of the
three resonance modes. The transduction factor equals a = 3.75 x 10'! V2/m?, and using
this number, all detected displacement signals in the experiments of Figure 4.3 and Fig-
ure 4.4 are converted to absolute displacements, and indicated in the respective colour
bars.

4.4. DISCUSSION

From the summary of the measurement results presented in Table 4.1, it becomes clear
that the ratios of the higher harmonics to the fundamental mode, f;/fy, deviate from
the theoretically expected frequencies for a membrane resonator’. Deviations range
from 0.7 % for mode fg to 8.6% for mode f,. While the spatial maps show that the dif-
ference between the measured and theoretical mode shapes increases with the mode
index, there is no obvious correlation between the differences in the resonance frequen-
cies and the distortion of the mode shapes. For example, the mode shape of f; is in good
agreement, while the mode shape of fg bears almost no resemblance to the theoretical

2The motion of mode (3,1), with an expected resonance at 37.4 MHz, is not detected. A possible explanation
is that the nodal lines in this device are spaced close to the diffraction limit, resulting in a low displacement
contrast.




42 4. VISUALIZING THE MOTION OF GRAPHENE NANODRUMS

calculation. Interestingly, comparing them in the frequency domain, fg differs by only
0.7% , and f3 by 3.3% from its theoretical value. Similarly, the frequency of fg is within
2% of the calculated value, while the corresponding shape is highly distorted due to a
broken radial symmetry. Thus, the lower modes appear more robust against imperfec-
tions, possibly due to the lower number of nodal lines — a tendency that is confirmed by
finite-element simulations provided in Appendix 4.5.3. These findings are of particular
interest in the light of the recently proposed nanomechanical schemes to detect the ge-
ometry of adsorbed masses [114, 115], which rely on an accurate description of the mode
shapes. In such schemes, the splitting of the degenerate modes, which is also observed
in the Brownian motion and emerges from the structural imperfections in our experi-
ments, could be used to provide information about the geometry of the adsorbed mass.

experiment theory
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Table 4.1: Experimental and theoretical resonance frequencies of the graphene nanodrum.

It is interesting to further investigate the origins of the mode-splitting and the pro-
gressive distortion of the mode structure for the higher modes. To this end, we map the
local stiffness of the drum using peak-force AFM (measurement details provided in Ap-
pendix 4.5.3). The analysis reveals local inhomogeneities in the membrane that went un-
noticed during optical and electron microscopy inspection. These may be the result of a
uniaxial residual tension in the drum, introduced while 'peeling-off’ the graphene flake
during the transfer to the substrate [101]. Similar effects were observed in other drums
studied, which include a single-layer and a 13-layer graphene device (measurements are
provided in Appendix 4.5.4), and it can thus be expected from this work that these are in-
herent to suspended two-dimensional materials fabricated by exfoliation and dry trans-
fer. A finite-element calculation that takes this feature into account results in a better
agreement between the predicted mode shapes and the measurements, as is discussed
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in Appendix 4.5.3.

Besides the displacements on resonance described above, other parameters can be
visualized with spatial resolution. For example, the local resonance frequency, the Q-
factor and the noise floor give a wealth of information about the device and the detec-
tor, such as the local temperature distribution in the device, and the local reflectivity
of the substrate. These examples are discussed in more detail in Appendix 4.5.1. Spa-
tially resolved measurements are a valuable tool to analyse the dynamic properties of
two-dimensional materials, and may be used to address open questions such as the ori-
gin of their low mechanical Q-factors [116, 117], as well as to assess fabrication qual-
ity and reproducibility. These are essential in order to exploit opportunities that arise
in new applications as hybrid nano-electromechanical systems, that fuse excellent me-
chanical properties with exotic traits such as a negative thermal expansion coefficient
and Poisson’s ratio [118, 119] and electromechanical [120, 121] and optoelectronic cou-
plings [122].

In conclusion, we visualize the motion of micrometer-scale graphene drums vibrat-
ing at very high frequencies with a lateral resolution of 140nm and a displacement res-
olution of 11fm/v/Hz. The driven and non-driven thermal displacement profiles of the
radially symmetric drum reveal the motion associated with nanomechanical resonance
peaks up to the eighth vibrational mode. The spatial technique presented in this work
complements the frequency- and time-domain techniques presently available, and is
crucial to obtain a complete description of the dynamic behaviour of suspended two-
dimensional materials.
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4.5. APPENDIX

4.5.1. MEASURING OTHER PARAMETERS WITH SPATIAL RESOLUTION
Besides the height of the resonance peak, other characteristics can be plot as a function
of the position on the drum. For each mode and at each position, one can for instance
plot the noise floor, the resonance linewidth, or derived parameters such as the ratio be-
tween the resonance frequencies. Of particular interest is the spatial distribution of the
resonance frequencies, which is the result of heating of the drum by the probe laser. Fig-
ure 4.5a shows a spatial map of resonance frequency of the driven fundamental mode,
fi. Clearly the resonance frequency varies, with a minimum at the drum circumference
and a maximum in its centre. This is explained by heating of the sample by the laser: as
the reflectivity of the silicon is lower than that of the AuPd, the sample heats up slightly
more when probing the motion at the drum centre. The thermal expansion of the sub-
strate, together with the thermal contraction of the graphene [118], induce additional
tension in the membrane, which increases its resonance frequency. The resonance fre-
quency of the drum thus maximizes when the laser hits the centre of the drum. A map
of the reflectivity of the device, shown in Figure 4.5b, confirms the increased optical ab-
sorption when probing at the centre of the drum.
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Figure 4.5: Spatial map of the resonance frequency of the fundamental mode. a, Due to the different effective
heating across the drum, its resonance frequency varies by 7 %. The scale bar is 1 um. b, Reflectivity of the
device, as represented by the dc output of the photodiode. The plotted signal, which is normalized to the
reflectivity at the AuPd, clearly shows the increased absorption at the centre of the drum.
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4.5.2. LASER POWER DEPENDENCE AND PHOTOTHERMAL EFFECTS

Heating by the probe laser and optomechanical effects [113] modify the resonance fre-
quency and the damping of the graphene drum, and this introduces an error in the dis-
placement calibration. To investigate these effects, we measure the undriven spectra
(SW = 2, SA) of the fundamental mode at a laser power ranging from 0.25 —2mW. As
is shown in Figure 4.6, a significant frequency shift is observed. All spatial maps were
measured at an incident power of 0.8 mW, and and by combining the frequency and
reflectivity images of Figure 4.5a-b we estimate that the drum temperature is up to 3K
above the ambient temperature. The error in the displacement calibration due to laser
heating is then approximately +1 %.
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Figure 4.6: Laser power dependence of the Brownian motion for the fundamental resonance mode. Spectra
of the undriven motion plotted as a function of incident laser power. The combined effects of laser heating
and photothermal damping cause a significant increase of the resonance frequency and a slight decrease of
the Q-factor with increasing laser power.

Figure 4.6 also reveals a reduction of the Q-factor, which results from photothermal
damping. The effect is not very pronounced, as the optical power is mostly absorbed
by the silicon. At a laser power of 0.8 mW, the effective quality factor is reduced by ap-
proximately 6 %. As the effective temperature of the mode equals Ty = T%*’ff [113], the
maximum error in the displacement calibration due to photothermal damping is esti-
mated to be —6%.
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4.5.3. PEAK-FORCE AFM OF THE NANODRUM SURFACE
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Figure 4.7: Effect of local stiffness variations on the mode pattern. a, Maximum displacement at a peak
force of 5nN. The AFM scan reveals a wrinkle indicated by the dashed line. b, Effective local linear spring
constant, k, as calculated by taking the derivative of the force with respect to deflection for small deflections.
¢, Simulated mode shapes when assuming a tensile force Fy along the wrinkle, indicated by the dashed line
in panel a. The simulated modes are labelled f, rgpm, where n is the position of the peak in the frequency
spectrum. d, Simulated resonance frequencies (dashed blue lines) superimposed on the frequency response
measurement of Figure 4.1a.
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To investigate the origin of the distortion of the higher order mode shapes, the local
stiffness of the drum was mapped using Peak-Force Atomic Force Microscopy (PF-AFM).
Figure 4.7a shows the maximum displacement at each point of the drum using 5nN as
a setpoint for the PF-AFM. It reveals a wrinkle-like feature, which is indicated by the
black dashed line. From the force-displacement curves, the effective spring constant at
every point is extracted and shown in Figure 4.7b. It reveals that the wrinkle manifests
itself as a source of uniaxial tension along its direction, denoted by Fr. To qualitatively
understand how this feature affects the mode shapes, we simulated the mode shapes
using a finite element model (FEM). The location of the wrinkle is included by imposing
a clamped boundary condition, along which a non-uniform tension is applied. As shown
in Figure 4.7c, the wrinkle not only breaks the degeneracy of modes (1,1), (2,1), and (1,2),
but it also defines the direction of the nodal lines for the higher mode shapes. Taking the
feature into account, the simulated mode shapes more closely resemble the measured
ones, and they explain the unusual shapes of mode fs, which loses its radial symmetry,
and mode f5 which shows merging of two anti-nodes along the diameter of the drum.
The resonance frequencies, which are plotted as dashed blue lines in Figure 4.7d, are in
good agreement with the measurements, except for mode fs.

4.5.4. MEASUREMENTS ON ADDITIONAL DEVICES

Measurements were performed on two additional devices under the same measurement
conditions. Device 2, with a diameter of 5 um and a thickness of 4.5nm (13-14 layers), is
shown in Figure 4.8a. A driven measurement reveals the four resonance modes indexed
A-D in Figure 4.8b. The corresponding displacement profiles, shown in Figure 4.8c, il-
lustrate that mode A corresponds to the fundamental mode. While from the resonance
frequency of mode B a (1,1) mode is expected, with fg/ fa = 1.6 for a perfect membrane,
the spatial image reveals a much more complicated displacement pattern. The irregular
topography of the drum, displayed in the AFM image of Figure 4.8a, is likely the cause of
a distorted mode pattern.

Device 3 is a single-layer graphene drum with a diameter of 5 um. Figure 4.9a shows
an optical microscope top view and a Raman spectrum, with the pronounced 2D peak
characteristic of a single layer. Figure 4.9b shows the measured frequency response
(magnitude only) of the fundamental mode. The corresponding displacement profile
is shown in Figure 4.9c. As in the device in the main text and in device 2 discussed
above, the irregular profile may be the result of non-uniform tension or the presence
of a microscopic wrinkle. As the responsivity of the interferometer reduces for thinner
(low-reflectivity) devices, higher modes could not be detected for this single-layer de-
vice. Optimization of the cavity depth for single-layer graphene would enable the visu-
alization of higher resonance modes.
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Figure 4.8: Device 2: 13-layer graphene. a, Optical image (left) and AFM scan (right) of device 2. The AFM
measurement shows a thickness of 4.5nm. b, Frequency response when driven at Va¢c = 8.9mV and Vg, =3V,

revealing four resonance peaks labelled A-D. ¢, Visualization of the displacement profiles that correspond to
peaks A-D.
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Figure 4.9: Device 3: Single-layer graphene. a, Optical image of device 3. Inset: Raman spectrum taken at the
drum centre. b, Driven frequency response at fundamental resonance mode, with Vac = 70mV. ¢, Visualized
displacement profile of the fundamental mode of the single-layer graphene drum.



NONLINEAR DYNAMIC
CHARACTERIZATION OF
TWO-DIMENSIONAL MATERIALS

Owing to their atomic-scale thickness, the resonances of two-dimensional (2D) material
membranes show signatures of nonlinearities at forces of only a few picoNewtons. While
the linear dynamics of membranes is well understood, the exact relation between the non-
linear response and the resonator’s material properties has remained elusive. Here we
show a method for determining the Young's modulus of suspended 2D material mem-
branes from their nonlinear dynamic response. To demonstrate the method we perform
measurements on graphene and MoS, nanodrums electrostatically driven into the non-
linear regime at multiple driving forces. We show that a set of frequency response curves
can be fitted using only the cubic spring constant as a fit parameter, which we then relate
to the Young's modulus of the material using membrane theory. The presented method is
fast, contactless, and provides a platform for high-frequency characterization of the me-
chanical properties of 2D materials.

Parts of this chapter have been published in Nature Communications (2017) by D. Davidovikj, E Alijani, S. J.
Cartamil-Bueno, H. S. J. van der Zant, M. Amabili and P. G. Steeneken [123].
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interest for potential uses as pressure [32, 39], gas [21, 40] and mass [41, 42] sen-

sors. For such applications it is essential to have accurate methods for determin-
ing their mechanical properties. One of the most striking properties of these layered ma-
terials is their high Young’s modulus. In order to measure the Young’s modulus, a num-
ber of static deflection techniques have been used, including Atomic Force Microscopy
(AFM) [16, 17, 124, 125], the pressurized blister test [126] and the electrostatic deflec-
tion method [103, 127]. The most widely used method is AFM, where by performing a
nanoindentation measurement at the centre of a suspended membrane, its pre-tension
(np) and Young’s modulus (E) are extracted from the force-deflection curve. Despite the
large number of experimental and theoretical studies [25, 128], the exact physics behind
the elasticity of 2D materials is still a subject of debate [129]. This debate is mainly moti-
vated by the large spread in values reported in literature (Egraphene = 430 - 1200 GPa) [25],
which has been attributed to variations in the material properties and fabrication tech-
niques [130]. As a consequence, there is a significant interest in methods for character-
izing the mechanical properties of 2D materials.

Whereas AFM has been the method of choice for static studies, laser interferome-
try has proven to be an accurate tool for the dynamic characterization of suspended
2D materials, with dynamic displacement resolutions better than 20 fm/v/Hz at room
temperature [33, 34, 97]. Since for very thin structures the resonance frequency is di-
rectly linked to the pre-tension in the membrane, these measurements have been used
to mechanically characterize 2D materials in the linear limit [33—-36]. At high vibrational
amplitudes nonlinear effects start playing a role, which have lately attracted a lot of in-
terest [44, 67, 75, 104, 131, 132]. In particular, Duffing-type nonlinear responses have
been regularly observed [33, 34, 43, 94, 97]. These geometrical nonlinearities, however,
have never been related to the intrinsic material properties of the 2D membranes.

In this chapter we introduce a method for determining the Young’s modulus of 2D
materials by fitting their forced nonlinear Duffing response. Using nonlinear membrane
theory, we derive an expression that allows us to relate the fit parameters to both the pre-
tension and Young’s modulus of the material. The proposed method offers several ad-
vantages. Firstly, the excitation force is purely electrostatic, requiring no physical contact
with the membrane that can influence its shape [133, 134]. Secondly, the on-resonance
dynamic operation significantly reduces the required actuation force, compared to static
deflection methods. Thirdly, the high-frequency resonance measurements allow for fast
testing by averaging over millions of deflection cycles per second, using mechanical fre-
quencies in the MHz range. Lastly, the membrane motion is so fast that slow viscoelastic
deformations due to delamination, slippage, and wall adhesion effects are strongly re-
duced. To demonstrate the method, we measure and analyse the nonlinear dynamic
response of suspended 2D nanodrumes.

T HE remarkable mechanical properties of 2D material membranes have sparked
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5.1. MEASUREMENTS

The samples consist of cavities on top of which exfoliated flakes of 2D materials are
transferred using a dry transfer technique [101]. One of the measured devices, a few-
layer (FL) graphene nanodrum, is shown in the inset of Figure 5.1a. The measurements
are performed in vacuum at room temperature. Electrostatic force is used to actuate the
membrane and a laser interferometer is used to detect its motion, as described in [33-
35, 97]. A schematic of the measurement setup is shown in Figure 5.1a. The details on
the sample preparation and measurement setup are described in Chapter 3.
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Figure 5.1: Measurement setup and measured frequency response of device 1. a, Schematic of the measure-
ment setup: a laser interferometer setup is used to read out the motion of the nanodrum. The Si substrate is
grounded and, using a bias-tee (BT), a combination of ac and dc voltage is applied to electrostatically actuate
the motion of the drum. This motion modulates the reflected laser intensity and the modulation is read out by
a photodiode. Inset: an optical image of a FL graphene nanodrum (scale bar: 2 um). b, Frequency response
curves of the calibrated root-mean-square (RMS) motion amplitude for increasing electrostatic driving force.
The onset of nonlinearity is visible above Fgrys = 15 pN. The colour of the curves indicates the corresponding
driving force.

Figure 5.1b shows a set of calibrated frequency response curves of the fundamental
mode of a graphene drum (device 1, with thickness & = 5 nm and radius R = 2.5 um)
driven at different ac voltages (V,c). The dc voltage is kept constant (Vg = 3 V) through-
out the entire measurement with V4. > V.. All measurements are taken using upward
frequency sweeps. The RMS force Fgys is the root-mean-square of the electrostatic driv-
ing force. For high driving amplitudes (Frms > 15pN), the resonance peak starts to show
a nonlinear hardening behaviour, which contains information on the cubic spring con-
stant of the membrane.

5.2. FITTING THE NONLINEAR RESPONSE

We can approximate the nonlinear response of the fundamental resonance mode by the
Duffing equation (see Chapter 2.2):

MegtX + bX + k1 x + k3x3 = {Fgcos(wi), (5.1)
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where x is the deflection of the membrane’s centre, b is the damping constant, k; and
ks are the linear and cubic spring constants and meg = am and ¢Fg are the mass and
the applied electrostatic force corrected by factors (@ and ¢) that account for the mode-
shape of the resonance (for a rigid-body vertical motion of the membrane a and ¢ are
both 1). As shown in the Chapter 2.2, for the fundamental mode of a fixed circular mem-
brane ¢ = 0.432 and a = 0.269. The parameters in the Duffing equation (5.1) are re-
lated to the resonance frequency wg (wo = 27 f) and the Q-factor by Q = womeg/b and
w(z) = kl/meff.

b
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Figure 5.2: Measurements and fits of the nonlinear frequency response curves of device 1. Measured traces
(blue scatter plot) and the corresponding fits (red curves) showing both the stable (solid line) and the unstable
(dashed line) solutions of the Duffing equation. a-d, Frequency response curves of the device from Figure 5.1
at four different driving forces, denoted in the top left corner of each panel, along with the extracted Q-factors.
The extracted cubic spring constant is k3 = 1.35 -1015Nm 3,

The fundamental resonance frequency (fy = 14.7 MHz) is extracted from the linear
response curves at low driving powers (Figure 5.1b), and is directly related to the pre-
tension (ng) of the membrane: ny = 0.697% fZR?ph, where p is the mass density of the
membrane (for device 1, ng = 0.107 Nm™!). In order to fit the set of nonlinear response
curves, the steady-state solution of the Duffing equation (Equation (5.1)) is converted
to a set of algebraic equations using the harmonic balance method (see Chapter 3.3).
Using these equations, the entire set of curves can then be fitted by a least-squares opti-
mization algorithm. Since N curves are fitted simultaneously, the expected fitting error
is roughly a factor v/N lower than that of single curve fit.

The Q-factor is implicitly related to ks by a function Q; = Qi(ks, Amax,i, Feli), where
Amax, are the peak amplitudes and Fp); are the driving force amplitudes for each of the
measured curves [100, 135] (see Chapter 3.3). The amplitudes Apax i are found from the
experimental data and the whole dataset is fitted using a single fit parameter: the cubic
spring constant k3. The results of this procedure are presented in Figure 5.2a-d, which
shows four frequency response curves and their corresponding fits. The solutions of the
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steady-state amplitude for the Duffing equation (red curves in Figure 5.2) are plotted by
finding the positive real roots x? of:

2 12 2,2 2,2 22y 2
$°Fy = (b +mgg(w” —wy))x

3 9
—Emeff(w2 —w(z))kgx4 + Ekﬁxﬁ. (5.2)

A good agreement between fits and data is found using the single extracted value
ks = 1.35 - 101> Nm~3, which demonstrates the correspondence between the measure-
ment and the underlying physics. We note that at higher driving amplitudes, we also
observe a reduction in the Q-factor (by nearly 10% at the highest measured driving am-
plitude). This can be a signature of nonlinear damping mechanisms which is in line with
previously reported measurements on graphene mechanical resonators [67, 104, 136].
In the following section, we will lay out the theoretical framework to relate the extracted
cubic spring constant k3 to the Young’s modulus of the membrane.

5.3. THEORY

The nonlinear mechanics of a membrane can be related to its material parameters via
its potential energy. The potential energy of a radially deformed circular membrane with
isotropic material properties can be approximated by a function of the form:

1 , 1 Ehnm ,

U—Ecll’lox +ZC3(V)?X , (5.3)
where R and h are the membrane’s radius and thickness respectively. Bending rigid-
ity is neglected, which is a good approximation for #/R < 0.001 [137]. C; and Cs(v)
are dimensionless functions that depend on the deformed shape of the membrane and
the Poisson’s ratio v of the material. The term in equation (5.3) involving C; repre-
sents the energy required to stretch a membrane under a constant tensile pre-stress,
the Cs3 term signifies that the tension itself starts to increase for large membrane de-
formations. The out-of-plane mode shape for the fundamental resonance mode of a
circular membrane is described by a zero-order Bessel function of the first kind (Jo(r)).
Numerical calculations of the potential energy (5.3) of this mode give C; = 1.567 and
C3(v)=1/(1.269-0.967v — 0.269v2) (see Chapter 2.2). Using equation (5.3) the nonlinear
force-deflection relation of circular membranes is given by

au 3 Ehm 4
F=—=kix+k3x’=Cingx+ C3(v)——x". (5.4)
dx R?

The functions C; and Cs have previously been determined for the potential energies
of statically deformed membranes by AFM [124, 138] and uniform gas pressure [139,
140]. Their functional dependence depends entirely on the shape of the deformation of
the membrane. In Table 5.1 we summarize the functional dependences of k; and k3 for
the 3 types of membrane deformation.
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Table 5.1: Values for kj and k3 for different deformation shapes. k; and k3 for AFM nanoindentation (AFM),
bulge testing of membranes (AP) and the nonlinear dynamics method (this work) for the fundamental reso-
nance mode. The corresponding deformation shape, which determines the functional dependence of k; and
k3, is shown on the right.

By combining Equation 5.4 with the obtained functions for C; and C; from Table 5.1
(last row), the Young’s modulus E can be determined from the cubic spring constant k3

by

(1.27 - 0.97v — 0.27v2) R?
E= 3.
nh

(5.5)

From this equation, with the value of k3 extracted from the fits, a Young’s modulus
of E =594 + 45 GPa is found, which is in accordance with literature values which range
from 430—1200 GPa [25, 130]. By calculating the standard deviation out of nine repeated
measurements, the measurement error was determined to be 8 %, which is comparable
to other methods for determining the Young’s modulus of 2D materials [17]. The nu-
merical error in the Young’s modulus from the fitting procedure is typically < 0.5 % (de-
fined as the 95 % confidence interval of the fit), as determined from the raw data and the
fits. Our measurement error is therefore mainly experimental. Using E = 594 GPa, the

5
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Figure 5.3: Comparison between the measured and the modelled response. a, Measured and b, modelled
RMS motion amplitude (xgyg) using the fitted value for the Young’s modulus (E = 594 GPa) for the device
shown in Figure 5.1 (device 1).
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nonlinear dynamic response of the system can be modelled for different driving powers
and frequencies. Figure 5.3 shows colour plots representing the RMS amplitude of the
motion of the membrane centre as a function of frequency and driving force. Excellent
agreement is found between the experiment (Figure 5.3a) and the model (Figure 5.3b).

In order to confirm the validity of the method, we performed an AFM nanoinden-
tation measurement on the same graphene drum. A force-deflection measurement,
taken at the centre of the drum, is plotted in Figure 5.4 (black dots). The curve is fit-
ted by the AFM force-deflection equation given in Table 5.1, yielding E = 591 GPa and
no = 0.093 Nm~! (red curve in Figure 5.4). The blue curve shows the expected force-
deflection curve based on the values for the Young’s modulus and pre-tension extracted
from the nonlinear dynamic response fits. The two curves are in close agreement.

20+ e AFMdata
—— fit of AFM: E = 591 GPa
predicted AFM response
30

Force (nN)
S
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Figure 5.4: AFM force-deflection measurement. Force-deflection curve during tip retraction and the corre-
sponding fit (red curve). Inset shows the AFM image of the drum (scale bar is 1 um). The curve is taken at
the centre of the drum for device 1 (marked by the red dot in inset). The blue curve represents the predicted
AFM response using the ng = 0.107 Nm™! and E = 594 GPa, obtained from the fit of the nonlinear dynamic
response.

To demonstrate the versatility of the method, additional measurements on two MoS,
nanodrums from the same flake are presented in Figure 5.5a-b. The extracted Young'’s
moduli are: (a) E = 315+ 23 GPa and (b) E = 300 + 18 GPa. As with device 1, the mea-
surement error was determined by taking the standard deviation from 9 repeated mea-
surements. These numbers are also in agreement with literature values (Epos, = 140 —
430 GPa [25, 124]). The extracted pre-tension of the drums is (a) 79 = 0.22 Nm~! and (b)
np=0.21 Nm™L.

5.4. DISCUSSION

There are several considerations that one needs to be aware of when applying the pro-
posed method. In an optical detection scheme, as the one presented in this work, the
cavity depth has to be optimized so that the photodiode voltage is still linearly related
to the motion at high amplitudes and the power of the readout laser has to be kept low
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Figure 5.5: Measurements on two MoS, drums. Measurements (blue dots) and fits (drawn red curves: stable
solutions; dashed red curves: unstable solutions) of two 5 nm-thick MoS2 drums with Young’s moduli of: a,
device 2: 315 GPa and b, device 3: 300 GPa.

to avoid significant effects of optothermal back-action [113]. The proposed mathemati-
cal model assumes that the bending energy is much smaller than the membrane energy.
This is valid for membranes under tension (thickness-to-radius ratio //R < 0.001) [137],
as is most often the case with suspended 2D materials [33, 34, 36]. It is noted that the
electrostatic force also has a nonlinear spring-softening component due to its displace-
ment amplitude dependence. However, in the current study, the vibration amplitudes
are much smaller than the cavity depth and this contribution can be safely neglected
(see Appendix 5.6.1 for derivation). In addition, the method requires knowledge of the
mass of the resonator, which might be affected by contamination. In the presented data,
the close agreement between the extracted Young’s modulus and the one determined by
AFM (which is independent of the mass of the membrane) suggests that the mass esti-
mate is accurate and effects of contamination are small.

Compared to conventional mechanical characterization methods [16, 17, 103, 124—
127], the presented method provides several advantages. Firstly, no physical contact to
the flake is required. This prevents effects such as adhesion and condensation of liquids
between an AFM tip and the membrane, that can influence the measurements. More-
over, the risk of damaging the membrane is significantly reduced. The on-resonance
operation allows the usage of very small actuation forces, since the motion amplitude at
resonance is enhanced by the Q-factor. Unlike AFM, where the force is concentrated in
one point, here the force is more equally distributed across the membrane, resulting in a
more uniform stress distribution. Additionally, for resonators with a high quality factor,
the mode shape of vibrations is practically independent of the shape or geometry of the
actuator.

The high-frequency nature of the presented technique is advantageous, since it al-
lows for fast characterization of samples, and might even be extended for fast wafer-scale
characterization of devices. Every point of the frequency response curve corresponds to
many averages of the full force-deflection curve (positive and negative part) which re-
duces the error of the measurement and eliminates the need for offset calibration of the
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Figure 5.6: Analysis of the robustness and repeatability of the method. Determination of the robustness of
the method using a second graphene drum (device 4). a, Extracted Young’s modulus as a function of applied
dc voltage (blue dots: positive V., red dots: negative V4.). The dashed line represents the average value of
the Young’s modulus and the green area represents the error in the measurement (20 g). Each dot represents
an extracted value from fitting 8 nonlinear response curves at different driving powers. b, A histogram of the
values extracted from a. The red line is a Gaussian fit to the data. ¢, Measurement (black dots) and fit (drawn
red curves: stable solutions; dashed red curves: unstable solutions) of the nonlinear dynamic response of
device 4, using the average value of the Young’s modulus from a and b: 559 GPa.

zero point of displacement [135]. The close agreement between the AFM and nonlinear
dynamics value for the Young’s modulus E indicates that viscoelasticity, and other time
dependent effects like slippage and relaxation, are small in graphene. Therefore, the dy-
namic stiffness is practically coinciding with the static stiffness. For future studies it is
of interest to apply the method to study viscoelastic effects in 2D materials, where larger
differences between AFM and resonant characterization measurements are expected.
To test the robustness of the method, we perform a set of nine measurements on an-
other graphene drum (device 4, with thickness & = 8 nm and radius R = 2 um), under
different conditions. Each of the measurements (blue and red dots in Figure 5.6a) repre-
sents a fit of 8 nonlinear response curves at different driving powers for a fixed dc voltage.
The same set of measurements are presented in the histogram given in Figure 5.6b. The
extracted average value of the Young’s modulus is 559 + 23 GPa, which is in the same
order of magnitude as the one for device 1 (where all nine measurements were taken ata
single dc voltage). In Figure 5.6c we plot the raw data (black dots) and the fit (red curve)
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of the nonlinear response curve at V3. = 0.9 V and Frys = 0.42 nN using the extracted
average Young’s modulus from (a) and (b). The data and the fit show good agreement,
which confirms that the method is robust against measurement parameter variations.
The robustness of the method can also be assessed qualitatively from the effect of the
Young’s modulus on the nonlinear response curve as shown in Appendix 5.6.2. There we
plot the predicted response of the drum using different values of the Young’s modulus to
visualize its effect on the shape of the nonlinear frequency response curves.

material E (GPa) o (GPa)

devicel graphene 594 45
device 2 MosS, 315 23
device 3 MoS, 300 18
device4 graphene 559 23

Table 5.2: Summary of extracted Young’s moduli and corresponding errors (o) of the different samples
measured in this work.

In Table 5.2 we show a summary of the measurements of the four devices presented
in this chapter. In all 4 cases the error in the Young’s modulus (og/E) is less than 8 %
and the values of the Young’s moduli of the two graphene and the two MoS, drums are
within each other’s error bars. The presented method can prove to be useful for fast
statistical analysis of the spread in material properties [103, 141-143] and variability of
device properties in future 2D material-based products.

In conclusion, we provide a contactless method for characterizing the mechanical
properties of suspended 2D materials using their nonlinear dynamic response. A set of
nonlinear response curves is fitted using only one fit parameter: the cubic spring con-
stant. Mathematical analysis of the membrane mechanics is used to relate the Duffing
response of the membrane to its material and geometrical properties. These equations
are used to extract the pre-tension and Young’s modulus of both graphene and MoS;,
which are in close agreement with nanoindentation experiments. The non-contact, on-
resonant, high-frequency nature of the method provides numerous advantages, and makes
it a powerful alternative to AFM for characterizing the mechanical properties of 2D ma-
terials. We envision applications in metrology tools for fast and non-contact characteri-
zation of 2D membranes in commercial sensors and actuators.
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5.5. METHODS

SAMPLE FABRICATION

The chips are fabricated using the process flow described in Chapter 3.4.1. The final
depth of the cavities is gp = 385 nm and their radii are R = 2 —2.5 ym. The flakes of
graphene and MoS, are exfoliated from natural crystals.

MEASUREMENT SETUP

The sample is mounted in a vacuum chamber (2-10~% mbar) to minimize damping by
the surrounding gas. Using the silicon wafer as a backgate, the membrane is driven by
electrostatic force and its dynamic motion is detected using a laser interferometer (see
[97]). The detection is performed at the centre of the drum (using a laser power of 0.42
mW), using a Vector Network Analyser (VNA). A dc voltage (Vy.) is superimposed on the
ac output of the VNA (V) through a bias-tee (BT), such that the small-amplitude driving
force at frequency w is given by F(f) = ggR?*m Vg Vac cos (wt)/ gg. Even though the de-
termination of the force is mathematically straightforward, the calculated force does not
always match the force felt by the resonator, because of uncertainties in determining the
gap size go (due to membrane slack), the dc voltage Vj. (due to residual charge on the
2D flake) and the capacitance of the device (due to fringe fields). In order to cross-check
the value of the driving force, we employ a second method to determine it based on the

peak RMS amplitude (xrmslo=w,) Of the calibrated linear frequency response curves us-

2
ing Frms = wogeff xrMms- The procedure is discussed in more detail in the Chapter 3.2 and

an example of the force derivation is shown in Figure 3.4. The measured VNA signal
(in V/V) is converted to xgms, using a calibration measurement of the thermal motion
taken with a spectrum analyser [33, 95, 97]. The calibration procedure and the uncer-
tainties stemming from the assumption of linear transduction are discussed in detail in
Chapters 3.1.1 and 3.1.2. The temperature increase due to laser heating is estimated in
Appendix 5.6.3.

5.6. APPENDIX

5.6.1. ESTIMATION OF THE ELECTROSTATIC SPRING SOFTENING
In this section the effect of nonlinearities in the electrostatic force on the nonlinear
spring constant is estimated.

The electrostatic force acting on the membrane is given by

dUel — _E%VZ

Fe=— ,
el dx 2 dx

(5.6)

where Uy = %Cg V2 is the electrostatic energy, V = Vg, + Vyc cos(wt) is the applied voltage
and Cg is the gate capacitance. Assuming x << go, where g is the gap between the
membrane and the backgate, the gate capacitance can be approximated using a parallel
plate capacitor model:
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R%m
go—x’
where R is the radius of the membrane and ¢ is the vacuum permittivity. The resulting
electrostatic force is given by:

Cg = 80 (57)

_ 1 €0R27T
2 (go—x)?
If we expand this expression around x = 0, using x/ gy << 1, we get:

(Ve + Vac cos(w)?. (5.8)

el

1, ,p 1 2x 3x%  4x®
Foy= EEOR T(Vge + Vaccos(@ D) [ — + —5 + — + — . (5.9)
o 8% 8 &
The first term ( ?) is the dominant electrostatic actuation term and the second term
0

is what is usually described as a spring softening term (Z—g). This term influences only
0

the linear spring constant of the resonator. The term including x* will have a softening
effect on the cubic spring constant: k3 of = éeoRzanZC (for Vyc >> Vyc and go >> x).

0
The resulting cubic spring constant k3 (¢ will be given by:

k3,tot = k3 — k3 soft- (5.10)
The ratio of the two contributions (using the expression for k3 from Equation (2.20))

is:

ks 1 Ehg;
kasoft  1.269—0.967v —0.269v2 2¢qR4 V2|

(5.11)

For a Young’s modulus E = 594 GPa, radius of R = 2.5 um, thickness of & = 5 nm, gap
size go = 385 nm and Vg < 3V, this ratio becomes:

ks

3,soft
which means that the electrostatic softening will have a negligible effect on the extracted
Young’s modulus (resulting in an error of < 0.1%). It should be noted that the cavity
depth has a significant influence on the effect of electrostatic softening of the cubic
spring constant. To get reasonable error margins (< 5%), the ratio of Equation (5.12)
should be kept above 20.

~ 3000, (5.12)

5.6.2. THE EFFECT OF THE YOUNG’S MODULUS ON THE STRENGTH OF THE

NONLINEAR DYNAMIC RESPONSE
In Figure 5.7 we show the frequency response of a strongly-driven graphene drum (black
dots) under a constant force (Frys = 48 pN). The coloured curves are the modelled re-
sponse curves under constant force and with a fixed quality factor (Q = 129) and res-
onance frequency fy = 14.7 MHz). The different colours correspond to the frequency
responses of the model using different values for the Young’s modulus to show how the
nonlinear response is influenced by the Young’s modulus.



5.6. APPENDIX 61

Xgws (NM)

16

Frequency (MHz)

Figure 5.7: Sensitivity of the nonlinear response to the Young’s modulus. The measured trace (at Fgys =
48 pN) is represented by the black dots. The coloured lines represent the modelled response using fixed values
for the damping and the driving force and varying values for the Young’s modulus. The yellow line represents
the modelled response using the fitted value for the Young’s modulus (E = 594 GPa).

5.6.3. ESTIMATION OF THE TEMPERATURE OF THE DRUM
Another important parameter that may influence the calibration is the actual temper-
ature of the membrane. Even though the measurements are conducted at room tem-
perature, the measurement laser locally heats up the membrane. For this reason, the
laser power throughout the measurement is kept relatively low (0.42 mW). To estimate
the temperature increase due to the laser heating, we perform measurements at varying
laser power. From the measured resonance frequency we can determine the strain of the
membrane (¢). This measurement is shown in Figure 5.8.

As expected, the strain grows linearly with the laser power, due to a finite temperature
increase AT. This can be modelled with a simple equation:

e=¢gyg—arAT (5.13)

-5
45 x 10
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Figure 5.8: Temperature estimation. Extracted strain (¢) as a function of the measurement laser power. The
black dots are measured pre-strain calculated from the resonance frequency. The red line is a linear fit to the
data. The black dashed line is the extrapolated initial strain (gg).
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where g is the mechanical pre-strain, ar is the thermal expansion coefficient and AT
is the temperature increase. The second term in the equation is the thermally induced
strain. Since ar for graphene is negative [71], the total strain of the drum increases with
increasing laser power.

By fitting the measured data with a linear fit, we can extrapolate the curve and esti-
mate g (see Figure 5.8). Using ar = —6- 1076K~1, we find the temperature increase at
0.42 mW laser power to be less than 0.8 K. This temperature difference, following Equa-
tions (3.3) and (3.6), results in about 0.1 % error in the amplitude calibration.



STATIC CAPACITIVE PRESSURE
SENSING USING A SINGLE
GRAPHENE MEMBRANE

To realize nanomechanical graphene-based pressure sensors, it is beneficial to have a method
to electrically readout the static displacement of a suspended graphene membrane. Ca-
pacitive readout, typical in micro-electro-mechanical systems (MEMS), gets increasingly
challenging as one starts shrinking the dimensions of these devices, since the expected re-
sponsivity of such devices is below 0.1 aF/Pa. To overcome the challenges of detecting small
capacitance changes, we design an electrical readout device fabricated on top of an insu-
lating quartz substrate, maximizing the contribution of the suspended membrane to the
total capacitance of the device. The capacitance of the drum is further increased by re-
ducing the gap size to 110 nm. Using external pressure load, we demonstrate successful
detection of capacitance changes of a single graphene drum down to 50 aE and pressure
differences down to 25 mbar.

Parts of this chapter have been published in ACS Applied Materials & Interfaces (2017) by D. Davidovikj, P. H.
Scheepers, H. S.J. van der Zant, P. G. Steeneken [58].
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materials have been receiving growing interest in the past few years for their po-

tential as sensitive pressure [32, 39, 62—-64, 144] and gas [21, 40, 59] sensors. To
realize integrated, small and low-power devices, it is necessary to have all-electrical on-
chip transduction schemes, in contrast to the currently often employed laser interfer-
ometry techniques for the readout of their dynamic motion and static deflection.

Reports on electrical readout of graphene membrane nanomechanical devices have
employed readout schemes based on electrical transconductance [43, 62] and piezore-
sistivity [39, 63, 64]. Both of these rely on the change in the conductance of the mem-
brane as a function of deflection, which is then used to sense the motion of the mem-
brane. Although these methods can be very sensitive, the graphene conductance can
also be affected by variations in gas composition, humidity, light intensity and temper-
ature. Moreover, the conductance is not only related to the deflection of the graphene
membrane, but depends also on material parameters like the electron mobility and piezore-
sistive coefficients. These approaches therefore require calibration and a high degree of
stability of the graphene and insensitivity to variations in its surroundings.

In contrast, the capacitance between a graphene membrane and a bottom electrode
is, to first order, a function only of the geometry of the system and, therefore, the de-
flection of the membrane. A measurement of the capacitance of the membrane can
therefore be used to calculate its deflection, which makes capacitance detection an in-
teresting alternative method for electrical readout of nanomechanical graphene sen-
sors. Dynamic (on-resonance) capacitive readout has been demonstrated on suspended
graphene bridges [2, 65] and in suspended graphene nanodrums coupled to supercon-
ducting cavities at cryogenic temperatures [145-147]. The dynamic performance of such
devices greatly deteriorates at room temperature and atmospheric pressure as the qual-
ity factor and therefore the motion amplitude at a given force are much smaller [32-34].
Capacitive readout of the static deflection of a graphene drum is hence a more viable
solution for graphene-based devices operating in ambient conditions. This is, however,
challenging to realize, mainly due to the on-chip parasitic capacitances that are usually
much larger than the capacitance of the device and also because low-frequency mea-
surements are more susceptible to noise. One way of tackling these issues is increasing
the total capacitance of the device as proposed [148] and later realized [149] on a voltage
tunable capacitor array comprised of thousands of unsealed graphene bridges in paral-
lel.

In this chapter we present capacitive detection of the static deflection of a single few-
layer graphene drum enclosing a cavity, which allows us to benchmark its performance
as a pressure sensor.

N ANOMECHANICAL devices from suspended graphene and other two-dimensional

6.1. DEVICE FABRICATION

The total capacitance of a suspended graphene drum and the underlying electrode in
typical sample geometries (circular drum 5-10 pm in diameter, suspended over a 300 nm
deep cavity), ranges from 0.5 to 2 femtoFarads. A displacement of such a drum of 1 nm
would result in a capacitance change of only 2-6 attoFarads. Fabricating readout cir-
cuitry sensitive enough to detect such changes is faced with a few challenges. (i) Very
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Pout=Pin Pout>Pin Pout<Pin
C=CO C>Co C<CO

Figure 6.1: Operating principle of the device. a, A 3D schematic of the device: a capacitor is formed between
a graphene drum suspended over a metallic cavity and a bottom metallic electrode that runs underneath an
insulating (spin-on glass) oxide layer. The entire device is fabricated on top of an insulating quartz wafer.
b, Actuation principle: external pressure load is applied. Depending on the pressure difference between the
cavity and the outside environment, the nanodrum will bulge upwards or downwards resulting in a decrease
or increase of the measured capacitance.

shallow gaps are needed in order to maximize the capacitance of the device; (ii) par-
asitic capacitances between the readout electrodes need to be as small as possible to
improve the signal to noise ratio; (iii) the surface should be flat and adhesive to facilitate
the transfer of graphene; (iv) additionally, to keep the pressure in the reference cavity
constant, the cavity needs to be hermetically sealed by the graphene membrane. To ad-
dress these challenges, we develop a device with electrical readout fabricated on top of a
quartz substrate, which substantially reduces the parasitic capacitance of the electrical
circuitry. To demonstrate the sensing concept, we transfer a few-layer graphene flake on
top of the device and we use external gas pressure load to deflect the drum, reading out
the corresponding change in the capacitance. A 3D schematic of the proposed device is
shown in Figure 6.1a. The capacitor consists of a circular electrode on the bottom and
a suspended few-layer (FL) graphene drum on top, forming a sealed cavity. The bottom
electrode runs underneath a dielectric layer of spin-on-glass (SOG), which separates it
from the top metal electrode. The drum is mechanically supported by the top electrode,
which also serves as an electrical contact to the graphene. Figure 6.1b shows the sens-
ing principle: when the pressure inside the cavity (Pj,) is equal to the outside pressure
(Pout), the capacitance of the device is given by the parallel plate capacitor formed by
the graphene and the bottom electrode: Cy. When the outside pressure is higher than
the pressure inside the cavity, this results in a positive pressure difference across the
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Figure 6.2: Fabrication process flow. a-g, Fabrication steps. h, A false-coloured SEM image of the device
showing the top and bottom electrodes (yellow) and the separating SOG layer (blue). A zoomed-in image of
the AuPd/SOG/AuPd interface is shown in the bottom panel.
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membrane, causing it to bulge downwards, which manifests itself as an increase of the
measured capacitance. Conversely, if the pressure inside the cavity is higher than the
outside pressure, the drum bulges upwards, resulting in a decrease of the measured ca-
pacitance.

Fabrication requires two e-beam lithography steps for the bottom and top electrodes.
Both lithographic steps use two layers of PMMA resist (A6 495K [300 nm] and A3 950K
[100 nm]) in order to create sloped resist walls which facilitate the lift-off. To minimize
charging effects during the e-beam patterning, a 10 nm layer of Au is sputtered on top of
the resist prior to the e-beam exposure. The Au layer is removed before developing the
resist using KI/I, gold etchant. Figure 6.2a shows a sketch of the sample after develop-
ing the resist in MIBK:IPA (1:3) and evaporating 5 nm of titanium (5 nm) and 60 nm of
gold-palladium (Aug gPdp.4) to form the bottom electrode. The titanium is used as a thin
adhesion layer and is not shown in the figure.

After lift-off (Figure 6.2b), a layer of FOX XR-1451 spin-on-glass (SOG) is spin-coated
on the chip. In order to improve the conformity of the SOG layer to the underlying sur-
face, the SOG layer is baked in two stages: 3 minutes at 150 °C and 3 minutes at 250 °C.
Subsequently, the chip is placed in a N, furnace at 500 °C at 1 atm, which cures the SOG,
making it mechanically harder and also improving its surface smoothness and step cov-
erage (Figure 6.2c). The baking and curing processes are essential for obtaining a flat
and smooth surface, which is important, as it largely influences the roughness of the
electrode evaporated on top of it. Smooth surfaces enhance adhesion and thereby fa-
cilitate the transfer of graphene. The current process flow results in a cavity depth of
110 nm. The top electrodes are fabricated on top of the SOG layer, following the same
steps of Figure 6.2a-b, with a different combination of metals: Ti/Aug gPdg.4/Cr (5 nm/90
nm/30). This is shown in Figure 6.2d. The top layer of chromium is used as a hard mask
for the following etching step, to avoid contamination of the underlying AuPd.
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Figure 6.2e shows the formation of the cavities by using reactive ion etching (RIE)
of the SOG everywhere around the top electrodes. This is done at 7 ubar in CHF;:Ar
(50:2.5 sccm). The remaining Cr is then etched away using Cr etchant, which results in
the final device (Figure 6.2g). The cavity depth can be easily tuned by changing the thick-
ness of the top layer of AuPd. In Figure 6.2h we show a false-coloured SEM image of the
device after the removal of the Cr. The bottom panel shows a zoom-in of the interface
between the two electrodes (yellow) and the SOG layer in between (blue). After the de-
vice has been fabricated, graphene flakes are transferred on top of the cavities using a
dry transfer technique. The resulting graphene drums are 5 ym in diameter.

6.2. EXPERIMENTAL PROCEDURE

The measurement setup is shown in Figure 6.3. The device is mounted in a vacuum
chamber connected to a membrane pump and a pressure controller. The pressure con-
troller is connected to a N, gas bottle (purity 99.999 %) and the pressure of the gas inside
the chamber can be controlled linearly by using a 0-10 V input voltage. The pressure
controller has a voltage output, which enables a direct readout of the pressure inside the
chamber. In this configuration, the pressure can be regulated between 1-1000 mbar (0-
10 Volts on the input) with a resolution of = 0.5 mbar. The capacitance of the graphene
drum is measured using an LCR meter in a two-port configuration. All capacitance mea-
surements are performed at a frequency of 1 MHz with a voltage amplitude of V}, =
100 mV. The integration time for the capacitance readout is 1500 ms. The inset of Fig-
ure 6.3 shows an optical image of the measured device: a 6 nm - thick graphene drum.

LCR meter

DC
Cc . fF
Jj@i source 135.88

B Y A 4 1 L 2

pressure
controller [l

N,

pump

pressure chamber

Figure 6.3: Schematic of the measurement setup. The device is mounted in a pressure chamber connected to
a pressure controller with a dc voltage control input. The voltage output of the pressure controller is propor-
tional to the actual pressure inside the chamber (Poyt). The capacitance of the drum is read out using an LCR
meter. The figure shows an optical image of the device (a FL graphene drum with a thickness of 6 nm).
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6.3. RESULTS

The measurement scheme is sketched in Figure 6.4a. Although graphene hermetically
seals off the cavity, slow gas permeation usually takes place through its edges or through
the underlying oxide [19]. We make use of this observation and keep the sample in vac-
uum for 48 h prior to each measurement to ensure that the gas from the cavity is com-
pletely evacuated (Pj, = 0). Then a square wave is applied to the control input of the
pressure controller, such that the pressure in the chamber (Pyy) is changed in a step-
like fashion. Figure 6.4b shows the measured capacitance of the device as a function of
time for two values of the pressure step height: Py, = 600 mbar (blue) and 250 mbar
(red). Both graphs show that the capacitance rises when the pressure inside the cham-
ber Py increases, and jumps back to the initial value upon pumping down. Despite the
care taken to eliminate parasitic capacitances, by using a quartz substrate and local gate,
the total capacitance of the device is = 590 fE mostly stemming from the parasitic capac-
itance of the wiring and the on-chip inter-electrode capacitance, since the contribution
of the graphene drum is calculated to be only 1.58 {fE

a
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b t t t t
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S : : : : :
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Figure 6.4: Measurements using a square wave pressure input. a, Experimental procedure: the pressure is
changed from vacuum to Pmax with a period of 120 s. b, Capacitance of the device as a function of time for two
different runs using Pmax = 600 mbar (top) and Ppax = 250 mbar (bottom). Both panels show the extracted
capacitance step height (AC) at the moment of changing the pressure.

Starting from Pj, = Poy: and assuming an abrupt change in Pqy, such that perme-
ation effects can be neglected, the expected capacitance change can be calculated using
an implicit relation between the pressure difference across the membrane (AP) and the
deflection of the membrane’s centre (x) [1]:

4ng 8Eh 3

AP=—X+———Xx",
R? 3R4(1-v)

6.1)
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where ny is the pre-tension of the membrane, R and h are its radius and thickness re-
spectively and E and v are the Young’s modulus and the Poisson’s ratio of the material.
Knowing x and the spherical deformation shape of the membrane (U(r) = x(1— ;—22)), the
capacitance can be calculated using the parallel plate approximation as:

R r
C= Zneof —dr, (6.2)
o S -—-U()

where g is the vacuum permittivity and g is the gap size. Using ng = 0.1 N/m and E
= 1 TPa, the value of the extracted capacitance steps matches well with the numbers
expected from theory. On top of the measured signal, we also measure a slow drift of the
capacitance over time (see Figure 6.4). The cause of the drift is not well understood and
it might be due to a combination of slow gas leakage and condensation of humidity on
the electrodes [150] or on the graphene membrane itself [151].
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Figure 6.5: Measurements using rising pressure steps. a, Capacitance change as a function of time (top).
Bottom: Starting from 1 bar, pressure is changed in a stepwise fashion with increasing steps of 25 mbar (10 %
pulse duration with a 100 s period). The chamber is then pumped down to 1 mbar and a similar procedure
is repeated with the chamber being pumped to vacuum after each step. b, The extracted values for AC as a
function of the applied pressure difference across the membrane (grey dots). A theoretical fit to the data using
the device dimensions, with pre-tension ng = 0.1 N/m and Young's modulus E = 1 TPa.
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Using pressure pulses of increasing height we can trace out a dependence of the ca-
pacitance change on the pressure difference across the membrane. To do so, we employ
a measurement protocol sketched in the inset of Figure 6.5a. The sample is kept at vac-
uum and short pressure steps (10 s) are applied to the sample chamber, followed by 90 s
of pumping, to ensure that the cavity underneath the graphene is pumped down to vac-
uum before applying the next pressure step. This way, it can be safely assumed that
the height of the pressure step corresponds to the actual pressure difference felt by the
graphene membrane. The opposite applies for the left side of the graph (blue curve): the
sample is kept at 1 bar and pressure steps of the opposite sign are applied, followed by
90 s of ambient pressure. The measured capacitance change AC is plotted in the bot-
tom panel of Figure 6.5a. The aforementioned drift was subtracted for this dataset after
fitting it with a polynomial (see Appendix 6.5.1).

The capacitance change is recorded as the height of the step in the measured capac-
itance immediately after applying the pressure pulse. Doing this for the entire span of
AP (from -1 to +1 bar) we get a AC vs. AP curve, plotted in Figure 6.5b. The error bars
at each point correspond to the RMS noise of the signal in the vicinity of the pressure
step, as a measure of the uncertainty of the step determination. The black curve is the
modelled response of the system for a 6 nm thick graphene membrane with a Young’s
modulus of 1 TPa. The model is in a good agreement with the measured response, pro-
viding further evidence that the signal is indeed coming from the displacement of the
membrane. Thanks to the relatively low parasitic capacitances, despite the present drift,
capacitance changes down to 50 aF could be distinguished.

6.4. DISCUSSION

The resolution of the measurement setup is limited by the resolution of the LCR meter,
which is 10 aFE This corresponds to a pressure resolution of = 360 Pa (or 0.36 mbar) for
AP = 0 and 10.6 kPa (or 106 mbar) for AP =1 bar. For potential application of such de-
vice as a pressure sensor, it is interesting to look at the responsivity of the device around
AP = 0. By design, the responsivity of the presented device peaks at around 0.1 aF/Pa
at 0 mbar pressure difference (see Appendix 6.5.2). The root-mean-square (RMS) noise
of the measurement setup is 25 aF/vHz. However, due to the drift present in the mea-
surements, the minimal step height that could be resolved was 50 aE The relative error
of the pressure measurement ranges from 0.6 % (for AP = 1 bar) all the way up to 300 %
for —100mbar < AP < 100mbar. The accuracy of the sensor can also be influenced by
morphological imperfections of the membrane itself.

There are multiple ways to increase the responsivity of the device: decreasing the
thickness of the graphene (h), decreasing the pre-tension of the membrane (rng), in-
creasing its radius (R), or connecting N such devices in parallel. A detailed analysis of
the influence of each parameter on the responsivity of the device are shown in the Ap-
pendix 6.5.2. According to the calculations, changing the thickness h does not drastically
influence the responsivity. Increasing R or decreasing ny improve the responsivity by
one or two orders of magnitude. We note that controlling the pre-tension is challenging,
since it largely depends on the transfer process and usually results in large spreads [17].
Moreover, making devices with larger radii and low pre-tension would impair the yield
of the devices [152] and reduce their dynamic range (due to collapse of the membrane at
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high AP). However, increasing the number of drums in parallel N linearly increases the
responsivity of the device. With more than 1000 drums in parallel (resulting roughly in
a chip size of 100 x 100 u m) one could push the responsivity to values higher than 100
aF/Pa, resulting in a 0.1 Pa resolution using our current measurement setup.

To demonstrate the feasibility of capacitive readout of the graphene sensor with an
integrated circuit, we replaced the LCR meter with an Analog Devices (AD7746) capaci-
tance-to-digital converter chip (with dimensions 5 x 5 mm?) which we interfaced through
using the built-in I2C protocol library of an Arduino. We show an example of such mea-
surement in the Appendix 6.5.3. Even though the signal-to-noise of this measurement
is worse than the one using the LCR meter, it still serves as a proof-of-principle that on-
chip detection of small capacitance changes can be realized using commercial electronic
devices.

The drift in the measurement together with the poor hermeticity of the membrane
hamper the long-term stability of the device. For its commercial application as a pres-
sure sensor, the hermeticity of the device needs to be improved (e.g. by properly sealing
the membrane edges) and the cross-sensitivity to the environment (humidity/gas com-
position) needs to be investigated more thoroughly.

In conclusion, we demonstrate on-chip capacitive readout of a single suspended
graphene drum. To obtain the responsivity required for sensing such small capacitance
changes, the entire fabrication is done on an insulating quartz substrate, minimizing the
parasitic capacitance of the readout electrodes. We use uniform pressure load to stati-
cally deform the membrane, which results in a capacitance change of the device. Using
this method, we are able to read out capacitance changes down to 50 aF and detect pres-
sure steps down to 25 mbar. The height of the steps is consistent with predictions from
the theoretical model. We also traced out a force-deflection curve by pulsing the pres-
sure in the chamber with pulses of increasing height. The measured AC vs. AP curve
matched well with theory, based on a graphene membrane with a Young’s modulus of
1 TPa. We also measured a temporal drift in the capacitance, possibly originating from
residual humidity in the chamber. This chapter is aimed at probing the limit of static ca-
pacitive detection of graphene nanodrums. We optimized the device to enable detection
of very small capacitance changes of down to 50 aE By combining this device design with
an on-chip capacitance-to-digital converter we show a proof-of-concept demonstration
of the feasibility of integrating suspended 2D membranes into next-generation pressure
Sensors.

6.5. APPENDIX

6.5.1. BACKGROUND DRIFT SUBTRACTION

In this section we present an example of drift subtraction using the raw data of the AC
vs. AP measurement presented in Figure 6.5a of the main text (for Pj, = 0 mbar). In
Figure 6.6 the measured capacitance signal is plotted against time. As described in the
main text, the pressure is increased in 25 mbar steps (with 10 s duration) followed by 90 s
of pumping the chamber to vacuum. We can distinguish a background signal (defined
by the minima of the measured capacitance after each pumping step) on top of which
we measure sharp steps in the capacitance at the moment of introducing gas inside the
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chamber. This drift can be subtracted from the measurement by fitting a @4t order)
polynomial through these minima (red line) and subtracting it from the data (blue line).
The resulting signal represents the AC vs. AP curve plotted on the right-hand side of
Figure 6.5a.
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Figure 6.6: Drift subtraction. The blue curve represents the raw capacitance data, while the red curve is a
polynomial fit of the local minima of the capacitance after each pumping step.

6.5.2. PRESSURE RESPONSIVITY

In this section we lay out the theoretical predictions of the expected capacitance change
as a function of the pressure differences across the membrane, together with the ex-
pected responsivity of the device.

Using Equations (6.1) and (6.2) we model the predicted capacitance response as a
function of the pressure difference across the membrane. The pressure difference AP
is defined as AP = Pyyt — Pin, where Py is the pressure in the chamber and Pj, is the
pressure inside the cavity.

We start with the dimensions of the device described in the main text, namely, a sin-
gle graphene membrane with a thickness of & = 6 nm, pre-tension ny = 0.1 N/m and
aradius R = 2.5 ym. For each of the panels (a-d) we keep all parameters fixed, while
varying only (a) the thickness, (b) the pre-tension, (c) the radius and (d) the number
of identical drums connected in parallel. The top panels represent the absolute value of
the expected capacitance change (JAC|) for a given pressure difference (AP). The bottom
panels represent the calculated responsivity (aaA_Cp) of the device, expressed in aF/Pa.

To be able to use such a device as a pressure sensor in mobile devices, consider-
ing the day-to-day fluctuations in the atmospheric pressure, one needs to look at the
-100 mbar < A P < 100 mbar region of the responsivity plots, where the responsivity is
usually the highest.
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Figure 6.7: Responsivity optimisation routes. Calculated capacitance change (top panels) and responsivity
(bottom panels) as a function of pressure difference for varying a, thickness; b, pre-tension; ¢, radius of the
membrane and d, number of graphene drums in parallel.

It can be seen from the plots that by varying the membrane’s thickness or pre-tension,
one does not benefit alot when it comes to the responsivity of the device. A larger radius,
which results in a higher initial capacitance (Cp), naturally, increases the overall respon-
sivity of the device. It has to be noted, however, that making the membranes larger,
thinner or with a lower pre-tension also significantly reduces the dynamic range of the
device, because it makes it easier for the membrane to collapse at a high pressure differ-
ence AP. Mathematically this follows directly from Equation (6.1).

One solution for increasing the responsivity of the device is increasing the number
of drums connected in parallel (Figure 6.7d). This way, the dynamic range of the sensor
is unchanged, whereas the overall responsivity of the system scales proportionally to the
number of drums N. Using 1000 drums in parallel (resulting roughly in a 100 x 100 pum?
device), the responsivity peaks at 100 aF/Pa, which would, with a capacitance resolution
of 10 aE enable a pressure resolution of 0.1 Pa. Such a device could be used in next-
generation pressure sensors and could have a comparable or better performance than
the current state-of-the-art pressure sensors'.

provided that the bottom electrodes are covered by a thin dielectric, such that the failure of a single device
does not compromise the entire assembly.
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6.5.3. READOUT USING AN AD7746 CHIP INTERFACED WITH AN ARDUINO

To demonstrate the integrability of the proposed device, we replaced the LCR meter with
a compact, low-cost Analog Devices (AD7746) 24-bit capacitance-to-digital converter
chip. According to the specifications, this chip is able to handle up to 4 pF parasitic
capacitance and has a resolution of down to 4 aE The dimensions of the readout chip
are =~ 5 x 5 mm? and it has a built-in I?C interface.
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Figure 6.8: Measurement using an AD7746 chip. a, Schematic of the measurement setup with an AD7746
capacitance-to-digital converter chip (1). The AD7746 is connected to the sample (2) using two wires (EXC A
and Cin+). The sample together with the chip carrier is mounted inside the pressure chamber. The AD chip
is interfaced with I?C communication using an Arduino Uno, which is connected directly to the measurement
computer to read out the capacitance of the device. The 10 euro cent coin is shown for scale (20 mm in diam-
eter). b, Capacitance signal measured using the AD7746 chip following the same measurement scheme from
Figure 6.4. The pressure step is 1 bar and the corresponding capacitance step is 650 aF, consistent with theory.

The entire measurement setup (without the pressure chamber and the pressure con-
troller) is shown in Figure 6.8a. The AD chip is mounted on a printed circuit board (PCB)
together with a few resistors and capacitors, necessary for its basic operation. Two wires
from the chip (EXC A (red) and Cin+ (blue)) are connected directly to the top and bottom
electrode of our device respectively. Our entire chip (marked with (2) in the image) is
mounted on a chip carrier inside the pressure chamber. The AD chip is interfaced using
an Arduino Uno, which has a built-in I>C protocol library. The Arduino is connected to a
measurement computer, which records the capacitance value measured by the AD7746
chip.

To test the setup, we employ a measurement scheme similar to the one shown in Fig-
ure 6.4. After keeping the device for 48 hours in vacuum, we apply 1 bar pressure steps
with a duration of 60 s, followed by 60 s of pumping. The measured capacitance signal
is shown in Figure 6.8b. We observe a capacitance change of A C = 650 aF which is con-
sistent with the measurement using the LCR meter for AP = 1 bar (see Figure 6.5). The
noise level of these measurements is much higher (79 aF/v/Hz RMS), as is the observed
drift of the capacitance signal.
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Part of the reason for the increased noise is the faster sampling time (109 ms), but
also the fact that the PCB with the AD7746 chip was kept outside of the vacuum chamber
(due to pressure sensitive capacitors on the PCB) and long unshielded wires were used
to connect to the sample. This could be improved by redesigning the PCB and wire-
bonding the graphene device directly to the PCB, in the proximity of the AD readout
chip. Nevertheless, this is a proof-of-concept measurement, showing that our graphene
device can be used as a pressure sensor with an all-electrical on-chip readout solution.







ON-CHIP HEATERS FOR TENSION
TUNING OF GRAPHENE
NANODRUMS

For the study and application of graphene membranes, it is essential to have means to
control their tension, resonance frequency and temperature. Here, we present an on-chip
heater platform for local tuning of in-plane tension in graphene mechanical resonators.
By Joule heating of a metallic suspension ring we show thermomechanical resonance fre-
quency tuning in a graphene nanodrum, which is accompanied by an increase in its qual-
ity factor, which we attribute to an increase of the in-plane tension. The in-situ control
of temperature, in-plane tension, resonance frequency and quality factor of suspended 2D
nanodrums makes this device a unique platform for investigating the origin of dissipation
in these ultra-thin structures and can be of fundamental importance for studying the ther-
mal properties of 2D materials. Moreover, by simultaneously controlling the heater and
the backgate voltage, we can independently control the resonance frequency and quality

factor, which is of great importance for applications in sensors and resonant mechanical
filters.

Parts of this chapter are under peer review by D. Davidovikj*, M. Poot*, S. J. Cartamil-Bueno, H. S. J. van der
Zant and P. G. Steeneken.
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many technological achievements showcasing their successful electrical readout [43],

S INCE the first realization of graphene mechanical resonators [33], there have been

constructing tunable mechanical oscillators [94] and voltage-controlled variable
capacitors [149]. Graphene- and 2D material-based NEMS usually exhibit high and tun-
able resonance frequencies which makes them attractive candidates as mechanical RF
filters, mixers and voltage controlled oscillators. Frequency tunability is not only of ma-
jor importance for tuning the dynamic range of graphene-based pressure [32, 63] and
gas sensors [21, 40, 59], but also in more fundamental studies for tuning the nonlinear
coupling between mechanical resonance modes [131, 132] or coupling superconducting
microwave cavities to graphene nanodrums [145-147].

Graphene-based NEMS usually incorporate a local gating scheme, where a voltage
difference is applied between the suspended membrane and a bottom electrode. The
resulting electrostatic force exerted on the membrane increases the tension in the mem-
brane and can be used as a tuning knob for the mechanical resonance frequency. An
interesting observation is that the tunability, in such cases, comes at a cost of increased
dissipation, i.e., a decrease in the quality factor [37, 71, 153]. This is unusual, since in-
creased tensile stress in nanomechanical devices is usually associated with a decrease
in dissipation [36, 154-156]. On the other hand, when strain is applied externally, e.g.
by cooling down the sample to cryogenic temperatures [37, 43, 71, 153] or by using a
piezo crystal underneath the sample [117], the frequency increase is accompanied by an
increase of the quality factor. Consequently, the ability to mimic this effect with an on-
chip tensioning mechanism is of great interest, because it allows reaching higher f — Q
products, it is important for low loss sensing, low phase-noise oscillators [157] and for
reaching the quantum ground state of nanomechanical resonators [156]. Achieving this
will provide new insights on the dissipation mechanisms in 2D nanomechanical res-
onators.

In this chapter we present an on-chip heater device that is capable of tuning the in-
plane tension of graphene nanodrums by Joule heating. Using a ring-shaped structure
that undergoes thermal expansion, we demonstrate tuning of tensile strain in a sus-
pended graphene nanodrum, which results in an increase of its mechanical resonance
frequency, while at the same time reducing mechanical dissipation. In addition to the
usually employed electrostatic [43, 94] and optothermal actuation mechanisms [33, 34],
itis shown that the device design also allows for electrothermal actuation, where the mo-
tion of the drum is excited by a thermal ac signal. The dynamic characterization of the
graphene drum is supported by in-situ Atomic Force Microscopy (AFM) measurements,
that show the effects of in-plane biaxial tension on the morphology of suspended 2D
materials.

7.1. DEVICE DESCRIPTION

The device is shown in Figure 7.1a. The heater consists of a narrow (2 ym wide), long
AuPd electrode with a circular ring structure in the middle (inner diameter: 5 ym, outer
diameter: 7 um). The width of the heater ring is exactly one half of the width of the
rest of the electrode, such that the resistance per unit length is constant, resulting in a
spatially uniform heat flux. On both sides of the heater there are AuPd metallic islands
that serve as mechanical support for the graphene flake. All metallic structures are sup-
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ported by a SiO, layer (the thickness of the SiO,-AuPd stack is 385 nm). The flake shown
in Figure 7.1a is 4 nm thick few-layer graphene. When a voltage (V%) is applied across
the heater, a current Iy runs through the heater ring, causing Joule heating. As a conse-
quence, tensile stress is generated in the suspended graphene flake due to the positive
thermal expansion of the supporting heater ring and the negative thermal expansion of
the graphene [71, 158]. In addition, a more conventional way of tensioning the graphene
drum is available, by an out-of-plane electrostatic force that can be generated using the
silicon backgate.

FLG flake

AuPd island

HeNe laser

Si substrate

c d
444 244 P =81
heating W =81 mwW -
o ~ stage ~
< (=} g
= 5443 5443
= [} o
2 c c
© 8 3
o} 2 2
Q 0442 0442
& @ 4
K}
441 441
20 40 60 80 100

Py (mW)

300 310 320 5 0 5
Sample temperature (K) Heater voltage V4 (V)

Figure 7.1: Device characterisation and measurement setup. a, A false-coloured scanning electron micro-
graph of the device. The graphene flake (blue) is suspended over the AuPd (yellow) heater and supported by
the surrounding AuPd islands (electrically floating). Voltage is applied to one end of the heater (V1) and the
other end is grounded. The resulting dissipated power (Vf11) causes a temperature increase in the narrow
heater structure. b, Measurement setup: a HeNe laser is focused on the suspended graphene drum, which is
mounted in a high-vacuum chamber. The motion of the drum modulates the reflected intensity of the laser,
which is captured using a photodiode (PD). The drum can be driven both electrothermally (using the heater,
vyp) and electrostatically (using the backgate, vg), depending on the switch (SW) configuration. The driven
motion is measured using a Vector Network Analyser (VNA) and the undriven (Brownian) motion is measured
using a Spectrum Analyser (SA). ¢, Finite element model of the temperature profile across the heater structure
for an input Joule heating power of 81 mW. The inset shows the temperature increase (AT) as a function of
the heater power. d-e, Measured heater resistance when heating the entire sample using d, an external stage
heater and e, when applying a voltage across the heater. The resistance, as found from the calibration mea-
surement in d, is used to estimate the heater temperature during Joule heating, shown in e, as indicated by
assigning identical colours to data points of identical resistance.




80 7. ON-CHIP HEATERS FOR TENSION TUNING OF GRAPHENE NANODRUMS

A schematic of the measurement setup is shown in Figure 7.1b. A HeNe laser is fo-
cused onto the graphene drum, which is mounted in a vacuum chamber. The reflected
laser light is interferometrically modulated by the motion of the drum and its intensity
is measured by a photodiode (PD). The ac driving voltage can be applied to the heater
electrode (vy) or to the gate electrode (vg). In both configurations, the two bias-tees
(BT) also enable dc biasing of the heater (V41) and/or of the silicon gate (V). Both the
driven and the undriven motion of the drum is measured using a VNA and an SA respec-
tively.

In Figure 7.1c we show a finite-element simulation of the temperature profile of the
heater at a fixed input power. The details of the finite-element model are outlined in
the Appendix 7.5.1. The image shows the temperature profile for a thermal power of
Py = Vé/RH = 81 mW. In this case the temperature of the heater is 25 K higher than
the ambient temperature. As expected, the calculated temperature difference AT is pro-
portional to the heater power (see inset of Figure 7.1c). The temperature of the heater
is also determined experimentally, by measuring the temperature-dependent resistance
change of the heater itself. To calibrate it we use a heating stage to warm up the entire
sample and measure the heater resistance (see Appendix 7.5.2 for details). The result-
ing R-T curve is shown in Figure 7.1d. The measured resistance as a function of heater
voltage is shown in Figure 7.1e. Using the calibration data, we convert the measured
resistance into temperature, which is colour-coded in the data points in Figures 7.1d
and 7.1e. The measured temperature increase is comparable to the simulated one (Fig-
ure 7.1c).

7.2. ACTUATION MECHANISMS

The added functionality of the heater allows for three different actuation methods, which
are schematically shown in Figure 7.2a. At finite temperature the motion of the drum is
excited by thermal noise. A measurement of the resulting Brownian motion of the drum
is shown in Figure 7.2b. From this measurement we extract the displacement sensitivity:
1.1x10% V/m and the noise floor of the measurement setup: 72 fm/v/Hz. These numbers
are comparable to our previously reported values [97], which shows that the presence of
the heater structure does not deteriorate the performance of the measurement setup.
Conventionally, the drum can also be driven using an out-of-plane force by applying a
voltage on the backgate: Vi + vgcoswt (w = 2m f). An example of such a measurement
is shown in Figure 7.2c. The top panel shows the phase and the bottom panel shows the
magnitude of the motion.

The design of the device also allows for exciting the motion of the drum with an in-
plane force resulting from the thermal expansion of the heater. Although, assuming a
perfectly flat membrane, an in-plane periodic force should not be able to excite out-of-
plane motion, structural irregularities in the membrane (ripples, slack, wrinkles) will al-
ways give a net out-of-plane component to the in-plane force. Electrothermal actuation
is performed by applying the driving voltage across the heater: Viy + vycoswt causing
the heater ring to expand and contract periodically, which results in a modulation of the
tension of the drum. The heat transport at a driving frequency w can be modelled as:
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(7.1)
where C and « are the thermal capacitance and thermal conductivity of the system, AT
is the temperature difference with respect to the steady-state temperature and py is the
applied ac heating power. The expected thermal-expansion induced amplitude is then
given by:
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where x,, is the motion amplitude at w, a.f is the effective thermal expansion coeffi-
cient of the AuPd-graphene system and 7 is the characteristic thermal delay time of the
system (7 = C/x). A measurement using this actuation method is shown in Figure 7.2d.
The bottom panel shows the measured magnitude and the top panel shows the phase.
Compared with Figure 7.2c, where the drive is purely electrostatic, the resonance fre-
quency of both measurements is roughly the same; the slight difference in resonance
frequency of 0.3 MHz can be explained by the different dc values of the voltage applied
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Figure 7.2: Actuation mechanisms. a, A schematic of the three actuation mechanisms used. The colour of
each of the arrows corresponds to the background of each panel. The Brownian motion occurs due to the finite
temperature of the environment (yellow arrows). The drum can be driven using electrostatic driving via the
gate (Vg, green arrow) or using electrothermal driving via the heater (41, red arrows). b, Thermal (undriven)
motion of the drum measured using the spectrum analyser. ¢, Phase (top) and magnitude (bottom) of the
gate-driven motion at zero heater power (Viy = 0 V). d, Phase (top) and magnitude (bottom) of the heater-
driven motion at zero gate voltage (Vg = 0 V). e, Extracted resonance frequency (fp) as a function of the gate
voltage Vg for three different heater voltages. The black lines are polynomial fits of the fy vs. V5 curves, as a
guide to the eye. f, Extracted amplitude at resonance as a function of the dc voltage on the heater. The black
line is a linear fit. The inset shows the data and fits for each of the colour-coded points.
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to the heater 3y and the gate Vi (cf. Figure 7.2e). A striking difference between the
two is the measured phase. Using electrothermal driving we observe a phase difference
of approximately —7/2 between the heater-driven motion and the gate-driven motion,
which is indicative of a thermal delay in the system [74, 159]. Using the phase difference
at resonance, the characteristic delay time is estimated to be 7 > 14 ns (£x, = —n/2 for
w > 1/1, see Equation (7.2)). This value is in accordance with what was previously re-
ported on graphene nanodrums [74]. This provides evidence for high-frequency driving
of graphene drums by Joule heating.

By applying a dc voltage on the backgate (V) we can also tune the resonance fre-
quency of the drum. Due to the out-of-plane deflection of the drum, this results in an
electrostatically-induced tension, which manifests itself as an increase in the resonance
frequency. Such a measurement is shown in Figure 7.2e (green points). The location
of the minimum of this curve is determined by the condition at which the gate voltage
equals the potential of the graphene flake, which may sometimes deviate from zero due
to trapped charges on the graphene or a difference in the workfunctions of the graphene
and the contacting electrode [43]. In our experiment, for Vi = 0V, the parabola is cen-
tred around Vg = 0V, indicating that the effect of trapped charge is negligible. For V31 # 0
V, however, we use the location of this minimum to estimate the effective potential of the
graphene drum. Due to the symmetric design of the heater structure, the potential of the
graphene drum is expected to raise by half of the voltage applied across the heater (V).
The red and blue data points in Figure 7.2e represent measurements using Vjy = -2 Vand
2 Vrespectively. The fact that the minima of these curves are shifted by half of the applied
heater voltage (by -1 V and 1 V) confirms that the graphene flake potential is V4;/2. By
combining voltage shifts due to the applied gate and heater voltages, the effective gate
voltage across the gap, that causes electrostatic forces, becomes Vg eff = Vg — Vi /2. This
is used in subsequent measurements to decouple the influence of the heater-induced
and backgate-induced tension.

To establish that the resonance in Figure 7.2d is indeed excited by high-frequency
heating, a set of measurements is performed at different ac heating powers py by varying
Vi1 while keeping Vi off = 0 V to eliminate the possibility of residual electrostatic forces.
In Figure 7.2f we show the dependence of the resonance peak height of the electrother-
mally driven motion on the dc heater voltage (V41). In such a configuration, if the drive
was due to capacitive cross-coupling to the gate, the measured amplitude would not de-
pend on the value of V§1. Since the ac heating power is proportional to V; vy and the
ac electrostatic force is proportional to Vg eff(vg + Yvn), ¥ being a cross-talk factor, the
observation that the amplitude increases linearly with the dc heater voltage proves that
the nature of the driving is electrothermal (cf. Figure 7.2d).

7.3. STATIC TENSION TUNING

A differentiating advantage of the presented device is that it provides an alternative ten-
sioning mechanism: the force resulting from the thermal expansion of the heater causes
in-plane biaxial tension in the membrane parallel to the substrate, in contrast to elec-
trostatic forces which have a significant out-of-plane component. This concept is illus-
trated in Figure 7.3a-c. Figure 7.3a represents the device as-fabricated, the graphene be-
ing slightly rippled [160] and adhered to the walls [17, 19]. When using electrostatic force
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Figure 7.3: Comparison of dc tensioning mechanisms. a-c, Artist impression of the tensioning mechanisms.
a, The device as-fabricated. b, Electrostatically induced vertical deflection. When using the heater c, the
graphene is stretched in-plane due to the thermal expansion of the ring and contraction of the graphene flake.
d, Resonance frequency and f, quality factor as a function of Vg ¢ for increasing Vg1. The colour of each curve
denotes the heater voltage (see x-axis of e for the values). e, Extracted curvature (d? fy/ dVGZ) of the Vg vs. fo
curve around Vg eff = 0 V. The black line shows the modelled response. g, Quality factor vs. resonance fre-
quency plot for gate sweeps at different heater voltages. The middle point of each curve represents the case
where Vg eff = 0V (the points are connected by a black dashed line).

(Figure 7.3b), the drum is pulled downwards, promoting sidewall adhesion, but still con-
tributing to the tension due to the geometrical deformation of the structure [66]. When
using the heater, the drum is expected to stretch in-plane (Figure 7.3c), which increases
the stiffness and flattens the membrane.

To compare the two tensioning mechanisms, we look at the frequency tuning us-
ing both the backgate (out-of-plane force) and the heater (in-plane force) and how each
mechanism affects the mechanical dissipation of the resonator. In Figure 7.3d we look at
the frequency tuning curves using the backgate centred around V;; ¢¢s = 0 V. The different
colours correspond to different heater voltages from zero to 5 Volts. Two effects can be
observed: firstly, the resonance frequency at V ¢t = 0 V increases with increasing heater
voltage, indicating an increase in tension with Vj; secondly, we observe a decrease in
the tunability of the frequency with the backgate for increasing heater voltage. The latter
can be quantified by extracting the curvature of each curve at Ve = 0V, as shown in
Figure 7.3e. This decrease in gate tunability can be explained by a model that takes into
account the added tension due to the electrostatic force as a function of the in-plane
tension. The observed trend is another confirmation that the heater-induced tension is
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in-plane. The mathematical model of this behaviour, which was used to fit the data in
Figure 7.3e is shown in the Appendix 7.5.3. Using this model, we extract the effective
thermal expansion coefficient of the graphene-heater system: a.g = 1.64 x 107°K™! (see
Equation (7.1)).

Dissipation in 2D mechanical resonators is still poorly understood and is a subject of
debate [25, 43, 71]. It is well known that the electrostatically induced shift in resonance
frequency is usually accompanied by a decrease in the quality factor [37, 71] and this
has been attributed to electronic Joule dissipation of the displacement current through
the resonator [37]. Surprisingly, when tuning the tension electrothermally, the frequency
increase of = 10 % (at V;; = 5 V) is accompanied by a 33 % increase in the quality factor
(from Qgv = 42 to Qsy = 56), as shown in Figure 7.3f. This is unexpected and cannot
be explained in the framework of the usually observed temperature-dependence of the
quality factor, which decreases with increasing temperature [37, 43, 71, 161]. Similar
to our observations, simultaneous reduction in dissipation and increase in resonance
frequency was observed by Kramer et al. when using a piezo crystal to apply in-plane
tensile strain in MoS, nanodrums [117].This suggests that in-plane tension is indeed
connected to an increase in Q, similar to reports on other MEMS/NEMS structures [36,
154-156].

Figure 7.3g shows an fj - Q plot. Each colour represents a sweep of V; centred around
VG,eff = 0V at a different heater voltage. The black dashed line connects the points of the
curves where the effective gate voltage is close to zero to show the simultaneous increase
of both the resonance frequency (i.e. tension) and the quality factor upon increasing the
heater voltage. The same effect was observed in two other samples, shown in the Ap-
pendix 7.5.4. Using two control inputs, Vg and V43, we gain access to alarge portion of the
fo— Q parameter space and show that this allows independent tuning of the resonance
frequency and the quality factor (see Appendix 7.5.5). The ability to control the quality
factor and the frequency of the resonator independently is a rather unique feature of our
device enabling applications in, for example, tunable filters, where both bandwidth and
frequency need to be controlled.

7.4.IN-SITU AFM

Atomic force microscopy can be used to study the mechanical properties of 2D materi-
als [16]. Hence, to gain more insight into the topography of the resonator, we perform a
series of AFM measurements in peak-force mode (using a Bruker FastScan AFM) while
varying the heater voltage, shown in Figure 7.4. For these measurements, the heater
is connected symmetrically to a bipolar voltage source to ensure that Vg e = 0V, such
that no electrostatic force is exerted between the AFM tip and the resonator. The gate
electrode and the AFM tip are electrically grounded. Measurements at three different
heater voltages are shown in Figure 7.4a-c. Two qualitative observations can be made.
Firstly, the measured membrane height in the centre of the drum increases with increas-
ing heater voltage, indicative of a higher in-plane tension that flattens the membrane.
Secondly, at high heater voltages V41, the morphology of the drum changes substantially
through the formation of what appears to be a wrinkle. Upon careful inspection, a point-
like imperfection at the edge of the membrane, also observed at V; = 0 V (Figure 7.4a),
seems to be the cause for the formation of this wrinkle. The presented data demon-
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strate, to our knowledge, the first direct observation of in-situ wrinkle formation under
biaxial tension. Such measurements can be used for investigating the delicate dynamics
of morphological imperfections in suspended 2D materials and their influence on the
mechanical properties of these ultra-thin membranes [103, 129, 143, 162].

A total of 13 images is recorded while sweeping the heater voltage up and down in
the sequence shown in Figure 7.4d. Figure 7.4d shows a horizontal cutline of the AFM
height maps. It can be seen that the position of the centre of the drum moves upwards
with increasing heater voltage, which is accompanied by a decrease in the membrane
slack (amount of wall adhesion). The decreased wall adhesion can be the reason of the
observed increase in the Q-factor of the resonator upon heating (Figure 7.3f), due to the
reduced area of the wall-adhered surface and therefore reduced coupling to the sub-
strate [76].

The extracted average height of the centre of the drum is shown in Figure 7.4e. The
height is taken from the horizontal cutlines, averaging over five points just to the left of
the wrinkle (grey region in Figure 7.4e). The x-axis shows the sequence of heater voltages
applied. The height of the drum increases when heating up and decreases when cooling
down, which is suggestive of increasing tension in the drum. Moreover, we also observe

N
o

(wu) wbraH

)
I3

Q.
o
-

5 8
0 « V=0V
T _ __ 6t V=5V
c g 5 =z
< £ .10 <4 k=0.29 N/m
£ =t Q
k= %-15 g 2
T g
20 ) k=0.24 N/m
25
K 2
30 2 0 2 4 6 8
Displacement (nm)
—O0V— 6V 0V—6Y
—2V- 5V 3V
—4V  4V—6
5V 2V—7V

Figure 7.4: AFM measurements. a-c, AFM images of the flake taken at three different heater voltages. d,
Extracted height profiles along the central cutline (dashed red line in a) of the drum for a sequence of heater
voltages. Each colour represents a different voltage and the order of the measurements matches the order of
the colours. e, Extracted average height of the centre of the drum (grey region in d) as a function of Vjy. The
x-axis represents the measurement sequence and shows the value of V4 (axis is not linear). The dashed line is
a guide to the eye. f, Force-deflection curves taken near the edge of the drum (black cross in the inset) at two
heater voltages: 0 V (blue) and 5 V (red).
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a displacement of the centre of the drum upon a complete warmup-cooldown cycle at
zero heater power. This permanent upward deformation can be a consequence of the
dynamics of wrinkle formation, given that there is an energy cost associated with wrinkle
unzipping.

Figure 7.4f shows two AFM force-deflection curves taken near the edge of the drum
(position shown in the inset) at two different heater voltages. The slope of each curve
represents the linear spring constant of the drum, which is related to the pre-tension [16].
In accordance with the frequency response measurements (Figure 7.3) and the measure-
ments from Figure 7.4e, an increase of the tension of the drum is observed upon increas-
ing the heater voltage. It is important to note that the ratio between the extracted spring
constants (ksv/kgy =1.21) matches the ratio of the pre-tension extracted from the mea-
sured resonance frequencies in Figure 7.3d, v/ fo, vi;=5v/ fo,v3;=0v = 1.21.

In conclusion, we realized an on-chip heater device capable of tuning the in-plane
tension of suspended 2D material membranes. Using dc Joule heating, we show tuning
of the in-plane tension of suspended graphene membranes, which results in a resonance
frequency increase of 10 %. In contrast to the case of electrostatic gating, the increase in
frequency is accompanied by an increase in the quality factor of 32 %, which we attribute
to the increase in in-plane tension of the graphene nanodrum. We also demonstrate
that this device concept provides a new way of actuation of 2D resonators, by means of
ac electrothermal modulation of the tension in the suspended structure. The presented
device can serve as a platform for fundamental studies on nonlinear dynamics and ther-
mal properties of suspended 2D materials, as well as a tool for independently tuning the
resonance frequency and the quality factor in next-generation NEMS RF filters, modula-
tors and voltage controlled oscillators.
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7.5. APPENDIX

SYMBOLS

Used symbols (units):

Vi: heater voltage (V)

Iy: heater current (A)

Ry heater resistance (QQ)

Vofe: offset voltage (V)

Iog: offset current (A)

Vineas: measured voltage (V)

Ineas: measured current (A)

Rmeas: measured resistance (Q)

Ug: elastic energy (J)

Fg: restoring elastic force (N)

Fes: electrostatic force (N)

no: in-plane tension (N/m)

1o (0): pre-tension (N/m)

E: Young’s modulus (Pa)

h: thickness (m)

z: displacement of the centre of the membrane (m)
R: radius (m)

v: Poisson’s ratio

C: capacitance (Fa)

Vi: DC gate voltage (V)

A: area of drum (m?)

8o: gap size (m)

£p: dielectric constant

fo: resonance frequency (Hz)

m: effective mass (kg)

k: effective stiffness (N/m)

aeff: thermal expansion of the graphene-heater system (1/K)
x: thermal conductivity of the silicon oxide (W/K)

7.5.1. TEMPERATURE PROFILE SIMULATIONS

In this section we lay out the details of the 3D finite-elements simulations of the temper-
ature increase in the heater structure. In the simulations, we take a heat flux of 81 mW
through the heater, while keeping the bottom of the silicon chip thermally anchored. In
Figure 7.5a we show the temperature across the cutline running horizontally through the
heater structure. This is to estimate the influence of the heat conductance through the
electrodes and bonding wires on the thermal profile of the heater, the simulation is re-
peated for a case where the edges of the heater are also thermally anchored. It is shown
that in both cases the temperature at the centre of the heater is the same (25 K), prov-
ing that heat transport through the leads is negligible and the dominant heat sink is the
silicon through the thin layer of SiO,,.
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Figure 7.5: Temperature profiles of the heater device. a, Horizontal cutline through the heater device (dashed
line in inset) for two cases: the red line is the temperature along the heater structure when the thermal refer-
ence (293 K) is at the bottom of the Si chip. The blue line shows the temperature profile when the thermal sink
is at the edges of the heater electrodes, through the bonding wires. b, Temperature profile along the vertical
direction when the Si chip is at the reference temperature (293 K). Almost the entire temperature drop is across
the SiO, layer.

To evaluate the dominant thermal resistance of the system, a vertical cutline through
the Si-SiO,-AuPd is shown in Figure 7.5b. The thermal profile along the z-axis shows that
the thermal resistance of SiO, is dominant in the system, as the total temperature drop
across the silicon is less than 1 K.

7.5.2. RESISTANCE MEASUREMENT

In the experiments the resistance of the heater Ry is measured using a Keithley 2400
Sourcemeter. This is done by setting the desired voltage on the Sourcemeter and mea-
suring both the actual heater voltage ;1 as well as the current I that flows through it.
Such monitoring is done during the mechanical measurements, as well as in separate
characterization measurements where Vy is swept (cf. Figure 7.1e). Naturally, the resis-
tance is the ratio of the voltage to the current. However, the measured values can have
offsets w.r.t. their true values: Vineas = Via + Vosr and Imeas = I + Iofr -

This is illustrated in Figure 7.6a using the data from Figure 7.1d. The IV curve does
not go through the origin, indicating that current offsets, voltage offsets, or both, are
present. When with these present, simply dividing the measured voltage and current
does not give the right resistance Ry:

Vmeas _ VH + Voff = Ry x IH+ Voff/RH = Ry x VH + Voff
Imeas  Iu+ loft Iy + Iogt Vi /Ry + Lot

# Ry. (7.3)

Rmeas =

In particular, Equation (7.3) shows that the measured resistance approaches Ry for large
Iy, but also that it diverges at Iy = —Iog.
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Figure 7.6: Calibrating for the current and voltage offsets. a, Heater current-voltage measurement. The inset
shows a zoom of the data. b, Measured resistance and fit of Equation (7.3).

Although Equation (7.3) contains both Vi and Iy, these cannot be determined in-
dependently from a measurement of Ryeas(Vimeas) @s Equation (7.3) can be rewritten as:

Vmeas

Vineas/ Rt + (ot — Vott/ Rit)”

(7.4)

Rmeas (Vmeas) =

after eliminating Ineas. This only contains the combination of I and Vg as a single
parameter Iy = Iy — Voge/ Ry.-

Figure 7.6b shows the measured resistance Rpyeas as well Equation (7.4) fitted to the
data. The model fits the data well, and gives the fit values for the combined offset I =
18.42 pA and the heater resistance Ry = 440.94 Q). Note that even at Vi; = £1V the devia-
tion between Rpeqs and Ry is significant, a few Ohm, especially compared to the changes
that occur while changing the temperature or heater voltage as shown in Figure 7.1d.
This offset is taken into account in the temperature dependence of Figure 7.1d where
the current is measured at Vg = —1V.

Finally, Equation (7.3) can be inverted, giving:

_ Vimeas — Ru (ott — Io) _ Vineas

Ry (7.5)

Imeas - IO - Imeas - IO ’

For the last equality, the fact that Iy = Ig — Voge/ Ry holds for every combination of I
and Vg that gives the same I, including for Vyg = 0, is used. Now by fitting the low-
voltage region (Figure 7.6b) where Ry is practically constant, one obtains the fit value for
Iy that can be inserted into Equation (7.5) to find the actual resistance Ry from the raw
measurements. The results in Figure 7.1d are obtained using this procedure.

7.5.3. INTERPLAY BETWEEN IN-PLANE AND OUT-OF-PLANE TENSION
In this section, we outline the model for the influence of thermally-induced in-plane
tension on the gate tunability of the resonance frequency of the membrane. The defor-

mation of the drum under an electrostatic load is taken to be parabolic, such that its de-
2

formation shape is given by: U(r) = 1 — L5, where R is the radius of the membrane. This

is very close to the shape of the fundamental eigenmode u(r, ¢) = Jo(kr), k = 2.404/R.
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The potential energy of a deformed membrane is mainly determined by the stretch-
ing energy. This is because for thin membranes we can neglect bending rigidity, provided
that the condition Z—i n% « 1 is satisfied [137]. The potential energy of a spherically de-

formed membrane (by a uniform pressure load) is then given by:

Ue = 2o + —2E1_ (7.6)
el = 0 3R2 (1 _ ’V) ) .
where z is the displacement of the centre of the drum. The restoring force can be calcu-
lated as:
Fo = Vel =4wnyz+ 8nLEh z3 7.7
4T az T T 3R - '

To derive the electrostatic force felt by the drum, we make the parallel plate capacitor
and the uniform electrostatic load approximations, which are valid for small deflections:

1 EoA 2

Fes=¢———=V5, 7.8

es 52(g0—2)2 G (7.8)
where ¢ accounts for the projection of the force on the centre of the membrane. For a
parabolic deformation ¢ = 0.5.

Expanding this around z = 0, we get:

1 1 2z
Fos = —£0AVA[ = + == + 0(2%) ). (7.9)

We can now write the force-balance equation of the system:

Fu— Foo = dmngz+ — 2B 51, AVZ(l +Zz) 0 (7.10)
—Fes=4nnyz+ ———2° — — —+—=|=0, .
el es 0 SRZ(I—V) 4 04Vg gg gg
which can be rewritten as:
_BnEh_ 5, (4720 - »s(,/wéi)z—soAvéL =0. (7.11)
3R2(1-v) 283 1g?

Equation (7.11) is then used to calculate the equilibrium position z(Vg, ng) of the
drum.
The effective stiffness of the system k is given by:

€AV  8mnER

k=4nng— + z°, 7.12
"o T R(-v) (712
which is also close to the dynamic spring constant of the fundamental mode.
The resonance frequency of the membrane can then be estimated as:
1 k
fo (7.13)

T om Mt ’
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Figure 7.7: Interplay between in-plane and out-of-plane tension. a, Modelled fj vs. V curves for increasing
in-plane tension ng (coloured data points) together with polynomial fits (black curves). b, Extracted curvature
from the polynomial fits of the curves shown in a as a function of the in-plane tension ng.

where m.g is the effective mass of the fundamental resonance mode (7 = %m assum-
ing parabolic deformation). The pre-tension of the drum is calculated from the reso-
nance frequency at zero heater- and gate-voltage: 1n¢(0) = 0.033 N/m. By substituting
for z from Equation (7.11) into (7.12) and plugging this into (7.13), we numerically cal-
culate the resonance frequency as a function of the dc voltage for varying in-plane ten-
sion. Figure 7.7a shows the simulated fy vs. Vg curves for four different values of the
in-plane tension together with polynomial fits, which is a good approximation provided
that the tension-induced hardening is much stronger than the electrostatic softening,
which seems to be the case judging by the measurements presented in the main text.
The effective Young’s modulus E is extracted from numerical fitting of the the blue data
points in panel (a), for zero heater voltage.

Panel (b) of Figure 7.7 shows the curvature at Vg = 0 V as a function of the in-plane
tension.

By relating the pre-tension to the heater voltage, we extract the thermal expansion
coefficient of the system.

The relation between the heater-induced in-plane tension and V4j can be written as:

ng = no(0) + Any(Vh), (7.14)

where 7((0) is the pre-tension of the drum at room temperature and Angy(Vy) is the
added tension due to heating. The thermally induced tension Angy(Vy) is related to the
thermally added strain (¢) through:

Ang(Vy) =€Eh. (7.15)

The strain € is, in turn, related to the thermal expansion of the system:

Ang(Vi) = aegfATE. (7.16)
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The temperature increase of the system at a given voltage is determined by the total
heating power and the thermal conductivity of the system:

V2
ar=Pu_ i (7.17)
K Ryx
which yields:
V2
1o = 1o (0) + aetEh—1-. (7.18)
RHK

The factor ﬁ = 0.72K/V? is experimentally determined from the temperature cal-
ibration of the heater shown in Figure 7.1. Since E is known from fitting the curve of
Figure 7.7a, the pre-factor }f—h is found to be }f—h =432NK/V?m.

HK HK

We now use this relation to numerically fit the measured resonance frequency as a
function of heater voltage to estimate a,¢. The net thermal expansion coefficient of the
system is found to be: e = 1.64 x 1078K1. Substituting this value in the expression for

ng in Figure 7.7b, we get a good agreement with the extracted curvature from Figure 7.3e.

7.5.4. OTHER DEVICES

In this section we present data on two other graphene devices. Similarly to Figure 7.3g,
Figure 7.8 shows fy — Q plots for (a) a 5-nm thick and (b) a 18-nm thick graphene drum.
Both drums show the same trend: upon increasing the heater voltage (i.e. the temper-
ature of the heater), both the frequency and the quality factor go up. The thin drum
(Figure 7.8a) shows a =30 % frequency increase accompanied by a 56 % increase in the

a b 80
device 2 device 3
0 Ve=6V | aZ 8V
" 70
— 80 [ —
3 3 60
8 s
2 707 2
E T 50
g (€]
60 r 1
h=5nm 40
50t = E 1
Vu=0V Vy=0V
1 1 1 1 30 1
14 16 18 20 38 39 40
fo (MHz) fy (MHz)

Figure 7.8: Thermal tuning of two other graphene devices. a, a 5-nm thick few-layer graphene and b, a 18-
nm ultra-thin graphite drum. The resonance frequency is plotted against the quality factor while heating the
device up. The colour of each dot corresponds to the temperature of the device.
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quality factor. The 18-nm thick sample shows a minute frequency increase of 3 %, prob-
ably owing to the fact that the resonance of thicker drums is determined by their bending
rigidity, rather than the tension. The quality factor, however, shows an increase of 121 %,
which is a significant improvement of the mechanical dissipation.

7.5.5. INDEPENDENT TUNING OF fo AND Q

In this Section we demonstrate that we can independently tune the resonance frequency
and the quality factor. Figure 7.9a shows the accessible range in the fy — Q space, show-
ing all the measurement curves of Figure 7.3. The area in grey represents the accessible
fo— Q space by using the dc heater and gate voltages, Vi1 and Vj, as control parameters.
However, from this plot, as well as the data in Figure 7.3, it is clear that when changing
either V; ¢fr or Vi, both the quality factor and the resonance frequency change simulta-
neously.

In Figure 7.9b we visualize the same data using contour plots. These lines of constant
fo and Q are calculated using the contour function of Matlab R2017a. The x-axis shows
the gate voltage Vi and the y-axis is the (square of the) heater voltage VI_ZI. The blue
curves are lines of equal resonance frequency and the orange curves are lines of equal
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Figure 7.9: Independent tuning of resonance frequency and quality factor. a, fy — Q plot for varying heater
and gate voltage. The grey area indicates the accessible region. Each colour represents a different heater volt-
age. b, A double contour plot of the resonance frequency and the quality factor for varying Vg eff and Vy.
Experimental values are measured at the locations of the black dots. Independent tuning of ¢, the quality
factor and d, the resonance frequency by following one of the contour lines in b.
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quality factor. By definition, when following a contour line of either f; or Q, the value of
it remains constant. The fact that a single blue contour intersects more than one orange
contour and vice versa shows that for a given value of one parameter, the other can be
tuned independently in the range given by the outermost intersection points of the two
curves. Using a combination of Vj; and Vg, we can follow either contours of constant
frequency or have constant quality factors, as shown in Figure 7.9c-d. In Figure 7.9c we
show that we can keep the resonance frequency constant (blue curve), while lowering
the quality factor (orange curve). The opposite effect is observed in Figure 7.9d, where
we follow a contour of constant Q, while the resonance frequency increases.

Technically, the contour curves are parameterised with the Vg ¢t as control param-
eter and the corresponding value of Vé is calculated from the output of the contour
function using interp1 with the ’pchip’ option. Next, for each point along the curve a
2D interpolation is performed to find the local values of fy and Q. Due to the difference
in the interpolation algorithm and that in the contour function, small fluctuations in
the "constant" parameter are still visible. However, the changes in the other, i.e, "vary-
ing" parameter is much larger. This clearly demonstrates the power of our system to
have independent control over the resonance frequency and damping of the graphene
nanodrum.



GRAPHENE GAS PUMPS

We report on the development of a pneumatically coupled graphene membrane system,
comprising of two circular cavities connected by a narrow trench. Both cavities and the
trench are covered by a thin few-layer graphene membrane to form a sealed dumbbell
shaped chamber. Local electrodes at the bottom of each cavity allow for actuation of each
membrane separately, enabling electrical control and manipulation of the gas flow inside
the channel. Using laser interferometry, we measure the displacement of each drum at
atmospheric pressure, as a function of the frequency of the electrostatic driving force and
provide a proof-of-principle of using graphene membranes to pump attolitre quantities of
gases at the nanoscale.

Parts of this chapter have been published in as a proceeding at the IEEE 31th International Conference
on Micro Electro Mechanical Systems by D. Davidovikj, D. Bouwmeester, H. S. J. van der Zant and P. G.
Steeneken [163] and as an article on the arXiv [164].

95
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tians used a contraption called "shadoof" to take out water from the Nile that was

used for irrigation. As technology progressed, better pumps usually meant higher
pressure, larger flow, and hence, higher power. Micro- and nanofluidics in the past thirty
years have substantially changed the way these devices are benchmarked. Microscale
pumps are an essential ingredient in a microfluidic system, and the rapid advancements
of biosciences require continually more devices capable of accurate micromixing and
microdosing. This, in turn, imposes better controllability, better accuracy, lower opera-
tional power, and much smaller flow rates [165-167]. With respect to the first electrostat-
ically actuated membrane pumps [168, 169], that were presented more than 25 years ago,
atremendous reduction in size has been achieved. Pumps are also of interest for driving
pneumatic actuators in micro- and nanoelectromechanical motors. The properties of
graphene, like its atomic scale thickness and extreme flexibility, are very promising for
further miniaturization of such nanofluidic devices.

Since the first realization of mechanical graphene devices [33], suspended 2D mate-
rials have attracted increasing attention in the MEMS/NEMS communities. Many device
concepts have been proposed, including pressure sensors [32, 39], gas sensors [21, 40],
mass sensors [41, 42], and graphene microphones [170, 171]. The high tension and low
mass of graphene membranes have also inspired their implementation as high-speed
actuators in micro-loudspeakers [61]. Another attractive aspect of graphene membranes
is their hermeticity [19] and the ability to controllably introduce pores that are selectively
permeable to gases [21]. Although gas damping forces limit graphene’s Q-factor at high
frequencies, they provide a useful but little explored route towards graphene pumps and
nanofluidics. For efficient pumps and pneumatics it is essential that most of the avail-
able power is used to move and pressurize the fluid, while minimizing the power re-
quired to accelerate and flex the pump membrane while minimizing leakage of the fluid
outside of the system. In these respects, the low mass and high flexibility, combined with
the impermeability of graphene membranes [19] provide clear advantages.

In this chapter we realise a system of two nanochambers (with a total volume of 7 fI)
coupled by a narrow trench and sealed using a few-layer graphene flake. By designing a
chip with individually accessible electrodes we construct a graphene micropump, capa-
ble of manipulating the gas flow between the two chambers using small driving voltages
(Vge = 1V). Increasing the gas pressure in one of the nanochambers results in pneumatic
actuation of the graphene drum that covers the other nanochamber via the connecting
gas channel. To measure the displacement of the drums, we use laser interferometry
and demonstrate successful pumping of gas between the two pneumatically coupled
graphene nanodrums.

P UMPS have been of importance for humanity since early civilization. The Egyp-

8.1. DEVICE DESCRIPTION

The device concept is presented in Figure 8.1a. Two circular AuPd electrodes (thickness:
60 nm) at the cavity bottom (one for addressing each of the membranes) are separated
by a thin layer (130 nm) of spin-on-glass (SOG) silicon oxide from the metallic (AuPd)
top electrode (thickness: 85 nm). The few-layer (FL) graphene flake (black), with a thick-
ness of 4 nm, is in direct electrical contact with this top electrode. The entire device is
fabricated on top of a quartz substrate to minimize capacitive cross-talk. The device fab-
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Figure 8.1: Working principle of the pump. a, A 3D schematic of the device: the graphene flake is covering
two circular cavities that are connected through a narrow trench. b, Schematic cross-section of the pumps and
actuation mechanism for the case that pump 1 is actuated.

rication is described in detail in [58] and in Chapter 6. A cross-section along the direction
of the trench of the device is shown in Figure 8.1b, which illustrates the working princi-
ple. The actuation voltage Vacr,1 is applied between AuPd electrode 1 and ground, while
keeping AuPd electrode 2 and the AuPd top electrode grounded. As a result, pump 1 ex-
periences an electrostatic force Facr, causing it to deflect downward. This compresses
the gas underneath the membrane and the induced pressure difference causes a gas flow
through the channel between the two nanochambers. This results in a pressure increase
that causes the other membrane (pump 2) to bulge upward.

Figure 8.2a shows a false-coloured SEM image of the device after fabrication. The
AuPd is shown in light (bottom electrodes) and dark (top electrode) yellow. The diameter
of each drum is 5 um and the trench connecting them is 1 yum wide and 3 ym long.
Figure 8.2b shows an optical image of the measured device. The image shows the two
bottom electrodes, together with the top metallic island on which the dumbbell shape is
patterned. Graphene is transferred last (as described in Chapter 3.4.3) and it is visible in
the image as a darker area on top of the metallic island.

8.2. READOUT

The readout of the drum motion of the is performed using a laser interferometer, shown
schematically in Figure 8.3a. A red HeNe laser is focused on one of the graphene mem-
branes, and the sample is mounted in a pressure chamber in a N, environment at am-
bient pressure and room temperature. When the membrane moves, the optical interfer-
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Figure 8.2: Images of the fabricated device. a, Scanning electron microscopy (SEM) image of the device prior
to graphene transfer. b, Optical micrograph of the device after graphene transfer.

ence between the light reflected from the bottom electrode and the light reflected from
the graphene causes the light intensity on the photodiode detector to depend strongly
on the drum position. By lateral movement of the laser spot, the motion of either of
the pumps can be detected. The photodiode signal is read out via an internal first-order
low-pass filter with a cut-off frequency of 50 kHz.

For electrostatic actuation, the two bottom electrodes are connected to two chan-
nels of an arbitrary waveform generator, where one is grounded and the other one is
actuated (Figures 8.1b and 8.3a). The actuation voltage (Vacr) on each of the drums and
the photodiode voltage (Vpp) are measured using an oscilloscope. The top electrode (i.e.,
the graphene flake) is electrically grounded during the measurements. Since there are 2
pumps that can be actuated (pump 1 and pump 2) and either of them can be detected
with the red laser there are 4 measurement configurations indicated by Vpp,11, Vpp,21, VpPD, 12
and Vpp 22, where the first number indicates the pump that is actuated and the second
number indicates the pump that is read out.

We first characterize the responsivity of the system by applying a triangular voltage
signal to one of the drums while measuring its motion with the laser. The measurement
is shown in Figure 8.3b. The force acting on the drum scales quadratically with Vacr
and therefore, for small amplitudes, it is expected that the amplitude of the drum would
also depend quadratically on Vjcr (assuming Facr = —kz, see Appendix 8.4.2). The fact
that the voltage read out from the photodiode matches the scaled square of the input
voltage (blue curve in Figure 8.3b) confirms that the assumption of linear transduction
(VKCT o« Vpp) of the motion is valid.
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Figure 8.3: Measurement setup. a, Setup for electrostatic actuation and interferometric motion readout of
either of the pumps. PD: photodiode, OSC: oscilloscope, AWG: arbitrary waveform generator, BE: beam ex-
pander and PBS: polarized beam splitter. b, Offset photodiode voltage (red curve) for a triangular input signal
Vact (black curve). The dashed blue curve represents the input voltage squared, normalized to the photodi-
ode voltage: VA%CT,norm. = a(Vacr + B)?. The term B = —0.13 V accounts for residual charge on the graphene

flake [43].

8.3. GAS PUMP AND PNEUMATIC ACTUATION

Pneumatic actuation is one of the most efficient ways to transfer force over large dis-
tances in small volumes. At the microscale, the pneumatic coupling also has the advan-
tage of converting the attractive downward electrostatic force on pump 1 to an upward
force on the graphene membrane of pump 2 (Figure 8.1b). Thus, proof for gas pumping
and pneumatic actuation can be obtained by detecting that the drums move in opposite
directions.

The drums are actuated using a square-wave voltage input Vacp-p = 1 V with a fre-
quency of 1.3 kHz, plotted in Figure 8.4a and Figure 8.4b (grey curves). Figure 8.4a shows
a measurement of the displacement of pump 1, when applying Vact on pump 1 while
keeping pump 2 grounded (dark blue curve) or when actuating pump 2 while keeping
pump 1 grounded (light blue curve). Both curves show a main frequency component
that is coinciding with the frequency of the driving signal, meaning that the detected
motion is a consequence of the applied actuation. However, when switching the actua-
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tion to pump 2 it is seen that the photodiode voltage (Vpp,21) is 180 degrees out of phase
with respect to Vpp,11. This is indicative of an out-of-phase motion of the two drums.
Such effect is possible only if the actuation of pump 1 (in the 21 configuration) is pneu-
matic, i.e., mediated by gas displacement from one chamber to the other.

The same experiments are repeated in Figure 8.4b when moving the laser spot to
pump 2. The red curve represents the case when pump 2 is electrically actuated while
keeping pump 1 grounded and the pink curve represents the case when pump 1 is elec-
trically actuated and pump 2 is kept grounded. The same conclusion can be drawn: the
two curves are 180 degrees out-of-phase, confirming that the drums move in opposite
directions.

The differences in signal amplitudes in Figure 8.4 are attributed to differences in the
effective cavity depths between the pumps that affect the actuation/detection efficiency
(this may happen due to morphological imperfections in the graphene flake). To confirm
that the coupling is mediated by gas, the experiment is repeated at low pressure. After
keeping the sample at 0.1 mbar for 48 hours, the gas is completely evacuated from the
cavity [19]. In this case no sign of motion of the second drum is observed in the Vpp 12
signal, showing that pneumatic actuation is absent in vacuum (see Appendix 8.4.1).

Assuming that the cavities are hermetically sealed by the graphene (valid for very low
permeation rates [19]), the pneumatically coupled graphene pump system can be mod-
elled in the quasi-static regime by a set of two linear differential equations describing
the pressure increase AP; in each of the chambers. The pressure difference can then
be related to the displacement z; of the drums (details of the model and the deriva-
tion are given in Appendix 8.4.1). In the frequency domain the solutions of these dif-
ferential equations can be written in terms of the Fourier transforms .% of the solutions:
z21(W) = F(z1), z2(w) = F (23) and F(w) = ¢.F (sz), where F is the actuation pressure and
c is a function of the squeeze number and the gap size gop = 155 nm. When the actuation
signal is applied to pump 2, the response is given by:
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Figure 8.4: Time domain measurements. a, Measured displacement (photodiode voltage) of pump 1 when
actuating pump 1 (measurement 11) and drum 2 (measurement 21). b, Measured displacement (photodiode
voltage) of drum 2 when actuating pump 1 (measurement 12) and drum 2 (measurement 22). The actuation
voltage is shown on the right y-axis. Measurements of each of the drums are performed at constant laser
position to ensure that the transduction of the system (Vpp/z) is constant.
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Figure 8.5: Frequency domain measurements. Bode plots (a, magnitude and b, phase) of the system for actu-
ation of pump 2. The data points are coloured according to the measurement scheme: the red points represent
actuation and detection at pump 2, while the light blue represent actuation at pump 2 and measurement of
pump 1. The fit is according to the model represented with Equations (8.1) and (8.2).
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where z; and z; are the displacements of pump 1 and pump 2 respectively, w is the ac-
tuation frequency, A is the area of each drum, k is the spring constant of the drums and
a is the squeeze number. The time constant 7 is then given by:

_ l1+a

T ,
2b

(8.3)

where the constant b is related to the gas flow through the channel. Assuming a laminar
Poiseuille flow, b is dependent on the geometry of the channel and the effective viscosity
of the gas, in this case nitrogen (see Appendix 8.4.2).

To investigate the nanoscale gas dynamics experimentally, the frequency response of
the system is measured. The actuation voltage is applied on pump 2. The frequency of
the square-wave input signal (Vact(1), see Figure 8.4) is varied from 510 Hz to 23 kHz. For
each actuation frequency, the Fourier transform is taken of both the input and output
signal. By taking the ratio of the input and output at each of the driving frequencies
a frequency response plot is obtained. We make use of the fact that the input square-
wave contains higher harmonics to increase the amount of data acquired by a single
time response signal, thereby increasing the frequency resolution.

The resulting Bode plots are shown in Figure 8.5. It can be seen that both the mag-
nitude and phase of the resulting frequency response curves are flat up to a frequency
of 10 kHz. At higher frequencies the amplitude of the motion of the second drum drops,
which suggests that at these frequencies the pumping efficiency starts to become limited
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by gas dynamics through the narrow channel. Fits using the model described by Equa-
tions (8.1) and (8.2) show that the response of the pumps correspond to a first-order RC
low-pass filter with a characteristic time constant of 7 = 39.3+3.4 us, resulting in a cut-off
frequency of 25.4 + 2.2 kHz.

The demonstrated graphene-based pump system is not only of extraordinarily small
size (total volume of 7 fl), but it is also capable of pumping very small amounts of gas:
assuming the spring constant to be in the order of k = 1 N/m, less than 80 al of gas is
pumped through the channel each cycle. The thermal noise, due to charge fluctuations
on the capacitor plates, sets a lower limit to the pump rate of less than 1 zl/v/Hz, which
is equivalent to less than 30 N, molecules/ vHz at ambient pressure and room tempera-
ture. The maximum electrostatic pressure that can be generated by the graphene pump
with the given geometry is 0.5 bar, limited by the breakdown voltage of the dielectric
(Vp, = 16 V). The typical force exerted at Vact = 1 Vis 4 nN, corresponding to an electro-
static pressure of 2 mbar.

Besides the pneumatic actuation and pumping, the system also allows the study
of gas dynamics in channels of sub-micron dimensions, where the free path length of
molecules is smaller than the channel height, even at atmospheric pressure. By control-
lably introducing pores in the graphene, the graphene pump can be used for molecular
sieving of gases, or even aspiration and dispensing of liquids. The presented system can
therefore be used as a platform for studying anomalous viscous effects in narrow con-
strictions as well as graphene-gas interactions at the nanoscale. It thus provides a route
towards scaling down nanofluidic systems by using graphene membranes coupled by
nanometre-sized channels.

8.4. APPENDIX

8.4.1. MODEL OF THE PUMP SYSTEM
EQUATIONS OF MOTION

In this section the model for the two drum system will be explained, starting with the
assumptions that were made in order to arrive at the model.

The drums are modelled as simple harmonic oscillators. A parallel plate capacitor
model is taken to model the electrostatic force on the drum, which holds for small de-
flections of the membrane with respect to gap. The gas inside the circular cavities is
modelled as an ideal gas and gas inertia is neglected. The interactions of the gas are con-
sidered to be isothermal. Poiseuille flow through the trench between the two drums is
considered.

The mechanics of the drums are described using Newton’s second law of motion. The
forces that act on the drums are the tension force of the drums (assuming equal spring
constants k and masses m), the pressure force acting on the drum and the electrostatic
forces coming from the charge stored in the membrane-electrode capacitor. No damp-
ing is considered apart from damping due to the gas pressure. The electrostatic force
is applied to the first drum (pump 1). We name deflection of drum i with respect to the
gap z;, such that a positive value of z; corresponds to the drum bulging upward. We con-
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sider the outside air to be at ambient pressure P, while the pressure inside chamber i is
P;. The pressure difference across the drum is be called AP;. The gap size is denoted as
g0, €o is the vacuum permittivity and A = r?x is the area of each of the drums. In terms
of these quantities the equations of motion are:

d221 V2£0A
m—s-=—-kz; + A\P{1A— ——; (8.4)
dr? 2(go+21)?
L2 4 APA 8.5)
M——7m = —KZzZ . .
dtz 2 2

With this, the mechanics are fully described. These equations have one driving force,
the electrostatic force experienced by pump 1. The pressure force due to the gas is not a
driving force and should react to the motion of the membrane. In order to describe the
pressure in the drums, the ideal gas law is taken:

nIRT_ nIRT .
Vi Algo+z)

nRT  mpRT
Va  Algo+z)

Pi=P+AP; (8.6)

P,=P+AP,

8.7

The quantity n; in these equations stands for the amount of moles of gas in cham-
ber i. These two equations, together with Equations (8.4) and (8.5) give a set of equations
in which the membranes are coupled to the gas pressure in the drums. The pressures are
now coupled to one another using the Poiseuille flow equation. This equation deter-
mines the rate of pressure induced flow of a viscous fluid across a channel. In the pump

a
., /\
* ------- —{Ut =
b P I 2
. \1/ /-\ o
L Y 1 PiAR, L
e : | [ Call
AV =

Figure 8.6: Schematic of the device. a, Top view of the pump system. b, A side view of the cross section through
the dashed blue line in a. A potential AV is applied on pump 1 that results in the membrane compressing the
gas, causing an increase of pressure in the chamber P; = P + AP,. This causes gas flow through the channel
and results in pump 2 bulging upward. Since the channel is smaller than the chamber, it will obstruct the flow
of gas, hence the pressure in the other chamber Py = P + AP, will lag.
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system, this fluid is the nitrogen gas in the cavity. The Poiseuille flow equation describes
both n; and n; through the following differential equation:

00638 LR TAPIGW dmVy dm RT _ dm RT .

w 12171 dt np dt P+ AP, dt P+AP;

In this equation ® is the volumetric flux of gas through the channel, R is the ideal
gas constant, and 7 is the dynamic viscosity of the gas. The Poiseuille flow equation acts
as the coupling between the two cavities. In using this equation to express the change
in the amount of gas molecules in the cavities we have implicitly added the condition
that the total amount of gas molecules in the pump system is conserved, which holds
assuming no gas permeation outside the cavities. In order to incorporate Equation (8.8)
into the model, the time derivatives of the ideal gas laws are taken:

dAPy - pyapya®P - M g 8.9)
dr VSV qr T ar :
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dr ° 2 T de :

Filling in Equation (8.8) results in the following set of equations:

dAP) _ (P+AP) dz
dr go+ 21 dt
(AP, —AP))(P+AP)g3w
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) w 127’]1A(g0+Z1)
dAP, _ (P+APy) dz
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+(1-06380) 2102 2080 8.12)
w 12n1A(go + z2)

To neatly express the model of the two drum system, the four differential equations
that describe the system are given together. The following set of equations describe the
two drum system:

d*z k A V2gpA
-+ AP - — (8.13)
dr? m m 2m(go +21)?
@z _ kA 8.14)
ez~ m>7 T mo ’
dAP, _ (P+APy) dz
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{ 3
(AP, —AP)(P+AP) g w
+(1-0.638Y) 2201 D&Y, (8.15)
w 12n1A(go + z1)
dAP,  (P+APy) dz,
dr go+z dt
(AP; — AP») (P +APy) g3 w
+(1-06380) -2 285 (8.16)
w 12nlA(go + z2)
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QUASI-STATIC EQUATIONS

The quasi-static limit of these equations is taken. In this case the second derivatives in
Equations (8.4) and (8.5) are negligible. Newton’s law is now equivalent to a force bal-
ance, indicating that at all times the drums are at an equilibrium position. This equi-
librium position changes in time due to the changing gas pressure and voltage. As such
there is still a response to the driving force. In order to find approximate solutions to the
differential equations, Equations (8.13) and (8.14) are linearised. The force balance that
is found is:

V2gyA
kZl = AAPI - 2 N (817)
2g0
kzy = AAP,. (8.18)
The linearised differential equations for the pressure are:
dAP P d (AP, —APy)P
L. Z %% a-o. 63&) 2 APUPG W (8.19)
dr ~ go dr 1271A
dAP Pd APy - AP)Pgiw
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Now filling the force balance into this differential equation eliminates all displace-
ment terms and yields the following differential equations for the pressure:

dAP PA (AP, - AP))Pg2w
L+ g =0 063@) 2_ U 8
dt 12nlA
PA € de_ 6.21)
kg()Zg dt’ '
dAP (AP, —AP))Pg2w
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dt 12nlA

For simplicity, we define the following constants:

— PA .
kg(),
=(1- 0.638 ) 0
12171A'

Here a is the squeeze number and b is related to the gas flow dynamics through the
channel. This allows us to put the differential equations into the following simple form:

d AP _p |1 -1| |APy d | V?
— = +c— ; 8.23
dt 1+a at (8.23)
AP, -1 1| AP, 0

c=——. (8.24)
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FREQUENCY SPECTRUM OF THE SYSTEM
In order to investigate the behaviour of this differential equation, a Fourier transform of
the differential equations is taken:

ZF(AP)) -p |1 -1| | Z#(AP) F(V?)

iw = T3 +ciw . (8.25)
a
Z (APy) -1 1 Z (APy) 0

The frequency spectra found from these equations are given by

1

§+iw1 )
F(AP)) = =——c.F (V?); (8.26)
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F(APy)) = —2—cF(V?), (8.27)
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with 7 = 1;—;. This time also defines the cutoff frequency of the gas pump system wq =

%. The function Fourier transform of AP, takes the form of a low pass filter. We are

more interested in the Fourier transform of Py, whose magnitude and phase of .# (AP))

are given below.
1 [1+w?4r?
|Z (AP = 2\ ——clZ (VA)]; (8.28)
2\ 1+w?T?

&= ArglFZ (APy)] = arctan( (8.29)

1+ w2212 ) '

Finally, we examine the behaviour of the drum displacement. The algebraic equa-
tions found for the displacement allow us to directly calculate the Fourier transform of
the displacement from the pressures and the square of the electrostatic potential.

1 1 1\A
ar N “\Z.ag 25 .
F(z1) = (2 TS ior a) kce/(V ); (8.30)
1 A
F(z2) = = —cF (VY. 8.31
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Once more it can be seen that .% (z,) is given by applying a low pass filter on the
driving force. The magnitude and phase of .% (z;) and find:

T (1 1, 1 4
Z — - I DN B0 § AN I
u(zln—\/a2 o+ g T g (8.32)
¢1 = Arg(F (2)) =7 —arctan (>——2 ). (8.33)
2+ a+2w?T?

We now use these equations to model the curves from Figure 8.5.
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8.4.2. MEASUREMENT IN VACUUM

A comparison of "12" measurements in vacuum and in N, is shown in Figure 8.7. In
ambient pressure, the motion of pump 2 responds to the actuation of pump 1, mediated
by the gas in the chamber. The absence of motion of pump 2 in vacuum (orange curve
in Figure 8.7) is another confirmation of pneumatic actuation in the system.

N

o

6
Time (ms)

Figure 8.7: Measurement in vacuum. Measurement of the motion of pump 2 when actuating pump 1 at
atmospheric pressure (blue curve) and in vacuum (orange curve).







SUSPENDED ULTRA-THIN COMPLEX
OXIDE MECHANICAL RESONATORS

Thin films of complex oxides and their heterostructures exhibit a profusion of exotic trans-
port phenomena, including two-dimensional (2D) superconductivity [84], ferroelectric/
magnetic order [85] and negative capacitance [86], which often result from the intricate
interplay between the film and the substrate. Recently a milestone work was published [172]
showing transfer of epitaxially grown single-crystal freestanding layers of these materials.
The importance of this technique lies not only in its potential for studying the transport
properties of isolated films of complex oxides, but also for studying their mechanical prop-
erties in their ultrathin form. In this work, we present a study of suspended 2D mechanical
resonators made out of epitaxially grown SrTiO4 (STO) and SrRuO, (SRO) films. By mea-
suring the temperature dependence of the mechanical properties of these resonators we
observe signatures of structural phase transitions which affect their strain and mechani-
cal dissipation. This approach can be extended to study phase transitions in a wide range
of complex oxide materials but also greatly expands the class of exfoliable materials for
implementation in nanoelectromechanical systems (NEMS), whose unique properties can
be engineered in an epitaxial fashion.

109
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tice deformation due to the strong coupling between lattice, charge, spin, and

orbital degrees of freedom. This coupling stems from rotations and distortions
of the corner-connected BOg octahedra®, which determine the overlap between O 2p
and B d-orbitals. The B-O-B bond lengths and rotation angles are routinely controlled
by strain engineering through heteroepitaxy, which forms a powerful tool to tune the
properties of ultrathin films. However, the possibilities for mechanical manipulation are
limited by the requirement of a substrate for the epitaxial growth, which could not be cir-
cumvented until recently. On the other hand, a wide variety of mechanical manipulation
techniques are well established for the van der Waals materials, where weak interlayer
bonding enables exfoliation of single- and few-layer films. Owing to their flexibility, low
mass and remarkable strength, these ultrathin materials have proven to be exceptionally
promising for nanomechanical sensing applications [21, 32, 42, 63]. Conversely, the well-
developed field of nanomechanics has established a solid basis for characterising their
thermal and mechanical properties [17, 74, 123]. In a pioneering work, Lu et al. [172]
have shown that epitaxially grown oxide films can be released from the substrate, open-
ing up the possibility of applying these techniques to ultrathin films of complex oxides.

T HE electronic and magnetic properties of complex oxides are very sensitive to lat-

In this chapter, we demonstrate the fabrication and mechanical characterization of
2D mechanical resonators made of single-crystal complex oxide films suspended over
circular cavities. By investigating the temperature dependence of the mechanical prop-
erties of these resonators we detect signatures of phase transitions, and discuss the in-
fluence of ferroelectric domain walls on the mechanical dissipation mechanisms in dif-
ferent temperature regimes.

9.1. FABRICATION OF SRT10; AND SRRUO; NANODRUMS

The fabrication of the SrTiO; (STO) and SrRuO, (SRO) mechanical resonators is de-
scribed in Figure 9.1. To isolate the epitaxial thin film from the STO substrate, a water-
soluble Sr;Al, O, (SAO) layer is first deposited by pulsed laser deposition (see Meth-
ods (9.4)). Figure 9.1a shows the reflection high-energy electron diffraction (RHEED)
intensity of the specular spot during the growth of SAO and STO. Oscillations are ob-
served during the growth of both films, indicating that the growth occurs in layer-by-
layer mode. An atomic force microscopy (AFM) topographic map shows that the STO
film has a step-and-terrace structure, corroborating the growth mode.

To dissolve the sacrificial layer and release the thin film from the substrate, a PDMS
layer is attached to the surface before the entire stack is immersed in deionized water.
After the dissolution of the SAO layer (approximately 1 hour for a 5 x 5 mm? 50 nm-
thick SAO film), the film can be transferred onto other substrates such as Si/SiO, using a
deterministic dry-transfer technique [101]. X-ray diffraction (XRD) measurements show
that the films are of excellent crystalline quality after the release and transfer process.

1The general chemical formula for perovskite materials is ABOj3, where A and B are two cations of very different
sizes (usually A > B) and O are the oxygen atoms.
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Figure 9.1: Sample fabrication and basic characterisation. a, RHEED intensity oscillations during the growth
of Sr3Al, Oy and SrTiO,. Inset: RHEED diffraction pattern (left) and AFM image (right) of the Sr;Al,Og sur-
face. The scale bar is 200 nm. Right: AFM images of the SrTiO4 (top) and StRuOg (bottom) film surfaces.
The scale bar is 1 um. b, X-ray diffraction measurement of a 10 unit cell (u.c.) SrTiO3 film transferred on a
Si/SiO, substrate. Right: rocking curve around the (002) reflection. ¢, Top: Schematics of the transfer of a thin
SrRuOj film onto a pre-patterned Si/SiO, substrate. Bottom: Optical image of a 9 u.c. StRuO; single-crystal
flake on Si/SiO,. The scale bar is 10 um. d, Setup for interferometric displacement detection (VNA: Vector
Network Analyser, PD: Photodiode, LD: Laser Diode, BE: Beam Expander, PBS: Polarised Beam Splitter, CM:
Cold Mirror).
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An XRD measurement of a 10 u.c. STO flake on a Si/SiO, substrate is shown in Fig. 9.1b
(left), where Laue oscillations are clearly visible. Since the film is no longer epitaxial on a
substrate, the rocking curve (right) is a measure of the morphology of the STO film lying
on the SiO,. The small full width at half maximum (FWHM = 0.95°) indicates that the
film lies very flat on the Si/SiO, substrate.

In this chapter the technique is extended by transferring the films of STO and SRO
onto Si/SiO, substrates pre-patterned with circular cavities, demonstrating the feasibil-
ity of creating suspended membranes of complex oxides. The tension applied during
the transfer process is sufficient to obtain a high yield of suspended nanodrums. An op-
tical image of 9 u.c. (h = 3.6 nm) thick SRO drums (2R = 13 um) is shown in Figure 9.1c.
It is remarkable that these materials, much like their van der Waals counterparts, have
the flexibility and tensile strength required to be suspended with aspect ratios exceed-
ing R/h > 1800. The open question is whether these nanodrums can act as mechanical
resonators and whether their motion can be actuated and detected by optical means.

Figure 9.1d shows the measurement setup. The membranes are mounted in the vac-
uum chamber (10~® mbar) of a closed-cycle cryostat with optical access. The readout of
the motion of the suspended nanodrums is performed using a red HeNe laser (A = 632.8
nm). The drum and the silicon underneath form a Fabry-Pérot cavity. The motion of the
drum modulates the intensity of the reflected light, which is measured by a photodiode.
The drums are actuated optothermally, using a blue laser that is coupled into the opti-
cal path via a cold mirror [33, 34]. The readout is performed in a homodyne detection
scheme using a Vector Network Analyser (VNA), simultaneously sweeping the actuation
and detection frequencies.

9.2. MECHANICAL CHARACTERISATION

Figure 9.2 shows the mechanical resonances of several STO and SRO drums. Even though
STO is transparent in the visible range [173], the motion of the drums can still be actu-
ated and measured optically due to the fact that its refractive index is significantly dif-
ferent than the one of vacuum (ngro = 2.39). Figure 9.2a-b shows measurements of two
STO drums, and Figure 9.2d-e of two SRO drums of different diameters. Measurements
in a wider frequency range show that higher order resonances of the drums can also be
detected in both materials. Two examples are shown in Figure 9.2c,f, where up to four
higher harmonics are visible. By taking the ratio of the second harmonic to the funda-
mental mode, we can estimate if the mechanical properties are dictated by the in-plane
tension (ratio 1.59) or if they are dominantly determined by the bending rigidity (ratio
2.09). It can be seen from Figure 9.2c that STO is in a cross-over regime (ratio 1.81), which
is similar to what has been observed in drums of similar dimensions made of MoS, [34]
and TaSe, [36]. On the other hand, the mechanical properties of the SRO drums are al-
most entirely determined by their pre-tension, because fi/ fy = 1.47, which is close to the
theoretical value of 1.59. Statistics on 18 STO drums are included in the Appendix 9.5.1.
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Figure 9.2: Mechanical characterisation of STO and SRO nanodrums. Resonance frequency measurements
0f 20 nm-thick SrTiO; and 10 nm-thick SrRuO4 nanodrums. a-b, Frequency spectra of two SrTiO, drums with
diameters of a: 3 um and b: 4 um. The red lines are linear harmonic oscillator fits. The extracted quality
factors are shown in the top left corners of the panels. ¢, A wide-range frequency spectrum of the drum shown
in b. The positions of the fundamental resonance mode (fp) and the second harmonic (fj) are marked with
vertical dashed lines. d-e, Frequency spectra of two StRuO; drums with diameters of d: 5 ym and e: 13 ym.
The red lines are linear harmonic oscillator fits. The extracted quality factors are shown in the top left corners
of the panels. f, A wide-range frequency spectrum of the drum shown in d. The positions of the fundamental
resonance mode (fy) and the second harmonic (f}) are marked with vertical dashed lines.

9.3. TEMPERATURE DEPENDENCE

It is well established that STO undergoes a number of phase transitions as a function of
temperature. The most studied one is the cubic-to-tetragonal transition (7, = 105 K for
bulk STO), where the STO breaks up into locally ordered tetragonal domains, joined by
ferroelastic domain walls [174, 175]. Having confirmed that the membrane resonators
can be mechanically characterised at room temperature, it is interesting to see if and in
what way their mechanical properties are affected when the material undergoes a phase
transition. Therefore, in Figure 9.3 we present the temperature-dependence of the me-
chanical properties of an STO nanodrum. A total of 14 temperature sweeps are recorded
in different temperature ranges, shown in Appendix 9.5.2. Figure 9.3a shows the reso-
nance frequency of the drum as a function of temperature. The functional dependence
has a parabolic shape, commonly observed in 2D materials [37, 43, 71]. This is usually
ascribed to the difference in thermal expansion coefficients of the membrane and the
substrate, which results in thermally induced tensile stress. Two anomalies are observed
upon warming up: (i) at 165 K there is a clear deviation from the parabolic behaviour
and (ii) fp shows a kink around 30 K (see inset of Figure 9.3a).
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The aforementioned cubic-to-tetragonal phase transition is expected to change the
mechanical properties of the material, owing to elastic softening of the STO due to the
appearance of domain walls [176]. Such a feature, however, is expected around T¢ = 105
K for bulk STO crystals. The low thickness? and thermally induced strain can cause an
elevated transition temperature (compared to bulk) [178] and thus account for the ob-
servation of the phase transition at 165 K instead of 105 K. Additional evidence for an
elevated transition temperature is found from second harmonic generation measure-
ments that show a feature at 157K (see Appendix 9.5.3). A similar deviation in the fo — T
dependence was measured in another sample, also at a temperature much higher than
105 K (see Appendix 9.5.3). In order to establish the temperatures at which this phase
transition occurs, a second harmonic generation measurement was performed (see Ap-
pendix 9.5.4), which shows a feature at around 157 K. The second anomaly at = 30 K may
be related to the the onset of the so-called quantum paraelectricity, as it is usually ac-
companied by an anomaly in the mechanical properties of the material [176, 179-182].
It is worth noting that, although this transition is not structural [180], we still measure its
influence on the resonance frequency.

While these features only lead to small shifts in the resonance frequency, they greatly
impact the measured mechanical dissipation, as shown in Figure 9.3b. To characterize
dissipation we use the quality factor of the resonator, which is extracted from the fre-
quency domain measurements as Q = fo/Af (Af is the full width at half maximum of
the resonance peak). Whereas the resonance frequency is influenced both by the pre-
tension rny and the Young’s modulus E, the quality factor should be strongly dependent
on the intrinsic losses in the material (Q % for E = E; +iE5 [183]). In Figure 9.3b we
show the extracted quality factor for 7 subsequent temperature sweeps. In the temper-
ature regions below 30 K and above 165 K the measurement points fall on top of each
other. At intermediate temperatures, two distinct branches are observed: a low dissipa-
tion branch, traced out by the red data points (belonging to the first two temperature
sweeps, including the one from Figure 9.3a), and a high-dissipation branch traced out
by the blue data points, which correspond to the 5 subsequent temperature sweeps. The
light blue points correspond to measurements taken during cooling down and the red
and dark blue points are measurements taken during warmup. The overlap between
the measurements in both directions implies that there is no correlation between the
dissipation and the direction of the temperature sweep. Moreover, the functional de-
pendence of the resonance frequency on temperature during all 7 measurements re-
mains unchanged (see Appendix 9.5.2), which suggests that the observed effect does not
influence the mechanical stiffness of the nanodrum. While the bottom branch is well-
defined, evidenced by the 5 overlapping measurement sets, the low-dissipation branch
only marks the upper limit of the Q-factor in the measured data. In the Appendix 9.5.2
we show that values of the Q-factor in between the two branches were also measured.
Once the system enters the high-dissipation branch, it needs to be warmed up above the
transition temperature for it to be able to return to the low-dissipation state. Neverthe-
less, the system does not always return to that state (red data points in Figure 9.3b), as

2Even in the case of bulk STO, the transition temperature of the first few layers at its surface is significantly
higher [177].
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Figure 9.3: Temperature dependence of the mechanical properties of a 4 um STO drum. a, Resonance fre-
quency as a function of temperature. The red line is a parabolic fit to the data. The inset shows a zoomed-in
region in the range between 15-40 K. b, Quality factor as a function of temperature for seven measurement
cycles. Two distinct branches are distinguishable in the region between 30-165 K (dashed lines), coloured in
red and blue. The light blue points correspond to cooling cycles. ¢, Quality factor as a function of time at a
constant temperature, taken at the points shown in b.

it often ends up in one of the branches in between (see Figure 9.6). It is worth noting
that switching from a low-dissipation to a high-dissipation branch has been observed
(between runs 2 and 3 at around 80 K, see Appendix 9.5.2), but the opposite could not be
achieved.

The general trend of decreasing dissipation (increasing Q) at lower temperatures is
often observed in 2D materials [37, 43, 153]° and its origin is a subject of ongoing dis-
cussion. A proposed explanation for this effect is the increased in-plane tension which
is known to lower dissipation by increasing the energy stored per vibrational cycle in
nanomechanical structures [36, 154, 156]. On top of this general trend we observe differ-
ent states in the dissipation of the STO drums in the temperature region between 30 and
165 K (this effect has also been observed in another drum, shown in Appendix 9.5.3).
It is well known that below the transition temperature, STO breaks up into tetragonal

3and MEMS [184]
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domains, joined by ferroelastic domain walls [174, 175]. It has been experimentally de-
termined that these domain walls also become polar (ferroelectric) below a temperature
T*, the exact value of which depends largely on the strain in the film [185-187]. Fur-
thermore, after a minimum amount of polarity is accumulated in the domain walls they
become highly mobile [187] and their motion has been linked to increased mechanical
dissipation in STO [186].

In this context, we can speculate on possible explanations for the presence of two (or
more) Q(T) branches in the intermediate temperature range (30 - 165 K). We discuss two
different scenarios, both based on the assumption that the nature of polarity of domains
and domain walls in the STO membranes as a function of temperature is not substan-
tially different than in the case of bulk STO. In the first scenario, the dissipation that the
system exhibits is related to the polarity of the domain walls. As the temperature drops,
domain walls gradually start to become ferroelectric. When a critical polarity is accu-
mulated in the domain walls, they become mobile and introduce significant dissipation
(blue data points in Figure 9.3b). The other branches belong to states of the STO where
only some of the domain walls are polar and mobile, which manifests itself as lower
mechanical dissipation. Below 40 K, all the domain walls become polar [187], and all
measurement points fall on top of each other. This scenario would also enable sudden
switching from a low dissipation to a high dissipation state, as polarity of the domain
walls can be induced by dynamic strain [185]. Even a slight change of the position of the
actuation laser (for example, due to mechanical drift) could result in a higher actuation
efficiency and, therefore, a higher vibrational amplitude. When the resonator reaches a
critical amplitude (i.e. a critical dynamic strain), all domain walls become polar and the
system switches to the low Q branch. The polarity of the domain walls is then preserved
up to the transition temperature, which is why, once the system enters this state, it needs
to be thermally cycled above T; to be able to return to one of the other branches. The
resonance frequency of the membrane is not susceptible to this effect, as the polarity of
the domain walls mainly influences the losses in the material.

The second scenario for explaining the Q(T) branches is related to the configuration,
i.e., spatial distribution of domain walls upon cooling down below the transition tem-
perature. This is assuming that the amount of accumulated polarity in the domain walls
as a function of temperature has the same functional dependence for all the measured
curves. One manifestation of the effect of the domain configuration on the dissipation
state can be the exact location of the domain walls. The motion of the drum causes a
high concentration of dynamic stress at its circular edge. If the domain walls are accu-
mulated at this edge of the drum, the high stress can result in switching of the polarity
of the walls, which will drastically increase dissipation (blue data points in Figure 9.3b).
Conversely, if the domain walls are randomly occupying the surface of the drum, the
stress-induced switching would be less efficient, resulting in lower dissipation. Another
manifestation of this scenario would be the location-dependent mobility of the domain
walls. Previous works have reported that crossing of domain walls can result in pinning
sites that hinder their propagation in the material, which results in "jamming" of the do-
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mains [188]. Under this assumption, if these pinning cites are located in the proximity
of the drum’s centre, it would be easier for the domain walls to move radially, resulting
in higher dissipation (blue data points in Figure 9.3b). Any other configuration would
result in a lower dissipation, or a higher quality factor (upper branches of Q).

In Figure 9.3c we show the time dependence of the measured quality factor at three
different temperatures, indicated as A-C in Figure 9.3b. The standard deviation of the
dissipation over time at low temperatures (point A) is 11 %, almost a factor of 2 higher
than the scatter at higher temperatures, regardless of the dissipation state of the system
in the intermediate regime (points B and C). This phenomenon is consistent with both
scenarios, as the measured scatter of the quality factor at low temperatures can be ex-
plained by the erratic movement of the domain walls at low temperatures [188].

Finally, in Figure 9.4 we show the measured amplitude at resonance, normalised to
the dc voltage measured by the photodiode. This normalisation ensures that changes
in the optical properties of the STO at A = 632.8 nm (the wavelength of the measure-
ment laser) do not influence the extracted amplitude. The amplitude at resonance de-
creases with increasing temperature, which can be explained by the significant decrease
in the quality factor, because | Aly=w, = (f%—%, where F is the driving force, wy is the nat-

ural frequency and m is the effective mass of the resonator. Interestingly, only the mea-
surement points that belong to the high-dissipation branch (blue points in Figures 9.3b
and 9.4) exhibit a large peak at around 34 K. This is counterintuitive, because, as the res-
onance frequency at a given temperature does not depend on the dissipation state of
the system, one would expect that a lower quality factor (blue data points) should re-
sult in a lower amplitude. The only possible explanation is that, when the system is in
the low Q branch, the driving force F (or the actuation efficiency) becomes larger, and
this increase in actuation efficiency is much greater than the decrease in the Q-factor.
The increased actuation efficiency cannot be caused by a change in the absorption of
STO at A = 405 nm, which is constant as a function of temperature in the measured
range [189]. Therefore, the remaining interpretation is that the cause of the increased
driving efficiency is a change in the thermal properties of the material (thermal expan-
sion coefficient, heat conductivity, etc.). The so-called Debye term (Cp/ T3, where Cpis
the specific heat of the material), which is also closely related to the thermal expansion
of the material () [190], has been measured to peak at around 30 K [191]. The width of
the peak in Cp/ T3 [191] is also consistent with the width of the amplitude peak in our
measurements (blue curve in Figure 9.4), which means that the change in the thermal
properties is likely the underlying reason for the increase in actuation efficiency. Nev-
ertheless, the absence of the peak in all the other traces is challenging to explain within
any of the thus far proposed scenarios.

A macroscopic interpretation of both the different dissipation states and the peak in
vibrational amplitude could involve the strong dependence of the imaginary part of the
Young’s modulus (E») on the static and dynamic stress. In the work of Kityk et al. [176]
the temperature dependence of E; as a function of both static in-plane and out-of-plane
load and low-frequency dynamic load is measured. It is shown that in the temperature
region between 25 K and 45 K the material shows a nonlinear elastic behaviour, where
the losses increase with increasing dynamic load. In this framework, the results from
Figures 9.3 and 9.4 could be interpreted as follows. The vibrational amplitude is coupled
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Figure 9.4: Normalized motion amplitude at resonance for the data from Figure 9.3c. The y-axis shows
the resonance peak amplitude divided by the dc voltage on the photodiode to compensate for changes in the
reflectivity of the sample.

to the mechanical losses of the drum. Around 30 K, the system enters a metastable state,
where depending on the initial conditions, it can either enter a high-amplitude state
which results in high dissipation, or a low-amplitude state, which results in lower dis-
sipation. Two effects cannot be incorporated in this explanation, namely, the existence
of multiple low dissipation branches (whereas the amplitude seems to exhibit only two,
see Figure 9.6) and the fact that the system gets "locked" in the low dissipation branch,
despite the thermal cycling between 5 and 165 K (upon warming up above 30 K, occupa-
tion of either state should be possible, despite the measurement history). The ultimate
explanation probably lies in a combination of two or more of the proposed mechanisms.

In conclusion, we demonstrated the fabrication of ultrathin mechanical resonators
made of epitaxially grown STO and SRO films. Using laser interferometry, we mechani-
cally characterized the nanodrums and showed that they can be used as nanomechani-
cal devices, much like drums made of van-der-Waals materials [33-38]. The temperature
dependence of the resonance frequency of STO drums showed clear anomalies at 30 K
and at 165 K which we ascribed to the onset of quantum paraelectricity and the cubic-
to-tetragonal phase transition of STO respectively. These have an even stronger effect on
the dissipation in this intermediate temperature range, exhibiting different dissipation
regimes, for which we proposed several explanations based on the polarity and/or con-
figuration of the domain walls in the film. We hereby show that ultrathin complex oxide
resonators can be used to probe the intricate changes in the material and gain more in-
sight in the domain wall physics when it undergoes a phase transition. This work makes
important contributions to two fields: (i) to the field of complex oxides it adds a new tool
to probe their mechanical properties, which are often strongly coupled to their structural
order parameters; (ii) to the field of nanomechanics it adds a plethora of new materials
with exotic properties that can be engineered by PLD growth techniques, e.g., by grow-
ing epitaxial multilayer heterostructures, something that is not easily achieveable with
van der Waals materials. These materials can be used in self-transducing mechanical de-
vices, suspended optical modulators, biomorphic actuators and novel thermomechani-
cal and piezoelectric sensing concepts.
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9.4. METHODS

Sr;Al, O, SrTiO,, and SrRuO, films were grown by pulsed laser deposition on TiO,-
terminated SrTiO,(001) substrates. The pulses were supplied by a KrF excimer laser and
the substrate was mounted using two clamps and heated by an infrared laser. Sr;AL,Og
and SrTiO; were deposited using a laser fluence of 1.2]/ cm?, a substrate temperature of
850°C and an oxygen pressure of 1075 mbar. SrRuO, was deposited at 600°C, with a flu-
ence of 1.1J/cm? and an oxygen pressure of 0.1 mbar. The growth occurred in layer-by-
layer mode for Sr;Al,O, and SrTiO,, while SrRuO; was grown in step-flow mode. After
the deposition, the heterostructures were annealed for one hour at 600°C in 300 mbar
0,, and cooled down in the same atmosphere.

The thin films were released by adhering a polydimethylsiloxane (PDMS) layer to the
film surface and immersing the stack in water. Dissolution of a 50 nm Sr;Al, O, layer
was found to take approximately 60 minutes. After releasing the substrate, the PDMS
layer with the thin film was dried using dry N,. The SrTiO; and SrRuO, films were
transferred onto pre-patterned Si/285 nm SiO,, substrates using an all-dry deterministic
transfer technique [101]. The crystallinity of the thin films before and after their release
was investigated by X-ray diffraction (see Fig. 9.1b).
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9.5. APPENDIX

9.5.1. STATISTICS OF SRTIO; NANODRUMS

In Figure 9.5 we show statistical data of eleven 3-um and seven 4-um drums measured
atroom temperature and at 4.4 K. In all the drums we see a drastic increase in the quality
factor atlow temperatures: an average of 75-fold increase in the 3-um drums and 88-fold
increase in the 4-um drums. The resonance frequency is affected more strongly in the
4-pum drums, which is expected, because for larger drums the pre-tension has a stronger
influence on the dynamic behaviour.
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Figure 9.5: Statistical comparison of many STO drums between room- and low-temperature. Histograms of

the resonance frequencies of a, 3 um and ¢, 4 yum STO drums. Histograms of the quality factor of b, 3 yum and
m d, 4 pm STO drums.
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9.5.2. MAIN DEVICE FULL DATASET

Figure 9.6 shows the full measurement set for the device shown in Figure 9.3, comprising
of 14 runs. Figure 9.6d shows the derivative of the resonance frequency with respect to
temperature, which is flat below 30 K and shows a change in slope above 150 K (illus-
trated by the dashed blue line in Figure 9.6d).
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Figure 9.6: Temperature dependence for the STO drum from Figure 3 in the main text for all 14 runs. a,
Resonance frequency, b, Q-factor, ¢, Normalised peak amplitude and d, dfp/dT vs. temperature. The mea-
surement sequence is given above. The dashed blue line in d is a guide to the eye.
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9.5.3. OTHER DEVICES

Temperature dependent measurements were performed on two additional STO drums
(20 nm thick, 4 ym in diameter), shown in Figure 9.7. Drum 2 shows a deviation of the
parabolic behaviour of the resonance frequency (Figure 9.7a), similar to the one shown
in Figure 9.3, but at a lower temperature. Both samples show anomalies around 30 K,
as shown in the insets of Figure 9.7a-b. The Q-factor of drum 3 also shows two distinct
dissipation branches for the two temperature sweeps, plotted in different colours in Fig-
ure 9.7b,d,f. The low Q branch is, as in the case for the main device, accompanied by
an increase in the vibrational amplitude, as can be seen in Figure 9.7f. It is important
to point out that the amplitude plotted in Figure 9.7e-f is not normalised with respect
to the photodiode voltage, so any effects stemming from changes in the optical proper-
ties of the material for the wavelength of the measurement laser (A = 632.8 nm) are not
compensated in these plots.
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Figure 9.7: Temperature dependence for two other STO drums. Resonance frequency vs. temperature for a,
drum 2 and b, drum 3. The red curve in a is a parabolic fit to the data. The insets show a zoomed-in region
around 30 K. Q-factor vs. temperature for ¢, drum 2 and d, drum 3. Peak amplitude (not normalised) vs.
temperature for e, drum 2 and f, drum 3.

9.5.4. SECOND HARMONIC GENERATION

A second harmonic generation (SHG) measurement was performed on the Si/SiO, sam-
ple with the 20 nm thick STO film transferred on top. The measurement area is de-
termined by the laser spot size in the setup, which is estimated to be around 100 ym.
The measurements were taken during cooldown (blue curve in Figure 9.8) and during
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warmup (orange curve in Figure 9.8). The measurements show two features, one at 105
K, which corresponds to the transition temperature of bulk STO (potentially stemming
from regions with multiple STO flakes stacked on top of each other), and another one at
157 K.

550 |
500 |
450 &

400

SHG, p, - Pou (HV)

350

300 . .
0 100 200 280

Figure 9.8: SHG signal from the STO film. SHG signal using a pj, — pout beam configuration taken while
warming up (orange) and cooling down (blue).

9.5.5. PEAK-FORCE ATOMIC FORCE MICROSCOPY

In Figure 9.9 we use peak-force atomic force microscopy (AFM) to extract the pre-tension
and the Young’s modulus of the STO drum shown in Figure 9.2b. The resonance fre-
quency in the cross-over regime can be approximated as [34]:

— 2 2
fo= \/fO,membrane + 0,plate 9.1)

where fo membrane = %\/ Z_;), and foplate = _107.,21 1/ —3p(1E—v2) % Using the numbers ob-
tained from Figure 9.9, we get fy = 19.4 MHz, similar to the measured value for the same
drum (see Figure 9.2b).
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Figure 9.9: Peak-force AFM of a suspended 4 m STO drum. a, Height profile. b Force-deflection curve taken
in the centre of the drum. The red line is the fitted model, from which the Young’s modulus and pre-tension
are extracted.
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CONCLUSIONS AND OUTLOOK

In this chapter, we give a brief overview of the entire thesis together with an outlook on
how these findings could be integrated into new devices or serve as a platform for studying
novel fundamental aspects in a wide class of 2D materials.

125
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membranes made of these layered materials and gave an overview on how they

could be implemented into NEMS devices. We also underlined some aspects of
the physics of 2D membranes that were still not fully understood and some technological
issues that were not resolved. In this chapter, we will look back and try to connect all the
chapters in one whole, explain how the solution to one problem led to a new device, how
that new device shed some light on an underlying physical phenomenon and how this
physical phenomenon helped us solve another problem. In this process, we will try give
answers to some of the questions that were posed at the beginning, many of which will
be new questions altogether.

WE started with a broad introduction of the topic of 2D materials, we looked into

In Chapter 2 we laid out the basics on the dynamics of nanomechanical resonators.
Part of it described the 2D membranes in the framework of the ubiquitous linear har-
monic oscillator model, while in the second half we focused on describing a way of re-
lating the nonlinear dynamics of the membranes to their material properties. Chapter 3
described most of the methods that we use for measurements, data processing and fab-
rication, our scientific arsenal.

In the Chapters 4 and 5 our main focus was on characterisation of 2D materials, in
particular graphene and MoS,. In Chapter 4, we image the vibrational mode shapes of a
few-layer graphene membrane to discover that they are not exactly what one would ex-
pect them to be. By optimising the cavity depth and automatising the stage motion, we
could image eight vibrational mode shapes of the nanodrum, with a lateral resolution of
140 nm [97]. The displacement sensitivity was sufficient to also image the thermal mo-
tion of the first three resonance modes. Whereas some of the mode shapes resembled
closely the ones expected from theory, others showed weak correspondence to their the-
oretical counterparts. We ascribed this discrepancy to morphological imperfections of
the nanodrum: AFM measurements showed a small wrinkle at its edge. What was really
astonishing was that we could put in the exact location of the wrinkle in a finite-elements
model, add uniaxial tension along the wrinkle and get an almost exact match of the sim-
ulated mode shapes to the measured ones. This was not only true for the vibrational
shapes but also for the frequencies of almost all higher harmonics.

It is rather clear that these wrinkles arise from the transfer process of 2D materials:
this is an aspect of the field that requires a lot of improvement. It is currently performed
manually, in an unreliable, non-reproducible way, which means that wrinkles will likely
be an ominous phenomenon in these devices until the transfer process is standardised.
The bad news is that, taking this into consideration, it would be challenging to use 2D
membranes as mass sensors due to two main issues: (i) the morphology of the mem-
brane slightly changes the effective mass of each vibrational mode, which would ham-
per the mass resolution of the device and (ii) due to the distorted mode shapes, it would
be very challenging to use 2D nanodrums as inertial imaging devices, a neat concept
proposed in Ref. [115], where the authors develop a theoretical framework to predict the
exact shape and mass distribution of adhered particles based on the vibrational mode
shapes. The good news is that the conclusion that the vibrational shapes can be directly
related to a wrinkle opens up a new research route. With an accurate model, one could
extract the exact morphology of the drum from its vibrational mode shapes. Or what
would be even more exciting to see is if, from a single frequency spectrum (the discrep-
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ancies between the positions of the peaks and the expected theoretical values), one can
deduce the position of a wrinkle by using its distance to the centre as a single fit param-
eter. This would enable a priori knowledge of the morphology that can be later used to
predict the dynamic behaviour of the membrane.

The issue with the transfer-induced wrinkles did not stop us from trying: one of the
motivations behind the heaters described in Chapter 7 was to see if we could iron them
out. It turned out that using biaxial tension this was not possible: instead of ironing
out the membrane, the in-plane tension just promoted the creation of a wrinkle. It is
mathematically impossible to do this in a circular geometry: the wrinkle "has nowhere
to go", to put it in layman’s terms’.

Morphological imperfections are very likely the reason for the large spread in re-
ported values for the mechanical properties of 2D materials [17, 25, 58, 130]. It has been
shown that wrinkles and ripples affect the observed (effective) mechanical properties of
2D materials [103, 129, 143, 162]. This was the motivation behind the work presented
in Chapter 2 and Chapter 5, in which we introduced a method to probe the mechanical
properties in a non-invasive way: using their nonlinear dynamic response [123]. This is
a valuable addition to the exhaustive theoretical work on nanomechanics of 2D mate-
rials [17, 66-68], because we can now measure the Young’s modulus of 2D nanodrums
at high frequencies in a non-invasive manner. Despite these efforts, one question still
remains: are we probing the Young’s modulus or the Poisson’s ratio? There is, to-date, no
systematic way to measure these two mechanical properties independently: one needs
to assume a Poisson’s ratio to extract a Young’s modulus.

It has been theoretically predicted that some 2D materials, like MoS, have intrin-
sic nonlinear dissipation mechanisms [192]. It would be interesting to see whether, by
performing a statistical study on many MoS, nanodrums, we could measure different
Young’s moduli using the static (AFM) and the dynamic method and then use this ex-
tract the viscoelasticity of the material.

This brings us to damping: how much of the (high) dissipation of 2D resonators can
be ascribed to intrinsic losses? Dissipation is a burning question in the field of 2D res-
onators. The generally accepted theory is that the main source of losses are the clamp-
ing points, backed up by a study by Rieger et al. [76]. A curious phenomenon is observed
when cooling down the resonators: the resonance frequency increases, which is ascribed
to the difference in thermal expansion coefficients between the 2D material and the SiO,
or metallic cavity. However, the net stress upon cooling always seems to be tensile, re-
gardless of the material and its thermal expansion coefficient [37, 43, 71, 153]. Moreover,
the increase in fy was always accompanied by an increase in the quality factor, which
is again attributed to thermally-induced tensile stress [43, 71]. In Chapter 7 we tried to
mimic this effect at room temperature by constructing a heater ring on top of which a
graphene flake would be suspended. Now, contrary to the usual approach of applying
tension via an out-of-plane electrostatic force, we were finally able to apply tension in-
plane electrothermally, by running a current through the heater. The result? Both the
frequency and quality factor increase. Where is the catch? Are we doomed to have low

1This result might be counter-intuitive, but it can be reproduced by suspending a thin plastic bag over a paper
cup. Just push gently with a finger at the edge of the cup and then try to stretch the bag in all directions. You
will see that instead of ironing out the small wrinkle that you created, you are just making it bigger.
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Figure 10.1: Measurements on a multilayer MoS, membrane suspended on a heater ring. a, Resonance
frequency and b, quality factor as a function of heater power.

quality factors at room temperature? Does it have to do with the fact that the flakes are
usually transferred at room temperature? Is it a pure tensile effect or is it related to the
fact that in-plane tension also reduces membrane slack? There is still no clear evidence
as to which of the dissipation routes prevails and how dissipation at room temperature
can be reduced.

An interesting observation is that when we replace the graphene with MoS,, which
has a high positive thermal expansion coefficient, we observe the opposite effect (see
Figure 10.1). Both the frequency and the quality factor show a sharp decline, reach a
minimum and then slowly start to rise. This is indicative of buckling [193], which is an
interesting topic by itself. Around the buckling point (minima in Figure 10.1a-b), the sys-
tem is metastable: the compressive stress forces the membrane to bulge either upwards
or downwards. By raising the effective temperature of the system, one could promote
switching between these two states, similar to works on MEMS devices [194]. The ad-
vantage of using 2D materials is that, due to their size, the energy scales required to
do so are much lower. Therefore, switching can be potentially achieved at room tem-
perature and, in combination with electrostatic tuning, can be used to measure some
fundamental concepts of the physics of information, like the Landauer limit [195].

Another attractive point of the heater device shown in Chapter 7 is that it allows for
electrothermal actuation, by dynamic modulation of the tension in the suspended drum.
This can be used to excite the motion of 2D resonators parametrically, similarly to what
was reported using an optothermal drive [196]. The heater is advantageous because it
eliminates optical backaction effects from the driving laser [113].

In terms of device fabrication, the paramount achievement was the process flow
shown in Chapter 6, which enabled us to fabricate devices on an insulating quartz sub-
strate. Another strong point was the usage of spin-on-glass as a dielectric, which pro-
vided an extremely smooth interface between the top and bottom electrode. The para-
sitic capacitance in these devices was in the order of 500 fE sufficient to allow detection
of capacitance changes down to a few tens of attoFarads. Using this device, we demon-
strated capacitive readout and pressure sensing using a single graphene drum [58]. The
measurement was successfully repeated with a cheap (10 euros) AD7746 capacitance-
to-digital converter, which proved that such devices can be used in a combination with
integrated readout circuits. An unresolved issue is the drift in the measured capacitance,
that also hampered the measurement of gas permeation using the same method.
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Figure 10.2: Optical image of an electrical readout chip for dynamic capacitive detection at room tempera-
ture. The inset shows a zoom-in of the device.

We also tried to extend this idea to a dynamic capacitive readout circuit (see Fig-
ure 10.2) employing the same process flow from Chapter 6 in order to get closed cavities.
The concept is rather simple: two 50 Q) transmission lines are coupled by a suspended
2D membrane, which acts as a coupling capacitor. The fabrication is done on quartz, to
minimize the parasitic capacitance of the electrodes. The motion of the suspended drum
would modulate a GHz carrier signal sent through one of the transmission lines, which
will get demodulated at the other side. In interest of time, this readout scheme was not
fully explored. It would be, nevertheless, interesting to see if a hermetically sealed nan-
odrum could be read out capacitively. This would solve many annoying issues of laser
heating, photothermal backaction and drift and would pave the way towards on-chip
integration of resonant tension-induced pressure sensors.

Full hermeticity using a single-layer membrane has still not been achieved. This is
partly because, even at permeation rates of 10726 molPa~'s™!, the cavity volumes are so
small that gas leaks out within 24-48 hours. A way to seal the cavities better (e.g., by
using a metallic clamping ring) would at least eliminate one possible culprit for the poor
hermeticity of 2D membranes: the membrane-substrate interface.

The fabrication process developed in Chapter 6, however, turned out to be very fruit-
ful for experimenting in terms of the design freedom it offered. Using the same pro-
cess, we fabricated individually addressable cavities coupled by a trench. By transferring
graphene on top, we could seal these cavities and couple the two graphene drums pneu-
matically. This, together with a simplified model of the behaviour of these graphene gas
pumps was described in Chapter 8. The advantage that this system offers is not only
that that low mass and flexibility of graphene provide good pumping efficiency, but also
in the fact that graphene’s porosity can be easily modified, so one can envision nanosy-
ringes based on porous graphene pumps. Such systems could be used for translocation
of, e.g. denatured proteins, composed of amino acids of different polarities. The pump
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concept can also be used in the absence of pneumatic actuation, as two individually-
tunable resonators coupled through a graphene trench. This is useful for fundamental
studies, like coherent phonon manipulation [197], but also for measuring the mechani-
cal impedance of graphene ribbons.

Finally, in Chapter 9 we looked into a completely new kind of nanodrum resonators
- ones made of complex oxides. The ability to grow these materials epitaxially and then
release the ultra-thin films in water was just too tempting. We made tens of resonators
of STO and SRO, described in Chapter 9 and we managed to get nanodrums of up to
21 pum in diameter with surprisingly high yield. The dynamic characterisation was fo-
cused on the STO, since it is famous for undergoing a couple of phase transitions, which
significantly influence its properties [198-201]. Despite STO being fully transparent, we
could successfully actuate and measure the drums optically. The temperature depen-
dence of their mechanical resonance frequency showed discontinuities, which we as-
cribe to structural phase transitions in the STO. The quality factor, on the other hand,
showed two distinct branches in the range between 30-165 K, which we speculate to
be connected to the polarity and/or the configuration of domains and domain walls in
the nanodrums. This study, even though not fully completed, suggests that ultra-thin
complex oxide membranes can be used to probe the intricate changes in these materials
when they undergo a phase transition. It is also a valuable expansion of the palette of
ultra-thin materials with exotic properties that can be used in future NEM system:s.

Finally, a short disclaimer on the title. After reading the thesis, the reader might feel
deceived with the exact wording used in the title: "two-dimensional". By convention,
a two-dimensional material is a single layer of a van-der-Waals material. By now the
reader might have noticed that throughout the entire thesis only a single measurement
has been presented on a monolayer graphene device (Chapter 4). Is the title a lie? Well,
not exactly. Technically, there are no conclusive studies showing that the mechanical
properties (Young’s modulus, Poisson’s ratio) of thicker flakes differ from the single- or
10-layer case. It is, of course, always better to work with single-layer materials, as this
makes the study more credible and relevant, especially when characterising the mate-
rials, as we did in Chapters 4, 5 and 7. Exfoliating and transferring these monolayers,
on the other hand, is a very time-consuming process which requires a lot of patience.
The alternative is using CVD-grown monolayers, which are, again, not always represen-
tative of the naturally occurring materials as CVD growth often comes at the cost of qual-
ity [54]. Instead of doing that, we chose to focus on novel methods, concepts and devices,
which we hope to prove useful for future advancements of the field of 2D nanomechan-
ics. Which one(s) will eventually turn out to be the most useful, we have to wait and
see.
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