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Summary

This thesis encompasses both applied and fundamental studies of suspended van
der Waals materials. Chapters 1 and 2 give an introduction to the field of 2D mate-
rials and some of the critical methods which facilitate the study of the suspended
structures. In Chapters 3 and 4 we focus on the applications of graphene in baro-
metric pressure sensors and develop a technique to improve their performance by
hermetically sealing them. In Chapters 5 and 6 we use the mechanical resonance
as a probe to study the magnetic and electronic phase transitions of suspended van
der Waals materials.

Chapter 1 provides an overview of the field of 2D materials, complex oxides and
microelectromechanical systems (MEMS) and discusses our motivation to combine
these concepts together in an interdisciplinary field of nanomechanics.

Chapter 2 deals with various techniques used throughout the thesis. It starts
with the nano fabrication of devices consisting of cavities and electrodes then to
the exfoliation and transfer of 2D materials. In the case of complex oxides, pulsed
laser deposition and the technique to release the films after epitaxy are discussed.

Chapter 3 and Chapter 4 focus on the application of graphene membranes in the
next generation barometric pressure sensors. Chapter 3 deals with the massively
parallel graphene drums used to capacitively measure the changes in the ambient
pressure. This work demonstrates that graphene pressure sensors can already out-
perform the best silicon based capacitive pressure sensors on the market even with
a with a sub-optimal yield of sealed cavities. In Chapter 4 we address the issue of
low hermeticity in graphene drums by studying the pathways through which gases
permeate. A novel sealing technique is presented which involves the deposition
of additional SiO, along the edge of exfoliated graphene. After sealing we see an
increase of hermeticity by four orders of magnitude. By combining sealing tech-
niques with the graphene based capacitive pressure sensors from Chapter 3, we
expect that the long-term stability of the sensors can be significantly improved.

Chapter 5 and Chapter 6 demonstrate that temperature dependent measure-
ments of the nanomechanical resonance frequency of suspended 2D materials can
be a powerful method for studying phase transitions. In Chapter 5 we show that
both magnetic and electronic phase transitions can be probed by the tempera-
ture dependent nanomechanical resonance which has an anomaly as a result of
the discontinuities in the thermodynamic properties. After establishing the basis
of phase transitions, we focus on the charge density wave transitions in Chapter 6.
First, the charge density wave transitions in archetypal systems 2H-TaS, and 2H-
TaSe, are studied in their pristine states. Then the effect of disorder on the charge
density wave transition temperature of 2H-TaS, is investigated. By comparing the
nanomechanics before and after prolonged exposure to ambient air, we discovered

ix



X Summary

that degradation caused by air can enhance the transition temperature by more
than 50 K.

Chapter 7 is a collection of preliminary results from currently on-going projects.
These projects include piezoelectric actuators based on suspended single crystal
BaTiOs3, curvature dependent anomalous Hall effect in suspended single crystal Sr-
RuOj3 and superconducting microbridges made of 2H-TaS,. Finally we conclude
with Chapter 8 which summarizes the findings in this thesis.



Samenvatting

Dit proefschrift omvat zowel toegepaste als fundamentele onderzoeken van gesus-
pendeerde van der Waals-materialen. Hoofdstukken 1 en 2 geven een inleiding in
het vakgebied van 2D materialen en een aantal van de essentiéle technieken die
de studie van gesuspendeerde structuren mogelijk maken. In Hoofdstukken 3 en 4
spitsen we ons toe op de toepassingen van grafeen in barometrische druksensoren
en ontwikkelen we een techniek om hun prestaties te verbeteren door ze herme-
tisch af te dichten. In Hoofdstukken 5 en 6 gebruiken we de mechanische reso-
nantie als meetinstrument voor magnetische en elektronische faseovergangen van
gesuspendeerde van der Waals-materialen.

Hoofdstuk 1 verschaft een overzicht van het vakgebied van 2D materialen, com-
plexe oxiden en micro-elektromechanische systemen (MEMS) en bespreekt onze
drijfveer om deze concepten te combineren in een interdisciplinair vakgebied van
de nanomechanica.

Hoofdstuk 2 beschrijft de verscheidene technieken die gebruikt zijn dit proef-
schrift. Het begint met de nanofabricage van apparaten bestaande uit holtes en
elektroden en daarna de exfoliatie en overdracht van 2D-materialen. In het geval
van complexe oxiden, wordt gepulseerde-laser depositie en de techniek om de films
na epitaxie los te weken besproken.

Hoofdstuk 3 en Hoofdstuk 4 spitsen zich toe op de toepassing van grafeen mem-
branen in de volgende generatie barometrische druksensoren. Hoofdstuk 3 behan-
delt de massaal parallelle grafeen nanotrommels die gebruikt worden om capacitief
de veranderingen in de omgevingsdruk te meten. Dit werk toont aan dat grafeen
druksensoren nu al de beste op silicium gebaseerde capacitieve druksensoren op
de markt kunnen overtreffen, zelfs met een suboptimale opbrengst van afgedichte
holtes. In Hoofdstuk 4 pakken we het probleem van lage hermeticiteit in grafeen
nanotrommels aan door de paden waardoor gassen permeéren te bestuderen. Een
nieuwe afdichtingstechniek wordt gepresenteerd welke betrekking heeft op de de-
positie van aanvullend SiO, langs de rand van geéxfolieerd grafeen. Na afdich-
ting zien we een toename van de hermeticiteit van vier ordes van grootte. Door
de afdichtingstechniek te combineren met de op grafeen gebaseerde capacitieve
druksensoren uit Hoofdstuk 3, verwachten we dat de langetermijn stabiliteit van
de sensoren significant kan worden verbeterd.

Hoofdstuk 5 en Hoofdstuk 6 tonen aan dat de temperatuurafhankelijke meting
van de nanomechanische resonantiefrequentie van gesuspendeerde 2D materia-
len een krachtige methode kan zijn voor het bestuderen van faseovergangen. In
Hoofdstuk 5 laten we zien dat zowel magnetische als elektronische faseovergan-
gen gemeten kunnen worden door de temperatuurafhankelijke nanomechanische
resonantie, welke een anomalie heeft ten gevolge van de discontinuiteiten in de
thermodynamische eigenschappen. Na het vaststellen van de oorsprong van fase-
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overgangen, spitsen we ons in Hoofdstuk 6 toe op de overgangen van ladingsdicht-
heidsgolven. Als eerst wordt de overgangstemperatuur van de ladingsdichtheids-
golven in de modelsystemen 2H-TaS; en 2H-TaSe; bestudeerd in hun ongerepte
toestand. Daarna wordt het effect van wanorde op de overgangstemperatuur van
de ladingsdichtheidsgolf onderzocht. Door de nanomechanische eigenschappen
voor en na langdurige blootstelling aan omgevingslucht te vergelijken, ontdekten
we dat verval veroorzaakt door lucht de overgangstemperatuur met meer dan 50 K
kan verhogen.

Hoofdstuk 7 is een verzameling van voorlopige resultaten van lopende projec-
ten. Deze projecten omvatten piezoelektrische aandrijvers gebaseerd op gesuspen-
deerd mono-kristallijn BaTiO3, het krommingsafhankelijk anomalous Hall-effect
in gesuspendeerd monokristallijn StTRuOz en supergeleidende microbruggen be-
staande uit 2H-TaS,. Tot slot sluiten we af met Hoofdstuk 8, wat de bevindingen in
dit proefschrift samenvat.









Introduction

In this chapter we give an introduction to 2D materials and microelectromechanical
systems (MEMS). 2D materials are attractive alternatives to Si in MEMS sensors and
MEMS are becoming a versatile platform to study the properties of 2D materials.



4 1. Introduction

1.1. Graphene

Until the discovery of graphene in 2004 by Novoselov and Geim [1], the term “2D
materials” often referred to 3D systems that host 2D electron gas (2DEG) such as
LaAlO3/SrTiO3 (LAO/STO) [2], silicon [3] and GaAs/AlGaAs [4]. In graphene, a true
2D material composed of a single layer of carbon atoms arranged in a hexagonal lat-
tice, both crystal lattice and charge carriers are defined as 2D. Graphene is a single
atomic layer isolated from its bulk counter part, graphite (Fig. 1.1). Graphene was
first isolated in 2004 through mechanical exfoliation using Scotch tape. Since then,
many thousands of other 2D materials have been discovered both experimentally
and computationally [5-14]. In this thesis, graphene is employed in an application
thanks to its scalability and its mechanical and electronic properties while other
2D materials such as FePSz and 2H-TaS, are investigated in fundamental studies.

Graphite Graphene

000090 B
000090 A
00000 B
000090 ~ 00000 A

& 1

Figure 1.1: Cross sectional (top) and bird’s eye view (bottom) illustrations of graphite (left) and graphene
(right). Naturally occurring graphite consists of repeating AB stacked bilayers. Graphene is an isolated
single layer from graphite.

Graphene boasts some exceptional properties. It is among the strongest ma-
terials with a Young’s modulus of 1 TPa [15], has a flat 2.3 % optical absorption
in the visible range [16], extremely high thermal conductivity [17], carrier mobil-
ity of up to 3 x 10° cm?/V-s [18], relativistically fast massless fermions [1] and is
impermeable to all gasses [19-21]. These properties make graphene an attractive
material for the development of next generation consumer microelectromechani-
cal devices. Now that the growth of monolayer graphene in large scale is realized
in both roll-to-roll productions using copper foils [22, 23] and directly on wafers
[24-27] graphene based devices are one step closer to commercialization.
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Figure 1.2: Examples of van der Waals with different ground states (figure adapted from [28]).

1.2. Other 2D materials

Since the discovery of graphene, many thousands of other 2D materials have been
discovered [5—-14]. This collection of 2D materials now encompass many of the elec-
tronic and magnetic ground states of condensed matter (Fig. 1.2) such as supercon-
ductivity, topological insulator and (anti)ferromagnetism. Fundamental studies of
some of these phases of matter are conducted in the later half of the thesis, namely
the phase transitions of antiferromagnetism and charge density waves.

1.2.1. Phase transition

Many 2D materials such as those studied in this thesis exhibit phase transitions.
Phase transitions such as water turning into ice when cooled down below the crit-
ical temperature T can be described by Landau’s theory of phase transitions [29].
The order of phase transitions are defined by the order of the derivative of the free
energy F at which the parameter becomes discontinuous. For the first order phase
transitions such as the solidification of water into ice, the discontinuity occurs in
the entropy, the first derivative of the free energy (S = g_z; Ip)- In second order phase
transitions such as the magnetic transitions or superconducting transitions, the
discontinuity occurs in the specific heat cp, the second order derivative of the free
energy (cp = —g% Ip). Differences between the first and second order phase transi-
tions in F, S and ¢p are shown in Fig. 1.3.

The phase transitions discussed in this thesis are paramagnetic to antiferro-
magnetic transitions and normal metal to charge density wave transitions which
are both second order phase transitions. The free energy for second order phase
transitions are of the form

Fo, T>T,
Fig=4{" ) A ¢ (1.1)
Fo+ By +En*, T<T
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First order

Second order

Figure 1.3: Free energy F, entropy S and specific heat cp of first order transition (left column) and second

order transition (right column).

where 7 is the order parameter obtained by minimizing the free energy. This is
illustrated in Fig. 1.4 where above T, there is only one ground state. Below T,

there are two ground states arising from the even order of F.

T>T,

Figure 1.4: Free energy F as a function of the order parameter 7. Above T, there is only one minimum

(blue) and below T, there are two possible orders (orange).

1.3. MEMS and sensors

Microelectromechanical systems (MEMS) have become ubiquitous in everyday con-
sumer electronics. MEMS are used as high frequency clocks [36], actuators [37],
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cl

c2

Incident light

Proof mass = Metal Contacts \

Suspended graphene
ribbons

Graphene

SARS-CoV-2 spike antibody

S

<

COVID-19 patient

COVID-19 FET sensor

Figure 1.5: Few examples of graphene based MEMS devices and sensors. a Graphene based accelerom-
eter with suspended proof mass (figure adapted from [30]). b Gas sensor. b1l Graphene functionalized
with V,05 for sensing NHjz (figure adapted from [31]). b2 Graphene CO, sensor (figure adapted from
[32]) ¢ Suspended graphene bolometer (figure adapted from [33]). Suspended graphene based d1 Hall
sensor, d2 microphone and d3 a cross- sectional scanning electron microscopy image of device (figure
adapted from [34]). e Graphene based COVID sensor (figure adapted from [35]).

filters [38] and sensors [39] among a myriad of applications. In consumer prod-
ucts, there is a general push for the reduction of dimensionality in MEMS devices.
Size reduction in MEMS generally reduces cost, Si foot print, power consumption




8 1. Introduction

and increases the frequency range. In this regard, 2D materials are expected to
be superior to the current Si technologies due to their ultimate thinness and me-
chanical strength. Recently, 2D materials, especially graphene, have slowly been
making their way to the frontiers of MEMS and sensors research [40]. Some ex-
amples include accelerometers [30, 41], gas sensors [31, 42, 43], Hall sensors [34],
mass sensors [44], bio sensors [45-47], pH sensors [48], microphones [34, 49, 50],
bolometers [33] and perhaps most relevant for the era this dissertation is written
in, COVID sensors [35]. Some of the aforementioned graphene based devices are
shown in Fig. 1.5.

1.3.1. Pressure sensors

One of the most auspicious areas that graphene and many other 2D materials shine
in is for barometric pressure sensing applications. Owing to its high flexibility, me-
chanical strength and impermeability to gases, graphene based pressure sensors
promise ultra high sensitivity to pressure changes and large working ranges. Sev-
eral pressure readout mechanisms are being explored which include piezoresistive,
squeeze film, Pirani and capacitive, each with their own advantages and disadvan-
tages. Piezoresistive pressure sensors operate by reading out the change in the
resistance due to the mechanical deflection of the membrane [51, 52], squeeze film
pressure sensors measure the change in the stiffness arising from the membrane
interacting with the gas molecules [53], Pirani pressure sensors measure the heat
loss to the surrounding gases from the Pirani bridge [54] and capacitive pressure
sensors measure the change in the capacitance due to the deflection of the mem-
brane [55-57]. The advantages and disadvantages of each readout methods are
listed in Table 1.1. Due to the low energy consumption, high sensitivity from large
parallel readout and the ability to differentiate over and under pressures, we inves-
tigate the capacitive pressure sensors in Chapter 3.

Readout Advantage Disadvantage

Piezoresistive[51, | simple DC circuit large gauge factor desired, hermetic-

52] ity required, over and under pressures
have same signal

Squeeze film[53] | does not require hermeticity non-trivial readout

Pirani[54] does not require hermeticity restricted pressure range

Capacitive[55— low power consumption, both over and | requires hermeticity, proper mi-

57] under pressure are unique crowave shielding required

Table 1.1: Comparison of pressure readout methods used in graphene sensors thus far.

1.3.2. MEMS actuators for fundamental studies

Just as 2D materials are auspicious for the next generation MEMS devices, MEMS
actuators are promising platforms for fundamental studies of 2D materials. Strain
is a powerful tuning parameter which can affect the electronic properties of a ma-
terial [62-70]. In this thesis, strain is applied by electrostatic gating a suspended
material which is difficult to fabricate and difficult to analyse the strain. Due to the
nature of the electrostatic strain, there is always some contribution to the Fermi
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Figure 1.6: Images and reported examples of actuators being used to strain 2D materials in-situ. a
Razorbill Ltd. strain cell operates by using piezoelectric actuators to apply force on a bulk crystal (figure
adapted from [58]). b Comb-drive actuator operates by applying d.c. electric field to electrostatically
move suspended Si structures away from another thereby stretching a 2D material suspended in between
the Si structures (figure adapted from [59]). ¢ Thermal actuator uses Joule heating to apply force to a
central shuttle which supports a graphene flake thereby straining it (figure adapted from [60]). d Three-
point bending setup bends the substrate with 2D flakes on top (figure adapted from [61]).

graphite

level. This system is therefore more suitable for large gap insulators and high den-
sity metals. Alternatively, there are several platforms that can induce strain in-situ
independently to the electrostatic field. This includes Razorbill Ltd. piezo strain
cell [71], comb-drive actuator [59, 72, 73], thermal actuator [60] and three-point
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bending system [61, 74-77]. These platforms offer the strain and electric field to
be independent parameters in the study of strain dependent magneto transport in
quantum materials. Although this thesis does not contain any works on these sys-
tems, these systems are promising platforms for the next generation cutting-edge
research of strain dependent quantum properties.

1.4. Complex Oxides

Insulators
Transport

& properties
o @ NG Metals Semi-

- - cond.

High-T,
super-

o e
RO 154 £ 1
/ conductors ﬂ
Mag. Res. y s

O
Q

Quantum Incipient

Ferro- spin-liquids ; Ferro-
magnets pin-lig ferroelectrics electrioy

Magnetism Multiferroics Electrical

Antiferro-  (Para,dia)- P?larllétIOH y
magnets  magnets Pyroelectrics  Piezoelectrics

Figure 1.7: Various electronic phases available in the complex oxide family (figure adapted from [78]).

Complex oxides are a family of materials rich with interesting physics that span
a myriad of electronic properties similar to 2D materials (Fig. 1.7) including mag-
netism [79], 2DEG [2], gate tunable superconductivity [80, 81], charge density waves
[82], ferroelectricity [83], Mott insulators [84] and high temperature superconduc-
tivity (HTSC) [85]. Due to their long history, and useful properties, many appli-
cations already utilize complex oxides in their core operation. These applications
include magnetic resonance imaging (MRI) [86], superconducting quantum inter-
ference devices (SQUID) [87] and sensors and actuators [88]. Furthermore, they
hold promise for next generation energy applications such as high efficiency wind
turbines [89, 90], fusion reactors [91] and hydrogen sensors [92, 93].

Due to their out of plane chemical bonds, typical complex oxides are not con-
sidered to be exfoliatable. Some layered HTSC such as Bi;SryCay_1CunOgpeg4x are
exceptions being complex oxides with van der Waals interaction between the lay-
ers, allowing for mechanical exfoliation to be used to thin down from a bulk crystal
[95]. However, this is not the case for most complex oxides. Illustrated in Fig. 1.8
are a few Ruddlesden-Popper phases of complex oxides consisting of a stoichio-
metric combination of rare earth metal element A, transition metal B and oxygen
X [94]. Asillustrated in the figure, these phases of oxides have out-of-plane chemi-
cal bonds. Although there exist several preferential cleavage planes [96] within the
unit cell, extracting a single unit cell flake is of extreme difficulty.

However, recent developments to produce 2D-like free-standing complex ox-
ides have opened the doors to probe the properties of complex oxides in their ultra-
thin form [97]. Many of these techniques such as the liquid phase exfoliation have
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Figure 1.8: A schematic illustrating a few Ruddlesden-Popper phases of complex oxides withn=1,2,3
and oo.(figure adapted from [94]).

been adapted from the 2D materials community where a global push to develop
and enhance the technology of producing 2D materials have allowed for a rapid
advancement and maturity of the techniques. Some of these techniques to release
single crystal complex oxides into their free-standing form are discussed in Chapter
2. In particular, we focus on the method developed by Lu et al. where the material
of choice is epitaxially grown on top of a sacrificial water soluble layer which is
itself epitaxially grown using a pulsed laser deposition technique [98]. Using this
method, Ji et al. have demonstrated that complex oxides too can be isolated and
suspended down to the single unit cell limit just like van der Waals materials [99].
The results regarding the complex oxides are shown in Chapter 7.

1.5. This thesis

This thesis is composed of three parts. The first part (chapters 3 and 4) studies the
pressure sensing applications of graphene. In Chapter 3 we study graphene based
capacitive pressure sensors. In this study, we come across one of the major hurdles
in graphene based pressure sensors, the gas leakage. In Chapter 4 the origin of the
leakage as well as a technique to suppress the leakage is presented. The second
part (chapters 5 and 6) deals with fundamental studies of phase transitions in 2D
nanomechanical resonators. In Chapter 5, we set up the basis for the nanomechan-
ical study of phase transitions and show examples in antiferromagnets and charge
density wave materials. In Chapter 6, we dig deeper into the study of charge density
wave transitions and the influence of disorder on the charge density wave transi-
tions. Finally, the third part (chapter 7) is a collection of on-going research and
their preliminary results spanning both fundamental and applied studies.
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Methods

Nano-fabrication is a critical yet often overlooked procedure in experimental condensed
matter physics. It should be performed meticulously while sufficiently fast; it allows for
creativity while the steps are repetitive; it is conceptually at a high level while being quite
laborious; it is universally applicable while the exact parameters depend on the oper-
ator and the specific equipments used. In this chapter we discuss the nano-fabrication
steps used in this thesis which can conceptually be reproduced in most nano-fabrication
cleanrooms in the world. The details should be developed by the reader taking into ac-
count his/her equipments available.
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2.1. Cavity devices

In this chapter, we will discuss the techniques through which we fabricate the sus-
pended 2D membranes. First the nano-fabrication procedure used to fabricate the
electrodes and cavities is laid out. Next various transfer methods of 2D materials
are compared. Finally, the growth and release of free-standing complex oxides are
discussed.

a b c d

Supercritical CO,

Figure 2.1: Illustration of the fabrication steps using HF to undercut the oxide. a Graphene is exfoliated
onto SiOy/Si. b Metal deposited as anchors and electrodes. ¢ HF is used to remove the SiO, underneath
the graphene. d Critical point drying used to remove liquids without collapsing the graphene.

It is an extremely challenging process to fabricate suspended structures out of
2D materials using HF to undercut the SiO,/Si which releases the 2D membrane [1]
(Fig. 2.1). In this process 2D materials are typically exfoliated on a pre-patterned
Si0,/Si with markers for alignment (Fig. 2.1a). Then, using lithography and de-
position, electrodes are metallized on top of the 2D material to anchor and clamp
it during the undercutting process and to use as probes during measurement (Fig.
2.1b). Next the 2D material is released from the substrate using HF to etch away
the SiO,. Finally, the sample is transferred to a solvent while still wet, and critical-
point-dried to remove the sample from a liquid environment without the capillary
forces collapsing the membrane to the cavity bottom (Fig. 2.1d). This process, al-
though has shown to produce ultra-high mobility in graphene [1] is tedious and
results in a low yield of devices. Furthermore, since metal deposition on top of 2D
materials has shown to cause many problems such as strain [2] and degradation [3],
and not every material can withstand the harsh HF treatment, this method, that is
standard in MEMS to fabricate suspended structures, is therefore limited to only a
few 2D materials.

a

Membrane

Figure 2.2: a Cross section of a device fabricated by directly evaporating on top of SiOy/Si. b Cross
section of a device fabricated embedding electrodes in the SiO/Si.

In this thesis we therefore use a different approach to make suspended 2D res-
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onators. Scott-Bunch et al. [4] showed that graphene can be exfoliated directly on
top of trenches and electrodes pre-defined on the substrate. This method, although
more straight-forward, also has a low yield due to the randomness of the exfoliation
process. We have taken this approach to pre-pattern the substrate and combined
with it, a method to exfoliate and transfer the exfoliated flakes deterministically
[5] which has resulted in a greater yield of devices with shorter fabrication times.

Pre-patterned devices presented in this thesis are made using nano-fabrication
techniques such as e-beam lithography, reactive ion etching (RIE) and evaporation.
One of the notable improvements in device design is that we pre-define the elec-
trodes that are embedded into the oxide layer for easier transfer of 2D materials. As
can be visualized in the illustration in Fig. 2.2a, when electrodes are defined on top
of the SiO4/Si substrate, the protrusion of the metal layer causes problems in ad-
hesion. Due to the height of the electrodes, only the 2D flakes which can conform
to the topography of the electrodes remain intact. The tenting effect seen near
the electrodes are often where the 2D materials peel off from during the transfer
process. This was the motivation for embedding the electrodes into the substrate.
In Fig. 2.2b, we show a cross sectional illustration of a device with embedded con-
tacts. There is notably less tenting effect and we have a higher yield of 2D materials
transferred on top of the device area with these devices.

2.1.1. Lithography deposition and etching

PMMA Bilayer
AR-P 6200

Figure 2.3: Illustration of the fabrication flow for the production of cavity devices with embedded elec-
trodes. a LPCVD SiOy/Si substrate is prepared. b PMMA bilayer is spin coated and baked. c Electrodes
and markers are exposed. d Reactive ion etching (RIE) is used to anisotropically etch into the SiOy/Si.
e Pd/Ti is evaporated. f Lift off in PRS-3000, rinsed in deionized (DI) water and blown dry. g AR-P 6200
spin coated and baked. h Cavity layer is exposed and developed. i RIE is used to dry etch the cavity. j
Remaining resist is removed in PRS-3000 overnight, rinsed in DI water, blown dry and plasma cleaned
in a plasma asher.

The fabrication flow is illustrated in Fig. 2.3a-j. Our starting substrates are 4
inch wafers of dry low pressure chemical vapour deposition (LPCVD) SiO5 grown on
doped Si commercially available. These are spin coated with S1813 (for the protec-
tion of the high quality oxide during dicing) and diced, using a Disco dicer, into 19
mm x 19 mm substrates. The wafers are diced into smaller square wafers to allow
faster device pattern updates between iterations. Nine samples of 5.5 mm x 5.5
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mm fit into these square pieces of SiO,/Si which are processed at once. Once the
19 mm x 19 mm wafers are cleaned in acetone and rinsed in isopropyl alcohol (Fig.
2.3a), positive e-beam resists are spin coated on top. For the process of the metal-
ization of electrodes or contact pads, polymethyl methacrylate (PMMA) bilayers of
495 k/ 950 k are used (Fig. 2.3b). Thin 495 k layers are used on the bottom to en-
sure easier lift off and thick 950 k layers are used on the top to define the electrode
pattern with high accuracy. The electrode patterns are exposed in the PMMA bi-
layer using Raith EBPG 5000+ at 100 kV and developed in a methyl isobutyl ketone
(MIBK) : isopropyl alcohol (IPA) (3:1 by vol) mixture for 60 seconds, rinsed in pure
IPA for 30 seconds and blow-dried (Fig. 2.3c). Using Sentech Etchlab 200, exposed
Si0,/Si is slightly etched in the electrode pattern (Fig. 2.3d). Quickly following the
etching process, the electrode pattern is metallized using an e-beam evaporator
(Fig. 2.3e). After deposition, metal coated PMMA layers are removed along with
the excess metals in a warm bath of PRS-3000 over night (Fig. 2.3f). For the cavity
layer, a thick positive e-beam resist is spin coated on top (Fig. 2.3g). AR-P 6200 is
chosen due to its high dry etching resistance compared to PMMA. The cavity de-
sign is exposed using EBPG-5000+ again, and then developed in pentyl acetate for
60 seconds, MIBK : IPA (1:1) for 60 seconds, rinsed in pure IPA for 60 seconds and
finally blow-dried (Fig. 2.3h). Next, Sentech Etchlab 200 is used to etch exposed
Si0, all the way to the Si layer (Fig. 2.3i). Finally, the remnant resist is removed in
a warm bath of PRS-3000, rinsed in DI water, blow-dried and plasma cleaned in a
Tepla 300 oxygen plasma asher (Fig. 2.3j).

Figure 2.4: Optical image of the fabrication process. a Image of the device after e-beam lithography
and development corresponding to illustration Fig. 2.3c. Scale bar: 100 um. b Image of the device after
the second e-beam lithography and development to define the cavity corresponding to illustration Fig.
2.3h. Scale bar: 20 um. ¢ Image of the finished device corresponding to illustration Fig. 2.3j. Scale bar:
10 pm.

Optical images of the device at various stages are shown in Fig. 2.4a-c. Figure
2.4a is an optical microscopy image after the first e-beam lithography and devel-
opment step which defines the electrodes. The parts in green are the un-exposed
bi-layer PMMA and the purple regions are where the exposed PMMA are removed
by the development procedure and the underlying 285 nm SiO, is uncovered. This
image corresponds to the illustration shown in Fig. 2.3c. Figure 2.4b shows an im-
age after the second e-beam exposure and development. The areas in grey are the
un-exposed AR-P 6200 and the circle in the center of the electrodes are where the
AR-P 6200 resist is exposed and removed by the development procedure. This im-
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age corresponds to the illustration shown in Fig. 2.3h. Figure 2.4c is an image of
the finished device. The cavity is etched all the way through, leaving a flat grey
cavity bottom of pure Si. This image corresponds to the illustration shown in Fig.
2.3j.

Figure 2.5: a Atomic force microscopy scan of a WTe, transferred on to a Hall bar with a cavity in the
center. Red line is where the profile in b is taken. b Topographic profile of the embedded electrode.

Figure 2.5a shows an example atomic force microscopy (AFM) image of a device
consisting of a flake of WTe; on a set of electrodes with a cavity in the center. Al-
though the flake is not usable due to the wrinkles in the suspended area, this AFM
image depicts how our typical devices look. In order to improve the ease of transfer,
the electrodes composed of 10 nm Ti and 60 nm Pd are embedded into the SiO,/Si
which is etched first before deposition. Typical discrepancy between the top of the
Si0O, and the top of the electrodes are 5-20 nm. In Fig. 2.5b, a profile across one of
the embedded electrodes corresponding to the red line in Fig. 2.5a is shown. For
the dry transfer of 2D materials, having electrodes embedded in the substrate helps
with the adhesion.

When a large sheet of CVD graphene is transferred, the height difference be-
tween the electrodes and the substrate does not play a significant role in the ease
of the transfer. Therefore in Chapter 3 we simply evaporate the metal layer on top
of the substrate without the etching step. In Chapter 4, we only use steps shown in
Fig. 2.3g-j since electrodes are not needed. In Chapter 5, we used electrodes that
are simply deposited on top of the substrate like in Fig. 2.2a. During the research of
the work in Chapter 5 we noticed the difficulties in transferring 2D materials over
the simply-evaporated electrodes and improved the fabrication process to include
the embedding step (flow of Fig. 2.3) for the subsequent works in Chapter 6 and
the outlook, Chapter 7.
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2.2. 2D materials

Since the initial discovery of graphene using Scotch tape [6], many alternative meth-
ods have been developed to isolate 2D materials. Some of the top down processes
include liquid phase exfoliation [7], plasma spraying [8], ball milling [9], strain en-
gineered mechanical exfoliation [10] and reduction of graphene oxide [11]; and bot-
tom up processes include chemical vapour deposition (CVD) [12], epitaxial growth
[13, 14], and self assembly [15]. Of the listed methods, the most promising method
for large scale production is the roll-to-roll CVD process [16], epitaxial growth on
SiC [13] and liquid phase exfoliation [7], albeit the controversy on the quality of
“graphene” produced in the industry using the liquid phase exfoliation technique
[17].

In Chapter 3, we employ CVD grown double monolayer graphene on copper sub-
strate transferred on top of devices using PMMA as a support layer. The growth
and transfer of double layer graphene is performed by Applied Nano Layers BV. In
Chapters 4-6, flakes of 2D materials mechanically exfoliated from bulk crystals are
used for the proof of principle studies. We are aware that transfer-free methods of
producing graphene based devices are under development [18, 19] and have shown
promising results. Since this process combines graphene growth and CMOS in-
tegration without the need for manual transfer, it is attractive in the larger scale
production and integration of graphene based devices.

Exfoliation and transfer of 2D materials have become a subfield of its own. There
are a myriad of exfoliation and transfer techniques available in the literature now
[20-23]. This is driven by the fact that even to this day, 15 years after the discovery
of single layer graphene through mechanical exfoliation, “the Scotch tape” method
is arguably still the best method to produce high quality graphene in a lab setting.

2.2.1. Deterministic visco-elastic transfer

Figure 2.6: a Transmission optical microscopy image of few-layer-graphene (FLG) exfoliated onto poly-
dimethyl siloxane (PDMS). b Reflection opical microscopy image of FLG transferred onto a circular cav-
ity and a set of electrodes. Scalebar: 10 pm.

We have tested many transfer methods throughout the years, however, here we
focus on only a few methods which are relevant for the projects in this dissertation.
The first method we describe is the deterministic viscoelastic stamping method de-
veloped by Castellanos-Gomez et al. [5]. Instead of the commercial polydimethyl
siloxane (PDMS) Castellanos-Gomez et al. used, we used home-made PDMS by
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mixing Sylgard 184 base with the curing agent in a ratio of 10:1. After sufficient
mixing, the mixture is degassed for an hour and left in room temperature for 48
hours to settle in a flat configuration and harden. We observe that these PDMS
films are less sticky, cleaner, flatter and easier to leave down the flakes. However,
the low adhesive property of the home made PDMS makes it more difficult to ex-
foliate monolayers of 2D materials. Therefore, we use the commercial PDMS when
isolation of monolayers is compulsory and the home-made PDMS for the ease of
transfer when multi-layers are sufficient. In Fig. 2.6, an example of the determin-
istic PDMS transfer process is shown. Figure 2.6a shows a transmission optical
microscopy image of few-layer-graphene (FLG) exfoliated onto the PDMS (image
inverted for the ease of visualization). Once an appropriate flake is identified on
the PDMS, then it is inserted into a xyz stage for the deterministic transfer of the
flake. For example, the flake is transferred onto a set of electrodes and a cavity as
shown in Fig. 2.6b. This device is used for a piezoelectric actuator device shown in
outlook, Chapter 7.

2.2.2. Polymer Pickup

Polymer assisted transfer of 2D materials has become ubiquitous in labs studying
exfoliated 2D materials and their heterostructures. Typically, a PDMS film is used
as a handling layer for a polymer layer which is coated on top. The polymer layers
are either spin coated or draped on like a blanket over the PDMS layer. The poly-
mers typically used for the transfers are polycarbonate (PC) [24] and polypropy-
lene carbonate (PPC) [25]. These polymers are prepared by dissolving their pure
solid pellets into anisole, chloroform or dichloromethane ina 6 % - 15 % w.t. so-
lutions. Afterwards, they are drop cast on top of a coverglass and sandwiched with
another cover glass. By sliding the two cover glasses past each other, individual
cover glasses are coated with the polymer. Once these polymer coated cover glasses
are lightly baked and cooled down, they are ready to be applied. In order to apply
these films, a piece of Scotch tape is used as a handle. A hole is cut out in the cen-
ter of the tape and this tape is applied onto the polymer coated cover glass. Then
the tape can be peeled off along with the polymer film which can be draped over a
PDMS block for the pick-up of 2D materials. In our case, we use small domes made
of PDMS [26] to have better spatial control over the specific flake we wish to trans-
fer and then apply a layer of either PC or PPC by draping it over the dome. In table
2.1 we compare the three techniques.

2.3. Complex oxides

Complex oxides unlike 2D materials do not have van der Waals gaps between the
layers, so typically, complex oxides are not considered as exfoliatable materials.
Some Ruddlesden-Popper phases of complex oxides such as SryRuQ,4 and layered
superconductors such as YBCO are few examples where the crystals separate along
preferential cleavage planes but these are difficult to exfoliate down to atomically
thin limits. Figure 2.7 shows one of the thinnest flakes of SryRuO4 we managed
to exfoliate as an example. Figure 2.7a-b show AFM of the flake, which is ap-
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Polymer || bare flat PDMS | PPC/PDMS domes | PC/PDMSdomes
Tg - 40°C 147°
Residues Least Invisible under optical | Thick puddles
microscope but visible
under AFM & SEM
Suspended Struc- || Yes Yes PC removal problem
ture Compatible
Monolayer Com- || Yes but low yield only via h-BN Yes
patible

Table 2.1: Table comparing various transfer methods.

proximately 300 nm thick. Devices are fabricated using this flake (Fig. 2.7c) and
characterized in a flow cryostat (Fig. 2.7d-f). In this sample, the resistance vs.
temperature (R-T, Fig. 2.7d) cannot resolve the full superconducting transition of
SryRuOy4 due to the temperature limitation of the flow-cryostat. The T of SryRuQ,
is expected to be 1.3 K [27] which is near the limit of our cryostat. However, the
current-voltage (I-V) characteristic and the differential resistance (dV/dI-I) taken
at 1.4 Kin Fig. 2.7e,f show signatures of the beginnings of a superconducting tran-
sition.
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Figure 2.7: a AFM scan of a SryRuOy flake. Scalebar: 4 pm. Red line indicates where a profile is taken.
b Step height measurement of the edge of the flake indicated by the red line in a. ¢ Optical microscopy
image of a Hall bar device fabricated from the flake in a. Scale bar: 5 um. d Four-probe resistance of
device shown in ¢ measured as a function of temperature. e Current-voltage relation measured at 1.4
K. f Differential resistance at 1.4 K. IV and dV/dI both show signs of the onset of superconductivity.

2.3.1. Free-standing complex oxides

Unlike 2D materials which consist of van der Waals gaps between the layers, com-
plex oxides typically have chemical bonds between the unit cells, prohibiting their
study in the ultra-thin, free-standing form. Emergence of interfacial effects such
as polar discontinuities [33], inversion symmetry breaking [34] and epitaxial strain
[35] are interesting phenomena, but at the same time, complicate the study of layer
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Figure 2.8: a False colored scanning electron microscope image of suspended WOz beam achieved by se-
lectively etching away the substrate SrTiOz (figure adapted from [28]). b1 Cross-sectional transmission
electron microscopy image of crystalline SrTiOz grown on SrTiOz substrate with 2 layers of graphene as
transparent buffer layer. b2 Illustration of the cleaving process after growth (figure adapted from [29]).
c [lustration of the liquid phase exfoliation of hematite from bulk crystals to its monolayer form using
dimethylformamide (DMF) and sonication (figure adapted from [30]). d Illustration of the mechanical
exfoliation of SrRuOz/BaTiOz grown on layered mica substrate (figure adapted from [31]). e Illustration
of pulsed laser deposition of the film-of-interest on a sacrificial water soluble layer SrzAl,O¢ and release
in water (figure adapted from [32]).
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dependence of the physical properties of a material. It is only recent that free-
standing single crystal complex oxides in their ultra-thin limit have been studied.
For example, the coexistence of magnetism and superconductivity was discovered
in CayRuQy in the ultra-thin, strain-relaxed state [36]. In the bulk, Ca,RuQy is a
Mott insulator [37] which is correlated to the strain induced octahedral rotations.
Nobukane et al. reported that when thinned down below a critical thickness, strain
is reduced in CayRuOy, resulting in the relaxation of the octahedral tilt. In this
ultra-thin strain relaxed state, Ca;RuO4 becomes a superconductor with a T, of 64
K. Therefore, studying the free-standing form of complex oxides in the ultra thin
limit is critical for the discovery of important states such as HTSC.

In recent years, many techniques to release epitaxially grown layers have been
developed. Some of these techniques are illustrated in Fig. 2.8. Figure 2.8a shows a
WO3 micro bridge fabricated by selectively etching away the SrTiOz substrate [28].
This technique is often used in the release of 2D materials from SiO, substrates as
well. This technique allows for the preservation of epitaxial strain, but is limited
by the materials which are etch resistant to HF used to selectively etch away the
substrate.

Figure 2.8b shows the growth of complex oxides on a transparent buffer layer
which is later used to cleave the material grown on top [29]. In this case, two lay-
ers of graphene are used as a transparent barrier which the additional layers of
SrTiO3 ignore, thus growing in a crystalline fashion following the crystallinity of
the substrate. This is a powerful technique which can cleanly release the entire
over-layer with a size limited by the size of the graphene sheets and the growth
technique. Unfortunately, this technique is limited to a few materials which grow
well in vacuum because graphene quickly gets damaged at high temperatures in
the presence of oxygen. Since high temperature and the presence of oxygen are
common growth conditions of complex oxides, this technique is not universal to
those materials which preferentially grow in high temperatures and oxygen pres-
sures. Furthermore, transferring graphene twice and cleaving away the over-layer
need specialization in both graphene growth as well as oxide growth.

Figure 2.8c shows an illustration of the liquid phase exfoliation process. This
method is used to exfoliate hematite down to its monolayer [30] as well as Sr,RuQO,
down to a few tens of nano meters [38]. Nobukane et al. also used a similar method
to thin down CajRuOy4 [36]. This is a simple and scalable technique, but - similar
to the “graphene” produced in this manner [17] - lack reproducibility.

Figure 2.8d shows a method to mechanically exfoliate complex oxides from a
layered mica substrate [31]. In this technique, the BaTiOz buffer layer along with
the top-most layers of mica are not removed from the material of interest, SrfRuOs.
Since SrRuQj3 in proximity to a ferroelectric such as BaTiOz is shown to host spin
textures (skyrmions) and topological Hall effect [39] while with symmetric bound-
ary conditions this is not observed [40], their findings do not fully represent the
properties of free-standing StRuOs.

Finally, in Fig. 2.8e, a water-based release technique is illustrated. By growing a
film of interest on top of a sacrificial buffer layer which is soluble in water, the film
of interest can be released from the substrate by immersion in water [32]. The lat-
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tice parameter of the sacrificial layer Srz;Al,O¢ can be tuned to facilitate the growth
of a wide range of complex oxides by substitutional doping of Ca [41]. Using this
technique, the suspension of a single unit cell of SrTiOz has been demonstrated
[42]. In Chapter 7, this technique is employed for the study of free-standing Sr-
RuO3 and BaTiOs devices.

2.3.2. PLD growth

Infrared Laser Heater

Turbo Pump

SrTiO
Substrate

Plasma
Plume

Figure 2.9: Illustration of the PLD chamber.

Recent advancements in releasing complex oxides from the growth substrate
has allowed the study of 3D crystals in their atomically thin forms in the absence of
epitaxial strain. As discussed in the previous section, thin films of complex oxides
can be grown on a buffer layer which is later used to release the material of interest
from the growth substrate. Unlike the mechanical exfoliation techniques (dry and
in solvent) that rely on randomness, statistics and luck, deterministically growing
a material of interest gives larger yield, better control of the number of layers and
larger flakes of lateral dimensions.

There are mainly two methods of releasing an epitaxially grown 3D crystal com-
pletely from the substrate. The first method consists of a buffer layer which is also
epitaxially grown and is itself a single crystal and later removing this layer by selec-
tive etching. Lu et al. reported such a technique where an epitaxial sacrificial layer
Sr3Al,04 (SAO) is used in between the substrate and the material of interest as a
buffer layer which is later removed by dissolving in water [32]. The second method
consists of a transparent buffer layer which provides the crystalline footprint of the
underlying substrate while later on be used as a weak link for the cleaving of the
material grown on top. Kum et al. reported the cleaving of complex oxides by using
double layer graphene as a transparent buffer layer [29]. Crystals grown on top of
the double layer graphene were single crystalline, ignoring the graphene barrier.
After growth, the van der Waals gap between the graphene layers provided a weak
link for the epitaxially grown film to be easily cleaved away from the substrate. In
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the outlook of this thesis, we show some preliminary work on studying the proper-
ties of free-standing complex oxides. We use the first technique by Lu et al. which
involves growing single crystal SAO on top of TiO; terminated SrTiOz (STO) (001).

Intact

Etching
< Front

Water

Sample

PDMS\ /

Substrate

Released

Figure 2.10: Releasing process of complex oxides in water. Left image shows how the sample is placed
in a beaker filled with deionized water. Glass slide is used as a handle and PDMS as a support layer.
Right panel of images show the progression of etching process. As time passes, the size of the dark area
reduces. At t;+18 min SAO is fully etched and the substrate detaches from the PDMS.

We grow the complex oxide films using pulsed laser deposition (PLD) which is
depicted in Fig. 2.9. A chamber is pressure controlled using high purity O, and a
turbo pump. An infra-red laser is used to heat the substrate from the back and a
pulsed KrF excimer laser is used to deposit the films. The pulsed laser is exposed
onto the target at a fixed frequency to create a repetition of plasma plume which
travels within the pressure controlled chamber towards the substrate. The oxygen
pressure controls the mean free path of the plume as well as the stoichiometry
between the A and B atoms with respect to the O content. The temperature affects
how mobile the atomic species are on top of the surface. During the growth process,
reflection high energy electron diffraction (RHEED) is used to monitor the number
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of unit cells and the quality of deposition.

Figure 2.10 shows images of the water etching process on a sample with multiple
cracks, which illustrates the etching process. On the left, a glass slide partially
submerged in a beaker half full of water is shown. The STO substrate is attached to
a film of PDMS with the film side facing the PDMS and the PDMS film is attached
to the glass slide. This image is taken a few minutes after the immersion at time
equal to t;. The right panel shows the images taken at 1-18 minutes after t;. The
etching process can be observed from the decreasing area of the dark region and
increasing light areas propagating from the edges and the cracks. At t=t; + 18 min,
the SAO film is etched away and the substrate detaches from the PDMS.

Figure 2.11: Illustration of the releasing process of complex oxides. a PLD grown ABOz (green & orange)
layer on water soluble SrzAl,Og (violet & pink) on SrTiOz substrate (yellow & grey). b PDMS is attached
to the top. ¢ Submerging in water releases the ABOg layer from the substrate.d Clean dummy SiOy/Si is
prepared.e Using the deterministic transfer process [5], the film is transferred onto a SiO/Si substrate.
f PDMS is removed leaving the free-standing oxide film on SiO,/Si.

Figure 2.11 shows the transfer procedure for the films grown on SAO/STO. Fig-
ure 2.11a shows a film of interest (green-orange) grown on SAO (purple-pink)/ STO
(yellow-grey). A layer of PDMS is applied on the top of this stack as a support dur-
ing the undercutting procedure (Fig. 2.11b). The sample covered with PDMS is
submerged in water for more than 24 hours to ensure full dissolution of the SAO
layer. Once the substrate is detached from the film, the PDMS/film is blow-dried
(Fig. 2.11c). A dummy SiOy/Si is used as an intermediate substrate for the char-
acterization using X-ray diffraction (XRD) (Fig. 2.11d). Using the deterministic
transfer setup [5], the film is brought in contact with the SiO,/Si (Fig. 2.11e). Fi-
nally, the PDMS is peeled away leaving the film of free-standing complex oxide on
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SiO,/Si (Fig. 2.11f) ready for XRD. After XRD, adequate flakes are identified for the
device fabrication and transferred from the dummy SiO,/Si to a device using one of
the polymer assisted transfer techniques discussed above.
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Sensitive capacitive pressure
sensors based on graphene
membrane arrays

The high flexibility, impermeability and strength of graphene membranes are key prop-
erties that can enable the next generation of nanomechanical sensors. However, for ca-
pacitive pressure sensors the sensitivity offered by a single suspended graphene mem-
brane is too small to compete with commercial sensors. Here, we realize highly sen-
sitive capacitive pressure sensors consisting of arrays of nearly ten thousand small,
freestanding double-layer graphene membranes. We fabricate large arrays of small
diameter membranes using a procedure that maintains the superior material and me-
chanical properties of graphene, even after high-temperature anneals. These sensors
are readout using a low cost battery-powered circuit board, with a responsivity of up to
47.8 aF Pa~'mm~2, thereby outperforming commercial sensors.

Parts of this chapter have been published in Microsystems & Nanoengineering 6, 102 (2020) by M.
SiSkins, M. Lee, D. Wehenkel, R. van Rijn, T. W. de Jong, J. R. Renshof, B. C. Hopman, W. S. ]. M. Peters,
D. Davidovikj, H. S. J. van der Zant, and P. G. Steeneken.
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3.1. Introduction

Graphene grown by chemical vapour deposition (CVD) is a strong candidate for
realizing next-generation sensor devices [1]. Its hermeticity [2—-4], and superior
mechanical [5-7] and electrical [8] properties, have enabled various types of gas
pressure sensors. In most conventional pressure sensors, the pressure is deter-
mined from the deflection of a membrane due to the pressure difference between
ambient gas and gas in a hermetically sealed reference cavity. There are different
ways to readout the deflection of the membrane and thereby quantify the pressure
difference. In capacitive graphene pressure sensors, the deflection is readout by
measuring the capacitance between the graphene membrane and a reference elec-
trode [9-12]. As the pressure induced deflection increases the mechanical stress
and tension in the membrane, it can be measured using the piezoresistive effect
[13-15] and can also be probed via the mechanical resonance frequency [2, 3, 16].
In contrast, graphene squeeze-film pressure sensors [17] and Pirani pressure sen-
sors [18] do not require a hermetic reference cavity and operate at small deflection,
which can be beneficial for their operation range.

Resonant sensors are conceptually attractive because they potentially offer both
gas sensing [19, 20] and pressure sensing [2, 17] functionality within a single device.
However, accurate readout of resonance frequencies with low-power electronics is
challenging, requires elimination of mass loading and can not be easily scaled up
to many devices in parallel. In piezoresistive and Pirani sensors, it is a challenge
to eliminate non-pressure related effects of the surrounding gas on the graphene
resistance. In contrast, capacitive pressure sensors have the advantage that the
membrane capacitance is rather insensitive to gas induced changes in its mass and
electrical resistance, and thus depends mainly on geometry and membrane deflec-
tion. However, it was found that a single graphene membrane with a diameter of 5
um has a too small responsivity (< 0.1 aF Pa™!) to be competitive with commercial
sensors [12].

In this work, we counter this drawback by creating arrays with a large number of
membranes connected in parallel to increase the responsivity [12]. We present few-
atom thick pressure sensors that can compete with commercial capacitive pressure
sensors using arrays of nearly 10000 double-layer graphene (DLG) membranes. We
optimize the design of the sensor elements, the chip layout and the readout elec-
tronics to attain a handheld, low-cost, battery-powered electrical readout circuit
capable of detecting pressure changes via the static deflection of graphene nan-
odrums.

3.2. Materials and Methods
3.2.1. Chip design and graphene transfer

Simulations [12] show that to achieve the commercially competitive sensitivity, an
array of around 10000 circular graphene drums is needed, each with a diameter
of 5 micron. When the drums are placed on a hexagonal grid with a pitch of 10
micron between their centers, they fit on a 1 x 1 mm? chip as shown in Fig. 3.1a. To
fabricate this design, Ti/Au electrodes (5 nm/60 nm), for contacting the graphene
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Figure 3.1: Pressure sensor and readout circuitry. (a) Optical image of the sensor chip with 10000 circu-
lar holes, a DLG/PMMA membrane and Ti/Au electrodes. Close-up image shows the difference in con-
trast between intact and defect drums with red circles indicating collapsed membranes. (b) Schematic
device cross-section and capacitive pressure readout principle. (c) Read-out circuitry PCB board with
the elements labeled. The total size of the PCB board is 6.9 x 17.5 cm?. The red circle indicates the
pressure sensor chip.

top electrode, are patterned on a silicon chip with a 285 nm SiO, layer. Then the
pattern of circular holes with a depth of 240 nm is reactive ion etched into the SiO,.
As shown in the cross-section in Fig. 3.1b, the cavity depth of the holes is less than
the SiO, layer thickness to prevent the graphene from touching the silicon bottom
electrode, and thereby creating an electrical short-circuit between the electrodes,
when one of the membranes collapses. As a last step the graphene is transferred
over the cavities. We use two layers of graphene and small membrane diameter
to improve the yield [21] and the mechanical strength [7, 22]. Since the probability
that 2 pore defects align is low, the impermeability of DLG is also much higher than
that of single layer graphene [3].

To fabricate the double layer graphene (DLG), two sheets of CVD graphene are
synthesized and then stacked on top of each other maintaining a pristine quality
interface between the sheets. Using Polymethyl Methacrylate (PMMA) as a support
layer of 800 nm thickness, DLG is suspended over the pre-patterned circular holes
in the SiO,/Si chip with Ti/Au electrodes (Fig. 3.1a). DLG was produced and trans-
ferred in ambient pressure by Applied Nanolayers. From the differences in contrast
between suspended, broken and collapsed drums [21, 23] we estimate that the dry
transfer technique results in a yield of 95— 99% of freely suspended DLG/PMMA
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membranes. The red circles in the inset of Fig. 3.1a indicate defect drums in a
damaged region of the sample and show this difference in contrast.

3.2.2. Sensor readout circuit board
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Figure 3.2: Thermal removal of the polymer and its effect on the capacitive response of the sensor.
(a) Schematic explanation of the thermal annealing principle that reduces the PMMA thickness h(z).
(b) Change in capacitance of a single chip as a function of measurement in response to time dependent
pressure changes, AP, for samples that have been annealed for different times ¢ (line colors corresponds
to color of the corresponding anneal times indicated in the legend). The gas pressure is changed at a
rate of 175.4 mbar s~1. (c) Responsivity and noise floor extracted from the data in (b) calculated using
equation (3.1).

The graphene capacitive pressure sensor responds to the difference established
between the internal pressure of the reference cavity, Py, and the external pres-
sure of the environment, Pey. This pressure difference results in a deflection of the
atomically thin membrane and a corresponding change in capacitance [12] of the
drum, AC as schematically depicted in Fig. 3.1b. We wedge bond a 25 um AlSi 1%
wire to Ti/Au pads on a chip for electrical contact to graphene and use a conduc-
tive silver-paste to contact the Si substrate. The response of the graphene capaci-
tive pressure sensor is high enough to be read-out by chip-scale commercial elec-
tronic components as is demonstrated using the battery-powered circuit shown in
Fig. 3.1c. Here, the sample under test is kept in a small on-board vacuum chamber
that allows local control over the external gas pressure while preventing the pres-
sure to affect electrical read-out elements. A commercial capacitance to digital
converter (AMS PCap04) is then used to record and digitize the capacitance of the
sample measured at a peak-to-peak voltage V;,, = 1.5 V with a hundred of charge
and discharge cycles of 5.73 ms each. After voltage level adjustment by a logic level
converter, an Arduino Uno board converts the measured capacitance into pressure
using a predetermined calibration curve and displays it on an LCD screen. The cir-
cuit board is capable of measuring a change in the chip’s capacitance down to ~10
aF on top of a background capacitance of a few tens of picofarads.
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3.2.3. Effect of PMMA removal

After chip fabrication and transfer, the PMMA transfer polymer still covers the DLG
sheets. In a number of previous studies protective polymer layers were used to sup-
port the graphene to increase the yield, mechanical performance, hermeticity and
durability of the devices, in both suspended [10, 24] and touch-mode operation [11].
However, the bending rigidity of the polymer layers reduces the deflection and re-
sponsivity of the membranes and sensor. To improve the sensor performance we
therefore gradually remove the transfer polymer by annealing it in dry gas [25-28],
as shown in Fig. 3.2. PMMA removal mechanisms are mostly related to removing
pendant functional groups in the polymer at high temperatures [25, 27]. However,
this can trigger the reaction between the graphene and the carbon by-products
from the residual polymer and produce amorphous carbon [25, 26]. Lower tem-
peratures of the process and an atmosphere of inert gas, like argon, are needed
to prevent the production of amorphous carbon and to maintain a good quality of
graphene during the thermal annealing [26].

The sample is put inside a furnace and left at a pressure of 500 Torr with a con-
stant flow of 0.5 SLPM of an inert dry gas (Ar or N;) at a temperature of 300°C as
schematically depicted in Fig. 3.2a. We found no notable difference between the
use of Ar or N, gas flow in terms of the end quality of DLG layers or PMMA removal
rate. The average thickness of the transfer PMMA reduces with time at an esti-
mated rate of ~ 27 nm/minute with only minor residues left on and in-between the
graphene layers. For some samples, small regions of local PMMA residue accumu-
lation are still present after the annealing procedure. They accumulate on the sur-
face of a DLG layer that has a thickness of 1.4—2.2 nm, as measured by tapping mode
atomic force microscopy (AFM) (see Supplementary Fig. 1). The PMMA thickness
reduction by thermal treatment is found to substantially improve the responsivity
of the sensors. Figure 3.2b shows the capacitance change AC of a single chip to
external pressure changes between 1000 and 900 mbar with a period of 40 seconds
as measured after 0, 15, 22.5 and 29 minutes of annealing. Figure 3.2c shows that by
following the thermal anneal procedure, an increase in responsivity of almost an
order of magnitude was achieved for this particular sample, while in the best case
an increase in responsivity of nearly two orders of magnitude was observed after
a 30 minute continuous thermal anneal treatment. Further annealing the sample
for longer times does not significantly affect the capacitance response (see Supple-
mentary Fig. 2). The detection noise floor also decreases substantially as a result
of the process. The noise floor, NF, in Pa/vHz is defined as:

NF = CRMS (3.1)

% V/ fmeas

where Crys is the root mean squared (RMS) noise in the capacitance measurement,
% the responsivity of the sensor and feas = 1.745 Hz, the frequency at which the
measurements are acquired. The decrease in NF as shown in Fig. 3.2c qualitatively
follows from the equation (3.1) considering the measured increase in responsivity.
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Figure 3.3: Atomic force microscopy (AFM) characterisation of membranes. (a) AFM tapping mode im-
age of DLG drums. State of the drum is labeled. Scale bar: 5 um. (b) AFM tapping mode image of a
supported region of DLG. Residue types are indicated. Scale bar: 1 um. (c) Force versus membrane
deflection curve. Experimental data (blue dots) are fit by the membrane model of equation (3.2). In-
set: statistics over 21 membranes with corresponding mean values for the extracted two-dimensional
Young’s modulus, E,p, with a mean pre-tension rng = 0.04 +0.02 N/m.

3.3. Results and Discussion

3.3.1. Sample characterization
After thermal treatment for 30 minutes at 300°C, we inspect the samples for dam-
age. In Fig. 3.3a a tapping mode Atomic Force Microscopy (AFM) image of the sam-
ple is shown. Three types of drums can be distinguished visually: intact, ruptured
and collapsed drums. Collapsed drums are in contact with the bottom of the cav-
ity and probably do not significantly contribute to the response [11] because they
are predominantly damaged and thus not airtight. The ruptured drums are also
expected to leak fast [17] and therefore have a negligible contribution to the static
capacitance response to gradual pressure changes. Intact drums, however, show
a full coverage of the cavity. These drums can hermetically seal the cavity with a
constant internal pressure exploiting the extremely low permeability of graphene
[2—-4], although in part of these membranes small pores can be present that are
too small to be visually detected. As shown in the AFM measurements in Fig. 3.3b,
after the anneal, a substantial number of residues are observed on and below the
DLG. The residues form pockets and are also observed in the suspended regions
of the device, which suggests that part of the residues is trapped in-between the
graphene layers, where they cannot be easily removed [29].

During the fabrication, the capability of graphene to withstand high strains
[5, 6, 30] facilitates damage-free transfer, while the thickness of only a few atoms

favours higher membrane deflections and thus higher responsivity to pressure changes

of the sensor. In order to test the elasticity and mechanical properties of the drums
after thermal treatment, we use force-indention AFM to apply a point-force in
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Figure 3.4: Raman spectroscopy of supported DLG. (a) Raman spectra of the DLG/PMMA layer before and
after the polymer removal. (b) Close-up of a blue-shift in the 2D peak and (c) the G peaks of graphene.

the centre of a single membrane while measuring its deflection [5]. The applied
force, F, is proportional to the stiffness of a cantilever k. and its deflection Az, as
F = k.Az.. We use two cantilevers of k. = 1.25+0.12 N/m and 1.48+0.05 for two sepa-
rate sets of measurements in two distant places on the chip. We record a force ver-
sus membrane deflection curve at the centre of each drum, as depicted in Fig. 3.3c,
and fit it to a model for point deflection of a circular membrane [5, 31]:

3
F= n0n5+E2DRq3(%) ) (3.2)

where ng is the pre-tension, E,p the two dimensional Young’s modulus of the layer,
v = 0.16 the Poisson’s ratio [7], § the resulting deflection, R the radius and ¢ =
1/(1.05-0.15v - 0.16v?) a geometrical factor [5, 31]. We use the two dimensional
Young’s modulus, E;p = Esph for the stacked DLG sheet since the thickness, k, of
the layer after the thermal treatment is not well defined. Such an effective quasi-2D
Young’s modulus provides a more realistic estimate for the mechanical elasticity of
the layer and can be directly compared to that of a pristine single layer graphene [5].
In the inset of Fig. 3.3c, the statistics over 21 different drums are shown that yield
a mean value of E;p = 175 N/m. This is substantially lower than reported values for
both exfoliated and pristine CVD single-layer graphene [5, 7], but comparable to
other CVD graphene membranes [24, 30, 32, 33], high-quality oxidized graphene
sheets [34, 35] and other 2D materials like single-layer MoS, [31].

We also examined the sheets of DLG by using Raman spectroscopy, as displayed
in Fig. 3.4. Figure 3.4a shows Raman spectra of DLG acquired before the removal
of the PMMA layer (blue line) and after the processing at an elevated temperature
(orange and magenta line). Before the thermal treatment, the Raman spectrum
of DLG is reasonably homogeneous across the chip, showing a Lorenzian-shaped
2D peak of graphene and a well-defined G peak [36]. Full width at half maximum
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Figure 3.5: Capacitance-pressure curves of the DLG pressure sensor. (a) Measured capacitance-pressure
curve (blue points); solid magenta line is a fit of equation (3.5) to the data with Py, = 0.933 bar,
N/Ni=0.25, E;p=175 N/m and ng = 0.45 N/m. Insets: schematic images of the effect of membrane
deflection. (b) Comparison, on log-scale, of the measured data (blue points) to the model with 100%
(magenta dashed line) and 25% (solid magenta line) yield of the hermetic drums using the 2D Young’s
modulus from Fig. 3.3. All data is acquired during a continuous measurement within a total time of 1
hour at Pey; # Pin; With a maximal rate of change of the gas pressure of 3.3 mbar s~!.

(FWHM) of the 2D peak is around ~ 30 cm™! and a high intensity ratio of 2D to G
peaks resemble typical features of pristine graphene [36]. In the case of DLG, this
indicates that the two layers in the stack are well decoupled and/or have on average
a twist-angle [37] larger than 15°. After processing at a high temperature, the width
of the 2D peak remains the same (see Fig. 3.4b) while the ratio between 2D to G
peaks changes drastically depending on the chosen location of the measurement
on the chip (see Fig. 3.4a, orange and magenta lines). Also, a notable blue-shift of
both 2D and G peaks is observed, as shown in Fig. 3.4b,c. These observations are
attributed to a substantial difference in twist-angle across the DLG sheet [37] as
well as local changes in strain as a result of annealing of the graphene layers [38].

We also note the almost complete absence of the D peak in all Raman spectra as
shown in Fig. 3.4a, indicating a very low amount of defects in the stacked graphene
layers even after exposure to high temperatures [39]. This result is in agreement
with the outstanding high-temperature stability of graphene when encapsulated
by protective layers [40, 41], and provides evidence that damage, caused by the
removal of polymer from suspended graphene, is minimal [25-28].

3.3.2. Analysis of the sensor response
A pressure difference AP results in a deflection § of a circular graphene membrane

with radius R, given by:
4710 8E2D 3
AP=—6+——-6° 3.3
R2 +3R4(1—v) (3-3)
where the graphene membrane takes the shape of the section of a sphere [12, 42].
Since the pressure inside the reference cavity is about Py, =~ 1 bar (the pressure

during transfer), at Pey; = 1 bar atmospheric pressure AP ~ 0 and according to equa-
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Figure 3.6: Comparison of different capacitive pressure sensors. (a) Triangular pressure wave applied
to two graphene sensors with 285 nm and 2.17 um of oxide thickness showing the measured change
in capacitance. The gas pressure is changed at a rate of 6.25 mbar s~1.(b) Responsivity of the chips
from (a) at small AP and the comparison to a commercial capacitive pressure sensor (Murata SCB10H).
(c) Analysis of the responsivity of the chips as determined from periodic pressure steps between 1000
and 900 mbar. The gas pressure is changed at a rate of 175.4 mbar s~1. Panels on the left: Blue line -
measured capacitance of a graphene sensor with fs;o, = 2.17 um. Orange line - measured capacitance of
a sensor with f5;0, = 285 nm. Thin grey line - applied time-dependent pressure profile. Magenta lines
- extracted capacitance response of the sensors. Panels on the right: statistics over a number of cycles
for both oxide thicknesses. Magenta lines - fit to a normal distribution with corresponding mean values
 and standard deviations o in aF Pa~! indicated.

tion (3.3) the sensors are expected to have a linear response at small A§. However,
at larger deflections nonlinear mechanical and capacitance effects start to result
in non-linearities in the capacitance C4(AP) curve that can be calculated using the
parallel-plate approximation [12] as:
R r
C4(AP) =27ey f —dr, (3.4)
0 gy—6(AP) [1 - %)

where ¢ is the vacuum permittivity, go the gap size between the membrane and
bottom electrode for AP = 0. The contribution of quantum capacitance of graphene
is small [43, 44] and is neglected. The total capacitance change of the sensor can
be modeled from equation (3.3) and (3.4) as:

ACiotal = N x AC4(AP), (3.5)

where N is the number of intact, hermetic drums after both fabrication and ther-
mal treatment. We experimentally test if equations (3.4) and (3.5) can model the
graphene pressure sensor by applying both substantial negative and positive pres-
sure differences while measuring its capacitance. Figure 3.5a shows the response
of the same sensor that was characterized in Figs. 3.3 and 3.4.

The maximal responsivity of the sensor is achieved near ambient pressure in
the linear regime, while a notable nonlinear response occurs for |AP| > 200 mbar. A
number of design factors, such as the drum diameter, the number of drums and the
pitch between the drums influence the sensor performance [12]. Importantly, the
pressure dependence of AC can be well reproduced by the model of equation (3.5)
using a Young’s modulus of E,p = 175 N/m, estimated by an AFM probe for this
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particular sample, and a pre-tension ng = 0.45 N/m as shown by the magenta line
in Fig. 3.5a. The model follows the measurement closely when we use a fitted value
of N/Ni=0.25 as shown in Fig. 3.5b (solid magenta line), where N, =~ 10000 is the
total number of drums. This indicates that the yield of intact hermetic drums is
25%, and suggests that a large number of drums that look visually intact do not
remain hermetic after polymer removal. The theoretical maximum response at a
perfect yield of 100% is also shown (dashed magenta line).

Many other factors can influence the responsivity. Since the device capacitance
has a strong dependence on the distance between the plates of the pressure sensor,
the cavity depth has a large influence on the performance of the sensor. In Fig. 3.6
we demonstrate the performance of two of the best samples with a SiO, thickness
of 285 nm and 2.17 um respectively. Both chips have circular holes with a depth of
240 nm fabricated as described previously. Figure 3.6a shows the triangular wave
response of both 285 nm (orange line) and 2.17 um (blue line) chips. As shown in
Fig. 3.6b, the difference in responsivity for the two oxide thicknesses as a function
of pressure can be more than an order of magnitude. Using equation (3.1), we cal-
culate the noise floor to be 34.2 Pa/v/Hz for the 285 nm thick SiO, sample and 43.4
Pa/v/Hz for the 2.17 um one. The measured responsivity of the 285 nm gap device
is significantly higher than that of the 2.17 um one, in qualitative accordance with
the equation (3.1).

There is a notable scatter in the measured capacitance values as seen in Fig. 3.6b
that is attributed to the effect of gas escaping the cavities for part of the drums, thus
causing |AP| to decrease with time. It has been reported before that when graphene
is suspended over a SiO,/Si cavity, it does not always form a perfect hermetic seal|2,
3]. As recently shown by Lee, et al., most of the gas permeation in graphene drums
occurs along the van der Waals interface between the 2D material and the substrate
[2]. As a result of the contribution of this effect, an exponential decrease of C with
time is visible in Fig. 3.6¢, in response to periodic pressure steps of AP =100 mbar.
However, if a good graphene crystallinity is preserved over large areas, the mean
path that the gas needs to travel to escape the cavities becomes large, and this will
increase the flow resistance of the gas channel and the permeation time constant
[2, 20]. This condition seems to be achieved across part of the sample, because no
significant hysteresis was observed during the slow pressure sweeps (> 10 minutes
per sweep) in Fig. 3.5a and b, suggesting that of the order of 25 % of the drums
maintain a constant internal pressure Pj,; for AP # 0, as supported by the fits in
Fig. 3.5a and b.

Optimization of all parameters is required to achieve the best sensor perfor-
mance for detecting very small pressure differences over an extended range of pres-
sure. DLG pressure sensors show reproducible operation over a pressure range of
65— 138 kPa (see Fig. 3.5a). In terms of responsivity our best sensor with 285 nm of
Si0, oxide (orange dots in Fig. 3.6a and b), with a responsivity of 47.8 aF Pa~'mm2
over the range of 90 — 100 kPa, already outperforms the commercially available
state-of-the-art Murata SCB10H sensor with a responsivity of 28 aF Pa~'mm~2 in
the same range, as shown in Fig. 3.6b. This is comparably larger than what was pre-

viously achieved with capacitive sensors based on atomically thin 2D membranes
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[9, 12], yet competitive with a thicker suspended graphene-covered 140 nm PMMA
sheets [10] with a reported responsivity of 123 aF Pa~'mm~2 over 0—80 kPa, using an
area of 210 um? of tightly-packed hexagonal membranes. However, if yields close
to 100% and hermetic sealing of all drums is realized and the pre-tension is low-
ered down to ~ 0.04 N/m, the presented graphene-based 2D devices are expected to
achieve a theoretical maximum responsivity of ~ 450 aF Pa~'mm~2 near ambient
pressure of 90— 100 kPa. Further design improvement might even be possible if the
gap is reduced, the unsuspended area is minimised and the packing density of the
membranes is increased. Using three or five layers of stacked graphene instead of
two might help to improve the hermetic sealing issue but would result in a lower
sensitivity (see Supplementary Fig. 3). Increasing the diameter of drums, on the
other hand, could compensate this and produce an increase in responsivity (see
Supplementary Fig. 4), however, also decrease the yield [21]. Eventually, also the
temperature-related effects on capacitance need to be excluded by combining the
pressure sensor with a temperature sensor and using appropriate calibration.

3.4. Conclusions

Where previous studies had addressed part of the challenges related to realizing
portable graphene gas pressure sensors, like the pressure sensitivity, impermeabil-
ity to gasses and electrical readout, here we bridged these studies by constructing
a portable, battery powered functional graphene pressure sensor that outperforms
commercial devices. Using off-the-shelf systems for electronic readout and data
processing, we enable capacitive readout of a 1 x 1 mm? array of DLG graphene
pressure sensors. We realize sensor chips with a high yield of suspended mem-
branes, resulting in a sensor responsivity of 47.8 aF Pa~'mm~2. We demonstrate
that thermal treatment is an effective measure for controllable thickness reduc-
tion of the support polymer layer, that leads to a significant performance improve-
ment because the thin 2D material membranes are much more flexible than with
the support polymer. It is anticipated that further design and fabrication improve-
ments and better control over the device yield can increase the responsivity by a
factor 10, thus enabling improvements in applications like indoor navigation, al-
titude monitoring and activity monitoring, and can enable new applications like
presence detection.
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A. Annealed polymer
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Figure A.1: Detailed characterization of annealed double-layer graphene in a region where PMMA
residues were observed. (a) Optical image of a thermally annealed graphene sample with a 285 nm
thickness of SiO», results of which are also presented in Fig. 3 of the main text. (b) Tapping mode AFM
image of the area indicated with a dashed blue line in (a). Numbered white lines indicate corresponding
height profiles in (c). The extracted thickness of DLG is indicated for each case.

B. Simulations of capacitance
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Figure A.2: Capacitance response of a DLG sample to pressure step-changes after thermal annealing.
Coloured lines - change in capacitance of a single chip as a function of measurement time in response
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Figure B.1: Simulated capacitance-pressure curves of the graphene pressure sensor with a different
number of layers and pre-tension of (a) 0.045 N/m and (b) 0.45 N/m.
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Figure B.2: Simulated capacitance-pressure curves of the graphene pressure sensor with a different
diameter of drums and pre-tension of (a) 0.045 N/m and (b) 0.45 N/m.
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Sealing graphene nanodrums

Despite theoretical predictions that graphene should be impermeable to all gases, prac-
tical experiments on sealed graphene nanodrums show small leak rates. Thus far, the
exact mechanism for this permeation has remained unclear, because different potential
leakage pathways have not been studied separately. In this chapter, we demonstrate
a sealing method that consists of depositing SiO, across the edge of suspended mul-
tilayer graphene flakes using electron beam induced deposition. By sealing, leakage
along the graphene-SiO, interface is blocked, which is observed to result in a reduction
in permeation rate by a factor of 10*. The experiments thus demonstrate that gas flow
along the graphene-SiO, interface tends to dominate the leak rate in unsealed graphene
nanodrums. Moreover, the presented sealing method enables the study of intrinsic gas
leakage through graphene membranes and can enable hermetic graphene membranes
for pressure sensing applications.

Parts of this chapter have been published in Nano letters 19, 8 (2019) [ ] by M. Lee, D. Davidovikj, B.
Sajadi, M. SiSkins, F. Alijani, H. S. J. van der Zant, and P. G. Steeneken.
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4.1. Introduction

In the past decade, there has been a growing interest into the use of 2D materials
as ultrathin membranes for separation and filtration of gases and ionic solutions.
In particular, graphene has been at the focus of these studies because of its excep-
tional mechanical strength [2] and its impermeability to ions [3] and gases [4].

However, in previous studies of gas permeability of 2D materials, small leak
rates of unknown origin have been observed even in the absence of defects or pores
[4-11], making it difficult to determine the intrinsic gas permeability of the graphene
membrane or its pores. This inherent gas leakage also hinders the application of
graphene membranes in ultrasensitive pressure sensors because these sensors re-
quire a hermetically sealed cavity that contains a fixed amount of reference gas
[4,5,7,10, 12, 13].

In this chapter, we show that the leak rates of graphene cavities can be signif-
icantly reduced by depositing glass (SiO5) across the edges of an exfoliated multi-
layered-graphene (MLG) flake using an electron beam induced deposition (EBID)
technique. Device fabrication and sealing methodology are described and leak rate
measurements using resonance frequency analysis are presented. By comparing
leak rates of sealed and unsealed cavities, the effectiveness of the sealing method
is assessed and the dominant pathway for gas leakage into graphene cavities is
identified. This work thus presents strong evidence that gas permeation along the
graphene-SiO, interface is the dominant leakage pathway, and provides a route
towards eliminating this leakage.

4.2. Gas Leakage Pathways

Although gas leak rates into and out of graphene sealed cavities have been investi-
gated in several studies [4, 8, 14, 15], the leakage pathway and mechanism by which
gas permeates into the cavity is still under debate. Fig. 4.1a schematically illus-
trates the three potential leakage pathways along which gas leakage can occur [4]:
1. through the graphene, 2. through the SiO, and 3. along the graphene-substrate
interface.

Although gas leakage through chemical vapour deposition (CVD) grown graphene
(see path 1 in Fig. 4.1a) has been reported to occur [14, 16, 17], it is probable
that this leakage is not so much an intrinsic property of pristine graphene, but
is due to imperfections and defects in the CVD grown graphene. Evidence that
leakage through crystalline graphene (or its defects) is not the dominant leakage
pathway, was provided by experiments on exfoliated natural graphene flakes of dif-
ferent thicknesses [4]. These experiments demonstrated a thickness independent
leak rate, whereas according to Fick’s first law the permeation rate is expected to
be inversely proportional to thickness, and, in case permeation is mediated by a
small number of pores/imperfections, an even stronger thickness dependence is
expected. This experiment therefore excluded path 1 as a dominant leakage path-
way.

By gas dependent measurements, it was observed that the leakage rate for He
gas was much higher than for other gases [4]. Since SiO; is known to be perme-
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Figure 4.1: a Illustration showing the three possible leakage pathways through which gases can leak.
Blue: Path 1, through the defects in graphene. Green: Path 2, through the oxide. Red: Path 3, along the
interface between graphene and the substrate. b Schematic showing the sealing procedure. b1 Cavity
is etched into a SiO,/Si substrate using standard e-beam lithography followed by reactive ion etching.
b2 Multi-layer graphene (MLG) is deterministically transferred onto the cavity. b3 Electron beam is
scanned over the edge of MLG-SiO, interface while gas injection system (GIS) introduces tetraethyl
orthosilicate (TEOS), resulting in local deposition of SiO,. ¢ Schematic of the interferometry setup.
Sample is mounted in a sample chamber (SC) where the pressure is regulated by the pressure controller
(PC) and the arbitrary waveform generator (AWG). A modulated blue laser with wavelength of 405 nm
optothermally heats the suspended membrane. Intensity modulations in the reflected red laser light (1
=633 nm), caused by the graphene motion, are measured by the photodiode (PD) and sent to the vector
network analyzer (VNA). PBS: Polarized Beam Splitter, DM: Dichroic Mirror.

able for He [18], it was hypothesized that for all types of gases, leakage into the
cavity was dominated by permeation through the SiO, substrate (see path 2 in Fig.
4.1a)[4]. However, there was no method available to distinguish between perme-
ation of gas along the interface between graphene and SiO, substrate (see path 3
in Fig. 4.1a) and permeation through the substrate itself. Based on these observa-
tions, leakage along the SiO,-graphene interface, can therefore not be ruled out. By
studying permeation rates before and after sealing the interface between graphene
and SiO, (see path 3 in Fig. 4.1a) we aim to identify whether path 2 or path 3 is the
dominant leakage pathway.
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4.3. Sealing Method

In order to investigate these gas leakage pathways, circular cavities with a depth
of 285 nm and diameters of 5 um and 10 um are fabricated in a 285 nm thick SiO,
layer, grown by dry oxidation of a silicon (100) wafer (Fig. 4.1b1). Subsequently,
MLG flakes are exfoliated from naturally occurring bulk graphite and suspended
over the cavities by a dry transfer method [19] (Fig. 4.1b2). We use MLG exfoliated
from naturally occurring bulk graphite with thicknesses ranging from 2 layers to 8
nm to ensure that the permeation we observe is not due to the permeation through
the defects along pathway 1.

After initial characterization of the unsealed graphene drums, we seal the cavi-
ties to prevent external gas from entering the interface between graphene and SiO,
(Fig. 1b3). For this purpose we developed a sealing method for locally covering the
edge of the graphene flake by an additional SiO4 layer using EBID of tetraethyl or-
thosilicate (TEOS) (discussed in more detail in the Methods section).

4.4. Experimental Setup

To test the hermeticity of the graphene drums, we used the suspended graphene
drum as a differential pressure sensor [4, 5, 12, 13]. When a pressure difference is
present across suspended graphene, tension is induced in the material that causes
a change in the resonance frequency. To measure the resonance frequency of our
devices, we use the laser interferometry setup shown in Fig. 4.1c.

A modulated blue laser diode (A= 405 nm) is used to optothermally actuate the
MLG membrane. The motion of the graphene membrane is detected using a red
He-Ne laser with wavelength, A= 633 nm. The motion of the suspended graphene
modulates the reflected red laser intensity via its position dependent absorption
of the standing light wave [20]. This modulated light is collected at the photodiode
(PD) and read by the vector network analyzer (VNA). The pressure P,,; inside the
sample chamber (SC) is controlled by the output from the arbitrary waveform gen-
erator (AWG) that drives the pressure controller (PC). The PC then regulates the
pressure inside the SC with a vacuum pump and a gas supply (N, or He).

4.5. Hermeticity Tests of Graphene Cavities

Fig. 4.2 shows measurements of the pressure response of device 1 in N, atmosphere
before (Fig. 4.2 a-c) and after sealing (Fig. 4.2 d-e). We observe significant changes
in the fundamental resonance frequency f;.s, of more than 30 MHz, as chamber
pressure is varied from 0 to 1000 mbar. Fig. 4.2b shows the time-dependent reso-
nance frequency in response to a triangular pressure waveform with a period of
1000 seconds. Before sealing, the resonance frequency exhibits hysteresis (Fig.
4.2b), which is attributed to leakage, that causes P;,,; to vary in time, thus resulting
in different pressure AP = P,y;— P;,,; across the membrane at the same value of P,,;.
In Fig. 4.2c the same device is exposed to pressure steps of 50 mbar. Each step in
pressure results in a sudden increase in frequency followed by an exponential de-
cay that is attributed to gas leakage. By fitting, an average leakage time constant
7 =31 +4 seconds is found for N, (see supplementary information S1).
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Figure 4.2: Top row: device 1 and its experimental data before sealing. Bottom row: device 1 and its ex-
perimental data after sealing. a SEM image of the device before sealing. Inset: AFM profile showing the
step height of the MLG flake. b Fundamental resonance frequency (black) of the non-sealed graphene
resonator while the chamber pressure (red) is swept in triangular waveform with period of 1000 sec-
onds. ¢ Fundamental resonance frequency (black) of the sealed graphene resonator after 50 mbar step
increases in chamber pressure (red). d Optical image of the device after sealing. Due to a slight drift in
the e-beam during the EBID process, the deposition was off-centered which left some part of the MLG
edge exposed. In order to correct this and fully cover all the edges, a second EBID step was necessary
which resulted in two layers of SiO; in some areas (yellow: first layer, green: second layer). e Same pro-
cedure as in b after sealing. f Resonance frequency shift in response to a single 50 mbar step pressure
increase.

These measurements are repeated on the same device after sealing the edges
of the MLG flake by TEOS (Fig. 4.2d). After covering the edges, hysteresis is elim-
inated (Fig. 4.2e) and the resonance frequency closely and reproducibly follows
the applied pressure changes in P,,;. Furthermore, no apparent decay in the res-
onance frequency is observed after a 50 mbar pressure step as shown in Fig. 4.2f.
This shows that the cavity is hermetically sealed or at least that the permeation
is greatly suppressed. The absence of hysteresis in Fig. 4.2e and the absence of a
frequency decay in Fig. 4.2f indicates that after sealing, the internal pressure P;,,;
inside the cavity is thus constant within our measurement accuracy, enabled by the
leak-tight seal between graphene and the EBID deposited SiO,.

4.6. Pressure Sensing with Sealed Graphene Drums

Sealing of the graphene drum allows a more accurate study of the performance of
the device as a pressure sensor. We first analyse the pressure response, and sub-
sequently determine its precision as a pressure sensor. Fig. 4.3a-c shows the fre-
quency, responsivity and Q-factor of device 1 as a function of external pressure.
Once the cavity is sealed, the pressure difference between the outside and inside
of the cavity greatly affects the tension of the membrane which affects the reso-
nance frequency. If the pressure inside is higher, the membrane deflects upward
(pressure regime highlighted in pink), which causes the membrane to stretch and
the tension to increase. If the pressures outside and inside the cavity are equal,
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Figure 4.3: a Pressure P,y; dependence of the resonance frequency of device 1 shown in Fig 4.2. Plot-
ted in red and blue circles are the pressure response of the resonance frequency while increasing and
decreasing pressure, respectively. The analytical fit, based on the resonance frequency of a pressurized
circular membrane is plotted in green. The fit parameters, E, ny and Py extracted from the analytical
model are used in a FEM simulation (dashed black line). Inset: zoom-in near the minimum. b Differ-
ential responsivity (df/dP) plotted in red and blue circles and derivative of the analytical solution from
a plotted in green. Inset: zoom-in near Py. ¢ Q-factor as a function of pressure. Inset: zoom-in near
the minimum. d Optical image of a sealed device (device 2) which consists of only 2 layers of graphene.
Scalebar: 25 um. e Plots similar to a are measured continuously over 55.7 hours using triangular pres-
sure sweeps with a period of 10000 s. f Py is traced over 55.7 hours and fitted to an exponential resulting
in a time constant of 7,404 = 2.88 x 10° seconds.

the membrane is flat (regime in green) and the membrane has minimum tension.
Finally, if the pressure outside is larger, the membrane deflects downward (regime
in yellow) which causes the membrane to stretch, resulting in higher tension in
the membrane. The resonance frequency (Fig. 4.3a) and Q-factor (Fig. 4.3c) show
minima near P,,; = 42 mbar, indicative of P;,, ~ 42 mbar.

In order to relate the pressure dependence of the observed resonance frequen-
cies to the properties of the graphene, we employ a theoretical model to fit the
experimental data. The analytical expression for the deflection of a circular mem-
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brane subjected to a uniformly distributed pressure across the membrane AP is

3.61n9 2.094Eh 4
AP = 5 Xs+ X5,
a

4.1)

a4
where x; is the static deflection at the center of the drum, % the thickness, a the
radius of the drum, n, the pre-tension and E the Young’s modulus (see supplemen-
tary information S2 for derivation).

After determining the deflection x; from Eq. 4.1, we calculate the fundamental
resonance frequency of a tensioned circular drum with respect to static deflection
xs caused by uniform external load of AP using [21]

f k1+3k3xs
res = o m

(4.2)

where k; = 4.8967n, the linear spring constant, ks = 289%Eh 83985’1 the third order spring

constant, m = 0.8467pa”h the modal mass [21], and p the density of the membrane
(see supplementary information S2 for derivation).

Fig. 4.3a shows a comparison of experimental data (red and blue circles) and
fitted curves based on Eq. 4.2 and finite element method (FEM) simulations. To
obtain these curves, we first extract the pre-tension ny in the membrane. In order
to find ng in the membrane, we consider the case where the resonance frequency
is minimum (AP = 0). The minimum in the frequency, fresmin = 10.9 MHz, corre-
sponds to the membrane in the flat (x; = 0) configuration. Using this pre-tension,
the thickness h =7 nm determined from AFM, and the density of graphite p = 2300
kg/m3, we fit Eq. 4.2 to the data resulting in a cavity pressure of Peyx:(f = finin) =
Py = 41.7 +0.6 mbar and Young’s modulus of E = 137.4 + 0.7 GPa. In the discussion
section, potential causes for the low value of the experimentally extracted Young’s
modulus are analyzed. With the same parameters, we numerically simulate the
pressure response of a circular membrane to obtain the FEM simulations shown in
Fig. 4.3a. The effect of the membrane deflection on P;;,; and the effect of squeeze
film damping on the resonance frequency are relatively small (estimated system-
atic error less than 5%), and are therefore not included in the simulation. The FEM
results are also plotted in Fig. 4.3 as dashed lines and are in close agreement with
the measurements and Eq. 4.2.

It is notable that the pressure dependence of the resonance frequenecy in these
devices is very large [4]. At Py, the frequency of the relaxed graphene membrane
is 10.9 MHz and when the pressure difference is at a maximum, the resonance
frequency of the strained graphene membrane is 48.4 MHz. Using the measured
f(Pext), We can estimate the responsivity of the sealed pressure sensor. Over the
full range from P.,; = Py to 1000 mbar, we find an average responsivity of 39.2
kHz/mbar whereas the maximum differential responsivity can be as high as 136
kHz/mbar (Fig. 4.3b). Compared to the graphene based squeeze-film pressure sen-
sor previously reported [12], which was already 45 times more sensitive than the
state of the art MEMS squeeze film pressure sensors, this sealed pressure sensor is
a factor of 15 more responsive, demonstrating the potential of fully sealed mem-
branes of 2D materials for pressure sensing applications.
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Figure 4.4: Raman mapping study of a sealed graphene drum (device 1) before and after ~2 months in
ambient conditions. a Optical image of the sealed device with area under Raman study highlighted in
red. b Optical image of the same drum after ~2 months in ambient conditions. Scale bars are 10 pum
¢ Raman mapping of the sealed drum; the G peak is used for mapping. Surrounding the bulged down
membrane (under tensile strain) are regions of compressive strain, evidenced by the unusually high G
peak position. d Raman mapping of the sealed drum after ~2 months of being in ambient conditions.
Areas surrounding the drum are relaxed and the center of the membrane touches the cavity bottom.

4.7. Long Term Stability

We study the long term stability of resonance frequency of the devices, because
stability is essential for pressure sensing applications. In Fig. 4.3d-f we show mea-
surement results on a sealed device, with a duration of 55.7 hours. The measured
device, device 2 shown in Fig. 4.3d, is the thinnest device we fabricated, being
only 2 layers thick (see supplementary information S3). This device had a leakage
time constant of 26 + 3 seconds before sealing (see supplementary information S4)
which is considerably shorter than those observed in other works [4, 9]. After seal-
ing, the fundamental resonance frequency was measured continuously while P,,;
was swept from 0 to 1000 mbar in a triangular waveform with a period of 10000
seconds. We determined the pressure at minimum frequency (Py) for each sweep
during the whole experiment (Fig. 4.3e). Thus we observed P, increasing from 48.3
mbar to 83.1 mbar in 55.7 hours (Fig. 4.3f). The time constant as obtained from
an exponential fit is 2.88 x 10° seconds (~ 80 hours), which is a factor of 1.11x10*
longer than the leakage time constant before sealing.

When He is used, we observe a decay time-constant 7 =~ 72.2 seconds of the res-
onance frequency after sealing with TEOS, which is much shorter than that for N,
gas (see supplementary information S5). The sealing procedure only reduces the
leak rate by a factor 10 for He gas. This lower effectivity of the sealing procedure
can be attributed to leakage of He through TEOS and thermal oxide, since He gas
is known to be able to diffuse through SiO, layers [18].
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4.8. Discussion

Eventually the goal of any sealing procedure is to reach a situation where the graphene
cavity is leak-tight for many years. However, judging from Fig.4.3f, it can be seen
that the internal pressure Py is slowly increasing as a function of time, which could
be an indication of slow gas leakage into the membrane over periods of hours. Al-
ternatively, the increase of pressure inside the membrane might also result from
another effect. If the membrane is slowly slipping and sagging into the cavity, the
enclosed volume of gas would slowly decrease as a function of time. For a fixed
temperature and amount of gas molecules, the product of pressure and volume
Pin:Vine is constant according to Boyle’s law, and therefore such a decrease in vol-
ume would be accompanied by an increase in pressure. So two hypotheses might
account for the observed increase in pressure: gas leakage and sagging of the mem-
brane resulting in cavity volume reduction. To verify which of these hypotheses can
account for the observed pressure increase in Fig.4.3f, we carried out microscopy
and Raman studies on the membranes at the start and end of the experiment.
Sealing is performed in a high vacuum SEM environment for a period of ~ 1
hour, which results in a near-vacuum state inside the sealed cavity. After sealing,
when the sealed device is exposed to the atmospheric pressure, the large pressure
difference causes the membrane to bulge down. The resulting curvature of the
membrane is clearly visible, as an optical contrast [11] difference between the cen-
ter and the edges of the drum, as shown in the optical microscope image in Fig.
4.4a, that is taken within 10 minutes after EBID. The curvature of the membrane is
also verified in an AFM scan of a similarly sealed device (see supplementary infor-
mation S6). When the device is exposed to the overpressure for a prolonged time
(about 2 months) the bulged down membrane eventually adheres to the bottom
of the cavity as evidenced by the optical microscopy image in Fig. 4.4b. Raman
mapping has been employed to study the changes in the lateral strain distribution
due to the membrane collapsing. A Raman map shown in Fig. 4.4c indicates that
the suspended part of the graphene is initially under tensile strain, as evidenced
by the lower value of the G-peak Raman wavenumbers (see supplementary infor-
mation S7) [22]. The regions surrounding this tensile membrane exhibits compa-
rably lower strain. However, after 2 months of constant overpressure, the Raman
wavenumbers in the surrounding region are shifted downwards (Fig. 4.4d), indicat-
ing higher tensile stress, and the membrane adhered to the bottom of the cavity.
The collapsing of the membrane on the cavity bottom supports the second of
the two hypotheses listed above because if there were small pinholes or defects,
through which gas leaks at small rates, then over time, P;;,; and P,,, would equi-
librate and the initially downward bulged membrane would become flat. However,
we are observing that the membrane collapsed to the cavity bottom and that the
MLG in the nearby region became more strained. A potential explanation for the
observed sagging of the graphene membrane is that the high, pressure induced,
tensile strain in the suspended graphene pulls the layer, such that it slides into the
cavity until it touches the bottom of the cavity. During this motion the strain dis-
tribution in the MLG can change and the graphene edge might also slowly move
with respect to the TEOS. Another effect that might play a role is that creep may
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be occurring in the graphene, either due to dislocation motion, or due to mutual
slipping of graphene layers with respect to each other in the MLG. The increase in
pressure P;,; = Py in Fig. 4.3f can thus be at least partly, but maybe even completely
attributed to the volume reduction due to sagging.

The obtained value of the Young’s modulus from the fit is so much lower than
the well-established literature value of around E = 1 TPa, that we suspect that the
assumptions underlying the continuum model are not adequately capturing the
true membrane physics. Potential causes for this discrepancy include wrinkles (ob-
served around the edge of the membrane as can be seen from Raman measurements
in Fig. 4.4c & d), material residues from the transfer or sealing method, and non-
perfect clamping of the edge of the membrane causing elastic sliding of the sus-
pended part of the membrane near the edge. This last effect seems especially likely
considering the observation of the collapse of the membrane under prolonged ex-
posure to high pressures in Fig. 4.4b. The resulting value for the Young’s modulus
from the fit in Fig. 4.3a is therefore not an accurate representation of the actual
material properties, rather shall be seen as an equivalent property representing a
continuum mechanics model that fits the observed physics.

4.9. Conclusions

In this work, we demonstrate that the N, leakage rate can be drastically reduced (by
a factor > 10%) by sealing the edge of graphene with TEOS. Since leakage through
the thermal oxide would not be significantly blocked by the TEOS, we can also con-
clude from these results that the dominant leakage pathway is along the interface
between graphene and SiO,. From long-term hermeticity tests it is found that the
internal pressure inside the graphene sealed cavity does still increase in time. Al-
though small leakage might still play a role, sagging of the membrane is also identi-
fied as a potential contributor for pressure increase and eventual device failure due
to membrane collapse. By presenting a sealing method for graphene membranes,
the current work sets steps towards improved permeability characterization of 2D
materials and towards new sensors based on impermeable ultrathin membranes.
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Appendix.

A. Leakage time constant of N before sealing

In this section, the average leakage time constant of device 1 in N, atmosphere
before performing the seal is extracted from the experimental data shown in Fig.
2c of the main text.
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Figure A.1: Top row: Sample chamber pressure (Pey;) varied in 50 mbar steps. Bottom row: Resonance
frequency of the graphene membrane (black). The parts of the data which are used to fit to the expo-
nential decay are blue dots and the fits orange. First two decays were omitted due to abnormal decay
profile.

Fig. A.1 is the graph shown in Fig. 2c of the main text where the resonance
frequency of device 1 is measured while increasing the P, in 50 mbar steps. The
decay curves in orange are fitted to f(¢) = ae "'" + ¢ where 7 is the leakage time
constant. Individual time constants are listed and averaged in A.1. Before sealing,
the average leakage time constant of Ny into the cavity is 31 + 4 seconds.

B. Derivation of analytical expression
In this section, the Eq. 1 and 2 from the main text are derived.

Using von Karman membrane theory and Lagrangian approach, one can obtain
the following differential equation governing the motion x(z) of a circular mem-
brane [23]:

mi+kix+ksx>=p (4.3)
in which
m=0.8467pa’h, (4.4a)
k1 =4.8967ny, (44b)
2. E
, = 28398ER (4.40)

a2
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7 (S)
curve 1 omitted
curve 2 omitted
curve 3 25.42
curve 4 23.47
curve 5 18.64
curve 6 25.53
curve 7 41.88
curve 8 29.80
curve 9 38.92
curve 10 48.18
Mean 31.47

Table A.1: Leakage time constants 7 extracted from Fig. A.1 and their mean

p = 1.3567APa?, (4.4d)

where E is the Young’s modulus, # is the thickness and a is the radius of the
membrane; derived while assuming v = 0.16 as the Poisson’s ratio of graphene [8].
Moreover, AP is the uniform distribution of pressure acting on the membrane.

In order to find the natural frequency about the static deflection, we split the
solution to the static x; and dynamic x;(¢#) components as [21]

X=Xs+x4(0). (4.5)

We can now obtain the static deflection due to AP by solving the following algebraic
equation:
ki xs + ks xS = p. (4.6)

The linearized equation of motion around the statically deflected configuration can
then be obtained as
mx;+kixg +3ksx2x; =0, 4.7

which gives the following linearized fundamental frequency (Hz):

2
. J (4.897n0+ —8'512’25th)

T on 0.8467pa’h

f 4.8)

where x; is the real solution of Eq.4.6.

C. Time constant before and after the seal
In this section, we discuss the effectiveness of the seal by comparing the decay time
constant in the fundamental resonance frequency before the seal with the decay
time constant associated with the increase in the P, after the seal.

Device 2 of the main text before sealing is shown in Fig. C.1a. As seen in Fig.
C.1b and c, the fundamental resonance frequency decayed after sudden increase in
pressure before the sealing is performed. Similar to S1, the decay curves (orange)



Appendix 75

T 600 T 250
S 500 £ 200
o 400 > 150
£ 300 g
2 500 7 100
a 9
£ 100 g 50
a N
£ a0 ¥
= (] 2 60
> 60 >
S 40 =1
§ a0 g 30
& 20 w20
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300
e time (s) f time (s)
26 FET T I 85 .
) . 80
25 - —
= - 75 Prds
T [T ° -
S ot ) T ’ . I L)
S & & 70 °
Q Qo -
§ 23| E 65 o et
= S o 5 P °
8 60 0 0" e
T 22 4 e °
21 2L
B 7 50
20 1 1 1 1 1 1 45
0 20 40 60 80 100 120 0 10 20 30 40 50 60
Pressure (mbar) time (h)

Figure C.1: a SEM image of device 2 before sealing. b& c Pressure step response of the unsealed mem-
brane in Nj. Pressure steps are plotted in red, the resonance frequency in black, data used to fit ex-
ponential function in blue dots and fit results in orange. Decay time constant extracted is 7 = 26 +3
seconds. d Optical image of device 2 after sealing. e Sealed drum measured over 55.7 hours. Over time,
the minimum in the resonance frequency shifts higher. f Progression of the minimum in the frequency
fitted to exponential decay function. Py increases from 48.3 mbar to 83.1 mbar in 55.7 hours.

inFig. C.1b and c are fitted to f(¢) = ae”*'* + c where 7 is the leakage time constant,
and listed in Table C.2. Before sealing, the average leakage time constant of N, into
the cavity is 26 + 3 seconds.

The image of device 2 after sealing is shown in Fig. C.1d where the green circular
shape is the electron beam induced deposition of SiO4 using tetraethyl orthosilicate
as the precursor. When measuring a pressure step response of a sealed drum, as
done in Fig. 2f of the main text, it is very difficult to fit a decay function to a nearly
straight line. Therefore we swept P.,, while measuring the resonance frequency
continuously for 55.7 hours to monitor the cavity pressure P,. The progression of
the minimum in the fundamental resonance frequency is shown in Fig. C.1. The
position of the minima are then plotted with respect to time in Fig. C.1f and fitted
to an exponential function. Resulting time constant is 7,404 = 2.88 x 10° seconds
which is a factor of 1.11x 10* greater than the leakage time constant 7 = 25.9 seconds
before sealing.

D. Raman spectrum of sealed membrane

In this section, we discuss the Raman spectroscopy of a sealed membrane and its
implications in the strain of the suspended graphene. Raman spectroscopy has
been employed to study the effect of overpressure. In the sealed cavity in Fig. D.1,
Py = 44 mbar of gas is present. The Raman spectroscopy is performed in ambi-
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7 (S)
curve bl | 16.94
curve b2 | 20.39
curve b3 | 34.26
curve b4 | 41.96
curvecl | 21.40
curvec2 | 19.18
curvec3 | 27.16
Mean 25.90

Table C.2: Leakage time constants 7 extracted from Fig. C.1 and their mean.

ent conditions which means that the membrane is bulged down due large pressure
difference across the membrane. This results in added strain which can be read by
checking the change in the position of the G peak and the 2D peak Raman numbers.
Fig. D.1b and c shows the red shifting of both of the peaks due to strain induced in
the membrane. In Fig. D.1, the G peak and 2D peaks are mapped.
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Figure D.1: a Optical image of the sealed graphene pressure sensor with the area used for Raman Map-
ping shown in red. Scale bar is 10 yum. b Comparison of the G peak between suspended region and a
supported region of graphene. ¢ Comparison of the 2D peak between suspended and supported region
of graphene. Both 2D; and 2D, are fitted to a single Lorentzian for simplicity. Red shifting of both G
and 2D peaks suggests strain present in the suspended region. d Raman map of the red boxed region in
a showing both G peak and 2D peak.

E. Leakage time constant of He before and after sealing
In this section we compare the leakage time constant of He before and after sealing.
Since the permeation of He through SiO, is well known, we expect the seal, which
consists of electron beam induced deposition of SiO,, to be less effective for He
than Ns.

Pressure response in the resonance frequency of the sample is measured in He
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Figure E.1: Top row: image and experimental data of device 3 before sealing. Bottom row: image and
experimental data of device 3 after sealing. a SEM image of device 3 before sealing. Inset: AFM profile
showing the step height of the MLG flake. b Optical image of the device after sealing. ¢ & d Fundamental
frequency (black) of the graphene resonator after a 50 mbar step in chamber pressure (red) for c unsealed
and d sealed MLG drum with exponential decay (green) fitted .

before (Fig. E.1a) and after the sealing (Fig. E.1b). The sample prior to sealing is put
into the sample chamber where the air is flushed out and replaced with He. Then
the resonance frequency is measured following a pressure step of 50 mbar differ-
ences in He. As shown in Fig. E.lc, there is a sharp transition immediately after
the pressure step and a decay in the resonance frequency. The decay is fitted to an
exponential decay which reveals that the leakage time constant is T = 7.8 seconds.
Same experiment has been performed after the sealing in Fig. E.1d. The leakage
time constant extracted from the decay profile is T = 72.2 seconds, which is almost
10 times larger than before sealing.
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Magnetic and electronic phase
transitions probed by
nanomechanical resonators

The reduced dimensionality of two-dimensional (2D) materials results in characteris-
tic types of magnetically and electronically ordered phases. However, only few methods
are available to study this order, in particular in ultrathin insulating antiferromagnets
that couple weakly to magnetic and electronic probes. Here, we demonstrate that phase
transitions in thin membranes of 2D antiferromagnetic FePSs, MnPSs and NiPSs can be
probed mechanically via the temperature-dependent resonance frequency and quality
factor. The observed relation between mechanical motion and antiferromagnetic order
is shown to be mediated by the specific heat and reveals a strong dependence of the Néel
temperature of FePS; on electrostatically induced strain. The methodology is not re-
stricted to magnetic order, as we demonstrate by probing an electronic charge-density-
wave phase in 2H-TasS,. It thus offers the potential to characterize phase transitions in
a wide variety of materials, including those that are antiferromagnetic, insulating or so
thin that conventional bulk characterization methods become unsuitable.

Parts of this chapter have been published in Nature Communications 11, 2698 (2020) by M. SiSkins, M.
Lee, S. Manas-Valero, E. Coronado, Y. M. Blanter, H. S. J. van der Zant, and P. G. Steeneken.
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5.1. Introduction

Nanomechanical resonators made of two-dimensional (2D) materials offer inter-
esting pathways for realizing high-performance devices [1, 2]. Unique functional-
ities and phenomena emerge when combining nanomechanics with the types of
magnetic and electronic phases that have recently been uncovered in 2D materi-
als like magic-angle induced phase transitions [3, 4], 2D Ising antiferromagnets
[5] and ferromagnetism in 2D atomic layers [6, 7] and heterostructures [8]. Only a
few methods are available to study these phases in 2D materials [5-9]. A universal
method to characterize phase transitions in bulk crystals is via anomalies in the
specific heat, that are present at the transition temperature according to Landau’s
theory [10]. However, specific heat is difficult to measure in thin micron-sized sam-
ples with a mass of less than a picogram [11, 12].

We demonstrate that these phases are strongly coupled to mechanical motion:
the temperature dependent resonance frequency and quality factor of multilayer
2D material membranes show anomalies near the phase transition temperature.
Although coupling between mechanical and electronic/magnetic degrees of free-
dom might not seem obvious, the intuitive picture behind this coupling is that
changes in the electronic/magnetic order and entropy in a material are reflected
in its specific heat, which in turn results in variations in the thermal expansion co-
efficient that affect the tension and resonance frequency. As the specific heat near
a phase transition is expected to exhibit a discontinuity [10], the temperature de-
pendent resonance frequency of a suspended membrane can thus be used to probe
this transition.

The coupling of mechanical degrees of freedom to magnetic and electronic or-
der is attributed to thermodynamic relations. Nanomechanical resonators, there-
fore, offer the potential to characterize phase transitions and realize device con-
cepts in a wide variety of systems, not restricted only to van der Waals materials
but including those that are ultrathin, antiferromagnetic or insulating [8]. Here, we
use nanomechanical motion to investigate magnetic order in membranes of semi-
conducting FePS3, NiPS; and insulating MnPS; - antiferromagnetic members of
the transition-metal phosphor trisulphides (MPS3) [13], and subsequently discuss
results on metallic 2H-TaS,, which exhibits a transition to a charge density wave
state [14].

5.2. Results

5.2.1. Antiferromagnetic mechanical resonators.

FePS; is an Ising-type antiferromagnet with a Néel temperature in bulk in the range
of Ty ~118-123 K [5, 13, 16], exhibiting a distinct feature in its specific heat near
Tx [16]. Ionic layers in FePS;3 are stacked in van der Waals planes, that can be ex-
foliated to thin the crystal down with atomic precision [5]. Using mechanical exfo-
liation and all-dry viscoelastic stamping [17], we transfer thin flakes of FePS; over
circular cavities etched in an oxidised Si wafer, to form membranes (see the inset in
Fig. 5.1a). Suspended FePS3 devices with thicknesses ranging from 8 to 45 nm are
placed in a cryostat and cooled down to a temperature of 4 K. The resonance fre-
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Figure 5.1: Characterisation of mechanical resonances in a thin antiferromagnetic FePS3 membrane.
(a) Laser interferometry setup. Red interferometric detection laser: A,.q = 632 nm. Blue actuation laser
diode: Apjye =405 nm. VNA - Vector Network Analyzer, CM - Cold Mirror, PBS - Polarizing Beam Splitter,
PD - Photodiode, LD - Laser Diode. Inset: optical image of a FePS3 membrane, including electrodes
introducing an option for electrostatic control of strain in the membrane. Flake thickness: 45.2+0.6 nm;
membrane diameter: d = 10 um. Scale bar: 30 um. (b-d) Amplitude (A) and phase (¢) of the fundamental
resonance at three different temperatures for the device shown in (a). Filled dots - measured data; solid
lines - fit of the mechanical resonance used to determine f; and Q [15].

quency of the nanodrums is then characterized using a laser interferometry tech-
nique [15] (see Fig. 5.1a and Methods).

The resonance frequency of the fundamental membrane mode, fo(T), is mea-
sured in the temperature range from 4 to 200 K. Typical resonances are shown in
Fig. 5.1b-d in the antiferromagnetic phase (80 K), near the transition (114 K) and in
the paramagnetic phase (132 K), respectively. Figure 5.2a shows fy(T) of the same
FePS; membrane (solid blue curve). Near the phase transition, significant changes
in amplitude, resonance frequency and quality factor are observed.

5.2.2. Resonance and specific heat.

To analyze the data further, we first analyze the relation between f; and the specific
heat. The decrease in resonance frequency with increasing temperature in Fig. 5.2a
is indicative of a reduction in strain due to thermal expansion of the membrane.
The observed changes can be understood by considering the resonance frequency
of a bi-axially tensile strained circular membrane:

2.4048 |E €(T)
(M) ==— ‘/5(1—v)’ (5.1)
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where E is the Young’s modulus of the material, v its Poisson’s ratio, p its mass den-
sity, €(T) the strain and T the temperature. The linear thermal expansion coeffi-
cient of the membrane, a1 (T), and silicon substrate, as;i(T), are related to the strain
in the membrane [18] as 42 ~ —(ay (T) - a5(1)), using the approximation asio, <
asi (see Supplementary Note 1). By combining the given expression for dfg ) with
equation (5.1) and by using the thermodynamic relation ay,(T) = ycy(T)/ (3K Vi) [19]
between ar (T) and the specific heat (molar heat capacity) at constant volume, ¢, (T),

we obtain:

1 dIf(D)]

KWy ( KWy
cy(T) = 3aL(T)——3 -0 =M
Y u

Y
Here, K is the bulk modulus, y the Griineisen parameter, Vyy = M/p the molar vol-
ume of the membrane and p = 2378, /=L, that are assumed to be only weakly

temperature dependent. The small effect of non-constant volume (v # 0.5) on ¢, is
neglected.

(5.2)
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Figure 5.2: Mechanical and thermal properties properties of a FePS3 resonator with membrane thick-
ness of 45.2 £ 0.6 nm. In all panels, dashed vertical lines indicate the detected transition temperature,
Ty = 114+3 K as determined from the peak in the temperature derivative of fOZ. (a) Solid blue line - mea-
sured resonance frequency as a function of temperature. Solid magenta line - temperature derivative
of f02. (b) Solid blue line - experimentally derived specific heat and corresponding thermal expansion
coefficient. Solid magenta line - the theoretical calculation of the magnetic specific heat as reported in
Takano et al. [16] added to the phononic specific heat from Debye model (dashed magenta line) with a
Debye temperature of ©p =236 K [16]. (c) Mechanical quality factor Q(T) of the membrane fundamen-
tal resonance. (d) Solid orange line - measured mechanical damping Q~!(T) as a function temperature.
Solid blue line - normalized ¢y (T) T term [20, 21] (see supplementary equation (14)), with ¢y (T) taken
from (b).

We use the equation (5.2) to analyze f,(T) and compare it to the calculated spe-
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cific heat for FePS; from literature [16]. In doing so, we estimate the Griineisen
parameter following the Belomestnykh—Tesleva relation y ~ 3 (21f3vv) [19, 22]. This
is an approximation to Leont’ev’s formula [23], which is a good estimation of y
for bulk isotropic crystalline solids within ~ 10% of uncertainty [19]. Furthermore,
we use literature values for the elastic parameters of FePS3 as obtained from first-
principles theoretical calculations [24] to derive E = 103 GPa, v =0.304 and p = 3375

kg m~3 (see Supplementary Note 2).

5.2.3. Detecting phase transitions.

In Fig. 5.2a, the steepest part of the negative slope of f,(T) (solid blue curve) leads

2
to a large peak in d(]:‘j;m (solid magenta curve) near 114 K, the temperature which

we define as Ty and indicate by the vertical dashed lines. In Fig. 5.2b the specific
heat curve of FePS; (blue solid line) as estimated from the data in Fig. 5.2a and
equation (5.2) is displayed. The results are compared to a theoretical model for
the specific heat of FePS3; (magenta solid line in Fig. 5.2b), which is the sum of a
phononic contribution from the Debye model (magenta dashed line) and a mag-
netic contribution as calculated by Takano et al. [16]. It is noted that other, e.g.
electronic contributions to ¢,(T) are small and can be neglected in this compari-
son, as is supported by experiments on the specific heat in bulk FePS; crystals [16].
The close correspondence in Fig. 5.2b between the experimental and theoretical
data for ¢,(T) supports the applicability of equation (5.2). It also indicates that
changes in the Young’s modulus near the phase transition, that can be of the order
of a couple of percent [25, 26], are insignificant and that it is the anomaly in ¢, of
FePS3 which produces the observed changes in resonance frequency and the large

did
dT

peak in visible in Fig. 5.2a.

5.2.4. Effect of strain.

The abrupt change in ¢,(T) of the membrane can be understood from Landau’s
theory of phase transitions [10]. To illustrate this, we consider a simplified model
for an antiferromagnetic system, like FePSs, with free energy, F, which includes a
strain-dependent magnetostriction contribution (see Supplementary Note 3). Near
the transition temperature and in the absence of a magnetic field it holds that:

F=Fo+[a(T - Tn) +{(e)] L2 + BL:. (5.3)

Here, a and B are phenomenological positive constants, L, is the order parame-
ter in the out-of-plane direction and {(e) = n;e;;, a strain-dependent parameter
with n;; a material-dependent tensor, that includes the strain and distance depen-
dent magnetic exchange interactions between neighbouring magnetic moments.
By minimizing equation (5.3) with respect to L, the equilibrium free energy, Fmin,
and order parameter are obtained (see Supplementary Note 3). Two important ob-
servations can be made. Firstly, strain shifts the transition temperature according

to:

T3() = T - C(—j (5.4)
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Figure 5.3: Resonance frequency and transition temperature tuning with a gate voltage. (a) Resonance
frequency as a function of gate voltage at 50 K. Inset - schematics of the electrostatic tuning principle.
(b) Resonance frequency as a function of temperature for six different voltages. Inset: optical image
of the sample, ¢ =8+ 0.5 nm. Scale bar: 16 um. (c) Derivative of f02 as a function of gate voltage and
temperature. Blue arrow, line colors and legend indicate the values of VGDC. Dashed grey lines indicate
the decrease in transition temperature ATy = TIfI(VGDC) — TN(0V) with increasing Vgc. (d) Blue solid
dots - shift in Ty as a function of Vgc extracted from the peak position in (c). Vertical blue bars - error
bar in ATy estimated from determining the peak position in (c) within 2% accuracy in the measured
maximum. Orange solid line - model of electrostatically induced strain Ae as a function of VGDC (see
Supplementary Note 5).

where Ty is the Néel temperature, below which free energy minima Fy,;, with fi-
nite order (L, # 0) appear. Secondly, since close to the transition the specific heat

follows ¢y (T) = - TazaFT“;i“, this general model predicts a discontinuity in ¢, of magni-

tude T;}% at the transition temperature Ty, in accordance with the experimental

d(fZ (1)

jump in ¢, (T) and T

observed in Fig. 5.2a and b.

5.2.5. Temperature dependent Q-factor.

We now analyze the quality factor data shown in Fig. 5.2¢,d. Just above Ty, the
quality factor of the resonance (Fig. 5.2c) shows a significant increase as the tem-
perature is increased from 114 to 140 K. The observed minimum in the quality fac-
tor near the phase transition, suggests that dissipation in the material is linked to
the thermodynamics and can be related to thermoelastic damping. We model the
thermoelastic damping according to Zener [20] and Lifshitz-Roukes [21] that re-
port dissipation of the form Q! = B¢, (T) T, where g is the thermomechanical term
(see Supplementary Note 4). Since we have obtained an estimate of ¢,(T) from the
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resonance frequency analysis (Fig. 5.2b), we use this relation to compare the ex-
perimental dissipation Q~'(T) (orange solid line) to a curve proportional to ¢,(T) T
(blue solid line) in Fig. 5.2d. Both the measured dissipation and the thermoelastic
term display a peak near Ty ~ 114 K. The close qualitative correspondence between
the two quantities is an indication that the thermoelastic damping related term
indeed can account for the temperature dependence of Q(T) near the phase tran-
sition. We note that the temperature dependent dissipation in thin membranes is
still not well understood, and that more intricate effects might play a role in the
observed temperature dependence.
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Figure 5.4: Mechanical properties of a 2H-Ta$S, resonator with membrane thickness of 31.2+0.6 nm and
d =4 pym. Dashed vertical line in all 4 panels indicates the detected Tcpyw, that is defined by the peak
. d(f? . . . . .
in & 3;”. (a) Solid blue line - resonance frequency as a function of temperature. Solid magenta line
- temperature derivative of f02. (b) Solid blue line - experimentally derived ¢, and thermal expansion
coefficient as a function of temperature (see Supplementary Note 6). Solid magenta line - specific heat
of bulk 2H-Ta$, as reported in Abdel-Hafiez et al. [14]. Inset: optical image of the sample. Scale bar: 20
um. (c) Quality factor Q(T) as a function of temperature. (d) Solid orange line - measured mechanical
damping Q~1(7) as a function of temperature. Solid blue line - curve proportional to the term ¢y (T) T
[20, 21] (see supplementary equation (14)), with ¢, (T) taken from the experimental data in (b).

5.2.6. Electrostatic strain.

Equation (5.4) predicts that the transition temperature is strain-dependent due to
the distance dependent interaction coefficient {(¢) between magnetic moments.
To verify this effect, we use an 8 + 0.5 nm thin sample of FePS; suspended over a
cavity of 4 um in diameter. A gate voltage Vgc is applied between the flake and
the doped bottom Si substrate to introduce an electrostatic force that pulls the
membrane down and thus strains it (see Supplementary Fig. 4 and 5). As shown in
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Fig. 5.3a, the resonance frequency of the membrane follows a W-shaped curve as a
function of gate voltage. This is due to two counteracting effects [27]: at small gate
voltages capacitive softening of the membrane occurs, while at higher voltages the
membrane tension increases due to the applied electrostatic force, which causes
the resonance frequency to increase.

Figure 5.3b shows fy(T) for six different gate voltages. The shift of the point of
steepest slope of f,(T) with increasing V(?C is well visible in Fig. 5.3b and even more

2
clear in Fig. 5.3c, where the peak in déf;) shifts 6 K downward by electrostatic force

induced strain. The observed reduction in Ty as determined by the peak position in

2
déf;) qualitatively agrees with the presented model and its strain dependence from

equation (5.4), as shown in Fig. 5.3d indicative of a reduced coupling of magnetic
moments with increasing distance between them due to tensile strain.

5.3. Discussion

Since the coupling between specific heat and the order parameter in materials is
of a general thermodynamic nature, the presented methodology is applicable to
a wide variety of materials provided that elastic properties of the material and
Griineisen parameter are weakly temperature dependent, the substrate satisfies
the condition asypstrate < @material and that the frequency shifts and changes in Q
are large enough to be resolved. We further demonstrate the method by detecting
magnetic phase transitions in NiPS3 and MnPS;3. Compared to FePSs, the effect of

the phase transitions in MnPS3 and NiPS; on the resonances is more gradual (see

2
Supplementary Fig. 2) with both materials showing broader maxima in d({‘;;ﬂ) near

their Ty at 76 K and 151 K, respectively, which is consistent with measurements of
bulk crystals [13, 16].

In order to demonstrate the detection of an electronic phase transition, we now
discuss results for 2H-TaS; that in bulk exhibits a charge density wave (CDW) tran-
sition at Tcpw ~ 77 K [14]. Figure 5.4a shows a transition-related anomaly in both
fo(T) (solid blue line) and the temperature derivative of fZ(T) (solid magenta line)

2
that peaks at 75+3 K. We convert d({‘i;m to the corresponding ¢, (T) using the same

approach as discussed before (see Supplementary Note 6). Figure 5.4b shows a
downward step in the specific heat at 75 K (solid blue line), indicative of a phase
transition from the CDW to the disordered high-temperature state [10, 28] with a
close quantitative correspondence to ¢, measured in a bulk crystal [14] (drawn ma-
genta line). This anomaly occurs near the electrically determined phase transition
temperature of ~ 77 K on the same flake (see Supplementary Fig. 6¢) and is also
consistent with the CDW transition temperature previously reported in 2H-TaS;
[14]. The Q-factor also shows a local minimum with a drop next to the transition
temperature (see Fig. 5.4¢). As discussed before [20, 21], Q~1(T) is expected to fol-
low the same trend as ¢,(T) T. Both quantities are displayed in Fig. 5.4d and indeed
show a good qualitative correspondence.

In conclusion, we have demonstrated that there exist a strong coupling between
mechanical motion and order in ultrathin membranes of 2D materials. An ana-
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lytical equation for the relation between the specific heat of the material and the
temperature dependent resonance frequency is derived and shown to be in good
agreement with experimental results. Since the materials are utilized in a sus-
pended state, substrate effects on the electronic and magnetic properties of the
thin materials are excluded. The technique is not only appealing for the character-
isation of ultrathin membranes of antiferromagnetic and insulating materials that
are difficult to characterize otherwise, but also for the development of device con-
cepts exploiting the unique properties of the materials involved. It is anticipated
that it can be applied to a large range of van der Waals materials [8, 9], 2D ferro-
magnets [29], thin 2D complex oxide sheets [30, 31] and organic antiferromagnets
[32].

5.4. Methods

5.4.1. Sample fabrication

To realize electrical contact to the samples for electrostatic experiments, Ti/Au
electrodes are pre-patterned by a lift-off technique. Cavities are defined by re-
active ion etching of circular holes with a diameter of 4 — 10 um in oxidized doped
silicon wafers with an SiO, thickness of 285 nm. Flakes of van der Waals crystals are
exfoliated from high quality synthetically grown crystals with known stoichiome-
try (see Supplementary Note 7). All flakes are transferred on a pre-patterned chip
by an all-dry viscoelastic stamping directly after exfoliation. Subsequently, sam-
ples are kept in an oxygen free environment to avoid degradation. In total, data on
measurements of three FePSs, one 2H-TaS,, one NiPS; and one MnPS3 devices is
presented in this manuscript.

5.4.2. Controlled measurement environment

The samples are mounted on a piezo-based xy nanopositioning stage inside a cham-
ber of a closed-cycle cryostat with optical access. A closed feedback loop controlled
local sample heater is used to perform temperature sweeps at a rate of ~5 K per
minute, while keeping the pressure in the chamber below 107® mbar. During the
data acquisition temperature is kept constant with ~ 10 mK stability.

5.4.3. Laser interferometry

A blue diode laser (A = 405 nm), which is power-modulated by a Vector Network
Analyzer (VNA), is used to excite the membrane and optothermally drive it into
motion. Displacements are detected by focusing a red He-Ne laser beam (1 = 632
nm) on the cavity formed by the membrane and Si substrate. The reflected light,
which is modulated by the position-dependent membrane motion, is recorded by
a photodiode and processed by a phase-sensitive VNA. All measurements are per-
formed at incident laser powers of Peq < 10 uW and Pypue < 0.6 uW. It is checked
for all membranes that the resonance frequency changes due to laser heating are
insignificant. Laser spot size is on the order of ~ 1 um. The uncertainty in mea-

sured transition temperatures is estimated from determining the peak position in
d(f2(1)
dT

within 2% accuracy in the measured maximum. Information about the
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reproducibility of measurements is available in Supplementary Note 8.

5.4.4. Atomic Force Microscopy

AFM inspections to determine sample thickness are performed in tapping mode
on a Bruker Dimension FastScan AFM. We use cantilevers with spring constants
of k =30-40 N m~!. Error bars on reported thickness values are determined by
measuring three to five profile scans of the same flake.



93

Appendix.

A. Fundamental resonance frequency of a circular plate and mem-
brane

In this section we analyze in more detail the resonance frequency of the FePS; res-

onators and show that near the phase transition they are close to the membrane

limit. The fundamental resonance frequency of the mechanical resonator, fy, in

the crossover membrane-plate regime can be approximated as [15, 33]:

~ 2 2 —
(D) = \/ /membrane + plate —

\](2.4048)215 e(T) (10.211: E

(5.5)

2
mtd E(l—v)+ Ttd? ) 3p(1-v2)’

where d is the diameter of the membrane, E the Young’s modulus, ¢(T) the strain, v
the Poisson’s ratio, ¢ the thickness, p the mass density and T the temperature. The
resonance frequency of the fundamental mode of a circular resonator is thickness
dependent. For plate resonators fpaee o ¢, as expected for small and linear deflec-
tion [15, 33, 34]. For membranes, however, f; is dominated by the biaxial tension

N:
2.4048 | N
Jmembrane = 7'[d_ E (5.6)

Supplementary equation (5.6) yields fiembrane < ¢~ *° for thin resonators. When
the membrane is subjected to temperature changes, the total tension is dominated
by thermal strains ¢!". Thermal strains are of dilatational nature and do not cause
any shear, thus, these can be written as: ¢! = @ AT, where a is the thermal expan-
sion coefficient. In-plane radial thermal strain is then related to tension according
to the Hooke’s law as N = Ny+Etet"/(1-v), where N, the intrinsic pre-tension intro-
duced during the fabrication process. Thus, supplementary equation (5.5) is used
to determine if the membranes under study are in the plate or in the membrane
limit at a given temperature, as shown in Supplementary Fig. A.1a,b.

The relative contribution of the plate term to the frequency of the resonator is
largest at room temperature because the membrane tension is the lowest. As shown
in Supplementary Fig. A.la at T =300 K and Ny =0.1 N m™!, thicker FePS3 samples
(t > 40 nm) behave as circular plates. However, as shown in Supplementary Fig.
A.1b, in proximity of the transition temperature (T =~ 114 K) due to temperature-
induced strain e(T) (see supplementary equation (5.5)), the resonator behaves close
to the membrane limit over a thickness range from zero to 60 nm.

The total strain in the membrane is estimated using e(T) = ¢o— jg)OK(amateria](T) -
asi(1))dT, where ¢ is the intrinsic pre-strain at T =300 K [18, 35]. Because asio, <
as;i [36, 37], the effect of the thin SiO, layer can be neglected. As shown in Supple-
mentary Fig. A.1c, the thermal expansion coefficient of the silicon substrate (solid
magenta line) is small compared to that of FePS3. Therefore, the total strain in the
membrane will mainly build up due to ageps,, and this term dominates the change
in resonance frequency, fo(T) as depicted in Supplementary Fig. A.1d.
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Figure A.1: Resonance frequency of a FePS3 resonator as a function of thickness for (a) 300 K and (b)
114 K. (c) Comparison of thermal expansion coefficients of FePS3 as measured (solid orange line) and
as predicted from the Debye model (solid blue line) to that of the Si substrate (solid magenta line).
(d) Calculated resonance frequency of a FePS3 membrane using supplementary equation (5.5) with a
diameter of 10 um taking into account the thermal expansion coefficient of FePS3 as predicted by the
Debye model.

B. Mechanical resonances and specific heat of MPS3 (M=Fe, Ni, Mn)

In addition to FePS3, we measure MnPS3 and NiPS; membranes with a 10 ym di-
ameter and thicknesses of 31.8 + 1.2 and 35.7 + 1.1 nm, respectively. Comparative
study of these is particularly interesting since FePS3 is an Ising antiferromagnet,
while the other two are Heisenberg (MnPS3) and XY (NiPS3) antiferromagnets. The
resonance peak of the fundamental membrane mode, f,(T), as well as the Q-factor
is measured from 4—200 K using the procedure described in the main text. We note
that the resonance frequency and quality factor are related via causality: f(T) =

fo(T),/1- 40(%)2. However, for a quantitative change in the Q-factor next to the

phase transition in samples presented in Fig. 2c of the main text and Supplemen-
tary Fig. B.1, we expect the effect on f,(T) to be of the order of kHz, which is in-
significant compared to the change in frequency up to ~ 2 MHz.

At the phase transition, significant changes in both the resonance frequency (Sup-
plementary Fig. B.1a) and quality factor (Supplementary Fig. B.1b) of the MnPS;

membrane are observed. Supplementary figure B.1a shows the resonance frequency

(solid blue line) and the corresponding déj;"z ) (solid magenta line) with a peak that

occurs at a temperature similar to the transition temperature from the antiferro-
magnetic phase (< 78 K) to the paramagnetic phase (> 78 K) in the bulk material
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Figure B.1: Mechanical properties of MnPS3 and NiPS3 membranes. Dashed vertical lines indicate tran-
sition temperatures, Ty. (a) Solid blue line - Measured resonance frequency of MnPS3 membrane as a
function of temperature. Solid magenta line - Temperature derivative of foz. (b) Measured mechanical
damping (Q~!) as a function temperature. Inset: Optical image of the sample, ¢ = 32.3+0.4 nm. Scale
bar: 40 um. (c) Solid blue line - Measured resonance frequency of NiPS3 membrane as a function of
temperature. Solid magenta line - Temperature derivative of f02. (b) Measured mechanical damping
(Q71) as a function temperature. Inset: Optical image of the sample, ¢ = 35.7 +0.5 nm. Scale bar: 30 um.

[16] and is thus attributed as Ty. The temperature dependence of d( foz)/dT shows
a broad hump with a smeared peak at Ty, which resembles the temperature de-
pendent specific heat ¢,(T) of this material in bulk form [16]. Supplementary figure
B.1b shows the mechanical dissipation, Q~!, that exhibits a local minimum close to
Ty aswell as alocal maximum at T ~ 36 K. In Supplementary Fig. B.1c the resonance
frequency of the NiPS3; membrane (solid blue line) is shown with the correspond-

ing dé’;"z ) (solid magenta line). A small peak is noticeable in défgz ) near bulk TN ~ 155
K indicating the phase transition [38]. However, as shown in Supplementary Fig.
B.1d, no significant anomalies in the Q-factor were observed in the case of NiPS;.
Compared to FePSg3, the effect of the phase transitions in MnPS3 and NiPS3 on the

resonances is more gradual (Supplementary Fig. B.la-d). Both materials show a

2
peak in d((jf;) at the Ty, but their dissipation does not show a clear jump at Ty like

in the case of FePSs.

We also calculated the corresponding temperature dependent specific heat ¢, (T)
for the three MPS; samples. Following the methodology described in the main
text, we estimate the Griineisen parameter following the Belomestnykh-Tesleva
relation [22, 39]: y ~ 3 (3%%). We use reported values for monolayers of FePSy
(Ci=727Nm™!, C» =221 Nm~! and p,p =2.16 x 1076 kg m~2), MnPS3 (Cy; = 61.7




5. Magnetic and electronic phase transitions probed by nanomechanical

96 resonators
a b ¢
ePS
250 — 250 3
MnPS, | | '
200 ' \ ! 200}
1 NiPS, < :
X150} S | . X150t !
S 0 [ i 5 |
Ei00} N P BT ‘
S /e S 1
50+ | ! ! 50 I
' | |
[} I 1 |
0 L=z L ! ! 0 s L L
0 50 100 150 200 0 50 100 150 200
Temperature (K) Temperature (K)

Figure B.2: Estimated specific heat (¢y) for (a) MPS3 (M=Fe, Mn, Ni) membranes of r = 45.2+0.6 nm, 31.8+
1.2 nm and 35.7+ 1.1 nm, respectively. Dashed lines indicate the corresponding transition temperatures
(Tn): Ty =76 +5 K for MnPS3, Ty = 114+ 3 K for FePS3 and Ty = 151 +5 K for NiPSs. (b) Specific heat of
ultrathin FePS3 membrane compared to that of its bulk form. Solid blue line - measured cy of the FePS3
ultrathin membrane. Solid magenta line - ¢y reported by Takano et al. [16] for a bulk crystal.

Nm™!, C;, =202 Nm! and pop =2.00 x 107% kg m~2) and NiPS3 (C;; =87.0 Nm™!,
C12 =23.1Nm™! and p,p = 2.15 x 1075 kg m~?) as obtained from first-principles cal-
culations [24, 40]. We convert these to three-dimentional Young’s modulus E, mass
density p and Poisson’s ratio v using E = C%IC;HC%Z %, o= "ZTD and v = g—ﬁ, assuming the
interlayer distance for the compounds to be tgeps, = 0.64 nm, fvmps, = 0.65 nm and
tnips; = 0.64 nm as determined from Supplementary Fig. G.1a-c. The resulting val-
ues are E = 103 GPa, v = 0.304 and p = 3375 kg m~3 for FePS3, E = 85 GPa, v = 0.327
and p = 3076 kg m~3 for MnPS3 and E = 126 GPa, v = 0.265 and p = 3359 kg m~3 for
NiPSs;.

In Supplementary Fig. B.2a the specific heat for the three MPS; are displayed, as
determined from the data in Supplementary Fig. B.1a,c, and Fig. 2a using equation
(2) from the main text. Detected temperatures are indicated by dashed lines and
found to be Ty = 76 +5 K for MnPS3, Ty = 114 + 3 K for FePS; and Ty = 151 +5 K for
NiPS3, which are in agreement with experiments in bulk crystals of MPS; [13, 16].
As shown in Supplementary Fig. B.2b, for FePS; we obtain a good correspondence
to bulk literature values [16] (solid magenta curve) without fitting parameters. The
transition related peak in ¢,, however, is more pronounced in the case of the ultra-
thin membrane (solid blue curve) than in the bulk.

C. Entropy in a suspended antiferromagnet

A uniaxial antiferromagnet with two antiparallel magnetic sub-lattices close to the
phase transition can be modeled by the Landau theory of phase transitions [10, 41].
In this theory, the vector order parameter L is defined as the difference between the
magnetizations of the two sublattices, M; and M; (thus, the antiferromagnetic vec-
tor L= M;—M,). This order parameter is zero in the paramagnetic phase and is finite
in the antiferromagnetic phase. The magnetization, M, is the sum of both magne-
tizations (M = M; + M) and equals to zero in the absence of an external magnetic
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field, H.

For a uniaxial crystal antiferromagnet, the transition temperature is commonly
known as Néel temperature, Ty, but, as conveyed by Landau et al. [10, 41], it is also
referred to as the antiferromagnetic Curie temperature and denoted as T.. Note
that further we will consider the Néel temperature, denoted as Ty, as the tempera-
ture where the transition from a paramagnetic to an antiferromagnetic phase takes
place. Near Ty, Lis small and the free energy, F, can be expanded in terms of L and
H, since the magnetization is only non-zero when an external field H is present (i.e.
a spin-flop transition). Following Landau formalism and considering z-axis as the
main axis of symmetry, we write (see e.g. Ref. [10]):

2

F= F0+AL2+BL4+D(H-L)2+D’H2L2—%7(sz+ %,B(Li+L§,)— %NM (H,% +H§) —?—ﬂ ,

(5.7)
where A= a(T-1Tn), D, D', a and B are phenomenological positive constants which
are taken temperature independent, y, the isotropic susceptibility for T > Ty, B
the index that describes the temperature dependence of the spontaneous magne-
tization below Ty (B > 0 for L directed out-of-plane) and uy the magnetic suscep-
tibility in the paramagnetic phase. The minimization of supplementary equation
(5.7), where the vector L is along the z-axis (thus, L, = L, =0 and > 0) and in the
absence of field (H = 0), gives L, = L, =0and L, = 0 for T > Ty (paramagnetic phase)
and L, = va(Tx - T)/(2B) for T < Ty (antiferromagnetic phase).

Now we introduce strain. For an easy-axis antiferromagnet near Ty with the
vector L along the z-axis and in the absence of field, we can write supplementary
equation (5.7) as:

1
F:F0+AL2+BL4+Eﬁ(L§+L§)+(L§+(xL§+(yL§, (5.8)

where the last three added terms describe the magnetostriction effects, i.e., the
coupling of magnetic moments to strain; the coefficients ¢, ¢, , are linear combi-
nations of the components of the strain tensor. We assume that the strain is de-
termined by the deformation of the membrane, and that the back-action exerted
by the magnetization on the strain is negligible. In that case, for the calculation
of the order parameter, { and { , can be treated as temperature-independent con-
stants. We also assume that |{|,{y,,| < B, so that even the strained antiferromag-
net exhibits an easy-axis. The minimization of supplementary equation (5.8) gives
Ly =Ly =0, leading to a free energy which only depends on L.,

F=Fy+[a(T-Ty)+{]L%+BL3. (5.9)

The first observation is that the magnetostriction effects shift the antiferromag-
netic phase transition point. Indeed, the phase transition occurs at the temper-
ature T at which the coefficient multiplying L2 in supplementary equation (5.9)
vanishes. This gives Ty} = Ty - {/a (which is equation (4) in the main text).
Second, we calculate the behavior of the specific heat close to the phase tran-
sition. Minimizing supplementary equation (5.9) with respect to L., we find the
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equilibrium free energy, Fin = Fo—a*(T - T)?/(4B) in the antiferromagnetic phase,
where F is the free energy of the paramagnetic phase. We proceed by calculating
the entropy Smin = —0Fmin/0T,

2 * *
Smin_S():{ Oa (T - D)/ (2B) iiig ’ (5.10)
where Sy = —0F,/dT is the entropy of the paramagnet with S, the non-magnetic
contribution to the entropy. Since the renormalized transition temperature Ty is
strain-dependent, the entropy of the antiferromagnet contains an additional (as
compared to the paramagnetic phase) strain-dependent term. The specific heat
near Ty, Cymin = T0Smin/0T, reads

T:a®/(2B) T<T
cv,min_CV,O:{ ON T> TE ) (5.11)
where ¢y is the non-magnetic contribution to the specific heat. This derivation
shows, in line with Landau theory [10, 41], that the specific heat has a jump at the
transition temperature, Ty.

D. Dissipation and thermoelastic damping in vibrating membranes
For a membrane in motion the dissipation Q! is defined as the ratio of the energy
lost per cycle to 27t times the stored energy. The total dissipation in a membrane is
given by the sum of all contributing dissipation mechanisms [42]:

-1 _ -1 -1 -1 -1
Q = medium T champing + Qintrinsic + Qother‘ (5'12)

-1 is related to losses due to the interaction with a fluid medium or gas and

medium
can thus be neglected in high vacuum. Qc‘l}impmg isrelated to the transfer of mechan-

ical energy to the anchoring substrate, which has a small temperature dependence
[42]. Qi1 . quantifies all intrinsic damping mechanisms of the material, such as
thermoelastic damping, internal and surface friction, and phonon-phonon inter-
action loss. Q&Ler relates all other possible damping mechanisms, such as elec-
trical charge damping and magneto-motive damping. In this section we focus on
deriving the expression for the thermoelastic damping. Further derivation in this
section follows Zener’s standard linear solid model [20, 43].

The dissipation is equal to the ratio between the imaginary and real parts of the
complex elastic modulus E* (w) = E'(w) +iE" (w):

E/I

= 7 (5.13)

Q_l
For a standard linear solid with a single relaxation mechanism, real and imaginary
parts of the complex elastic modulus are given by:

w?r?

1+ (w1)?’

wT

1" _ _ o
E'(@) = (Bu= B o

E'() = E;+ (By — Ey) (5.14)
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where o is the resonance eigenfrequency, 7 the thermal relaxation time, E, and
E, are the relaxed (or isothermal) and unrelaxed (or adiabatic) Young’s moduli, re-
spectively (see Ref. [42, 43] for more details). From supplementary equation (5.13),
the dissipation is then:

T ~Eu—Er T
E+Ey(wr)? E 1+ 1n)?’

Q'=(Ey-E) (5.15)
for (E, — E;) < E; = E,. For a standard thermoelastic solid and in the case of ther-
moelastic damping Qy,, supplementary equation (5.15) can be rewritten as [20,
21, 43]:
Ea?T

Cy

E,—-E;
Qrep=—5—B= B, (5.16)

where a is the thermal expansion coefficient, ¢, the specific heat and g the thermo-
mechanical parameter, that in Zener’s model is §7 = % The exact expression
for thermoelastic damping and its relation to the thermal properties of solids was
found by Lifshitz and Roukes [21] with fig = & — & SBL@SG). "ywhere ¢ = V.

& & cosh(é)+cos(¢)?
Under the assumption that the temperature dependence of wt is small, supplemen-

tary equation (5.16) can be written as:

Ea®T

Qrep (5.17)
v

The close correspondence between this expression and the data in Fig. 2d and 4d

in the main text indicates that this assumption is reasonable.

As could be noted from equation (2) in the main text and assuming the elastic prop-

erties of the material and its Griineisen parameter to have a negligible temperature

dependence at low temperatures, the thermoelastic damping Q:}, is related to the

frequency f; of the resonator as:

2 dif2(T
QféD(T)“ Moc co(T) T x —TM

D) aT (5.18)

2
where we use a(T) « ¢ (T) and cy(T) d[fg;m according to equation (2) in the

main text. Therefore, in accordance with our observations in the main text, an
anomaly (a jump) in the specific heat at the transition temperature will be visible

2
in both d[]:g;m and Q~!(T) if the thermoelastic damping is the dominating dissipa-

tion mechanism.

E. Electric field induced strain in a circular FePS; membrane

A constant electrostatic load is applied to the circular membrane with a radius a
(see Supplementary Fig. E.1). This results in a uniform curvature R with a maxi-
mum deflection 6.

In this system, the electrostatic load is balanced by the total tension Nyt :

£0 (VD)2

2 _
Z(go——é)zTER _ZT[NtOtalR’ (519)
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Figure E.1: Schematic of the membrane deformation, cross-section view.

where ¢ is the vacuum permittivity, Vgc the applied voltage, gy the gap size be-
tween the membrane and the bottom silicon plate. For small deflections the radius
of curvature can be approximated as:

R~ L (5.20)

so that the tension Ny, becomes:

g (VP9)? g2

total = —2(g0 5240 (5.21)
The radial strain in such a membrane can be estimated from the arc length [44, 45]:
RO-a a
€= T = m (5.22)
Combining this result with supplementary equation (5.20) yields:
262
= —. 2
€~ 35 (5.23)

From Hooke’s law and including supplementary equation (5.23), one can write the
strain due to deformation as:

Et 2Et5?
= €= ,
1-v  3a2(1-v)
Therefore, the total tension in the membrane, including the thermal expansion
induced tension Ny(T) at a certain temperature T, can be written as:

2Et6% £ (VR9)? g2

N

(5.24)

Niotal = No(T) + N = No(T) + 32(1—v) 2(g0—0)2 5 (5.25)
which also can be rewritten as:
pc_ [2(80—6)? (45N0(T) 8E153
Ve = \/ o " sa0—v ) (5.26)

As shown in Supplementary Fig. E.2a, supplementary equation (5.26) in combina-
tion with (5.23) and (5.5) fits the experimental data well and is used to provide an
an estimate of the electrostatically induced strain in the membrane (see Supple-
mentary Fig. E.2b).
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Figure E.2: (a) Idealized electrostatically strained membrane model for Ny = 0.01 N m~!, gy = 285 nm,
a=2 pum, t =8 nm, E =103 GPa and v = 0.304; superimposed with corresponding experimental data.
(b) Estimate of added radial strain at T = 114 K. The shaded orange region represents an estimated

uncertainty from the accuracy in determining the temperature induced strain (+0.015%) at T =114 K.
Inset - schematics of the experiment.

F. Mechanical resonances and specific heat of 2H-TaS, near the charge
density wave transition

For 2H-TaS, resonance frequency measurements were performed on a d = 4 um
drum made of a 31 nm thin flake (see Supplementary Fig. F.la, solid blue line).
As shown by the solid green line in Supplementary Fig. F.la, the specific heat-
related temperature derivative of fo2 reveals a clear peak at Tcpw ~ 75 K. We con-

2
vert the measured déf;) to the specific heat using the methodology described in the

main text. We use reported values of E.p = 87 N m~! and v = 0.27 for a monolayer
of 1H-TaS; obtained from molecular dynamics simulations [46] and mass density
p = 6110 kg m~3. We find the corresponding E = E»p/t = 149 GPa, taking the inter-
layer spacing ¢ = 0.58 nm. The estimated specific heat of the 2H-TaS, membrane
is depicted in Supplementary Fig. F.1b (solid blue line). The four-probe resistance
was measured on the same flake to confirm the existence of a CDW transition using
a conventional electronic based method as shown in Supplementary Fig. F.1c. The
expected characteristic kink in the resistance is visible at ~ 77 K, consistent with
the CDW transition temperature previously reported in 2H-TaS, [14].

G. Crystal growth and characterization
The crystal growth of MPS3 (M = Mn, Fe, Ni) was performed following a typical solid
state reaction. Powders of Mn (> 99.9%, from Sigma-Aldrich), Fe (99.998%, from
Alfa-Aesar), Ni (99.99%, from Sigma-Aldrich), P (> 99.99%, from Sigma-Aldrich) and
S (99.998%, from Sigma-Aldrich) were mixed in a stoichiometric ratio, pressed into
a pellet and sealed in an evacuated quartz ampoule (P ~ 5 x 10> mbar, length = 25
c¢m, internal diameter = 1.5 cm) and heated from room temperature to 400 °C at
1.1 °C per minute. Then, the temperature was kept constant for twenty days and
slowly cooled down (0.07 °C per minute).

For obtaining large crystals, 4 mmol of the previous material was mixed with I,
as a transport agent ([I,] ~5 mg cm~2) in an evacuated quartz ampoule (P ~5x 107>
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Figure F.1: Mechanical properties of a 2H-TaS, resonator with membrane thickness of 31.2 + 0.6 nm.
Dashed vertical lines in the panels indicate the transition temperature, Tcpw- (a) Solid blue line - reso-
nance frequency as a function of temperature. Solid green line - temperature derivative of foz. (b) Solid
blue line - estimated specific heat (¢y) and thermal expansion coefficient (ar). Inset: optical image of

the sample. Scale bar: 20 um. (c) Solid blue line - four-point resistance of the same sample. Solid green

line - %% plot showing the CDW related feature at Tcpyw.

mbar, length =50 cm, internal diameter = 1.5 cm). The quartz tube was placed in-
side a three-zone furnace with the material in the leftmost zone. The other two
zones were heated up in 24 h from room temperature to 650 °C and kept at that
temperature for one day. After this, the leftmost side was heated up to 700 °C in 3
h and a gradient of 700 °C/650 °C/675 °C was established in the three-zone furnace.
Then the temperature was kept constant for 28 days and cooled down naturally.
As shown in Supplementary Fig. G.1, with this process we could obtain crystals
with a length up to several centimeters. The obtained crystals were analyzed by
ICP-OES (Inductively Coupled Plasma - Optical Emission Spectrometry) and pow-
der X-ray diffraction. The relative weights of elements obtained are summarized
in Supplementary table 1. The refinement of the X-ray diffraction pattern (Supple-
mentary Fig. G.1) revealed a monoclinic base-centered crystal system with C12/m1
space group and a unit cell determined by a =y =90° and g = 107.33(1)° (MnPS3),
B =107.13(1)° (FePS3), B =106.945(9)° (NiPS3), and a =6.077(7) A, b=10.55(2) A and
¢ =6.805(9) A for MnPS;, a =5.939(6) A, b=10.296(3) A and ¢ = 6.716(3) A for FePS;
and a =5.815(4) A, b=10.087(5) A and ¢ = 6.627(4) A for NiPS;. The obtained results
are in accordance with the ones reported in the literature [47].

The crystal growth and characterization of 2H-TaS, was performed as already
reported in earlier works [48, 49].

H. Reproducibility of measurements

In order to assess reproducibility of the measured effect between the samples, we
show the Q! data for the FePS3 sample from Fig. 2 of the main text (Drum 1) com-
pared with the data for one additional sample (Drum 2) in Supplementary Fig. H.1.

We choose the sample parameters (i.e., thickness, ¢, and drum diameter, d) to
be similar for a fair comparison. The features related to phase transition in both
frequency (Supplementary Fig. H.1b) and quality factor (Supplementary Fig. H.1c)
are present in both cases. The drum 2, however, has a higher pre-stress accumu-
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Element Obtained | Expected

(%) (%)

Mn | 280+1.0 | 30.2

MnPS; | P 12+1 17.0
S 4912 52.8

Fe | 300+1.0 | 305

FePS; | P 15705 | 169
S 51+2 52.6

Ni 30.0£1.0 31.6
NiPS3 P 15.7+0.5 16.6
S 53+2 51.8

Table G.1: Experimental and expected relative weights analyzed by inductively coupled plasma - optical
emission spectrometry (ICP-OES) for the different MPS3 crystals (M = Mn, Fe and Ni).

lated in a result of the fabrication, which is concluded from a notable frequency
mismatch in Supplementary Fig. H.1a. Some variation in Ty of around 2 -3 K can
be noted between the samples in Supplementary Fig. H.1b, which we attribute to
the pre-strain variation in a result of fabrication since, as we report in Fig. 3 of the
main text, Ty, of FePSs is very sensitive to strain. In Supplementary figure H.2, the
Q™! terms from Supplementary Fig. H.1c are displayed and compared to ¢, x T terms
for both drums. We note that the position of the peak for Q~! and ¢, x T corresponds
to each other up to the resolution of the measurement.

The results for FePS; are also well reproducible within a single device (Drum 2)
with no hysteresis observed in both frequency and Q-factor for multiple tempera-
ture sweeps, as shown in Supplementary Fig. H.3.
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Figure G.1: XRPD experimental patterns (black) and corresponding fits (peaks in blue and background
in green) for MPS3 (M = Mn, Fe and Ni) crystals. For clarity, the peaks have been marked by red lines.
(a) Left: Pattern of MnPS3. Right: Photography of a MnPS3 crystal. The fit gives as a result: a = 6.077(7)
A, b=10.55(2) A and c = 6.805(9) A, a =y = 90° and $ = 107.33(1)°, monoclinic C face center crystal
system with C12/m1 space group, y% = 5.8 x 1072, (b) Left: Pattern of FePS3. Right: Photography of a
FePS3 crystal. The fit gives as a result: a =5.939(6) A, b =10.296(3) A and ¢ = 6.716(3) &, @ =y =90° and
B =107.13(1)°, monoclinic C face center crystal system with C12/m1 space group, y? = 1.5 x 1076, (c)
Left: Pattern of NiPS3. Right: Photography of a NiPS3 crystal. The fit gives as a result: a =5.815(4) A,
b=10.087(5) Aand ¢ = 6.627(4) A, @ = y = 90° and B = 106.945(9)°, monoclinic C face center crystal system
with C12/m1 space group, y? =1.1 x 1075,
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Figure H.1: Mechanical properties of a FePS3 resonators with membrane thicknesses indicated in a
legend. (a) Resonance frequency as a function of temperature. (b) Temperature derivative of fO2 for
both samples. (c) Measured mechanical damping Q! as a function temperature.
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Figure H.2: Measured mechanical damping Q~1(T) as a function temperature in filled orange dots in
both panels for samples form Supplementary Fig. H.1. Filled blue dots in both panels - normalized
cy(T) T term (see Supplementary Note 4).
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Figure H.3: Multiple temperature cycles for Drum 2 from Supplementary Fig. H.1. (a) Filled dots - reso-
nance frequency as a function of temperature. Inset: a close-up of the region indicated with dashed line
box. (b) Filled dots - measured mechanical damping Q! as a function temperature. Inset: a close-up
of the region indicated with dashed line box.
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Study of charge density waves
in suspended 2H-Ta$S; and
2H-TaSe2

The charge density wave (CDW) state in van der Waals systems shows interesting scal-
ing phenomena as the number of layers can significantly affect the CDW transition tem-
perature, Tcpy. However, it is often difficult to use conventional methods to study the
phase transition in these systems due to their small size and sensitivity to degradation.
Degradation is an important parameter which has been shown to greatly influence the
superconductivity in layered systems. Since the CDW state competes with the onset of
superconductivity, it is expected that T cpy will also be affected by the degradation.
Here, we probe the CDW phase transition by the mechanical resonances of suspended
2H-TaS; and 2H-TaSe, membranes and study the effect of disorder on the CDW state.
Pristine flakes show the transition near the reported values of 75 K and 122 K respec-
tively. We then study the effect of degradation on 2H-TaS, which displays an enhance-
ment of Tcpw up to 129 K after degradation in ambient air. Finally, we study a sample
with local degradation and observe that multiple phase transitions occur at 87 K, 105K
and 118 Kwith a hysteresis in temperature in the same membrane. The observed spatial
variations in the Raman spectra suggest that variations in crystal structure cause do-
mains with different transition temperatures which could result in the hysteresis. This
work shows the potential of using nanomechanical resonance to characterize the COW
in suspended 2D materials and demonstrate that degradation can have a large effect
on transition temperatures.

Parts of this chapter have been published in APL 19, 193105 by M. Lee*, M. SiSkins*, S. Manas-Valero,
E. Coronado, P. G. Steeneken, and H. S. J. van der Zant.
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6.1. Introduction

The charge density wave (CDW) state in van der Waals (vdW) materials has recently
become a resurgent area of research. Archetypal systems such as 2H-NbSe,, 2H-
TaS, and 2H-TaSe, have been under study since the 1970s [1-14]. However, recent
works on surprising and unexpected layer dependence and degradation effects on
superconductivity (SC) and CDW in these systems have revived interest in studying
their phase transitions. For example, the superconducting transition temperature,
Tsc of 2H-NbSe; is suppressed from 7.2 K in the bulk to 3 K in the monolayer limit
while the CDW transition temperature, Tcpw is increased[15] from 33 K to 145 K.
More surprisingly, 2H-TaS, has a Ts¢ of 0.6 K in the bulk which increases to 3 K
in a monolayer [16, 17] and a T¢pw of 75 K which also increases to 140 K [18].
Similar scaling is seen for Tgc in 2H-TaSe;[19]. Furthermore, degradation of the
crystal in air has shown to enhance the superconductivity in 2H-TaS; [20] which
is in stark contrast to other air-sensitive vdW superconductors which lose their
superconductivity upon degradation [21-24]. It is an ongoing challenge to clarify
these contradicting layer dependencies and degradation effects in order to shine
light on the competition between CDW and SC in these materials.

The CDW transition, like other first and second order phase transitions, can
be described by Landau’s theory of phase transitions [25] where the emergence of
charge order gives rise to a sudden change in the specific heat. Using the specific
heat anomaly to probe the phase transition is already established in several systems
[6, 26-30]. However, the traditional methods of probing the specific heat are nearly
impossible to apply on ultrathin exfoliated 2D material flakes. Recent works on
using the nanomechanical resonance to extract various phase transitions including
structural, magnetic and electronic phase transitions [31-34] have shown to be an
interesting alternative.

In this work, we study the CDW transitions of suspended 2H-TaS, and 2H-TaSe,
flakes by tracking the temperature dependence of their nanomechanical resonance
frequency. The resonance frequency of suspended pristine 2H-TaS, and 2H-TaSe,
flakes show an anomaly at the phase transition temperatures of 75 K and 122 K re-
spectively. We then employ this technique as a probe to study the effect of degrada-
tion on the T¢pw of 2H-Ta$S,. Flakes of 2H-TaS, show greatly enhanced T¢cpw after
being exposed to ambient conditions for prolonged durations. Furthermore, we in-
duce local disorder in a region of a suspended part of the membrane which causes
varying degrees of disorder across the flake as observed in Raman spectroscopy.
In this sample, multiple transitions appear with a hysteretic switching behavior
pointing towards the existence of domains with varying Tcpw.

6.2. Results

6.2.1. Measurement setup and device

The interferometry setup and the sample are described in Fig. 6.1. Figure 6.1(a)
shows an illustration of the interferometry setup. The intensity of the blue diode
laser (Agjyue = 405 nm) is modulated by the vector network analyzer (VNA) which
optothermally excites the membrane into motion. Simultaneously, a continuous
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Figure 6.1: Interferometry setup, device geometry and basic characterization of a 2H-TaSy) membrane.
(a) Ilustration of the laser interferometry setup. Blue diode laser is used to optothermally actuate
the membrane while the He-Ne red laser is used to read out its motion. (b) Optical image of device
1 composed of a 2H-TaS, flake of thickness ¢ = 31.2+0.6 nm transferred onto pre-defined electrodes
surrounding a cavity. Scale bar: 10 pm. Inset: Illustration of the cross-section of a device. (c) Example
frequency responses of device 1 at 155 K.

He-Ne laser (Ageq = 632 nm) is used to read out the movement of the membrane.
The interference signal is collected by the photodetector which is read out by the
VNA. The sample is situated in a 4 K dry cryostat at high vacuum with a heater
beneath the sample to control the temperature.

Devices are fabricated by deterministically stamping [35] 2H-TaS; and 2H-TaSe,
flakes on top of electrodes metallized by evaporation and circular cavities etched
into SiO4/Si by reactive ion etching. The suspended membrane is in a drum ge-
ometry with a rigid Si back mirror. High-quality 2H-TaS, and 2H-TaSe, flakes are
exfoliated from synthetically grown bulk crystals [17, 36]. Detailed description of
the setup and the fabrication processes can be found in S.I.

An optical image of device 1 is shown in Fig. 6.1(b), the cross-sectional illustra-
tion is in the inset and its typical frequency response at 155 K near the fundamental
resonance frequency in Fig. 6.1(c). The data is collected at every temperature once
stabilized to within 10 mK from the set-point and fitted to a simple harmonic os-
cillator model. The fundamental resonance frequency fo(T), extracted from such
sweeps is plotted in frequency vs. temperature plots in subsequent figures.
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6.2.2. Specific heat anomaly at the CDW transition
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Figure 6.2: Electrical and mechanical characterization of a pristine 2H-TaS, (left column, device 1) and
2H-TaSey (right column, device 2) membrane. The data from device 1 is also used in Ref. [31]. Dashed

. o . . dlf2(T
red lines indicate the CDW transition temperature determined from the peak of Lfo (1) . (a-b) Four-
probe resistance as a function of temperature (pink). Dashed straight black lines are plotted as visual

2
aid. (c-d) Resonance frequency f; (left y-axis, blue) and d[fdo ;T)] (right y-axis, green). (e-f) Specific heat

extracted from (c-d) using Eq. 6.4.

In this section, we introduce the lambda type anomaly in the specific heat due
to the normal - CDW phase transition, as described by Landau-Lifshitz [25, 31, 37].
The Landau free energy can be written for CDW transitions as:

F =Fy+a(T - Tcpw) Q% + BQ* (6.1)

where Fj is the temperature dependent free energy of the normal state, Q is the
order parameter and a and B are phenomenological positive constants. Minimiz-
ing the above equation with respect to Q (i.e. dF/3Q = 0), gives the CDW order
parameter:
—a(T — Tcpw)
- ~_ DWW/ 6.2

Q — (6.2)

and a minimum free energy Fpi, = Fo — g(T — Tcpw)?. Using the relation for the

specific heat at constant pressure, cp(T) = -T [ngi]P and by substituting the ex-



Results 117

pression for F;, into Eq. 6.1, the magnitude of the jump in the specific heat at the

2
phase transition can be derived as Acp = “g%. To find the relationship between
the membrane resonance frequency and ¢, (T) we note that the fundamental res-

onance frequency of a circular membrane under thermal strain can be described

by:
24048 [E €(T)
Jo(T) = zd \|pa-w (6.3)

where d is the membrane diameter, E the Young’s modulus, p the density, e(T) the
temperature dependent biaxial strain, and v Poisson’s ratio.

The thermal strain accumulated in the membrane is a result of the difference
in the linear thermal expansion coefficient of the membrane af, and that of the
substrate ag;. It can be expressed as: % =~ —(ay(T) — as;i(T)) assuming that the
thermal expansion coefficient of SiO, is negligible in comparison to Si [38, 39].
Using the thermodynamic relation between the thermal expansion coefficient and
the specific heat: ar,(T) = ycy(T)/(3KWy), and the above-mentioned thermal strain
relation, we arrive at an expression:

1 dIf (D]

KV
eo(T) = 3(% AT —-M

Y

where ¢y (T) is the specific heat of the membrane at constant volume, K = za(TEzv) the
bulk modulus, y the Griineisen parameter, Vj; = M/ p the molar volume of the mem-

brane and p = 2751, / 5% a constant. We note that the Young’s modulus £ is also

slightly temperature dependent and exhibits an anomaly at the phase transition.
However, this change is on the order of a percent throughout the temperature range
of our experiment [40]. We therefore approximate it as a constant and assume the
thermal strain to be dominant in determining the frequency changes [31]. Since
cv = ¢p in solids, Eq. 6.4 directly relates the mechanical resonance of the mem-
brane to the specific heat derived using the Landau free energy (Eq. 6.1). Through
this relation we can extract the specific heat from the temperature derivative of f?
and thus the T¢pw from determining the discontinuity in the specific heat. De-
tailed discussion on this relation can be found in Ref.[31] and the supplementary
materials B.

: (6.4)

6.2.3. Phase transition in pristine samples

Temperature dependent mechanical and electrical responses of pristine flakes of
2H-TaS, (left column, device 1, thickness, r = 31.2 + 0.6 nm, d = 4 pm) and 2H-
TaSe, (right column, device 2, ¢ = 23.3 + 0.5 nm , d = 10 um, device not shown)
are shown in Fig. 6.2. Figure 6.2(a-b) show the four-probe resistance (left y-axis,
pink). Dashed black lines are plotted as a visual guide to highlight the deviation of
the resistance data from the linear drop. The kink below which the resistance drop
deviates from the dashed black line is the CDW transition temperature universally
seen in other CDW systems [41]. This can also be seen in the 4E as the temper-

dr
ature at which the slope changes. The CDW transition temperatures for 2H-TaS,
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Figure 6.3: Enhancement of the T¢pyw from the pristine state to the degraded state in device 3. f

2
(blue, left y-axis) and d[@ ;T)] (green, right y-axis) measured (a) immediately following fabrication and

(b) after exposure to ambient conditions for several hours. Optical image of the device (c) immediately
after fabrication and (d) after measurements of (a-b). Scale bar: 10 um. The dashed red line corresponds
to the Tcpw-

(a) (c)

Two-phonon E, A
T
i
|
1
i
q
|

Intensity (a.u.)

200
Raman Shift (cm™)

Figure 6.4: Raman, electrical and mechanical characterizations of device 4 showing competing tran-
sitions of CDW with enhanced Tcpyw. (a) Optical image of device 4 immediately after the fabrication.
Scale bar: 10 um. (b) SEM of device 4 after measurement. Labels A, B and C indicate the positions where
Raman spectroscopy data were acquired from. (c) Raman spectroscopy data at A, B and C. Dashed lines
indicate the position of two-phonon mode, E; ¢ and Ajg. (d) Two point resistance as a function of tem-
perature (top) and its derivative (bottom). (e) Resonance frequency fy, as a function of temperature

2
(top) and d[de;T)] (bottom). In both (d) and (e), the blue lines indicate measurements taken while cool-

ing down and red lines indicate measurements taken while warming up as indicated by the arrows in
(d). The dashed lines indicate the positions of new transition temperatures T; = 87 K, T» = 103 K, T3 =
118 K.
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and 2H-TaSe, by analysing the R are 77 K and 122 K respectively and are in good
agreement with the values in 11terature [3].

On the same membranes, the resonance frequency f, extracted by fitting a sim-
ple harmonic oscillator function to the resonance peak such as in Fig. 6.1(c) are
plotted against temperature in Fig. 6.2(c-d) in blue (left y axis). There is a mono-
tonic increase in the resonance frequency as the sample temperature is lowered,
arising from the difference in the thermal expansion coefficient between the mem-
brane and the substrate thus increasing the tension of the resonator. The tem-
perature derivative of f? are plotted in green in Fig. 6.2(c-d) (right y axis). Since

d[f0 (1))

from Eq. 6.4, the phase transition temperature Tcpw can be deter-

mined as the temperature where the peak in d[fd"; Y is observed. The Tcpw of 2H-

TaS, and 2H-TaSe; extracted from Fig. 6.2(c-d) are 75 K and 122 K respectively, and
are in good agreement with the values from the transport data as well as the liter-
ature values [3]. Therefore, this method can be a complementary tool to the trans-
port technique to probe the phase transition in CDW materials which show subtle

changes in the slope of the resistance. In the subsequent sections, the T¢pw’s are
zfl[f0 ()]

Cy

vs. T.

extracted by finding the peak position of the anomaly in

The ¢y (T) can be estimated from the same data by 1nc1ud1ng the material param-
etersinto Eq. 6.4. The reported material parameters for 2H-TaS, are E = Eyp/t = 149
GPa [42] assuming an interlayer spacing ¢ = 0.58 nm, v = 0.27 [42] and p = 6110
kg/m3. The parameters for 2H-TaSe, are E = 120 GPa [40], v ~ 0.2 [43] and p = 8660
kg/m®. The Griineisen parameters can be estimated as y = 3 (35%) [44]. Finally,
the temperature dependent thermal expansion coefficient of single crystalline Si
difE(D)]

aT

isused as experimentally measured in Ref. [45]. Using these parameters, the
data in Fig. 6.2(c-d) are converted to ¢, and plotted in Fig. 6.2(e-f).

6.2.4. Enhancement of transition temperature by degradation

For the remainder of the study, we focus on the effect of degradation on the CDW
transition, specifically in 2H-TaS,. We first use the above-mentioned technique
to probe the phase transition temperature in 2H-TaS, before and after prolonged
exposure to air. Degradation is often accompanied by changes in the material prop-
erties such as doping [20], Poisson’s ratio [46], Young’s modulus [47], dimensions
[48] and density[49] Therefore, in the following, we extract the transition temper-
dl f0 )

atures from plots and refrain from showing ¢y in order to circumvent any
errors in ¢y arlsmg from using wrong material parameters in Eq. 6.4.

To study degradation effects on the CDW transition temperature, device 3 (¢ =
53.3 £ 0.7 nm, d = 5 uym) is measured before and after exposure to ambient con-
ditions. In the first measurement, it is cooled down immediately following fabri-
cation. Figure 6.3(a) shows f (blue) as well as the temperature derivative of f?
(green). As expected, the CDW transition occurs at Tcpw = 76 K (dashed red line)
which is in good agreement with device 1 and literature values [3]. After the first
cool down, the sample is removed from the cryostat and is exposed to air for several
hours.
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In the second cool down a remarkable 29 K enhancement of the T¢pw is ob-

2
served. As shown in Fig. 6.3(b), the anomaly in % occurs at 105 K instead of

76 K. Several additional samples of air-degraded 2H-TaS, have been measured, one
of which showed an even higher T¢pw of 129 K (see supplementary material C). In
contrast to the drastic change in the T¢pyw, no observable changes in the optical
microscopy images before and after could be identified. Figure 6.3(c) is an image of
device 3 immediately after the stamping process whereas Fig. 6.3(d) is the image
taken after the second round of measurements.

6.2.5. Hysteresis and multiple phase transitions

We have also fabricated and measured several different samples of 2H-TaS, drums
with disorder induced by laser induced oxidation [50] and focused ion beam (FIB)
induced milling [51] to intentionally degrade the suspended flakes. Neither of these
samples with different forms of disorder showed the CDW transition (see supple-
mentary material D). However, in device 4, an electrostatic discharge across two
electrodes adjacent to the suspended membrane caused a severe degradation of
the membrane between the two electrodes. Figure 6.4(a) shows an image of the
device immediately after fabrication showing no signs of damage. In Fig. 6.4(b), a
scanning electron microscopy (SEM) image is shown of the device after the mea-
surements are taken. It shows that the discharge caused severe damage to the the
top electrodes as well as a small part of the membrane. The areas labeled A, B and
C are the locations where the Raman spectroscopy data in Fig. 6.4(c) are taken.
Raman spectroscopy is performed at room temperature in ambient conditions.
The blue Raman spectra shown in Fig. 6.4(c) are taken from the areas surround-
ing the drum and show the spectra comparable to literature [17, 52]. The three
characteristic peaks of 2H-TaS, are plotted in dashed grey lines at 180 cm™!, 286
cm~! and 400 cm ™! corresponding to the two-phonon mode, the in-plane Eég mode

and out-of-plane Az mode respectively [4]. The yellow line in Fig. 6.4(c) is the
Raman spectrum taken directly on the drum and shows slight red shifting of the
two-phonon mode. The red line is the spectrum taken from the area with the most
damage observed. This spectrum shows the most severely red shifted two-phonon
mode as well as slightly blue shifted A;, mode as indicated by the arrows.

Figure 6.4(d) shows the two-probe resistance - measured across the two wide
electrodes far left and right of the cavity - of this device measured as a function of
temperature (top) and its temperature derivative (bottom). The mechanical reso-

nance of the membrane as a function of temperature (top) as well as dlif "T]2 (bottom)
are plotted in Fig. 6.4(e). In both resistance and mechanics measurements, more
than one phase transition accompanied by a hysteretic behavior in the temperature
sweeps are observed. The red lines correspond to the measurements performed

while warming up and the blue lines to the measurements performed while cool-

2
ing down. There are three distinct peaks in the d[{g;m at T; =87K, T» =103 K and T3

= 118 K. Between the lowest transition temperature and the highest, both the resis-
tance and the mechanical resonance show hysteretic behavior of split branches in
the R-T and the f,-T data. Even though the effective area probed via transport and
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nanomechanics are not identical, similar behaviors are observed in both R-T and
fo-T suggesting that the degraded area has a significant contribution to the resis-
tance as well as the mechanics. This experiment has been repeated multiple times
to rule out measurement artifacts but nonetheless, the hysteresis was present ev-
ery time.

6.3. Discussion & Conclusion

We believe that both the thickness and degradation are playing a role in our ob-
servation of enhanced Tcpw in Fig. 6.3&6.4. The study by Bekaert et al. [20] on
the “healing” of the sulphur vacancies by oxygen, demonstrated that the electron
phonon coupling could be enhanced by 80%, thus increasing the Ts¢. Also, Zhang
etal. recentlyreported the persistence of the CDW up to 140 K in the monolayer[18].
The increase of T¢pw upto 129 K in our air degraded sample could be an indica-
tion of partial amorphization of the multilayer sample which reduces the effective
thickness of the crystal from bulk towards an intermediate, few-effective-layers.

The two-phonon mode shown in Fig. 6.4(c) represents a second order scatter-
ing process where an electron scatters to create a pair of phonons with opposite
momenta near the CDW wave vector qcpw [3]. Softening of the two-phonon peaks
below T¢pw in many 2H-MX, systems has been observed and used to characterize
the CDW [4, 52-56]. Typically the position of the two-phonon mode shifts down
with decreasing temperature and the peak disappears as it reaches the CDW state.
This is a direct result of the phonon dispersion renormalization due to the Kohn
anomaly forming at T¢cpw. The fact that we see differences in the two-phonon
mode and the out of plane Ajg mode in the degraded areas is indicative of local
changes in the phonon branches and the chemical bond lengths caused by degrada-
tion. Controlled systematic Raman study of degradation dynamics should be con-
ducted to correlate the changes in the chemical bonds to the phonon dispersion
relation and the T¢py.

The enhancement of the T¢pw from the nominal 75 Kup to 118 Kin Fig. 6.4 may
be due to a degradation similar to the one observed in Fig. 6.3 but is attributed in
this case to the discharge which caused the flake and the electrodes to be damaged.
The absence of the peaks at 103 K and 118 K in the downward sweep and at 87 K in
the upward sweep may be an indication of competition between various domains
with different transition temperatures. This picture is further supported by the the
difference in the Raman spectra taken at room temperature in various areas of the
same flake.

In conclusion, we studied the CDW transitions in the archetypal vdW systems
2H-TaS, and 2H-TaSe,, by using the resonance frequency of suspended membranes.
The temperature dependence of the resonance frequency can be translated into
the specific heat which shows an anomaly at the phase transition temperature. We
showed that degradation can irreversibly change the CDW transition temperature
from the nominal value of T¢pw = 75 K to as high as 129 K. Furthermore, we stud-
ied a suspended drum with partial local disorder which showed multiple transition
temperatures as well as a hysteresis loop. In this work, we have demonstrated that
nanomechanical resonance is a powerful tool to study the CDW transitions in ul-
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trathin suspended vdW materials complementary to the temperature dependent
electronic transport.
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Appendix.

A. Methods

Prepatterend SiO4/Si

Dry thermal oxide of 285 nm, grown on highly doped (Si++) silicon is used as the
substrate. Using standard e-beam lithography (EBL), electrodes are patterned into
a PMMA 495 k - 950 k bilayer. After development, exposed SiO, areas are briefly
dry etched using CHF3 and Ar plasma in an anisotropic reactive ion etcher (RIE)
such that 100 nm of the 285 nm SiO, is removed. Using an e-beam evaporator, 5
nm Ti and 95 nm Au are evaporated in the etched structure, embedding the elec-
trodes into the SiOy. The wafer is submerged in acetone for lift off and rinsed in
isopropanol. In the second step, circular cavities are defined using EBL and AR-P
6200 resist. After development, exposed SiO, areas are dry etched completely down
to the Si using RIE. AR-P 6200 is stripped in PRS-3000 and the sample is plasma
cleaned in an O, barrel asher prior to stamping.

Transfer of 2H-TaS, and 2H-TaSe,

The exfoliation and transfer of multi-layer 2H-TaS, and 2H-TaSe; flakes is done
using PDMS transfer method [35]. First, PDMS is made by mixing Sylgard 184 base
with the curing agent in a 10:1 ratio by mass and desiccating to remove pockets of
gas. The mixture is left to cure for at least 48 hours before use. Using magic tape,
2H-TaS, and 2H-TaS, are exfoliated onto the PDMS. Flakes of tens of nanometers
in thickness - confirmed by the optical contrast - are identified and transferred onto
the set of electrodes and cavity in SiOy/Si.

Laser interferometry

Sample is mounted on a heater stage which is cooled down to 4 K using a dry cryo-
stat with optical access to the sample space. An AC signal sent from the vector
network analyzer (VNA) drives the intensity of the blue diode laser (Ayj,e = 405
nm). The laser is focused on the center of the membrane which is optothermally
driven into motion. The motion of the membrane across the optical field of a sec-
ond laser (continuous red laser of 1,.q = 632 nm) causes an interference with the
red light reflected from the Si cavity bottom and is collected at the photodetector
and read by the VNA in a homodyne fashion.

Rvs. T measurement

Temperature dependence of the sample resistance is performed using a Keysight
B2902A precision source measure unit. At every temperature, current-voltage trace
is measured while current biasing and the resistance is extracted by fitting a linear
slope.

Raman spectroscopy and SEM

Raman spectroscopy is performed at room temperature using a Renishaw InVia sys-
tem with a 514 nm green excitation laser. 0.5% of 50 mW is used for the collection
of the Raman data. Scanning electron microscopy (SEM) is performed using a FEI
Helios G4 CX system at 20 kV acceleration voltage.
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B. Derivation of the change in specific heat
In this section, we derive the Landau-Lifshitz [25, 31, 37] expression for the charge
density wave (CDW) order parameter, minimum free energy and the change in the
specific heat Ac, at the transition temperature T¢pw. The Landau free energy is
written as:

F=Fo+a(T - T, )Q° + BQ* (6.5)

where F; is the temperature dependent free energy of the normal state, Q is the
order parameter and a and B are phenomenological positive constants. Minimizing
the free energy (Eq. 6.5) with respect to Q by setting the derivative equal to zero,

3 5 —-a(T-T,
we get 0=2a(T - Tc, )Q+4BQ° s0 that Q° =

)
% , which can be written as:
_ /24T~ Tepw)
Q—JT ' o0

Using Eq. 6.5 and Eg. 6.6, the equilibrium free energy F_. equals:
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We can now calculate the entropy, S=-dF/dT as

2
S __6Fmin _a (T =Tepy)
min — oT B :

The difference in entropy above and below the transition temperature is:

a(T-T )
CDW
S, —So= 2B T'<Tepw (6.7)
0 T> TCDW,

where S is the entropy of the normal state.
From Eq. 6.7, the specific heat at constant pressure by ¢, = T [g—?] can be found

by subtracting the specific heat of the normal state. The difference in the specific
heat caused by the phase transition is thus:

uZ
= T<T )
ACy =€) min = %o = { 2 cow (6.8)
’ 0 T > TCDW.
Since the specific heat at constant volume ¢, is comparable to ¢, (i.e. ¢, = ¢;) in

incompressible solids we can relate Eq. 6.8 to Eq. 6.4 of the main text. This change
in ¢, is basically the height of the anomaly - commonly refered to as the “lambda
anomaly” due to its shape - visible in the ¢, vs temperature plots in the main text
Fig. 6.2(e-f). Compared to the data in Ref. [31], an improved analysis method is
used to analyze the data shown in Fig. 6.2 of main text which may cause slight
differences in the magnitude of the ¢y in these plots with respect to the original
plots. The transition temperature values remain unaffected.
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C. Additional sets of measurements on degradation
In this section, we show additional measurements performed on multiple flakes of
air degraded 2H-TaS, stamped on two separate substrates (A and B).

Two flakes on substrate A

Two devices (Al and A2) of 2H-TaS, on substrate A are prepared separately by
cleaving freshly from the bulk crystal. The two flakes are stamped on the same sub-
strate at relatively the same time and therefore have been exposed to the ambient
conditions for nearly the same amount of time; the time exposed to the ambient is
a few hours.
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Figure C.1: Measurements of two flakes on substrate A. The resonance frequencies fy are plotted in

. . o difE) . . . .
blue (left y-axis) and its temperature derivative ‘[1];9] in green (right y-axis) (a) Device A1, showing the

Tcpw = 92 K. (b). Device A2 on the same substrate as device Al, showing the Tcpw =91 K.

2
Figure C.1(a-b) show the resonance frequencies f; in blue (left y-axis) and %
in green (right y-axis) of sample A1 and A2. Both flakes on substrate A show a simi-

2
lar Tcpw of 92 K and 91 K as determined from the peaks of dl[if;] . This demonstrates

that degradation globally affected both samples on the substrate.

Two flakes on substrate B

A similar procedure was applied to two devices (B1 and B2) on substrate B. As shown
in Fig. C.2, CDW transitions occur at much higher temperatures of 126 K and 129
K.
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Figure C.2: Measurements of two flakes on substrate B. The resonance frequencies f; are plotted in blue

2
(left y-axis) and its temperature derivative d([{f; ] in green (right y-axis) (a) Device B1, showing the T¢pw

=129 K. (b). Device B2, showing the T¢pw = 126 K.

The observation that the respective flakes on A and B show the same trend in the
increased T¢pw, indicates that the enhancement in CDW transition temperature is
caused by an external factor such as air and humidity, rather than fluctuation in the
flake quality. As far as we could observe, there were no differences in the sample
preparation between samples on A and B. We suspect that the temperature and
humidity variation of the day may have played a role.

D. Other methods of inducing disorder

In this section, we explore two alternative methods of inducing disorder: laser in-
duced oxidation performed similarly to Ref. [50] on a flake stamped on substrate C
and focused ion beam (FIB) induced milling performed similarly to Ref. [51, 57, 58]
on a flake stamped on substrate D.

Laser induced oxidation on a flake on substrate C

We use the method previously reported by Cartamil et al.[50] who induced oxida-
tion and recrystallization in their 2H-TaSe; membrane by shining high intensity
laser on the membrane. We use the same protocol in our suspended 2H-TaS, flake
stamped on substrate C. The optical image of the sample is displayed in Fig. D.1
(a-b). Figure D.1(a) shows the image of the flake before laser irradiation and (b)
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Figure D.1: Optical image of a 2H-TaS, flake on sample C (a) before high intensity laser irradiation and
(b) after. The dotted red box in (a) indicates the area before the laser irradiation occurred. The square

2
of discoloration can be seen in (b). Scale bars: 10 um. (c) Measurement of f (blue, left y-axis) and %

(green, right y-axis) of the drum labelled “device C1”. It displays the expected CDW transition of Tcpw

2
=76XK. (d) fp (blue, left y-axis) and dt[ifgl (green, right y-axis) of the drum labelled “device C2”. The data

shows no signs of a phase transition.

after irradiation. The dotted red square is the region where the laser is rastered.
As can be seen by the color changes in Fig. D.1(b), there is an optically observable
degradation on the drum labelled “device C2”. To compare with the pristine state,
we performed measurements on the drum labelled “device C1” which is of the same
flake but hasn’t been irradiated by the laser.

Figure D.1(c-d) plots f; (blue, left y-axis) and dtgfgz ] (green, right y-axis) of drums

labelled “device C1” and “device C2”. The dotted red line in Fig. D.1(c) indicates
Tcpw = 76 Kwhich is in agreement with literature values of T¢pw in pristine bulk
2H-Ta$S, [3]. Thus the mechanical response of C1 displays an un-altered CDW tran-
sition in 2H-TaS,. Figure D.1(d) shows the same type of data but taken from C2
which has been irradiated with a high intensity laser. There are no clear signs of
Tcpw, at least in the temperature ranges we took the data from.
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Figure D.2: (a) Scanning electron microscopy (SEM) image of a pristine 2H-TaSy drum (device D1).(b)
SEM image taken at an angle of 52°, of a drum with 400 pores (device D2) milled by focused ion beam

. daif? . . R
(FIB).(c) Measurement of fy (blue, left y-axis) and % (green, right y-axis). Dotted red line indicates
the Tcpw of 75 K. (d) Measurement of the fundamental frequency, fy and the first harmonic, f; repre-
sented in a heat map.

Focused ion beam induced disorder on a flake on substrate D

In Fig. D.2(a-b), we show scanning electron microscopy (SEM) images of 2H-TaS,
flakes stamped on substrate D. Fig. D.2(a) is a SEM image of a pristine flake which
has not been irradiated with the Ga+ beam (device D1). Therefore, it can be seen

that in the f; data and dt[ifgz ! data of Fig. D.2(c), there is a CDW transition at 75 K as
expected.

Figure D.2(b) shows a SEM image of a device (device D2) irradiated with Ga+
ions in a pattern of 20 x 20 array of 50 nm pores that are 200 nm apart. The the
fundamental mode and the second mode of this FIB irradiated device are plotted
in Fig. D.2(d) in a heat map. As can be seen from the plot, it is striking that the
resonance frquencies do not increase with lowering temperature as we have ob-
served in the other devices. The resonance frequency of this device decreases as the
temperature decreases, which signifies that the membrane perhaps has a thermal
expansion coefficient with a negative sign possibly arising from the structure [59].
Furthermore, as in the case of the laser irradiated sample in the previous section,
there is no observable phase transition in this sample in the range of temperatures

we investigated.
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Outlook

In this chapter, we present some of the exciting on-going research that is not yet pub-
lished at the time of writing this dissertation. First, a new class of quasi 2D materials -
free-standing complex oxides - is characterized using magnetotransport. Next we test
the viability of using these complex oxides for realizing self-sealing pressure sensors.
Then we interface a ferroelectric complex oxide, BaTiOz with graphene in a van der
Waals heterostructure to create an ultra-thin piezoelectric actuator. Finally we end
with a transport study, demonstrating the gate-independence of the superconductivity
of microbridges fabricated from single crystal van der Waals superconductor 2H-TaS.
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7.1. Introduction

We have mainly dealt with van der Waals materials in the body of this dissertation,
however recent developments in growing and releasing epitaxial complex oxides
by using a water soluble buffer layer SrzAl,O¢ [1], have allowed the study of free-
standing complex oxides close to the atomically thin limit, similar to 2D materials
[1-3]. Complex oxides in their ultra-thin free-standing form are mechanically ro-
bust [4] withstanding large strains up to 8% [5, 6], flexible enough to allow large
curvatures [7] and have already been demonstrated as viable nanomechanical res-
onators [8, 9]. Furthermore, wafer scale production methods for single crystalline
complex oxides are being developed [10] which makes them more attractive for
large scale CMOS compatible fabrications. This outlook chapter contains prelimi-
nary results from currently on-going projects that deal with this new family of quasi
2D materials made from single crystalline free-standing complex oxides which are
released from their growth substrate.

7.2. Transport of Suspended Complex Oxides

In this section, some preliminary results on the mechanical and transport prop-
erties of free-standing complex oxides are presented. Device geometry similar to
the ones presented in Chapters 5 and 6, are used, but instead of exfoliating van der
Waals materials from bulk crystals, we grow the complex oxide layers using pulsed
laser deposition (PLD) and release the layers from the growth substrate by etching
away the water soluble buffer layer. A KrF excimer laser of 1 = 248 nm is pulsed at
1 Hz onto the target creating a plume of plasma while a crystalline substrate is po-
sitioned in front of the plume and heated to a fixed temperature. A 30 kV electron
gun is used to monitor the growth in-situ for the reflection high energy electron
diffraction (RHEED). Electrons diffracted off of the surface of the substrate at a
grazing angle is collected at the detector and monitored throughout the growth
process.

First, water soluble complex oxide SrzAl,O¢ (SAO) layers are grown layer-by-
layer on top of TiO, terminated single crystal SrTiOz (001) substrates. Then on top
of this SAO film, the material of interest is grown on top. After growth, the sample
is annealed in high oxygen partial pressure for an hour and submerged in water to
release the material of interest from the growth substrate. A commercially avail-
able polydimethyl siloxane (PDMS) film is attached to the top of the material of
interest during the immersion in water as support. After the SAO is fully etched
away, the SrTiO3z (STO) substrate is detached from the film and the film/PDMS is
removed from the DI bath and blown dry. Using the deterministic transfer method,
the film is temporarily transferred to a dummy substrate for X-ray diffraction char-
acterization. The release process is illustrated in Figs. 2.10&2.11.

7.2.1. Magnetotransport in suspended, curved SrRuO5

Ruddlesden-Popper phases of Sr;,+;Ru,Osz,4+; are an interesting class of materials
which shows rich variations of electronic ground states. SryRuQOy4 (n = 1) is a su-
perconductor below 1.3 K as briefly shown in Chapter 2 Fig. 2.7. Interestingly,
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Figure 7.1: Reflection high energy electron diffraction (RHEED) images of (a) SrTiOz (STO) substrate,
(b) SrzAl;0¢4 (SAO) grown on STO and (c) SrRuOz grown on SAO/STO. (d) X-Ray diffraction (black) of
exfoliated SRO stamped on SiO4/Si and the simulation(red). The c axis lattice parameter extracted from
the simulation is 3.931 A and the thickness of 16 unit cells.(e) Illustration of the fabrication procedure.
From left to right: SRO flakes on SiO,/Si are prepared by viscoelastic stamping method [11] after growth
and subsequent water etching.

it is the only p-wave superconductor that has been through rigorous experimen-
tal examinations [12-16]. SrzRuy07 (n = 2) on the other hand is a metamagnetic
metal with a nematic electronic liquid phase in the presence of a magnetic field
[17]. The perovskite phase of the strontium ruthenate (n = co), SfRuO3 (SRO) is an
itinerant ferromagnet. From the first synthesis in 1959 [18] to the discovery of its
ferromagnetism in 1966[19], SRO was mainly employed as a metallic contact ma-
terial for other complex oxide compounds. However, recent controversy over the
presence of skyrmions in bare epitaxial SRO [20-23] and interface engineered SRO
[24, 25] have attracted great interest from the community. In this work, we study
the anomalous Hall effect (AHE) in free-standing SRO in the absence of substrate
or interface effects while tuning the geometric deformation in-situ.

Figure 7.1(a-c) show the RHEED pattern of the STO substrate, SAO grown on
STO and SRO on SAQ/STO respectively, demonstrating crystalline flat growth of
both SAO and SRO layers. After growth, the sample is annealed in 300 mbar O, at
550 °C to reduce the amount of oxygen vacancies in the film. Once the sample is
ready and removed from the PLD chamber, commercially available PDMS film (gel-
Pak®) is attached to the sample and submerged under deionized (DI) water for 24
hours. After the SAO layer is dissolved away and the SRO film is released, the SRO
film on PDMS is removed from water and gently blown dry. Using the deterministic
transfer process [11], the film of SRO is transferred onto a dummy SiO,/Si chip for
the X-ray diffraction (XRD) analysis.

XRD is performed using Bruker D8 discover. Figure 7.1(d) shows the 26 scan
of the film on SiO,. Finite sized oscillation can be observed on both sides of the
SRO (002) peak near 46 ° demonstrating the high crystallinity of the film even after
water etching and stamping process. XRD simulation which showed the best fit to
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Figure 7.2: (a) Illustration of the cross section of the device. (b) Optical microscopy image of the device.
Scalebar corresponds to 10 pm. (c) Resistivity as a function of temperature as the sample is cooled down.
(d) Antisymmetrized Hall resistance across various temperatures from 1.4 K to 145 K. The curves in red
are measured while ramping up the field and blue while ramping down.

the data is plotted in red on top of the data. A c-axis lattice parameter of 3.931 A
which agrees well with the literature values of the bulk SRO [26] and a thickness
of 16 unit cells are used for the simulation. After XRD characterization, flakes of
adequate sizes are identified and transferred from the dummy substrate to the pre-
patterned SiO,/Si device. Polymer (polypropylene carbonate on PDMS) based pick
up technique as shown in Fig. 7.1(e) is used to transfer the flakes [27, 28].

As can be seen in the cross sectional illustration in Fig. 7.2(a), pre-patterned
devices consist of electrodes in a Hall-bar pattern with a circular cavity etched in
the center. Gate voltage is applied to the Si substrate to electrostatically pull on
the flake as previously demonstrated in Chapter 5. Figure 7.2(b) shows an optical
microscopy image of the SRO flake stamped on a Hall-bar with a cavity in the cen-
ter. This sample is cooled down in an Oxford He flow cryostat and its temperature
dependent resistivity is plotted in 7.2(c). This resistivity is an estimated resistiv-
ity taking into account the geometry of the Hall probes, not the irregularly shaped
flake. The resistivity shows a Fermi liquid behavior from the kink at 150 K (the
paramagnet to ferromagnet transition) and all the way down to the base temper-
ature of 1.4 K. Anomalous Hall loops are measured at various temperatures from
1.4 Kto 145 K as shown in Fig. 7.2(d) and are showing typical behaviors of epitaxial
SRO with symmetric boundary conditions [21]. The anomalous Hall loops can be
understood by the combination of the classical Hall effect which linearly depends
on the external field H, and the anomalous Hall component which is related to the
magnetization M. This can be written as

Pxy = Ho(RyH+ RaM), (7.1)

where Ry and R, are the classical and anomalous Hall coefficients. At low tem-
peratures, the overall slope of the Hall loop is negative meaning that electrons
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dominate the conduction. This later flips sign at higher temperatures above 110
K where the holes start to dominate the conduction.
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Figure 7.3: Angle dependence of the coercive field.

SRO has a nearly perpendicular magnetization in the ultra-thin limit [29] and
transitions to nearly 45° in the bulk [30]. In order to extract the magnetic easy axis,
we have performed the Hall measurements as a function of angle and plotted the
coercive field in Fig. 7.3. As expected, our 16 unit cell SRO which is in between the
ultra thin limit and the bulk, has a minimum coercive field between 0° and 45° with
respect to the normal. The angle in which the coercive field is minimum is the easy
axis, which in our case is estimated to be ~ 20 °.

After the device is characterized in the flat configuration, gate voltage is used
to create tensile stress and a curvature in the suspended part of the flake. Using
the Hall probes facing directly across the cavity as seen in Fig. 7.2(b), the effect
of geometric deformation on the anomalous Hall effect is studied. We applied 0
V to 25 V and measured the Hall loop. As can be seen in Fig. 7.4(a), the coercive
field is slightly reduced. The change in the coercive field with respect to the flat
configuration is plotted in Fig. 7.4(b) which shows that there is a general trend
towards reduction in the coercive field at higher voltages. However, the change is
not monotonic which raises the question whether this is due to strain or geometric
deformations.

The anisotropy field for strained SRO can be estimated as [31]

_ 32100
HoMs

2¢c
(e - c12) (1 " J)e, (7.2)
C12

AH,

where ¢ the strain, ;o9 is the magnetostriction coefficient, ygMs = 0.3 T the
saturation magnetization and c;; = 252 GPa and c¢;, = 132 GPa the elastic moduli.
Using equations 5.26 and 5.23 and using Young’s modulus of 180 GPa, Poisson’s
ratio of 0.344 [32], thickness of 6.3 nm and radius of 2.5 ym, the strain applied to
the SRO at the maximum gate voltage of 30 V can be extracted. The strain added
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to the membrane due to 30 V back gate is 0.1 %. This added strain is equivalent to
the change in the anisotropic field of 1.01 T which is obtained from using Eq. 7.2.

It is worth noting that the volume reduction analysis by Kiyama et al. [33] sim-
ply converted to a linear thermal expansion coefficient results in an estimated 5 x
105 K~! throughout 300 K to 150 K and remains constant below the phase tran-
sition temperature. The constant unit cell volume of SRO arises from the “invar
effect” also seen in several magnetic alloys including Fe( ¢4Nig 3¢ which has nearly
zero thermal expansion coefficient in the ferromagnetic state[34, 35]. The thermal
strain accumulated due to the thermal expansion coefficient of SRO is then arising
mostly in the range of 300 K to 150 K. The thermal strain we estimate from using
the analysis in Chapter 5 results in 0.75 %.
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Figure 7.4: (a) Anomalous Hall hysteresis as a function of gate voltages. The figure below is a zoom-in
near the positive coercive fields. (b) The difference in the coercive field across various Vg with respect
to the coercive field at Vg =0 V.

Additional experiments have been performed on another SRO flake of 55 unit
cells prepared in the same growth and release procedure. Shown in Fig. 7.5 are the
anomalous Hall loops at Vg of 0 V (red) and 40 V (blue). Similar reduction in the
coercive field is observed.

The origin of the reduction in the coercive field in the absence of the reduction
in the anomalous Hall amplitude requires careful analysis through additional ana-
lytical calculations and/or magnetic simulations. This tunability can be attributed
to electrostatic strain and/or geometric curvature. At the time of writing this dis-
sertation, we are considering the geometric curvature as a main contributor. Below
are our rationale behind this hypothesis.

1. We can rule out field effect affecting the transport properties. Since SRO is
a high carrier density system, we expect the field from Si to be efficiently screened
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Figure 7.5: Anomalous Hall measurements of a 55 unit cell SRO at Vg of 0 V (red) and 40 V (blue).
Measurements are performed at 1.4 K.
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Figure 7.6: Anomalous Hall loop measured across the supported part of the sample showing no gate
dependence.

within the first few A. As can be seen in Fig. 7.6, the Hall probes measuring across
the supported part of the Hall bar is unaffected by the gate voltage.

2. In Fig. 7.4(b), we show that the tunability is non-monotonic. We swept up
to 25 V and decreased to 10 V and observed that the coercive field remains nearly
constant. This is reminiscent of creep seen in suspended van der Waals materials
similar to Fig. 4.3e where the membrane sagged due to exposure to large external
pressures for a long time.

3. Since SRO has a relatively small magnetostriction, large strains are needed to
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observe significant changes in the anomalous Hall loops. However, in both epitax-
ial strain as well as uni-axial bending experiments both the coercive field as well as
the anomalous Hall amplitudes were affected simultaneously [36, 37]. Since strain
affects the magnetic moments and thus the overall magnetization, it is expected
that the p,, in Eq. 7.1 is also affected. Since we do not observe the change in the
anomalous Hall amplitudes and we only tune the coercive field, it is more likely
that the coercive field is affected by the geometric curvature. Since the easy axis
is ~ 20 ° from the perpendicular, we suspect that curvature may help position the
easy axis of a part of the suspended film in line with the external field.

Due to these reasons above, we suspect that the curvature has a bigger contri-
bution to the coercive field tuning rather than the electrostatic strain.

7.2.2. Strain tuning the MIT transition in NdNiO3
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Figure 7.7: Temperature dependence of resistivity (a) and activation energy (b) of NNO films deposited
on various substrates. Figure adapted from Ref. [38]

Materials with larger sensitivity to strain are easier to analyse. In order to dis-
tinguish the effect of curvature and strain, a non-magnetic material that is sus-
ceptible to strain should be used as an idealized system to characterize the strain
dependence of the electronic properties. One such material is NdNiOz (NNO). As
shown in Fig. 7.7, NNO has a metal to insulator transition (MIT) which can be
greatly tuned by strain. Although it has already been explored using epitaxial strain,
thanks to the advent of the release technique, we may be able to continuously tune
the electronic properties of suspended NNO in-situ through strain by applying volt-
ages to the Si back gate.

7.3. New sealing methods

In Chapter 4 we identified the gas leakage pathways in graphene drums and de-
veloped a sealing technique to hermetically seal off the graphene drum. Although
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the improvement in the leakage time constant of 4 orders of magnitude is impres-
sive, there are critical disadvantages to the technique discussed which includes the
question of scalability and the large deflection at 1 bar - the preferred base pres-
sure of consumer pressure sensors. As an alternative, we consider self-sealing free-
standing complex oxide perovskites as a nearly 2D membrane for pressure sensing
MEMS applications. In this work, we use free-standing SrRuOz (SRO) and SrTiOz
(STO) suspended over SiO,/Si cavities to make pressure sensors and demonstrate
a simple, CMOS compatible sealing technique which does not require additional
fabrication steps. The sealing consists of annealing the devices above 300 °C in am-
bient conditions for as short as 15 minutes. Pressure dependence of the resonance
frequency is measured to extract the gas permeation time constant. By compar-
ing the permeation time constant of the pressure sensor devices before and after
annealing, we show that the hermeticity improves by a factor of more than 103.
Comparable devices fabricated on SizN4/Si cavities do not show this enhancement
of the hermeticity which suggests that the improved interface between the com-
plex oxide and the substrate is mediated by the oxygen vacancies in the complex
oxides drawing out the oxygen in the substrate creating a chemical bond. The SRO
film shown in Fig. 7.1 is used for this work as well as a 82 nm thick free-standing
STO prepared in a similar way.
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Figure 7.8: Pressure response of the resonance frequency before (a&b) and after (c&d) annealing. Left
column shows the behavior of a 16 unit cell SRO device and the right column shows the behavior of 218
unit cell STO device. The external pressure controlled by the pressure controller is plotted in blue on
the left y-axes and the resonance frequency is plotted in orange on the right y-axes.

The pressure dependence of the resonance frequency of SRO and STO devices
in their freshly fabricated state are shown in Fig. 7.8a&b. The setup shown in Fig.
4.1(c) is used for these measurements. The chamber pressures plotted in blue (left
y-axis) are adjusted in step-wise fashion while the resonance frequencies plotted
in orange (right y-axis) are traced. In both SRO and STO devices before the sealing
procedure, sudden increase in the resonance frequencies followed by exponential
decay of time constant t are observed. This behavior suggests that the membranes
are tensioned due to the change in the pressure difference in and outside of the
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cavity which then quickly relaxes due to the equilibration of the pressures inside
and out, enabled by the permeation of the gases. In SRO and STO, the average per-
meation time constant 7 is on the order of 21 seconds and 14 seconds respectively,
which are extracted by fitting exponential functions to the decays shown in Fig.
7.8a,b.

Same procedure was performed after the samples are annealed in ambient con-
ditions. The data from SRO sample shown in Fig. 7.8c is after 1 hour of annealing
in 300 °C. It can be observed that the sudden spike in the resonance frequency fol-
lowed by a fast decay are not observed but rather very long drift in the resonance
frequency can be seen. By fitting an exponential decay to the slow reduction in
the resonance frequency, we achieve a 7 of 1.1 x 10* seconds. Similar behavior is
observed in the STO device after annealing for 15 minutes at 400 °C. As shown in
Fig. 7.8d, no observable decays in the resonance frequencies are present and there
are small drifts. Fitting this data to an exponential decay results in v = 1.2 x 10°
seconds, but these values may not be reliable due to the low goodness-of-fit caused
by the flatness of the data.

We believe that the mechanism in which the complex oxides bind with the SiO,
underneath is mediated by the dangling bonds at the bottom surface of complex
oxide flakes. The interaction of SrTiOz and SiO; has been investigated by Yong et
al. [39] who report the formation of additional chemical species at the interface,
namely TiSi; and/or SrSiOs.
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Figure 7.9: a Scanning electron microscopy (SEM) image of SRO stamped on a dummy SiOy/Si. The
position in which energy dispersive X-ray spectrum (EDX) is taken from is highlighted with a marker. b
EDX elemental analysis on a SRO flake showing the constituents of SRO and the substrate. Al peak at
1.486 keV (green dashed line) is not observable which suggests the absence of SAO.

An alternative hypothesis for the binding mechanism is the remnant SAO which
may be present due to partial etching in water. Remnant SAO layers which are
not completely etched away may provide reactive dangling bonds underneath the
SRO and STO flakes, that can readily bind to the SiO,. In order to eliminate this
hypothesis, we have performed energy dispersive X-ray spectroscopy (EDX) of the
flakes (Fig. 7.9) and atomic force microscopy (AFM) topography analysis of the STO
substrate after the release of the layers (not shown here). Due to the absence of the
Al peak in the EDX as well as the stepping terraces observed in the AFM of the
substrate, we can say that the hypothesis of the improved bonding occurring due
to the residual SAO layer is highly unlikely.
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Figure 7.10: Annealing experiment performed on a SRO membrane stamped on 350 nm LPCVD SizN,/Si.
Pressure (left y-axis, blue) response of the resonance frequency (right y-axis, orange) of SRO membrane
a before annealing and b after annealing. Possible mechanism of the bonding is illustrated in c&d. c
Before annealing, there are dangling bonds at the bottom of the SRO flake. The van der Waals gap
between the SRO and the SiO, allows for gases to pass through. d After annealing, the vacancies bond
with the oxygen from the substrate leading to a stronger bond to form at the interface.

In order to further support the hypothesis that the bonding is mediated by the
oxygen vacancies, we have fabricated additional samples on substrates that are
oxygen free. By performing an identical experiment on cavity substrates fabricated
from SizN4/Si we are able to check if similar improvements in the permeation time
constant can be observed in oxygen-free, nitride based substrates as well. Figure
7.10a&b show the pressure response of the resonance frequency of a SRO sample
on SizN4/Si before and after annealing. Large increase in the resonance frequency
can be seen but improvements in the leakage time constants are not significant (6
seconds before to 22 seconds after). Figure 7.10c&d show illustrations of the hy-
pothetical bonding mechanism. Further experiments are needed to indisputably
conclude on the microscopic mechanism.

One potential method to support or refute the mechanism is by measuring the
acoustic impedance at the boundary before and after annealing. Ultra-fast acoustic
impedance measurements can be used to observe the properties at the interface of
two different materials [40]. If the flake is weakly bound to the substrate in the non-
annealed state, then there should be a refection at the interface of the flake and the
substrate arising due to the large impedance mismatch. If chemical bonds form at
the interface after annealing, then the acoustic impedance mismatch between the
complex oxide and SiO, should be reduced, allowing for higher transmission of
the acoustic waves. Finally, samples annealed at higher temperatures and lower
pressures similar to the parameters in [39] should be investigated to check for the
possibilities of ultimate hermeticity by promoting more robust chemical bonds.

Although graphene holds immense potential as the material for next-generation
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pressure sensors, it has multiple disadvantages that are intrinsic to the van der
Waals nature of the material. 1. In order for graphene to reach the market, a
pinhole-free method of fabricating graphene based capacitive sensors need to be
developed and perfected, and additional measures need to be taken to seal the in-
terface between graphene and the substrate. 2. If one of those drums rupture or
if there is a leak somewhere, then all of the remaining drums become obsolete be-
cause that opening can leak gases through the entire device via the interface. 3.
Most deposition processes take place in high vacuum, which means that the cav-
ities will be sealed with vacuum beneath the graphene. This limits the working
range with the highest sensitivity to be near vacuum which is a very small niche
market.

We believe that there are three alternatives to address the above problems. 1. If
a free-standing complex oxide is used and the above-mentioned annealing proto-
col is developed (i.e. by optimizing the oxygen vacancy or annealing temperature)
then individual drums can be sealed off in ambient pressures. This lets the re-
maining drums to still function as a pressure sensor. 2. With clever fabrication and
growth techniques, other 3D materials may be able to bond to a substrate using
chemical or bonding procedures. 3. Graphene squeeze film sensors can be used
with intentional venting holes [41].

7.4. Piezoelectric actuation with van der Waals - complex

oxide heterostructures

Complex oxides and van der Waals (vdW) materials together encompass a wide
spectrum of ground states such as superconductivity, magnetism, and ferroelec-
tricity. However, it is difficult to interface the two classes of materials to study the
emergent phenomena due to the 3D nature of epitaxially grown complex oxides and
2D nature of exfoliated van der Waals materials. Studies so far have used SrTiOz
as a substrate to study the electron transport in 2D materials [42-44] or graphene
as a transparent interlayer for the growth of complex oxides [3, 45]. In this work,
we combine BaTiOz (BTO) in a vdW heterostructure with graphene as electrodes to
piezoelectrically excite the heterostructure into motion. Free standing BTO is pre-
pared by epitaxially growing it on a water soluble SAO layer. Once released, vdW
assembly techniques are used to create a capacitor geometry of graphene - BTO -
graphene suspended over a cavity in SiO,/Si. We investigate the differences in the
driving mechanism by optothermally, electrostatically and piezoelectrically driv-
ing the system into motion. When electrostatically driven, the system reduces in
resonance frequency due to capacitive softening. The forward and backward traces
in the DC offset overlap as expected in an electrostatically driven system. However,
when piezoelectrically driven, we observe a hysteresis in the forward sweep in com-
parison to the backward sweep indicative of ferroelectric polarization switching.
We further investigate this in the resonance frequency, Q factor, and phase which
all show the hysteretic behavior.

First, free-standing BTO is prepared in the same way as the previous sections.
Figure 7.11a-c show the RHEED patterns of the STO (001) growth substrate, SAO/STO
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Figure 7.11: Growth and characterization of bare BaTiOz (BTO) film. Reflection high energy electron
diffraction (RHEED) pattern of a the SrTiOz (STO) substrate, b sacrificial layer SrzAl;O¢4 (SAO) on STO
and ¢ BTO on SAO on STO. d Optical image of the film transferred onto SiOy/Si. Scalebar: 50 pm. e
X-ray diffraction (XRD) spectrum of BTO/SAO/STO before the releasing process. f XRD of bare BTO
transferred onto SiO,/Si. Lattice spacing of 4.085 A and thickness of 36 unit cells are used to plot the
simulation in red. g Phase (left y-axis, blue) and displacement (right y-axis, red) data from piezore-
sponse force microscopy (PFM).

and BTO/SAO/STO. The growth of BTO becomes more 3D towards the end as can
be seen by Fig. 7.11c. After growth, XRD is performed to check the crystallinity
of the grown layers (Fig. 7.11e). The films are then released from the substrate
and deterministically stamped on a dummy SiO,/Si as shown in Fig. 7.11d. XRD is
performed again on this substrate in order to extract the c-axis parameter as well
as the thickness of the BTO alone. A lattice constant of 4.085 A which agrees well
with the literature value of the bulk BTO and a thickness of 36 unit cells is used
to simulate the curve plotted in red (Fig. 7.11f). Then using the polypropylene
carbonate (PPC) based transfer technique [27], individual flakes are deposited on a
prepatterned substrate with gold electrodes for the characterization using piezo-
response force microscopy (PFM).

Asylum Cypher AFM with a MFMV metal coated cantilever is used for the PFM
measurements. An AC actuation with a DC bias is applied to the tip while the bot-
tom gold electrode is grounded. The resulting bias dependence of the PFM data is
shown in Fig. 7.11g. The ferroelectric switching can be observed in both the dis-
placement (right y-axis, red) as well as the phase (left y-axis, blue). The hysteresis
occurs with a coercive field of about 1 V.
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Figure 7.12: Measurement setup and device. a Cross-sectional illustration of the graphene-BTO-
graphene heterostructure device. Driving signal is applied to the top graphene while the bottom
graphene and Si are grounded. b Optical image of device 1 with top and bottom graphene highlighted
with dashed black outlines and BTO highlighted with a dashed green outline. Scalebar: 10 ym. ¢ Mag-
nitude (top) and phase (bottom) of the device in parallel polarization state (blue) and anti-parallel po-
larization state (red). Both signals are taken at Vpc =0 V.
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Figure 7.13: Comparison between different actuation methods. Top row: Illustration of the actuation
methods. Bottom row: Resonance peaks measured using the respective actuation methods at -10 dBm.
a Optothermal actuation using intensity modulated blue laser. b Electrostatic actuation using bottom
Si. ¢ Piezoelectric actuation with excitation voltage sent to the top graphene. Data points are plotted
in blue and the simple harmonic oscillator fit in red.
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The device is fabricated on SiO,/Si substrates with pre-patterned electrodes and
cavities. Electrodes are defined by e-beam lithography followed by a short reac-
tive ion etching then metallization using the e-beam evaporation of Ti/Pd. The
heterostructure is fabricated by transferring individual layers on top of the pre-
patterned device area. First, the bottom graphene layer is transferred using the de-
terministic PDMS transfer method [11]. Next, a BTO flake of adequate size is trans-
ferred from the dummy SiO,/Si to the device area on top of the bottom graphene
using the polymer assisted pick-up technique [27, 28]. Finally, the PDMS technique
is employed again to transfer the top graphene layer. A cross-sectional illustration
is shown in Fig. 7.12a. The thickness of the bottom layer graphene (16 nm) is cho-
sen such that the thickness exceeds the electron screen length of 1.2 nm [46] to
efficiently screen the electric field originating at the top graphene from the Si. Fig-
ure 7.12b shows an optical microscopy image of a device with black dashed lines
highlighting the outline of the graphene layers and a green dashed line highlight-
ing the outline of the BTO flake. Figure 7.12c shows the resonance peaks (top) and
the phase (bottom) of the heterostructure at Vp¢ = 0 V after poling the BTO first
by driving the Vp to the extrema. The curves in blue are when the actuation is in
parallel to the polarization of the BTO and the curves in red are when the actuation
is anti-parallel to the polarization. This can be observed clearly in the phase offset
of 7= between the red and blue curves, providing evidence that the actuation is of
piezoelectric and not of electrostatic nature.

We use three different methods to actuate the heterostructure. In addition to
the optothermal actuation used in previous chapters, here we also added a way to
electrically actuate the device. The output of the vector network analyser (VNA)
can be used to modulate the blue diode laser intensity (Fig. 7.13a), or connected
directly to the sample to electrically actuate the sample. By using a Bias Tee, we
are also able to add a DC offset to the AC signal. This can be connected to the
bottom silicon to drive the heterostructure electrostatically (Fig. 7.13b) or to the
top graphene to drive the heterostructure piezoelectrically (Fig. 7.13c). The red
laser interferometry is used in all three methods to measure the vibration of the
membrane.

Using identical output power of -10 dBm to actuate the sample, we compare the
magnitude of the resonance peaks in Fig. 7.13a-c (bottom row). The magnitude of
the resonance peak is related to the actuation efficiency as well as the amplitude of
the resonance [47]. Although it is difficult to quantify the amplitude, we can con-
clude by looking at peak heights in Fig. 7.13a-c (bottom row) that the piezoelectric
actuation is more efficient than the electrostatic actuation in this sample at Vp¢
= 0 V. The efficiency of optothermally driven systems is difficult to compare with
electrically driven systems due to the reflective losses at every optical component.

Next we compare the DC bias response of the sample when electrostatically
driven vs. piezoelectrically driven. The left column of Fig. 7.14 shows the reso-
nance frequency fg, phase ¢, the Q factor and the magnitude in the piezoelectri-
cally driven state and the right column of Fig. 7.14 shows those of electrostatically
driven state. The data plotted in blue are collected while ramping down the DC bias
and the data plotted in red are collected while increasing the DC bias. In all of fy,
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column) of device 1. a&b Resonance frequency, c&d phase, e&f Q factor, and g&h magnitude as a
function of the DC bias. The blue data points are collected while reducing the DC bias and the red data

points are collected while increasing the DC bias.

¢, Q and magnitude, the measurements show hysteretic behaviors. In stark con-
trast, the sample, when electrostatically driven, shows no signs of hysteresis. The
deviation in the start and the finish of Fig. 7.14b is due to the drift in the resonance
frequency due to creep. Furthermore, the sign of curvature of the fg in Fig. 7.14a
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compared to Fig. 7.14b shows that in the piezoelectrically driven case, the strain
is accumulated at high DC biases similar to the quadratic strain-voltage relation in
electrostrictively strained systems. The negative curvature of the electrostatically
driven sample in Fig. 7.14b signifies that the resonance frequency is reduced due
to capacitive softening, a phenomenon often observed in 2D resonators with large
pre-tensions[48].

In Fig. 7.14c&d we compare the phases of the device when piezoelectrically and
electrostatically driven. In Fig. 7.14d, we observe that the forward trace overlaps
with the backward trace. In contrast, the phase from piezoelectrically driven case
in Fig. 7.14c shows that the forward is 180 ° out of phase until the switching field.
A similar phenomenon is observed in the backward trace. The backward trace is in
phase until the negative switching field. The out-of-phase trace can be visualized
with a DC offset anti-parallel to the polarization of the ferroelectric domain and
the in-phase trace with the DC offset parallel to the polarization of the ferroelectric
domain. When the DC offset exceeds the coercive field of ~11V, then the DC voltage
flips the ferroelectric domain, forcing the domains to align parallel to it.

In Fig. 7.14e, we observe the minima in Q of both the forward and backward
traces just before the coercive fields. Then at the transition, the resonance becomes
difficult to analyse due to the significant reduction in the magnitude as can be seen
in Fig. 7.14g. In the electrostatically driven case, the Q factor is reduced at higher
Vpc similar to the electrostatically actuated MoS, resonator by Lee et al. [48] (Fig.
7.14f). The reduction in the Q factor at larger DC offsets can be understood by the
increase in the dissipation through circulating currents induced by the applied gate
voltages.

Finally, Figs. 7.14g&h show the magnitudes of piezoelectrically driven and elec-

trostatically driven sample. The magnitude when electrostatically driven (Fig. 7.14h),

shows linear dispersion from 0 V with overlapping upward and downward traces.
The linear behavior of the magnitude vs. Vp¢ can be understood by [48]

14C
po19Cnc
2 0z

(Ve +2VpcVac cos(wt) + Vi cos® (i), (7.3)

where F is the force applied by the applied voltages, aglz)c change in the capac-
itance due to change in the z position of the membrane and V¢ cos(wt) the AC
drive signal from the VNA. Therefore the magnitude follows F «« V(¢ at the fre-
quency f = w/2n for Vpc>Vac. Fig. 7.14g show the magnitude of the piezoelec-
trically driven membrane as a function of DC bias. Coercive fields are shown as
minima in both negative and positive DC voltages. The overall DC voltage depen-
dence of the magnitude plotted in Fig. 7.14g should be dependent on the strength
of the piezoelectric constants dsz (in the actuation direction) and dsz; (in-plane of
the membrane). The qualitative resemblance between the PFM data and the me-
chanics data can be more easily observed in device 2. Figure 7.15 shows the DC
voltage dependence of the magnitude from device 2. It can be observed that the
overall shape of the magnitude data extracted from the mechanics looks strikingly
similar to the PFM data - also replotted on the same figure.

It is worth noting that the coercive field measured using PFM (0.98 V) of bare
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Figure 7.15: Magnitude (left y-axis) data from device 2 compared to the PFM data (right y-axis). Plots
in blue are measured while decreasing the DC voltages and in orange are measured while increasing.

flake and using mechanics of device 1 (10.7 V) are different by a factor of ~10. The
apparent difference in the coercive field most likely arises from PPC residues left
over from the transfer process. Unlike traditional capacitors formed by sandwich-
ing BTO in SRO electrodes, graphene-BTO-graphene have van der Waals interfaces
with residues or air pockets in between, which can give a “tenting” effect, acting as
capacitors in series due to the potentially large gap [49]. Since capacitors in series
result in a reduced total capacitance (i.e. 1/Cso; = 1/Cq_pr0 +1/Cp70 +1/CBT0-g),
this tenting effect can reduce the effective voltage drop across the BTO thus in-
creasing the apparent coercive field in the capacitor geometry used for the me-
chanics measurements. In device 2, we observe a coercive field that is comparable
to the PFM data. This suggests that the interface between graphene and BTO in de-
vice 2 is much cleaner. It is worth noting that in the fabrication of device 2, the top
interface has been effectively “cleaned” prior to the transfer of the final graphene
layer. After the transfer of the BTO layer, many unsuccessful attempts have been
made to transfer the top layer of graphene. We speculate that the polymer residues
on top of the BTO flake may have been picked up by the graphene layers, each time
an unsuccessful attempt had been made.

Other potential culprits behind the inconsistent coercive fields to consider are
the inhomogeneity of the ferroelectric properties and the formation of “dead lay-
ers” in ferroelectric materials. In PFM measurements, the cantilever tip probes
local properties of very small areas of few tens of nanometres [50]. If it happens
to land in an area of a weakly ferroelectric or passive domains, then it will show
smaller apparent coercive fields [51]. Alternative explanation is in the formation
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of a “dead layer” at the interface of the ferroelectric and the metallic electrode. Al-
though the origin and the existence of the dead layer is under debate [52-54], sim-
ilar effects can be expected in our devices due to the nature of the BTO-graphene
interface.

The displacement data plotted in Fig. 7.15 can be explained by [55]

S5 = Q33P5 +2Qs3€33P3 E3 + Qa3e35 B, (7.4)

where S337 is the total strain along the z direction with an external electric field E3
pointed in the same direction, Qs3 the corresponding electrostriction coefficient,
€33 the dielectric constant and P the polarization. The first term in the above equa-
tion is due to the ferroelectricity, second is due to the piezoelectricity (S ~ E3) and
the third due to electrostriction (S ~ E%) and in a ferroelectric material, the first two
terms dominate. Therefore, the voltage dependence of the displacement shows the
minima at the coercive field (i.e. P; = 0) and linearly increases away from it. Since
the magnitude of the harmonic oscillator fit from the mechanics data also plotted
in Fig. 7.15 qualitatively looks similar to the displacement data from the PFM mea-
surements, we believe that the magnitude of the resonance is also linearly related
to Eq. 7.4.

Proper modelling and analysis of the measurement data are needed to under-
stand the behavior of this ultra-thin actuator operating in the membrane mode.
Unlike the film bulk acoustic resonators (FBAR) used in high frequency filtering in
5G telecommunication applications, our membrane is not purely operated in the
breathing mode, but in bending mode, resulting in lower resonance frequencies.
In conventional FBAR resonators made of ~1 um sputtered polycrystalline piezo-
electrics, the electric field is applied in the out-of-plane direction, and the bulk
acoustic wave is dominated by the breathing mode due to its geometry. Therefore,
the acoustic wave can be assumed to depend purely on one of the piezoelectric con-
stants, dzz. In our system, we observe the motion of the piezoelectric resonator in
the membrane regime where the resonance frequency is mostly defined by the pre-
tension and diameter of the cavity. We believe that the model should consist of the
electric field applied in the out-of-plane direction somehow exciting an expansion
in the in-plane direction which is associated with the dz; term of the piezoelectric
tensor.

This works is, to the best of our knowledge, the first demonstration of a van der
Waals heterostructure device composed of 2D materials and free-standing com-
plex oxides. We expect further studies to include piezoelectric generation using
acoustic, electronic or optothermal actuation as the source of excitation. Further-
more, if the interferometry constraint is relieved by exploring electrical actuation
and detection using S;; or Sy; parameters of a VNA, then the size limitations of
this device can be lifted and the device can be further reduced. Reduction in the
device size will push the frequency range to the breathing mode in the high GHz
microwave frequencies, which is attractive for applications in next generation mo-
bile technologies. As shown in Fig. 7.16, our device is among the thinnest reported
in literature. Tanifuji et al. report one the thinnest piezoelectric resonator devices
composed of 30 nm thick AIN and electrodes of 40 nm total thickness [56]. They




154 7. Outlook

104
. e 5
IS S ¢ E °
c 10° o ° °
T’; @ 8 [} é
8 e § N
c e o ¢ ®
X o 8 C) -
Q 8
= e 8
= 4 B
102 e
[] Tanifuji et al.
¥ This work

AScN P(Z)T B(S)T ZnO  LNO

Piezoelectrics

Figure 7.16: Thicknesses and ferro/piezoelectric materials of several thin ferro/piezoelectric resonators
reported in literature.

have successfully fabricated the devices and anticipate the resonance frequency to
be fpreathing ~ 50 GHz from calculations but have not reported any experimen-
tal results on the resonance. Since fyreathing = Cacoustic/2f Where cacoustic 1S the
speed of sound along the actuation direction and ¢ the thickness of the piezoelec-
tric material, we can estimate the resonance frequency of our heterostructure in
the breathing mode fyreathing, Which is typically the mode of operation in thin film
bulk acoustic resonators (FBAR). Assuming cycoustic = 6300 m/s in BTO [57] we ex-
pect a resonance frequency of ~ 210 GHz.

7.5. Monolithic van der Waals microbridge and gate inde-

pendence of TaS,

In this section we show the experimental characterization of monolithic single
crystal van der Waals superconducting micro-bridge devices. Recent works by De
Simoni et al. showed unconventional field tunability in fully metallic superconduc-
tors [58]. By gating microbridges made of sputtered polycrystalline Ti, they were
able to completely suppress the critical current. Field effect in their device has been
shown to manifest up to a few um. Field tunability has been shown in many dilute
superconductors including LAO/STO [59], twisted bilayer graphene [60] and WTe,
[61] however, it has long been thought to have negligible effect in fully metallic
high carrier density superconductors. From the ultra short Thomas-Fermi screen-
ing length and the theory of superconductivity by London, we expect all of the elec-
tric field to be screened at the surface of the superconductor and the electric field
to have no effect on the critical current in a high density system. Therefore, recent
works on field tuning of the critical current I, by pinching-off the high density su-
perconducting nano-bridge is a promising platform for future quantum electronics
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[58, 62-65].

In this work, we investigate the side-gate dependence of the critical current I,
in monolithic nano-bridge devices made from a single crystal van der Waals su-
perconductor, 2H-TaS,. The current - voltage (I-V) and the differential resistance
(dV1dI) characteristics of the devices are first measured in a magnetic field without
applying the gate. Rich features in the I -V and dV/dI suggest that at interme-
diate fields below H,,, the bridges become dissipative, effectively becoming S-n-S
junctions caused by small hot spots in the nano-bridges. We then apply large side
gate voltages at various magnetic fields H,,, in attempts to pinch off the supercon-
ductivity completely. However, the I, does not show any dependence on the side
gate voltages in all three devices. We therefore hypothesize that the crystallinity
of the nano-bridge plays a big role in the field susceptibility of the superconduc-
tivity in such systems. Our observation provides an insight into the complicated
microscopic origin of the field tunability of superconducting nano-bridge systems.
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Figure 7.17: a False colored scanning electron microscopy image of the device. The hBN/TaS, device is
colored in blue. Scalebar: 1 um. False coloration credit: E. J. S. van Thiel. b Four-probe resistance as a
function of temperature measured at perpendicular magnetic fields ranging from 0 to 200 mT.

2H-Ta$, has an interesting scaling behavior with the number of layers. While
other van der Waals superconductors such as 2H-NbSe; and FeSe show reduction
in T when thinned down [66, 67], 2H-TaS, shows the highest T in the monolayer
limit [68]. Since the coherence length ¢ scales inversely with the T, we have chosen
to work with 2H-TaS; in the bulk limit. Bulk 2H-TaS; has a coherence length of ¢ =
50 nm [68] which is on the same order as Ti measured by De Simoni et al. [58].

Devices similar to the polycrystalline Ti sample characterized by De Simoni et
al. are fabricated from 2H-Ta$S, flakes exfoliated from bulk single crystals. Using
deterministic transfer [11], three devices consisting of 2H-TaS, flakes covered by
hexagonal boron nitride (hBN) are prepared on a sapphire substrate. Using e-beam
lithography, Ar milling and evaporation, Cr/Au electrodes are deposited onto the
flakes. Next, the heterostructure is milled away into the micro-bridge structure as
shown in Fig. 7.17a via e-beam lithography and Ar milling. After fabrication, all
three devices are wire bonded and cooled down in a dilution refrigerator. Figure
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Figure 7.18: Transition temperature at various external fields.

7.17b shows temperature dependence of the four-probe resistance at various out of
plane magnetic fields ranging from 0 to 200 mT. After plotting the T, as a function
of external magnetic field we extract H,,(0) = 220 mT by fitting

)2). (7.5)

From the relation H., = 2‘7% where ¢ is the flux quantum, we know that ¢(T =0) =

38.7 nm. At T = 750 mK, the temperature at which we collected our data, ¢ = 57.4
-1/2

H(T) = He»(0) (1 - ( T.(0)

nm due to the temperature scaling of the coherence length, ¢é(T) = & (1 - Tlc

Current vs. voltage (I-V) relation contains information about the nature of the
superconductivity in a sample. Therefore we have taken I-V’s as well as the differ-
ential resistances (‘é—‘l’) at various temperatures and magnetic fields. The I-V’s in
the absence of external magnetic fields show non-linear relation with a flat zero-
voltage drop trace as expected from a superconductor (see Fig. 7.19a). As the mag-
netic field is increased, the micro-bridge becomes more dissipative and the I-V re-
lation approaches a linear, Ohm’s law behavior. Using the I-V relation and the ‘Zi—‘;
relation in Fig. 7.19a (top and bottom) the ‘Zi—‘; as a function of V is plotted in Fig.
7.19b. In Fig. 7.19c, a single cross section of the heat map in Fig. 7.19b is plotted
on top and a zoom-in of it is plotted below.

There are many sharp changes in the slope of the I-V which manifest as sharp
peaks and troughs in the ‘Zl—‘; vs. I as well as ‘Zl—‘; vs. V. Since the microbridge has
a width that is a multiple times larger than ¢, we expect that these features are
not due to the Andreev reflections but rather due to domains of dissipation in the
superconducting microbridge. There have been many reports on kinks in the I-Vs
of superconducting microbridges since the 1970s [69-73]. The dimensions of those
microbridges are comparable to our device, therefore we expect that similar “hot
spots” occur in our microbridge causing paths of dissipation.

After characterizing the microbridge, its coherence length and field dependence
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Figure 7.19: a I-V traces at 0 to 134 mT external fields (top) and ‘2—‘; -I traces at 0 to 134 mT external fields
displaced vertically for easier visualization (bottom). b Heat map of the ‘fl—‘ll as a function of voltage and

external field. ¢ ‘Zi—‘ll as a function of bias voltage at 50 mT external field (top) and a zoom-in of the trace
(bottom).

of the critical current I, we compare the results from our single crystal van der
Waals superconductors to those of De Simoni et al. [58]. Using the side gates shown
in Fig. 7.17a which are also made from the same flake, we apply electric fields in
order to pinch off the supercurrent in the microbridge. Figure 7.20a-b show the
I-V’s and their corresponding dd—‘;’s while applying various side gate voltages (V)
at 0 mT and 100 mT. However, no significant changes in the I. are observed even at
+ 60 V. This can be clearly seen in Fig. 7.20c where I.’s are plotted as a function of

V. There are small varations in the I.’s however, these variations are on the order
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of the leakage current we measured at ~ 0.5 nA/Vs. Similar independence to the
side gate voltage are observed in all three of our 2H-TaS, devices.

In order to carefully compare the systems where the field tunability is observed
with our devices, we list the relevant parameters in Table 7.1. Our device param-
eters are comparable to those listed in Ref. [58, 63, 64, 74-76] which all showed
significant field tuning of the critical current. At the time of writing this thesis,
our current hypothesis is that this is due to the difference in the crystallinity of our
samples to theirs and the difference in material. In all of those devices reported,
samples are fabricated by evaporation which means that the devices fabricated in
this manner are highly polycrystalline with many grain boundaries. We speculate
that the polycrystallinity could potentially have an impact on the superconducting
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behavior of the devices, since every grain boundary is a center of broken crystal
symmetry which could be susceptible to field effect. If this is the true, then the
grain boundaries would behave as weak links, causing the entire device to become
a mesh of many parallel S-s’-S which may be tuned to be S-n-S by field effect or oxi-
dation. It has been demonstrated that granular superconductors behave as Joseph-
son junction arrays, the critical current of which can be controlled by an external
electric field [77, 78]. In our case, our bulk 2H-TaS, single crystals are synthetically
grown and the flakes are mechanically exfoliated from bulk crystals. This ensures
that the entire device, including the side gates themselves are made of a single crys-
tal without any grain boundaries. In this picture, the electric field cannot penetrate
into the superconductor to destroy the critical current.

Recently, works from Golokolenov et al. [75], Ritter et al. [74] and Alegria et
al. [76] argued that the origin of the apparent suppression of the critical current
through side gating is likely due to quasi particle excitation from highly energetic
electrons leaking from the side gates into the superconducting bridge. In partic-
ular, Golokolenov et al. [75] showed a similar field effect tunability of the critical
current in polycrystalline V devices that follow a Fowler-Nordheim field emission
model. These works provide a step forward in understanding this controversial is-
sue of field effect tunability in superconducting bridges. In contrast, our devices
do not show any suppression of the critical current even when our leakage cur-
rents are nearly three orders of magnitude larger than those of De Simoni et al.
and Golokolenov et al., which suggests that the Fowler-Nordheim model alone is
not sufficient to capture the overarching phenomena.

We believe that additional experiments should be conducted on non-layered
single crystalline superconductors to confirm the effects of crystallinity and leak-
age currents on the suppression of the critical current. Due to the anisotropic na-
ture of the superconducting order parameter in van der Waals superconductors,
in-plane are quite different to the ¢,y f—piane- If this experiment is performed
on a single crystalline, isotropic superconductor, then we would be able to directly
compare the results to the works by De Simoni et al. which will shine light on the
mechanism through which the field effect manifests. Additionally one should con-
sider performing the gating experiments using ionic liquids which allows the ap-
plication of high electric fields in the absence of the leakage of high energy elec-
trons. If the critical current is unaffected while gating via ionic liquids, then the
suppression seen by De Simoni et al. is likely due to high energy electrons from the
gate leaking into the bridge as well. If the critical current is still suppressed while
employing ionic liquid gating, then one can conclude that the suppression of the
critical current can arise due the field effect through the grain boundaries.
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: Ti[58] 7 Al[58] 7 V[62, 64] 7 Al-Cu-Al[63] | TiN[74] V[75] Ti [76] 7 2H-TaS; (this work)
T (K) 0.41 1.5 3.6 1.5 3.7 4.18 - 1-1.2
I; (UA) 11 12 250 5.8 45 - 0.1 3-8
&ap(0) (nNm) 100 63 - - - 40 - 38.7
A (nm) 900 310 - - - - - 450
t (nm) 30 11 60 30 20 30 30 37-39.3
w (nm) 200 30 110 200 80 30 60 160-600
I (nm) 545 5000 180 800 2000 30 >1000 1000
Ry (Q) 45 320 - - 1600 - 1400 7-25
H¢ (mT) 127 - - - 3.5 700 60-200
gate || both sides back single side single side single side | both sides | single side both sides
Teak (A) ~107P® | ~10711 - ~10~11 ~1077 ~10~11 ~10710 ~1078
crystallinity poly poly poly poly poly poly poly single

Table 7.1: Comparison of the relevant parameters in Ref. [58, 63, 64, 74-76] to those of this work.
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Appendix.
A. Methods

Device fabrication

A flake of 2H-TaS, and subsequently, hBN are transferred onto a pre-patterned
sapphire substrate using polydimethyl siloxane (PDMS) [11] (Fig. A.la). Positive
e-beam resist (PMMA) and electron discharge layer (Electra 92) are spincoated on
the sample. Using Raith EBPG 5000+ at 100 keV, electrode pattern is exposed. Af-
ter development, the sample is subjected to a gentle Ar mill, which removes the
hBN and exposes the 2H-TaS,. The sample is then moved to an evaporation cham-
ber without breaking the vacuum, where Cr/Au (1 nm/ 65 nm) are evaporated (Fig.
A.1b). PMMA/ Electra are spincoated once more for the second e-beam exposure
which defines the etch mask. Using the same Ar milling system, the device is milled
into the bridge shape (Fig. A.1c). Figure A.1d shows a scanning electron microscopy
image (also with a layer of Electra) of one of the devices (device 1).

a b c d

sapphire

b %

Figure A.1: Microscopy images (top) and corresponding illustration (bottom) of the fabrication proce-
dure. a A 37 nm thick flake of 2H-TaS; is stamped on sapphire and encapsulated with 16 nm hBN. b
After e-beam lithography and Ar milling, electrodes are deposited on 2H-TaS,. ¢ Using e-beam lithog-
raphy and Ar milling, the flake is defined into the bridge shape. d Scanning electron microscopy image
of the device after completing the fabrication procedure.

\

B. Measurement
RT

After fabrication, the samples are cooled down in a Leiden cryogenic dilution fridge.
The resistance is measured while cooling down, to detect the superconducting tran-
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sition. A lock-in technique sourcing 100 nA at 17.777 Hz in the circuit configuration
shown in Fig. 1 of the main text is used.

I-V and dV/dI-V

Once at a set temperature, a d.c. current is sourced and a digital multimeter (DMM)
is used to read the d.c. voltage drop across the bridge. In addition to the d.c., a
small a.c. current from a lock-in at 77.777 Hz is used to simultaneously measure
the dV/dI. Gate voltages are applied using Keithley 2410 high voltage source meter.

C. Superconducting transition of devices 1-3

In this section, the characterization results of all three devices are presented. In
Fig. C.1, SEM images of each devices and their superconducting transitions are
shown. All three devices have T, of ~1 K which is slightly higher than those re-
ported [68, 79]. The device geometry including the bridge width and the distance
to the side gates are listed in Table 7.1. I -V and dV/dI characterizations of indi-
vidual devices are presented in respective subsections.



163

Appendix

uae1dIe [P/ AP PUB A — [ JO SIUSWAINSEIW ddUapuadap 21€8 a3 YdIym Je ainjeradwal oy} 03 sI19Jo1

el 1 -uaxe) a1 [P/ AP PUR A —] JO 9duapuadap p[ay dJ1aUSeW Y YoIyMm Je sainjeradwal sy 03 s19391 AL $a01A9p 991U [[ JO 2L PUE SILIIDWIOSN) :[°L 3[QRL

AL0 | 80 | AL0T wu sy wu ¢y wrl Wwu £°6% ¢ aod
d9°0 | ASL0 | X101 wu §6¢ wu 00¢ wrl | wu ¢"69 T Aed
A76°0 AT ASTT wu ST wu ST wrl wu /g I 49@
aed; Al 7 91e8 01 aduelsIg | YIpiM aSpug | yiSuaaSpuyg | sSawdIYL e[




164

7. Outlook

deviee 1

device 2

device 3

R(Q)

R(Q)

R(Q)

25

20

15
10

1

-

11 12 13 14 15 16

T(K)

|
f

0.8 1 1.2 14

0 Le
0.95

1105 11 115
T(K)

Figure C.1: a-c Scanning electron microscopy (SEM) images of devices 1,2 and 3 each with varying bridge
dimensions. d-f R-T plots of corresponding devices showing the superconducting transitions.
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Characterization of device 1
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Figure C.2: I-V and dV/dI characterization of device 1. a I -V as a function of magnetic field. b Differ-
ential resistance dV/dI vs. I at various magnetic fields. Plots are displaced vertically for better visual-
ization. ¢ dV/dI vs voltage derived from b.
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Characterization of device 2
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Figure C.3: I-V and dV/dI characterization of device 2. a I-V as a function of magnetic field. b Differ-
ential resistance dV/dI vs. I at various magnetic fields. Plots are displaced vertically for better visual-

ization. ¢ dV/dI vs voltage derived from b.
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Characterization of device 3
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Figure C.4: I-V and dV/dI characterization of device 1. a I -V as a function of magnetic field. b Differ-
ential resistance dV/dI vs. I at various magnetic fields. Plots are displaced vertically for better visual-
ization. ¢ dV/dI vs voltage derived from b.
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D. Excess current

In this section, we extract the excess current Iex, which is often associated with
a weak link behavior, from devices 1-3 and plot their behavior as a function of ex-
ternal magnetic field. Figure D.1 shows I — V(top) and dV/dI-I plots (bottom) of
device 1 at 1 K subjected to external magnetic fields of 0 mT, 95 mT and 157 mT.
Using the extreme values, linear fits are performed in both the negative and posi-
tive regions. Where this line crosses the x-intercept is often referred to as Iexc. It
can be observed that Iex. decreases with an applied magnetic field. The I values
at each magnetic field are extracted for each device and plotted in Fig. D.2.

Device 1 /
0.2} 1k

V (mV)
o

/ 0mT

0
10 -5 0 5 10 -10 5 0 5 10 -10 -5 0 5 10
I(pA) I (uA) I (uA)

Figure D.1: Excess current in device 1 changing with external magnetic field. Top: I -V plots. Dashed
red lines indicate the line fits showing the excess current at the x-intercept. Bottom: Corresponding
dv/dI-I plots.
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Figure D.2: Magnetic field dependence of Iexc in device 1 (top), device 2 at (middle) and device 3 at
(bottom).
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E. Gate independence devices 2,3

In the main text, we presented the results of independence to gate in device 1,
which has the narrowest bridge width and the smallest gap (Table 7.1). In this sec-
tion, the gate-independence of I, in devices 2 and 3 are presented. In Fig. E.la
I-Vand dV/dI-I of device 2 at 50 mT and 0.6 K are shown. Gate voltages ranging
from -60 V to 60 V are applied yet there is negligible differences between the plots.
Similar data from device 3 at 0 mT and 0.7 K are shown in Fig. E.1b. Likewise, gate
voltages from -40 V to 40 V are applied, but does not show noticeable differences
between the plots.
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Figure E.1: Gate independence of the critical current in devices 2 and 3. Top: IV at various side gate
voltages. Bottom: dV/dI-I at various side gate voltages. a Device 2 at 50 mT. b Device 3 at 0 mT. Plots
are displaced vertically for easier visualization.
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Conclusion

This thesis deals with both the applications and fundamental studies of van der Waals
and complex oxide membranes. In this chapter, we summarize the key results from
individual chapters and the outlook.
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8.1. Introduction and Methods

We began by giving an overview of the field of 2D materials in Chapter 1 in both
fundamental properties as well as their potential applications in microelectrome-
chanical systems (MEMS).

In Chapter 2 we discussed the methods in which the 2D materials are fabricated
in the lab. Various exfoliation and transfer methods are discussed. In the case
of complex oxides, pulsed laser deposition is introduced as well as the recently
developed technique of releasing epitaxially grown layers.

8.2. Application of Graphene in pressure sensing

Next we moved on to the application of graphene membranes in capacitive pres-
sure sensors. In Chapter 3 we demonstrated the high performance capacitive pres-
sure sensor made from two layers of graphene suspended over 10000 cavities in
Si0,/Si. Through modelling, we discovered that only a small fraction of the sus-
pended graphene drums contribute to the pressure sensing. Although the yield
of suspended graphene is nearly 99%, there are many pathways through which the
gases move in and out of the cavities resulting in an actual yield of 25% of the 10000
drums actually contributing to the pressure sensing. Despite this, our graphene
based pressure sensor out-performed the state-of-the-art silicon based pressure
sensor per area.

In Chapter 4 we addressed the issue of leakage in suspended graphene devices.
By studying the leakage time constant extracted from the time-dependent reso-
nance frequency of graphene membranes, we observed a leakage time constant on
the order of 20 seconds immediately after the fabrication of the graphene drum.
Using the sealing technique we developed, this leakage time constant increased by
4 orders of magnitude. This work demonstrated that capacitive pressures sensors
made of graphene still have large room for improvements.

8.3. Fundamental studies of phase transitions by temper-

ature dependent nanomechanics

In Chapter 5 and Chapter 6 we probed the phase transitions in antiferromagnetics
2D materials and charge density wave (CDW) materials.

In Chapter 5 we showed that the phase transition can be probed by measuring
the temperature dependent resonance frequencies of suspended membranes. At
the transition temperature, the resonance frequency shows discontinuities which
arise due to the discontinuities in the thermal expansion coefficient. By careful
analysis, we translated this into the specific heat. Finally using the back gate to
electrostatically strain the membrane, we tuned the transition temperature of FePSs.

In Chapter 6 the CDW transitions are studied more closely in 2H-TaS, and 2H-
TaSe,. Using the method from Chapter 5 we studied their phase transition as well
as the effect of degradation on the transition temperature of 2H-TaS,. Surprisingly
we observed an enhancement of the transition temperature by more than 50 K by
simply exposing the sample to air for prolonged durations thereby degrading the
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crystal.

8.4. Outlook

The Outlook Chapter contains some of the currently on-going works which are yet
to be published. These projects require more work in understanding and perform-
ing additional measurements in order to reach the publication stage.

The Outlook Chapter of this dissertation mainly deals with a new class of quasi-
2D material; the free-standing complex oxides. We first characterized an itiner-
ant ferromagnet, SrRuOs in its free-standing form using magnetotransport. After
characterization we showed the effect of geometric deformation by using the Si
substrate to electrostatically pull on the membrane.

Next, we tested the pressure sensing abilities of suspended complex oxides by
measuring their pressure dependent resonance frequencies. We observed that by
simply annealing in air, we are able to promote stronger chemical bonds between
the substrate and the membrane causing a nearly hermetic seal. This self-sealing
may be a key to improving the hermeticity of ultra thin pressure sensors.

Using 2D materials and free-standing complex oxides in a van der Waals het-
erostructure - to our knowledge - for the first time, we fabricated and character-
ized a bulk acoustic resonator working in the membrane mode. Using optothermal,
electrostatic and piezoelectric excitations, we were able to vibrate the membrane.
Unlike the other two excitation modes, we observe ferroelectric switching in the
piezoelectrically driven case.

Finally we end the Outlook Chapter by showing the results of gate indepen-
dence of supercurrent in single crystal monolithic micro bridges made from 2H-
TaS, flakes. Recent discovery showed complete suppression of supercurrent in
polycrystalline superconductors by field effect. In our work we tested this experi-
ment on a single crystal superconductor of similar properties and showed that the
supercurrent is unaffected by the side gates.







Acknowledgements

These four years have been the most intense years of my life. I spent incredible
amounts of hours physically at work trying make use of this incredible opportu-
nity as much as possible while I was at this incredible institute. TU Delft is world-
famous for the world-class infrastructure, but what people may not know is that
this institute has the world-class atmosphere and a collection of people who make
it that way. If I were allowed, I would write many chapters about all the people I
need to thank and that would probably outweigh the scientific content of this dis-
sertation. Following is only the abstract, which - as in scientific writing - does not
capture all the details.

I start this list with my two promotors who made it possible for me to pursue
this PhD. I have been blessed with the best bosses ever. It took me a whole year to
call you by your names instead of your titles, but Peter and Herre, I am grateful
for your passionate supervision throughout the four years. Both of you have let me
explore wild and perhaps useless ideas which you guys gave me plenty of signals of
danger about. Still, you guys supported my decisions nonetheless and I was able
to explore many different areas of condensed matter physics thanks to you. I’ve
become a much better researcher through these successes and failures and I have
you guys to thank!

Peter, to this day, I still wonder sometimes what made you hire me for this posi-
tion. I thank the deities that aligned the stars, the lack of traffic in the morning and
the good cup of coffee you had before sending me the offer that day. I didn’t have
much to show for during my masters, yet you gave this oblivious master student
from half way across the world a chance to experience the wonderful life of doing a
PhD in your group. I am grateful for your support, supervision and patience. I had
multiple mental breakdowns during the later half of my degree, and talking to you
always helped me realize that I am on a good track and I can finish on time. I am
grateful that you always checked on my happiness first rather than the progress of
my projects. You made me feel always welcomed for discussions regarding science
or personal problems and made me feel like an important constituent of the group.
Thanks to your impeccable leadership and genuine care towards every individual
researcher, the groups in TNW and 3mE will flourish and produce many scientific
breakthroughs.

Herre, it took me a while to realize that behind the critical scientific comments,
you had genuine interest in the well being of your students. I am grateful that you
spent the energy to respond to my emails during one of my mental breakdowns and
immediately invited me for a chat the next morning to hear what I had to say. You
have an amazing gift of finding the relevant questions and categorizing important
facts from the not so important ones. You are awfully active for someone with a
fully white hair. I hope you don’t have any more accidents and hope you beat Peter

185



186 Acknowledgements

at tennis one day!

Next I would like to thank the people who had to comb through this dissertation,
the defence committee. I am honoured and grateful to have the world experts on
MEMS, 2D materials and complex oxides to evaluate my dissertation. I look for-
ward to meet you all at my defence - albeit virtual. Here, I address the committee
members in no particular order:

Harold, in our brief discussion during your visit to Delft, I was amazed that some-
one with such contributions to the scientific community could be so humble. Thank
you for being the driving force of the field of complex oxides. In particular, I am a
direct beneficiary of your work on free-standing complex oxides. My work will not
have been possible without your discovery! Thank you for being on my committee
and I’'m sorry about the awkward timing of the defence.

Dear Professor Sabina (do you still not like me calling you that?). I had the plea-
sure of knowing you as a colleague and as a friend. Of all the projects we interacted
on, SingaFun was the best! I"'m grateful for the experiences I had with you both
scientifically and abroad. I hope you become as nurturing of a Professor as you are
in friendship. Thank you very much for taking the responsibility of being my com-
mittee member. Great wishes in building up your group.

Max, thank you for the great work you and your group is doing towards the graphene
flagship. Whenever I give a presentation in Delft or abroad, it is always a pleasure
to boast about all the different activities our work-package is doing - many of which
are from your group. Thank you for accepting to be on the committee and I hope
to see more crazy graphene based devices from your group!

Andres, the legendary post doc of QN. I have you to thank for inventing the transfer
technique which was essential for this thesis. In the recent years we have collabo-
rated during the quarantine and we have a few papers together! Working with you
is always fun because you are such a creative scientist. Thank you for being one of
my committee member. I hope we can keep in touch throughout the years!

Professor Sarro, although we have never met, you have kindly accepted to be on
my defence committee. I hope I don’t make you regret your decision! Ilook forward
to our meeting.

Yaroslav thank you for enlightening me through discussions and meetings. I bene-
fited so much from your expertise in several of my projects. We run into each other
a lot during our coffee breaks and I’m going to miss that! Thank you for being the
reserve member of my committee!

Again, I thank the committee members for taking your time to read my thesis and
to examine me during the defence. My apologies for the weird defence time.

Next are my predecessors Dejan and Robin. You guys have been so produc-
tive during your PhD, I constantly found myself comparing myself to you. Dejan
you are an amazing scientist with a warm and humanly personality. The scientific
community is surely missing out with you in industry. Thanks for the free late night
consultation, although you probably charge people a lot for that now. I hope the
very best for you and Magdalena. Robin, you paper-writing machine! I can’t be-



187

lieve you were able to write more than 10 first-author papers during your PhD while
strictly working a nine-to-five schedule. Over the past few years I had the haunting
image of your publications list to thank for driving myself so hard. I still think that
I got less done in much more time... Good luck twisting your graphene!

Next, my scientific partner and office mate, Makars. We started on the very
same day, and I am even a few years older than you but you have impressed me
with your breadth of knowledge. Over the years, I felt that I learned a lot by talking
to you, watching you work and bouncing off ideas on your big brain. We make a
great team and have a lot of papers to show for it. No matter which path you take
in academia, I believe you are going to be a successful PI. If you can’t, there is no
way that I can, so for my sake, please be successful! Best of luck in your Postdoc
and I hope you enjoy SG as much as I have!

Maurits, Gabriele the new work horses of the Steeneken lab. You have very
different backgrounds yet you have caught up to my level of understanding in a
matter of half a year. You guys are critical thinkers, are already much better than
me at simulations and are quickly becoming independent researchers. Your PhD
paths look much brighter than mine so I hope you enjoy it just as I have mine!

Dong Hoon, you are a humble and modest scientist but I know that you have
immense knowledge in your head. The pandemic has slowed down the rate of
progress, but you will still have many exciting results. Don’t work too hard though,
your family needs to enjoy your company!

Next is my dear army of students. Hugo when you joined, I was an unprepared
supervisor, but thankfully you did not need my fragile input as you quickly be-
came an independent researcher. Your work on measuring gas permeation through
nanopores in graphene has allowed us to publish the results in Nature Comms. Your
work ethics (working long hours and even during the weekends) has put up a high
standard for the other students who I’ve supervised. Outside of work you are such a
hospitable person. I wish we had more beers after work. I hope industry is treating
you well!

Rijk it was an interesting experience for me to supervise you. You must have
had troubles being between two different groups during your MEP. In the end your
contribution on making the hydrogen sensing setup has allowed continuation of
the project. Good luck in the industry.

Roderick, [ am so grateful that you are an independent researcher. You are hard
working, get things done and everytime I meet you, you have new results to show.
You are a very meticulous researcher and have a pleasant personality. I had the
pleasure of being present during one of your eureka moments but you will have
had the success even without my supervision. Good luck wrapping up your thesis!

Ulderico, you too-muscular-to-be-a-physicist physicist. We only worked on
the project for a couple months together, but you have done so much in that two
months. You have now started your PhD, and sounded a bit worried. But don’t
worry. You are way more knowledgeable than when I started my PhD and look! I'm
about to finish it! I have no doubt that you will be successful and will get far.

Kasper, it’s a shame that we just started working together as I write this. I think
you have a beautiful project ahead of you and I hope I can still be of help.




188 Acknowledgements

Katya, technically you are not my student, but nonetheless, I enjoyed training
you and working with you in the cleanroom. You are very humble of your knowledge
and are very hard working. Sara still talks about our dinner together sometimes.
You’ve made quite the impression on her!

Marnix, you were struggling in the beginning but at the end of your MEP, you
managed to produce amazing results on graphene based microphones. Good luck
in your next career path!

Bachelor projects are always a risk. They have to be accomplishable which is
difficult to foresee in science. Unfortunately, Otman, your project was very difficult
to start with, exfoliating monolayers of 3 atom thick crystals and stacking them
together on top of a cavity. Luckily we changed the topic just in time for you to
have some results to finish the degree with. I hope you still enjoyed working with
complex oxides and the cryostat. Tijmen and Willemijn, your projects fortunately
ended up in a publication, which is a part of this thesis as well. I am thankful for
your contributions to the project!

Next, my collaborator on the other side of the campus, Farbod. I was able to
witness your transition from assistant to associate professor and I have no doubt
you will continue to be successful. You are a driven, passionate scientist and also
understanding of the difficulties of experimental research. At the time, it was frus-
trating to fit the unfittable data even with your help, but in hindsight it is an en-
joyable memory for me.

Abhilash, the guy doing all sorts of wavy maps with a cantilever! I hope the
defence-preparation process is going smoothly for you. Good luck with the career
after PhD!

Irek and Ata, you guys are amazing. I never can understand when you guys talk
about mechanics, gas permeation, non-linear dynamics and magnetic levitation.
This list keeps growing! You guys are already very strong scientists and you have
your Nature Comms to prove it!

Ali I'm glad you are participating in the journal club. Looking forward to a the-
orist’s perspective on the 2D materials!

Arthur, the theorist postdoc. I hope you have a fruitful postdoc period in Delft!

Hadi, welcome back to the mechanical side of graphene! Your presentation on
wrinkled CVD graphene and ultra low E left quite an impression on me. [ hope you
have many papers working in DMN!.

Richard, as I told you before, during my first year, I was always wondering “who
is that guy always asking the smartest questions during the werkbespreking?”. You
seemed to know everything! Starting from the QN Christmas potluck (which still
hasn’t returned), I got to know you a little better. It is always so nice to have a
discussion with someone with such enthusiasm for science. I hope you hold on to
it!

Andrea Cupertino, before you joined, I had the pleasure to have a look at your
CV and I was quite intimidated by your experience. You have an impressive scien-
tific history and you are on your way to make even more! Aside from the science,
it’s always a pleasure to talk to you about anything. After a couple years of frus-
trating cleanroom work, you are getting amazing results! Congrats and keep up the



189

good work!

Dongil, your work on using machine learning to optimize spider web resonators
is impressive! Good luck with the publication process and I hope you enjoy your
time in Delft!

Minxing, for someone with such a different background you are becoming a
very strong experimentalist. You are working on many risky and exciting project.
It’s nice to see that you are coming up with very interesting solutions to your very
difficult problems. Don’t over work yourself and good luck!

Gerard, you are often very quiet, but when you speak, you ask the most critical
questions. Whenever I needed your consultation on technical details or on super-
vising a BEP project, you didn’t hesitate to lend your hand. Thank you for this.
You’ve been getting a lot of recognition for your work in collaboration with ASML!
Good luck with this exciting project and many other crazy projects!

Martin Robin you are a great scientist and a great person. You have a way to
effortlessly communicate with co-workers which is an ability I lack. Together with
Ruben we started collaborating on a project and I hope you and I can benefit from
it!

Ruben you and Martin have built an amazing setup! I hope you can milk many
many papers from it!.

Matthijs de Jong I’'m looking forward to your superradiance to come to fruition!
Enjoy the rest of your PhD!.

Curry, you are always so positive and always smiling even though you are work-
ing crazy hours. It’s a pleasure to interact with you. You already have many in-
teresting results and are writing two papers in your second year! You will have a
successful PhD!

Amy, it was nice to develop a research direction with you. It was unfortunate
that the project didn’t finish as anticipated but I hope you still enjoyed your visit.
I hope you are doing well back home.

Sten, one thing Robin said before leaving was “If you want to work and publish
on realistic applications of graphene, you need to work with Sten” (paraphrased).
It was true! Your work on transfer free graphene is ground breaking and will greatly
benefit all of us one day. Roberto, I hope you are the one to initiate this graphene
revolution! Best of luck and I hope the cleanroom tools never break while you are
working on your projects.

Maria Roodenburg and Dorine, Peter’s group runs smoothly thanks to your
efforts. Thank you for all the nice interactions!

The plant-whisperer Satadal. Your work on Si photonics was very interesting.
Your interview presentation left a strong impression on me. Now you are using
those devices to talk to plants! Good luck on the remainder of your post-doc!

Masoud, I have so much respect for you for doing another Postdoc abroad while
you already have a PI position and already lead a group at home. We had an inter-
esting project together but unforunate circumstances have made it difficult for us
to continue. I hope you enjoyed your postdoc experience and I hope your group in
Iran appreciate having you back. Stay in touch!

Oscar, my friend, the expert cook of the Mexican cuisine (you told me you



190 Acknowledgements

cooked the Mole wrong, but it was still good!). I miss randomly running into you
in the third floor corridor and in the cleanroom. I hope you are enjoying your new
career in ASML!

Pascal you have left such a legacy in the van der Zant lab. I wish I had interacted
with you much more while you were here. We still send each other interesting
papers but it’s not the same as bothering you in person. I hope you’re ready for your
life long career as a PI. You are great at managing multiple students, so I suspect
that you will have no problem leading your new army of students!

Nikos the legendary one man research group! It’s quite amazing how much
you have accomplished during your PhD. Whenever someone asks me how to make
devices, I tell them “ask Nikos” out of habit. You have taught me so much even
though you are not my predecessor. Congratulations again on having Adam and I
hope your career transitions are smooth.

Andrea Caviglia, the leader of the Quantum Foundry. I am grateful that you
have let me explore the growth and measurement of free standing complex oxides.
Through this experience, you provided your supervision, even though I am not a
part of your group and involved me in several projects. It is always great to talk to
you thanks to your positivity and enthusiasm for any minor results. Talking to you
restarts the fire in my scientific engines. I am always in awe when you talk about
condensed matter physics. I have made it my goal to one day understand all the
things you say and hopefully hold an intellectual conversation about physics with
you. You have an amazing group with amazing setups and hard working amazing
people. I hope you keep up your scientific output!

Thierry my teacher, mentor and a friend. You have taught me how to grow my
own samples using the PLD, how to say ‘no’ sometimes, how to use a cryostat and
how to stay positive even through scientifically tough times. You have an incredible
breadth of knowledge fit for much more than a PhD student and you have unbeliev-
ably long work hours far extending past mine. Academia will be missing out if you
don’t continue on this path, but the industry is lucky to have you. (Thank you for
being my translator)

Edouard, my other teacher, mentor and the postdoc supervisor I never had.
You have also taught me how to use the cryostat, the PLD, gave me ideas, research
directions and was a sounding board for the later half of my degree. You never shy
away when anyone asks for help and this may be a disadvantage for you and I. I
have learned to refuse, but I think you still suffer from helping out others at the
cost of your own time. I learned so much from talking to you and working with you.
Some of our crazy ideas didn’t work, but I’'m still glad we tried them out. I don’t
know where you will end up next, but I’'m sure whoever works with you will benefit
from working with you.

Ludwig it’s unfortunate that your project didn’t give the results you intended,
but it’s great to see that you are capable to fill and operate the Morgan by yourself!
Enjoy your future careers and thank you and Ulderico for initiating the bouldering
activity!

Patrick with the most amazing last name. You are the most pleasant person to
talk to; so easy going and never negative. I wish I could keep calm as you do so well.



191

Good luck exfoliating and torturing all sorts of complex oxide films!

Mattias the next leader of the optics group. Your idea on BTO sounds very
interesting! It’s a shame that I couldn’t be a part of it thanks to this long book, but
I will still be enjoying it once the results are out and published. Speaking of, finish
up your NPS!

Yildiz you had one of the most toughest PhD projects and you managed to pro-
duce beautiful results with Edouard. Even with so many setbacks such as the ac-
cident, the pandemic and the samples not superconducting, you still managed to
finish the project. Congratulations and good luck in your future careers!

Victoria, you started working on a tough project where the measurement setup
had to be dismantled every other day. Yet you still managed to reproduce the ex-
tremely high hydrogen sensitivity while making samples for other projects. Good
luck in your future endeavours!

Joao, I get reminded of the wise words you said in my first year. At the time,
I didn’t quite realize but towards the end of my PhD, I fully understand what you
meant. Thank you!

Luigi, Gentle and humble artist of the vdW nano pillars! Best of luck in the next
step of your career!

Giordano Mattoni I only had a short interaction with you but I wish that it was
longer. I have directly benefited from your work on building and configuring the
PLD, the Navy and your growth of WOz. You are a wizard on coding and science
and I wish you the best of luck!

Mafalda you were actually the first one to train me on the PLD. It is a very
complicated process so it was difficult to digest the information but you were very
patient. Thank you and I hope you enjoy consultancy!

Dirk, thanks to you and Dejan, I was able to step a foot into the world of com-
plex oxides. You guys have let me be a part of your ground breaking work on com-
plex oxide resonators, which I am grateful for. Good luck with your career at Shell!

Dima, the legendary postdoc who built the optics lab from scratch. Best of luck
in starting your group and I will keep an eye on your future publications!

Jorrit, a great scientist leaving academia. It’s always been a pleasure to interact
with you. I wish you good luck whichever industry you choose to work in!

Maria El Abbassi the mother of all PhDs. I first thought you were a cold and
goal driven person. Boy was I wrong. I found out too late that you were the most
kind, nurturing mentor figure with the utmost patience for students. I’'m gonna
miss our interactions, the teas, s***ty coffee and 4 hour long barbecues. Keep in
touch, whichever company you are working in. Best of wishes with the recovery!

Chunwei my neighbour and a fellow student of McGill Physics. Beyond the
emotionless demeanour, you are a kind, caring and passionate person. Perhaps
your zealousness towards humanity has driven you away from academia, but I think
you hold a lot of knowledge and experience. I can tell by the amount of people ask-
ing for your help on a daily basis. Thank you for making me my favourite Taiwanese
noodle dish and I hope you lead a peaceful life away from academia. Try to enjoy
the rest of your PhD!

Luca. Sara always asks about the friend who lost all his weight. She says she




192 Acknowledgements

felt bad that you weren’t able to enjoy any food during the barbecues. I hope you
stay healthy and enjoy the rest of your PhD!

Jasper you have an extremely interesting and interdisciplinary project. I look
forward to seeing your results in future papers! Thomas I heard that you are work-
ing with an extremely challenging molecule. Best of luck with your project! Damien,
it was a pleasure to be working together on a paper with you. I envy your level of
theoretical understanding. Good luck with the rest of your PhD! Jacqui, Tristan
and Sebastian my new office mates. You guys are so hard working, I don’t have
any doubts you will have a successful PhD. Sergeii, you are super motivated and
hard working even on the weekends. I’m sure your hard work will pay off. Keep it
up, and good luck!

Toeno, my mentor. I sincerely appreciate that you take the role of a mentor
seriously. Having regular meetings with you have helped me on several occasions.
Directly venting my problems and listening to your guidance helped of course, but
just the thought of having someone to talk to in case of academic and political prob-
lems relieved a lot of the anxieties. Thank you very much. You have an amazing lab
with amazing people. I hope you a successful and swift track to full professorship!

Brecht, [ was impressed by your presentation during the interview process as
well as your work ethics in the cleanroom and your perseverance in the face of fail-
ures. Now you have become a master in the cleanroom. Good luck with the rest of
your PhD!

Joris it’s always a pleasure to talk to you. You are always such an up-beat guy
even through the times of COVID and slow progress. Hope you keep up the posi-
tivity throughout your PhD!

Michael you give great talks during werkbespreking! Your new setup looks in-
tense. I hope you get some fruitful results from the monster!

Samer my fellow comrade in plaid! It’s always a pleasure to talk to you. I appre-
ciate all the sincere advice on the thesis and academia you have given me and I'm
grateful that you participate in the 2D journal club. I hope you keep your positivity
and interest in 2D materials. Let’s keep in touch !

Kavli staff, every graduating PhD in experimental physics needs to have a sec-
tion for the wonderful Kavli staff. One of the biggest reasons for me to apply to
TU Delft at the end of my masters was because of the world class cleanroom. Now,
after working in the cleanroom for 4 years, I know that the staff make it the world
class facility! I deeply respect the work ethics of all of you. Your drive for maintain-
ing order, best working conditions and listening to the concerns of the users make
Kavli nanolab the most pleasant cleanroom in the world to work in. In particular, I
thank you Charles for all the interesting conversations in the cleanroom. You are
such a nice person to work with and a pleasant character to get along with. I also
thank Marc not only for being the operation manager through the COVID crisis and
still maintaining a safe yet manageable work flow, but also being an ear that listens
to concerns and understanding the frustrations of a PhD student in his final year.

Allard, thank you so much for maintaining the AFMs in tip top shape! They
were central pieces of equipments for the work in this thesis!

Tino, the guy with the cool tatoo. Thank you for taking care of our labs, es-



193

pecially during the time when Montana broke. Thanks to your dedication, I could
perform my experiments in multiple labs without delay!

Qing and Ting, the colleagues I met while slaving away in the cleanroom! Qing
I haven’t met your Kitty yet, but I envy that you have one! You are always working
so hard in the cleanroom. Due to the unfortunate restrictions in the cleanroom
we don’t meet so often anymore, but I hope you have a wonderful PhD and a won-
derful life with the kitty! Ting, a cleanroom guru from QuTech. I’'m glad that you
participate in our 2D journal club. Although you don’t work with 2D materials at
the moment, you have such a deep relationship with graphene you will get used
to the current frontiers when you switch back to the field! Good luck finding your
next position and I hope you make it as a PI!

Marc Westig my former office mate, the crazy German postdoc. Many people
think Holger is crazy, but I saw the crazy in you long time ago! When I heard
that you had left academia I was in shock. You are the most knowledgeable, hard
working post doc with crazy ideas and methodical choice of words, I knew you were
made for science. I'm glad to hear that you are enjoying the life in industry. Please
do keep in touch!

Holger thanks for answering our questions on multiple Andreev reflections via
text! Your work in Nature Comms was very helpful as a guide for the work Thierry
and I are working on! I hope you are enjoying the industry!

Sergi Pud, when I was becoming obsessed with authorships and first author
papers, your advice helped me a lot. Good luck leading your own group!

Felix, you have such a beautiful PhD thesis, it sparked a flame of artistry in a lot
of the remaining PhDs. Congratulations with Felicitas and with your new career!

Adrian my theorist friend! It’s a big decision to transition from theory to exper-
iments and I have great respect for you for doing that. I can’t imagine transitioning
from experimental physics to theory! Good luck with your experiments!

Sarwan, you and I gave our very first werkbesprekings on the very same day. It
was pleasant to talk to you whenever we met, but I think you were stuck in the lab
or the gym the rest of the time. Hope you have a smooth transition into industry!

Byoung moo, my only (used to be) Korean colleague in the department. I re-
member thinking “this guy is fricking smart. I have to learn everything he knows”
when you gave your werkbespreking. Every time I walked by your office on the
weekend, I could see that you were already working by the time I arrive and you
were still working when I left. Crazy guy. Good luck transitioning in to industry!

AlKkisti Sara and I miss you a lot! You made us feel so welcomed in all the social
events I attended in my first year. Your sarcastic jokes and warm hospitality has
really enlightened our first year in Europe. I hope you are enjoying industry!

Christina we had a difficult student to “co-supervise” together, but we endured!
I know that you have left academia for your passion. I hope you enjoy it!

Mathijs Garming our collaboration happened coincidentally. I got in touch
with you to ask for a sample of ITO on glass to test an idea. We ended up speaking
about our respective research and now we are working on two projects together!
Your measurement technique is amazing! I know that you are also very close to
graduation. Good luck preparing for your dissertation!



194 Acknowledgements

et al. I'm trying my best to re-live my four years at TU Delft to think of everyone
to thank. But knowing my small brain, I am likely forgetting someone important.
If I had an interaction with you, our interaction probably shaped the person that is
me right now. And for that, I thank you.

TU Delft

External

Samuel and Javi, we met when I was a new PhD student still. You guys came
by to do a week of measurements and I kept you hostage in my lab during that
entire week. I’'m sorry you couldn’t see more of Delft! After the intense week of
measurements, we had beer together and I still think fondly of that day. I visited
you guys in my trip to Valencia and you guys greeted me so kindly. You guys have
impressive list of publications and I know that this is only the beginning. Best of
luck in your post doc!

Angelo Di Bernardo, we had an intense 4 months of interaction but you have
left a strong impression. It was an exciting time working with you. You seem to
have had a successful grant application. I hope the project works out!

Prof. Hilke, this thesis would not have been possible if it wasn’t for you. You
gave me a chance to change myself from a lazy bachelor student to a hard working
master student. You taught me how to be a good researcher and showed me how
fun research can be. I am grateful for your kind supervision.

Dr. Wayne Yang, I have too many things to say, I don’t think I can fit them in
this book. You were my supervisor during my bachelor project in Canada and we are
both in Delft for a PhD. You had a profound influence on my scientific career and
also my mental health. I don’t think we will land in the same institute in our post
docs, but our paths will cross. I’ve never met anyone more observant, critical and
methodical. You will be a great, successful AND passionate leader one day. Don’t
forget about our promise about sending our bad PhD students to each other’s group
for some tough lovin.

Auntie and Uncle. Sara and I still talk about the way you treated us like family.
We had the most amazing time in Singapore and had the kind of food which we
will never be able to enjoy again in our lifetimes. You have the smartest bunch of
children I have ever seen. Still amazing to think that every one of them are either
a physicist or a mathematician. I hope you are keep healthy! @Uncle, I miss our
night drinking cognac and whiskey! I miss that night more than the Michelin star
food you bought us. Keep healthy so we can one day meet again and enjoy some
good drinks!

Scott, one of the few methods to unwind the week in my PhD years was watching
RM with you. I am grateful that we are still in contact after high school and that we
are both in research (in one form or another). I wish you a good career in physical
engineering and lets hang out over some chicken, pizza, RM and games!

Mom, Dad words can’t describe how grateful I am to be your son. (David, are
you reading this? if you are reading this, please translate for them so they catch the
nuances entirely.) You sacrificed so much, by leaving your success, a house, family



195

and network in South Korea just so that David and I can lead a better life in Canada.
I can’t imagine the types of decisions you must have made. You have raised me with
your infinite yet strict love and I am forever grateful. I will stop here, since David
will be reading this and I don’t want him to see my soft side.

Gramma, [ miss you very much (David, please again here). You’ve raised me
when Mom and Dad were busy trying to make a living to provide us with food and
clothes and a place to live and a chance to move to a better country. You were my
second mother from when I could crawl to when I went off to university. You have
the best heart and the purest soul. I wish you a long and healthy life. I will stop
here again.

David, I’'m so proud of what you’ve accomplished in the recent years. Mom,
Dad, gramma and I were very worried about you for one or two years, but you
quickly changed back. And now you are leading a healthy life, working diligently
towards your goal and striving to be a good son to mom, dad and gramma. I think
Joey has a positive influence on you. I hope you guys have a happy life together.

The last section of this book is reserved for the most powerful person in my life
and her (now mine as well) family. Sara’s parents, I am grateful that you trusted
me enough to drag Sara along on this journey. First, I convinced her to move from
Nova Scotia - where you are - to Quebec. Now she’s half way across the world.
Every time I visit you, you treat me like your own and I'm grateful for that. I wish
you health and happiness!

Finally Sara, this journey could not have been possible if it wasn’t for you. I
can’t believe you put up with me being at work 60-100 hour a week, plus bringing
work home. I keep telling you that this is only temporary and will stop after the
PhD phase, but ... sorry from what I’ve seen, this only gets worse. [ wished that we
could travel and explore more areas in Europe, but this pandemic has messed up
our plans on travelling and our other plan. No matter. I am looking forward to the
journey ahead no matter where we are in the world.







17-05-1991

Education
2004-2009

2009-2015

2015-2017

2017-2021

Curriculum Vitae

Martin Lee
Born in Seoul, South Korea.

Clayton Heights Secondary
British Columbia, Canada

Undergraduate in Physics

McGill University, Montreal, Quebec, Canada
Thesis: Graphene based Midi Controller
Supervisor: Prof. Michael Hilke

Master in Physics

McGill University, Montreal, Quebec, Canada

Thesis: Graphene: Transfer Methods and Applica-
tions

Supervisors:  Prof. Michael Hilke
Prof. Walter Reisner

PhD. Applied Physics
Technische Universiteit Delft, Delft, The Netherlands

Thesis: Applied and fundamental studies of vibrat-
ing 2D membranes
Promotors: Prof. dr. Peter G. Steeneken

Prof. dr. ir. Herre S. J. van der Zant

197






32.

31.

30.

29.

28.

27.

26.

25.

List of Publications

M. Abrahams, M. Lee et al., Squeeze film based graphene microphone, (manuscript
in preparation).

P.Blah, E. Lesne, M. Lee et al., Magneto transport of freestanding SrRuQOz mem-
branes, (manuscript in preparation).

M. Lee, E. Lesne, T. C. van Thiel, M. Siskins, P. Blah, U. Filippozzi, P. G.
Steeneken, A. D. Caviglia, H. S. J. van der Zant, Electrostatic manipulation of
magnetism in suspended SrRuOj3, (manuscript in preparation).

Chapter 7

C.Liu, R.J.Dolleman, M. Lee, M. Siskins, H. S.]. van der Zant, P. G. Steeneken,
G.]. Verbiest Tension-controlled Thermodynamics in Graphene Resonator Based
on Acoustic Phonons Scattering, (manuscript in preparation).

M. M. S. Fakhrabadi, Z. Tang, M. Lee, M. Siskins, A. Turchanin, H. S.]. van der
Zant, P. G. Steeneken, G. J. Verbiest, Nanomechanical characterization of self-
assembly based free-standing carbon nanomembranes, (manuscript in prepa-
ration).

M. Lee’, T. C. van Thiel”, S. Mafas-Valero, E. Coronado, Y. M. Blanter, P. G.
Steeneken, A. D. Caviglia, T. M. Klapwijk, H. S. ]. van der Zant, Single-crystal
van der Waals superconductor microbridge and gate independence, (manuscript
in preparation).

Chapter 7

M. Lee, J. R. Renshof, K. J. van Zeggeren, Maurits J. A. Houmes, E. Lesne, M.
Siskins, T. C. van Thiel, M. R. van Blankenstein, A. D. Caviglia, H. S. . van der
Zant, P. G. Steeneken, Nanomechanics of ferroelectric switching in suspended
van der Waals - complex oxide heterostructures, (manuscript in preparation).

Chapter 7
M. W. H. Garming, I. Gerward C. Weppelman, M. Lee, T. Stavenga, P. Kruit, ].

P. Hoogenboom, Ultrafast Scanning Electron Microscopy with sub-micron opti-
cal pump resolution, (manuscript in preparation).

in preparation

in print

199



200 List of Publications

24. M. Lee, M. Robin, R. Guis, U. Filippozzi, D. H. Shin, T. C. van Thiel, S. Paardekooper,
J.R.Renshof, H. S.]. van der Zant, A. D. Caviglia, G.]. Verbiest, P. G. Steeneken,
Self-sealing complex oxides resonators, arxiv, (submitted 2021).

Chapter 7

23. M. Siskins, E. Sokolovskaya, M. Lee, S. Mafas-Valero, D. Davidovikj, E. Coro-
nado, H. S.]. van der Zant, P. G. Steeneken, Tunable strong coupling of mechan-
ical resonance between spatially separated FePSz nanodrums., arxiv, (submitted
2021).

22. M. Siskins, S. Kurdi, M. Lee, B. J. M. Slotboom, W. Xing, S. Manas-Valero, E.
Coronado, S.Jia, W. Han, T. van der Sar, H. S. ]. van der Zant, P. G. Steeneken,
Nanomechanical probing and strain tuning of the Curie temperature in suspended
CryGe,Teg heterostructures, arxiv, (submitted 2021).

21. J. Lépez-Cabrelles, S. Manas-Valero, I. J. Vitérica-Yrezabal, M. Siskins, M.
Lee, P. G. Steeneken, H. S. J. van der Zant, Guillermo Minguez Espallargas,
E. Coronado, Chemical design and magnetic ordering in thin layers of 2D MOFs,
arxiv, (accepted 2021).

20. D. Afanasiev, J. R. Hortensius, M. Matthiesen, S. Mafas-Valero, M. Siskins, M.
Lee, E. Lesne, H. S.]. van der Zant, P. G. Steeneken, B. A, Ivanov, E. Coronado,
A. D Caviglia, Controlling the anisotropy of a van der Waals antiferromagnet with
light, Science Advances 7, 23 (2021).

19. M. Lee’, M. Siskins", S. Manas-Valero, E. Coronado, H. S. J. van der Zant, P. G.
Steeneken, Study of charge density waves in suspended 2H-TaS, and 2H-TaSe,
by nanomechanical resonance, Applied Physics Letters 118, 193105 (2021).

Chapter 6

18. W. Zhang, Q. Zhao, C. Munera, M. Lee, E. Flores, J. E. F. Rodrigues, J. R. Ares,
C.Sanchez, J. Gainza, H. S.]. van der Zant, J. A. Alonso, L. ]. Ferrer, T. Wang, R.
Frisenda, A. Castellanos-Gomez, Integrating van der Waals materials on paper
substrates for electrical and optical applications, Applied Materials Today 23,
(2021).

17. J. Azpeitia, R. Frisenda, M. Lee, D. Bouwmeester, W. Zhang, H. S. J. van der
Zant, F. Mompean, M. Garcia-Hernandez, A. Castellanos-Gomez, Integrating
superconducting van der Waals materials on paper substrates, Materials Ad-
vances, (2021).

16. A. Keskekler, O. Shoshani, M. Lee, H. S. J. van der Zant, P. G. Steeneken, F.
Alijani, Tuning nonlinear damping in graphene nanoresonators by parametric-
direct internal resonance, Nature Communications 12 1099, (2021).



https://arxiv.org/abs/2109.03978
https://arxiv.org/abs/2107.01262
https://arxiv.org/abs/2104.09614
https://arxiv.org/abs/2107.11569
https://doi.org/10.1126/sciadv.abf3096
https://doi.org/10.1063/5.0051112
https://www.sciencedirect.com/science/article/pii/S2352940721000779
https://www.sciencedirect.com/science/article/pii/S2352940721000779
https://pubs.rsc.org/en/content/articlelanding/2021/MA/D1MA00118C#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2021/MA/D1MA00118C#!divAbstract
https://www.nature.com/articles/s41467-021-21334-w

List of Publications 201

15.

14.

13.

12.

11.

10.

M. Siskins, M. Lee, D. Wehenkel, R. van Rijn, T. W. de Jong, J. R. Renshof,
B.C. Hopman, W. S. J. M. Peters, D. Davidovikj, H. S. ]J. van der Zant, P. G.
Steeneken, Sensitive capacitive pressure sensors based on graphene membrane
arrays, Microsystems & Nanoengineering 6, 102 (2020).

Chapter 3

E. Whiteway, M. Lee, M. Hilke, Real Space Raman Spectroscopy of Graphene
Isotope Superlattices, Physical Review B 102, 23 (2020).

I. E. Roslon, R. J. Dolleman, H. Licona Solera, M. Lee, M. Siskins, H. Lebius,
L. Madauf$, M. Schleberger, F. Alijani, H. S. J. van der Zant, P. G. Steeneken,
High-frequency gas effusion through nanopores in suspended graphene, Nature
Communications 11, 1 (2020).

M. Lee, A. Mazaheri, H. S.]. van der Zant, R. Frisenda, A. Castellanos-Gomez,
Drawing WS, thermal sensors on paper substrates, Nanoscale (2020).

D. Davidovikj,D.]. Groenendijk, A. M. R. V. L. Monteiro, A. Dijkhoff, D. Afanasiev,
M. Siskins, M. Lee, Y. Huang, E. van Heumen, H. S. J. van der Zant, A. D.
Caviglia, P. G. Steeneken, Ultrathin complex oxide nanomechanical resonators,
Communications Physics 3, 1 (2020).

E. Whiteway, M. Lee, M. Hilke, Graphene Isotope Superlattices with Strongly
Diminished Thermal Conductivity for Thermoelectric Applications, ACS Applied
Nano Materials 3, 9 (2020).

A.Mazaheri, M. Lee, H. S.]. van der Zant, R. Frisenda, A. Castellanos-Gomez,
MoS,-on-paper optoelectronics: drawing photodetectors with van der Waals semi-
conductors beyond graphite, Nanoscale (2020).

M. Siskins”, M. Lee”, S. Mafias-Valero, E. Coronado, Y. M. Blanter, H. S. J. van
der Zant, P. G. Steeneken, Magnetic and electronic phase transitions probed by
nanomechanical resonance, Nature communications 11, 1 (2020).

Chapter 5

S. Caneva, M. D. Hermans, M. Lee, A. Garcia-Fuente, K. Watanabe, T. Taniguchi,
C. Dekker, J. Ferrer, H. S. J. van der Zant, P. Gehring, A mechanically tunable
quantum dot in a graphene break junction, Nano letters 20, 7 (2020).

M. Siskins, M. Lee, F. Alijani, M. R. van Blankenstein, D. Davidovikj, H. S. J.
van der Zant, P. G. Steeneken, Highly anisotropic mechanical and optical prop-
erties of 2D layered As;Sz membranes, ACS nano 13, 9 (2019).

. M. Lee, D. Davidovikj, B. Sajadi, M. Siskins, F. Alijani, H. S.]. van der Zant, P.

G. Steeneken, Sealing graphene nanodrums, Nano letters 19, 8 (2019).
Chapter 4



https://www.nature.com/articles/s41378-020-00212-3
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.102.235429
https://www.nature.com/articles/s41467-020-19893-5
https://www.nature.com/articles/s41467-020-19893-5
https://pubs.rsc.org/fa/content/articlehtml/2020/nr/d0nr06036d
https://www.nature.com/articles/s42005-020-00433-y
https://pubs.acs.org/doi/abs/10.1021/acsanm.0c01802
https://pubs.acs.org/doi/abs/10.1021/acsanm.0c01802
https://pubs.rsc.org/fi/content/articlehtml/2020/nr/d0nr02268c
https://www.nature.com/articles/s41467-020-16430-2
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.0c00984
https://pubs.acs.org/doi/abs/10.1021/acsnano.9b06161
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.9b01770

202

List of Publications

. M. Lee, T. A. Vuong, E. Whiteway, X. Capaldi, Y. Zhang, W. Reisner, C. S.

Ruiz-Vargas, M. Hilke, From 2D to 3D: Graphene molding for transparent and
flexible probes, Applied Physics Letters 114, 4 (2018).

. R.].Dolleman, D. Lloyd, M. Lee,]. S. Bunch, H. S.].van der Zant, P. G. Steeneken,

Transient thermal characterization of suspended monolayer MoS,, Physical Re-
view Materials 2, 11 (2018).

. K. L. M. Elder, M. Seymour, M. Lee, M. Hilke, N. Provatas, Two-component

structural phase-field crystal models for graphene symmetries, Philosophical
Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences 376, 2113 (2018).

. J. Qu, M. Lee, M. Hilke, X. Liu, Investigating the impact of SEM chamber con-

ditions and imaging parameters on contact resistance of in situ nanoprobing,
Nanotechnology 28, 34 (2017).

* These authors contributed equally


https://aip.scitation.org/doi/abs/10.1063/1.5075618
https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.2.114008
https://journals.aps.org/prmaterials/abstract/10.1103/PhysRevMaterials.2.114008
https://royalsocietypublishing.org/doi/abs/10.1098/rsta.2017.0211
https://royalsocietypublishing.org/doi/abs/10.1098/rsta.2017.0211
https://royalsocietypublishing.org/doi/abs/10.1098/rsta.2017.0211
https://iopscience.iop.org/article/10.1088/1361-6528/aa79ea/meta

	Summary
	Samenvatting
	Introduction
	Graphene
	Other 2D materials
	Phase transition

	MEMS and sensors
	Pressure sensors
	MEMS actuators for fundamental studies

	Complex Oxides
	This thesis
	headReferences

	Methods
	Cavity devices
	Lithography deposition and etching

	2D materials
	Deterministic visco-elastic transfer
	Polymer Pickup

	Complex oxides
	Free-standing complex oxides
	PLD growth

	headReferences

	Sensitive capacitive pressure sensors based on graphene membrane arrays
	Introduction
	Materials and Methods
	Chip design and graphene transfer
	Sensor readout circuit board
	Effect of PMMA removal

	Results and Discussion
	Sample characterization
	Analysis of the sensor response

	Conclusions
	
	Annealed polymer
	Simulations of capacitance

	headReferences

	Sealing graphene nanodrums
	Introduction
	Gas Leakage Pathways
	Sealing Method
	Experimental Setup
	Hermeticity Tests of Graphene Cavities
	Pressure Sensing with Sealed Graphene Drums
	Long Term Stability
	Discussion
	Conclusions
	
	Leakage time constant of N2 before sealing
	Derivation of analytical expression
	Time constant before and after the seal
	Raman spectrum of sealed membrane
	Leakage time constant of He before and after sealing

	headReferences

	Magnetic and electronic phase transitions probed by nanomechanical resonators
	Introduction
	Results
	Antiferromagnetic mechanical resonators.
	Resonance and specific heat.
	Detecting phase transitions.
	Effect of strain.
	Temperature dependent Q-factor.
	Electrostatic strain.

	Discussion
	Methods
	Sample fabrication
	Controlled measurement environment
	Laser interferometry
	Atomic Force Microscopy

	
	Fundamental resonance frequency of a circular plate and membrane
	Mechanical resonances and specific heat of MPS3 (M=Fe, Ni, Mn)
	Entropy in a suspended antiferromagnet
	Dissipation and thermoelastic damping in vibrating membranes
	Electric field induced strain in a circular FePS3 membrane
	Mechanical resonances and specific heat of 2H-TaS2 near the charge density wave transition
	Crystal growth and characterization
	Reproducibility of measurements

	headReferences

	Study of charge density waves in suspended 2H-TaS2 and 2H-TaSe2
	Introduction
	Results
	Measurement setup and device
	Specific heat anomaly at the CDW transition
	Phase transition in pristine samples
	Enhancement of transition temperature by degradation
	Hysteresis and multiple phase transitions

	Discussion & Conclusion
	
	Methods
	Derivation of the change in specific heat
	Additional sets of measurements on degradation
	Other methods of inducing disorder

	headReferences

	Outlook
	Introduction
	Transport of Suspended Complex Oxides
	Magnetotransport in suspended, curved SrRuO3
	Strain tuning the MIT transition in NdNiO3

	New sealing methods
	Piezoelectric actuation with van der Waals - complex oxide heterostructures
	Monolithic van der Waals microbridge and gate independence of TaS2
	
	Methods
	Measurement
	Superconducting transition of devices 1-3
	Excess current
	Gate independence devices 2,3

	headReferences

	Conclusion
	Introduction and Methods
	Application of Graphene in pressure sensing
	Fundamental studies of phase transitions by temperature dependent nanomechanics
	Outlook

	Acknowledgements
	Curriculum Vitæ
	List of Publications

