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"I have never understood why some people are lucky enough to be born with the chance
that I had, to have this path in life and why across the world, there is a woman just like me.
With the same abilities and the same desires, same work ethic and love for her family, who

would most likely make better films and better speeches. Only she sits in a refugee camp,
and she has no voice. She worries about what her children will eat, how to keep them safe,

and if they’ll ever be allowed to return home. I don’t know why this is my life and that’s
hers. I don’t understand that but I will do as my mother asked, and I will do the best I can

with this life, to be of use."
-Angelina Jolie



ABSTRACT

As we are moving towards nano level devices, there is a greater need to miniaturize resonators.
With miniaturization, we can achieve a higher resonant frequency and reduce power consump-
tion. Since graphene has the highest stiffness of all known materials and various other
exceptional mechanical properties, graphene based resonators are of interest. Most of the
garphene resonators in the past have been measured using optical setup. In order to get rid
of this large and bulky setup, we aim to integrate it with an actuation electrode. The main
goal of this thesis is to fabricate an electrostatically actuated graphene resonator.

We start with the design of the actuator in chapter 3. For the graphene membrane to
work as a resonator, it needs to be suspended. Chapter 4 details the procedure to fabricate
suspended graphene membranes. Various samples of different shapes, sizes and gap sizes
have been analyzed using different experiments. Some samples are found to be collapsed.
Whereas the other samples show corrugations and wave like structure. We observe clear
differences between the SEM and AFM images of the collapsed and likely suspended samples.

This is followed by the fabrication of graphene resonator with a buried electrode. Chapter
5 presents all the failed attempts to fabricate suspended graphene membrane on a buried
electrode before realizing the suspended graphenes membrane on p doped polysilicon and
niobium electrode.

Then chapter 6 presents the measurements done on the graphene samples to find out
the resonant frequency of the graphene resonator. We found that the fundamental mode
being detected is because of gold and not garphene. To find the resonant frequency of the
graphene membrane , experiments such as DC tuning and nonlinearity were performed on
the samples. We found a high frequency peak becoming much more non linear at high
oscillation amplitudes than low frequency peak. We suspect it to be graphene but we donot
observe spring hardening in graphene membranes which would have been a stronger proof
of detecting graphene motion.

In chapter 7 the cause of the collapse of membranes is analyzed. Using stress measurements
and observations from various samples, some hypothesis have been proposed for the collapsing
graphene membranes. We also observed bubble like structures on graphene samples which
formed suspended membranes after release. We found the cause of collapse of membranes
but the exact mechanism of suspension is still unknown. The EDX analysis on the bubbles
show that the bubble area has significant amount of more oxygen than the other area of
graphene. In order to achieve good performance by the graphene resonator, it should be
completely suspended. Hence, it is crucial to understand the process of suspension of graphene
in more detail.
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Chapter 1

Introduction

1.1 Miniaturization of resonators

A resonator is a device which will naturally resonate with greater amplitude at some frequencies
as compared to other frequencies. These frequencies at which it will naturally oscillate with
greater amplitude are called resonant frequencies. A resonator could be used for various
applications such as signal generators, various types of sensors (mass, force, biological,
chemical etc.), oscillators, filters, various RF applications etc. This thesis focuses on mechanical
resonators. A prototypical nanoelectromechanical resonator is a nanoscale beam clamped on
one or both ends that vibrates in response to an applied external force [1, 2]. Mechanical
structures such as beams, strings, plates and membranes are used as vibrating parts. Research
on MEMS (microelectromechanical systems) has been going on for decades. Scaling down the
resonators to micro level helped the industries to make small micro sized devices for various
consumer applications. The increasing need to further scale down the size of mechanical
devices and transistors for various applications paved the way for nanoresonators.

We are going from MEMS to NEMS (nanoelectromechanical systems) leading to fabrication
of various nanoresonators. Miniaturization of resonators helps to attain higher sensitivity,
lower power consumption, higher resonance frequency along with lesser requirement of
space [1, 3]. NEMS have applications in various areas, such as mass [4], force [5] and
position [6] sensing, which can be explored. Two important parameters of any resonator are
its resonance frequency and quality factor. The sensitivity of a NEMS resonator is defined
by its resonant frequency. The resonant frequency of a nanoresonator depends on various
factors such as its material properties, shape, stress, surface topography, external factors such
as pressure, temperature and the environmental factors in which the measurement takes
place such as vacuum or air [3]. These factors can cause a shift in the resonant frequency
of the nanoresonators. This shift can be compensated with the tunability of the resonant
frequency in the nanoresonators [3]. Hence, nanoresonators with a tunable gap have the
potential for various applications.

In the past prototypical nanoresonators made of Si, SiO2, SiN and SiC have been studied
[2]. The limit of a resonator would be one atom thick. A single layer of atom should be very
stiff, strong and robust so that it can be used as a resonator. Single layer graphene’s Young
modulus (1TPa) is much higher than that of silicon (165 GPa). Infact graphene has the
highest stiffness of all known materials. This means that graphene based resonator can give
higher frequencies as compared to silicon based materials. These properties make graphene
suitable as a nanoelectromechanical resonator. Thus, single layer graphene (one atom thick)
and few layer graphene are of interest.

1
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Table 1.1: List of graphene resonators fabricated in the past. Taken from [3, 7]

Resonator
structure

Device
Picture

Excitation and
detection method

Fabrication Resonant
Frequency
(MHz)

Quality
Factor

1 Doubly
clamped
single layer
graphene
resonator[8]

optical actuation and
detection

mechanically
exfoliated
graphene

70.5 78

2 Fully
clamped
square
resonators
[9]

optical actuation and
detection

mechanically
exfoliated
graphene

66 25

3 Doubly
clamped
single layer
graphene
resonator
[10]

electrostatic
actuation and
motion-modulated
conductance
detection

mechanically
exfoliated
graphene

33 at 77K 10,000 at
77K

4 Fully
clamped
circular drum
resonators
[11]

optical actuation and
detection

chemically
reduced
Graphene
oxide

10 to 110 1500 to
4000

5 Doubly
clampled
single layer
garphene
resonators
[12]

optical actuation
and detection,
electrical actuation
and detection

transferred
CVD
graphene

5 to 75 250

6 Doubly
clamped
few layer
graphene
[13]

electrostatic
actuation and
detection with
frequency
modulation by AFM

mechanically
exfoliated
graphene

18 to 85 64

7 Doubly
clamped
graphene
resonators
[14]

optical actuation and
detection

epitaxial
graphene
on silicon
carbide
substrate

3 to 100 50 to 400

8 Doubly
clamped
single layer
graphene
resonators
[15]

electrostatic
actuation and
electrical frequency
mix down

transferred
exfoliated
graphene

30 to 130 100
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In the past, various graphene resonators have been fabricated using mechanical exfoliation
methods, as shown in table 1.1, but when it comes to the industry compatible wafer scale
fabrication of graphene resonators, not much results are available.

Transduction of the mechanical motion of these NEMS devices to electrical signal, as
shown in figure 1.1, is of utmost importance so that it can be used in electronic devices
in future and not merely remain a prototype to be studied at the research level. However,
scaling of resonators brings various challenges in transduction of mechanical motion. Data
on the transduction of the wafer scale graphene resonator is even more scarce. Moreover,
integrating the graphene resonators with sensing and actuating principles, from a fabrication
point of view, still remains very challenging. This thesis is an attempt to fill this gap in
research and explore the possibilities of fabricating a graphene resonator with an integrated
actuation electrode using a wafer scale transfer free approach.

Figure 1.1: Transduction mechanism in a nanoresonator. Adapted from [2]

To fabricate a resonator, one of the basic and essential requirements is that the material
that is being used as a resonator should be suspended and be able to resonate freely. There
are various methods using which suspended graphene membranes can be fabricated. To
fabricate suspended graphene membranes, it is essential to understand the graphene growth
mechanism too. First, we discuss what is graphene and its various important properties,
along with state of the art on graphene growth on metals. Then various methods to produce
suspended graphene membranes have been presented followed by the research objectives.

1.2 Graphene

Graphene, discovered in 2004 , is a two dimensional material which consists of layers of
carbon atoms arranged as six-membered rings [16]. It is the parent of all graphitic forms
such as carbon nanotube and buckminsterfullerene as shown in figure 1.2. It is a crystalline
allotrope of carbon [16]. Each carbon atom is connect to three other carbon atoms in the x-y
plane and the in plane bonds are sp2 hybridized. It has attracted a lot of attention due to its
unique structure, properties and potential for applications [17–19].

Graphene has various unique and important properties such as its tunable band gap, high
elasticity, quantum hall effect at room temperature and ambipolar electric field effect [16].
Some of its other interesting properties are its velocity saturation of 3 × 107cm/s and carrier
mobility of upto 200,000 cm2/V s [20]. Its exceptional electronic properties can be denoted
to its linear dispersion relation near the six corners of first Brillouin zone [20]. Graphene is
a single layer (SL) materal. Even bilayer graphene (BG) and few layer graphene (FG) are of
equal interest. In few layer graphene the number of layers are less than or equal to 10 [16].

Some of its exceptional mechanical properties are its highest young’s modulus(∼ 1TPa) of
all known materials [21–23], a breaking strain of nearly 25 % [24] lowest mass density and
bending rigidity of all impermeable membranes [25] and large surface area. When scaling
down to nano level , most of the materials become mechanically unstable. However single
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layer graphene is strong and stiff and is one atom thick making it an ideal candidate to be used
as a nanoresonator. Graphenes exceptional mechanical properties have led the way for it be
used for mechanical applications, such as membranes separating disparate environments [26,
27], switches [28] etc. Other advantages of graphene include its high thermal conductivity
[29]. It shows a high electron mobility which leads to a high electrical conductivity [30]
Single layer graphene and bilayer graphene were first obtained by micro-mechanical cleavage
[16]. Various physical techniques and microscopes have been used to characterize graphene
such as scanning tunneling microscopy, transmission electron microscopy, atomic force microscopy,
Raman spectroscopy and X-ray diffraction [16]. A lot of research and study has been presented
in recent years which has helped to understand the properties of graphene better [22, 31–37].

Figure 1.2: Graphene : parent of all graphitic forms Taken from [38]

One of the major applications of graphene is in the field of mechanical resonators as
shown in table 1.1. Among mechanical resonators, pressure sensors are the most important
application. Pressure sensors are present in most of the mobile sets and are the most widespread
membrane based mechanical sensors. Conventional pressure sensors use membranes which
are hundreds of nanometers thick [25]. Using graphene as a membrane in these sensors
would allow for a higher responsivity and lesser requirement of space [25]. Various graphene
pressure sensors have been proposed in the past [39–43]. Most of the conventional graphene
based pressure sensors use pressure difference based sensing methods and so require an
impermeable reference cavity. However, graphene sealed cavities were shown to have leak
time constants of many hours [9]. At this stage, they are not known to be stable for a period
of many years. Hence, it would be interesting to develop pressure sensors which do not
require an impermeable reference cavity. Squeeze film pressure sensors are one of these
sensors. Graphene based squeeze film pressure sensors have been reported in the past [25].
Other applications of graphene are in the field of gas sensors [44, 45], as cantilevers [46, 47]
etc.

1.3 Graphene growth

Graphene can be synthesized in various ways such as mechanical exfoliation, reduction of
graphene oxide, unzipping of carbon nanotubes, graphitization of silicon carbde, organic
synthesis etc. However, these methods cannot be used for large scale production of graphene.
The most efficient way to fabricate graphene based structures on a large scale is chemical
vapour deposition (CVD). It is essential to understand this process in detail so that its growth
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parameters (temperature, pressure, flow rate, catalyst) can be controlled and the desired
layer thickness and crystallinity can be achieved for graphene. This can pave the way for
getting the highest quality of graphene at large scale with lowest possible cost. In past
graphene has been grown on metals such as nickel [48–50] , copper [51–53], platinum [54],
palladium [55], cobalt [56], molybdenum [57–59] etc.

Multilayer graphene growth mechanism on metal is quite unique. In a typical film growth,
as shown in figure 1.3(a), the growth of the film takes place by the usual on the top mechanism.
In this mechanism the adatoms nucleate on top of the previous layer. The new graphene layer
can grow from below the previous layer as shown in figure 1.3(b). This is possible because of
the bond strength differences between the carbon adatoms bonded to graphene as compared
to the carbon adatoms on the metal surface [60]. The weakly bonded carbon adatoms to the
graphene try to go to the metal interface if there is an existing pathway from the surface to the
substrate. Then the carbon concentration keeps increasing at the metal-graphene interface
until saturation is achieved. Once saturation is reached, new graphene layer is nucleated.
This type of growth mechanism is called underlayer nucleation and growth mechanism and
it occurs in those parts where carbon concentration is low. Areas where carbon concentration
is high and there are increasing number of graphene layers, graphene growth can take place
using the on the top mechanism [60].

Figure 1.3: a) Typical growth mechanism of films other than graphene. b) Underlayer
mechanism of graphene growth on metals. Taken from [60]

Chemical vapour deposition of graphene consists of four main steps [59]

1. Prescursor gas is adsorbed and is decomposed with the help of a catalyst into carbon
species.

2. Bulk diffusion of the carbon species into the metal and surface diffusion of carbon on
the surface of metal

3. The dissolved carbon species are seggregated onto the surface of the metal.

4. Surface nucleation and graphene growth

The use of the metal substrate on which graphene grows becomes very important since
it is involved in all the four mentioned steps above. By choosing the correct metal and
suppressing or enhancing one or more of the four main steps described above, the desired
property of graphene such as layer thickness can be achieved. If graphene is grown on metals
such as nickel, all the four steps mentioned above are involved. Since nickel has high carbon
solubility, graphene grows on it with dissolution and segregation process [50]. It has been
reported that the in order to suppress the formation of multilayer garphene on nickle, factors
such as cooling rate is important [50]. Getting uniform garphene on nickle still remains a
challenge.

Graphene growth can take place via another route. In this route, after adsorption and
decomposition of precursor gas, directly surface nucleation and graphene growth takes place



6 CHAPTER 1. INTRODUCTION

on the surface of graphene. This is more of a surface phenomena and this happens when the
bulk diffusion and segregation processes are negligible in chemical vapor deposition process.
This growth process takes place for metals such as copper whose carbon solubility is very low
and so after the adsorption and decomposition of precursor gas on the surface, the graphene
growth takes place. Hence, formation of graphene on copper is self limited and it is difficult
to grow multilayer graphene on copper [59]. These two routes have been dcescribed in figure
1.4.

Both the routes described above coexist in nearly all the chemical vapour depostion of
graphene. However, which of these routes will dominate, depends on the properties of the
metal being used.

Figure 1.4: CVD of graphene on substrates via two different routes

In order to control the thickness of graphene and to get the required uniformity of graphene,
the choice of metal becomes essential. Another metal that has been used to grow graphene is
molybdenum. Graphene has been grown on molybdenum foils (100 µm) thick. Even though
molybdenum has low carbon solubility like copper, graphene growth process on molybdenum
foils takes place by dissolution and segregation process [58] and not by surface adsorption
phenomena. The growth mechanism for copper metal cannot be applied in the case of
molybdenum as copper has a poor affinity to carbon [61] because of which graphene is
formed only on the surface of copper metal and there is no carbide phase detected in copper
[62].

Molybdenum provides various advantages which makes it an ideal metal for graphene
growth. Some of these are its high melting temperature of 2623 °C of and a smooth surface
for graphene growth [63]. The XRD pattern of the molybdenum foil shows a molybdenum
carbide peak after graphene growth on the molybdenum foil [57, 58]. This shows the
diffusion of carbon atoms into the metal molybdenum [58]. If more carbon is precipitated
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on the metal molybdenum surface, it becomes difficult for remaining carbon to precipitate
on the surface of molybdenum foil. This leads to a thin and uniform growth of graphene and
hence , better quality of graphene is achieved. Also, when graphene is grown at a higher
temperature, more carbon precipitates on the metal surface and better quality of graphene
layer is achieved [57].

However, most of the above mentioned substrates, which are used to grow graphene,
are thick foils. For minitiarization and industry compatibility, replacing them them with
sputtered metal thin films would be a good option. In the past, rraphene was grown on 50
nm molybdenum thin films [63]. In [64] graphene growth on thin molybdenum films ranging
from 30 nm to 90 nm with the best 2D/G ratio was reported for 60 nm molybdenum . In [65],
transfer free wafer scale fabrication of graphene sensors was reported. Graphene was grown
on molybdenum via CVD and then this molybdenum was etched by using phosphoric acid.
This type of process allowed pre patterning of molybdenum to any required shape or size
which eliminated the need for further processing after graphene growth. This thesis focuses
on the use of molybdenum as graphene growth substrate because of the various advantages
discussed above.

1.4 Suspended graphene membranes

Many suspended graphene membranes have been fabricated in the past [8, 13, 15, 25,
32, 66–72]. However, most of these were made using exfoliated graphene and were not
fabricated using wafer scale transfer free process. One of the method used is by suspending
the mechanically exfoliated graphene across trenches that have been patterned photolithograph-
ically on the oxide.

For wafer scale fabrication, a transfer free approach is beneficial. Such a fabrication
process has been described in [73] to fabricate suspended graphene membranes. Advantage
of this fabrication process is that molybdenum (Mo) layer is used both as a catalyst for the
chemical vapor deposition (CVD) of multi-layer graphene and as a sacrificial layer at the end
of the process [73]. This procedure involves growth of 90 nm (average) thermal oxide on p
type silicon wafer, followed by growth of metal molybdenum. Molybdenum is patterned
which is used as a catalyst to grow graphene. After graphene growth, manual coating,
exposure and manual development are done to pattern graphene. Then gold contacts are
deposited and molybdenum is etched away using peroxide. Hence, it is this molybdenum that
defines the gap size. To avoid stiction problems, critical point drying is done. This method
has been used to used to fabricate the suspended part of graphene membrane because of its
transfer free, wafer scale approach and the various advantages it offers because of the use
of molybdenum as both, a catalyst and a sacrificial layer. This fabrication approach will be
described in more detail in chapter 4.

1.5 Problem statement and research objectives

As described in the earlier sections, graphene has exceptional mechanical and electrical
properties which makes it suitable as a nanoresonator. However, most of the research in
the past used exfoliated graphene which needed to be transferred. This type of graphene
production is not industry compatible. Hence, new alternatives have to be looked into the
area of fabricating graphene resonators using a scalable and industry compatable process
flow. Moreover, in order to use these graphene resonators as electronic equipments, transduction
of the mechanical motion to electrical signal becomes important. Most of the graphene
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resonators have been actuated by optical setup in the past. This optical setup is large,
bulky and impractical for real world applications. Suitable actuation techniques have to
be integrated with these graphene resonators, as shown in figure 1.5, at a wafer scale level,
which is quite challenging. This thesis attempts to fill this gap in research and presents an
innovative way to fabricate suspended graphene membranes on a buried electrode.

Figure 1.5: Actuation and detection of a graphene resonator. Adapted from [73]

The main objective of this thesis is to fabricate a graphene resonator with a buried
electrode. For graphene membranes to be used as a resonator, it should be suspended. Hence,
one of the other goals of this project is to study the factors affecting the suspension of the
graphene membrane. During research, the following questions are to be answered:

1. What are the different possible shapes and sizes of graphene membrane that can be
suspended using wafer scale transfer free approach?

2. What are the different actuating methods which could be used in place of the optical
setup to actuate the graphene resonator?

3. How to fabricate an electrostatically actuated garphene resonator?

4. How can technology parameters affect suspension of graphene?

To approach these tasks, a mask design has been created. The mask design has different
shapes and sizes of graphene membrane to see which dimensions could be suspended. The
analysis and results of the fabricated graphene membranes is described in chapter 4. The
mask design also includes structures which use different actuation mechanisms to actuate
graphene resonator. These have been described in chapter 3. Various different parameters
such as gap sizes, thickness of oxide and different buried metals have been taken into account
during fabrication of the electrostatically actuated graphene resonators. The fabrication
process of an electrostatically actuated graphene resonator is presented in chapter 6. To use
graphene membranes as a resonator, it needs to be fully suspended and so it was necessary
to understand the technology factors that affected the suspension of membrane. An, in depth
analysis on the suspension of graphene membrane has been done in chapter 7.

1.6 Thesis outline

Chapter 1 included the background information and examined state of the art in the field
of graphene resonators. It talked about the importance using graphene as a resonator and
described the direction of thesis.
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Chapter 2 describes the concepts and details related to graphene resonators that would be
utilized in analyzing the graphene devices in subsequent chapters. It describes the effects
of various parameters on the resonant frequency of a graphene resonator. It also gives an
introduction to the various actuation mechanisms of a resonator.

In continuation to the actuation mechanisms described in previous chapter, chapter 3 embodies
the design of the graphene resonator and the actuator. The design concepts and parameters
taken have been elaborated. Finally the masks layouts have been presented.

Chapter 4 includes fabrication details of suspended graphene membranes along with analysis
of the fabricated graphene membranes.

Chapter 5 describes the fabrication process flow of a suspended graphene membrane on
a buried electrode. It also incorporates the detailed analysis of the failed attempts before
arriving to the final solution.

Chapter 6 describes the setup, experiments and the measurements performed on the graphene
resonators.

In chapter 7, the cause of collapse of graphene membranes has been analyzed in detail.
This chapter also sheds light on the process of suspension of graphene membrane.

Chapter 8 concludes the thesis work and presents direction for future work.

1.7 Summary

This chapter presented the importance of miniaturization of resonators and the benefits of
using graphene as a nanoresonator. Graphene and its exceptional mechanical properties have
been described. Then, the the various substrates that could be used to grow graphene have
been presented followed by the various fabrication methods used to suspend graphene. Out
of these, the transfer free, wafer scale approach of growing graphene on molybdenum seems
most promising and has been integrated with the fabrication process flow of the device being
fabricated in this project. Before going to the design of the device, the next chapter describes
various factors affecting the resonant frequency of a graphene resonator and the actuation
mechanisms of a resonator.



Chapter 2

Graphene Resonators

This chapter gives an introduction and background to the various aspects of resonators and
then relates them to graphene resonators in particular. These aspects related to graphene
resonators have been referred to and used in the subsequent chapters.

2.1 Resonant Frequency

At eigenfrequency of mechanical structures such as beams, plates, membranes and strings,
the total energy in the system is passed back and forth between kinetic energy of the vibration
and potential energy stored in the vibrational deformation of the structure [74]. However,
this is an ideal situation. In real world mechanical structures, the total energy in the system
does not pass between kinetic energy and potential energy. During each vibration, some
energy is lost from this total energy due to various reasons . Hence, a real mechanical
structure would vibrate only till the entire energy that was given to the system is lost. It
vibrates for a finite amount of time [74]. A mechanical resonator has a suspended part that
resonates and anchors to support it. Figure 2.1 show structures of two different types of
mechanical resonators, a beam and a cantilever.

(a) Double sided clamped beam (b) Cantilever beam : Single sided clamped

Figure 2.1: Different types of mechanical resonators

The resonant frequency of a mechanical resonator is determined by its geometry, dimensions,
material properties of the material used and residual stress. The resonant frequency of a
clamped-clamped beam (f cc), circular disk ((f cd) and cantilever beam (f cb) is given by
equation 2.1, 2.2 and 2.3 respectively [75, 76]. Here, in the equations, E is the young’s
modulus, ρ is the density, L is the length of the beam, D is the diameter of the disk and h is
the thickness of the beam.

10
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For the graphene resonators, subsequent sections will discuss the impact of various factors
on the resonant frequency.

2.1.1 Tension and Bending stiffness

The resonant frequency of a clamped beam which has tension and bending stiffness is given
by equation 2.4 [77]. Here E is the young’s modulus, t is the thickness of the beam, ρ is the
density of the resonator material, L is the length of the beam, T is the tension and m is the
mass of the beam.

f = 1.03

√
Et2

ρL4
+

T

3.4mL
(2.4)

Tension and bending stiffness, both play an important role in determining resonant frequency
of a vibrating structure. A plate is bending rigidity dominated whereas a membrane is tension
dominated. A membrane has no out of plane stiffness and so it can be bent easily . On the
other hand, a plate has no in plane stiffness and so it cannot bear any horizontal load. A shell
has both in plane and out of plane stiffness. Few layer graphene membranes behave more
like a shell since they have both tension and bending rigidity playing a role in determining
their resonant frequency. In order to make the analysis simple, it is important to determine
if one of these terms (tension or bending stiffness) is dominant so that the other term can be
neglected.

In the past , it has been found that graphene resonators made of exfoliated graphene is
in tension and this tension is process dependent. The value of this tensile strain is found to
be in the range 10-5 to 10-4. Various researchers have used different experimental techniques.
According to Bunch [8], the tension in the graphene resonators arise due to the fabrication
process which causes a strain of 2 × 10-5. In his work, he states that it is during mechanical
exfoliation that the friction between graphite and oxide surface stretches the graphene membrane
across the trench [8]. In [15] , the graphene resonator is considered as a membrane with
zero bending stiffness and the strain reported is in the 10-4 range. This strain decreases to
10-5 after annealing process to remove adsorbates. Frank [66] reported a tension of 300nN in
suspended graphene sheets of different thicknesses which were not single layer using force
microscopy. Lee [21] determined the pre-strain in the range from mid 10-5 to mid 10-4 using
force microscopy. However, all the above mentioned results are for mechanically exfoliated
graphene membranes. According to our knowdege, no results have been reported for tension
measurements of CVD grown graphene in literature so far.

Figure 2.2, shows a plot of resonant frequency versus strain for clamped graphene beams
of two different lengths (1µm and 10 µm). It shows the range of strain values for which the
resonant frequency is dominated by bending force and tension. The strain values reported
from the literature [8, 15, 21] are also marked in this figure . From the figure 2.2, it can be
seen that for shorter clamped graphene beams, the tension starts to dominate the resonant
frequency at a higher strain values as compared to longer clamped graphene beams [30].
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Figure 2.2: Deflection of rectangular, square and circular shaped graphene sheets vs number of
layers of graphene sheets. Taken from [78]

Bending rigidity is an important parameter that is needed to predict the linearity of
graphene resonator and also describe the formation of ripples on graphene [79]. In the past,
this parameter has been estimated from AFM measurements [80] and by electrostatically
actuating pre buckled graphene membranes [81]. However, since graphene membrane is
tension dominated, most of the times its bending rigidity can be ignored.

2.1.2 Effect Of Temperature

It is important to study the temperature effects on resonant frequency of a graphene resonator.
It has been seen that the resonant frequency of the suspended graphene electromechanical
resonator increases as it is cooled from room temperature [69], as shown in figure 2.3. This
change in the frequency with temperature is attributed to the expansion/contraction of gold
electrodes, the suspended graphene membrane and the substrate.

In the past, a lot of research has been done to extract the thermal expansion of monolayer
graphene. The thermal expansion coefficient of graphene is reported to be negative at low
temperatures due to the presence of the flexural modes (out of plane modes). [69, 82–89]

This means that graphene would expand on cooling to these temperatures whereas a
materal with positive expansion of coefficient would contract. However, unlike other materials,
many properties in graphene change with the the way it is grown and the various parameters
such as temperature, amount of gas used, rate of cooling etc., used during its growth.

Figure 2.3: Plot of resonant frequency vs temperature for DC gate voltage of 15V. The arrows
indicate the external strain in suspended membranes. Taken from [69]
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2.1.3 Non Linearity

It is important to understand effects of nonlinear damping a on nanoscale resonators such
as graphene since this can have an impact on its performance and motion (amplitude and
velocity).

Equation for a harmonic oscillator is given by equation 2.5[90, 91]. Derivation of equation
this equation can be found in [90]

m
d2x

dt2
= −kx − γ

dx

dt
− αx3 − ηx2dx/dt + F drivecos(2πft) (2.5)

At large amplitude of vibration, an additional term αx3, where α is the duffing parameter
(nonlinear spring constant), enters the equation of motion of a resonator. This makes the
restoring force nonlinear. Two effects which bring about α [7] are:

1. Tension in the membrane, that stretches it, gives positive contribution to α. This positive
α leads to increase in frequency with higher driving powers.

2. Nonlinear terms in the capacitive electrostatic force give negative contribution to α
which leads to decreasing frequency .

Figure 2.4: Duffing nonlinear behaviour of doubly clamped graphene resonator, positive
nonlinear spring constant and negative(inset) nonlinear spring constant. Taken from [92]

Both the above mentioned non linearities have been shown in graphene resonators in
the past [92], shown in figure 2.4. The other nonlinearity occurs due to the term ηx2dx/dt,
where η is called the non linear damping coefficient. Non linear damping leads to widening
of resonance linewidth, when α is small or close to zero. This means that the quality factor
reduces due to non linear damping. So, in order to achieve high quality factor, non linear
damping has to be reduced. The highest quality factor for a graphene resonator (100,000),
till date, has been achieved by Eichler et al.[93].

The amplitude of the resonator at the start of the non linearity is denoted by αc. αc is
very useful as it determines the dynamic range of a resonator. Equation 2.6 [94] shows the
relation between αc , quality factor(Q) and strain( ε). This relation shows that the dynamic
range of the resonator will increase with increasing strain values but decease with increasing
quality factor. Hence, in order to understand the performance of graphene resonators, it is
important to know the relation between Q and ε
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∣ αc ∣= 0.98

√
ε

Q
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Another important point to be noted is that all the above experiments were performed at
low temperatures which helps to reduce thermal noise. But in this work, the experiments will
be performed at room temperature which makes it more challenging.

2.2 Actuation of mechanical motion of a resonator

Continuous actuation and detection of a resonator is essential to monitor its resonant frequency
continuously. The transduction of mechanical motion of a resonator to electrical signal and
vice versa is quintessential for detection and actuation respectivey. In the past graphene
resonators have been actuated electrically [8] and optically [8, 25]. The resonant frequency
of the graphene resonator has been detected optically [8, 25]. Some of the commonly used
techniques to actuate [74, 95] the mechanical motion of a resonator are given below:

• Magnetic actuation

• Electrostatic actuation

• Thermal actuation

• Piezoelectric actuation

• Piezoresistive actuation

• Optic actuation

The following sections will discuss the three important actuation methods namely electrothermal,
electrostatic and magnetic actuation, using which the design of the device has taken place in
the next chapter.

2.2.1 Magnetic actuation

This technique of actuation is based on the use of lorentz force that acts on a current carrying
conductor placed in a uniform magnetic field and allows for actuation of frequencies upto
GHz range [96]. The lorentz force acting on an electric charge with charge q moving with
velocity vector v in a uniform magnetic field B is given by equation 2.7 [74].

F = qv ×B (2.7)

The electric current running in a wire of length L is given in equation 2.8. Here, n represents
the total number of charges [74] .

I =
nqv

L
(2.8)

Using equation 2.7 and 2.8, we can get the total magnetic force (equation 2.9) [74] acting
on a wire of length L which is carrying current I and is placed in a uniform magnetic field B.
This Lorentz force can actuate a doubly clamped beam as shown in figure 2.5.

F = IL ×B (2.9)
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If an AC current is passed through the conductor, then the current is a function of frequency
and so the lorentz force generated by keeping such a conductor in a magnetic field , is also a
function of frequency. However, the problem with using magnetic actuation is that it requires
very strong magnetic fields for which superconducting coils have to be used. It becomes
difficult to integrate these superconducting coils with the device since there are only some
materials such as Nb3Sn, Nb-Ti, V3Ga [97] that can be used as superconducting coils.

Figure 2.5: Magnetic actuation of a doubly clamped resonator. Taken from [3]

2.2.2 Electrostatic actuation

Electrostatic actuation and detection technique is commonly used in accelerometers, pressure
sensors, mirror arrays, gyroscopes and smaller nanomechanical resonators. It is a commonly
used technique since it requires low power consumption and is easy to integrate. Figure 2.6
shows a model of an electrostatic actuator. The movable suspended electrode is generally
grounded and the fixed electrode is electrically biased to the same potential as the substrate.
It is because the movable electrode is grounded and the nature of coulomb force, electrostatic
fore is always attractive in this case. This attractive force given by equation 2.10. Here, A
is the area of the electrode, V is the potential difference applied between the plates, ε is
the permittivity of the dielectric medium, g is the gap between the capacitor plates and
x is the distance moved by the plate. When voltage is applied between the two plates,
the electrostatic attractive force moves the movable electrode towards it to increase the
capacitance. This deflection takes place until an equilibrium is attained between the restoring
force and electrostatic force.

F =
1

2
εV 2 A

(g − x)2
(2.10)

Electrostatic actuation is simple and so widely used but it has some issues attached to
it. Some of the issues associated with electrostatic force are the pull in effect and that the
electrostatic force is non linear.
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Figure 2.6: Electrosatatic actuator model with a mechanical force

2.2.3 Electrothermal actuation

In electrothermal actuation, current is passed through the conductor which can be placed on
top of the surface to be actuated or the current can be passing through the surface itself if
the surface is a conductor. This currents heats up the the conductor and mechanically strains
it , thereby actuating it. When current is passed through a bimetal (two metals which have
different thermal expansion coefficients), due to joule heating, the metals are heated but
deform differently because of the different thermal expansion of coefficients. This creates
an out of plane deflection and has been shown in figure 2.7. Unlike electrostatic actuation,
electrothermal actuation does not require high actuation voltages. However, the issue with
electrothermal actuation is that it leads to high power dissipation. Also, it has a much slower
response.

Figure 2.7: Strain in bimetal structure due to difference in thermal expansion of coefficients of
the two different materials. Taken from [98]

2.2.4 Comparison of actuation principles

Table 2.1 compares the three actuation mechanisms described above.
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Table 2.1: Comparison of different actuation methods. Taken from [3, 95]

Actuation
technique

Required
voltages

Required
current
values

Required
Power
values

Fabrication
process

Electrothermal Low High High Simple

Electrostatic High Low Low Medium

Magnetic Low Medium Medium Complex

Although electrothermal actuation is much simpler than the other two actuation principles
as far as fabrication and the simplicity of the method is concerned but it has various other
issues. Since high values of current are required to electrothermally actuate a device, lot of
heat is generated which leads to cooling problems in the device [95]. For electronic devices,
heating due to large values of current can be a major concern. As far as magnetic actuation
is concerned, the fabrication of superconductor coils needed in it becomes very complex. In
comparison to the other two actuation mechanisms, electrostatic actuation seems to be a
better option. Neither it is very complex as far as the fabrication is concerned nor does it
require large current values. Hence, finally this method is chosen to actuate the graphene
resonator.

The next section presents squeeze film effect seen in graphene resonators which changes
its resonant frequency and makes it a potential use as a pressure sensor.

2.2.5 Squeeze Film effect

Squeeze film pressure sensors work on the principle of compressing the gas in the cavity
which is at ambient pressure. When this compression takes place at high frequency, the
gas is not able to move out of its place because of viscous forces [99]. It is because of
this compression of gas, there is an added stiffness component , as shown in equation 2.11,
which is a function of pressure. The resonator’s resonance frequency f r changes according to
equation (1) [25] for isothermal compression.

f r
2 = f0

2 +
pamb

4π2gρh
(2.11)

Here, f0 is the resonance frequency at vacuum, g is the gap size between the membrane
and the substrate that lies below the membrane and ρh is the mass per unit square. In
these graphene based squeeze film pressure sensors, an open venting channel (see figure
2.8) maintains the average pressure inside the cavity equal to ambient pressure [25]. It is
because of this open venting channel that there is no need of an impermeable reference cavity.

As shown in figure 2.8, a plate moving normally to the surface squeezes the air between
itself and the substrate , which in turn causes lateral flow of air . The viscous flow of air
changes the pressure in the gap between the plate and the substrate. The force due to the
pressure acts against the motion of the moving plate. In this way, the air behaves like a
damper. This is process is known as the squeeze film damping [100]. Squeeze film damping
is dominant for structures where the thickness of the air gap is much smaller than the lateral
dimensions of the structures.
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Figure 2.8: Diagram of squeeze film flow. A) Downward normal motion B) Upward normal
motion. Taken from [101]

Griffin [102] and Blech [103], in their work , have presented calculations models that
are only applicable to oscillations with small amplitude. Their work shows that at low
frequencies, the damping effect of air film dominates whereas at higher frequencies, the
spring effect is dominant. At a high frequency, the number of oscillations of the membrane are
so high that there is not enough time for the air film beneath it to move and so it is squeezed
which is called as the squeeze film effect. Squeeze film effect in graphene membranes has
been shown in [25].

2.3 Summary

This chapter discussed the various factors that affect the resonant frequency of a graphene
resonator. Also, the various actuation mechanisms were discussed. Due to simplicity in
fabrication of an electrostatic actuator and no heating issues, electrostatic actuation is chosen
to drive the graphene resonator in this work. The design of the this electrostatic actuator will
be discussed in the next chapter.



Chapter 3

Design of the device

To fabricate devices, both design and technology factors have to be taken into account.
Sometimes a trade-off has to be made between the design and the technology factors. Hence,
it is important to discuss both theses factors together. This chapter explains both the design
and technology factors taken into account for the graphene devices and the actuator. The
technology factors will also be elaborated in chapter 4 and 5. This chapter will elaborate on
the electrostatic actuation of graphene membranes. It also discusses the designing of various
other structures on the mask. Finally the masks layout of the structures fabricated are given.

3.1 Design of the graphene resonator

This section gives a schematic representation of different types of graphene resonators that
were fabricated and the mask designs which were used to fabricate them. To fabricate
these devices, two layers in the mask are used. In the mask design, red colour denotes
the molybdenum layer which is used to grow graphene and yellow denotes the gold layer.
The main aim of making different shapes and sizes for the graphene membrane was to study
which one of them could be suspended. It is also to see if shape and size have any influence
on suspension.

As described in the previous chapters, a resonator should have a suspended part and
anchors to support it. Our graphene resonators have three regions, the suspended graphene
membrane, the overlap region between graphene and gold and the only gold region. Hence,
the graphene resonator, in our case, is a coupled structure with suspended gold and suspended
graphene part. This is because when molybdenum is removed underneath the graphene
membrane for suspension of the membrane, the molybdenum underneath the overlap region
of gold and graphene is also removed and therefore that part of gold is also suspended.
This step will be explained in the next chapter in detail. One of the commonly used shapes
for a membrane is the rectangular shape. Two basic structures used as rectangular shaped
graphene resonators are shown in figure 3.1. These two basic structures, namely bar shape
structures and Hbar structures were drawn with all possible combinations of lengths and
widths ranging from 1 to 10 µm. The graphene membrane has been shown as flat in these
3D representation but in the real case it is not flat, as will be described in the coming
chapters. Also, for the actual device, the transition from gold to graphene would not be
so steep as shown in the schematic. The Hbar structure has a bigger overlap region with
gold as compared to the bar shaped structure. This was done so that the graphene has more
mechanical support from the anchors and it becomes easy for it to suspended. The length of
the overlap region is 4 µm and the width of the overlap region is equal to the width of the
suspended graphene membrane for the bar shaped structures, and it is equal to the width of
the suspended graphene + 8 µm for the Hbar structures

19
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(a) 3D schematic of the bar shaped garphene
resonator

(b) Mask design of the bar shaped graphene
resonator

(c) 3D schematic of the Hbar shaped garphene
resonators (d) Mask design of the Hbar shaped graphene

resonator

Figure 3.1: 3D representation of the graphene resonators along with their mask designs. Red:
Suspended graphene membrane. Yellow: Gold metal

The technology factor that plays an important role in fabrication of a graphene resonator
is its gap size, see figure 3.2. Since graphene is grown on molybdenum and then this
molybdenum is etched away for it to become suspended, this gap size is determined by the
thickness of the molybdenum. This fabrication step will be described in the next chapter. In
the past, graphene membranes were shown to be suspended on 100 nm and 200 nm gap size
[73]. For very small gap sizes, we cannot predict if graphene would be suspended or not
since suspended graphene has height variations. We expect these variations to be larger for
the multilayer graphene used in our case and if the gap size is very small, the membrane could
already be touching the substrate. However, a smaller gap size would help in miniaturization
and would allow this resonator to be used for various applications such as a squeeze film
pressure sensor. The smaller the gap size, the better the squeeze film effect. Hence, an ideal
gap size for our case will be in the order of nanometers on which the complete grahene
membrane is suspended. Gap sizes ranging from 25 nm to 200 nm have been used for the
fabrication of graphene resonators.
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Figure 3.2: Cross sectional view of a graphene resonator

(a) Circular (b) Four sided

(c) Three sided

(d) Cantilever

Figure 3.3: Other graphene resonators. Red: Suspended graphene Yellow: Gold metal

Some other geometries such as circular graphene resonators are shown in figure 3.3a were
also included with the radius of the suspended graphene membrane ranging from 1 µm to
10 µm. Clamping conditions play a pivotal role in determining the resonant frequency of the
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resonator. Therefore, graphene resonators clamped from all four sides , clamped from three
sides and graphene cantilevers clamped from one end were also designed. Figure 3.3 shows
their mask layouts.

3.2 Design of the electrostatically actuated graphene resonator

In order to actuate the above discussed graphene resonator electrostatically, the graphene
resonator has to be integrated with a buried electrode metal. In electrostatic actuation,
two electrodes are required out of which one acts as an actuated element. In our case,
a buried metal layer is used as one of the static element and the graphene membrane as
the second actuated element as shown in figure 3.4. An AC signal between the electrodes
sets up an electrostatic force that drives the device into motion. This actuation electrode
is separated from the graphene resonator with a dielectric, which in our case is the PECVD
oxide. To fabricate the electrostatic devices, four layers are required in the mask. These are
the buried metal (denoted by blue colour), molybdenum (for growth of graphene, denoted by
red colour), contact openings(denoted by black colour) and gold (denoted by yellow colour).
The complete mask design of the electrostatic actuator is given in figure 3.5

PECVD OXIDE 
(DIELECTRIC)

ACTUATION
ELECTRODE

GOLD

GRAPHENE

CONTACT 
OPENING

 

Figure 3.4: Mask design and 3D schemaic representation of the graphen electrostatic capacitor.
The gold bond pads on the contact opening have not been shown in the 3D schematic model
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Figure 3.5: Complete mask design of an electrostatically actuated graphene resonator with gold
bond pads. Blue: actuation electrode, Red: graphene membrane, Black: contact openings,

Yellow: gold metal

The important factors to be considered while designing the electrostatic actuator are given
as follows

1. The area of the electrodes

The area of the bottom electrode should be minimized in order to avoid the parasitic
capacitances. As can be seen from figure 3.6, a larger electrode area will give additional
capacitances as parasitic capacitance will exist between the buried metal and gold.
These parasitic capacitances can pose problems such as block low frequency signals and
it can add to the main capacitance value to give unnecessarily large output capacitances.
However, this electrode area cannot be made very smalll as it will give step coverage
problems during fabrication of the actuator. The oxide on top of the actuation electrode
decreases slowly at its edges. If the electrode is made very small, the graphene membrane
on top of the oxide would follow the morphology of the oxide and would not be flat
anymore. Hence, a trade off has to be made between reducing the parasitic capcitances
and getting a good step coverage for the buried metal. Therefore, the area of the
actuation electrode was made bigger than the graphene resonator with each side of the
resonator extended by 4 µm from the graphene resonator.
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Figure 3.6: Cross sectional view (Horizontal cross section of the figure 3.5) of an electrostatically
actuated graphene resonator. Red coloured capacitances are the stray capacitances

2. Thickness of the dielectric (PECVD oxide)

The thickness of the dielectric has a major influence on the the capacitance of the device.
Using thinner oxide will give rise to larger capacitance values. A larger capacitance
value would mean a smaller potential would be required to actuate the device. However,
a thinner PECVD oxide such as lower than 100nm will have quality issues because of
pinholes and leakage. Hence a medium thickness of oxide should be chosen. The
thickness of this dielectric is taken in the range of 100nm to 300nm.

3. Thickness of thermal oxide

Thermal oxide is grown everywhere on the bare silicon wafer and the buried metal is
deposited on this thermal oxide . A parasitic capacitance exists between the buried
electrode and the silicon (see figure 3.6). The thickness of the thermal oxide should
be increased if the effect of this parasitic capacitance has to be reduced. In the past
graphene membranes are shown to be suspended on 90 nm thermal oxide [73]. Choosing
a oxide thicker than 90 nm may cause some processing problems such as issues in
suspension of graphene. Again a trade- off has to be made between reducing the
parasitic capacitance and keeping a thinner oxide. The influence of thickness of the
oxide on suspension is discussed in chapter 7

4. Gap size

The effects of the gap size on the graphene resonator have been discussed in the
previous section. This gap size of the graphene resonator affects the total capacitance
of the actuator since it is in series with the capacitance of the dielectric (see figure
3.6). Various combinations of the gap size and the dielectric size can be considered for
fabricating the graphene electrostatic actuator.



3.2. DESIGN OF THE ELECTROSTATICALLY ACTUATED GRAPHENE RESONATOR 25

5. Choice of metal to be used as buried electrode

The choice of the metal is also very crucial in designing the actuator. Each metal has
a different residual stress that can affect suspension of the graphene membrane. This
selection of metal will be elaborated in chapter 5.

The other structures that can be used as electrostatically actuated graphene resonatores,
the bar shaped and Hbar shaped graphene resonators with bond pads are given in figure 3.7.
Here the static electrode is the back gate silicon and the moving electrode is the suspended
graphene and gold. The problem with having silicon as the back gate is that it gives a very
high parasitic capacitance because silicon has a much larger area. Hence the earlier discussed
design of an electrostatic actuator with localized metal electrode is much better since it gives
less parasitic capacitances as compared to the structures given in figure 3.7. Structure given
in, figures 3.7 (a) and (b), have also been used to measure contact resistances in chapter 6.
These structures can also be used for electrothermal actuation of graphene resonators.

(a) Mask design of the bar shaped graphene
resonator with bond pads

(b) 3D representation of the bar shaped garphene
resonator with bond pads

(c) Mask design of the Hbar shaped graphene
resonator with bond pads

(d) 3D representation of the bar shaped garphene
resonator with bond pads

Figure 3.7: Other structures which can be used as elctrostatic actuators
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3.3 Design of other structures

This section will present some new ideas for the graphene resonators that were incorporated
in the mask design.

3.3.1 Magnetic Actuators

Figure 3.8: The mask design of a magnetically actuated rectangular graphene membrane.
Yellow: gold, Red: graphene, Blue: buried metal

Two different ways, the graphene resonators can be actuated magnetically. One of them is
an AC current passing through the graphene membrane which is positioned into an external
static magnetic field. Hence, a lorentz force acts on the graphene membrane, thereby actuating
it. The other one uses an alternating field from spiral coils (made of gold or another metal)
(see figure 3.8) to drive the ferromagnetic nanoparticles which can be deposited on the
graphene membrane which can actuate the membrane [104].

3.3.2 Wheatstone Bridge

(a) Wheatstone bridge with all four graphene
resonators

(b) Metal molybdenum used as a resistor

Figure 3.9: Mask design for Wheatstone bridge configuration. Yellow: gold, Red: graphene, Blue:
buried metal
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A Wheatstone bridge configuration can be fabricated from the graphene resonators [39].
These configurations were designed using two different approaches. One of them is shown
in figure 3.9a. In this configuration four graphene resonators are connected in a Wheatstone
bridge configuration. One of the resonators can be actuated using a laser light which changes
its resistance and hence the output voltage. The second approach uses the graphene resonator
as one of the resistors and the other three resistors are made of molybdenum metal. Each
box of molybdenum of length and width 1µm are connected together to form a twisted
tube shaped molybdenum metal resistor as shown in figure 3.9b. The molybdenum metal
is designed in a way such that its resistance becomes equal to the resistance of suspended
graphene membrane. However, the problem with it is that it will work only if during fabrication,
the buried metal used is molybdenum. Some other metal will only work if its sheet resistance
is equal to that of molybdenum. Calculations for this are given below.

The relation of sheet resistance (R s) and the number of squares (N) with resistance is
given in equation 3.1. For graphene membrane the sheet resistance is 900 Ω /square and for
one square, the resistance value becomes 900 Ω. For molybdenum, the sheet resistance value
is calculated using equation 3.2 and the calculation is shown in equation 3.3. In equation 3.2
ρ is the resistivity of molybdenum and t is the thickness of molybdenum. For molybdenum
metal, the corners give 0.56 Ω /square sheet resistance. So, using equation 3.1, the resistance
value is calculated for molybdenum in equation 3.4 for 802 squares of molybdenum and 159
corner squares of molybdenum. Equation 3.5 shows that the calculated resistance value of
graphene emmbrane and molybdenum are almost equal.

R = Rs ×N (3.1)

Rs =
ρ

t
(3.2)

10.1µΩcm/100nm = 1.01Ω/square (3.3)

R = 1.01 × [802 + 0.56 × 159] = 899.9504Ω (3.4)

900Ω ≃ 899.9504Ω (3.5)

3.3.3 Gold Graphene Resonator

In this device, given in figure 3.10, the gold is suspended with the help of graphene. Gold
is on top of graphene and when graphene is suspended, the gold should also suspend on
top of graphene. There is also a buried metal electrode which can be used as the actuation
electrode.
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Figure 3.10: Mask design of a gold graphene resonator. Yellow: Gold metal Red: Graphene, Blue:
Buried metal molybdenum

Figure 3.11: Equivalent mechanical diagram of the goldgraphene resonator

The stiffness of a single cantilever is given by equation 3.6, where E is the young’s modulus
of gold, W is the width of the gold spring, t is the thickness of the gold spring and L is the
length of the gold spring.. Since, we have four springs attached to the mass, the spring
constant in our case will be 4k. The mass of the gold resonator can be calculated from
equation 3.7, where ρ is the density of gold, A is the area of the gold mass and t is the
thickness of gold mass which is the same as the thickness of the gold spring. Equation 3.8
gives the resonant frequency for gold graphene resonator. Using equations 3.6 and 3.7 in
equation 3.8, we get equation 3.9.

k =
EWt3

4L3
(3.6)

m = ρAt (3.7)

f =
1

2π

√
4k

m
(3.8)

f =
1

2π

√
EWt2

ρAL3
(3.9)
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Using f=100kHz, E= 79GPa, ρ = 19320 kg/m3, t= 100nm, equation 3.10 is obtained.
Now, values of A, L and W can be optimized for the design of the resonator.

AL3

W
= 1.0357 × 10-19 (3.10)

3.4 Summary

This chapter discussed the parameters taken into account while designing the suspended
part of garphene and the electrostatically actuated graphene membrane. Most of the factors
required trade offs between two desirable outcomes. Hence, instead of choosing one value for
the parameter, a range of values are considered for most of the parameters. After discussing
the fabrication of the device, it will become clearer as to which value is best suited for each
parameter. So, a lot of the designing parameters of the device can be optimized further
depending on the fabrication results. This chapter also included designing of other structures
which will be used for doing measurements and analyzing some of the properties of graphene
resonators. Next chapter will discuss fabrication of these suspended graphene membranes.
The fabrication of the electrostatically actuated graphene resonator will be discussed in
chapter 5.



Chapter 4

Fabrication of suspended graphene
membranes

As described in the earlier chapters, the most important part of a resonator is the suspended
part, which is required for it to resonate. Hence, for graphene membranes to be used as a
resonator, it should be suspended. Moreover, this fabrication procedure should be undertaken
using a wafer scale, transfer free approach, so that it is industry compatible. This chapter
describes in detail the entire process flow undertaken to fabricate wafer scale, transfer free
suspended graphene membranes. This fabrication procedure is similar to the one used in
[73]. It is integrated with other steps to fabricate the electrostatically actuated graphene
resonator, which will be described in chapter 5.

4.1 Fabrication procedure

Figure 4.1, describes the steps performed to fabricate suspended graphene membranes. First,
on a bare silicon wafer (step a), thermal silicon dioxide is grown (step b). Metal molybdenum
(Mo) is then deposited on this thermal oxide layer (step c). This is followed by patterning and
etching of the molybdenum layer (step d). Mo is not etched in places where graphene growth
has to take place. However, etching of molybdenum never stops immediately when entire
molybdenum layer is etched. It also etches some oxide layer underneath the molybdenum.
Hence, the oxide layer under the etched molybdenum is thinner than the oxide layer under
the remaining molybdenum. After removal of the resist in NMP (N-methylpyrrolidone),
graphene is grown on the patterned molybdenum (step e). Wafers are coated with photoresist,
patterned and this is followed by gold deposition using e-beam evaporation. Then lift off is
done using NMP . Gold remains in areas where photoresist is not there. The remaining
gold works as contacts/anchors of the suspended graphene membranes (step f). After this,
catalyst molybdenum, underneath graphene, is etched away using peroxide. Critical point
drying is performed to avoid collapse of membranes after removal of the underneath Mo
layer. This leads to suspension of the graphene membranes (step g). The following sections
will elaborate on each of the above mentioned steps performed during fabrication.

30
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OXIDE
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g

Figure 4.1: Fabrication process flow for suspended graphnene membranes
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4.1.1 Initial fabrication steps and Thermal Oxidation

The fabrication procedure starts with making alignment markers. This step is important as
these alignment markers are needed in the subsequent steps by the waferstepper (machine
that is used to expose mask on the wafer) to align the mask with the wafer. To make these
alignment markers, first the wafer is coated with zero layer and then exposed with a COMURK
mask and developed. After development, these alignment markers are etched inside the
silicon and then the photoresist is removed from the remaining parts of the wafer using O2

plasma stripping (tepla). As shown in figure 4.2, tepla has a magnetron which is excited by
radiofrequency energy. The gas (O2) that is introduced into the chamber is ionized into a
reactive plasma because of this magnetic energy [105]. This plasma then helps to strip off
the photoresist by attacking it physically and chemically.

Figure 4.2: TEPLA: the photoresist stripper. Taken from [105]

After photoresist removal and cleaning, thermal oxidation of silicon is done to grow oxide
layer on silicon. In this process, silicon is also consumed. Since, we would require to go to
high temperatures such as 950 ° celsius for graphene growth, an oxide layer is needed as it
helps to prevent diffusion of metals into the silicon layer at higher temperature. Equations 4.1
and 4.2 show the reactions that take place for dry and wet oxidation [106], respectively. Wet
oxide has a higher growth rate than dry oxide but the quality of dry oxide is better. Table 4.1
shows the application of different thicknesses of oxide in CMOS technology. For our process,
we chose to grow 1000 nm of wet oxide on the first batch of wafers as it is grown much faster.
This thickness was used to see if it is possible to suspend graphene membranes on such a thick
oxide. This would then be helpful in using the same thickness for the electrostatic devices
as for them a thicker oxide would lead to less parasitic capacitance. On the second batch of
wafers 90 nm of dry oxide was grown which is the standard thickness of oxide used in [73].
The choice of type and thickness of oxide will become important in suspension of device
which would be discussed in detail in the chapter 7.

Si(s) +O2(g)→ SiO2(s) (4.1)

Si(s) + 2H2O(g)→ SiO2(s) + 2H2(g) (4.2)
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Table 4.1: Silicon Dioxide: Thickness and Uses. Taken from [106]

Thickness(nm) Application

6-10 Tunneling gates

15-50 Gate oxides, capacitor
dielectrics

20-50 LOCOS (local oxidation of
silicon) pad oxide

200-500 Hard masks, surface
passivation

300-1000 Field oxides

4.1.2 Molybdenum deposition

Thin film of molybdenum is deposited using DC magnetron sputtering process in the sigma
machine. This is a type of physical vapor deposition process. Figure 4.3 shows the process
of DC magnetron sputtering of molybdenum. There is a target molybdenum present in
deposition chamber. The magnetic energy from the rotating magnetic field on top of the
target densifies the plasma. A DC power is applied to the target to ignite the plasma. This
makes the ionized argon atoms to accelerate towards the the target molybdenum. These
atoms hit the target plate and knock out molybdenum atoms from the plate which are in
vapour phase. These vapours are then deposited onto the substrate forming a thin layer
of molybdenum. Using this method, a uniform layer of molybdenum is obtained on the
substarte. There are 3 steps in physical vapour deposition. Vapourization of the target
material due to plasma, transportation of these vapours to the substarte and then finally
condensation of these vapours onto the substrate as thin film. 100 nm and 200 nm thick
molybdenum is deposited using this procedure. The recipes used for 100 nm molybdenum
deposition is described in table 4.2.

Table 4.2: Molybdenum 100 nm recipe

Parameter Value

Process Pressure 8 mTorr

Target Power 1 kW

Process Time 53.5 s

Gas Flow 150 sccm
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Figure 4.3: DC magnetron sputtering of molybdenum. Adapted from [107]

4.1.3 Etching of Molybdenum

For all the automatic coating and development processes, an EVG120 is used as shown in
figure 4.4. Depending on the photoresist used, the exposed parts of a wafer become soluble
or insoluble. The soluble parts are removed using a developer. For the molybdenum layer,
photoresist in all the areas where molybdenum needs to be etched , becomes soluble and is
removed by the developer.

Figure 4.4: Automatic coater and developer: EVG 120. Taken from [108]

Exposure energy and focus values are critical in determining the size of structure. As
we have various different sizes starting from 1 µm to 10 µm of devices on our mask, it is
important to give the correct exposure and focus values , so that we get the correct dimensions
on the wafer. Exposure energy and focus values are important parameters that affect the size
of the structures on a wafer. An overexposure can lead to thinner lines and bigger holes.
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On the other hand, underexposure can give wider lines and smaller holes. Incorrect focus
can lead to unexposed areas on the mask and can also affect the slope of the device. It is
important to optimize these parameters, in order to get the correct dimensions. For the bigger
structures, it is less of a problem. this is because if a 10 µm width is exposed as 10.5 µm width
on the wafer, the percentage change in the width is only 5 %. However, for a 1 µm width
exposed as 1.5 µm width, the percentage change is 50 %. Hence, it is important to optimize
the smallest dimensions. For this, an E-F (energy-focus) matrix exposure is performed on
the wafer, as shown in figure 4.5. With this exposure each die on the wafer is exposed
with increasing energy on the positive x axis and decreasing energy in the negative x axis
direction. The focus is decreased by a step value in the positive y direction and increased by
a step value in the negative y direction. The structures used to optimize the dimensions are
linewidth structures as shown in figure 4.5.

Figure 4.5: EF exposure on the dies of the wafer

The exposure energy and focus values, optimized for 2.1 µm , 2.5 µm and 3 µm thick
photoresist on molybdenum layer and oxide layer are given in table 4.3. The values have been
optimized for oxide layer on top of the Mo also, since for electrostatic structures, this oxide
layer acts as a light scattering layer on molybdenum that is used to pattern molybdenum
which will be described in chapter 5. The linewidth structures (see figure 4.6) are used
measure the width of the line for each die. The results for 2.1 µm photoresist are shown in
figure 4.7.
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Table 4.3: Optimized exposure energy and focus values for different thickness values of
photoresist

Thickness of
photoresist

Patterned
material

Energy
value
(units)

Focus
value

1 2.1 µm Mo 240 -1
2 2.5 µm Mo 270 -0.5
3 3.1 µm Mo 360 0
4 2.5 µm 200 nm oxide

on Mo
250 -0.5

Figure 4.6: Line width structures

(a) E-F results for 1µm line (b) E-F results for 2µm line

Figure 4.7: E-F measurement results for 2.1 µm line

Etching in the semiconductor process means removing unmasked or unprotected parts
from the surface of the element being etched. There are two major kinds of etching, namely,
wet and dry etching. When a material is removed by the means of chemicals and liquids then
it is called wet etching. In dry etching, gases and plasma are used to etch away the material.
Wet etching is generally faster than dry etching. However, dry etching is better in defining
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small feature sizes as it is anisotropic. This is in contrast with wet etching which is mostly
isotropic. Hence, we use dry etching for the removal of molybdenum.

To etch away molybdenum, Omega machine is used which works on the principle of ICP
(Inductive Coupled Plasma) as shown in figure 4.8. A RF generator excites the coil that is
placed around the chamber which ionizes the gas in the chamber in a reactive plasma which is
accelerated to the wafer by a bias power. The material to be etched is attacked by the plasma
physically and chemically. Two different recipes were used to etch molybdenum. For the first
batch of wafers, Motest2 was used and for the second batch of wafers Mo50 was used. The
first recipe was used since it etches the metal much faster as compared to the second recipe.
The time in these recipes can be altered according to thickness of molybdenum being used.
The difference between these two recipes will be elaborated in chapter 7.

Figure 4.8: Inductive Coupled Plasma Etching. Taken from [109]

Once the etching is done, the photoresist, which is protecting the molybdenum in all the
areas where graphene growth has to take place, is removed using NMP. NMP dissolves the
photoresist without affecting molybdenum. For graphene growth, oxidized molybdenum is
not favourable. Tepla is not used to strip off the photoresist as it may lead to oxidation of
molybdenum which can cause a hindrance in the next step that is graphene growth.

4.1.4 Graphene growth

The AIXTRON Black magic machine or CVD reactor is used for the growth of graphene
on molybdenum substrate. It has a top and bottom heater, as shown in the figure 4.9, to
maintain uniform temperature distribution within the chamber. The wafer is mounted on
the stage present inside the chamber. A thermocouple is attached to the top heater and the
surface of the stage that measures their temperature respectively. The showerhead in front
of the top heater is where the gases enter into the chamber. Initially argon is let into the
chamber to push out the oxygen and air molecules from the chamber. Then, 1000 sccm of
hydrogen gas is let into the chamber and the chamber is heated to 950 °C. Hydrogen reduces
moybdenum oxide to metallic molybdenum. This is necessary since metallic molybdenum
catalyst is required for graphene growth. Once the chamber is heated to 950 °C, 960 sccm of
argon is let into the chamber and the hydrogen flow is reduced to 40 sccm. The amount of
hydrogen gas is reduced so that there is no etching of graphene. After that, 25 sccm methane
flows into the chamber through the showerhead for 5 minutes during which graphene growth
occurs. The heat energy from the top heater and the catalyst helps to break the hydrogen
bond in methane. Surface diffusion and bulk diffusion of these unbonded carbon atoms from
the methane gas, in the molybdenum, help in the formation of graphene. A pressure of 25
mbar is maintained inside the chamber during graphene growth using a pressure controller.
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For the first batch of wafers the graphene grpowth was done at 915 °C for 40 minutes. For
the second batch, 950 °C for 5 minutes was used.

TOP 
HEATER 

SUBSTRATE 

(BOTTOM 
HEATER IS 
UNDER IT) 

Figure 4.9: Blackmagic machine used to grow graphene

4.1.5 Gold contacts

The backside of the wafers become contaminated with copper particles from black magic
machine after graphene growth and so it cannot be used for further processing using other
clean equipments since it poses a danger of contaminating these machines. Hence, a layer
of titanium nitride is deposited on the backside of the wafer. Titanium nitride layer acts as a
barrier layer for copper particles.

Then the wafers are coated, exposed and developed for gold deposition. A positive resist
gives positive slope sidewalls. If this photoresist is used, then gold will be deposited even on
the sidewall structures. This would make it difficult to perform lift off as NMP will not be
able to enter by the sidewalls. Hence, a negative photoresist is used as it gives negative slope
of the sidewalls and makes it easier for NMP to get into via the sidewalls and remove the
photoresist during lift off. For the first batch of wafers automatic coating and development
is done whereas for the second batch of wafers manual coating and development is done as
in [73]. Gold is deposited on the entire wafer using e beam evaporation. Then lift off is
performed using NMP in ultrasonic bath. All the places, where photoresist is present , gold is
removed with the photoresist.

4.1.6 Release of the membrane

Now, the fabrication is done on a die level. A die is cut out from the wafer. For the release
of the membrane, the following procedure is followed. The die is placed in peroxide for
5 minutes. Peroxide etches the molybdenum under the graphene membrane and does not
etch any other material on the die. It can penetrate through the pin holes in the graphene
membranre also, to etch away the molybdenum. It was observed that this time is enough for
the entire molybdenum to be etched away. Then the die is rinsed in DI water for 5 minutes.



4.1. FABRICATION PROCEDURE 39

This is done to remove any peroxide left on the die. Once the etching is done, the die is kept
in isopropyl alcohol or isopropanol (IPA) for 5 minutes. After that it is switched to another
beaker of IPA where sample transfer to another holder takes place. This is done because the
holder is going to be placed in CPD ( Critical Point Drying) tool after this. The die is then
placed in ultra pure IPA to ensure that no water content is left in the die. This procedure has
been shown in figure 4.10.

CPD is a procedure commonly used for drying specimens that can collapse due to air
drying. Water has a very high surface tension to air. Hence, if water is dried in air, the
surface of the membranes on which water is present, will face high surface tension and can
easily collapse. For this purpose , a liquid (carbon dioxide in our case) is dried at critical
temperature and pressure (31.1 ° C and 1072 P.S.I ). At critical temperature and pressure,
there is no difference between the liquid and gaseous phase of the substance and hence, the
transition of the liquid to the gaseous phase happens smoothly. Since the critical temperature
and critical pressure of carbon dioxide is in a convenient range, liquified carbon dioxide is
used to dry the speciments. It is called as the transition fluid. However, the issue is that
carbon dioxide is not miscible in water. So, something has to be used that is miscible in water
as well as in carbon dioxide. For this purpose, isopropyl alcohol (IPA) is used. Carbon dioxide
is miscible in IPA. So, IPA in this case acts as an intermediate fluid.

Figure 4.10: Steps undertaken for the release of the membrane

Another way, suspended graphene membranes could be fabricated is by etching some part
of oxide using BHF under the graphene membrane area, as shown in figure 4.11. For this
etching, another layer on mask is needed which will help etching of the oxide from under the
graphene membrane in the middle area. Then photoresist is removed using warm acetone.
Finally molybdenum is removed from under the graphene membrane, using peroxide. This
way of fabrication is useful for suspending long beams that are useful for pirani sensosr
applications. For pirani sensors, the gold contacts should be further away from the graphene
membrane.
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Figure 4.11: Suspended graphene membrane for pirani sensor application

The other method used for etching molybdenum in the last step for the release of the
membrane is by dry etching using xenon difluoride In Xactix, XeF2 is used to isotropically
etch silicon, germanium and molybdenum. It is a dry process and so there is no stiction issues
between the substrate and the released part. Also it very selective to silicon, germanium and
molybdenum. The etchant is in the vapour phase. For our case it was used to etch molydeum
under grapohene. Xactix (figure 4.12a was used in pulsed mode [110] (figure 4.12b). XeF2 is
diluted in N2 in a 1:1 ratio, the pressure of the expansion chamber was set to 6 Torr. However,
as shown in figure 4.13, molybdenum was not etched completely using this etching method.
The blackish areas are graphene with molybdenum etched from underneath. The light grey
areas are where molybdenum is left under the graphene membrane.

(a) Xactix equipment

(b) Pulsed flow process in Xactix

Figure 4.12: Xactix Equipment. Taken from [110]
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Figure 4.13: SEM images of the device etched in Xactix

4.2 Fabricated batches of wafer

Table 4.4 and 4.5 display the results obtained for the first and second fabricated batch of
wafers. The first batch of wafers, which were fabricated using some different parameters
, were found to be collapsed as shown in figure 4.14. However, the second batch of wafers
which were fabricated using the same process parameters as in [73], were found be suspended
as can be seen in figure 4.15. This clearly indicated that suspension of graphene is dependent
on process parameters. This aspect will be analyzed in detail in the chapter 7.

Table 4.4: Fabrication Results (First Batch)

Wafer Structures Molybdenum
thickness (gap
size)

Suspended

1 Electrothermal 25nm ×

2 Electrothermal 50nm ×

3 Electrothermal 100nm ×

4 Electrothermal 200nm ×
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Figure 4.14: SEM images of the collapsed graphene membranes

Table 4.5: Fabrication Results (Second Batch)

Wafer Structures Molybdenum
thickness (gap
size)

Suspended

1 Electrothermal 100nm ✓

2 Electrothermal 200nm ✓

Figure 4.15: SEM images of the suspended graphene membranes

4.3 Issues Faced While Fabrication

One of the critical steps in this fabrication cycle is etching of molybdenum. This etching
should remove molybdenum completely from the unmasked regions without removing the
photoresist completely. This means that the recipe should be selective. This is because if
the photoresist is removed completely, molybdenum under the photoresist would also start
reducing and then the obtained device would not be of correct thickness. Moreover, the
etching rate of molybdenum is not stable. The etching rates of molybdenum, in Omega, were
ranging between 0.4 nm/s and 0.7 nm/s.
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The other critical issue was to get the correct size for 1 µm linewidth also. This is smallest
used dimension in the mask design. When a mask is exposed , depending on the photoresist
being used, the dimensions of the structures may change. Since, an analysis had to be done
to find out membrane of which dimensions are suspended, it was crucial to get the correct
dimensions. This was difficult and some optimization had to be done for this. Hence, an E-F
matrix exposure was used.

Another issue faced was regarding suspension of membrane. Since removal of molybdenum
and release of the graphene membrane is the last step in the fabrication cycle, the entire
fabrication cycle had to be completed to find out if the graphene membrane was suspended
or not. Later, some clues were found out before molybdenum etching, to see if the graphene
membrane is suspended or not. This will be described in chapter 7.

4.4 Analysis of of the fabricated samples

4.4.1 Structure of the suspended graphene membrane

It has been shown in the past that 2D membrnaes can exist in 3D but with strong height
fluctuations and the membrane is crumpled [111]. Ripples have been observed in freely
hanging graphene [79, 112]. Research has shown that suspended monolayer garphene
membranes have roughness in its third dimension. This roughening gives it extraordinary
electrical, mechanical and optical properties [112]. In comparison to the unsuspended graphene
membranes, our few layer suspended graphene membranes show much more height variations
, roughness and wave like structure. It is corrugated and has ripples. The structure of
the suspended membrane is a combination of various peaks and valleys just like crests and
troughs on the surface of flowing water, as shown in figure 4.16.

(a) Suspended graphene membrane

(b) Flowing water with crests and trough

Figure 4.16: Structure of suspended garphene membrane. Red square denotes the crests and the
green square denotes the trough
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4.4.2 Graphene membrane under the microscope

(a) Suspended graphene membrane with 200nm gap
size

(b) Suspended graphene membranes with 100nm
gap size

(c) Collapsed graphene membrane

Figure 4.17: Microscope images of different types of graphene membranes

Researchers have shown that graphene is best detected under the microscope if it is on silicon
dioxide thickness of 90 nm [113]. Graphene, itself is semi transparent and not visible under
the microscope. However, when it is on top of layers such as silicon oxide and silicon, due
to interference of light and contrast, it becomes visible. Under the microscope, suspended
graphene membranes look very different from collapsed membranes. This means that using
different thickness of layers beneath the graphene membrane can have a significant impact
on the colour of the graphene membrane.

As can be seen in figure 4.17 , the 100nm gap size suspended graphene membrane has a
bluish colour. Parts of it look dark blue in colour and the other parts have light blue colour.
Since, suspended grahene membrane is corrugated and has peaks and valleys, that is why a
difference in shades of colour is seen across the surface of suspended graphene membranes.
On the other hand, parts of 200 nm gap size suspended graphene membrane, show light
blue colour whereas the other parts show orange colour. This is again because the graphene
membrane is not flat. Some parts of it are high and the other parts are low. The collapsed
graphene membrane is plane and does not have significant height variations. So, it does not
show different colours
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(a) Suspended graphene membrane with 200nm gap
size

(b) Suspended graphene membranes with 100nm
gap size

(c) Collapsed graphene membrane

Figure 4.18: Dark field images taken on different samples of graphene membrane

The three samples were also observed under the microscope in dark field. Dark field
microscopy is useful for observing structures which are transparent or have similar refractive
indices as the surroundings. In dark field microscopy, the specimen is seen against a dark
background. In this type of microscopy, only the scattered light is allowed to hit the sample.
Hence light hits the sample at different angles, gets reflected, refracted and diffracted. As
shown in figure 4.18, clear differences are visible for the 100 nm, 200 nm and collapsed
sample viewed in dark field microscopy. All the three samples were viewed under the same
settings. Suspended graphene membrane is rough and has peaks and valleys, so it is able
to reflect light at different angles thereby making itself more visible. Graphene sample
suspended on a 200 nm gap size is much more visible than the 100 nm sample, again
suggesting that the graphene membrane with 200 nm gap size is rougher and suspended
in more parts of the membrane. The membrane in figure 4.18(c), is not at all visible again
confirming that it is collapsed.

4.4.3 Analysis of graphene membranes using AFM and SEM

This section presents analysis of the graphene membranes using SEM and AFM images. It
includes the analysis of the various graphene samples using various roughness parameters.
Figure 4.19 shows that even structures such as cantilever (supported only from one side) and
stress structures seem suspended for the 200nm gap size.
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(a) SEM of cantilever (b) Zoomed in SEM image of cantilever

(c) 3D AFM image of stress structure (d) AFM image of stress structure

Figure 4.19: SEM and AFM Images of 200 nm gap size samples

Tables 4.6, 4.7 and 4.8 give a comparison among the collapsed graphene samples, the
200 nm gap size suspended membrane and 100 nm suspended garphene membrane using
roughness parameters. The surface profile parameters that have been used to quantify
roughness have been described below [114]:

1. Average Roughness (R a) : This parameter gives the deviation in height from the mean
height of the profile.

2. RMS roughness (R rms) : This parameter gives the standard deviation of the height.
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Table 4.6: AFM images of collapsed graphene samples

AFM Image Size and
Structure

R avg (nm) R rms (nm)

1 5µm×5µm
HBar
shape with
four bond
pads

3.79 4.86

2 4µm×4µm
Bar shape

4.17 5.45

The tables clearly show that collapsed graphene samples give very low roughness values.
For the 100 nm and 200 nm sample the roughness values are almost similar. Also, from the
AFM images and SEM images analysis of the structures, structures with 200nm gap size seem
to be suspended in more parts than 100 nm gap size. For grater sizes of graphene membranes,
less areas seem to be suspended as compared to small size membranes. Structure does not
seem to influence the suspension of the graphene membranes.
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Table 4.7: AFM images of 200 nm gap size graphene samples

AFM Image Size and
Structure

R avg (nm) R rms (nm)

1 7µm×7µm
Three
sided

24.85 31.81

2 radius
= 10µm
circle

19.65 24.34

3 4µm×4µm
Bar shape

24.38 30.45

4 4µm×4µm
HBar
shape

36.32 44.30
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Table 4.8: AFM images of 100 nm gap size graphene samples

AFM Image Size and
Structure

R avg (nm) R rms (nm)

1 4µm×4µm
Bar shape

18.86 23.22

2 5µm×5µm
HBar
shape with
four bond
pads

21.57 27.79

3 10µm ×

7µm Bar
shape

42.30 51.76

4.5 Summary

This chapter explained the fabrication steps of making suspended graphene membranes
and also analyzed the suspended membranes. As discussed in this chapter, following a
fabrication process flow which had some different parameters from [73] led to collapse of
graphene membranes. However, following exactly the same fabrication process as in [73]
led to suspension of graphene membranes. This indicates that even a slight change in
process parameters can affect suspension of graphene. 200 nm gap sizes structures seem
to be suspended for a greater region than 100 nm gap size structures. For very large area
membranes, less area of graphene membrane is suspended. The inspection under the microscope,
the AFM image analysis, roughness parameter analysis and the SEM images of the graphene
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samples show clear differences between different graphene samples. This shows that our
graphene samples are indeed suspended. But whether they are suspended in parts or entirely
cannot be inferred from these results alone. Also why some graphene membranes are collapsed
and what is the cause of this collapse cannot be answered from the results obtained till this
chapter. This analysis will be presented in chapter 7. Before that, next chapter will discuss
the fabrication process flow of the graphene actuator.



Chapter 5

Fabrication of the actuator

This chapter explains the fabrication steps undertaken to make an electrostatically actuated
graphene resonator (See figure 3.6). It incorporates the details of the various attempts made
to integrate the graphene resonator with an actuation electrode and the problems faced
during each fabrication cycle along with the lessons learnt. These are incorporated into a
new fabrication flow each time. Finally, it presents the fabrication process using which the
successful graphene actuator was made. This chapter also incorporates the analysis of the
fabricated samples.

5.1 Fabrication procedure for buried molybdenum electrodes

The choice of metal is very cruicial in fabricating the electrostatically actuated devices. Since
molybdenum gave good results as catalyst metal for growing graphene and has a high melting
temperature of 2623 ° C (which is needed as for graphene growth we go to temperature as
high as 950 ° C , the fabrication process flow of integrating the actuation electrode with the
graphene resonator was made initially keeping molybdenum as the choice for buried metal.
The following subsection will describe the first fabrication procedure followed to fabricate
the graphene actuator.

5.1.1 Fabrication procedure 1

The fabrication procedure started with making alignment markers and then growing thermal
oxide on bare silicon wafer, as shown in step (a) in figure 5.1. Figure 5.1 shows a vertical
crosssection of the actuator device shown in figure 3.5 in chapter 3. This batch of wafers
was fabricated with the first batch of graphene resonators wafers and so it uses the same
process parameters used for fabricating graphene resonators in chapter 4. A thick 1000 nm
wet thermal oxide is grown on the wafers (step b) to minimize the parasitic capacitances
between the silicon wafer and the buried metal as explained in chapter 3, section 3.2. Wet
oxides grow much faster than dry oxides and so wet oxidation is used to grow a thicker
oxide. Then molybdenum layer (100 nm thick) is deposited on thermal oxide wafer (step
c) using DC magnteron sputtering that has been expained in chapter 4, section 4.3. This
buried molybdenum metal is patterned and etched in Omega (inductive coupled plasma
etcher) using Motest2 recipe (step d). The composite gases involved in this recipe have
been explained in chapter 7.

51
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(a)
(b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k)

(l) Colourscheme

Figure 5.1: Fabrication Process flow of electrostatically actuated graphene resonator (vertical
cross section of figure 3.5 in chapter 3)

The actuation electrode needs to be separated from the graphene resonator with a dielectric
since it needs to work as an electrostatic actuator. For this we use PECVD oxide deposited at
400° C (step e). Around 100nm thick oxide is deposited on the buried metal molybdenum,
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using plasma enhanced chemical vapour deposition process. The reaction that occurs inside
the chamber during the process is shown by equation 5.1. Here, silane reacts with nitrogen
dioxide to form silicon dioxide at 400° C. The reaction chamber is shown in figure 5.2. The
PECVD reactor chamber is a parallel plate capacitor. The top electrode has a showerhead
through which all the gases come in. RF generator generates an alternating electric field (
a high frequency generator (13.56MHz) and a low frequency generator(100-350kHz)), that
creates an electric discharge between the two electrodes. A plasma is created and the species
react among themselves to get deposited on the wafer on the substrate . Mixing of these two
frequencies control the ion bombartment on the film deposited and its stress. The recipe used
for this process is given in table 5.2

Figure 5.2: PECVD reactor chamber. Taken from [115]

SiH4(g) +N2O(g) = SiO2(s) +N2(g) +H2(g) (5.1)

After the deposition of PECVD oxide, the catalyst molybdenum is deposited, step f in figure
5.1 using dc magnetron sputtering process. This is followed by patterning and etching of the
catalyst metal molybdenum (step g). Then graphene is grown at 950 ° celsius (step h) using
the same recipe explained in chapter 4. Then contact openings are defined using positive
photoresist and dark field mask. The oxide in this contact opening is etched away using
BHF(1:7) (step i). This is done so that the gold bond pads can be connected to the buried
metal molybdenum. After this step , when the samples were observed under microscope,
oxide was found to be underetched and peeling off near the contact area openings, as
can be seen from figures 5.3a and 5.3b. The gold contacts are deposited using e beam
evaporation combined with lift off (step j) and this is followed by etching away of the catalyst
molybdenum by peroxide and critical point drying (step k) as explained in chapter 4. The
underetching of oxide resulted in the buried molybdenum getting attacked after peroxide
etching , as can be seen from figure 5.3c.
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(a) Before peroxide etching: Wafer 1

(b) Before peroxide etching: Wafer 3

(c) After peroxide etching: Wafer 1 (d) After peroxide etching: Wafer 2

Figure 5.3: Microscope images of the electrostatic devices fabricated using fabrication procedure
1

The wafers fabricated along with the results obtained are presented in table 5.1. None of
the samples were suspended. This batch was fabricated with first batch of wafers in chapter
4 and so no process parameter was changed. The issue of suspension will be dealt in later
sections. During fabrication of these samples, we encountered issues during wet etching of
contact opening which has been resolved in the coming subsection.

Table 5.1: Fabrication procedure 1 parameters and results

Wafer Thermal Oxide Buried
Molybdenum

PECVD TEOS Catalyst
Molybdenum

Suspended

1 1000nm 100nm 100nm 25nm ×

2 1000nm 100nm 100nm 50nm ×

3 1000nm 100nm 100nm 100nm ×

4 1000nm 100nm 100nm 200nm ×

5.1.2 Patterning and etching of buried molybdenum metal

During fabrication of the first batch of wafers, wet etching of oxide using BHF(1:7) to form
contact openings led to underetching and peeling off of oxide. This happens due to poor
adhesion between molybdenum and PECVD oxide. After photoresist is removed from the
molybdenum surface using NMP, there are some organic remains of the photoresist that
stll remain on the surface of molybdenum. Molybdenum cannot be cleaned in HNO3 since
it gets etched by HNO3. So, PECVD oxide is directly deposited on this patterned layer of
molybdenum with photoresist residues on it. This leads to very poor adhesion between the
molybdenum structures and the oxide. When oxide is etched in the contact openings using
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BHF, underetching of the oxide leads to breaking away of the oxide due to this poor adhesion
between oxide and molybdenum.

A solution to this is found by using PECVD TEOS as hard mask to pattern molybdenum.
PECVD TEOS is used because it is denser that PECVD oxide. TEOS (tetraethyl orthosilicate)
is a colourless liquid that reacts with oxygen to give silicon dioxide. It is deposited at 350 °
C. The reaction chamber that is used to deposit PECVD TEOS oxide is described in figure 5.2.
The recipe used for depositing PECVD oxide is given in table 5.2. As can be seen from figure
5.4, first PECVD TEOS is deposited on molybdenum , followed by patterning and etching
of this layer using reactive ion etching (shown in figure 5.5). Then the molybdenum layer
is etched using inductive coupled echer . The molybdenum structures remain protected by
PECVD TEOS oxide layer on top of them. This oxide is etched away using BHF. This way,
any photoresist remaining on the PECVD TEOS oxide would go away with it. After this
when PECVD TEOS is deposited on the molybdenum structures to be used as dielectric, the
adhesion between them is found to be very good.

Figure 5.4: Two routes to pattern burried molybdenum
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Figure 5.5: Schematic representation of a reactive ion etcher. [116]

Table 5.2: Recipes:PECVD and PECVD Oxide

HF Power LF Power Pressure TemperatureTime (per
station)

PECVD
Oxide(100nm)

1kW 0kW 2.2 Torr 400
°celsius

1.4s

PECVD
TEOS(100nm)

0.5 kW 0.5kW 2.2 Torr 350
°celsius

3.3s

Wafer 5, was fabricated using the second route shown in figure 5.4 and the adhesion
of the oxide to the metal molybdenum was found to be good. There was no underetching
or undercut visible after wet etching with BHF, as can be seen in figure 5.6c. Wafer 5 was
also optimized for getting the correct sheet resistance which has been explained in the next
subsection.

5.1.3 Sheet resistance of buried molybdenum metal

Chapter 3, section 3.3.2 presents the design of Wheatstone bridge configuration of a graphene
membrane. The resistivity value of molybdenum is considered to be 10.1 µΩcm for all
the calculations. From this value, the sheet resistance comes out to be 1.01 Ω/square for
100nm thick molybdenum. This value was taken from old laboratory records. However,
when measured, 100nm thick molybdenum gave a higher sheet resistance value. Infact
for every batch of wafers, the sheet resistance value fluctuated even for the same thickness
of molybdenum. This constant change in sheet resistance value of a metal is intriguing.
Equation 5.2 gives the relation between sheet resistance Rs, resistivity ρ and thickness t, of a
material.

Rs =
ρ

t
(5.2)

Past research shows resistivity of molybdenum sputtered by D.C magnetron sputtering
changing with argon pressure in the chamber [117] and with the deposition power used[118].
It has been shown that molybdenum thin film sputtered at high argon pressures have more
porous structures and higher resistivity. This happens because there are more multi gas
phase collisions and so the energy of the sputtered atoms is reduced at high pressure. Even
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the angle at which the sputtered atoms hit the substrate becomes more slanting [117]. At
decreasing pressure there is less scattering of sputtered molybdenum species and so the layer
formed is more dense and has a lower resistivity[117]. Two molybdenum samples deposited
on soda lime glass at different deposition powers have shown different resistivity values.
The sample deposited at higher DC power (200W) showed lower resistivity value and higher
average surface roughness as compared to the sample with molybdenum deposited at lower
DC power[118]. A higher deposition power leads to larger amount of sputtered molybdenum
species at the surface which gives a higher surface roughness [118]. For the deposition
at lower power, there is a decrease in the number of molybdenum species arriving at the
substrate which leads to a porous structure [118]. The lower resistivity in film deposited at
higher DC power is attributed to a higher density and lower defects in the layer formed [118].
In our case also a change in the argon pressure and DC power has been seen for sputtered
molybdenum films of same thickness, especially for wafers sputtered with molbdenum on
different days. Some of these are given in table 5.3. These two factors could be playing role
in changing the resistivity and so the sheet resistance of the molybdenum film. The changes
we see in the sheet resistance values are in the order of 1 % to 3%.

Table 5.3: DC Power and Argon Pressure values for wafers fabricated at different times

Thickness Argon
Pressure(mTorr)

DC Power(kW)

100nm 8.32 0.960
100nm 8.28 0.933
100nm 8.42 0.970

In our case, since the sheet resistance of 100 nm of molybdenum was not what we
expected, the thickness of the metal had to be varied to get sheet resistance value of 1.01
Ω / square according to equation 5.2. First, sheet resistance of a test wafer with 100nm
molybdenum was measured and then the thickness was calculated to get the correct sheet
resistance for wafer 5. The thickness of the molybdenum calculated came out to be 166.
3nm. Since wafer 5 was sputtered with 166.3nm molybdenum just after the test wafer, the
sheet resistance value of the wafer did not fluctuate much and was quite close to 1.01 Ω /
square.

The parameters used for wafer 5 are given in table 5.4. Wafer 5 was optimized for correct
sheet resistance and also showed no issues during wet etching of oxide for contact openings.
However, after release, as can be seen from figures 5.6a and 5.6d, the buried molybdenum
was attacked from the edges. The issue arises because of using oxide hard mask which
creates a step difference. When PECVD TEOS oxide on top of molybdenum is etched in BHF
, BHF also attacks the thermal oxide on the wafer. This creates a step difference between
the thermal oxide underneath molybdenum and the thermal oxide on the remaining part of
the wafer (see step d of figure 5.4). Even after using a thick oxide of 300 nm, molybdenum
was attacked from the edges. This could be due to thinning of the PECVD oxide at the edges
which happens because of a step difference created in thermal oxide by using PECVD TEOS
oxide as hard mask.

Table 5.4: Wafer 5 Parameters

Wafer Thermal Oxide Buried
Molybdenum

PECVD TEOS Catalyst
Molybdenum

Suspended

5 1000nm 166.30 nm 300nm 100nm ×
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(a) SEM image of wafer 5 (After peroxide etching) (b) SEM image of wafer 5 (After peroxide etching)

(c) Microscope image of wafer 5 (Before peroxide
etching)

(d) Microscope image of wafer 5 (After peroxide
etching)

Figure 5.6: SEM and microscope images of wafer 5

The wafer in this case were also not suspended. A graphene actuator has two more layers
(the electrode and the dielectric layers) in addition to the layers of the graphene resonator.
It is difficult to say how the addition of the buried metal layer and the dielectric layer would
affect the suspension of graphene. Hence, a batch of wafers was fabricated, described in the
coming subsection, to test suspension of graphene on these four layers.

5.1.4 Fabrication procedure 2

This batch of wafers was fabricated after the cause of collapsing membranes was investigated
(See chapter 7. Hence, the two factors which were causing the collapse of the membranes in
the earlier batches were eliminated for this batch of wafers. One of the factors, the Motest2
etching recipe was replaced by Mo50 etching recipe. Also, the thickness of thermal oxide
was reduced. The idea was to minimize the total thickness of the device and keep the overall
thickness of the composite layers as thin as possible and so four wafers were fabricated which
are given in table 5.5 with the thicknesses of the layers used during processing . The rest of
the process used for the fabrication of this batch is similar to one described for wafer 5.

Table 5.5: Fabrication Procedure 2 Parameters

Wafer Thermal Oxide Buried
Molybdenum

PECVD TEOS Catalyst
Molybdenum

6 90nm 150nm 120nm 100nm
7 50nm 25nm 120nm 25nm
8 50nm 50nm 120nm 50nm
9 90nm 50nm 120nm 50nm
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Before peroxide etching, the devices were inspected under the microscope and they were
showing no peeling off or delamination as can be seen from figure 5.7.

(a) Wafer 6
(b) Wafer 9

Figure 5.7: Microscope images of the devices fabricated : fabrication procedure 2

These devices when released , showed abnormal structures and so whether the graphene
membranes are suspended or not could not be examined properly. SEM and AFM images
of the devices inspected after release have been shown in figures 5.8 and 5.10. It can be
clearly seen from the images that the buried molybdenum metal has been attacked during
peroxide etching. The following factors could be responsible for attacking of the buried metal
electrode

1. Step Height: As explained the previous sections, using a hard mask leads to a step
difference and subsequently thinning of oxide at the edges. This makes it easier for
peroxide to attack the metal from the edges.

2. Molybdenum etching: When unmasked molybdenum on PECVD oxide is etched , the
oxide beneath it is also partly etched. For these four devices fabricated, the PECVD oxide
used is 120 nm thick. However, after etching of the molybdenum the oxide becomes
thinner. Thin PECVD layer is more sensitive to pin holes. So, it could be possible that
while etching the catalyst molybdenum using peroxide in the final step, the peroxide is
able to reach the buried molybdenum via the thin defective PECVD TEOS layer.

(a) Wafer 6 (b) Wafer 9

Figure 5.8: SEM images of the devices fabricated : fabrication procedure 2
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Figure 5.10: AFM images of the devices fabricated on wafer 6

We tried to overcome these problems by fabricating another batch of wafers which has
been described in the coming subsection.

5.1.5 Fabrication procedure 3

In order to circumvent the issues faced during fabrication of the previous batch of wafers, wet
etching of contact openings was replaced with plasma etching and thickness of PECVD oxide
was increased to 300nm so that during peroxide etching the buried molybdenum metal is not
attacked. Another solution tried is using molybdenum covered with 50 nm titanium nitride
as the buried actuation electrode. Using titanium nitride would protect the topside buried
molybdenum during peroxide etching. The parameters of the wafer fabricated are given in
table 5.6.

Table 5.6: Fabrication procedure 3: parameters of wafers fabricated

Wafer Buried
electrode

Thermal Oxide Thickness of
electrode used

PECVD Oxide Gap size

10 Molybdenum +

Titanium nitride
90nm 100nm + 50nm 300nm 100nm

11 Molybdenum 90nm 100nm 300nm 100nm

The fabrication procedure used to fabricate wafers 10 and 11 is similar to the fabrication
procedure 2. Plasma etching was used to etch the contact openings using reactive ion etcher
which has been shown in figure 5.5. There are two electrodes. The top electrode is grounded
and the bottom electrode is negatively charged. The RF generator creates an alternating field
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between the electrodes which creates a plasma of the gases inside the chamber. The ionized
species are accelerated towards the bottom electrode where they etch away the film.

For the wafer 10, some white particles were seen all over the wafer (see figure 5.11a),
after using reactive ion etcher to etch away the unmasked oxide on the wafer. These particles
stayed on the device even after remaining thermal oxide was etched away in BHF. It is
unknown what these particles are . They could have been a result of some reaction of
titanium nitride, molybdenum and fluorine gas, since the reactive ion etcher uses fluorine
gas.

As can be seen from figure 5.11 and 5.12 , the graphene membrane was not suspended
in both these cases even after using mo50 etching recipe and thin thermal oxide. Also, the
oxide on top of the metal in both cases is not uniform. It either reacted with molybdenum
at high temperature or some other chemical reaction during the fabrication procedure led
to this non uniformity of oxide on the metal. Whatever maybe the case, these results clearly
indicate that using molybdenum as the buried electrode is not a good option from both device
and suspension of graphene memebrane point of view. Hence, the next subsections look into
other metal/semimetal electrodes.

(a) (b)

(c) Bar shaped graphene membrane

Figure 5.11: SEM images of collapsed graphene membranes on molybdenum + titanium nitride
electrodes
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(a) (b)

Figure 5.12: SEM images of collapsed graphene membranes on metal molybdenum electrodes

5.2 Fabrication of suspended graphene membranes with different
types of electrodes

As seen in the previous section, using a buried molybdenum electrode the device had many
issues. Hence, other options for the actuation electrode were explored. One of the important
criteria to be considered while choosing the material which could be used as electrode is
its melting temperature. Since during graphene growth, we go to high temperature such as
950 ° Celsius, the melting temperature of the conductor should be considerably higher than
950 ° Celsius. Another factor considered is the availability of the material in our laboratory.
The melting temperature of the different metal/semi metal available in our laboratory which
could be used as the buried electrode are given in table 5.7. The different metals used as
actuation electrode along with their thicknesses are given in table 5.8. The flowchart for
the fabrication of graphene resonators with actuation electrode polysilicon and niobium is
included in appendix .1.

Table 5.7: Melting temperature of different metals/semi-metals

Buried
electrode

Melting
temperature (°
celsius)

Polysilicon 1409.85
Niobium 2469.00
Titanium 1668.00
Titanium nitride 2930.00
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Table 5.8: Wafers fabricated with different types of buried metal electrodes

Buried
electrode

Thermal Oxide Thickness of
electrode used

PECVD Oxide Gap size

Doped
Polysilicon

90 nm 99 nm 100 nm 200 nm

Niobium 90 nm 100 nm 100 nm 100 nm
Titanium nitride
+ Titanium

90 nm 100 nm + 10 nm 100 nm 100 nm

5.2.1 Polysilicon

Polysilicon is ultra pure form of silicon. It is polycrystalline in nature that is it is composed of
many small crystals. It is deposited using LPCVD (low pressure chemical vapour deposition)
furnace. The reaction that takes place is given in equation 5.13, which occurs at 500-800 ° C
[119].

SiH4(g)Ð→ Si(s) + 2H2(g) (5.3)

Polysilicon is then doped by boron atoms. This is done in order to improve the contact
resistance and lower the sheet resistance of polysilicon. Route 1 of figure 5.4 is adopted and
polysilicon is directly patterned and etched. Polysilicon can be cleaned in HNO3 after etching
and so any photoresist residues will be removed from the polysilicon surface during cleaning.
So, the adhesion between polysilicon and the PECVD TEOS oxide is good. Hence, oxide is
not used as a hard mask to pattern polysilicon. Another critical step is the opening of the
contacts. As seen in the previous case of molybdenum , this step caused undercut which led
to breaking of oxide. However, since polysilicon does not react with BHF and moreover the
adhesion of PECVD TEOS oxide on polysilicon is good, wet etching with BHF does not create
any issues such as undercut or breaking away of the oxide. The choice of 200nm catalyst
molybdenum for polysilicon was not made because of any specific reason. It was chosen
arbitrarily.

The sem images of the fabricated graphene samples with polysilicon electrode are shown
in figure 5.13. The 3D AFM image is shown in figure 5.14.
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(a) Bar shaped graphene membrane (b) H shaped graphene membrane

(c) Three sided graphene membrane

Figure 5.13: SEM images of suspended graphene membranes on polysilicon electrodes
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Figure 5.14: 3D AFM image of graphene membrane suspended on polysilicon electrode

5.2.2 Niobium and titanium nitride + titanium

The other two electrodes that were tried as the actuation electrode are niobium and titanium
nitride. Both of these electrodes were deposited using DC magnetron sputtering process.
Also, both these metals can be cleaned in HNO3 after photoresist removal and so the adhesion
between oxide and the metal should not be a problem. So, no oxide hard mask was required
to pattern them. Wet etching was used to open contact openings for both these metals as
BHF does not react with either of them.

Figure 5.15a and 5.15b show sem images of the contact opening to the niobium electrode
before and after gold deposition. These images show porous structure. These porous structures
indicate that niobium might have reacted with oxide to form a different compound. It is
suspected that BHF forms pores on this oxide during etching [120].

As can be seen from figures 5.15c, 5.16, 5.17 and 5.18, graphene membrane is suspended
on niobium electrode but not on titanium nitride electrode even though both have the devices
went through the same fabrication procedure and have similar parameters. This shows that
choice of metal is very cruicial in fabricating the graphene electrostatic devices.



66 CHAPTER 5. FABRICATION OF THE ACTUATOR

(a) Contact opening before gold deposition (b) Contact opening after gold deposition

(c) Bar shaped graphene membrane

Figure 5.15: SEM image of graphene membrane on niobium electrode
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Figure 5.16: 3D AFM image of graphene membrane on niobium electrode

(a) Bar shaped membrane (b) H shaped membrane

Figure 5.17: SEM images of collapsed graphene membranes on Titanium nitide + Titanium
electrode

Figure 5.18: 3D AFM image of graphene membrane on TiN + Ti electrode
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5.3 Summary

This chapter presented the various attempts made to fabricate suspended graphene membrane
on a buried electrode. The various failed attempts made to incorporate molybdenum as the
buried actuation electrode pointed towards using other metal electrodes. Finally, graphene
membrane is suspended on polysilicon and niobium electrodes. More results will be presented
in chapter 7 to find out if the graphene membrane is fully suspended or not. The fact
that graphene membrane is supended on some metals and not on others points towards
the changing stress that could be responsible for the collapse of the membranes.

Next chapter presents the characterization and the various measurements performed on
these fabricated garphene samples.



Chapter 6

Measurements

6.1 Dynamical characterization

In order to know whether the graphene samples fabricated in chapter4 and 5, can be used
as a resonator and subsequently as a sensor, there is a need to characterize the dynamical
properties of the graphene membrane and measure its resonant frequency. A quick way to
characterize the resonant frequency of graphene membranes with high throughput is by using
laser interferometry setup. In the past, this setup has been used time and again to measure
the resonant frequency of the garphene membranes [8, 121]. Such a system is available to
us and the resonant frequency measurements of the graphene samples using this setup has
been described in this subsection.

6.1.1 Resonant frequency measurements using laser interferometry setup

The schematic representation of the optical setup used to perform these measurements is
shown in the figure 6.1. The sample is mounted in a vacuum chamber which has a stage
that can be moved in x, y and z direction. Changing the x and y direction , moves the
sample left/right or top/bottom respectively and the z direction changes the focus of the
sample. The blue laser (405nm diode laser) , gets reflected by dichroic mirror and hits the
graphene sample. This is used to actuate the graphene membrane by optical adsorption
and thermomechanical force [25]. The red laser (632 nm He-Ne laser) is used to detect the
mechanical motion of the graphene membrane. A polarized beam splitter allows the incoming
light from the red laser to transmit which becomes circularly polarized after passing the
quarter wave plate. The dichroic mirror allows this red light, to pass through it. The red laser
light hits the graphene membrane and the back plate silicon and gets reflected by both , which
causes interference between the two reflected lights. This interference of light is reflected
by the polarized beam splitter to the photodiode. The vector network analyzer shows the
frequency spectrum of the resonating sample by detecting the red laser and modulating the
intensity of blue laser [122, 123].

69
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Figure 6.1: Laser interferometry setup

For the 200nm gap size suspended garphene membrane, resonant frequency measurements
are shown in table 6.1. Also, various coupled frequencies were observed for some of the
structures. One of these has been shown in figure 6.2. The fact that all our graphene
resoantor structures have a suspended gold part along with suspended garphene membranes
could be responsible for getting these coupled frequencies.
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Table 6.1: Resonant frequencies observed for 200nm gap size graphene resonators. The cross is
where the resoannt frequency is observed

Structure Size (µm) Resonant
frequency
(MHz)

3.5 × 1 bar 83

4 × 4 bar
shaped

99

(a) 4 × 4 Hbar structure

(b) Coupled resoannt frequencies observed

Figure 6.2: Resonant frequency measurements using optical setup

No measurement results were obtained for any of the 100nm gap size graphene membrane
sample using the optical setup. This could be because only parts of the membrane were
suspended or due to alignement laser issues. It could also be due to less power being
delivered from the blue laser which is not enough for the membrane to heat up and actuate.

One of the major difficulties faced during this measurement was to perform the experiment
by keeping the red and the blue laser on the same spot. This way, it became difficult to say
which part of the device (suspended gold or suspended graphene) is responsible for giving
the fundamental frequency. This problem has been addressed in the next subsection.

6.1.2 Gold resonance

All the devices fabricated in this work, have a suspended gold part also along with the
suspended graphene membrane. This is because there is some part of gold that grows on
molybdenum and when this molybdenum is released at the end of the fabrication, gold
is suspended for that part. Hence, the devices fabricated are coupled devices with both,
parts of gold and graphene suspended. So, the resonant frequencies obtained from the laser
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interferometry setup could be due to suspended gold , suspended graphene membrane or
both. In order to understand, which part of device (graphene, gold or graphene-gold ) is
giving the fundamental frequency, the fundamental frequencies were recorded for three sets
of contact resistance structures. Figure 6.3 shows the design of the Rc structures used and
expains the different parts of the device. These structures were used because the length
of the graphene membrane (Lg), width of the graphene membrane (Wg) and width of the
suspended gold part (Ws) remains constant for each set of (Lg × Wg) Rc structures with only
the length of the suspended part of gold (Ls) increasing in that set of Rc structures. Hence,
by using these structures it becomes easy to analyze if the graphene membrane is moving or
gold.

Ls Lg 

Wg = Ws 

GOLD 

GRAPHENE 

GOLD + 
GRAPHENE 

Ls = length of suspended gold 
Lg=  lengh of graphene membrane 
Wg= width of graphene   
Ws=width of suspended gold 

Figure 6.3: Rc structure used for analyzing gold resonances

The fundamental frequencies obtained for 6 ×4 , 4 ×4 and 5 ×3 Rc structures by using
the interferometry setup is given in the table 6.2, 6.3 and 6.4 respectively. As can be seen
from table 6.2 and table 6.3 , except for the first reading for length 2 µm, the fundamental
frequencies obtained from the interferometry setup are similar for 6 ×4 Rc structure and 4×4
Rc structure. It indicates that the fundamental frequencies obtained are not due to graphene
motion since the length of the graphene membrane is different in both these devices which
should be giving different resonant frequencies. These resonances could be due to to gold
contact moving since the length (Ls) and width (Ws) of the gold contact remains same for
both the set of devices, 6 ×4 Rc structure and 4 × 4 Rc structure .To confirm this, a comsol
simulations were used. A plate model is used to do simulations on suspended part of gold.
The frequencies obtained the suspended part of gold for all the three structures, 6 × 4, 4 ×

4 and 5 × 3 Rc structures are noted down in the tables 6.2, 6.3 and 6.4 respectively. The
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comsol simulation results are shown in figure 6.4. It can be seen clearly that the obtained
frequencies from the interferomerty setup are similar to ones obtained by comsol simulations
for all the three set of Rc structures. This proves that fundamental frequencies obtained are
due to the suspended gold moving and not graphene. In [73] , it has been reported that the
fundamental frequencies of the beam, which depend on pressure due to squeeze film effect
, are graphene modes. However, since the fabrication procedure used in this work is similar
to [73] and the structure fabricated in [73] also has a gold-graphene interface, the reported
graphene modes should be due to suspended gold moving and not graphene.

Table 6.2: Frequecy analysis for the 6 ×4 Rc structure

Suspended
Gold
length Ls
(µm)

Frequency
from
interferomety
setup (MHz)

Frequency
simulated
in COMSOL
(MHz) , Ws= 4
µm

2 38.50 34.76
4 33.66 27.60
6 31.14 26.62
8 28.20 26.29
10 30.30 26.09
12 29.18 25.86
14 26.24 25.71
16 28.20 25.55
18 27.36 25.30
20 29.60 25.19

Table 6.3: Frequecy analysis for the 4 ×4 Rc structure

Suspended
Gold
length Ls
(µm)

Frequency
from
interferomety
setup (MHz)

Frequency
simulated
in COMSOL
(MHz) , Ws= 4
µm

2 50.32 34.76
4 32.82 27.60
6 30.72 26.62
8 28.90 26.29
10 26.94 26.09
12 26.80 25.86
14 27.22 25.71
16 24.28 25.55
18 26.94 25.30
20 29.18 25.19
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Table 6.4: Frequecy analysis for the 5 ×3 Rc structure

Suspended
Gold
length Ls
(µm)

Frequency
from
interferomety
setup (MHz)

Frequency
simulated
in COMSOL
(MHz) , Ws= 3
µm

2 51.72 52.48
4 49.70 46.80
6 56.20 45.92
8 46.68 45.40
10 42.20 45.06
12 43.60 44.63
14 39.96 44.04
16 42.06 43.86
18 42.76 43.21
20 40.80 43.12

(a) Ls ×Ws = 10µm × 4µm (b) Ls ×Ws = 10µm × 3µm

Figure 6.4: COMSOL frequency simulation of suspended gold part in Rc structures

The above experiment clearly shows that the fundamental frequency obtained using the
laser setup is because of the gold moving. It is very difficult to observe the resonant frequency
of graphene using the blue laser actuation. In the past [15] has also shown the presence of
these gold resonances in their graphene devices. Chen et al. in [15] says that the resonant
frequency of graphene is much more tunable with external tension than gold since graphene
is tension dominated whereas gold is much thicker and bending rigidity dominant. Since
the stiffness of graphene is much more tunable than gold, we can determine whether the
resoanant frequency is coming from graphene or gold by applying large deflections or force.
This idea is useful in separating the gold and the graphene frequencies. In order to apply
large out of plane deflections to the graphene membrane, we use an electrostatic force that
requires an electrostatic gate. This experiment has been described in the next subsection.

6.1.3 Electrostatic actuation

For this experiment, setup shown in figure 6.5 has been used. The thermal actuation by blue
laser is replaced with an electrostatic actuation and the red laser is used to to detect the
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mechanical motion of the resonating graphene membrane. Graphene membrane is grounded
and a DC + AC voltage is given to the back gate which in this case is silicon, to see the
deflection in the graphene membrane due to electrostatic force. The AC voltage is much
smaller than the DC voltage. Due to the voltage difference , electric field will develop
between the graphene membrane and the back plate and an electrostatic force will act
which will deflect the graphene memebrane. Since the graphene membrabne is grounded,
the electrostatic force developed between the membrane and the back gate will always be
atractive irrespective of the voltage applied on the back gate. The AC voltage is kept constant
and the frequency is observed by sweeping the DC voltage.

RED  
LASER

PHOTODIODE

VECTOR NETWORK 
ANALYZER

POLARIZED
BEAM  SPLITTER-

QUARTER 
WAVE 
PLATE

VACUUM 
CHAMBER 
WITH THE 
SAMPLE 
INSIDE

INPUT PORT OUTPUT PORT DC VOLTAGE 
SOURCE

BIAS TEE

Figure 6.5: Setup used for electrostatic tuning experiment

By changing the x, y and z directions of the stage, we were getting completely different
mecahnical responses. The higher frequency peak was tuning a lot more than the low
frequency peak. The high frequency peak could be that of graphene.

This is because frequency of the graphene membrane is much more tunable with the
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electrostatic force than that of the gold. Gold (100 nm) is thicker than graphene (8 nm)
which makes gold bending rigidity dominant and so its frequency does not change easily with
external force. This is shown in 6.6 where the DC electrostatic tuning of graphene (point A)
is much more than the DC electrostatic tuning of gold (point B) at the same modulating AC
voltage. Gold resoannt frequency is observed at around 60 MHz and the graphene resoannt
frequency is observed at around 170 MHz for 5 × 3 Rc structure . Figure 6.7 shows the
transmission voltage obtained from the VNA vs frequencies for 5 × 3 Rc structure .
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Figure 6.6: DC electrostatic tuning for (a) graphene 5 × 3 Rc structure (b) gold (L s = 16 µm) (c)
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Figure 6.7: Transmission magnitude vs frequency for 5 × 3 Rc structure
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However, as graphene is suppose to be having a high built in tension, spring hardening
would be a stronger proof of graphene moving. In order to be sure that the high frequency
peak is that of graphene, we drive the system with a large actuation force to measure the
non linear dynamic response. The concept of non linearity in garphene membranes has been
discussed in chapter 2.

6.1.4 Non linearity in grahene membranes

This experiment is done on the Rc structures using the same setup shown in figure 6.5 where
the electrostatic actuation is used to actuate the resonator and the red laser is used to detect
the mechanical motion of the resonator. However, in this case, the DC voltage, given to the
back gate, is kept constant and the AC modulating voltage is increased. At very high driving
voltages the motional amplitude of the resonator becomes non linear and so a change in
resonant frequency is observed. There are two forces that contribute to this non linearity.
One is the pulling of the resonator towards the substrate due to the electrostatic actuation.
This force reduces the spring constant, thereby, reducing the frequency of resonator. It is
called as capacitive softening. The other is the tension in the resonator that will increase the
frequency of the graphene resonator by increasing its stiffness. This is called as hardening.
The bending rigidity is proportional to thickness3 for a material. Since graphene is around
8nm thick and gold is 100nm thick , gold has much more bending rigidity than graphene.
Graphene , on the other hand is tension dominated. This means that it will take a larger
electrostatic force to change the frequency of gold as compared to graphene. It can be
observed in figure 6.8, where the electrostatic force softening for graphene happens a lower
drive voltage (0.1452 mV) as compared to gold (0.2461 mV). Also, the shift in frequency due
to softening is much more for graphene as compared to gold. As can be seen in figure 6.8(a),
graphene shows capacitive softening (decrease in frequency) and hardening due to tension
(increase in tension). On the other hand, as can be seen in figure 6.8 (b) gold shows only
capacitive softening. This is due to the fact that graphene has much more tension than gold.
Along with shifting of the peaks due to softening and hardening , broadening of the peaks is
also visible in the figure 6.8.
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Figure 6.8: Non linearity experiment (a) graphrene membrane (b) gold

Non linearity is performed on another Rc structure and the two points on which the
measurements are taken have been shown in figure 6.9. The results for both the points have
been shown in figure 6.10. At point A , the amplitude of oscillation becomes highly non
linear at high driving voltages. At these voltages, the amplitude becomes asymmetric and
hysteresis is observed. An increase in resonant frequency is observed due to the tension in
the membrane. Point B shows small capacitive softening and no hysteresis. Point A is most
likely the frequency of the graphene membrane because of the high non linearity and tension
observed as compared to point B, which is suspended gold. The edges play a very important
role in determining the frequency of the suspended graphene membrane and in our case the
graphene motion is observed at the edges of the membrane. However, it is intriguing to find
a gold mode (Point B) on the graphene membrane.

A B

Suspended
graphene

Gold on substrate

Suspended
gold

Si/SiO2
substrate

Figure 6.9: Schematic represenattion of the Rc structure for non linearity experiment
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Figure 6.10: Non linearity experiment results for Point A and Point B. Bottom left: shift in
resonant frequency for point A. Bottom right: shift in resoannt frequency for pont B

We see a clear spring-hardening in the high frequency peak, that is not there for the low-
frequency peak, this is a stronger proof of the high frequency peak being that of graphene.

6.1.5 Optical measurements on graphene samples with localized electrode

In chapter 5, we have shown the fabrication procedure of suspended graphene resonators
on niobium and polysilicon electrode. Having a localized electrode reduces the parasitic
capacitances in the device. The DC tuning and non linearity experiments were performed
on the graphene membranes with polysilicon electrode. Figure 6.11 shows the position of
laser for point A and point B. As can be seen from figure 6.12, the frequency at point A tunes
much more than the frequency obseved at point B. This indicates that the higher resonant
frequency being obseved at around 160 MHz could that be of graphene.
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A B

Suspended
graphene

Gold on substrate

Suspended
gold

Si/SiO2
substrate

Figure 6.11: Schematic representation of the laser positions on the Rc structure of the polysilicon
die

(a) DC tuning at Point A (b) DC tuning at point B

Figure 6.12: DC tuning of graphene resonator with polysilicon electrode

The results of the non linearity experiments for point A and B have been shown in figures
6.13 and 6.14 respectively. At point a, the motional amplitude becomes highly nonlinear for
high actuation voltages unlike at point B. This spring hardening indicates towards the high
frequency peak being that of graphene.
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Figure 6.13: Non linearity at point A
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Figure 6.14: Non linearity at point B

6.1.6 Discussion

We know from the above experiments that the fundamental mode being detected is that of
gold. Since graphene is much more tunable to external tension than gold, performing DC
tuning and non linearity experiments is the correct approach towards finding the graphene
frequency. However, in order to analyze the results obtained, let us analyze with the help of
a model.

A simplified model for a gate tuning can be given by equation 6.1 [7]. This is the model
for deflection in the graphene membrane due to static force. Here k is the stiffness of the
graphene membrane, E is the Young’s modulus of graphene, W is the width of the graphene,
L is thelenth of the graphene, ε is the initial built in strain in the graphene membrane, z is the
midpoint displacement of the graphene membrane , C is the capacitance and V is the voltage
applied to the capacitor. The first term is the resonant frequency of the graphene membrane
when when the applied gate voltage to it is 0. The second term is spring hardening and the
third term reflects the spring softening effect.

k =
16EWε

3L
+

256EWz2

3L3
−
C”V 2

2
(6.1)

When the graphene membrane has a high initial built in strain, with increasing gate
voltage , the last term dominates causing decrease in the stiffness of the membrane. Decrease
in stiffness leads to decrease in resonant frequency. This is the capacitive softening effect.
When the initial built in strain in the graphene membrane is small, the additional tension
induced in the membrane due to high displacement dominates, thereby increasing the tension
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in the membrane. This increases the stiffness in the membrane and so the frequency increases.
This is the spring hardening effect. For intermediate strain the resonant frequency first
decreases then increases.

For our case, we observe the capacitive softening effect in the DC tuning experiment
experiment. For the non linearity experiment, we observe first capacitive softening and then
spring hardening effect. We have discussed that graphene has high built in tension due to
process, see chapter 2. We expect our fabricated few layer graphene membranes to be in
tension. If that is the case spring hardening should be observed for large deflections in the
graphene membranes. Since we get different results from the two experiments, it is difficult
to say if the detected mode is that of graphene.

Another issue is that unlike single layer graphene membranes, we have few layer graphene
membranes of around 8 nm thickness. In our case we cannot ignore the bending rigidity of
the graphene membrane and so even the bending rigidity has to be taken into account along
with the tension for the calculation of resoanant frequency of graphene membrane in our
case. We have observed wrinkles and corrugations in our suspended graphene membrane
(See chapter 4). These wrinkles and corrugations could be increasing the bending rigidity of
the graphene membranes. So our resonator is a much more complex system. In order to find
out the resonant frequency of the graphene motion in our resonators, more research needs
to be done.

6.2 Electrical measurements

This section presents the electrical measurements performed on the graphene samples.

6.2.1 I-V measurements

The first set of electrical measurements were done to extract the contact resistance of graphene.
The aim of the experiments is to study the influence of parameters such as size of the
graphene membrane, gap size and contact area between gold and graphene on the contact
resistance of graphene.

6.2.1.1 Methodology and circuit

The measurements are performed using four point probe method in which current is forced
to two terminals and voltage is sensed through the other two terminals. We use a method
similar to the one given in [124] to extract the contact resistances of graphene membrane.

The structures used for measuring the contact resistance is given in figure 6.15. The
total resistance is obtained by adding the contact resistances and resistance due to graphene
membrane as shown in equation 6.2. After putting the value for resistance of graphene in
equation 6.2, we get equation 6.3. In equation 6.3, lg is the length of the graphene membrane
and wg is the width of the graphene membrane. On rearranging the terms in equation 6.3,
equation 6.4 is obtained. Equation 6.4 can be plotted as a straight line with y = R total × wg

, x = l g, m = ρ and c = R c × w g. For a fixed width of graphene, the length of graphene
is plotted against the R total × w g. The slope of this line gives R c × w g. By plugging in the
values of w g (in our case 4 µm), value of R c are obtained.
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Figure 6.15: Schematic 3D represenattion of the Rc structure contact resistance experiment

Rtotal = Rc +Rg (6.2)

Rtotal = Rc +
ρlg
wg

(6.3)

Rtotal ×wg = ρlg +Rc ×wg (6.4)

6.2.1.2 Results and discussion

Tables 6.5, 6.6, 6.7 and 6.8 give the resistance and contact resistance measurement results
for the 100 nm and 200 nm gap size of graphene respectively.

Table 6.5: Resistance(kΩ ) measurement results for 100nm gap size garphene membranes

Lc

L g × W g(µm2) 2 µm 4 µm 6 µm 8 µm 10µm 12µm 14µm 16µm 18µm 20µm
10 × 4 open 4.43 5.06 2.97 2.78 2.21 1.98 open open 2.36
8 × 4 4.39 6.91 4.80 2.70 2.54 2.11 2.36 2.04 1.99 1.96
6 × 4 2.62 1.95 2.88 1.86 1.78 1.89 1.83 2.25 1.79 1.80
4 × 4 2.43 1.76 1.34 4.36 1.63 open 1.50 1.40 0.89 1.80
2 × 2 open open open open open open open open short 1.52
5 × 3 3.93 2.20 2.25 2.42 2.03 1.58 1.68 1.93 2.14 2.24
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Table 6.6: Contact Resistance measurement results for 100nm gap size garphene membranes,
width of graphene=4 µm

Lc RCW (kΩµm ) RC (kΩ)
2 µm 0.41 0.10
4 µm -1.55 -0.39
6 µm -2.12 -0.53
8 µm 8.28 2.07
10 µm 1.42 0.71
12 µm 2.86 0.71
14 µm 2.46 0.61
16 µm 1.87 0.47
18 µm -0.19 -0.05
20 µm 2.67 0.67

Table 6.7: Resistance (kΩ ) measurement results for 200nm gap size garphene membranes

Lc

L g × W g(µm2) 2µm 4µm 6µm 8µm 10µm 12µm 14µm 16µm 18µm 20µm
10 × 4 13.60 16.80 13.70 open 10.50 10.30 11.60 10.10 9.26 10.70
8 × 4 19.8 13.30 13.20 52.80 9.06 10.30 9.05 9.04 9.74 10.10
6 × 4 open 10.80 15.3 14.7 8.93 8.94 8.75 8.23 7.90 7.00
4 × 4 7.42 9.94 7.18 9.94 5.63 4.77 8.42 6.20 7.52 6.81
2 × 2 4.69 5.44 11.7 12.4 7.76 5.33 6.90 7.51 5.21 7.94
5 × 3 9.07 9.50 7.18 9.94 5.63 9.66 8.42 10.80 7.52 9.65

Table 6.8: Contact Resistance measurement results for 200nm gap size garphene membranes,
width of graphene=4 µm

Lc RCW (kΩµm ) RC (kΩ)
2 µm 7.75 1.94
4 µm 9.26 2.32
6 µm 12.47 3.12
8 µm -76.95 -19.24
10 µm 6.74 1.68
12 µm 4.59 1.15
14 µm 12.02 3.00
16 µm 8.03 2.01
18 µm 12.27 3.07
20 µm 6.97 1.74

On increasing the contact area between graphene and gold , the total resistance of the
device decreased. However, when the contact area was too large, measurements show a
slight increase in total resistance i.e. an increase in total resistance is seen from 18 to 20 µm
contact area. However, a lot of the values obtained in the 200 nm sample are deviating from
this trend. On keeping the gold graphene contact area constant and increasing the length
of the graphene membrane, the total resistance increases. The yield is found to be 78.3 %
for 100 nm gap size graphene membrane and 96.67 % for the 200 nm gap size graphene
membrane. Hence, the 200 nm sample gives a higher yield.
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We donot observe any clear trend in the contact resistance values obtained. The negative
resistances obtained could be due to wrong measurements.

We are getting higher resistance vales for 200 nm gap size graphene membrane than
the 100 nm gap size graphene membrane. An explanation for this can be given using the
relation between mobility and strain given in [125]. The fermi velocity will decrease with
increase in strain [125]. The mobility will decrease with decrease in the fermi velocity [125].
The resistance will increase with the decrease in mobility. This means with the increase in
strain, the resistance increases. We expect the 200 nm gap size garphene membrane to be
more compressively strained than the 100 nm gap size graphene membrane (See the next
chapter 7). If the 200 nm gap size of graphene membrane is more compressively strained,
then the relation between the strain and resistance could be an explanation for the increase
in resistance values seen for 200 nm gap size of graphene membrane.

6.2.2 Resistance measurements

Resistance measurements were also performed on the graphene samples with polysilicon and
niobium electrodes. Results are given in table 6.9.

Table 6.9: Resistance measurement results for polysilicon and niobium die

graphene gate between graphene
and gate

Niobium 11.65 (Ω) 16.54 (Ω) 0.65 (Ω)
polysilicon 4.06 (kΩ) 5.31 (kΩ) 44.95 (kΩ)

From the resistance measurement results in the previous section, we know that the resistance
of graphene canot be as low as obtained in the case of graphene membrane on niobium
electrode. This means that current is not passing through the graphene but the electrode.
Also, a very low resistance vaue is obtained between the graphene and niobium electrode,
indicating that the oxide in between is no longer acting as an effective insulator. It is possible
that due to the high growth temperatures during graphene growth, the oxide reacts with
niobium and forms a type of niobium oxide that is a conductor. Another posiibility is that
niobium starts difusing through the oxide at high temperature. The resistance between the
polysilicon electrode and graphene is in kΩ, which indicates that the capacitor is leaking.
Improvements need to be made in the fabrication flow of these devices so that they can work
as effective capcitors.

6.3 Summary

This chapter presented the measurements performed on the graphene samples. From the
optical measurements, it became clear that it is very difficult to detect the resonant frequency
due to graphene in our resonators. One of the reasons of not getting the results we expect
could be due to our graphene membranes being partially suspended. For this we need to
reflect more on the process of suspension of graphene membarne. In order to analyze the
process of suspension of graphene membranes, a cause analysis has been done which has
been presented in the next chapter.



Chapter 7

Analysis of cause of collapse of graphene
membranes

In this chapter, the cause of collapse of the graphene membranes is investigated. There are
three main reasons to do this analysis. One is that it will shed light on the process of formation
of suspended graphene membranes. Second is that it will help to optimize the parameters
related to suspending graphene membranes on different substrates. Third it will address the
problem of suspending graphene membranes on the smallest gap sizes possible i.e. it will
help in the miniaturization of the gap sizes.

7.1 Cause Analysis

As discussed in the chapter 4, the graphene membranes were found to be collapsed after
release. In order to find out the cause of collapse of these graphene membranes, the process
parameters used to fabricate these wafers and the fabrication process parameters used in [73]
were compared. The differences between both these process parameters have been tabulated
in table 7.1.

The mentioned differences in table 7.1 could affect the suspension of the membranes in
following ways. Different oxide thickness could have a different residual stress which could
also affect the suspension. Since oxide is a thermal insulator, there can be a temperature
gradient in the device during the high temperature graphene growth process, the etching of
molybdenum or the deposition of metal molybdenum.

As far as the etching recipe is concerned, different types of gases and parameters are used
for different etching recipes. This could influence the sidewall etching of molybdenum which
could affect the graphene growth at the sidewalls and in turn its suspension.

The resist thickness and different exposure energy values could affect the sidewall of
molybdenum . Keeping molybdenum at the edges ring of the wafer leads to stress in the
wafer [73]. This could shift the alignment marker position which could cause misalignment
between the molybdenum and the gold layer. Furthermore, the stress could affect the stress
in the graphene layer. In our case, we remove molybdenum from the edges of the wafer, in
order to reduce stress. Whether this difference could affect the suspension of the membrane
needs to be inspected. Graphene growth recipe is a crucial step in the suspension of the
membrane. Since the deposition time and temperature is different for both the graphene
growth recipes mentioned in table 7.1 , it could affect the thickness of graphene membrane
and its morphology. The last difference in which TiN (titanium nitride) is deposited on the
backside of the wafer, could cause some stress in the wafer. Stress in the device could play a
very important role in the suspension of the membrane.

87
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Table 7.1: Differences in fabrication processes parameters of suspended graphene membranes

Differences Fabrication
process
parameters
used in [73]

Fabrication
process
parameters
used in this
work

1 Oxide thickness
and recipe

90 nm (dry
oxidation)

1000 nm (wet
oxidation)

2 Mo etching
technique

Mo _50 Mo _test2

3 Resist thickness
and exposure
energy

1.4 µm and 140
mJ/cm2

2.1 µm and 240
mJ/cm2

4 Mo removal at
the edges of the
wafer

No Yes

5 Graphene
growth recipe

5 min( 950 °
Celsius )

40 min ( 915 °
Celsius )

6 Gold mask and
TiN deposition
on backside of
wafer

Manual
coating and
development,
No TiN
deposition

Automatic
coating and
development
using EVG120,
TiN deposition

For complete investigation, six wafers were fabricated using the same fabrication process
flow used in [73] with only one parameter changing in each of them. These changing
parameters are from the fabrication process flow used in this work. For example, wafer 1 was
fabricated using the same process parameters used in [73] except for the oxide thickness.
Instead of 90 nm dry oxide, a 900 nm of wet oxide was grown on this wafer. Similarly, one
parameter was changed in all the other five wafers as given in table 7.2. For this analysis,
graphene resonators with 100 nm gap size were fabricated on all the six wafers. 100 nm gap
size was chosen, to analyze the miniaturization aspect as it is expected that realizing a thin
gap is more difficult than a thick gap.

Table 7.2: Analysis of cause of collapse of membranes

Wafer Changed parameter Value Suspended
1 Oxide Thickness 900 nm ×

2 Mo etching technique Mo _test2 ×

3 Resist thickness and
exposure energy

2.1 µm
and 240
mJ/cm2

✓

4 Mo removal at the edges of
the wafer

Yes ✓

5 Graphene growth recipe 40 min ✓

6 Coating and development
using wafertrack EVG120
(TiN deposition at the
backside)

Automatic ✓
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The AFM and SEM images ( See figure 7.1) of the samples clearly show that graphene
membranes in wafer 1 and 2 are totally flat and lying on the oxide. The differences in height
of 20 to 30 nm obseved for these samples in the AFM images are due to the differences in
the oxide thicknesses as described in chapter 4 section 4.1. On the other hand, graphene
membranes of the other four wafers (See figures 7.2 and 7.3) showed rough crumpled like
structure with a height difference of around 150 nm above the oxide. These differences can
shed light on process or mechanism of suspension

(a) Wafer 1 (b) Cross section across wafer 1 membrane

(c) Wafer 2 (d) Cross section across wafer 2 membrane

(e) Wafer 1 (f) Wafer 2

Figure 7.1: AFM and SEM images of cause analysis wafer 1 and wafer 2
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(a) Wafer 3 (b) Cross section across wafer 3 membrane

(c) Wafer 4 (d) Cross section across wafer wafer 4 membrane

(e) Wafer 3 (f) Wafer 4

Figure 7.2: AFM and SEM images of cause analysis wafer 3 and wafer 5
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(a) Wafer 5 (b) wafer 6

Figure 7.3: SEM images of cause analysis wafer 5 and wafer 6

Another wafer was prepared with repeated TiN deposition at the backside. Around 500
to 600nm of TiN was deposited at the backside of this wafer. The graphene membranes in
this wafer were also supended showing that even such a thick layer of TiN at the backside of
the wafer does not affect the suspension of the membrane. Since all the parameters in the
fabrication process of the 6 wafers were the same except one changing parameter in each
of them, it became clear that that oxide thickness of 1000 nm wet oxide and molybdenum
etching recipe Motest2 were responsible for the collapse of the graphene membranes in the
earlier fabricated batch. Before going into a detailed analysis on each of these two causes,
some important observations have been described in the next section.

7.2 Important Observations

The dies of all the six wafers fabricated for cause analysis, were investigated before release of
the graphene membranes i.e. before the molybdenum was etched with peroxide. Interestingly,
they also showed some peculiar differences. As can be seen from figure 7.4, on observing
these samples under the microscope, some black dot type structures were observed for all the
wafers except wafer 1 and wafer 2. Even SEM images of the samples before release (figure
7.5) show no roughneing and patches in garphene membrane for wafer 1 and wafer 2 unlike
other wafers.
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(a) wafer 1 (b) Wafer 2

(c) Wafer 3
(d) Wafer 4

(e) Wafer 5
(f) Wafer 6

Figure 7.4: Microscope images of cause analysis wafers before release
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(a) wafer 1 (b) Wafer 2

(c) Wafer 4 (d) Wafer 6

Figure 7.5: SEM images of cause analysis wafers before release

For greater clarity, AFM was performed on the samples before release. The AFM images
show balloon like structures deforming from graphene membrane. For wafer 4 (see figure
7.6), in which molybdenum ring was removed from the edge of the wafer, bubble like
structures of much greater heights were found. As shown in image 7.7, for wafer 5 , these
balloon or bubble like structures were of around 90nm height. Interestngly, no such structure
were observed for wafer 2 (See figure 7.8). These differences lead us to believe that suspension
of a device can be investigated even before etching of the molybdenum and the release steps.
When EDX measurements were performed, we observed significant higher oxygen content in
the graphene bubble area than the the other area of the graphene membrane. To investigate
the relation between these huge graphene bubbles on the samples before release and the
suspension of the graphene membrane, first some past research work on the observation of
these graphene bubbles was done and will be presented in the next section.
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(a) Wafer 4 : Bar structure (b) Wafer 4 : 3D Structure

(c) Graphene bubble (d) Cross section across the bubble

Figure 7.6: AFM image analysis on wafer 4 before release

(a) Wafer 5 : Bubble (b) Wafer 5 : Cross section

Figure 7.7: AFM image analysis on wafer 5 before release
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(a) Wafer 2 : Bar structure (b) Wafer 2 : 3D Structure

(c) Zoomed in image of the bar strcture (d) Cross section

Figure 7.8: AFM image analysis on wafer 2 before release

7.3 Graphene Bubbles

When graphene is placed on a flat surface like graphite and MoS2, large number of bubbles
appear in the exfoliated graphene [126]. These structure reach equilibrium when annealed.
The observed bubbles are of different shapes such as circular, pyramidal and triangular [126].
According to E Khestanoval et al. this happens due to the contaminant (hydrocarbons, water
etc.) trapped inbetween the graphene layer and the underneath substrate. In order to make
the area contamination free, graphene membrane squeezes out the contaminant (adsorbed
water or hydrocarbons) and uplifts the graphene into bubble like shape. The figure 7.9 shows
the schematic of a graphene bubble [126].

Equation 7.1 shows relation between the Van der Waals energy (Ev) and the adhesion
energy (γ). In equation (7.2) γgs is the adhesion energy between graphene and the substrate,
γgb is the adhesion energy between graphene and substance inside the bubble and γbs is
the adhesion energy between the substance in the bubble and the substrate. Competition
between Van der Waals energy and the elastic energy determines the value of hmax

R , called as
the aspect ratio of bubble . This aspect ratio is independent of the properties of the substance
captured within and depends on the strain in the graphene membrane [126].

Ev = πγR
2 (7.1)
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H

Figure 7.9: Schematic of graphene bubble [126]

γ = γgs − γgb − γbs (7.2)

E. Khestanova et al. in their research have shown that in the presence of tensile strain
these graphene bubbles become shorter. On the other hand, in the presence of compressive
strain, the aspect ratio of these graphene bubbles i.e. hmax

R becomes bigger.
Research in the past has shown the presence of graphene bubbles on silicon sioxide when

it is attacked by HF/H2O or by bombardment of energy protons [127]. It has been shown that
these graphene bubbles formation in both cases is due to gases (released from silicon dioxide)
trapped undeneath the graphene sheet [127]. The work done to expand the gas inside the
bubble is equal to the work done to detach a part of the graphene from silicon dioxide
substrate in the form of a bubble. On equating the forces between these two pressures,
the pressure inside the graphene bubble can be calculated using equation 7.3. Here, p is the
pressure inside the bubble, σ is the Van der Waals energy interaction between graphene and
silicon dioxide per unit area, φ is the slope of the graphene sheet at the edge of the bubble,

p =
2σ

asinφ
(7.3)

In equation 7.4, a is the radius of the bubble and h is the height of the bubble.

sinφ =
2ah

a2 + h2
(7.4)

This relation shows that smaller bubbles have higher pressure. When smaller bubble is
connected to a larger bubble, gas will flow from the smaller bubble to larger graphene bubble.
This phenomenon, according to Stolyarova et al., occurs during annealing of the graphene
sample and leads to coalescence of graphene bubbles. For the above given relations the
graphene sheet and the susbstrate surface is considered to be flat which is not true in our
case. Corrugations or roughness of the susbstrate on which graphene is growing facilitates
in the formation of graphene bubbles [127]. These graphene bubbles have been observed to
grow in the depression regions of the substrate surface.

Another important observation is the release of SiF4 and H2O , when silicon dioxide is
attacked by HF and water. According to Stolyarova et al., these gaseous products get filled
inside the graphene bubbles after etching of the complete oxide layer. These bubbles are
formed due to high pressure of the gas which gets stabilized due to the Van der Waals
interaction between graphene and the oxide.
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In order to investigate the bubble like structures obseved on our samples and whether
or not they have any relation with suspension of the devices, stress measurements were
performed. These measurements have been described in the next section.

7.4 Stress measurements

Broadly, the stresses in thin films can be classified as extrinsic and intrinsic stresses. The
extrinsic stress is stress that is induced in a thin film due to external factors such as thermal
mismatch between the substrate and the thin film. If the thermal expansion coefficient of the
substrate is different from the thermal expansion coefficient of the thin film and the thin fin
film is deposited at high temperature on the substrate and then cooled to room temperature,
then stress and strain will develop in thin film. Extrinsic stresses are generally uniform and
so the measurement will give the average stress in the thin film.

Thermal stress develops in thin films due to difference in thermal expansion coefficient
between the the membrane and the substrate. If the film initially shrinks in comparison to
the substrate , tensile stress develop in the film and compressive stress in the substrate.
For the structure to be in equilibrium, the force and the bending moments at the cross
section of the device should vanish [128]. Hence, the thin film bends the substrate structure
upwards to counteract the uncompensated bending moments [128]. Similarly thin films
with compressive stress will bend the substrate downwards. These two cases have been
schematically represented in 7.10.

The intrinsic stress occurs due to internal factors such as deposition conditions, doping,
impurities etc. This stress is not uniform through the depth of the film and so a stress gradient
occurs between the top and bottom of the thin film.

Figure 7.10: Tensile and compressive stress due to mismatch in thermal expansion
coefficients[128]

Thin films on a thick substrate have residual stress because of which they expand or
contact and bend the substrate. In order to measure this residual stress, the method used
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is stoney’s equation: Using stoney’s equation the residual stress in a membrane can be
calculated by measuring the bending in the curvature due to expansion/contraction of the
thin film on the substrate. However, this calculated stress is the average stress in the thin
film. That means that this stress would be present in the centre of the thin film.

The stoneys’ formula is given by the equation 7.5 . Here, σf is the stress in the film, ds is the
thickness of the substrate, df is thickness of the film, Rpre is the radius of curvature measured
before the deposition of the film and Rpost is the radius of curvature after the deposition of
the film.

σf =
Esds

2

6(1 − νs)

1

df
(

1

Rpost
−

1

Rpre
) (7.5)

This equation can also be applied to a stack of thin layers on top of the substrate as far as
the total thickness of these thin films is much less than the thickness of the substrate. As the
bending moments of each of the thin film can be added together, the residual stress of each
layer contributes to the partial bending of the substrate.

The stress measurements in our case were performed using stress machine which uses
laser scanner to measure the radius of curvature before the depsoition of the film and after the
depostion of the film. Table 7.3 shows the stress measurements for molybdenum. Molybdenum
used in our case has a very large tensile stress. Table 7.4 gives stress measurements of wafers
with no oxide on the backside of the wafer. The stress measurement values given in the table
are the stress values in the combined layer and not individual layers. For example stress of
-87 MPa is the average stress in the entire heterostructure containing graphene, molybdenum
and oxide. It can be seen that all the oxides initially have compressive stress. Some of these
values are similar to the ones obtained [129]. After molybdenum deposition, which has a
high tensile stress in our case, they all become more tensile. After graphene growth the
average stress in the stack of thin films becomes more tensile.

Table 7.3: Stress measurements for molybdenum

Metal Thickness(nm) Stress(MPa)
Molybdenum 100 1093
Molybdenum 200 1264

However, we realized that these measurements are not close to our original scenario since
the collapsing membranes (see chapter 4) had oxide on both sides of the wafer. Hence, we
performed the measurements again. This time we took the initial reference measurement
with the wafer with oxide on both sides of the wafer. The results have been presented in
table 7.5. It can be seen that unlike the previous measurements, this time both the wafers
become less tensile during graphene growth. This shows that the oxide at the backside of the
wafer makes the average stress in the wafer more compressive after graphene growth. After
molybdenum removal, the average stress becomes much more compressive for dry oxide
wafers than wet oxide wafers. This proves that graphene membrane on wafer 6 is much
more compressivelly strained than on wafer 7.
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Table 7.4: Stress measurements with backside oxide etched

Wafer Oxide Thickness of
oxide (nm)

After Oxide
deposition
(MPa)

After 100nm
Molybdenum
deposition
(MPa)

After Graphene
(8nm) growth
(MPa)

1 Dry Oxide 306 -530 -105 -87
2 Wet Oxide 987 -290 -157 -40
3 PECVD

Oxide
106 -150 397 445

4 Dry Oxide 89 -361 416 521
5 Wet Oxide 115 -271 283 412

Table 7.5: Stress measurements of wafers with oxide on both sides of wafer

Wafer Oxide After 100nm
Molybdenum
deposition
(MPa)

After Graphene
(8nm) growth
(MPa)

After
Molybdenum
removal (MPa)

6 Dry
Oxide(92nm)

1319 892 -1759

7 Wet
Oxide(1006nm)

1281 966 -688

7.5 Possible explanations for collapsing graphene membranes

From the discussions in the previous sections, the following hyopothesis can be formed
regarding the collapse of the graphene membranes.

7.5.1 Oxide thickness

●⋅ Hypothesis 1 Graphene bubbles theory + stress results

From the stress measurements, one of the most probable explanation of collapse of
graphene membrane seems to be due the stress or elastic energy in the membrane. As
discussed in section 7.3, graphene bubbles become larger for compressive strain and
smaller for tensile strain. It can be seen from the stress measurements table 7.5 that
after catalyst molybdenum removal, wafer with 90nm dry oxide becomes much more
compressive than wafer with wet oxide. Since, graphene is in much more compressive
strain when on dry oxide as compared to wet oxide, one possible explanation is that the
bubbles become larger for dry oxide but not for wet oxide.

The presence of graphene bubbles on dry oxide wafers before release and not on wet
oxide wafers also supports the bubble theory. These graphene bubbles, obseved on
molybdenum are expected to facilitate in the the formation of more bubbles when
molybdenum is removed. This could be understood using the graphene bubble model
shown in figure 7.9. A larger bubble implies less Van der Waals energy between graphene
and the substrate, as compared to when graphene is lying on the substrate. When this
molybdenum is removed during peroxide etching,the adhesion energy is not enough
to pull the graphene membrane towards it due to these bubbles formation that have
decreased the adhesion energy.
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●⋅ Hypothesis 2 Conceptual analysis using residual stress in oxide

After molybdenum removal, the stress in the wafer is mainly due to oxide. For our case,
the graphene membranes were fabricated on wafers with oxide on both sides. Hence,
to get close to the real situation, it is important to include the stress due to oxide at
the backside of the wafer also. If a wafer is grown with similar layer thickness on both
sides of wafer, ideally the average stress in the wafer due to both layers should be zero.
However, that is not what we observe for dry oxidation. We tested three wafers of
similar thicknesses before and after oxide growth. For 1000 nm wet oxides, the stress
in all the three wafers tested comes out to be very low (around 2MPa). However for
90 nm dry oxidation wafers, all the three wafers show compressive stress ranging from
-33 MPa to -431MPa. This means that wafers with dry oxide are compressive whereas
the average stress in wafers with wet oxide is almost zero. This again substantiates
hypothesis 1 (compressive strain and bubble theory).

7.5.2 Molybdenum etching recipe

In order to understand this cause, the differences between both the etching recipes was
investigated. The Mo50 recipe uses HBr and chlorine whereas the Motest2 recipe uses
chlorine and oxygen.

●⋅ Hypothesis 1 The Sidewalls

(a) Mo50 recipe (b) Mo50 recipe

(c) Motest2 recipe (d) Motest2 recipe

Figure 7.11: SEM images of patterned and etched molybdenum
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(a) Mo50 recipe (b) Motest2 recipe

Figure 7.12: SEM images after graphene growth

As can be seen from the image 7.11 , using the Motest2 recipe , there is no photoresist
remaining at the edges of the molybdenum after patterning and etching of the unmasked
molybdenum. This is possibly due to oxygen present in Motest2 recipe attacking the
photoresist. Since at the edges, the photoresist is attacked both laterally and from
top side, it is removed from the edges of all the structure using Motest2 recipe. The
implication of this could be that at the edges molybdenum has been oxidized due to the
presence of oxygen. This also means that graphene grown at the edges would not be
similar to the graphene grown on the remaining part of the structure which can be seen
from the image 7.12. Graphene layer seems to be stretched and forming bubbles at the
edges of the wafer. The sidewall morphology of molybdenum and the strange growth
of graphene at the sidewalls for structures using Motest2 etching recipe are responsible
for its collapse.

●⋅ Hypothesis 2 Graphene bubbles

No graphene bubbles were observed on wafer using Motest2 recipe before release
(See figure 7.8). Because there are no bubbles present to reduce the adhesion energy
between the graphene film and silicon dioxide after molybedenum removal, the membrane
collapses after release.

7.6 Analysis

We have seen from the stress measurements that 200 nm molybdenum has more tensile
stress than 100 nm molybdenum. When graphene is grown on 200 nm molybdenum and
after molybdenum is removed, we expect it to be more compressively strained than the 100
nm gap size. This is because a larger tensile stress removal from the the device should make
it more compressively strained as compared to removal of a lower tensile stress.

Another interesting observation from the images (See figures 7.13 (a) and (b)) is that
graphene grows dome like on compressively strained molybdenum i.e. graphene membrane
that is likely to be suspended is in compressive strain in both vertical and horizontal directions.
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(a) Domelike structure in 200 nm graphene sample
before release (b) Crosssection of 200 nm sample

(c) Structure on wet oxide with backside oxide
etched (d) Crosssection across bubble

(e) Sample without gold anchors (f) Cross section across line

Figure 7.13: AFM image analysis

We know from the previous results that graphene membranes on die with 1000 nm of
oxide on both sides of wafer were not suspended. To test the influence of the backside oxide,
we took another die from the same wafer on which steps till gold deposition were completed.
Then we removed oxide from the backside of the wafer using BHF and performed the release
steps. Interestingly, this time we found bubble like structures appearing in the centre of the
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graphene membrane (See figures 7.13 (c) and (d)). This indicates two important points. The
oxide on the backside of 1000 nm wet oxide wafer should be etched before graphene growth
itself, to see if the graphene membrane is completely suspended or not. Secondly, we know
from stress measurements that on removal of oxide from backside of wafer, the stress in the
wafer becomes more compressive. So, compressive stress is facilitating in the suspension
process.

A die with 200 nm gap size was released without gold contacts. Its cross sectional profile
looks similar to the suspended graphene membranes with gold contacts (See figures 7.13 (e)
and (f)). This shows that gold contacts are not necessary to suspend graphene membranes.
Since the graphene membrane cannot be floating by itself in air, it is either touching the
substrate at edges and/or more places. This indicates that it is not completely suspended. We
expect our other graphene samples to be suspending by the same mechanism indicating that
most of our graphene membranes are partially suspended.

7.7 Cause analysis: types of oxide

We know that if around 1000 nm of wet oxide is used in the process then the membranes
collapse but if 90nm dry oxide is used then they are suspended. However, some questions still
need to be answered.What is the maximum and and minimum thickness of oxide that could
be used to suspend the graphene membranes? Along with thickness does the difference in
recipes between wet and dry oxidation also impact the suspension of graphene membranes?

In order to to analyse these aspects, another batch of wafers was fabricated to find out if
the membranes were suspended or not. For the first batch of wafers, 300 nm and 112 nm of
wet oxide wafer were found to be collapsed. In the second batch of wafers 90 nm dry oxide
was kept for reference along with PECVD oxide and wet oxide wafers.This time all the wafers
were found to be suspended. This difference in results for the same thickness of wet oxide is
intriguing.

Table 7.6: Types of oxide: Cause analysis:first batch

Wafer Oxide Thickness of
oxide (nm)

Partially
Suspended

8 Dry Oxide 300 ×

9 Wet Oxide 112 ×

Table 7.7: Types of oxide: Cause analysis:secind batch

Wafer Oxide Thickness of
oxide (nm)

Partially
Suspended

10 Dry Oxide 87 ✓

11 Wet Oxide 109 ✓

12 PECVD Oxide 100 ✓
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7.8 Case study

We know from the stress measurements that molybdenum has a very high tensile stress and
so is not a very good option to be used as the buried metal since it will make the stress in
the wafer more tensile. Tensile stress leads to tensile strain in the graphene membrane which
does not facilitate graphene bubbles to form. Such type of analysis becomes more complex
for the actuator model as more number of layers are involved in it. In order to analyze
why graphene membrane suspends on some metals and not on others, stress measurements
were performed on the other conductors that were used as buried electrodes. These stress
measurements are presented in table 7.8. For polysilicon, the stress result is for 99 nm of
polysilicon deposited on both sides of the wafer.

Table 7.8: Stress measurements for buried metals

Buried Metal Thickness(nm) Stress(MPa)
Neobium 100 -329

Titanium
+ Titanium
Nitride

10 + 100 -353

Molybdenum +

titanium nitride
100 + 50 840

Polysilicon 99 16

As can be seen from table 7.8, unlike molybdenum, niobium and titanium nitride +

titanium, have compressive stress. The values are comparable. Since, all the parameers
used for graphene resonator with niobium electrode and graphene resonator with titanium
nitride + titanium are similar, graphene membrane’s suspension on only one of these metals
is intriguing. To analyze this aspect, stress measurements were performed for both these
metals. The results of these stress measurements are given in table 7.9. The initial reference
measurements were done with 90 nm dry oxide on both sides of wafer. Clear differences
are seen between wafer 13 and wafer 14 till molybdenum deposition i.e. TiN is tensile
whereas Nb is compressive. However, not much difference in the stress values have been
found between the two wafers after graphene growth and removal of molybdenum. The
possible cause of collapse of membrane in this case needs further research.

Table 7.9: Stress measurements : case study

Wafer Metal After
metal
deposition

After
100nm
PECVD
Oxide
deposition
(MPa)

After
100nm
molybdenum
deposition
(MPa)

After
Graphene
(8nm)
growth
(MPa)

After
etching of
molybdenum
(MPa)

13 TiN + Ti
(110nm)

-249 211 585 724.92 473

14 Nb
(100nm)

-269 -777 -73 668 414
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7.9 Summary

From cause analysis we know that a thick wet oxide of 1000 nm and the Motest 2 recipe using
chlorine-oxygen chemistry to etch molybdenum are responsible for causing the graphene
membranes to collapse.

Bubble like structures were observed on only graphene samples which were going to
suspended after release. On doing EDX measurements, we found that these bubble structures
have significant more oxygen content than the other areas of graphene membranes. The
stress measurements show wafer with dry oxide to be much more compressively strained than
wafer with 1000 nm wet oxide after molybdenum removal. According to us, compressive
strain is facilitating the bubbles to become bigger, thereby reducing the adhesion energy
between the graphene membrane and the substrate and helping it to suspend.

For the Motest2 etched wafers, it was found that oxygen attacked the edges of photoresist
from all sides of the structure, leaving a thin strip of molybdenum at the edges without
photoresist. It was found that after graphene growth this strip of molybdenum influenced
graphene growth causing graphene to grow much longer at the edges and forming big bubbles
at the edges.

That wafer with 1000 nm of wet oxide which had shown collapsed membranes in the past,
was released with the backside oxide etched. We obseved some part of the central graphene
membrane forming bubble like structures. There is a possibility of gas (released from oxide
during etching of molybdenum) being trapped under it since it is sealed from all sides.

Structures with 200 nm gap size were released without gold anchors. Their AFM cross
sectional profile looked similar to the ones with gold anchors. They also showed roughening.
This shows that gold contacts are not necessary to suspend graphene membranes. Since the
graphene membrane cannot be floating by itself in air, it is either touching the substrate at
edges and/or more places. This indicates that it is not completely suspended. We expect our
other graphene samples to be suspending by the same mechanism indicating that most of our
graphene membranes are partially suspended.

The deposited molybdenum in our case has a very high tensile stress and so it is not
useful as a buried metal because it will make the average stress in the the stack of thin films
more tensile. We know from our previous measurements that compressive stress facilitates in
suspending graphene membranes. However, its usage as a catalyst should not be a problem as
it is removed after graphene growth thereby making the average stress in the thin layer stack
much less tensile or more compressive depending on the stack of layers. No clear conclusion
could be drawn regarding why graphene membranes on niobium are likely suspended but
completely collapsed on TiN + Ti .



Chapter 8

Conclusion

The first goal of the project was to study the effect of size and shape of the graphene
membrane on its suspension. To investigate this aspect, we fabricated graphene membranes
of various shapes and sizes using wafer scale transfer free approach where the gap size is
defined by the thickness of the molybdenum. We found that more number of graphene
membranes with 200 nm gap size were suspended than 100 nm gap size graphene membranes.
Also, larger areas of graphene membranes with the 200 nm gap size were suspended as
compared to graphene membrane with 100 nm gap size. We did not observe any effect
of the geometry of the membrane on its suspension. Finally, we also found that suspended
graphene membranes was more crumpled and corrugated as compared to collapsed graphene
membranes.

The second goal of the project was to fabricate suspended graphene membranes on an
actuation electrode. It was found that the graphene membranes were partially suspended
on p doped polysilicon and niobium electrodes and fully collapsed on molybdenum, titanium
nitride + molybdenum or titanium nitride + titanium electrodes. On investigating the stress
of these layers, it was found that p type doped polysilicon used had a very low stress and the
molybdenum deposited in our case has a very high tensile stress. Stresses in niobium and
titanium nitride + titanium electrode were found to be almost comparable. Some arguments
have been given as to why graphene suspended on niobium electrode but not on titanium
nitride + titanium electrode in chapter 7 but the exact reason for suspension is not know as
of now and should be further investigated.

In order to investigate the dynamical properties of suspended graphene membranes,
measurements using laser interferometry setup were performed in chapter 6. From the
experiments and Comsol simulations, we found that the fundamental mode being detected
was of the suspended gold and not the graphene. DC tuning and non linearity experiments
indicated the presence of a graphene mode however since spring hardening of the suspected
graphene frequency was only observed in non linearity experiment and graphene membrane
was only partially suspended, more research needs to be done to show the presence of a
resonant frequency due to graphene motion.

Besides measurements on the mechanical resonance, electrical resistance measurements
were performed. We found that the 200 nm gap size graphene membranes have a higher
contact resistances than the 100 nm gap size membranes. The resistance between the graphene
membrane and the niobium electrode came out to be 0.65 Ω showing that it acted like a
resistaor. The resistance between the graphene membrane and the polysilicon electrode was
found to be 44.95 kΩ , indicating that the capacitor was very leaky. Improvements need to
be made in the fabrication process of these actuators.

The next goal was to investigate how the process parameters influence the suspension
of the graphene membrane . On changing one parameter in each wafer, we found that the
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graphene on the wafer with 1000 nm wet oxide and the wafer which used chlorine-oxygen
gases to etch molybdenum (Motest2 recipe) was collapsed. This indicates that the thickness
of oxide and the etching recipe are responsible for the collapse of the graphene membranes.
This led us to conclude that the process of suspension of the graphene membrane is sensitive
to process parameters such as the oxide thickness and etching recipe.

On further investigating the collapse of membrane, we found the presence of bubble
like structures on graphene samples which formed suspended membranes after release. Such
structures were not found for collapsed graphene membrane samples before the release. After
performing EDX analysis of the graphene membrane, we found significantly more oxygen
content in the bubble area than the rest of the graphene area. The exact composition of these
bubbles and the cause of their formation is unknown as for now. Some hypothesis related to
these bubbles formation has been presented in chapter 7. According to us, the appearance of
graphene bubbles could be facilitating the process of suspension or indicating that graphene
membrane would be eventually suspended. However, whether a clear relation exists between
appearance of the graphene bubbles on samples before release and its suspension, needs
further investigation.

Beside the bubble we found that the stress value after removal of molybdenum from 90
nm dry oxide wafer is much more compressive than 1000 nm wet oxide wafer. This led us to
conclude that the suspended graphene membranes are more compressivelly strained than the
collapsed membranes. It was found that a graphene membrane of 200 nm gap size without
gold contacts is also partially suspended. This shows that support from gold anchors is not
necessary for the suspension of graphene membrane.

Most of our graphene membranes are only partially suspended. Suspension of the complete
membrane is crucial for fabricating graphene based resonators. More research needs to be
done in order to completely understand the process of suspension of the graphene membrane.
This can then help define process flows and optimize process parameters to fully suspend
graphene membranes in large areas which can eventually be used as resonators and sensors.
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Future Work
1. We already measured stress in the thin films using wafer curvature measurements.

Another way of measuring stress could be by using structures. During my thesis work,
I had tried to measure the stress in structure of dry oxide but the stress gradient in the
beams was so high that they formed a ring instead. So, I would like to suggest this
for future work. If we use structures instead of full layer to analyze stress, we could
observe , we could observe the stress induced in it due to heating or cooling. We would
also have better idea of strain gradient then.

2. The observed bubbles in the this work definitely need to be analyzed more. Infact
the suspension of the graphene membrane needs to be further investigated. Various
tests can be performed for this. For example after relaese, the oxide can be etched from
underneath the wafers and then EDX measurement can be used to analyze the graphene
membrane. This way we would know how silicon dioxide is affecting the suspension
of the membrane. Also an EDX done on the graphene membrane without etching the
oxide after release could solve various issues.

3. In order to get rid of the red laser of the optical setup, I would suggest doing transconductance
measurements on the graphene samples [10].
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If there are non-standard processing steps in a standard process: Write down the steps number, the 

material and machine that is used. 

 

Step number Material Machine/Tool 

30 Graphene Sigma 

   

   

   
  

One litho step has to be performed after the graphene growth on the waferstepper. For this manual 

coating and development on contaminated chucks will be used. During exposure the special contaminated 

wafer carrier will be used. 

 

 

 
 



STARTING MATERIAL 

 

 

 Use 15 single side polished process wafers, with the following specifications: 

 

 

 

 Type: p-type 

 

 Orientation: 1-0-0, 0 deg off orientation 

 

 Resistivity: 2-5 Ωcm 

 

 Thickness: 525 ± 15 µm 

 

 Diameter: 100.0 ± 0.2 mm 

 

 

 

Wafers taken out of an already opened box must be cleaned before processing, according to the standard procedure.  

Wafers taken out of an unopened wafer box do not have to be cleaned before processing. 

 

And use 2 double-sided polished high-resistance process wafers 

 

 

 Type: p-type 

 

 Orientation: 1-0-0, 0 deg off orientation 

 

 Resistivity: 1000-10000 Ωcm 

 

 Thickness: 500 ± 15 µm 

 

 Diameter: 100.0 ± 0.2 mm 

 

 



EC2125 

 

1. COATING AND BAKING 

 

Use the EVG 120 wafertrack to coat the wafers with resist, and follow the instructions specified for this equipment. 

The process consists of a treatment with HMDS (hexamethyldisilazane) vapor with nitrogen as a carrier gas, 

spin coating with Shipley SPR3012 positive photoresist, and a soft bake at 95degC for 90 seconds. 

Always check the temperature of the hotplate and the relative humidity (48 ± 2 %) in the room first. 

 

Use coating Co – Zero Layer (resist thickness: 1.400 µm). 

 

2. ALIGNMENT AND EXPOSURE 

 

Processing will be performed on the ASM PAS 5500/80 automatic waferstepper. 

 

Follow the operating instructions from the manual when using this machine. 

 

Use COMURK mask the correct litho job: 

Litho/10-10-comurk0.0 

And the correct exposure energy (120 mJ/cm2). 

 

3. DEVELOPMENT 
 

Use the EVG 120 wafertrack to develop the wafers, and follow the instructions specified for this equipment. 

The process consists of a post-exposure bake at 115 degC for 90 seconds, followed by a development step using 

Shipley MF322 developer (single puddle process), and a hard bake at 100 degC for 90 seconds. 

Always check the temperature of the hotplates first. 

 

Use development program Dev - SP 

 

4. INSPECTION: LINEWIDTH 

 

Visually inspect the wafers through a microscope, and check the linewidth. No resist residues are allowed. 

 

5. NUMBER WAFERS 

 

Number the wafers using the glass scriber. 

 

6. PLASMA ETCHING OF ALIGNMENT MARKS 

 

Use the Trikon mega 201 plasma etcher. 

Follow the operating instructions from the manual when using this machine. 

The process conditions of the etch program may not be changed ! 

 

Use sequence URK_NPD and set the platen temperature to 20 ºC to etch 1200 Å deep ASM URK's into the silicon. 

 

7. CLEANING PROCEDURE: TEPLA + HNO3 100% and 65% 

 

Plasma strip      Use the Tepla plasma system to remove the photoresist in an oxygen plasma. 

            Follow the instructions specified for the Tepla stripper, and use the quartz carrier. 

            Use program 1 

 

Cleaning 10 minutes in fuming nitric acid (Merck: HNO3 100% selectipur) at ambient temperature. 

 Use wet bench "HNO3 (100%)" and the carrier with the red dot. 

 

QDR Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5 M. 

 

Cleaning 10 minutes in concentrated nitric acid (Merck: HNO3 65% selectipur) at 110 °C. 

 Use wet bench "HNO3 (65%)" and the carrier with the red dot. 

 

QDR Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5 M. 

 

Drying Use the Semitool "rinser/dryer" with the standard program, and the white carrier with a red dot. 

 

 

 

 



8. OXIDATION 

Furnace no: C2 

 

Target thickness: 90 nm 

 

Program name: dryoxide  1hr 7min 30s 

  

PROCES

S 

TEMPERATUR

E 

(in oC) 

GASSES & 

FLOWS 

(in liter/min) 

TIME 

(in 

minutes) 

REMARKS 

boat in 800 nitrogen: 3.0 

oxygen:  0.3 

5  

stabilize 800 nitrogen: 3.0 

oxygen:   0.3 

10  

heat up +10 oC/min nitrogen: 3.0 

oxygen:  0.3 

30  

stabilize 1100 nitrogen: 3.0 

oxygen:        0.3 

10  

oxidation 1100 hydrogen:  2.25 

 oxygen:    3.85 

135  

cool down -5 oC/min nitrogen: 3.0 

 

100 wait for operator 

boat out 600 nitrogen: 3.0 

 

5  

 

NOTE:  The total process time can be slightly reduced in the "cool down" step: the "boat out" step can 

 be started after ± 60 minutes, when the actual temperature of the furnace will be about 800 oC. 

 

9. MEASUREMENT: OXIDE THICKNESS 

Use the Leitz MPV-SP measurement system to measure the oxide thickness: 

 Program: Th. SiO2 on Si, >50nm auto5pts 

 

 Oxide thickness: 90 nm 

 

10. Metal1 deposition @ Class 100, W2-W4 

 
 

For wafer 2 use recipe Nb_100nm (at 50C or 450C, input from Juan needed) 

 

11. Poly-Si deposition @ Class 100, W1Use the Tempress E3 furnace to deposit a 100 nm thick layer of  LPCVD Si. 

 

Use recipe LPOLYNEW 

 
12. BORON IMPLANTATION, W1 

 

Ion B+         
Energy 10.0 keV        
Dose 1.0 x 1015  (1.0E15)  ions/cm2       
Remarks The angle of implant is standard 7 deg.      
The flat side of the wafer must be turned 22 deg north east. 
 

13. CLEANING PROCEDURE, W1 
 

Plasma strip  Use the Tepla plasma system to remove the photoresist residues from the implanter in an oxygen 

plasma.    
 Follow the instructions specified for the Tepla stripper, and use the quartz carrier.    
 Use program 1: 1000 watts power   
Cleaning Use wetbench "HNO3 (100%) for metals" and the carrier with the red/yellow dot.     
 10 minutes in fuming nitric acid (Merck: HNO3 (100%), selectipur; ambient temperature).   
QDR Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5 M.     
Drying Use the Avenger "Rinser/dryer" with the standard program. Always use the carrier for metals (black dot) 

 



 
14. COATING AND BAKING, ALL WAFERS 

 

Use the EVG 120 wafertrack to coat the wafers with resist, and follow the instructions specified for this equipment. 

The process consists of a treatment with HMDS (hexamethyldisilazane) vapor with nitrogen as a carrier gas, 

spin coating with Shipley SPR3012 positive photoresist, and a soft bake at 95degC for 90 seconds. 

Always check the temperature of the hotplate and the relative humidity (48 ± 2 %) in the room first. 

 

Use coating Co – 3012 – 2,1 µm (resist thickness: 2.100 µm). 

 

15. ALIGNMENT AND EXPOSURE, ALL WAFERS 

 

Processing will be performed on the ASM PAS 5500/80 automatic waferstepper. 

 

Follow the operating instructions from the manual when using this machine. 

 

Use EC2125 mask, layer MetalMo (layer 1) 

 

Energy = 340  mJ/cm2   focus = -1 
 

Also expose the edge: g10a1-edge(full), layer ID =2, and the exposure energy E = T mJ/cm
2
. The reason for this is 

that Mo at the edge will result in more sliplines during graphene growth, which will give exposure problems . 
 

16. DEVELOPMENT, ALL WAFERS 
 

Use the EVG 120 wafertrack to develop the wafers, and follow the instructions specified for this equipment. 

The process consists of a post-exposure bake at 115 degC for 90 seconds, followed by a development step using 

Shipley MF322 developer (single puddle process), and a hard bake at 100 degC for 90 seconds. 

Always check the temperature of the hotplates first. 

 

Use development program Dev - SP 

 

17. INSPECTION: LINEWIDTH, ALL WAFERS 

 

Visually inspect the wafers through a microscope, and check the linewidth. No resist residues are allowed. 

Use program StdOxide (8-10 nm/s) and change time to t=15 s. 

 
18. PLASMA ETCHING OF  Metal or Si 

 

Use the Trikon mega 201 plasma etcher. 

Follow the operating instructions from the manual when using this machine. 

The process conditions of the etch program may not be changed ! 

 

Use sequence see below and set the platen temperature to 25 ºC. Check the time is set for 100 nm. 

 

Perform a test on one wafer first and check for etching residues and SiO2 over-etch 

 

For  wafer 1 Use LEON_1, etch rate should be ~ 320 nm/min, so ~ 20-25 sec 

For wafer 2 Use  aloxetc for  12 sec 

 
 

19. Remove photoresist using TEPLA, all wafers  

 

Recipe 1 

 

 
20. CLEANING PROCEDURE, W1,  

   
Cleaning Use wetbench "HNO3 (100%) for metals" and the carrier with the red/yellow dot.     
 10 minutes in fuming nitric acid (Merck: HNO3 (100%), selectipur; ambient temperature).   
QDR Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5 M.     
Drying Use the Avenger "Rinser/dryer" with the standard program. Always use the carrier for metals (black dot) 

 

 



21. CLEANING PROCEDURE, W2 
 

Resist stripping In Aceton bath in etching line for 1 min   
Cleaning Use wetbench "HNO3 (100%) for metals" and the carrier with the red/yellow dot.     
 Max. 3 minutes in fuming nitric acid (Merck: HNO3 (100%), selectipur; ambient temperature).   
QDR Rinse in the Quick Dump Rinser with the standard program until the resistivity is 5 M.     
Drying Use the Avenger "Rinser/dryer" with the standard program. Always use the carrier for metals (black dot) 

 

 

 

22. DEPOSITION PECVD OXIDE  

Use the Novellus PECVD reactor to deposit 200/300nm thick TEOS based silicon oxide 

Follow the operating instructions from the manual when using this machine. 

 

Use xxnmSTDTEOS. Temp. 350 °C, check deposition time! 

 

100 nm  

Time: 3.3 sec 

 

 

 

 

23. Catalyst deposition @ Class 100 
Use the TRIKON SIGMA sputter coater for the deposition of the  catalyst metal Mo layer on the process wafers. 

Follow the operating instructions from the manual when using this machine. 

 

Wy-y: Mo: 100 nm, recipe Mo_100nm_50C for wafer 2,  

   Mo_200_50C for wafer1         

  

Visual inspection: the metal layer must look shiny. 

 

24.  COATING AND BAKING 

Processing will be performed on the EVG 120 wafertrack automatically: 

This includes a HMDS (hexa methyl disilazane) treatment with nitrogen carrier gas , the coating with 

AZ NLOF2020 resist (spin velocity 5600 rpm ; spin time 30 s) , and prebaking for 1,5 minute  at 95 °C. 

Follow the instructions specified for this equipment, and always check the temperature of the hotplate first. 

 

Use Coating Program “Co-3012-2,1um” (resist thickness: 2.100 µm at 48% RV). 

 

25. ALIGNMENT AND EXPOSURE 
Processing will be performed on the ASM PAS 5500/80 automatic waferstepper. 

Follow the operating instructions from the manual when using this machine. 

 

Use EC2125 graphene mask (image 2) 

 

Energy: 240,  Focus-1 

 

Also expose the edge: g10a1-edge(full), layer ID =2, and the exposure energy E = TBD mJ/cm
2
. The reason for this is 

that Mo at the edge will result in more sliplines during graphene growth, which will give exposure problems . 

 

26. DEVELOPMENT 
Use the EVG 120 wafertrack to develop the wafers, and follow the instructions specified for this equipment. 

The process consists of a post-exposure bake at 115 degC for 90 seconds, followed by a development step using 

Shipley MF322 developer (single puddle process), and a hard bake at 100 degC for 90 seconds. 

Always check the temperature of the hotplates first. 

 

Use development program Dev – SP 

 
27. PLASMA ETCHING OF MOLYBDENUM 



 

Use the Trikon mega 201 plasma etcher. 

Follow the operating instructions from the manual when using this machine. 

The process conditions of the etch program may not be changed ! 

 

Use sequence MO_50NM and set the platen temperature to 25 ºC.  

For wafer 4 min 30 s 

For Wafer 4 : 2min 20 s 

 

Perform a test on one wafer first and check for Mo etching residues and SiO2 over-etch. 

 

28. RESIST STRIPPING IN NMP @ SAL + Rinse 

 

As Mo cannot be cleaned using HNO3 (it etches) the resist will be stripped using NMP at 70 °C for 8 min. Use a q-tip to 

remove residues. Rinse in DI water for 5 min. Dry using dryer in SAL 

 

29. Graphene growth @ Class 10000 

 

Use the AIXTRON BlackMagic Pro to grow CNTs using LPCVD at 915°C. Use recipe: Mo_NEW_915C_40min 

 

Use graphene reactor interior (Cu contaminated)! 

 

USE WHITE BLISTER WITH Cu WRITTEN ON IT 

 

 

 

 

30. Titanium Nitride deposition @ BACKSIDE 
 

Use the TRIKON SIGMA sputter coater for the deposition of the capping metal TiN layer on the backside of the process 

wafers. 

Follow the operating instructions from the manual when using this machine. 

 

Recipe TiN_100nm_50C 

 

Use a dedicated carrier wafer! 

              

USE GREEN BLISTER 

 

31. COATING AND BAKING 

Processing will be performed on the EVG 120 wafertrack automatically: 

This includes a HMDS (hexa methyl disilazane) treatment with nitrogen carrier gas , the coating with 

SPR3012 resist (spin velocity 5600 rpm ; spin time 30 s) , and prebaking for 1,5 minute  at 95 °C. 

Follow the instructions specified for this equipment, and always check the temperature of the hotplate first. 

 

Use Coating Program “Co-3012-1,4um” (resist thickness: 1.400 µm at 48% RV). 

 

32. EXPOSURE 

 

Processing will be performed on the ASM PAS 5500/80 automatic waferstepper. 

Follow the operating instructions from the manual when using this machine. 

 

Use mask EC2125 CO1 (image 3), energy = 140 mJ/cm
2
 

 

33. DEVELOPMENT 

 

Use the EVG 120 wafertrack to develop the wafers, and follow the instructions specified for this equipment. 

The process consists of a post-exposure bake at 115 degC for 90 seconds, followed by a development step using 

Shipley MF322 developer (single puddle process), and a hard bake at 100 degC for 90 seconds. 

Always check the temperature of the hotplates first. 

 

Use development program Dev – SP 

 

34. WET ETCHINZG OF CO 



 

Use BHF(1:7) in SAL to etch (35 s)  through the PECVD oxide. 

 
35. RESIST STRIPPING IN NMP @ SAL 

 

As Mo cannot be cleaned using HNO3 (it etches) the resist will be stripped using NMP at 70 °C for 8 min. Use a q-tip to 

remove residues. 

 

 

36. COATING AND BAKING 

Processing will be performed on the EVG 120 wafertrack automatically: 

This includes a HMDS (hexa methyl disilazane) treatment with nitrogen carrier gas , the coating with 

AZ NLOF2020 resist (spin velocity 5600 rpm ; spin time 30 s) , and prebaking for 1,5 minute  at 95 °C. 

Follow the instructions specified for this equipment, and always check the temperature of the hotplate first. 

 

Use Coating Program “Co-2020-3 µm” (resist thickness: 3.000 µm at 48% RV). 

 

37. EXPOSURE 

 

Processing will be performed on the ASM PAS 5500/80 automatic waferstepper. 

Follow the operating instructions from the manual when using this machine. 

 

Use mask EC2125 MetalAu (image 4), energy = 55 mJ/cm
2
 

 

38. DEVELOPMENT 

 

Use the EVG 120 wafertrack to develop the wafers, and follow the instructions specified for this equipment. 

The process consists of a post-exposure bake at 115 degC for 90 seconds, followed by a development step using 

Shipley MF322 developer (single puddle process), and a hard bake at 100 degC for 90 seconds. 

Always check the temperature of the hotplates first. 

 

Dev-X Link  Bake Only 

Use development program Dev – Lift-Off 

 

39. Cr and Au EVOPORATION @ MEMS (by Sten) 

 

Use the Baltzers Cr/Au evaporator to deposited 10 nm Cr and 100 nm Au. For W1 perform a 4 min HF-dip etch 

in 0.55% HF just before loading to remove the native-oxide. 

 
 

USE WHITE BLISTER WITH Cu and Au WRITTEN ON IT 

 

40. Mo removal @ Kavli 

 

Etch the Mo by using H2O2 for 5 min 

 

41. CPD @ Kavli 

 

Put the samples directly from DI water in IPA, leave them for 10 min. Next, transfer to VLSI grade IPA and 

leave for another 5 min. Load the dies into the Leica CPD machine and use Program 1 (slow). 

 

Wafer 

Number 

Thermal Oxide Buried Metal PECVD Oxide Catalyst 

Molybdenum 

1 90nm Polysilicon (99nm) 100nm 200nm 

2 90nm Nb(100nm) 100nm 100nm 

 


	Abstract
	Acknowledgements
	Introduction
	Miniaturization of resonators
	Graphene
	Graphene growth
	Suspended graphene membranes
	Problem statement and research objectives
	Thesis outline
	Summary

	Graphene Resonators
	Resonant Frequency
	Tension and Bending stiffness
	Effect Of Temperature
	Non Linearity

	Actuation of mechanical motion of a resonator
	Magnetic actuation
	Electrostatic actuation
	Electrothermal actuation
	Comparison of actuation principles
	Squeeze Film effect

	Summary

	Design of the device
	Design of the graphene resonator
	Design of the electrostatically actuated graphene resonator
	Design of other structures
	Magnetic Actuators
	Wheatstone Bridge
	Gold Graphene Resonator

	Summary

	Fabrication of suspended graphene membranes
	Fabrication procedure
	Initial fabrication steps and Thermal Oxidation
	Molybdenum deposition
	Etching of Molybdenum
	Graphene growth
	Gold contacts
	Release of the membrane

	Fabricated batches of wafer
	Issues Faced While Fabrication
	Analysis of of the fabricated samples
	Structure of the suspended graphene membrane
	Graphene membrane under the microscope
	Analysis of graphene membranes using AFM and SEM

	Summary

	Fabrication of the actuator
	Fabrication procedure for buried molybdenum electrodes
	Fabrication procedure 1
	Patterning and etching of buried molybdenum metal
	Sheet resistance of buried molybdenum metal
	Fabrication procedure 2
	Fabrication procedure 3

	Fabrication of suspended graphene membranes with different types of electrodes
	Polysilicon
	Niobium and titanium nitride + titanium 

	Summary

	Measurements
	Dynamical characterization
	Resonant frequency measurements using laser interferometry setup
	Gold resonance
	Electrostatic actuation
	Non linearity in grahene membranes
	Optical measurements on graphene samples with localized electrode
	Discussion

	Electrical measurements
	I-V measurements
	Resistance measurements

	Summary

	Analysis of cause of collapse of graphene membranes
	Cause Analysis
	Important Observations
	Graphene Bubbles
	Stress measurements
	Possible explanations for collapsing graphene membranes
	Oxide thickness
	Molybdenum etching recipe

	Analysis
	Cause analysis: types of oxide
	Case study
	Summary

	Conclusion
	APPENDIX A


