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ABSTRACT

This master's thesis is focused on applications and fabrication of a graphene mem-
brane from graphene prepared by chemical vapor deposition. Theoretical part deals with
transport properties of graphene and multiple scattering processes limiting charge carrier
mobility in this material. Moreover, a short review of graphene membrane applications
is included. Experimental part provides a description of a process, which is used for
fabrication of a suspended graphene device. Electron beam lithography, focused ion
beam milling, chemical etching and patterning of graphene by oxygen plasma are uti-
lized. The graphene membranes are characterised by transport properties measurement
and compared with non-suspended graphene.

KEYWORDS

graphene, graphene membrane, chemical vapor deposition, CVD, electron beam lithog-
raphy, EBL, transport properties

ABSTRAKT

Tato diplomova praca je zamerana na aplikacie a vyrobu grafénovej membrany z grafénu
vyrobeného pomocov chemickej depozicie z plynnej faze. Teoretickd Cast sa zaobera
transportnymi vlastnostami grafénu a mnohonasobnymi rozptylovymi procesmi, ktoré
obmedzuji pohyblivost nosi¢ov naboja v tomto materiali. Dalej je zahrnuta kratka recen-
zia aplikacii grafénovych membran. Experimentalna Cast prezentuje vyrobny proces pre
dosiahnutie zaveseného grafenového zariadenia s vyuZzitim elektréonové litografie, fokuso-
vaného zvazku iénov, chemického leptania a tvarovania grafenovej vrstvy. Grafénova
membrana je charakterizovand meranim transportnych vlastnosti a tieto st nasledne
porovnané s grafénom polozenym na substrate.
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INTRODUCTION

Graphene is a two dimensional arrangement of carbon atoms in a honeycomb crys-
tal lattice. It was first discovered in 2004 by a research group in Manchester led
by A.Geim and K. Novoselov [I]. They have reported fabrication of atomically thin
layer of carbon atoms on a silicon oxide substrate by micromechanical cleavage of
graphite. Graphene quickly raised attention in scientific community for its out-
standing optical, electrical [2] and mechanical properties [3]. Importance of this
discovery was highlighted by awarding of the Nobel Prize in Physics to A. Geim and
K. Novoselov for “for groundbreaking experiments regarding the two-dimensional
material graphene” [4].

Graphene proved to be a suitable candidate for broad range of applications.
Specifically in electronics it is supposed to be a replacement for current silicon
based technologies, e.g. graphene field effect transistor was reported with 100 Ghz
operational frequency [5]. Another advantage is the ultimate thickness of graphene,
which allows for downscaling the device size. Carbon based material are also com-
mon and mostly inexpensive resource which could lead to long term and sustainable
utilization of graphene.

One of the main methods for characterisation of graphene quality is the charge
carrier mobility. The mobility of graphene on SiOs substrate is assumed to be
limited by extrinsic scattering by surface phonons to a value of 40000 cm?V~ts™!
[6]. Therefore, the substrate choice is important to fabricate high speed electron-
ics, with low charge scattering. Another possibility, how to remove the limitations
caused by the substrate, is to prepare a suspended graphene device shown in Fig/[l]
Similar devices prepared from exfoliated graphene were reported with mobility of
200000 cm?V s~ [7]. Only with a high carrier mobility guarantees the observa-
tion of extraordinary graphene properties, e.g., the symmetry-broken quantum Hall
effect, the integer quantum Hall effect (IQHE) or the Klein tunnelling.

Fig. 1: SEM image of graphene membrane prepared by etching of the substrate.
Graphene is supported by golden electrodes on the sides and the length of the

membrane is 2.8 pm.



The most promising graphene fabrication method for commercial applications
is a chemical vapor deposition (CVD). This method allows to prepare large scale
graphene layers with dimensions in tens of centimetres [§]. Compared to exfoliated
graphene, the CVD process results in polycrystalline graphene layer. Additionally,
crystal defects and chemical residues from fabrication process can aggravate elec-
tronic properties of graphene.

The aim of this thesis is to develop a process that enables the fabrication of
suspended CVD graphene devices. Removing the substrate should allow better
utilization of the intrinsic electronic properties of CVD graphene.

Description of graphene structure and its fundamental electronic properties are
detailed in the first chapter of this thesis. Since this work is focused on electronic
properties of graphene, second chapter is dedicated to description of charge carrier
mobility and scattering effects present in graphene layer. Third chapter describes
the applications of graphene membranes. This chapter includes description of some
mechanical properties of graphene, e.g., tensile strength and thermal expansion.
Additionally, it shows the diversity present in the current research of graphene.

Experimental part describes fabrication process of a graphene membrane sup-
ported by gold electrodes. In the last chapter, fabricated graphene membranes are

characterised by measurement of their transport properties.



1 GRAPHENE

1.1 Carbon

Carbon is often referred to as the basic element of life and belongs to the most
common elements on Earth. Large part of chemistry, organic chemistry, is dedicated
to study of carbon and hydrogen compounds and their derivatives. The number of
known carbon-based chemical compounds grows into millions. The special nature
of carbon chemical reactivity is given by its ability to reconfigure its valence shell

and to form long chained molecules [9].

1.1.1 Electronic structure

Electron configuration of carbon in its ground state is 1s%2s%2p?. Carbon in this
state has two valence electrons in the 2p orbital available for bonding. This divalent
form of carbon occurs in some transient-organic intermediates, e.g. carbenes, which
are highly reactive. However, carbon has usually tetravalent nature (forms four
chemical bonds), because of its hybridized electron orbitals. Several hybridizations
exist, labelled by electrons which are combined to form them: sp, sp? and sp®. In
diamond structures or simple methane, carbon possess tetrahedral symmetry and
creates four covalent o bonds, therefore has sp® hybridization. The basis of all
graphitic structures and aromatic compounds is the trigonal hybridization sp?. In

contrast to sp® form, only three electrons recombine and one 2p. orbital remains
unhybridized, often called free or delocalized orbital (Fig..

1.1.2 Graphitic compounds

Some of the carbon allotropes, for example diamond and graphite, are well known
and commonly used in industry or even in our everyday life. Despite the fact that
they are composed from the same carbon atoms, their properties differ significantly.
For instance, diamond is hard and optically transparent in visible spectrum. On
the contrary, graphite is opaque and soft enough to be used in pencils. As it was
mentioned in the previous section, this is caused by different hybridizations of carbon
electron orbitals, resulting in distinct atomic structure.

Low dimensional carbon structures have a great importance and they have been
studied extensively. One of the first carbon nanostructures, discovered in 1985,
was the fullerene molecule (Cgo: Kroto et al.[11]) and later in 1991, carbon nan-
otubes (lijima [12]). Arguably, the most significant was the discovery of graphene in
2004 [1]. Since then, the number of publications on this topic skyrocketed and also
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Fig. 1.1: Illustration of hybridization of carbon atom electron orbitals. Hybridized
state sp?, depicted in the upper row, results in tetrahedral symmetry of electron
orbitals (e.g. bonding in methane molecule). In the lower row, we illustrate forma-
tion of sp? hybridization, which combines three of carbon electrons and leaves one
unhybridized 2p, orbital. This allows formation of the second asymmetrical 7t- bond
as shown for ethylene. Adapted from [10].

prompted studies of similar 2D materials, e.g. hexagonal boron nitride or silicene.
Additionally, the new carbon allotropes were also discovered, e.g. graphane [13] (fully
hydrogenated form of graphene) or theoretically proposed penta-graphene [14]. All
of the mentioned low-dimensional forms of carbon, together with diamonoids and

graphane are depicted in Fig.[1.2]

This master thesis is mainly focused on two dimensional crystal structure of car-
bon, graphene, which is also illustrated in the Fig.[I.2] There are many descriptions
of the graphene layer that help us to visualize it, e.g. the honeycomb like hexagonal
structure, the single atomic layer of graphite or the unfold carbon nanotube. Carbon
atoms in the graphene layer are hybridized in sp? configuration and form covalent
0-bonds with each other. Strong o-bonds in the horizontal plane are responsible
for an extraordinary mechanical properties of graphene, which will be described in
section[3.1.1] The leftover 2p, electrons are forming a delocalized 7t(7*) - bond and
give rise to many of the graphene unique electron properties, discussed in detail in
reference [16].



0-d 1-d 2-d

fullerenes nanotubes Graphene

penta-graphene diamondoids Graphane

Fig. 1.2: Dimensionality and bonding geometry for different carbon allotropes:
fullerene (Cgp), nanotubes, graphene, diamondoid (admantane) and graphane. The
black and off-white spheres represent carbon and hydrogen, respectively. Penta-

graphene atomic configuration is isllustrated from top view and the square marked
by dashed lines denotes a unit cell. Adapted from [I5] and [14].

1.2 Band structure of graphene

Surprisingly, the graphene band structure was for the first time calculated by P.
Wallace in 1947 [I7]! In his article, he used graphene as a basic structure for calcu-
lating electronic properties of graphite, utilizing the tight binding model. Depicted
in the Fig.[I.3] is the band structure for graphene hexagonal Brillouin zone. The
valence band with lover energy (7-bond) and conduction band with higher energy
(m*-bond) are connected at the charge neutrality points, also called Dirac points
(K and K’)[] This makes graphene a unique combination of semiconductor (density
of states) and a metal (no band gap). It may be interesting to observe develop-
ment of electronic structure from single layer graphene to bulk graphite, which is a
semimetal. Double layer of graphene exhibits a small band overlap of 0.16 meV [1§].
However, the properties of such a structure will be very similar to the single layer,

which is advantageously exploited in many applications. With increasing number of

1Other meeting points, visible in Fig. are equivalent through translation by a reciprocal
lattice vector.



graphene layers, the band overlap is rapidly growing. For eleven layers, the overlap
is almost the same as in the case of graphite (41 meV). These calculations were also

performed using the tight binding model.

Valence band Valence band

Single-layer Double-layer J
graphene graphene

Conduction band

Conduction band

Fig. 1.3: a) 3D illustration of the graphene band structure showing the conduction
and valence band, connected at the Dirac points (K and K”). b) The band structure
of graphene near the Dirac points for monolayer and double layer graphene. The
linear dispersion relation is similar with massless relativistic particles. In double
layer graphene, the overlap of conduction and valence band occurs, but the linearity
is partially retained. Adapted from [19] and [20].

One of the most interesting aspects of graphene is the almost linear dispersion

relation in proximity of the Dirac point, which can be expressed as [2]
E(k) ~ +hvrk — K], (1.1)

where h is the reduced Planck constant, vg is the Fermi velocity, and k is a reciprocal
lattice vector. Furthermore, if we recall an energy-momentum dependence of a
relativistic particle, which reads £ = \/ mict + h?|k|2¢2, and compare it with Eq.,

it may be rewritten as:

B(k) ~ + mivk + B2k — K22 (1.2)

mo=0
where my is rest mass of particles. One can see that the electrons in graphene can
be described as relativistic massless charged particles moving at the Fermi velocity
(= 10°ms™!) [2]. The charge carriers in graphene can be effectively describe with
the Dirac equation for fermions. Consequently the K and K’ points in reciprocal
space are denoted as the Dirac points. As the description of the charge carrier
properties relies on quantum theory, many unusual phenomena may be observed in
graphene. Additionally, the electrons in graphene can be affected by the magnetic

field, which leads to new physical effects, e.g. the anomalous integer quantum Hall

effect (IQHE) [21].



2 TRANSPORT PROPERTIES OF GRAPHENE
LAYER

Deep understanding of graphene electronic transport properties is crucial for its
future applications in electronic devices. In reality, it is very difficult to fabricate an
ideal graphene structure and one has to deal with deteriorating effects e.g.: defects
or contamination from surrounding environment. In this chapter, I will introduce
the main parameter for characterisation of graphene layer quality, charge carrier
mobility. The most common setups for the mobility measurement will be described
as well. In the following sections, I will also discuss the types of scattering effects

occurring in graphene layers and the possibilities of their elimination.

2.1 Charge carrier mobility

From solid state physics, it is known that the electrons in a crystal are scattered (by
impurities, phonons, or other electrons), therefore they inherent Bloch oscillationsﬂ
are interrupted before their cycle may be completed. The Drude model of electri-
cal conductivity assumes that the electrons can be approximated as free particles,
moving in a fixed array of heavy ions, acting as scattering centres. Additionally,
interactions between electrons can be included through effective mass. One of the
results of this theory is the linear relation between the current density j and the
electric field E

j=0E, (2.1)

where o is the electrical conductivity. For metals, the conductivity is further defined

as

o= ! = , (2.2)

where 7 is the relaxation time, m* is effective mass of a charge carrier, e is the
elementary charge and n is the charge carrier concentration. However, for materials
as semiconductors, and also for graphene, where the change of the charge carrier
concentration affects the conductivity, it is necessary to define special quantities.
This is done by introducing the charge carrier mobility (), the ratio of carrier
drift velocity (vg) to the applied electrical field (E).The current density will be then
defined as

j=nevg=nepkE. (2.3)

1Oscillation of a particle (e.g. an electron) confined in a periodic potential induced by the
electric field.



By combining the equations (2.1) and (2.3) we can see that the conductivity is
related to the mobility as:
g=mnefp (2.4)

To a certain extend, we can say that the charge carrier mobility dictates the lim-
iting speed (frequency), at which the device can operate. Additionally, it carries
the information about the particle collisions and therefore the energy losses in the

material. This directly affects the efficiency of the device.

2.1.1 Field effect mobility

The simplest configuration, commonly used in early experiments with graphene, is
field effect transistor (G-FET), described in Fig.[2.1] The advantage is that only
two electrodes have to be fabricated on the sample. The third electrode is usually
the strongly doped silicon substrate, acting as a back gate with applied voltage V(.
A graphene structure is placed on top of insulating layer (SiOy) with the thickness
d. The usual thickness of SiOs, at which the optimal contrast for graphene oc-
curs, is 280nm [22]. This structure can be approximated as a plate capacitor with
capacitance

Q _neA:a)sA’ (2.5)
Ve Vo d

where ¢ is relative permittivity of the material between the plates (SiOj), £¢ is the

permittivity of vacuum, @ is the charge concentrated on the plates and A is surface
of the capacitor plates (graphene layer). The charge carrier concentration can be

further expressed as

coeVa
= . 2.
n . (2.6)

By combining equations (2.6) and (2.4]), the conductivity of the layer (which is

directly measured) is linked with the charge carrier mobility:

o= <5°5;‘FE) Vo = aVe. (2.7)

This means that the field effect mobility urg can be extracted from the conductivity
dependence on gate voltage.

In case of graphene, it holds that by applying the gate voltage we are changing
the charge carrier concentration. This causes the Fermi energy level shift around the
Dirac point . When the Fermi level is approaching the Dirac point less states
are available for the charge carriers and therefore, the conductivity is decreasinéﬂ
Further, the change in the charge carrier concentration results in a transitions be-

tween the opposite types of semiconductors (i.e. from p-type to n-type) by changing

2In fact, for ideal graphene it reaches the minimal conductivity value.



the dominant charge carriers (i.e. from electrons to holes). This is one of the most

important characteristics of graphene called ambipolarity [23].

QO
~—

Conductance (Q7)

Fig. 2.1: a) Ilustration of graphene conductivity dependence on the gate voltage.
By modulating the applied voltage, the charge carrier concentration is changing and
shifting the Fermi level in graphene. b) A scheme of measurement in field effect

configuration.

The position of the Dirac point, which corresponds to the minimum of conduc-
tivity in Fig.[2.1] is at 0V for ideal graphene. In real devices, the Dirac point may
be shifted due to the additional doping from substrate, the chemical residues from
manufacturing process and can also be strongly affected by molecules in air. This
can have negative effect for some applications, but it is also the main advantage of
graphene utilization as sensors. It has been shown that graphene can be used for
detecting single gas molecule adsorbing on the graphene surface [24].

In contrast to Eg. , actual value of the charge carrier concentration in

graphene can be determined as

Eo€
S VAR 4 2.8
n de( G D)7 ( )

where Vp is a value of the gate voltage for minimal conductivity. It is important
to mention that the introduced parallel-plate capacitor approximation is valid only
when the lateral size of the graphene layer is much larger than a thickness of the

dielectric material d.

2.1.2 Hall mobility

An alternative technique to determine the charge carrier mobility is based on deter-
mining the charge carrier concentration from the Hall effect. During the measure-

ment of resistivity (DC current flow), the external magnetic field is applied. The



charge carriers then experience the Lorentz force acting on them and influencing
their trajectories. Direction of the force is perpendicular to both the charge path
(current flow) and the applied magnetic field. A scheme of a typical configuration
for measuring graphene field effect transistor, configured in Hall-bar geometry, using
low-field magneto-resistance measurements, is shown in Fig.2.2h. A low out-of-plane
magnetic field (B,) is applied to the sample and the Hall voltage (V) is recorded.

Then the transverse resistivity of the sample (p,,) is calculated as [25]

Vay

2.9
[a:a:’ ( )

Pzy =

where I, is the applied longitudinal current. The charge carrier density can be

further calculated from the principle of the Hall effect using the expression

B.

n = .
Py €

(2.10)

The charge carrier concentration is tuned by applying the back gate voltage (Vi)
similarly as in previous section about FET configuration (2.1.1). However, by us-
ing this approach, it is not necessary to approximate the value of charge carrier
concentration from parallel-plate capacitor model.

a b
) _@— ) charge carrier density (102 cm™)
-2 -1 0 1 2

14
= ][] g1
3V
) @®B, 210
& 8
| g 6
>
XX IW Graphene 5
3 4
c
o
= © 2
ny 0 " " " " " " "
-30 -20 -10 0O 10 20 30 40 50

II 5] back gate voltage (V)

Fig. 2.2: a) Schematics of a measurement in Hall bar configuration. b) Longitudinal
conductivity of graphene layer measured as a function of the back gate voltage (for
temperature of 2K). The Dirac point is observable around Vi ~ 10V. Adapted
from [26].

Next step for determination of the mobility is to calculate the longitudinal resistivity

e (1) ().

of the graphene layer

10



where W and L are width and length of the layer, respectively. Finally, the charge

carrier mobility (Hall mobility) is calculated as:

= (2 (1) = ()

Previous equations hold only for low applied magnetic fields. However, if higher
magnetic field is used, classical regime is no longer valid and it is possible to observe
physical phenomena as Shubnikov-de Haas oscillations of ¢,, or Quantum Hall

effect [2] in the graphene layer.

2.2 Scattering in graphene

This section contains a short overview of several scattering mechanisms exhibited
in graphene. Origin of scattering can be found in the graphene layer itself, e.g.
due to crystal lattice defects, grain boundaries, or phonon scattering. The most
prominent external sources are charged impurities (Coulomb scattering) confined in

the supporting substrate, or residues present on the graphene surface.

2.2.1 Coulomb scattering

Coulomb scattering is a long-range scattering mechanism, which can be explained
in simplified terms as collisions of the charge carriers with a charged impurities.
The Coulomb scattering mechanism was one of the first explanations for graphene
transport properties [27]. The graphene charge carriers are confined to a plane
of atomic thickness, therefore any charged impurities (e.g. ions, molecules) in their
surrounding can strongly influence the conductivity of the layer. Change in graphene

conductivity can be approximately calculated as

a(n)zCe( n

) + Ores (2.13)
Nimp

where 1, is the concentration of the charged impurities, oy is residual conductivity
at n = 0 and C is a general constant. Results of the experiment shown in Fig.[2.3]
are confirming this dependence. Density of the charged impurities in graphene was
increased by the deposition of potassium atoms onto a clean graphene surface in
ultrahigh vacuum [28]. The calculated value of constant C' =5 x 10 V=1s7! was
in excellent agreement with theoretically determined value. A theoretical model
was also developed for the routinely used devices with graphene deposited on SiOq
[29]. The charged impurities are assumed to be trapped in SiOy layer and their
concentration is a parameter in calculations of the fit (nimp, ~ 2 — 4 x 10?2 cm™2).

Most of observable features of graphene at zero magnetic field were explained by
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employing the Boltzmann kinetic equation with the random phase approximation.
However, it is not completely verified if the impurities are trapped in the substrates.
Similar values of mobility in suspended and supported graphene (before annealingED
suggest possibility of trapped charges in residues between the substrate and graphene

or on top of the graphene layer [7].
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Fig. 2.3: a) The conductivity o versus the gate voltage (V) for the pristine sam-
ple and three different doping concentrations of graphene taken at 20K in UHV.
b) Inverse of electron mobility and hole mobility versus doping time. Inset picture
shows an optical image of graphene layer with five golden electrodes used for the

measurments. Adapted from [2§].

2.2.2 Lattice disorder scattering

Crystal defects of the ideal graphene layer, shown in Fig.2.4a, can be divided into
three basic classes: point defects, line defects and grain boundaries. Point defects
include rotation of one carbon-carbon bond and creation of one hepta- and one
pentagon, known as the Stone-Wales defect, which is depicted in Fig.[2.4]b. Atomic
vacancies can also occur, one- and two-atom vacancies are shown in FigR.4e,d. If
two atoms are missing, the binding energy increases, because the crystal structure
can reconfigure to one octagon and two pentagons. Further recombination of point
defect leads to creation of more energetically stable line defects and consequentially
the grain boundaries. Effects of various lattice disorders on charge scattering differ,
and are still argued in literature. Review on this topic can be found in reference
[30].

Graphene fabricated by the chemical vapour deposition, used in this thesis, has

strong polycrystalline character. Studies of the grain boundaries suggest limiting

3Form of graphene cleaning.
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Fig. 2.4: Defects of the graphene crystal structure: a)ideal graphene, b) the Stones-

Wales defect, ¢) one atom vacancy, d) two atom vacancy. Adapted from [31].

influence on the charge carrier mobility (e.g. [32]). Some theoretical models predict
formation of localized states near the charge neutrality point. These states could
resonantly scatter charge carriers in graphene and give rise to the conductivity with
linear dependency on charge concentration. This behaviour is therefore similar to

effect of Coulomb scattering and was observed for scattering at grain boundaries

33].

2.2.3 Electron—phonon scattering

Atomic bonds in a crystal can be approximated as springs. Therefore, atoms are
forced to oscillate (vibrate) in collective excitations called phonons. The periodicity
of the lattice means that phonons have band structure in much the same way as
electrons and therefore can interact at many different energy levels. The lattice
vibrations are intrinsic scattering source, i.e., they limit the mobility at finite tem-
peratures, when other scattering sources are removed. However, electron-phonon
scattering in graphene and its bilayer was estimated to be so weak that, if the
extrinsic scattering sources are eliminated, room temperature mobilities can reach
values up to ~ 200000 cm?V~'s™! [34]. This value exceeds natural mobility of any
other semiconductor. In Fig.[2.5]b, the theoretical evolution of mobility for different
charge concentrations is shown. In this case, the calculation considered only the
weak deformation potential scattering from the thermal lattice acoustic phonons,
which limits the charge carriers mobility. Additionally, the phonons from polar sub-
strate can produce fluctuating electrical fields that scatter the charge carriers in
graphene. This is called remote interfacial phonon (RIP) scattering mechanism and
it is responsible for additional contribution to resistivity above 200 K [6].

I would end this section with conclusion that the graphene conductivity for
temperature below 300K can usually be described with empirical law o(Vg, T) =
oc(Vi) + o(T). The linear gate voltage dependence o(Vy) was descried in sec-
tion[2.2.1] Temperature dependent component o(7T') (Fig.2.5a), is contributed to
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Fig. 2.5: a) The temperature dependent part of resistivity for several single layer
graphene samples. b) Mobility limited by the acoustic phonon scattering as a func-
tion of temperature for different densities n = 1 x 10'2,3 x 102 and 5 x 10?2 cm~2.

Adapted from [34] and [35], respectively.

electron-phonon scattering and is unaffected by changes in carrier concentration.
Explanations for this addition to conductivity differs in literature and interactions
with different types of phonons are considered. I would again referred readers to

comprehensive reviews in literature e.g. reference [36].

2.2.4 Increasing charge carrier mobility

A combination of several scattering mechanisms is usually present in real graphene
devices. Basically, to increase the charge carrier mobility one have to suppress
different types of scatterings simultaneously. For this purpose, several experimental
approaches can be effectively used (see review in Ref. [37]).

Graphene is commonly transferred or lithographically patterned by using poly-
mers (e.g. PMMA - Poly(methyl methacrylate)). Even after extensive chemical
cleaning, a thin (nm-size) layer or droplets of residues remains on the surface
(e.g.[38]). This layer can act as additional adsorption site for gases and contribute
to Coulomb scattering in graphene. In the most cases, annealing is utilized as clean-
ing process to remove the polymers. Annealing is usually performed in vacuum or
hydrogen atmosphere (e.g.[39]). Heating temperature is between 300 — 400°C as
higher temperature can have negative effect on the graphene electronic properties.

Arguably the biggest influence on graphene is the substrate material. It is af-
fecting the graphene in three main ways:

« inducing Coulomb scattering by trapping charge impurities (sec.|2.2.1])
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« causing mechanical deformations of graphene

« creating remote interfacial phonon scattering (sec.
The most promising substrate material is probably hexagonal Boron Nitrite (hBN).
It has less than 2 % lattice mismatch with graphene, low amount of residual charge
traps and it is a dielectric material with large band gap (~ 6¢eV). Additionally
optical phonon modes of hBN have high energy, therefore, reduce RIP scattering [40].
Devices made from graphene sandwiched between two hBN crystals were reported to
have room temperature mobilities ~ 100 000 cm?V s~ [41] similar to the graphene
membranes. Additional methods aim to reduce defects and grain boundaries or
apply high-x materials as a substrate to reduce Coulomb interactions. The most
extensive method to ensure no substrate influence, is to manufacture suspended

graphene device i.e. a graphene membrane.
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3 GRAPHENE MEMBRANES

Complexity of manufacturing processes and applications of a final device is fun-
damentally different for graphene membrane device contacted by electrodes and
without them. Therefore, this chapter will be separated into two sections. The
first one deals with applications of freestanding membranes followed by the second

section devoted to electrically contacted membranes.

3.1 Freestanding graphene membrane

3.1.1 Mechanical properties

One of the first utilization of a freestanding graphene membrane was characterisa-
tion of graphene sheet mechanical properties. Using an AFM tip, a load force was
applied on small monolayer membranes of approximately 1 pum in radius. Breaking
strength of 1770nN (42 Nm™!) was recorded [3]. Applying a theoretical model, the
in-plane Young modulus of 1TPa was calculated, establishing graphene as one of
the strongest known materials. Dynamic testing also revealed exceptional behaviour
after impacts of high velocity projectiles. In these experiments, small silicon spheres
were fired on multilayer graphene (MLG) sheets during laser-induced projectile im-
pact test (LIPIT). Discovered penetration energy of MLG was ten times higher than

for macroscopic steel sheets [42].

3.1.2 Thermal expansion

Most of materials increase their dimensions with increasing temperature, which is
known as positive thermal expansion. In the extreme conditions, this behaviour can
lead to significant stress and possible damage of the structure. On the other hand,
some materials can compensate thermal expansion and even exhibit negative thermal
expansion (NTE) with increasing temperature. Membranes can often exhibit NTE
behaviour, probably due to increases in the frequency of out-of-plane soft acoustic
phonon mode, when inter-atomic spacing is increased. [43]

Theoretical calculation predicting NTE for graphene were performed by several
authors using different methods (e.g. see reference [44]). However, measurement
of the graphene membrane thermal expansion cannot be performed by traditional
methods such as x-rays or optical interferometry. Temperature-dependent Raman
spectroscopy was used to estimate thermal expansion coefficient (TEC) in temper-
ature range between 200 and 400 K. The experiment showed strong temperature

dependence, but TEC remained always in negative values. Room temperature value
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is estimated to be ~ —8.0+0.7 x 107K~ [45]. For example glass has a TEC
value ~ 3 x 107 K~! and steel ~ 12 x 107K~! . Freestanding graphene mem-
brane allows more direct approach. In-situ SEM observation of thermal expansion
of graphene was performed by Bao et al. [46]. The membrane is pinned by its edges
to the substrate. Therefore, during the cooling, when graphene expands, it buckles
and sags (Fig.|3.1p). Expansion coefficient can be approximated by measuring the
changes in length of the membrane and subtracting the expansion of the silicon sub-
strate (Fig.a). Room temperature value is estimated to be ~ —7.0 x 1070 K.

b)

300 T (K) 400

Fig. 3.1: TEC measurement of suspended graphene membrane. a) Determined TEC
as function of temperature «(7") for Si substrate (green line) and for the graphene
membrane (red line). Their difference is thermal expansion coefficient of graphene
(blue line). b) SEM image of a sagging graphene sheet. Adapted from [46].

3.1.3 Graphene as a supporting membrane in TEM

A transmission electron microscope (TEM) is often applied to study graphene struc-
ture, defects or growth. On the other hand, graphene itself is an excellent candidate
to be used as a supporting material in TEM studies. Traditionally, small sam-
ples are placed on supporting grid, but for extremely small samples e.g. bacteria,
nanoparticles, utilization of membrane becomes necessary. The objects are normally
placed on amorphous carbon or silicon nitride membranes with thickness in tens of
nanometres. For specific applications the background noise from these membranes
can limit TEM resolution.

Ideal graphene is the thinnest possible membrane but still sufficiently strong to
support the specimens, furthermore sp? carbon can be considered highly transparent
for electrons. Moreover, the periodical hexagonal structure of graphene can be eas-
ily filtered out during Fourier reconstruction of TEM images. Individual atoms and
molecules on the graphene can be directly observed by conventional TEM. Addition-

ally, real time imaging allows to study dynamics of individual atoms and molecules
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[47]. Potential of this application is growing and commercial TEM supporting grids
with graphene membranes are already available [48].

Graphene based liquid cell for TEM in situ observation allows to study dynamic
growth of nanoparticles. Precursor solution is encapsulated between two layers of
graphene, as shown in Fig.[3.2]a, suspended over holes in the conventional TEM grid.
Platinum nanocrystal growth was studied in 2012 by Yuk et al. [49]. After locating a
liquid pocket in the microscope, the electron beam intensity is modulated to induce
the reduction of the Pt liquid precursor, which results in the growth of nanocrystal.
Using the aberration corrected TEM they observed crystal-structure evolution with

atomic resolution and crystal coalescence processes captured in Fig.[3.2]c,d.
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Fig. 3.2: a) TEM image of a graphene liquid cell, Pt growth solution is encapsulated
between two laminated graphene layers (scale bar, 50nm). b) Illustration of the
structure observed in TEM image. ¢, d) Merging of two Pt nanocrystals in solution.

Elapsed time between the scans was 2.2s and the scale bar is 2nm. Adapted from

[49].

3.1.4 Nanoporous membranes

Monolayer graphene membrane is impermeable to standard gases including he-
lium [50]. This attribute itself has many possible applications, such as mentioned
graphene liquid cell, discussed in section [3.1.3] or can be used to probe the perme-
ability of gases through atomic vacancies in single layers of atoms. Moreover, con-
trolled patterning of graphene membrane can advance future utilization in molecular

filtering.

19



Sub-nanometre pores in the membrane can be generated and controlled by dif-
ferent methods such as electron or ion beam [5I], oxidation or ion/cluster bom-
bardment [52]. Special care must be taken not to compromise essential mechani-
cal properties. Theoretical calculations proved that the nanometre-scale pores in
freestanding graphene can effectively filter NaCl salt from water. Reverse osmosis
membrane, illustrated in Fig.[3.3] is utilizing high pressure applied to salt water
which drives water molecules across the graphene membrane, while salt ions are
blocked. Chemical functionalization of the pores with hydrogen can increase water
selectivity, whereas functionalization with hydroxyl groups may increase the speed
of water transport [53]. Precise membrane perforations and problematic large scale
manufacturing are currently limiting this approach to desalination. Recently, the
proof of concept measurement was published [54]. Manufactured membrane showed
almost total rejection for tested ions (Kt ,Nat Li" Cl*) and rapid water trans-
port. The flux for pressure driven filtration through the membrane reached value

1

~ 10%gm~2s7tatm~!. Graphene oxide based filters are also show some promising

results. Review on this topic can be found in reference [55].

Fig. 3.3: Tustration of nanoporus graphene membrane filtering salt water. Adapted

from [56].

Attractive biological application for graphene nonporous membrane is a single
molecule characterisation. DNA and RNA translocation studies have been the focus
of many nanopore experiments using biological or Silicon nitride (SiN) membranes.

Device with pores connects two volumes with electrolyte solution and the studied
DNA/RNA sequence is added to one of the solutions. Voltage is then applied across
the solution to drive the molecules though the pores and ion current is recorded.
DNA transitions, shown in Fig.[3.4Ja,b, will decrease ion current throughput of the
pores. This approach allows to interrogate single molecules and could potentially
lead to rapid DNA sequencing. Resolution of the measurement is limited by numbers

of nucleotides (DNA base pairs) present in the pore. SiN membranes are usually
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tens of nanometres thick, therefore can contain hundreds of nucleotides during each
transition. Superior thickness of graphene based device (< 1nm) allows only one
base pair present inside the pore. [57]

First measurement proving the possibility of the graphene membrane utilization
for DNA transition was performed in 2010 [58]. Pores with various diameters were
manufactured by highly focused electron beam in TEM. Ten nanometre pore fab-
ricated by this method is shown in Fig.d). Transition of single DNA molecule
through the pore was recorded as temporary drop in the measured ion conductance.
Examples of three different types of transitions for 22nm wide pore are shown in
Fig.c, nonfolded (where the molecule translocates in a linear head-to-tail fash-
ion), partially folded (where the molecule is randomly grabbed from the side of the
DNA coil, and first translocates in a singly folded fashion), or fully folded molecules
(where the DNA happens to be grabbed in the middle of the molecule).

a) b)

— .

Graphene

A 1

e e e

Fig. 3.4: Examples of translocation measurement of RNA for a) SiN membrane and
b) graphene membrane. ¢) Conductance drop during DNA transitions events corre-
sponds to nonfolded (black), partially folded (red), and fully folded molecules (blue).

d) TEM image of electron beam drilled pore in graphene membrane. Adapted from

[57] and [58].

21



3.2 Membranes with conductive contacts

3.2.1 Piezoresistive effect

Graphene electrical resistivity can be changed under strain induced structural defor-
mations. This piezoresistive effect together with ability to sustain reversible elastic
deformations in excess of 20 % [59] can be used for diverse strain sensing applica-
tions [60]. Piezoresistive behaviour in combination with the suspended graphene
membrane also allows utilization in the pressure sensing applications.

In principle, the graphene membrane is placed over a cavity etched (or milled)
into the substrate with prefabricated electrodes (see Fig.|3.5). The device is then
exposed to vacuum environment. Lower pressure outside the cavity causes the
graphene membrane to "roll out". The bending or deflection of the membrane is
inducing strain inside the graphene layer and it is proportional to pressure differ-

ence between air inside the cavity and vacuum outside. [61]
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Fig. 3.5: Pressure versus amplified voltage measurements of a device with a cavity
(blue squares) and a device without cavity (red hollow circles). Strong dependence
can be observed only for the device with a cavity, where the pressure difference
leads to bending in the graphene membrane inducing strain and hence changing the
resistivity of the graphene layer. Adapted from [62].

Figure |3.5| shows performance of piezoresistive graphene sensor in range of 0.2
to 1 bar. Measured amplified voltage is corresponding to the membrane resistance
and is changing with decreasing pressure. Performance of the suspended membrane
sensor is compared to the device with identical dimensions fabricated in parallel, but
without cavities, in order to verify that strain of the membrane is indeed the underly-

ing sensing mechanism. Calculated sensitivity of the device is 3.95 uV V"' mmHg .
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This value is higher than for conventional piezoresistive Si-based and carbon nan-
otube pressure sensors. Authors in ref. [62] also argue that when the normalized sen-
sitivity (to the standard membrane area) is taken into consideration the graphene

based sensor is 20 to 100 times more sensitive than the conventional sensors.

3.2.2 Mechanical resonators

Behind the NEMS (nanoelectromechanical systems) shortcut is hidden desire to
decrease large scale electromechanical devices into the nanoscale. With a decrease
in the device size, the sensitivity of sensors, frequency of oscillators, and the packing
density of such devices can all increase. Since graphene has unique mechanical
properties, briefly discussed in sec.[3.1.1] it is well suited for applications in the
NEMS devices. One of the main characteristics of nanoelectromechanical resonators
is quality factor, defined as [63]:

. Etotal o i
Q=2n (AEW) ~Af (31)

where f is the resonant frequency of the resonator, Af is the full width half max-
imum of the Lorentzian amplitude response peak, E,,q is the total energy stored
in the resonator and AE,,q. is the energy lost per cycle. For the energy efficient
operation, it is desired to have lower energy losses in the system. Additionally, nar-
rower resonant peak means increased sensitivity to changes in resonant frequency,
hence, improvement of the quality factor. Many studies for graphene devices cre-
ated from monolayer or multilayer graphene were published, with () factors varied
in hundreds at room temperature to impressive value of 100000 at low temperature
(90 mK) [64), 65]. For the graphene membrane the damping is found to be strongly
dependent on the amplitude of oscillations, which can be described by a nonlinear
rather than a traditional linear damping force [64].

The main requirement for oscillating graphene membrane in comparison with
the device mentioned in section [3.2.1], is actuating system. The simplest and most
used actuation method is probably the application of oscillating voltage to the gate
electrode in a field effect transistor configuration. Electrostatic attraction between
the gate electrode and the graphene membrane forces the membrane to oscillate
(Fig.[3.6la-inset).

Limiting factor in nanoelectromechanical resonators is motion detection mecha-
nism. It is possible to use interferometric optical method, but this requires sizeable
optics setup. For integration purposes the direct electrical readout is necessary.
Successfully implemented approach is high-frequency mixing (Fig3.6la). R.F. (ra-
dio frequency) voltage is applied to the source, at frequency slightly different from
actuating frequency f of R.F. gate voltage (V). Due to the graphene conductance
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Fig. 3.6: a) A diagram of direct electrical readout of mechanical oscillations in
graphene resonator. Gate voltage is applied as a combination of V;]DC and R.F.
modulated signal (5‘/:5 ) used for actuation. Carrier signal is applied to the drain
(6V4FAT). The current through graphene is detected by a lock-in amplifier at an
intermediate frequency Af of 1kHz. b) Detected current (I/) changes with al-
ternating driving frequency (f). Inset shows Lorentzian fit for detected resonance
frequency 65 Mhz measured at lower driving amplitude. Calculated quality factor is
125. Adapted from [66].

changes with distance from the gate, motion is detected as a mixed-down current
I27 at the different frequency Af . The frequency response in Fig.b shows two
most prominent peaks at 25 and 65 MHz, for 1 x 3 pm monolayer graphene resonator.
Smaller peaks were assigned to the resonance of the under-etched gold electrodes.
Peak at 65 MHz was interpreted as the mechanical resonance of the graphene mem-
brane. Described devices manufactured by Chen et al. [66] also had typical quality
factor of 125. Furthermore, resonant frequency of the membrane was observed to be
strongly dependent on applied gate voltage (Vgc). Differences in resonance are also
observed with mass changes as was achieved, e.g., by depositing pentacene molecules
on the membrane. This could lead to applications in mass detectors.

Similar device was successfully used as replacement for quartz resonators in com-
munication frequency modulators [67]. Frequency of such a device can be electrostat-
ically tuned by as much as 14 %. Device was demonstratively used for modulation

of radiofrequency carrier signal for voice transmission (‘Gangnam Style’ by PSY).
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4 FABRICATION PROCESS

The main goal of the experimental work was the fabrication of graphene membrane
with conductive contacts. First step was to manufacture a device with two electrodes
connecting graphene on Si/SiOq substrate, in field effect transistor (FET) configura-
tion, where Si will act as back gate electrode. The optimalization of manufacturing
steps would allow to move on to more complicated design with four electrodes and,
ideally, Hall bar configuration. This chapter will provide description of fabrication

processes with additional general information about methods and used devices.

Fabrication processes of graphene membranes found in literature can be divided
into two main categories. First choice is transfer of graphene onto holes or trenches,
which are prefabricated on the sample (e.g. by focused ion beam or reactive ion
etching). Second one is transfer of the graphene and subsequent removal of the sub-
strate. It was chosen to use the second option in view of two following facts. Large
scale CVD graphene was used, which means that further patterning is necessary to
create desired shape. Additionally, low mechanical strength of our CVD graphene
was previously observed in work of M. Konec¢ny [68]. Therefore, there was a suspicion

that patterning of already suspended graphene would rapture the membrane.

Figure provides illustration of all manufacturing steps with one exception,
graphene fabrication. This process was not done in the framework of this work, but
it is described in the first section of this chapter. The sample preparation procedure
was designed with regard to possibilities at the Institute of Physical Engineering.

Fabrication steps as illustrated are:

1. Deposition (spin-coating) of the PMMA layer for electron beam lithography
(EBL), sec. [£.2.1]

First EBL procedure to pattern the electrodes, sec.2.2]

Development of EBL structures in methyl-isobutyl keton solution (MIBK).
Deposition of gold by ion beam sputtering (IBS), sec/4.3]

Lift-off process (removing the excess gold and PMMA), sec[4.3]

Transfer of CVD graphene layer, sec[4.1.1]

Cleaning of protective PMMA layer after transfer process.

Spin-coating of two layers of PMMA. Protective 50k and standard 495K}
Second EBL process for patterning the graphene.

Development of 2nd EBL structures (in MIBK solution).

. Removing the excess graphene by oxygen plasma etching.

. Chemical etching of the substrate by buffered hydrofluoric acid (BHF), sec..

Includes also the most crucial manufacturing step - final drying,.

e T A

e
N o~ O

ldifferent molecular weight i.e. polymer chain length
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1. spin-coating PMMA

2. EBL

electron beam

irradiated
PMMA

3. developing in MIBK

developer

4. Au deposition (IBAD)

e

5. lift-off process

acetone

6. transfer of CVD graphene

graphene/PMMA

7. cleaning of graphene

graphene

acetone

8. spin-coating PMMA for EBL

PMMA (50k + 495k)

9. Second EBL
electron beam

irradiated
PMMA

9. developing in MIBK

developer

11. plasma etching

i Ozplasma

12. chamical etching of SiO4

graphene membrane

Final device:

golden electrode

Fig. 4.1: Overview of the graphene membrane fabrication process.
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4.1 Graphene fabrication

Graphene layers were manufactured by chemical vapor deposition process (CVD).
Usually, a metal foil is heated in the deposition chamber with presence of a short
chained hydrocarbon gas molecules (e.g. methane). At a high enough tempera-
ture, the gas will thermally decompose to carbon and hydrogen. Metal surface
acts as a substrate and also catalyst that reduces the temperature of decomposition
(~ 1000°C). A promising substrate, also used in this thesis, is copper [69]. One of
the advantageous properties of copper is low solubility of carbon, even at high tem-
peratures. Therefore, the growth process is restricted to surface, where decomposed
carbon atoms start to nucleate and form the graphene monolayer (Fig.. This
means that the growth process on Cu is self-terminated, since catalytic decomposi-

tion will stop after the graphene covers entire surface of copper.

Annealin

Native Oxide -

[ [

CH,/H, at
1000°C

Cu foil

Coalescence of graphene domains

Fig. 4.2: Chemical vapor deposition (CVD) of graphene on a copper substrate. The
copper foil is heated up to 1000 °C and exposed to methane gas which is subsequently
decomposed on the surface. Than the carbon atoms start to nucleate and grow to

form monolayer graphene. Adapted from [70].

Nucleation of graphene starts at many different places simultaneously. Typical
nucleation sites are surface impurities, trenches (rough surface) or copper grain
boundaries. Graphene individual crystal domains grow from the nucleation centre,
until they connect and form a complete monolayer. Therefore, the CVD graphene
has a polycrystalline nature. By reducing the number of nucleation sites, it is
possible to decrease the density of grain boundaries and improve the quality of
the graphene layer. Growth process can be also stopped before the coalescence
of domains to obtain single crystal graphene flakes. Utilizing various methods, it
is possible to grow graphene single crystals in mm size. Wuet al., for example
used electrochemical polishing of copper and high-pressure annealing to achieve

graphene crystal size over 2mm in diameter [71]. Another possibility, developed at
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our institute, is to reduce the density of nucleation sites by utilizing ultrasmooth
copper foil [72].

Graphene layers used in this thesis were manufactured by Ing. Pavel Prochazka,
utilizing the deposition chamber designed and fabricated in the framework of his
master thesis [73]. Graphene was prepared in quartz crystal furnace on commercial
copper foil, 25 um thick. The foil was heated to 1000 °C and cleaned in Hy atmo-
sphere at 4 Pa pressure. Growth of graphene was performed with methane precursor

gas at 70 Pa for 30 min. Methane flow was 35 sccm.

4.1.1 Transfer process

After the growth procedure is finished, it is usually desired to transfer graphene onto
a different substrate (e.g. for analysis). This procedure is illustrated in the Fig.
First the PMMA polymer is spin-coated onto the copper foil with graphene for
support and protection. The foil is usually several cm? large and therefore is cut into
desired size (~ 0.25cm?). Next step is etching of the copper foil. Solution of ferric
nitrate (Fe(NO3)3 - 9H,0 at concentration ~ 0,05¢ - ml~!) was used. Etching time
is usually around 12-24 h. Graphene/PMMA membrane is then cleaned in deionized
water. Membrane is flowing on the water, therefore it is possible to "fished it out"
onto the target substrate (prepared sample). Last step is drying and dissolving the
PMMA layer in acetone.

Cu foil

PMMA spin coatlng phene

Dissolving PMMA‘.'
Cu etching l

)

Z Transfer
PMMA/graphene membrane

Target substrate

Fig. 4.3: Transfer process of the graphene layer from the copper foil. The PMMA
polymer is used as a supporting material. Copper is etched away and the remaining

graphene/PMMA membrane is cleaned and transferred on the target substrate.
Adapted from [70].
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4.2 Electron beam lithography

Principle of electron beam lithography (EBL) is irradiation of electron sensitive
material (resist) to create a specific pattern. Accelerated electrons are colliding
with resist molecules and locally modify its structure. Depending on the type of the
resist, either exposed areas or their surrounding are afterwards dissolved in selective
chemical (developer). Lithography process is illustrated in the Fig Goal of this
section is not to provide a manual for EBL, therefore, only the basic principles will
be mentioned. Selected technical information for possible reproduction of this work
by experienced users are included. Detailed description of EBL and possibilities
of this technique can be found in reference [74]. Additional details of the EBL

processes utilized at the Institute of Physical Engineering can be found, e.g. in [75].

4.2.1 Sample preparation

Substrate material is highly p-doped Si (100) with ~ 280nm of thermally grown
SiOy layer. Silicon oxide provides an insulating layer to separate the top electrode
from the back gate (Si). After the cutting of the silicon wafer into the desired size
(1 x 1em?), it is necessary to clean the surface to achieve better adhesion of the
resist. The cleaning procedure consists of putting the samples in an ultrasonic bath
for 5 to 10 min in acetone, isopropyl alcohol (IPA) and deionized water, respectively.
Further, it is possible to improve the cleaning by including additional steps known

from semiconductor industry, e.g. Piranha solution treatment or oxygen plasma.

a) b) c) d)

electron beam

developer

irradiated
PMMA

B A

Fig. 4.4: Mlustration of the electron beam lithography procedure. a) PMMA resist
is spin-coated on the sample, b) designed pattern is created by electron beam, c)

irradiated areas of the resist are dissolving in developer (MIBK), d) final structure.

The PMMA polymer was used as the resist material. This material is a rather
standard high resolution positive resist. The resist layer is deposited on the sample
by spin-coating. The principle is the spinning of the sample at several thousands
rotations per minute (rpm) to spread the resist. The faster the rotation is, thinner

the layer becomes. Before the spin-coating of PMMA it is recommended to heat
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the sample up to 180°C and keep it at this temperature for several minutes (e.g.
5min). The previous procedure will induce a desorption of water molecules from
surface, which results in further improvement of the adhesion.

The 495k PMMA A5.5 [76] resist was used for the fabrication of the electrodes.
The PMMA is dissolved in anisole and has 5.5% concentration. An additional
information is molecular weight as "495k". This means that one chain of PMMA has
average molecular weight of 495000 and it is connected to the length of the chain
through weight of PMMA monomer (= 100). The spin-coating process consisted
from two steps. First the PMMA layer was spread at 800 rpm for 10s to improve
the homogeneity of coverage. Second step determines the thickness and rotation was
set to a value of 3000 rpm for 35s. This process provides a homogeneous layer with
thickness of approximately 300nm. A lower thickness (=~ 200 nm) was used in the
first experiments, but it was proved to be insufficient for the lift-off process. Final

step after spin-coating was baking for 90s at 180°C to harden the layer.

4.2.2 Fabrication of electrodes

A lithography procedure performed using scanning electron microscope (SEM) does
not require a mask since the pattern is directly written in to the resist layer. The
electron microscope Lyra 3 manufactured by TESCAN was used in this work. It
is a dual beam system which combines scanning electron microscopy and focused ion
beam. The microscope has fully motorized stage which allows automatic movements
during the resist expositions. The Schottky field emission cathode is used as an
electron source. For the utilization as an electron lithograph, it is also equipped
with beam blanker device, which allows fast deflection of the beam from the sample.

The final design of electrodes for two-point measurements is shown in the Fig[4.5
Maximum of four final devices can be manufactured on one sample. Number is
limited by the sample holder designed for electrical measurement (described in sec.
5.1). There are seven fields of smaller electrodes, to utilize the large area of CVD
graphene as best as possible. Multiple membranes were manufactured between these
smaller electrodes. This will be described in sectionf.4] about patterning of the
graphene. Afterwards, all damaged membranes or unused electrodes were isolated
with focused ion beam.

The design of electrodes was created in the CAD like program DrawBeam Ad-
vanced, supplied by the manufacturer. Objects can be organized into layers and
each layer can have a separate set of parameters. There are four basic parameters:
beam current, spot size, dose and spacing. First two parameters can be supplied
by a built in simulation software, but it is better to determine the values experi-

mentally. Beam current can be measured by the integrated ammeter. To achieve a
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Fig. 4.5: Final design of electrodes for EBL( sample size 1 cm). Structure are colored
in green and blue, corresponding to different layers for heigh current and normal

lithography process respectively.

precise measurement it is necessary to focus the beam into the Faraday cup, which
is essentially only a deep pit fabricated in the sample holder. Beam size is corrected
by changing the spacing parameter. Spacing value 1 means that the distance be-
tween irradiated points will be exactly the estimated beam diameter. Similarly, if
the value is 0.5, the distance will be half of the diameter. Last parameter is dose
in uC/cm?, which determines, how long will the beam stay over the specific spot
(dwelling time). The dose must be sufficient to cause changes in the resist material.
In case of the PMMA, electrons are breaking the polymer chains, therefore, the

exposed areas are more soluble in the developer than the rest of the PMMA layer.

Exposition settings

Fabricated structures were divided into two groups (layers), which were manufac-
tured by different settings. Blue (finer) structures in Fig.[4.5] were patterned with
the beam size of ~ 100 nm which corresponds to a beam current of approximately
7nA. Write field was set correspondingly to 1100 um. This means that the exposi-
tion of whole sample was divided into 9 x 9 separate fields. A motorized stage with
the sample automatically moved between the fields. Optimal parameters proved to
be dose of 350 uC/cm? and spacing 0.8. Additionally, the structures were arranged
so that each group of electrodes in blue layer had a large overlap with electrodes

in green layer, as shown in magnified field 7 in Fig.[4.5] This compensate for the
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possible misalignment of the two exposition steps.

Exposition of green structures (larger electrodes) with standard procedure would
take a significant time (e.g. 1h for 10nA current). Therefore, the technique was
devised to utilize maximal beam current of the electron microscope. Schottky field
emission gun can provide emission of electrons in pA. This value is significantly
reduced by column optics to achieve optimal resolution, for Lyra microscope it is
~ 200 pA to get beam size of ~ 3nm at 30kV accelerating energy. The procedure
for increasing the current to its maximum possible value, can be found in the manual
of the microscope. Maximum current value can be tuned from 100 nA up to 180 nA,
depending on the actual state of calibration and deterioration of the cathode. Several
cathode exchange were performed during the span of this thesis, but standard value

was usually around 130 nA. On the other hand, the value of 190 nA was also observed.

At these electron currents the exposition takes less than 10 min.

Exposed PMMA

Fig. 4.6: Optical microscope pictures: a) structure with too high spacing parame-
ter, created by HC EBL in Resolution mode, b) resolution test showing structures
created in FIELD mode with parameters: spacing 0.8 and dose 300 uC cm~2. Struc-

tures are rectangles with 2, 3 and 4 um width.

The lithography test using high current (HC) has proven to be problematic.
The main problem consisted in estimation of the beam spot size. Optical micro-
scope picture (Fig.[f.6)a) shows the result of HC lithography with unsuitable spacing
parameter. Even after optimalization of the parameters, the results were often un-
satisfactory and with bad resolution (5-10 pm spot size). To improve the resolution
a different imaging mode of LYRA SEM was utilized. Standard Resolution mode
was switched to FIELD mode. This setup is usually used to gain high depth of
focus for imaging of samples with excessive features. In FIELD mode the objective
lens was switched off and the microscope was utilizing intermediate lens for imag-

ing. Usually it is said that the FIELD mode sacrifices the resolution for increase
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in depth of focus. This is not true for high currents and spot size ~ 1 um can be
achieved for 130 nA. Resolution test was performed and optimal parameters for this
technique were determined as 0.8 spacing and dose 300 uC/cm? . Figure b shows
structures created by HC EBL. The visible lines are designed as rectangles with 2,
3 and 4 um, separated by the same size gap. It was estimated that for structures as
close as 6 um the proximity effect will be sufficiently low. Therefore, actual size of
the electrodes is approximately the same as the designed size.

Actual parameters for HC EBL fabrication of electrodes in the green layer
(Fig.|4.5) were higher than the optimal ones. Used values: spacing 0.7 and dose
500 uC/cm?. The electrodes had a minimal size of 100 um, therefore, the resolution
of the lithography was not crucial. However, actual reason for increase of the param-
eters were inhomogeneities in the resist layer (usually on the sample edges). This
areas were not sufficiently exposed, because the resist was thicker. Higher dose has
not significantly increased the exposition time, but it ensured that the EBL process
was almost always successful.

Last step after the exposition of resist is developing (Figc), which consisted
of 90's bath in methyl isobutyl ketone (MIBK) and IPA (1:3) solution. Further, the
sample was put in to the IPA solution for 30s. Isopropyl alcohol dissolves the MIBK

and stops the developing processﬂ Final step is rinsing the sample in dionized water.

Length of membrane

Important fabrication parameter is distance between the electrodes, which deter-
mines the length of the membranes. The optimized distance of electrodes was be-
tween 2um and 3 um. The length of the membrane was presumably limited by
elongation after removal of the substrate. The reason for this originates in the
fabrication process of graphene, described in the sec.[f.I] During the manufactur-
ing process, the copper substrate covered with graphene, is cooled from ~ 1000 °C
to room temperature. Graphene and copper exhibit different thermal expansion
coefficients, therefore the graphene layer is wrinkled. When the graphene layer is
transferred on the substrate it retains its shape. After the removal of the substrate
the wrinkles can straighten, therefore, the graphene layer will elongate.

First experiments were performed with electrode distances of 20, 15 and 10 pum,
all unsuccessful. Graphene layer was in all instances attached to the substrate. Ex-
tent of graphene bending, was estimated from a freestanding graphene membrane.
The membrane was created by placing CVD graphene on the substrate with pre-
fabricated trenches (Figa). Square trenches were milled into SiOy substrate by

2IPA solution also develops the PMMA resist but at much slower rate than MIBK.
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Fig. 4.7: a) AFM topography for 1 um graphene membrane fabricated by placing
CVD graphene on a trench prepared by milling with FIB. b) Profile line showing

about 100 nm bending of the membrane.

focused ion beam. The graphene sag was estimated from the AFM measurement to
a value of about 100 nm, for membrane size ~ 1.5 um (Fig[.7b).

4.3 Deposition and lift-off

Electrodes on the sample were fabricated by deposition of gold onto prepared EBL
structures (Fig.a). The procedure was performed with the ion beam sputter-
ing (IBS) apparatus Kauffman at the Institute of Physical Engineering. Device is
bombarding a target from the desired material with argon ions, which sputter the
material on the samples. Actual deposited layer was combination of 3nm thick Ti

adhesive layer and 97 nm thick golden layer.

acetone

Fig. 4.8: a) illustration of gold deposition by IBS, b) lift-off process c¢) picture from
SEM showing residual gold material on the electrode edges. Gold in SEM appears
brighter than Si or SiOs.
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After the deposition, the sample was placed in acetone to dissolve the PMMA.
This is called the lift-off process. The goal of this step is to remove all excessive gold
from the sample. Ultrasonic bath may be used to improve and speed up the process.
It is also possible to heat up the acetone solution, but this must be performed
cautiously, since it is a volatile chemical. Residual material can stay on the edges
of the electrodes (Fig.[4.8c). These structure are most prominent in one direction,
which is caused by angle of the deposition. It is recommended to take this into

consideration when placing the sample in the deposition chamber.

4.4 Patterning the graphene layer

Second lithography step is performed after transfer of the graphene layer on the
sample, described in sec.[4.1.1] Transferred graphene was covered by PMMA pro-
tective layer. The layer is inhomogeneous and therefore cannot be used for EBL.
Instead, the PMMA was cleaned by immersing the sample in acetone solution for 1h.
Afterwards, new multilayer is spin-coated on the graphene. For the first layer the
50k A3 PMMA was spread at 4000 rpm creating approximately 80 nm thick layer.
The short chained 50k PMMA layer was added to reduce the PMMA residues on
the graphene surface after EBL. Second layer was made by A5.5 495k PMMA, spin
coated at 3000 rpm (~ 300 nm).

a)

Fig. 4.9: a) EBL structures exported from DrawBeam editor. Surroundings of elec-
trodes (green layer), patterned (red layer) to isolate them from graphene layer.
b) Developed pattern of fine structure for plasma etching, imaged in optical micro-

scope. ¢) 3D AFM topography of single structure for 3 um membrane.
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Exposition was performed manually on each of the seven fields with small elec-
trodes. Precise alignment was achieved by manual alignment procedure on four
marks fabricated in the first EBL step (crosses shown in Fig.[4.4). Write field was
set to 650 um, beam spot size was 60nm corresponding to about 4nA at 30kV.
Exposition parameters were 350 pC/cm? and spacing 0.8.

The pattern created on graphene by EBL and developed in MIBK:IPA solution,
is shown in Fig.[d.9] Structures had various widths to test the possible sizes of
the graphene membranes. After developing, sample was exposed to oxygen plasma,
which removes graphene unprotected by the PMMA layer. Plasma etching was
performed in device Resist striper NANO from DIENER. Etching time was 4 min
(minimal) at 100 % power and set 0.5 mbar pressure of Oy. Oxygen plasma also re-
moves the PMMA and etching rate was experimentally determined to be 15 nm/min,
for 495k PMMA.

The surrounding of the gold electrodes, created in the first EBL step, was also
exposed to isolate them from the graphene layer. This ensures that devices in dif-
ferent fields were not connected. Additionally, it minimized the leakage current
between the top electrodes and the substrate, because the contact surface was re-
duced. Pattern created in the DrawBeam program is shown in Fig.[4.9] as red layer.
High current EBL was used for the exposition, with the same settings as in the first

EBL step, to reduce the fabrication time.

4.5 Chemical etching

Last fabrication process is chemical etching of the SiOy substrate, performed by
hydrofluoric acid (HF). It is a commonly employed etchant, used in semiconductor
industry for removing of the native SiOs layer from the silicon surface. Chosen
solution is called buffered hydrofluoric acid (BHF), which consisted of 40 % NH,4F
and 39 % HF in 7:1 ratioﬂ Role of the buffer, the ammonium fluoride, is to slow the
etching process and improve the uniformity of etching. Etching rate can be found
in literature (e.g. [77]), but was also determined experimentally to ~ 70 nm/min at
23 °C. It is important to note that etching rate is strongly dependent on temperature.

Complete etching procedure is shown in Fig.[4.10] Sample is etched in BHF
solution for 3.5 min for samples with 280 nm thick SiO, layers. Afterwards, sample
is transferred to deionized water to wash away the BHF. Next steps were aimed
to improve the membrane survivability of the fabrication process. The sample was

transferred to several solutions of water and isopropyl alcohol (IPA) to gradually

3Tt is the ratio of designated chemicals, which are already solved in water in marked concentra-

tion.
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Fig. 4.10: Step by step illustration of the etching process. Several solution of HyO

and IPA were employed with various raptures indicated by the x = 3, 2 and 1.

reduce the surface tension. Optimal final step was determined as immersion in IPA

heated to 78 °C. Further explanation for this step is provided in the next section.

4.5.1 Drying

The survivability of the membranes was mostly determined by the drying procedure.
During the drying, the surface tension of the liquid is pulling the membrane to the
substrate. This will result in creation of a rupture or attachment of the graphene
to the substrate [78]. Unsuccessful suspension of the graphene is shown in the
Fig.[d.1TJa. Two processes can be found in literature to eliminate this influence.
One option is to avoid the surface tension from liquid-gas-interfaces by performing
the drying at the critical pointlﬂ of the solution. This procedure requires specialized
equipment and was used for successful suspension of graphene, e.g. in reference
[7]. The second option is aimed to reduce the sticking of graphene by using the
solution with lower surface tension. IPA, for example, exhibits almost 4 times lower
surface tension than water [79]. Further decrease in surface tension can be achieved
by heating up the IPA. This procedure was used for graphene membranes by Du et
al. [80).

Drying procedure, at the beginning of the experimental work, employed IPA
heated up to ~ 65°C. Success rate of this process was between 10 % to 20 %. Two

modifications were implemented to improve the drying procedure. New substrate,

4Specific temperature and pressure where there is no apparent difference between the liquid

and gas state of a medium.
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with 1 um SiO, layer, allowed to etch deeper tranches (=~ 400 nm). This was aimed
to reduce the possibility of graphene attaching to the bottom of the trench. Second,
new heater with automatic temperature control was utilized for IPA heating. Precise
control allowed to increase the temperature of the IPA to 78°C without the risk
of reaching the boiling point (a 82°C). Success rate of improved manufacturing
procedure was between 60 % to 80 % and an example of the suspended membrane
is shown in the Fig.[f.11]b. Additional advantage of increased temperature of the
IPA was removal of the PMMA layer. This eliminates the necessity of additional

cleaning procedure to remove the resist layer after etching.

a) H,0 b) TPA

Graphene

Fig. 4.11: a) Illustration of the drying process with water and SEM image of raptured
graphene membrane attached to the substrate. Destruction of the device is presumed
to be caused by the surface tension. b) Drying process with IPA and SEM image of

successfully suspended graphene.

4.5.2 Graphene/SiO; interface

The described manufacturing process is possible due to additional features of gra-
phene, that we have not discussed in the previous sections. Graphene exhibits
strong adhesion even with the smoothest substrates [81]. This ability is attributed
to the extreme flexibility of graphene, which allows it to conform to the topography

and therefore increase van der Waals interaction forces with the substrate. Such
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behaviour is beneficial in fixation of graphene on the gold electrodes. Additionally,
the HF acid was observed to homogeneously etch SiO, underneath the grapheme.
Normally, the BHF works as an isotropic etchant and therefore the underetching of
graphene would be the same as for the gold electrodes. This would impose significant
limits to the possible sizes of the membranes, due to the mechanical instability of
the device. Underetching of the electrodes is shown in the Fig.[d.12] it is visible that
electrodes are underetched by approximately the same amount as the depth of the
trench (=~ 300nm). On the other hand, the graphene membranes in the Fig.[4.11
have width in several micrometres. It was suggested that HF propagates along
the graphene/SiO; interface [7], therefore the uniform SiOs etching underneath the
graphene proceeds as if no graphene layer was present.

Fig. 4.12: SEM images of the underetched golden electrodes. a) A side view of
the electrode cut by focused ion beam. b) Top view of the electrode with gold
layer partially removed by FIB. Inhomogeneous underetching of electrode can be
observed.
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5 TRANSPORT MEASUREMENTS

5.1 Measurement configuration

Final device was attached to the sample holder (Fig. by conductive silver epoxy
paste. Golden electrodes, connected to the graphene membranes on SiO,, were
linked to the sample holder by 30 um thick gold wires. Connection was fabricated
by the TPT Wire Bonder HB 16, which utilizes an ultrasonic bonding.

Fig. 5.1: a) Design of ceramic sample holder with conductive paths. b)A sample
attached to the holder by silver epoxy paste. Golden electrodes were connected

using 30 pm thick gold wires attached by ultrasonic bonding.

The scheme of the configuration for transport measurements is shown in Fig.[5.2]
The resistance of the graphene layer was measured by Lock-In amplifier Stan-
ford SR830. Lock-In generated sinusoidal signal with amplitude 1V and operational
frequency of 13.33kHz was kept constant during the measurements. Additionally,
the current was reduced by attaching serial 10 M2 resistor to prevent damage of the
membrane. Therefore, current amplitude was ~ 100 nA.

In order to induce the change in charge carrier concentration of graphene mem-
brane, the gate voltage (V) was applied to the Si substrate. The gate voltage value
was controlled by Keithely 6221AC current source. Voltage was applied as a poten-
tial drop on the 1 M resistor, e.g. voltage 10 V was obtained by a current of 10 nA.
To reduce the electrical noise all the connections to the devices were carried out with
shielded coaxial cables. Both the Stanford Lock-In amplifier and Keithely current
source were connected to the computer by the GPIB (General Purpose Interface
Bus). Measurements were automatized and controlled by LabVIEW software.

Before the measurements were performed it had been necessary to check for the
leakage current between the back gate and top electrodes. The leakage current can
be caused by defects in the isolation layer, underetched electrodes or graphene over-
hang. To reduce the leakage, it became necessary to remove graphene surrounding

the electrodes, as described in section [4.4]
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Fig. 5.2: Schematics of the transport measurements configuration for device in FET
configuration. Gate voltage is applied by Keithely current source as a voltage drop
on 1 MQ resistor. Resistance of the graphene layer is measured by Stanford Lock-In

amplifier. Alternating voltage with amplitude 1V is applied at 133 kHz frequency.

5.2 Graphene membrane

The recorded resistivity of the graphene membrane (R) was converted to the con-

ductance by equation

(5.1)

where L and W are length and width of the membrane obtained from SEM image.
Membrane length was usually 2.8 ym and width varied from 1 to 15pm. Typical
shape of conductance dependency on the gate voltage is shown in the Fig.[5.3a. In
comparison with an ideal graphene the Dirac point is not clearly distinguishable.
Position of the Dirac point was approximately —3 V. All measured membranes had
similar peaks, or rather plateaus, around the same value. This implies that the
graphene layer is p-doped. Graphene placed on SiOs substrate also exhibited strong
p-doping (e.g. ref.[82]). This was also observed by Prochazka et al. [73] for CVD

graphene manufactured at our institute by similar procedure.
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Fig. 5.3: a) Measured conductance dependence on the gate voltage (blue line), for
graphene membrane in FET configuration. Electron and hole mobility is calculated

from the slope of the linear fits (red lines). Inset illustrations show supposed position

of the Fermi level in graphene. b) SEM image of a measured graphene membrane.
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Fig. 5.4: Measured conductance dependence on the gate voltage of reference sample
consisting from graphene placed on the SiO substrate (black line). Measurement of
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Additional information obtained from conductance measurements is the charge
carrier mobility of graphene. It was described in the second chapter about graphene
transport properties (sec.[2.1.1)) that mobility can be extracted from the slope («)

of o(Vg) dependency

HFE = z)i, (5.2)
where ¢ is relative permittivity of isolating material (SiO5 or air), g¢ is the permit-
tivity of vacuum and d thickness of the insulating layer. The slope « is obtained
from linear fit as shown in Fig.[5.3la. Unbalanced conductance of graphene can
be explained as high mobility of holes and low mobility of electrons. Calculated
mobilities of holes was in range from 96 to 527 cm?V~—!s~!
234 £ 98 cm?V s

Reference samples of graphene on SiOs substrate were prepared with the same

and average value of

procedure except of the chemical etching. Dirac point cannot be distinguished up to
100V. Higher gate voltage was not attempted, due to the concerns about reaching
breakdown current of insulating layer and damaging the equipment. Estimated hole
mobility was ~ 53 cm?V~!s~! as shown in Figl5.4. Such a value could mean that
quadruple improvement in mobility was achieved. On the other hand, the mobilities
measured for similar graphene devices, fabricated by the same CVD procedure and
measured by J. Piastek achieved mobility 165cm?V~'s™! [83] and measurements

performed by J. Hulva in 2014 yielded mobilities 35,131 and 605 cm?V~!s~! [84].

Thickness of dielectric layer

Important parameter for calculation of the charge carrier mobility (Eq. ) is
thickness (d) of the dielectric material. In conventional graphene devices the dielec-
tric geometry is strictly defined. On the other hand, in suspended graphene device
(Fig.[p.5la), the thickness of insulating layer depends on the membrane bending and
amount of the etched material.

The values for calculation of charge carrier mobilities were determined from AFM
topography (see Figc, d). Depth of the trench (D) includes the thickness of the
gold layer (70nm) and depth of the etched material. AFM measurements were
also used to determine the membrane bending, but they resulted in the membrane
rupture. Therefore, SEM measurements from the side (high angle) were performed.
Sample was tilted to ~ 89° as can be seen in the Figl5.5]b. Membrane appeared
to be almost at the same level as bottom of the electrodes. Therefore the bending
of the membrane in calculations was estimated to 30 nm. For devices on samples
with 280 nm thick SiO, layer, the complete removal of SiO, was usually observed.
Therefore, these samples were regarded as single capacitors with a 250nm thick

insulating layer of air.
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The devices with 1pm thick SiOs layer, had insulating layer composed from
400 nm layer of air and 570 nm layer of SiO,. Since the calculation of the mobility
in graphene on SiOs is derived from single parallel plate capacitor model, multilayer
devices have to be regarded as two capacitors connected in series. The equation

is then rewritten as

P (Mﬁ@fh) | (5.3)

£1€2€0
where €1 and e, are relative permitivities of the insulating materials with thicknesses
dy and dy. Only a few samples were measured by AFM, therefore, a slight variation
of thicknesses could occur depending on the etching precision. Additionally, the
electrostatic force between the gate electrode and the membrane can cause further
bending [85]. To investigate this behaviour it would be beneficial to perform in-situ

SEM measurements.

a) b) tilt 89°

Graphene

x [um]

Fig. 5.5: a) Illustration of the cross section of graphene membrane device. b)An
89° angle SEM image of graphene membrane. c¢) 3D AFM topography of electrodes
after chemical etching. d) Measured AFM profile of the etched trench with depth
D.

5.3 Heating of membrane

In an attempt to further increase the charge carrier mobility of graphene, fabri-
cated membranes were heated to 130 °C on a hot plate in ambient conditions. This

procedure should induce desorption of gases from the graphene surface [24]. Lower
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temperature heating was meant as an intermediate step before attempting the an-
nealing at 300°C to remove the PMMA residues.

Graphene membranes were heated for approximately 40 min which resulted in
increased conductance, shown in the Fig[5.6la. Such a change corresponds to only
about 302 decrease in resistance. Charge carrier mobility changed insignificantly
from 179 to 183 cm?V ~1s~!. Further, the resistance of the membrane was slowly in-

creasing back to its original value, which is attributed to the reabsorption of ambient

gases.
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Fig. 5.6: a) Measured conductance dependence on the gate voltage for graphene
membrane before (black line) and after 40 min at 130 °C (blue line). b) SEM image

of measured graphene membrane.

Most of the membranes showed to be partially or completely ruptured after heat-
ing. This could be attributed to the shortening of the graphene during heating as
was described in the third chapter (sec.. The change of the length was es-
timated from the graphene expansion coefficient to be only few nanometres for a
micrometre membrane. Therefore, the reason of damaging the membranes during
heating was not proved and needs to be investigated further. The rupturing of the
membranes impeded all future experiments. This behaviour needs to be avoided in
order to test the sensing properties of graphene membrane or attempt high temper-
ature annealing of graphene to increase its charge carrier mobility.

Two of the devices exhibited interesting behaviour after the heating. In spite
of extreme values of their resistivity (in M(2), strong reaction to gate voltage was
observed. One of these devices is shown in Fig.[5.7, The conductance exhibits area
of minimal conductivity from 0to-4V of Vg corresponding to resistance over 4 M(),

which is on the detection limit of our device. Repeated measurements showed further
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increase of resistivity. Similar transport gap was observed by Molitor et al. [86] for
graphene nano-ribbons with width < 100nm and contributed to the creation of
band gap in graphene. Therefore, it is speculated that damaged membrane shown
in Fig[5.7d, was not completely ruptured and contained small conductive channel
in order of nanometres. Since the graphene is lying on the insulating layer and
actual dimensions of conductive channel could not be distinguished from SEM image,

charge carrier mobilities for this device were not calculated.
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Fig. 5.7: a) Measured conductance dependence on the gate voltage for graphene
membrane with mobility of 132cm?V~1s™! and b) corresponding SEM image. c)
Change in the conductance after heating of the membrane at 130 °C. Conductance
of the membrane decreased significantly. Additionally, wide plateau of minimal
conductivity appeared, which is atributed to band gap of suspected narrow channel

in membrane damaged during heating. d) SEM image of ruptured membrane.
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6 CONCLUSIONS

This work was dedicated to the fabrication and characterisation of CVD graphene
membranes. Theoretical part of the work was focused on transport properties
of graphene, mostly the charge carrier mobility, which is often used as the mea-
sure of graphene quality. The intrinsic mobility of charge carriers in graphene,
limited only by electron-phonon scattering, was predicted to reach values up to
~ 200000cm?V~!s7! at room temperature. The mobility, measured in realistic
graphene devices, is often significantly reduced by scattering effects described in the
second chapter. A strong influence on the mobility was also attributed to the sub-
strate, which supports the graphene. Therefore, graphene membranes are presented
as a suitable option to improve the transport properties of graphene.

The fabrication process of graphene membranes was implemented to fit the cur-
rent possibilities at the Institute of Physical Engineering. The chapter 4 provides
a description of the fabrication steps for graphene devices in FET configuration.
The two top electrodes were fabricated by electron beam lithography. Afterwards,
graphene grown by chemical vapor deposition was transferred on the sample and
patterned by second lithography procedure followed by etching in oxygen plasma.
Suspension of graphene was achieved by chemical etching of the SiO, substrate
in buffered hydrofluoric acid (NH4F:HF). Drying of the samples after etching has
proven to be the critical point of the fabrication process. Isopropyl alcohol heated
up to 78°C combined with etching of 400 nm of SiOy rather than original 280 nm
resulted in successful suspension for most of the membranes. This process was used
to fabricate arrays of graphene membranes on each sample and a single membrane
was isolated from the rest by focused ion beam.

Each of the single graphene membranes was characterised by transport properties
measurements described in chapter five. Devices were measured in field effect tran-
sistor configuration. The change in the charge carrier concentration of graphene was
achieved by applying gate voltage with assumption that graphene and the substrate
are acting as a parallel plate capacitor. The charge carrier mobility was estimated
from the conductance dependence on gate voltage. The calculated mobilities of
holes had average value of 234 & 98 cm?V~!s~! and the highest recorded mobility
was 527 cm?V~!s71. An increase in the hole mobility compared to the reference
sample of graphene on SiOy was observed. On the other hand, the measured value
is not significantly higher compared to the other measurements performed at the
institute. This is attributed to the influence of PMMA residues from the manufac-
turing process. Experiments in literature usually employ additional cleaning in form
of high temperature annealing (300°C) and can achieve mobility values one order of

magnitude higher.
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Experiments with lower temperature annealing (130°C) caused a partial or com-
plete rupture of most of the membranes. In order to further improve graphene
membranes transport properties, this behaviour needs to be understood and elimi-
nated. However, the presented fabrication process for suspended graphene was very
reliable and will provide a solid basis for future experiments. A potential solu-
tion of the membranes ruptures may be the utilization of large area single crystal
CVD graphene, which provides better mechanical properties in comparison with the
polycrystalline layers. Graphene membranes could help to distinguish the effects of
substrate from other scattering sources present in CVD graphene. Moreover, the
graphene membranes could be utilized as mechanical resonators (described in chap-
ter 3) and further improvement of their electronic properties could result in a wide

range of new applications.
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LIST OF ABBREVIATIONS

abbreviation explanation

AFM atomic force microscope

BHF buffered hydrofluoric acid
CVD chemical vapor deposition
DNA deoxyribonucleic acid

EBL electron beam lithography
FET field effect transistor

GPIB general purpose interface bus
hBN hexagonal boron nitride

HF hydrofluoric acid

IBS ion beam sputtering

TIPA isopropyl alcohol

IQHE integer quantum Hall effect
LIPIT laser-induced projectile impact test
MIBK methyl isobutyl ketone

MLG multi layer graphene

NEMS nanoelectromechanical systems
NTE negative thermal expansion
PMMA poly(methyl methacrylate)
RIP remote interfacial phonon
RNA ribonucleic acid

SEM scanning electron microscope
TEC thermal expansion coefficient
TEM transmission electron microscope
UHV ultra high vacuum
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