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Abstract

Throughout these few years, graphene has been rapidly proven to be a very promising material in the field of
flexible and communicating electronics. Moreover, the chemical vapor deposition technique has allowed the
synthesis of large-scale graphene, making the commercialization of graphene-based devices possible. Never-
theless, the fabrication process has not quite been understood at every step in order to overcome the most
fundamental challenges in this field. In this work, a step-by-step structural and chemical characterization
has been performed to study the properties of CVD-grown graphene, and the most crucial steps have been
tackled in order to pave the way for flexible RF graphene-based devices on parylene substrates. We have
found that the common large-scale techniques have yet to yield homogeneous graphene properties on the
same sheet which results in wafer-scale graphene-devices with different performances. This highlights the
need to encapsulate graphene. Parylene C was studied as a potential substrate for graphene devices, and
sub-60 nm gate lengths RF devices have been fabricated, showing that the parylene-graphene combination

could indeed be a very propitious solution to obtaining reproducible device performance.

Résumé

Depuis une dizaine d’années, le graphéne s'est rapidement révélé etre un matériau trés prometteur dans le
domaine de I'électronique flexible et communicante. Dans cette optique, la technique de dépot chimique
en phase vapeur a permis la synthese de graphene sur de grandes surfaces, rendant ainsi possible la com-
mercialisation de dispositifs a base de graphéne. Cependant, les procédés de fabrication ne sont pas tous
clairement acquis a chaque étape afin de relever les défis les plus fondamentaux dans ce domaine. Dans ce
travail de these, une caractérisation chimique et structurelle a été réalisée étape par étape afin d’étudier
les propriétés du graphene CVD, et les étapes les plus importantes ont été abordées afin d’ouvrir la voie
a des dispositifs RF flexibles a base de graphéne sur du paryléne. Nous avons constaté que les techniques
classiques permettant 1’obtention de grandes surfaces doivent encore fournir des propriétés d’homogénéité
sur le meme feuillet. Cela met en évidence la nécessité d’encapsuler le graphene. Le parylene C a été étudié
comme substrat potentiel pour les dispositifs a base de graphene et des dispositifs RF a des longueurs de
grille inférieures a 60 nm ont été fabriqués, ce qui montre que la combinaison paryléne/graphéne pourrait

constituer une solution trés propice a l'obtention de dispositifs avec des performances reproductibles.



Chapter 1

General Introduction

In electronics, the evolution of silicon technology is based on Moore’s law which predicts that the number
of transistors (the main element that composes the processors) per circuit of the same size would double
every 24 months [1]. This is achieved by reducing the dimensions and improving the performance of these
devices. However, this improvement in chip performance and the reduction in device size is reaching a
nanometre-scale limit in which parasitic effects such as the quantum tunnel effect begin to appear. To
solve this problem, several solutions have been considered, such as the introduction of new materials. I1I-V
compound semiconductors [2] or carbon nanotubes [3], the search for a replacement material with comparable
or even much higher performances than silicon, while being abundant, is a crucial step for the development
of electronic technologies. In 2004, two physicists from the University of Manchester, Andre Geim and
Konstantin Novoselov [4], isolated a two-dimensional material which they called graphene. The idea of
graphene has existed for over 60 years, back when it was called 2D graphite. However, it was believed that
this atom-thick material is thermodinamically unstable and thus cannot exist in real life. These two scientists
however proved the existence of graphene. Using a Scotch-tape mechanical exfoliation technique, they were
able to isolate it and transfer it onto a silicon dioxide (Si02) substrate. Due to its honeycomb structure,
graphene presented extraordinary mechanical, optical, thermal and electronic properties [5]. This discovery
opened a new path towards numerous applications including flexible, stretchable and bendable electronics
such as flexible smartphones and screens, RFID chips, ultra-fast charging, as well as biomedical devices e.g.
artificial skins, biomedical coatings etc.. These applications are emerging today with great force and require
technological development beyond the silicon era. The outstanding properties of graphene could make this

new miracle material the future of the electronics and medical industries.
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Today, graphene-based devices in roughly every graphene-compatible application have been proven to
be notably superior to other materials implemented for the same applications. Nevertheless, graphene
technologies are still conditional to many fundamental challenges which restrict the commercialization of
graphene devices. In reality, production-worthy devices must maintain the same record properties of the
starting graphene, and it all begins at the synthesis of this two dimensional material. Many growth techniques
exist today, yielding different “types” of graphene with distinctive properties for particular applications and
purposes. However, the most industrially-compatible synthesis method today seems to be the chemical vapor
deposition of graphene (CVD). The CVD yields wafer-scale graphene sheets on various metal substrates,
and it only seems to be limited by the machine’s chamber room, in which, in some cases, has succeeded
in producing a 30-inch continuous graphene sheet. This seems very promising, and companies around the
world have already commercialized graphene on metals and even graphene transferred on target substrates
such as Si09, quartz and PET. However, the road to the industrialization of graphene devices is still
under construction, for the synthesis of graphene is only the beginning. Other important challenges exist,
particularly the graphene transfer. Today, the most common technique for transferring graphene is the
PMMA-assisted wet transfer. Although many problems arise from this method, such as polymer residues and
contamination via impurity particles, it is still the most appropriate mean for large-scale graphene transfer
and thus it is still being used by a large community of scientists. Other drawbacks like the fabrication process
are still very challenging. Lithography patterning, etching and lift off processes, as well as some inevitable
characterization techniques continue to deteriorate the intrinsic properties of graphene, hampering by that
the commercialization of graphene devices. Reproducibility is a key factor for electronics and every other
industry. Today, this factor is still not achieved, since the crystalline quality of the same graphene layer
differs from area to another within the same sheet.

Despite all these challenges, graphene still holds tremendous hope as a replacement for silicon technologies,
and an unmatched miracle material for today’s electronics industry. Immense research and funding around
the world among which the Graphene Flagship comes first with its 1 billion euro budget demonstrate the

immeasurable importance of graphene for the future of technology.
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1.1 Objectives of this thesis

The objectives of this thesis are: (1) To synthesis graphene on clean and flat cm-large copper foils and
transfer it onto target substrates. The copper foils are characterized via SEM, AFM and XPS before and
after treatment to examine their surface morphology and chemical composition. The graphene is then
transferred using two different copper etching solutions which are carefully analyzed via XPS in order to
examine the effect of these solutions on the PMMA residues and the graphene quality. (2) To fabricate large-
scale graphene-based field effect transistors and characterize the graphene channels via Raman spectroscopy,
followed by an exhaustive study on the electrical properties of our CVD-grown graphene. Time dependence
of the graphene’s electrical properties are also presented, insisting on the need to encapsulate the graphene
for long-term use. Preliminary results on graphene nanomesh are reviewed in this work and show promising
findings. (3) To intensively discuss the critical steps towards wafer-scale production of time-independent
flexible graphene RF transistors. This is achieved by fabricating thin graphene transistors with gate lengths
below 60 nm on polymer substrates. These substrates are sensitive to what is normally harmless for silicon-
based technologies such as high temperatures. Intensive XPS and AFM studies on these polymers will also
be reviewed in this work, which will be concluded with the challenges of fabricating wafer-scale flexible

electronics.

1.2 Thesis structure

This thesis presents the author’s experimental and theoretical work on the development, characterization and
understanding of every step of large-scale chemical vapor deposited graphene-based field effect transistors
(GFETSs), as well as the work towards the realization of flexible RF GFETSs on parylene C substrates.

Chapter 1 announces a general introduction on the field of this work and presents the objectives and
general structure of this thesis.

Chapter 2 introduces the reader to the basics of graphene including its fundamental properties. The
graphene synthesis methods are also reviewed with heightened emphasis on the copper-based CVD approach.
The most common transfer techniques are detailed, along with profound attention on the most popular
graphene characterization technique: Raman spectroscopy. A survey on graphene electronics is briefly
presented.

Chapter 3 summarizes the main experimental techniques used in this research. Structural characteri-
zation techniques such as atomic force microscopy, scanning electron microscopy and X-ray photoelectron
microscopy are detailed. The graphene field effect transistors (GFETSs) fabrication techniques including
reactive ion etching (RIE), electron beam lithography (EBL), atomic layer deposition (ALD) and electron
beam physical vapor deposition (EBPVD) are also presented.
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Chapter 4 aims at understanding every step of the fabrication process of large-scale graphene devices
in order to study the properties of CVD graphene. For that, large-scale-compatible fabrication techniques
were chosen. This chapter demonstrates the optimization of the copper (Cu) growth substrate towards
the synthesis of clean and flat monolayer graphene through a chemical mechanical polishing and annealing
technique. The surface of the copper was further investigated using atomic force microscopy, and scanning
electron microscopy X-ray photoelectron microscopy. A CVD-derived technique called the pulsed chemical
vapor deposition is also presented, and the PMMA-assisted wet transfer is envisaged. An exhaustive study
on the effect of the copper etching solution is discussed via XPS measurements. The fabrication process
of hundreds of GFETSs carried out in this work is discussed, and the Raman characterization of transferred
graphene is thoroughly analyzed via Raman spectra and Raman mappings. Finally, the electrical charac-
terization of the GFETS is intensively explored, where the mobility extraction method is detailed and the
effect of air exposure on the graphene’s electrical properties is presented. Preliminary results on graphene
nanomesh are also presented in this chapter.

Chapter 5 describes the author’s contribution in realizing flexible RF graphene-based devices. An in-
troduction on the flexible substrate, parylene C, is presented alongside its deposition technique and a brief
presentation of parylene C’s properties. Structural and chemical characterization of parylene C substrates
are also presented. A simulation of the optimized RF device design is demonstrated, as well as the fabrication
process of these RF field effect transistors on parylene C, with sub 60 nm gate lengths. The effect of the
oxide deposition method is exhaustively discussed, as XPS and AFM measurements are carried out in order
to obtain a complete idea about this unexpectedly important step. The challenges of fabricating parylene
C-based RF devices are thus tackled in this chapter.

This thesis will be concluded in Chapter 6 by summarizing the results and findings of this work, and

lastly the perspectives are presented.



Chapter 2

Literature review

2.1 Retrospect on carbon

Carbon is one of the most important elements on earth. It is the fourth most abundant element in the
universe and is indispensable for life on earth. It occupies the 6th position in the periodic table, and its
ground state electronic configuration is 1s2 2s2 2p2. According to the Valence bond theory, since there are
two unpaired electrons in the carbon atom, it should form two covalent bonds, resulting in a C'Hy molecule.
However, experiments showed that C' Hs is highly reactive and cannot exist outside of a reaction. Instead,
CH, was found to exist. This implies that the carbon should form four bonds, meaning that it must have
four unpaired electrons. This means that hybrid orbitals must exist in order to have four electrons occupying
the 2s and the 2p orbitals (that is 2s, 2px, 2py and 2pz, because the s orbital is a sphere centered at the
nucleus and thus no orientation is needed, contrary to the p orbital which consists of two ”lobes” oriented
along a particular axis relative to the nucleus). In order to obtain CHy, the carbon atom must hybridize
(Hybridization is the act of combining atomic orbitals (s, p, d, f, etc) to form hybrid orbitals (sp, sp2, sp3).
The hybridization of carbon is highly favorable because hybridized orbitals have lower energies than atomic
orbitals, resulting in a more stable compound. The electron distribution in C orbitals is shown in figure 2.1

(a-b).

2px 2py  2p;

TR r

Figure 2.1: Electron distribution in the carbon orbitals. Adapted from [6].
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Hybridization in a carbon atom comprises three cases:

e Two sp orbitals generated from s + p (one s and one p orbital)
e Three sp2 orbitals generated from s + p + p (one s and two p orbitals)

e Four sp3 orbitals generated from s + p + p + p (one s and three p orbitals)

The s and p atomic orbitals as well as the three hybrid orbitals are shown in figure 2.2.

(a)

<

k : (iysp* orbitals

side view top view
)

Ginsp’ orbitals
(i) sp orbitals

o & 0e
&

Sigma (o) bond

e
LT

Overlap of p orbitals leading to pi (1) bond

Figure 2.2: Schematic representation of (a) s and p atomic orbitals, (b) the spatial arrangement of orbitals
in the carbon atom in the case of (i) sp, (ii) sp2 and (iii) sp3 hybridizations and (c) Sigma and Pi bonds in
a ethylene molecule (CoHy4). Adapted respectively from [7], [6] and [8].
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The s orbital is a sphere centered at the nucleus, meaning that the electron is equally likely to be located
in any direction from the nucleus. The p orbital consists of two "lobes” oriented along a particular axis
relative to the nucleus, thus there are three orbitals named px, py and pz.

In the case of carbon atoms, the overlap of hybrid orbitals form sigma bonds, and un-hybridized p orbitals
form pi bonds. An example of the two bonds is shown in figure 2.2 (¢). In the case of the sp orbitals, two
overlapped sp orbitals make strong frontal sigma (o) bonds to an adjacent atom, whereas there are two weak
lateral pi (7) bonds with neighboring p orbitals. Sp2 hybridization has a trigonal planar configuration which
forms sigma bonds, and the pure p orbital forms a pi bond. Finally, sp3 lobes are oriented towards the
vertexes of a regular tetrahedron. In this case, all the four orbitals are hybridized and form sigma bonds.

If we take the example of the four sp3 hybrid orbitals, they are called ”degenerate orbitals”, meaning
that they all have the same energy. Lastly, every single bond (C-C) contains 1 sigma bond, every double
bond (C=C) contains at least one sigma bond and one pi bond, and every triple bond contains 1 sigma bond
and two pi bonds. Triple bonds are shorter and stronger than single bonds, which are longer and weaker,
and sigma bonds are stronger than pi bonds.

Thanks to its valency, carbon possess various forms including ancient allotropes such as graphite and dia-
mond, and relatively recent allotropes such as buckminsterfullerene, fullerene, carbon nanotubes, lonsdaleite,

amorphous carbon, and graphene. These allotropes are resumed in figure 2.3.

Figure 2.3: Structural representation of carbon allotropes: (a) Diamond, (b) Graphite, (c) Lonsdaleite, (d)
Cso (Buckminsterfullerene), (e) Cs49 Fullerene, (f) C7o Fullerene, (g) Amorphous carbon, and (h) Single-

walled carbon nanotube. Adapted from [9].
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2.2 Graphene

Graphene is a two dimensional (2D) material consisting of sp2 hybridized carbon atoms periodically arranged
in an hexagonal lattice. This one atomic layer of graphite is the basic structural element of other allotropes,

including graphyne, carbon nanotubes, graphite and fullerenes [10]. Some examples are shown in figure 2.4.

Figure 2.4: Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all
other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes or stacked into

3D graphite. Adapted from [11].

Since carbon atoms of graphene are bonded with sp2 hybridizations, these hybrid orbitals form strong
in-plane sigma bonds (3 for each C atom). These strong bonds maintain the interatomic distance (ac-a.) of
0.142 nm (figure 2.5), which provides the graphene with outstanding mechanical properties. On the other
hand, the un-hybridized p orbitals form one out of plane weak pi bond per carbon atom. The pi bonds
hybridize together to form pi* bonds. Together, they are responsible for graphene’s outstanding electronic

properties due to the unpaired moving electrons.
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0.142 nm

Figure 2.5: Hexagonal lattice of graphene. Adapted from [12]

2.2.1 Structure of Graphene

The unit cell of graphene’s honeycomb lattice represented in figure 2.6 contains two geometrically different

carbon atoms A and B. The unit vectors a; and ay that define this lattice are written as:

ay = %(3, V3) (2.1)

a’C*C

ar = = (3,-V3) (2.2)

where a. — a. is the carbon-carbon bond length measuring 0.142 nm. Considering the reciprocal lattice

definition ajas = b1by = 27, the corresponding reciprocal lattice vectors b; and by are found to be:

b= 2" (1,3) (2.3)

3ac—c

by = 27 (1,-/3) (2.4)

" Bac_.
Using these reciprocal lattice vectors, the Brillouin zone in the k-space can be constructed. This zone
determines the k-vectors which allow to obtain independent solutions to the Schrdinger equation. The two
vertices of the Brillouin zone K and K’ are of utmost importance for the understanding of the physics of

graphene and its properties. They are as following:

2T V3

K= V2 (2.5)

" 3ae_c 3
2T \/g
K = 1, —~= 2.6
3ac_c( S ) (2.6)
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a)
SO0
.
28

Figure 2.6: (a) Real space lattice of graphene. a; and ag are the two lattice unit (primitive) vectors and

b)

01,62 and 3 are the nearest-neighbour vectors. The yellow rhombus represents the primitive unit cell. (b)
The Brillouin zone of graphene with the Dirac points K and K’ indicated and centered on I'. The reciprocal

lattice vectors b; and by are also shown. Adapted from [13].

2.2.2 Graphene properties

Due to its honeycomb structure, one atom-thick graphene possesses extraordinary optical, mechanical, ther-
mal and electronic properties. These properties make of graphene a very interesting material for optoelectron-
ics, Excellent electrical [14] and thermal [15] conductivity, high mechanical strength [16], these properties
make of graphene a very interesting material in electronics, optoelectronics, spintronics as well as in the

biomedical industry.

2.2.3 Electronic properties of graphene

The 7 and the 7 bands, perpendicular to the o bonds, are responsible for the transport properties of
graphene. In fact, the electronic band structure of graphene, simulated using the tight binding approximation
method [17] and depicted in figure 2.7 shows the conduction (7%) and valence (7) bands. These two intersect
at six points of two different equivalences, named K and K’, the so-called Dirac point (also called the charge
neutrality point (CNP)). As the band structure shows, the energy dispersion close to the Dirac points is
linear with the momentum, being described by F = hkvp. The parameter vp is the Fermi velocity with its
value of v = ¢/300, where c is the velocity of light in vacuum, and k is the wave vector. Indeed, the linear
dispersion relation resembles to that of a photon, indicating that electrons and holes in the graphene behave
like massless fermions. In theory, a zero effective mass leads to an infinite high charge carrier mobility. But

in reality, graphene contains defects, phonons and a finite charge carrier concentration. These three limit
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the transport of the charge carriers. Despite this drawback, graphene-based field effect transistors have
showed mobilities up to 10 000 ¢m?/V.s for graphene on SiO substrate at room temperature, as well as
mobilities reaching 230 000 c¢m?/V.s for suspended graphene at 1.8K. These values are much higher than
the regular Si-based transistor, where mobilities reach 1400 ¢m?/V.s, which gives tremendous hope for the
commercialization of graphene in the electronic industry. Another important point about charge transport
in graphene is ambipolarity. In fact, due to graphene’s conical shaped-band structure, charge carriers in
graphene can be continuously tuned by the external gate voltage. As figure 2.8 shows, under negative gate
bias, the Fermi level drops below the Dirac point, introducing a significant population of holes into the
valence band. Under positive gate bias, the Fermi level rises above the Dirac point, promoting a significant
population of electrons into the conduction band. The ambipolarity of graphene has attracted much attention
in the electronic industry, where high frequency FETs have been fabricated with cut-off frequencies reaching
tens to hundreds of GHz. However this zero bandgap results in a low I,,/I,¢s ratio, implying that at a
zero gate voltage, graphene still conducts electricity. This means that it cannot be turned off. This energy
consuming disadvantage can however be overcome by opening a band gap in the graphene by several means,
including epitaxially growing graphene on SiC, applying a perpendicular electric field to bilayer graphene
and structuring the graphene monolayer into nanoribbons or nanomeshes, confining by that the graphenes

charge carriers.

Dirac Cone

Conduction bandT™

....... . i ", Valence band T

Dirac Point

ky*a

Figure 2.7: Electronic band structure of graphene in the first Brillouin zone. Adapted from [18]
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Figure 2.8: caption Adapted from [11]

2.2.4 Optical, mechanical and thermal properties of graphene

Three molecular and strong ¢ bonds maintaining a maximum link between the carbon atoms are the main
reason for graphene’s extraordinary mechanical, optical and thermal properties. When it comes to the
optical properties, monolayer graphene disposes of a high optical transmittance of 97.7 % [19] making it
almost transparent. This unique light absorption is almost constant within the visible range, and varies
linearly with up to five graphene layers [19] as shown in figure 2.9 (a). Alongside graphene’s high optical
transmittance, its high conductivity make of it a promising candidate for transparent conductive electrodes,
light emitting diodes (LEDs), photodetectors, ultrafast lasers and various photonic devices that require
conducting and transparent thin films [19-23]. In addition to higher optical properties, graphene films have
high mechanical strength, are flexible, and are chemically stable in comparison to traditional transparent
conductive electrodes such as indium tin oxide (ITO) [20,24,25]. Although graphene films show relatively
poor electrical conductivity owing to the structural defects [25] and high sheet resistance [26], the high
crystalline quality of the graphene samples can be preserved by successfully transferring graphene sheets
without inducing further defects, and the sheet resistance can be further reduced to the order of 100-200 €2
by chemical doping [26-28].
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Figure 2.9: Optical, mechanical and thermal properties of graphene. (a). Adapted from (a) [19] and (b) [16].

On the other hand, graphene’s mechanical properties hold record values, as its tensile strength is about
130 GPa [16] (which is 200 times higher than steel [23]), and its Young’s Modulus measures approximately 1
TPa [16], as shown in figure 2.9 (b). Graphene’s intrinsic strength, elasticity and high flexibility [16,25,26],
alongside being very light (0.77 mg/m?) motivates the use of graphene in a handful of applications such
as stretchable and bendable electronics, automobile and airplane components, and have even allowed high
expectations for exotic structures such as a space elevator [16, 23,25, 26].

The thermal properties of graphene are also very significant. Its thermal conductivity is mainly con-
tributed by the phonon transport, and measurements have showed a room temperature thermal conduc-
tivity of a single layer graphene of the order of 5300W/mK [15], exceeding the record values of diamond
and carbon nanotubes. This outstanding thermal conduction property of graphene allow its integration
in the electronic industry, especially for nanometer-scale silicon complementary metal-oxide-semiconductor
(CMOS) technology as well as beyond CMOS devices. Other applications for graphene include optoelec-
tronics and bioengineering, since graphene is proven to be an excellent material for thermal management
and solving heat dissipation problems [15,29]. Beyond its mechanical, optical and thermal properties, high

quality defect-free graphene shows a chemical inertness and biocompatibility [30,31].
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2.3 Graphene growth techniques

Since the discovery of graphene in 2004, methods of obtaining graphene have boomed. Requirements for
large-scale, low cost and even green processes have motivated the development of new techniques. How-
ever, different synthesis methods lead to different qualities and characteristics of the graphene produced,
specifically tailored for target applications. Below are some of the most common methods of obtaining

graphene.

(a) Micromechanical (b) Growth on SiC

(0001)
Si-Face

cleavage

(c) Liquid phase (d) Chemical Vapour
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Figure 2.10: Common graphene synthesis methods: (a) Mechanical exfoliation (b) Epitaxial growth (c)
Chemical exfoliation and (d) Chemical vapor deposition. Adapted from [23].

2.3.1 A little history

After the discovery of graphene in 2004, the research on this powerful material bloomed. The microcleaving
of HOPG yielded high quality single layer graphene, however, this technique was difficult to scale up for
applications. In the same year, Berger et al. [32] developed epitaxial graphene on 6H-SiC substrates, which
principle relies on the thermal decomposition of SiC substrates upon annealing in high temperatures. The
group’s work resulted in a tri-layer graphene with a charge carrier mobility reaching 1100 cm?/(V.s) at
4K. A couple of years later, Berger et al. [33] managed to grow a single layer graphene on single crystal
SiC, yielding a carrier mobility of 27000 cm?/(V.s). However, epitaxial growth was hard in achieving large
graphene domains and the resulted graphene had a strong bonding with the substrate, which affected the
electronic bonding of epitaxial graphene layers [34]. In 2007, Obraztov et al. [35] developed for the first time
a CVD process to synthesize a few thin layers of graphite, with a thickness of 1.5 +- 0.5 nm on Ni substrates.
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Shortly after, CVD growth of graphene on transition metals such as Ru [34], Ir [36,37] and Ni [25, 38, 39]
was quickly being developed and large-scale graphene was starting to give hope for postsilicon electronics.
However, the graphene grown by these methods resulted in regions of graphene with different thicknesses
since the synthesis is due to the carbon segregation on the surface of the metal and the precipitation of these
atoms upon cooling. In 2009, Xuesong Li et al. [40] developed a CVD technique for growing continuous
and 95 % single-layer graphene on centimeter-large copper foils. The technique yielded a graphene of high
quality and an electron mobility of 4050 em?/(V.s). To this day, the most widely used metal catalyst is
copper. In fact, graphene is grown on Cu by a surface-catalyzed process rather than a precipitation process.
Thus, upon decomposition of hydrocarbons, carbons become adatoms on the surface of the Cu and form
graphene. Once the first layer of graphene is completed, there will be no room left for graphene to grow,

hence, the process is self-limited.

2.3.2 Mechanical exfoliation

The Nobel prize-winning graphene exfoliation method A. Geim and K.S Novoselov firstly introduced to the
world in 2004 [5], also called the Scotch tape method and micromechanical cleavage, is an easy technique
of obtaining single and multilayer pristine graphene (figure 2.10 (a)). Thin sheets of graphite are peeled
off of a highly-oriented pyrolytic graphite (HOPG) using adhesive tape, then thinned further into few-layer
and monolayer graphene flakes with subsequent tape-to-tape peelings. Eventually, the sticky tape is pressed
against the target substrate such as silicon dioxide and the graphene is ”transferred” onto the substrate. This
peeling process is possible due to weak bonds between the atomic planes of graphite, which renders the Van
der Waals force between them to be not as strong as the force between graphite/graphene and the substrate.
Thus, when the tape is lifted the interlayer bonds will break, leaving some amount of graphite/graphene on
the substrate. Graphene obtained by mechanical exfoliation presents the best electronic properties (charge
carrier mobility reaching ..) and the highest crystalline quality, however, the graphene flake size is limited
by the single crystal grains in the starting HOPG, and is generally below the order of millimeters [41], which
present a main drawback for large scale applications. Therefore, the graphene prepared in this method is

generally used for the fundamental research and prototypical device fabrication.

2.3.3 Expitaxial growth

Epitaxial growth (figure 2.10 (b)) is a technique which principle relies on the thermal decomposition of SiC
substrates upon annealing in high temperatures (above 1300°C) in a controlled argon atmosphere or in ultra
high vacuum. Under high temperatures, the Si atoms sublimate and the carbon atoms reorganize to form
graphene [32,33]. The most commonly used forms of SiC are the 4H-SiC and the 6H-SiC.

The benefit of the epitaxial growth of graphene is its compatibility with the established SiC-technology
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in power electronics. For instance, high frequency transistors have been fabricated from graphene grown on
SiC with 100 GHz cut-off frequency which is twice higher than the Si transistors of the same gate length
(40 GHz) [42]. Record breaking cut-off frequency of 427 GHz was reported by Cheng et el. in 2012 [43],
however, the device suffered from large parasitic parameters and poor drain current saturation resulting in
a low maximum oscillation frequency. The highest extrinsic frequencies on SiC were recorded by Yu et al.
in 2017 [44] with an extrinsic cut-off frequency of 70 GHz and a maximum oscillation frequency of 120 GHz.
Top gated transistors have also been demonstrated with charge carrier mobilities up to 5000 em?/(V.s) [45].
Although higher mobilities have been achieved at 25K (29 000 e¢m?/(V.s)) [46], the average mobility of
graphene on SiC is usually between 2000 and 10000 em?/(V.s) [47,48].

However, the SiC-derived graphene generally contains a mixture of multi-layer graphene which prevents
its potential use in applications where layer thickness uniformity is necessary. In addition, the high surface
roughness of graphene obtained from this method limits the performance of graphene in determined appli-
cations [49]. Another disadvantage of the SiC technology is that the SiC wafers are expensive (around 325
USD for a 2-inch wafer).

2.3.4 Chemical exfoliation

The chemical exfoliation technique (figure 2.10 (c¢)) consists of producing graphene oxide (GO) through
an oxygen-producing chemical reaction (sulfuric and/or nitric acid) within the layers of a graphite crystal
that softens the van der Waals interactions. Then, the graphene oxide is exfoliated (the softened van der
Waals interactions are broken) in-situ via ultrasonication. The result consists in graphene oxide sheets
suspended in a colloidal solution, which are deposited on a substrate. To obtain pure graphene flakes, the
oxide has to be removed in a reducing atmosphere using alkaline solutions, or applying hydrogen plasma,
or hydrazine vapours or through heat treatments [50-53]. Although the final material should be graphene,
partially oxidized flakes are also obtained because the reduction processes are not very efficient (C/O ratio
of 17.2 [54]). Recent works such as [55] have successfully yielded 100 % of graphene using this technique,
however, thicknesses of 10-35 nm were obtained. Liu et al. [56] have recently published an article on the
chemical exfoliation of 100 % few-layer graphene (up to 5 layers) . Another major drawbacks include a
produced graphene comprised of sp2-sp3 structures, which makes it of relatively low crystalline quality
compared to other techniques, and the charge carrier mobility is a few hundreds of cm?/(V.s) [54]. However,
the main advantages of this techniques are the possibility of obtaining very precise flake sizes as well as the
high output of this technique, making it economically competitive. Chemical exfoliation is a very popular
method used for the production of inks [57], powder coatings, composite materials [50, 58], and biological

applications.
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2.3.5 CVD growth substrate

Throughout the years, the CVD growth of graphene has been performed on multiple metals such as Ni,
[25,38,39,59-63], Cu [26,40,63-68], Ru [34,69,70], Co [71,72], Ir [36,69,73,74], Fe [75], Au [76], Rh [77] and
Pt [78-80]. However, the cost of the majority of these metals, as well as the difficulty in etching make of Ni
and Cu the best candidates for graphene growth [63].

Ni possesses a high carbon solubility (0.9 at.% at 900°C [63]) , which translates into a segregation of
carbon atoms from the bulk of the metal to its surface and a precipitation of these atoms upon cooling,
generating by that a inhomogeneous graphene layers on the Ni surface [69,81] . In contrast, Cu acquires
a very low carbon solubility which allows carbon atoms to adsorb on the metal surface, which enables the
synthesis of large-area single-layer graphene sheets. Thus, graphene is formed from the carbon gas source
(hydrocarbon) which is decomposed by the catalytic Cu surface. The graphene growth stops automatically
once the surface of the Cu is entirely covered by carbon atoms, hence it is a self-limited process [40,63,81] [40].

It is for this reason that Cu is the most used catalytic substrate for graphene growth.

2.3.6 Chemical vapor deposition of graphene on copper

Chemical vapor deposition (figure 2.10 (d)) is the process of growing graphene via high temperature decom-
position of gaseous hydrocarbon precursors such as C Hy or Co Hs on metal substrates such as Cu, Ni, Ru, Ir,
etc. which are used as catalysts to assist the graphene formation. The reaction occurs in a growth chamber,
typically under vacuum, alongside other gases such as argon and hydrogen, and under a well defined total
pressure. The graphene film is thus formed on the substrate, while the gaseous by-products along with the

un-reacted precursors are evacuated out of the reactor.
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Figure 2.11 illustrates the standard CVD process:
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Figure 2.11: Schematic illustration of a standard CVD process.

28

After loading the substrate in the chamber room, the general steps for graphene growth are the following:

1. Ramping of the temperature until it reaches the desired value and maintaining it throughout the

subsequent steps.

2. Annealing of the metal substrate, generally under Ar/H, flow in order to increase its grain size, smooth

its surface and remove surface impurities.

3. Growth of graphene by injection and decomposition of the hydrocarbon (mainly C'H4) while keeping

the Ar/Hs flow stable, under precise partial and total pressures.

4. Cooling of the reactor until ambient temperature is reached and retrieving the graphene-coated sub-

strate.

The growth parameters (temperature, partial and total pressures, carbon precursors, copper, CHy/Hs

ratio, etc.) differ from lab to lab, and the results vary from a single-crystal graphene to a small-domain

polyrystalline graphene film. However, even if these parameters were presumably the same, the as-grown

graphene still diverges from lab to lab. It is for this reason that the growth of graphene on the atomic level

has been investigated by a plethora of groups [69,70,82-86] in order to understand the atomic phenomena

(adsorption, C attachment, etc.) that occurs during growth and link them to the nano-to-macroscopic growth

parameters such as grain boundaries, substrate roughness and so on.
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figure 2.12 shows the formation of graphene on copper surface:

@ Hatom

. C atom

(2)
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Figure 2.12: Schematic illustration of the growth kinetics on copper

The synthesis steps are:

1.

CH, chemisorption on the Cu surface: when the methane enters the reactor, these molecules are

adsorbed on the surface of the metal.

CH, partial dehydrogenation resulting in C'H, species (x=0,1,2,3). In fact, the dehydrogenation of
CH, on Cu is endothermic, meaning that it is energetically unfavorable. Therefore, the diffusing C
species on Cu are mainly CH,, (0jxj4) rather that atomic C [70,82,84-86]. Upon this breakdown, the
concentration of the active C species on the Cu surface increases until it reaches a critical supersatu-

ration where nucleation of graphene nuclei takes place.
Desorption of the dehydrogenated H and surface diffusion of the C adatom species.
C species attachment to the graphene domain edge and incorporation into the graphene lattice.

The nucleation and growth of the graphene nuclei deplete the adsorbed C species surrounding them,
thus the C concentration is decreased to a level where the nucleation rate is negligible, while the growth

of the graphene nuclei continues until all the C atoms on the surface of the Cu are consumed.

Graphene nuclei either coalesce to form a continuous film or, stop growing to reach a final incomplete

coverage.
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Graphene is formed from the crystallization of carbon adatoms. However, these adatoms, when on the
surface of the Cu, have two options : either to desorb from the surface, or to attach to the graphene lattice to
continue forming graphene. Kim et al. [83] found that the nucleation of graphene is the result of competition
between the mobility of the C species and their desorption rate. They also found that for temperatures
above 870°C, the desorption rate is significant compared to the mobility of the C atoms, which means that
the nucleation rate is desorption-controlled. Therefore, the growth-limiting step here is the attachment of C
adatoms to the graphene edges.

Zhang et al. [84] found that the dehydrogenation step is rate-limiting, since the synthesis of graphene can
only happen when the dehydrogenation is complete. And since C'H,, structures are more thermodynamically

favorable to be formed than atomic C, the growth can happen at very late stages.
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Figure 2.13: Energy profile of the dehydrogenation processes of CH, on Cu(100) and Cu (111). Adapted
from [84]

Figure 2.13 illustrates the energy of dehydrogenation of the C'H, molecules on each of Cu(100) and
Cu(111). For both copper orientations, the atomic C is very thermodynamically unfavorable on the Cu

surface.

All these contributions to the CVD growth of graphene have resulted in a wide comprehension of the
synthesis process, and have opened a path for CVD to give rise to graphene with quality comparable to that

of mechanically exfoliated graphene.
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2.4 Graphene transfer

Since graphene is grown on a metal substrate, it is therefore necessary to transfer it onto dielectric substrates
in order to fabricate electrically isolated devices. This step is called the graphene transfer. It represents
the main drawback of CVD graphene since it does not preserve the quality of the as-grown graphene. For
instance, the chemicals used to etch the growth substrate can introduce impurities into the graphene sheet
which act as dopants, therefore changing its electronic properties. A second example is the deionized water
used during the process that get trapped between the graphene and the substrate, eventually inducing cracks
in the graphene sheet, making it noncontinuous and lowering its crystalline quality. Another drawback comes
from the protection layer that is commonly used that can be hard to remove, leaving impurity particles on
the graphene surface. Considering how the transfer step alters the intrinsic physical and electrical properties
of graphene, it can prohibit its utilization in wafer-scale applications, especially in the electronic industry.
Therefore, this step is very important in the graphene-based device industry and it has been in constant
improvement over the past years. In this section, we will go back to the first groups who performed the
graphene transfer, and we will talk about the different methods of transferring graphene as well as the main

advantages and inconveniences of these methods.

2.4.1 A little bit of history

The first transfer of CVD grown graphene from copper foils to silicon dioxide substrates was performed
by Xuesong Li et al. [40] in 2009. The group first spin coated poly(methyl methacrylate) (PMMA) or
polydimethylsiloxane (PDMS) on the graphene film, serving as a mechanical support for graphene during
the whole process, and then etched away the copper underneath using an iron nitrate solution (Fe(NOs)s)
as the etchant. When the copper is completely dissolved, the support/graphene remaining film was “fished”
onto Si0y substrates. This technique was a reproduction of a transfer firstly made by Alfonso Reina et
al. [87] shown in figure 2.14 (a). This group deposited graphene on SiOs by microcleaving HOPG and then
transferred it onto another Si0O5 substrate to prove the feasibility of this process. They spin coated PMMA
on graphene and used a sodium hydroxide (NaOH) solution to detach the PMMA /Graphene film from the
initial Si0y substrate. Then, they transferred the film onto another Si0Oy substrate. Finally, the PMMA
was dissolved using a slow acetone flow. Much like Xuesong Li et al., Alfonso Reina et al. carried out their
transfer similarly to a method that has been previously reported on carbon nanotubes (CNTs) by Jiao et
al. [88] (figure 2.14 (b)). This research group also used PMMA as a protection layer for carbon nanotubes
and the resist was afterwards dissolved using either acetone or thermal decomposition at 300°C under Ar

flow.
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Figure 2.14: The transfer process of (a) microcleaved HOPG on Si0; and (b) carbon nanotubes. Adapted

from [87,88].
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However, in the same year, Yu et al. [39] demonstrated a transfer technique on Ni using silicon rubber

(polymerized siloxanes) as the media to transfer a 5 mm x 5 mm graphene sheet on a glass plate. The group

covered the rubber with the glass plate to create a Ni/Gr/Rubber/Glass sandwich, and then performed a

24-hour cure in order to solidify the silicon rubber. Afterwards, the Ni was etched away using diluted nitric

acid (HNOs3). The result of these previous works gave birth to a now very popular transfer process known

as the PMMA-assisted wet transfer of graphene. To this day, this method of transferring graphene is still

being used and modified and by a large group of researchers, each with their own recipe, due to its simplicity,

rapidity and capability of transferring large graphene areas onto a very large collection of substrates.
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2.4.2 PMMA-assisted wet transfer

Figure 4.10 summarizes the PMMA-assisted wet transfer process:

PMMA spin coating

Dissolving PMMA'
Cu etching l
PMMA/graphene membrane Target substrate

Figure 2.15: The PMMA-assisted transfer process. Adapted from [51].

Generally, there are 4 steps for this transfer technique:

1. PMMA is spin coated on the CVD-grown graphene on Cu as a support layer to avoid the rupture of

the graphene druring the transfer.
2. The Cu is dissolved in a commercial copper etchant such as FeCls.
3. The graphene/PMMA stack is “fished” using the target substrate.

4. The PMMA is dissolved using acetone.

Copper can be etched using a wide collection of chemical solutions including HCI, Fe(NO3)3, FeCls,
CuCly, (NHy)2520s or NayS20s, HNO3 [89-91]. All of these chemicals can efficiently remove Cu, however,

not all of them are beneficial for the graphene transfer. This subject will be discussed in chapter 3.

2.5 Transfer techniques

A considerable amount of transfer techniques has branched out of this transfer process, and the labels are not
exactly clear. Some groups prefer to categorize the transfer techniques as “wet or dry chemical transfer” [90],

since all the graphene transfers involve the use of chemical solutions, others prefer the label “transfer with
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and without supporting layers” [92] thus dividing the transfer between groups who use a supporting layer
and those who do not, as the name suggests. Others simply say “wet and dry transfer” [93] depending on the
environment in which the graphene touches the target substrate. Thus, there is no agreed-upon classification
for the graphene transfer methods. Of course, recent studies include direct growth of graphene on dielectric
substrates. However, this research area is still at its beginning. The direct growth of graphene film on an
insulating substrate such as a SiOs/Si wafer would be useful for this purpose, but current research efforts
remain grounded at the proof-of-concept stage, where only discontinuous, nanometre-sized islands can be
obtained [94]
The demand for large-scale, low cost and efficient transfer of CVD graphene to arbitrary substrates has led
to the development of various optimized and upgraded PMMA techniques.

For example, a few months apart, the same group that has demonstrated the transfer of graphene on Cu
in 2008, has improved this technique by adding a second layer of PMMA after the transfer on SiOs [20].
This helps dissolve the first layer by mechanically relaxing the underlying graphene in order to obtain a
better adhesion with the substrate. This technique has been redefined by Barin et al. in 2014 [95], where it
was shown that adding a second PMMA layer that is diluted enough, right after the transfer of the graphene
onto the final substrate, helps dissolve the first PMMA layer, decreasing by that the polymer residues and
consequently increasing the graphene quality. The group also studied the effect of annealing on the residues
and found that a short period of time (5 min) is not sufficient enough to eliminate trapped water molecules
between the PMMA /graphene and the target substrate, and long baking times (40 min) resulted in high
amounts of residues on the graphene surface. However, a baking time of 25 minutes was found ideal and
yielded relatively high hole mobility values between 1000 and 1200 c¢m?/(V.s). Both methods of using two
PMMA layers are shown in figure 2.16.
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Figure 2.16: The transfer method using 2 layers of PMMA. (a) is the work of Li et al. [20] in which a second
layer of PMMA was dropped on the initial spin-coated PMMA layer after the transfer on target substrates,
which generated less cracks through a better PMMA /graphene-substrate contact. (b) is the work of Barin
et al. [95] in which optical images (a-c) and AFM measurements (d-f) showed that a well diluted second
PMMA layer can effectively reduce the polymer residues on graphene (c,f) in contrast to only one PMMA
layer (a,d) and (b,e) 2 PMMA layers of the same concentration (4.5% anisole).

Recently, Kim et al. [96] have showed that using a low average molecular weight PMMA yields cleaner
graphene with less polymer residues and thus less p-doping and improved charge carrier mobility.

Gorantla et al. [97] on the other hand demonstrated a low cost transfer technique that does not involve
the etching of the metal substrate, offering the advantages of reusing it and of avoiding the doping of
the graphene from the etching solution. The group coated the graphene with PMMA and then combined
NH,OH + Hy0O5 + H50 at 80°C to form vigorous bubbles which separated the PMMA /graphene from the
Cu substrate, and transferred it onto arbitrary substrates and finally removed the PMMA using hot acetone
vapor (100°C). Although this transfer process showed a small density of defects in the graphene sheets, it
still offers many other advantages. The transfer process is shown in figure 2.17 (a).

For water-sensitive substrate, a similar transfer method has been reported by Ohotmo et al. [98], where
the PMMA /graphene was detached from the copper substrate using a 12-hour intercalation of alkanethiol
selfassembled monolayers (SAMs) at the graphene/Cu interfaces. In fact, the formation of SAMs releases the
compressive strain of graphene induced by the metal substrate but however slightly n-dopes the graphene.
This method is also economically competitive since the Cu substrates can be reused.

Gao et al. [99] on the other hand developed a face-to-face transfer method for wafer-scale graphene



Literature review 36

films. This technique allows both the growth and transfer steps on one wafer, and is compatible with any
size and shape of substrate, which is a huge advantage for large-scale commercialization of graphene-based
electronic devices. The principle of this process relies on the capillary bridges formed between the graphene
film and the underlying substrate during etching of the metal catalyst. In fact, the initial SiO5/Si substrate
is subjected to a nitridation pre-treatment, and 700 nm-thick copper is then sputtered on the substrate.
Graphene is subsequently grown on the copper surface. Then, the graphene is coated with PMMA and the
PMMA/graphene/Cu/SiOz/Si is immersed in an etching solution to remove the Cu. The nitridation pre-
treatment of Si0O5/Si is a critical step in this process because it generates silicon oxynitride on the silicon
wafer that decomposes during the CVD growth and forms bubbles during the Cu etching, which are essential
for the formation of capillary bridges between the graphene and the underlying substrate. These bridges
ensure that the graphene film remains attached to the substrate. Finally, the PMMA is removed with acetone
and the sample is baked to completely evaporate the infiltrated water. This technique is very useful for rigid
graphene devices, however, the current technological flow is aiming towards flexible electronics and other
applications. The transfer process is shown in figure 2.17 (b). Although PMMA has been commonly used
in the transfer process throughout all these years due to its advantages such as flexibility and mechanical
support, PMMA has been experimentally proven to be difficult to remove from the graphene after transfer.
It inevitably leaves residues on the surface of the graphene, which affect the overall quality and electronic
properties of graphene [92,100]. Various post-transfer procedures to reduce the PMMA residues have been
made, such as high-temperature annealing in a mixture of Hy/Ar [101], laser treatment [102] and electrolyte
cleaning [103]. However, current processes cannot fully remove the PMMA residues without introducing
defects in the graphene film.

A well-known transfer technique on flexible substrate is the roll-to-roll technique reported by Bae et
al. [26]. This technique is destined for large-scale growth and transfer of predominantly monolayer graphene
on flexible substrates such as PET, for applications such as transparent electrodes. The process consists of
growing graphene on a roll of copper foil inserted into a tubular quartz tube, as shown in figure 2.17 (c).
After the growth, the graphene is attached to a thermal release tape by applying a soft pressure between two
rollers. Then, the copper foil is etched using a commercial Ammonium persulfate solution ((INHy)2S5205)
and further cleaned in DI water. Afterwards, it is transferred to a flexible substrate (PET here) by inserting
the graphene on the thermal release tape into the rollers, along with the target substrate and exposed to
mild heat reaching 120°C. By doing this, the thermal release tape will be detached and the graphene will be
transferred onto the target substrate. This technique demonstrate a great promise for flexible electronics,

but however cannot be implemented in laboratories for further characterizations.
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Figure 2.17: The transfer techniques using different methods: (a) The bubbling technique (b) Face to face
transfer and (c¢) Roll to Roll transfer. Adapted respectively from [97], [99] and [26].

The work of K.S. Kim et al. [25] not only demonstrated CVD grown graphene on Ni, but also two transfer
methods on rigid (Si03) and flexible (PDMS) substrates (figure 2.18 (a)). The two techniques are close
in principle. Basically, a thin layer of 300 nm Ni is deposited on a Si0O2/S7 substrate, and after graphene
synthesis, the graphene is coated with a PDMS stamp and the Ni film is etched using a commercial Ni
etchant such as FeCl3. Thus, the PDMS/graphene membrane is then transferred onto SiOs substrates. In
the other technique, the graphene is not coated by a support layer, and the Ni/SiO2/Si is etched using
a HF/BOE solution for a long time. Since few-layer graphene is obtained on Ni, there is no need for a

support layer because it is strong enough not to collapse under surface tension.

Much like PMMA, PDMS-assisted methods have inherent drawbacks, such as the introduction of adhesive
residues and defects in the transferred graphene films which deteriorate the excellent electronic properties of
graphene and restrict their applications in commercial devices [92,104].

Recent works aim towards the replacement of PMMA /PDMS, one in order to obtain a clean graphene,
and two, in order to lower the costs of the transfer process. For instance, a natural polymer, cellulose
acetate [105] is extracted from seaweed, and has been proven to efficiently replace the PMMA /PDMS. Chen
et al. [105] demonstrated two similar transfers, one using cellulose acetate (figure 2.18 (b)) and another one
using the standard wet transfer including PMMA. They managed to show that by using this green polymer,
fewer residues were found on the graphene sheet and graphene-based field effect transistors exhibited high
mobilities 2 times higher than those for devices prepared with the standard wet transfer (1650 cm~!/(V.s)
hole mobility using cellulose acetate compared to 450 cm~1/(V.s) using PMMA). In addition to carrier
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mobility, the on-off ratio of the transferred graphene is found to be enhanced by 60% when the cellulose
acetate assisted method as compared to the PMMA-assisted transfer. This technique could be useful for
economic large-scale fabrication of graphene-based devices in electronics, spintronics, and energy storage
applications.

The polymer plays a very important role in the graphene transfer process. Without it, graphene would
collapse during the substrate etching step due to the suface tension of the etching solution. However,
since completely eliminating the polymer has not been accomplished yet, several works aimed at completely
eliminating the use of a polymer in the transfer process by reducing the surface tension created by the
etching solution, such as the work of Lin et al. [106]. In this work, they demonstrated a polymer-free
graphene transfer to arbitrary substrates, using a graphite holder for the graphene/copper film to minimize
any external force around graphene while the copper is etched using a chemical etchant. When the metal was
completely etched, a mix of DI water and isopropyl alcohol (IPA) was injected into the beaker containing the
etchant and the graphene on the holder. Simultaneously, the etchant was pumped at the same rate as the
injection of DI water + IPA to control the surface tension. Finally, the graphene floating on the surface was
lowered to the target substrate by slowly pulling out the remaining solution with a syringe pump. The use
of TPA is critical in this process because it controls the surface tension of the etching solution, prohibiting
the graphene from collapsing. The transfer process is described in figure 2.18 (¢). Despite the residue-free
transfer Lin et al. demonstrated, this technique has low yield since monolayer graphene tend to crack easily
without a support layer, further proving how the transfer technique remains a challenging task.

Other transfer techniques include the use of metals as the support layer [107] but are not industrial-

friendly since they are either costly or induce further defects in the graphene sheet.
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Figure 2.18: The transfer techniques using different methods: (a) The PDMS-assisted graphene (b) The
green transfer using cellulose acetate and (c) The PDMS-assisted graphene transfer. Adapted respectively

from [25], [105] and [106].

Figure 2.19 summarizes the properties of the graphene transferred via some of the most common transfer

techniques.
Method Growth Target [Gem] [2Dem™] [Dem™]  Ip/lc Ip/lg Sheet Field-effect mobility No. layer
substrate  substrate resistance
Wet transfer Cu SiOy/Si 1560-1620 2660-2700 1300-1400 2.0 4050 cm? v s™! 95% one-layer
(carrier-mobility)
(polymer-assisted) Cu SiO,/Si glass 1588 2690 1350 80-11.0 0.06-0.12 980Qsq’ one-layer
Cu SiO,/Si PET 1583 2642 1320 3.1 0.06 255Qsq!  5602cm?vlsT! one-layer
(on glass) (hole-mobility)
4535 cm? vl s
(electron mobility)
Polymer-free Cu Si0y/Si 2700 810Qsq'  6300cmiv's! One-layer
(on BN)
Electrochemical Pt Si0,/Si 1590 2685 2.0-3.0 <0.05 7100cm?v's'  Mostly one-layer
Cu PET 1582 2678 275Qsq' 350cm?v’s! (6K) >95% one-layer
Dry transfer Cu PDMS 1584 2681 1350 2.43 0.2 one-layer
SiC SiOy/Si 1530 2700 1380 0.037 £0.008 175Qsq’! 1348 cm?v ' 57! one-layer
Face-to-face Cu SiO,/Si  1560-1620 2690 1350 3800 cm?v's7! one-layer
(hole mobility)
Transfer free SiOy/Si 1592 2685 1351 >2 667 cm?v' 57! one-layer
(room temperature)

Figure 2.19: (f) Table representing the properties of the transferred graphene film by different methods.
Adapted from [93].
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2.6 Raman spectropscopy for graphene characterization

Raman spectroscopy is a non-destructive characterization technique based on the inelastic interaction be-
tween the phonons (molecular vibrational modes) in a material and photons emitted from a monochromatic
laser source. The basic concept of Raman spectroscopy states that when a material is excited with a light
ray, its photons are absorbed by the sample and then re-emitted. If the incident photon has lost energy
to a phonon, it is called Stokes scattering, thus the emitted photon will have a smaller frequency than the
incident photon, and if the photon has gained energy from the phonon, it is called Anti-Stokes scattering,
and the emitted photon will have a higher frequency than the incident photon as shown in figure 2.20. This
frequency change is called the Raman Effect and it provides information on vibratory transitions, rotations
and other low frequency transitions in molecules. The frequency differences between the incident vy and the
dispersed inelastic v, are determined by the properties of the molecules that constitute the material under
study. In practice, only a tiny portion of the light sent undergoes inelastic scattering (approximately 1 in
10,000 photons). Much of the incident light is scattered exactly at the same frequency of the exciting light
(Rayleigh elastic scattering). Identifying vibrational modes using only laser excitation, Raman spectroscopy
has become a powerful, noninvasive method to characterize graphene and related materials. Characteristics
such as disorder, strain, thickness, edge and grain boundaries, doping and thermal conductivity of graphene

can be learned from Raman spectroscopy.
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Figure 2.20: Schematic representation of Rayleigh scattering, Stokes Raman scattering and Anti-Stokes

Raman scattering. Adapted from [108]
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It has been shown that Raman spectroscopy can be used as a fingerprint tool for single, bi and few layer
graphene [10,109-112]. This characterization technique is particularly useful for graphene because of the
semi-metal nature of this material that makes all wavelengths of incident radiation resonant, and therefore
gives information about not only the atomic structure of graphene, but also its electronic properties. However,
the relative simplicity of Raman measurements is balanced by the complicated data interpretation.

The Raman spectrum of single layer graphene consists of two main intense peaks (figure 2.21 (¢)):

e The G band: Typically observed at 1585 cm ™! for a laser excitation energy of 532nm (2.33 eV), this
peak is due to doubly degenerate high frequency E2g mode at the Brillouin centre I' (figure 2.21 (e)). It
is assigned to the in-plane optical vibration mode where each carbon atom vibrates in opposite direction
to its three nearest neighbors (figure 2.21 (a)). This peak is present in the Raman spectroscopy of other
carbon materials containing sp2 bonds such as carbon nanotubes and graphite since it corresponds to

in-plane vibrations of sp2 carbon atoms.

e The 2D band: Also known as the G’ band, this peak is observed at around 2680-2700 cm ™! for a laser
excitation energy of 532nm (2.33 eV). It is a second-order double resonant process, that arises from
the inter-valley scattering of the electrons by the Brillouin zone boundary phonons (figure 2.21 (f)).

This peak always satisfies the Raman selection rule (q=0), thus it is always allowed.

For a defective graphene, a third band usually appears at around 1345 em~!. It is called the D band,
and it is a defect-induced peak. The electron scattering process associated with the D peak involves both
a Brillouin zone boundary phonon (TO phonons around the Brillouin zone corner K) and a defect state
(figure 2.21 (d). The phonon mode responsible of this peak is related to the breathing modes of the sp2
six-atom rings and their excitation is forbidden for the Raman fundamental selection rules (figure 2.21 (b)),
therefore, the D peak is absent in defect-free graphene. This peak is usually used as a measure of the quality
of graphene flakes. Much like the 2D peak, the D peak is active by double resonance and is strongly dispersive
with the excitation energy. A similar process to that of the D band is possible intra-valley. This activates
phonons with a small q (wave vector), resulting in the so-called D’ peak, which can be seen around 1620
em ™1 in defected graphite/graphene [10].

Since the 2D peak appear at twice the frequency of the D peak, it is thus considered as the second-order

effect of the D band. Other secondary peaks exist, but they are not detailed in this work.
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Figure 2.21: Graphical representations of examples of phonon scattering processes responsible for the signif-
icant graphene Raman peaks of (a) E2, mode of G lattice vibration and (b) Al, breathing mode of D peak.
(¢) Raman spectrum of monolayer graphene measured with a 2.41 eV laser excitation energy, showing the
first-order Raman allowed G band and the very strong G’ (or 2D) band described by one Lorentzian and a
peak frequency of 2687 em~!. The G* band is also shown near 2450 cm~!. (d) First-order G-band process
(e) one-phonon second-order DR process for the D-band (intervalley process) (f) two-phonon second-order

resonance Raman spectral processes for the double resonance 2D (G’) process. Adapted from [109,113]

Raman spectroscopy has also been shown to determine not only the graphene quality, but also the number
of graphene layers. Figure 2.22 (a) shows the evolution of the Raman spectrum of graphene with increasing
layer number (up to four). For more than five layers, the Raman spectrum of graphene and graphite become
hard to distinguish [114]. The Isp/Ig ratio decreases for an increasing number of layers and the 2D peak
broadens, blue-shifts, and loses its Lorentzian shape. This is further confirmed in figure 2.22 (c¢), where the
position of the 2D peak shifts towards higher frequencies with increased layer number for different excitation
energies. As figure 2.22 (d) further demonstrates, single layer graphene presents a sharp Lorentzian 2D
peak, while bilayer graphene presents a broader 2D peak, consisting of four components (2D1,2D1 4,2Dsp
and 2Ds4). However, one should distinguish monolayer graphene from it turbostratic graphite, where the
graphene layers are misoriented (i.e. without AB stacking) which also has a single 2D peak [115]. The
evolution of the 2D peak originates from the multiple resonance modes present in the few-layer graphene
that could be activated to give rise to the multi components of the 2D peak. This is further because the

energy bands of the graphene with more than one layer split into several sub-bands due to the inter-layer
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interaction. Thus, Iap /I ratio provides a good correlation with the number of graphene layers.

The linewidth of the 2D peak is also an important indication of layer number. A FWHM(2D) around 30-
35 cm~! on silicon dioxide indicate a monolayer graphene, whereas a FWHM(2D) around 50 ¢~ indicates
a bilayer graphene [38,40,87].

The linewidth of the 2D and G peaks are also correlated to the nanoscale-strain present in the sheet.

According to Neumann et al. [116], a very narrow G line (lower than 22 cm™!

on silicon dioxide) and a
broad 2D line (higher than 35 ¢m ™! on silicon dioxide) in the monolayer regime indicates the presence of
nanoscale strain variations, a very important parameter affecting the charge carrier mobility of graphene.
The positions of the G and 2D bands are also affected by the level of charge doping in the graphene sheet.
An indication of chemical doping is the upshifting of the G peak by 3-5 cm ™! which is consistent with hole
doping [95,114].
Thus, a high quality single layer graphene would be characterized in a spectrum containing no D-peak,

indicating a very low density of lattice defects, a Irp/Ig ratio around 2, a sharp Lorentzian 2D peak

exhibiting a full-width-at-half-maximum (FWHM) of around 35 cm™?!.
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Figure 2.22: (a) Raman spectra of 1,2,3 and 4 layer graphene transferred onto Si02/Si and of bulk graphite.
(b) Evolution of the G peak with the layer number, respectively for 514 nm and 614 nm laser excitation
energy. (c) Evolution of the 2D peak with the layer number, respectively for 514 nm and 614 nm laser

excitation energy.(d) Evolution of the 2D line width with the layer number. Adapted from [10,109,117]
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2.7 Graphene-based electronics and fexible electronics

2.7.1 Graphene-based electronics

Graphene has shown great potential in electronics, due to its unmatched combination of mechanical and
electronic properties. For instance, graphene-based FETs have been widely demonstrated on arbitrary
substrates such as SiOq/Si, SiC [42,118,119] and hBN [120,121], with mobilities ranging from 1000 cm?/(V.s)
for standard polycrystalline graphene on silicon dioxide to 60 000 cm?/(V.s) for CVD-graphene transferred
on Si05/Si and encapsulated in hBN [122] using the standard wet transfer. These values highly surpass
those of silicon-based FET's for the same channel lengths, making graphene amongst the candidate materials
in post-silicon technologies. Graphene has also been implemented in radiofrequency applications such as low
noise amplifiers and mixers thanks to its extremely high carrier velocity. Among all the type of graphene
that can be used for RF devices, exfoliated graphene, epitaxial graphene and transferred CVD graphene
usually come into focus. For instance, in 2010, devices based on exfoliated graphene using a nanowire as a
top gate electrode achieved record cutoff frequencies higher than 300 GHz [123]. In 2011, by optimizing the
gate dielectrics and the device dimensions, a record high output current and transconductance of 5 mA /um
and 2 mS/um (respectively) in epitaxial graphene FETs and a cut-off frequency of 280 GHz was achieved
for a 40-nm graphene FET [124]. In addition, the highest voltage gain of 10 dB has been achieved with an
fmaz/ fr ratio larger than 1 demonstrated consistently on different devices. It was for the first time that
forward power gain |S2;| > 1 delivered into a 50 €2 load was demonstrated. When it comes to chemical vapor
deposited graphene, the highest intrinsic cut-off frequency of 155 GHz has been achieved in 2011 for a device
based on a transferred layer of graphene on top of a diamond-like carbon substrate with a 40 nm channel
length [125].

The major obstacle of graphene in transistor applications, especially for integrated circuits as a potential
Si replacement, is its zero bandgap. This property is responsible for the low Ion/Iopr ratio in GFETs due
to a non-zero off state drain current, which leads to considerable static power dissipation [23].

Many techniques were developed in order to open a band gap in graphene, such as applying a uniaxial
strain on graphene [126], large area hybrid films consisting of CVD-graphene and h-BN domains [127],
quantum confinement (graphene nanoribbons [128,129] and graphene nanomesh [130]) and substrate induced
band-gap opening [131]. Band-gap opening in graphene, both on h-BN and h-BN/Ni(111) with band gap
up to 0.5 eV was also reported [132], and a bandgap for bilayer graphene grown on SiC was observed [133].
Other techniques include substitutional doping. For instance, nitrogen doping might be used to convert
graphene into a p-type semiconductor [134]. However, opening a band gap remains one of the biggest
challenges in electronics because usually, opening a band gap tends to induce defects into the graphene

lattice, compromising graphene’s other properties, such as charge carrier mobility and high field transport.
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Among all these techniques, confinement of charge carriers by creating nanostructures like graphene
nanoribbons (GNRs) or graphene nanomesh (GNMs) [130,135-138] seem to be the most promising for band
gap opening. Although GNRs allow to open band gaps and have achieved an Ioy/Iopr ratio of 107 at
room temperature [139] and at 6K [140], there are several problems accompanied by the GNRs such as edge
roughness induced localization effect and coulomb blockade effect [139,141]. According to the scaling law,
sub-10nm GNRs widths are required in order to achieve sufficiently large bandgaps for room temperature
transistor operations, which is hard to fabricate. In addition, for the integration of GNRs in circuitry, precise
placement of multiple GNRs into densely organized arrays is required [142]. Graphene nanomesh (GNM)
seem capable to overcome these problems. By punching holes into a graphene sheet (by blockcopolymer
lithography, nanoimprint lithography, nanoparticles local catalytic hydrogenation, etc), a high-density array
of nanoscale-holes is created, as shown in figure 2.23. This structure can open a bandgap in graphene, and
the bandgap depends on the neck width, the meshing orientation and the shape of holes [143,144], whereas a
bandgap higher than 0.5 eV could be achieved. GNM-based transistors have been demonstrated to support
driving currents nearly 100 times greater than that of individual GNRs devices with a comparable onoff

ratio. Therefore, GNM has attracted increasing attention over the past couple of years.

Figure 2.23: Schematic representation of a graphene nanomesh. Adapted from [145].

Opening a bandgap in graphene would open up a great number of new applications for graphene-based
devices including high performance FET's, chemical sensing, supercapacitors, DNA sequencing, photothermal

therapy, and a new generation of spintronics [23,146-148].
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2.7.2 Flexible electronics

Flexible electronics is the next generation universal platform for the electronics industry [23]. The realization
of electronics with performance equal to that of established rigid technologies, but lighter, cheaper, more
flexible, environmentally friendly, foldable, stretchable and more durable would enable numerous new and
unforeseen applications in sectors including healthcare, the automotive industry, human/machine interfaces,
mobile communications and computing platforms, and so on. Smaller and thinner electronic devices allow
for higher performances, since a much higher number of devices can be implemented in integrated circuits
for example, enabling a possible continuation of Moores law.

But why is it that the idea of flexible electronics have already existed for several years, but has not yet
been commercialized?

In fact, a number of technological challenges still exist today. For instance, commercial flexible electronics
should retain their mechanical and electrical properties even under mechanical deformation, and the materials
used should meet performance criteria such as high conductivity or transparency, and eco-friendly. The
incomparable flexibility, mechanical strength, optical transparency and thermal conductivity of graphene
have led researchers to think about graphene as the ultimate solution to post-silicon technologies. Graphene-
based flexible electronics might enable novel applications as well as enhanced performance not allowed by
present technology [149, 150].

Flexible electronics started to become a very attractive active research in 2008 when Nokia first imagined
a foldable and wearable mobile device named the Morph Concept [151]. From the beginning of the realization
of flexible screens using organic materials [152], a wide range of applications have been developed such as
flexible visual memory systems [153], lab-on-skin health monitoring [154], flexible batteries [155], flexible
solar cells [156], etc..

Flexible FETs have already been demonstrated with solution-based single-layer graphene yielding a 2.2
GHz cutoff frequency [157] and chemical vapor deposited graphene, where Lee et al. demonstrated a GFET
with a 25-GHz cutoff frequency [158]. Yu et al. even broke the record for extrinsic cutoff frequency measuring
116 GHz in high frequency CVD-grown GFETs with gate length of 50 nm [159]. However, Petrone et al. still
hold the record for highest intrinsic cutoff frequency of 198 GHz for CVD graphene transferred onto PEN
substrates [160]. These advances in flexible RF electronics give hope for next generation graphene-based
flexible electronics. In radiofrequency applications, the first flexible RF device based on graphene flakes
on kapton was demonstrated by Sire et al. from the CEA Saclay laboratory in 2012 demonstrating cutoff
frequency at 2.2 GHz and maximum frequency of 0.55 GHz [157]. The state of the art is recorded by Pallecchi
et al. at the IEMN laboratory for demonstrating a cutoff frequency of 39 GHz and a 13.5 GHz maximum
frequency [161] using a CVD graphene transferred onto a kapton substrate and a 180 nm gate length with

an AlyO3 oxide layer.
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Figure 2.24 summarizes the next-generation flexible electronics systems and their appropriate materials.
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Figure 2.24: Next-generation flexible electronics systems and the underlying materials. Adapted from [150].



Chapter 3

Methodology

This chapter is divided into two sections. In the first section, surface characterization methods including
atomic force microscopy, scanning electron microscopy, X-ray photoelectron microscopy and Resiscope mode
are discussed. These techniques were used as part of this work for characterizing the copper surfaces before
and after treatment, in terms of roughness, morphology and chemical composition, as well as identifying
the presence and amount polymer residue on transferred graphene. These results are very important, as
they identify the effects of copper treatment on the roughness and cleanliness of the copper as well as the
concentration and effect of PMMA residue on the graphene sheet and subsequently electronic properties. In
the second section, the fabrication steps that led from the CVD-transferred graphene to the graphene-based
field effect transistors will be discussed. Electron beam lithography, reactive ion etching, electron beam
physical vapor deposition and atomic layer deposition will be described.

In this work, the fabrication process was carried out at the C2N (Centre de Nanosciences et de Nanostruc-
tures) laboratory and the surface characterization and the electrical measurements of the devices were per-
formed in the GeePs (Genie Electrique et Electromagnetique de Paris) and the L2E (Laboratoire d’Electronic

et d’Electromagnetisme) laboratories. Raman spectroscopy was realized at the C2N and GeePs laboratories.

48
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3.1 Surface characterization methods

3.1.1 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a type of Scanning probe microscopy (SPM). It is designed to probe the
surface topography of a sample by measuring the force between a probe and the sample. The probe is a
sharp tip called a cantilever, typically made of silicon or silicon nitride, and it is a 3-6 pm tall pyramid with
a radius of a few to tens of nm. The tip can be brought within atomic distances above the sample surface by
moving either the sample with piezoelectric transducers or the scanning head of the AFM. This technique
is based on the repulsive and attractive atomic forces experienced by the cantilever. In fact, there are two
types of atomic forces: when the cantilever and the sample are distanced by about 0.1 nm, short range
interactions occur, and are repulsive due to the proximity of the electron orbitals in the sample with those at
the cantilever surface. Long range interactions however can be attractive and repulsive (electric, magnetic),
or just attractive (van der Waals), and are present when there is a distance of about 1 nm between the tip
and the sample. When the tip is approached to a sample surface, forces between the tip and the sample lead
to a deflection of the cantilever. The deflection of the tip is measured using a laser spot reflected from the
top surface of the cantilever into an array of photodiodes, as shown in figure 3.1.

There are three main operation modes for an AFM: contact, non-contact and tapping. In the contact
mode, the tip scans the sample in close contact with the surface. The force on the tip is repulsive. This mode
can damage the samples since the surface is scratched by the tip of the cantilever. In the non-contact mode,
the cantilever oscillates a few nanometers (5-15 nm) above the surface of the sample. Attractive Van der
Waals forces acting between the tip and the sample are detected, and topographic images are constructed by
scanning the tip above the surface. The tapping mode allows high resolution topographic imaging of sample
surfaces that are easily damaged. In this mode, the tip oscillates around 100-200 nm above the sample.
Then, the tip is moved toward the surface until it begins to lightly touch, or tap the surface. The image
is therefore produced by imaging the force of the intermittent contacts of the tip with the sample surface.
This mode reduces the damage done to the surface and the tip compared to the amount done in contact

mode [162,163].
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Figure 3.1: Schematic of the operation principle of an Atomic force microscope. Adapted from [164].

The AFM has the advantage of imaging almost any type of surface, including polymers, ceramics, compos-
ites, glass, and biological samples (unlike the STM for example, which can only characterize semiconducting
and conducting surfaces).

In this thesis, both a Brucker Multimode and a Brucker Enviroscope AFMS were used at the Group of
Electrical Engineering of Paris laboratory (GeePs) laboratory to characterize the roughness of the copper
surface before and after treatment, as well as the field effect graphene channel topology, including the

wrinkles, folds and PMMA residues on the graphene surface, as well as the thickness of the graphene.
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3.1.2 Resiscope AFM mode

The use of conductive tips has paved the way for many new investigations combining the topography with
electrical, magnetic and mechanical characteristics of the studied material. Electric modes include electric
force microscopy, which allows the detection of electric charges [165] and kelvin force microscopy which
detects surface potentials [166]. At the GeePs laboratory, a new electrical mode named Resiscope has been
invented (patent number EP 2567245A1 (2013)) and is of particular interest for characterizing the conductive
properties of materials [167]. The electronic system is showed in figure 3.2 and the principle is the following:
similar to the AFM contact mode, the AFM tip is always in contact with the sample with a constant force.
A fixed DC bias is then applied between the conductive tip and the sample. The current is amplified through
a conversion module and sent to the AFM controller that will build an electrical image simultaneously with
the topography of the surface sample. Every pixel of the image corresponds to the respective value of the
resistance between the tip and the sample. The amplitude of detection ranges from 102 to 1012 € and the
speed imaging can reach 5 kHz. Different kinds of AFM tips with different spring constant (expressed in

N/m) can be used in order to take into account the hardness of the investigated materials.
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Figure 3.2: Schematic of the principle of the Resiscope mode. Image belongs to the GeePs laboratory.
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3.1.3 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) is a characterization technique extensively used to study the surface
morphology of a sample. By scanning the sample surface with a focused beam of high energy electrons and
collecting, via appropriate detectors, the secondary and backscattered electrons returning from the surface,
an image of the morphology can be generated with very high resolution. SEM has the advantages of high
resolution (under 100 nm), high contrast and high surface sensitivity. A scanning electron microscope is

shown in figure 3.3 (left).
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Figure 3.3: Left: Schematic representation of a Scanning Electron microscope. Right: Schematic represen-

tation of electron beam interaction. Adapted from [168].

A scanning electron microscope is composed of many components. The electron gun provides a stable
beam of electrons. There are three main types of electron guns: Tungsten hairpin, Lanthanum hexaboride
(LaBg) and Field emission. The condenser and objective lenses control the diameter of the passing beam
and focus the beam on the specimen. A series of apertures (micron-scale holes in a metal film) affect the
properties of the beam, and finally, the beam interacts with the specimen, and the interaction generates
several types of signals that can be detected and processed to produce an image. All this procedure is
maintained at high vacuum levels [168].

The generated signals are the combination of the elastic and inelastic interactions which distributes the
beam electrons over a three-dimensional “interaction volume” shown in figure 3.3 (right). These signals
include secondary electrons, backscattered electrons, diffracted backscattered electrons, X-rays and visible
light (cathodoluminescence). Secondary electrons and backscattered electrons are commonly used for SEM
imaging samples [169].

In this thesis, a Magellan FEI electronic microscope was used to characterize the as-purchased copper
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substrate (in its initial form) and the resulting surface after polishing and annealing. The measurements

were done at the Centre de Nanosciences et de Nanostructures (C2N - Paris).

3.1.4 X-ray photoelectron microscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical analysis (ESCA)
is a quantitative spectroscopy technique that determines the chemical composition in the surface regions of a
material, with an average analysis depth of 5 nm. XPS is typically accomplished by irradiating a sample with
X-rays, exciting its atoms and causing photoelectrons to be emitted from the sample surface. The emitted
photoelectrons are collected, and an electron energy analyzer is used to measure their energy (figure 3.4).
From the binding energy (the energy they had before they left the atom) and intensity of a photoelectron
peak, the elemental identity, chemical state, and quantity of a detected element can be determined. The
resulting spectrum of the binding energy of the photoelectrons is specific to an atom.

XPS can can be applied to a broad range of materials and provides valuable quantitative and chemical
state information from the surface of the material being studied. However, even with short analysis times,

XPS damages the samples to a small extent [170].
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Figure 3.4: Schematic representation of X-Ray photoelectron spectroscopy. Adapted from [171].

In this PhD, an Omicron XPS system was used in order to determine the chemical composition of
the chemical vapor deposition growth substrates, copper foils, before (as purchased) and after treatment
(polishing and annealing). Various impurity particles were identified on the initial substrates due to their

binding energies, along with their atomic concentration. Also, this XPS was used on transferred graphene
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using different copper etching solutions (iron chloride and ammonium persulfate) in order to identify the
PMMA residues and their amount left on the graphene sheet, as well as the amount of stuctural defects
in the graphene lattice (sp3 bonds). The effect of the etching solution on the quality of the graphene was
therefore discussed.

A Versaprobe 5000 phi/physical electronics was used on polymer substrates before and after oxide de-
position in order to prove the presence of the oxide on the flexible substrates, since a relatively thin and
transparent oxide sheet was deposited (20 nm) and an identification technique was required in order to not
only identify the presence of the oxide, but to verify its thickness as well. Various oxide deposition techniques
were used, and combined AFM and XPS measurements studied the effect of the oxide deposition technique

on the roughness and final state of the polymer substrate.
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3.2 Fabrication techniques

3.2.1 Electron beam lithography (EBL)

Electron beam lithography (EBL or e-beam lithography) is a direct writing technique mainly used for high
resolution (sub-10 nm) lithography and the fabrication of masks for optical litography. Its principle is the
following: an electron beam with less than 1 nm diameter scans a surface of a sample covered with an
electro-sensitive resist (this resist could be negative or positive depending on the process), reproducing the

required pattern with a high resolution of around 2.5 nm [172].
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Figure 3.5: Illustration of a lithography process. Adapted from [173].

The process of EBL is described in figure 3.5 and operates in three stages:

1. An electro-sensitive resist is deposited on a sample by spin coating, and a specific time and speed of

rotation and acceleration can be programmed in function of the required thickness of the resist.

2. The sample is then exposed to an electron beam with a certain dose. The trajectory of the electron
beam follows, pixel by pixel (determined by the desired resolution), a drawing made with a specific

lithography software.

3. The exposure to the electron beam changes the solubility of the resist, enabling selective removal of

the resist by immersing it in a developer. The developer can selectively remove the exposed area
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(positive resist) or the unexposed area (negative resist). The choice of the resist used makes it possible

to achieve, from the same exposure, two complementary images of one another.

After the selective removal of the resist, metal deposition and lift off processes can be achieved in order
to obtain the final result.

The exceptional resolution of this technique and its high versatility (since there is no mask, and the
pattern can be modified at will on the computer), along with its capability of working with a variety of
rigid and flexible materials make of it the instrument of choice for research and development. However, its
high resolution is compromised by its slow writing time, which inhibits its utilization in the modern fast
microelectronic production.

The Raith EBPG 5000+ (at the C2N laboratory) was used in this thesis to fabricate graphene-based

field effect transistors. PMMA was used as a positive resist, and MaN (2405) was used as a negative resist.

3.2.2 Reactive ion etching (RIE)

Reactive ion etching (RIE) is a dry etching process that utilizes a chemically reactive plasma to remove
materials on a sample surface. When the sample is placed inside the reactor, a low vacuum is created. Then,
the feed gas is injected directly between two parallel electrodes while the chamber is maintained at a certain
pressure. A radio frequency voltage is applied between the electrodes, ionizing the feed gas and generating
a plasma [174] (figure 3.6 (left)). These ions are then accelerated to the surface of the sample, reacting with
the sample and etching certain areas. A resist can be used to protect certain etching areas, exposing only

the areas to be etched.
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Figure 3.6: Schematic of a reactive ion etching process with C' H F3 as a feed gas example. Right: Schematic

of isotropic versus anisotropic plasma etching. Adapted respectively from [175] and [174].

The process of etching by RIE is governed by both chemical and physical reactions:
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e Chemical etching: in which the etching phenomenon is produced via chemical reactions between the

feed gas and the etched surface. This mechanism leads to a high etch rate, but is isotropic.

e Physical etching: where the etching is due to a bombardment of ionized gas (plasma) and the etched

material. This mechanism leads to a lower etch rate, but is anisotropic.

By varying the RIE parameters such as the pressure and power conditions, either the physical or the
chemical etching process can be favored, and high quality patterns (i.e. a high aspect ratio and/or strong
engraving) [176].

The advantage of dry etching is anisotropy (etching is unidirectional), which is critical for the transfer
of high fidelity patterns. However, despite the fact that accelerated ions are indispensable for ion-driven
etching, they also introduce damage to the sample.

A CCP RIE Nextral NE 100 was used in this thesis after e-beam lithography processes, and especially
for the field effect channel definition step, where etching the graphene covering the entire substrate is neces-
sary. Furthermore, it was used on arbitrary target substrates before the graphene transfer step in order to

hydrophilize the surfaces for ultimate adhesion with the transferred graphene.
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3.2.3 Electron beam physical vapor deposition (EBPVD)

Also known as e-beam evaporation, electron beam physical vapor deposition or simply EBPVD is a physical
vapor deposition technique in which a current (5 to 10 kV) is sent through a tungsten filament and heats
it to the point where thermionic emission of electrons takes place, generating by that an intense electron
beam which is then steered via electric and magnetic fields to strike a source material (e.g. pellets of Au)
and vaporize it within a vacuum environment. Only the surface of the source material is melted, while
the source material in contact with the walls of the crucible stays solid. This eliminates the problems of
contamination by the crucible and makes it possible to deposit layers of very high purity. Due to the energy
transfer induced by the bombardment of the e-beam and the source material, the latter is heated and thus
its surface atoms will have sufficient energy to leave the surface, traverse the vacuum chamber, and coat a

substrate positioned above the evaporating material [177] (figure 3.7).)
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Figure 3.7: Schematic of an EBPVD. Adapted from [178].

High purity depositions is a huge advantage for the EBPVC, as well as the controlled thicknesses and
the relatively high deposition rates. A MEB 550 was used in this thesis for various metal depositions such

as gold, titanium, chromium and aluminum.
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3.2.4 Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is a vapor phase technique used to deposit thin films on a substrate. A general
ALD process is illustrated in figure 3.8. The process involves the surface of a substrate being exposed to
alternating precursors which are introduced sequentially, one at a time. In each alternate pulse, the chemical
precursor reacts with the surface of the substrate in a self-limiting way that leaves no more than a single
atomic sheet at the surface. Subsequently, the chamber is purged with an inert carrier gas (typically Ny or
Ar) to remove any unreacted precursor or by-products. Exposure to the separate precursors is repeated until
the appropriate film thickness is achieved [179]. The process of ALD is often performed at relatively low
temperatures (inferior to 350°C), which is beneficial when working with temperature-sensitive samples such
as flexible substrates. This technique is capable of depositing a wide variety of thin film materials including
oxides, metals, sulfides, and fluorides. Finally, the conformality of ALD-deposited films is often the main

reason why ALD is almost always chosen over competing deposition techniques such as CVD or sputtering.
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Figure 3.8: Schematic of ALD process. Adapted from [179].

In this thesis, a FIJI F200 was used to deposit thin films of aluminum oxide (Al3O3) on flexible substrates
for further device fabrication. Al,Os was used as a high-k dielectric for gate oxide, and the effects of
depositing Al;O3 on polymer substrates via ALD was studied using combined XPS and AFM measurements
in order to verify the presence of the oxide and the wanted thickness, as well as the impact of this technique

on the roughness of the polymer substrate.
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Step-by-step characterization of

large-scale graphene devices

4.1 Objectives of this study

The objective of this chapter is to study the properties of large-scale CVD graphene. For that, the chapter
is divided into two sections. The first part consists of the fabrication process of graphene-based FET; from
the polishing of the copper substrate, to the graphene synthesis and transfer onto dielectric substrates, to
device fabrication. The second part deals with the structural and electrical characterization of the devices.

The fabrication of the GFETSs consists of many steps. Before synthesizing graphene, the growth substrate
must be treated, since its morphology greatly affects the graphene crystalline quality. Thus, we have carefully
examined the copper substrate before and polishing and annealing via AFM, SEM and XPS measurements.
Afterwards, the graphene transfer was thoroughly discussed, as the effect of the copper etchant (FeCly and
(NHy)2520g) on the PMMA residues is investigated. Then, Raman spectroscopy of graphene on copper is
shown, and the device fabrication steps are detailed.

After the fabrication of the GFETs, Raman mappings on different GFETs are shown and discussed,
and several electrical measurements were performed. The mobility extraction method used in this thesis is
described in detail, and the effect of air exposure on the graphene’s electrical properties is studied. Finally,

preliminary electrical results on graphene nanomesh are demonstrated.

60
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4.2 CVD growth catalytic substrate

In the first chapter, the choice of using copper as the catalytic substrate for graphene CVD growth has been
discussed. In this section, we will further elaborate on our work with copper foils, pointing out the role of
the copper morphology on graphene synthesis and graphene quality.

As-purchased Cu foils contain a high density of impurity particles and have very rough surfaces, which
both play an important role in graphene quality and number of layers [180-184]. In fact, impurity particles
and scratches on the as-purchased copper surface have been shown to act as nucleation seeds in the growth
process [68,185-189], increasing the density of graphene domains and thus decreasing graphene quality
and carrier mobility, and also involuntarily increasing the graphene layer number. On the other hand, the
roughness of the metal surface induces a none flat graphene which induces nanoscale strain variations in the
sheet and therefore deteriorating the charge carrier mobility [116]. This is why obtaining a clean and flat
copper surface is very important in our work and in the graphene technology.

Copper surface treatments have been proven to be extremely important prior to the graphene growth,
and a plethora of polishing techniques have been introduced throughout the years. Some of the most common
methods are electro-chemical polishing [68,188,189], chemical polishing using different chemical solutions
such as nitric acid [187] and acetic acid [188], and mechanical chemical polishing [181].

In our study, we used the mechanical chemical polishing technique (CMP) first introduced by Han et
al. [181] in 2011. It is a simple, fast and relatively cheap technique and can be used in the large-scale
processing of devices. The principle of this method is unambiguous: 70 pum-thick Cu foils (Arcelormittal
99.99%, Luxembourg) are manually polished using a diluted FeCl3 solution and microfiber cloth. Then,
the foils are cleaned in DI water for about 20 minutes, and after that, in trichloroethylene, acetone and
isopropanol respectively with ultra-sonication. Finally, the foils are dried using a nitrogen gun(N3). The
objective of the CMP technique is to eliminate all the impurity particles that are present on the surface of
the copper. The next step is to have a flat copper surface. Therefore, the polished copper foils were annealed
for an hour in the presence of an Ar : Hy flow (800:200 sccm) under 1052°C. After the annealing step, the
Cu surface becomes flat, the copper domains increase in size, and are therefore ready for graphene growth.

It is worth mentioning that in this work, we have chosen to work with scalable and low-cost meth-
ods, aiming to the industrialization of graphene-based devices. This polishing technique comes first among

others. In fact, 70-100 pum-thick industrial copper is 1000 times cheaper than the standard 25 um copper foil.

4.2.1 Structural characterization of the copper substrate

Figure 4.1 presents a comparison between the same copper foil before treatment (as purchased), after pol-

ishing and after annealing.
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Figure 4.1: AFM images of 70 pm-thick copper foil (a) as-purchased (b) after polishing and (c) after polishing
and annealing. 3D AFM images of the roughness of the copper foil: (d) as-purchased (e) polished, and (f)
polished and annealed, respectively. SEM images of the copper foil (g) as-purchased (h) polished and (i)

polished and annealead respectively.

Figure 4.1 (a), (d) and (g) shows AFM and SEM images of an as-purchased Cu foil. Surface scratches,
holes and inhomogeneity of the surface are clearly observable, and a roughness of ~ 200 nm was measured.
Figure 4.1 (b), (e) and (h) shows AFM and SEM images of the foil after polishing. The copper grains are
not visible yet, however, the surface roughness has decreased to ~ 53 nm, and it can be seen that holes and
scratches are no longer present on the surface. However, the surface appears to be inhomogeneous. After

polishing and annealing of these foils, Figure 4.1 (c), (f) and (i) shows the effect of the annealing on Cu
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grains, which are visible now. In addition, the surface is free of holes and scratches. AFM measurements
showed a minimum roughness of ~ 17 nm. Figure 4.1 (d), (e) and (f) demonstrates the 3D plotting of the
copper surface at the exact place of the AFM images in the three stages of the copper foil. It is clear that
the roughness has decreased drastically with treatment, and the surface has smoothed. This small surface
roughness is critical to the graphene growth, since we need to obtain a flat graphene in order to avoid the
presence of nanoscale strain variations in the graphene lattice, as well as cracks and wrinkles during the
transfer process. This implies that our polishing-annealing process is very effective in reducing the surface
roughness and obtaining a flat copper surface.

Furthermore, to show the effect of polishing on the copper morphology, as-purchased copper foil was
annealed without polishing (figure 4.2 left) and another foil was polished and annealed (figure 4.2, right).

The figure below represents the two cases:

det [ WD HV  [mag @[ tilt [ curr det [ WD ‘ HV  [mag @ | tilt | curr 300 um
TLD 4.6 mm 10.00kV| 249x 1.0°020nA | TLD 4.3 mm|10.00kV| 175x [.0°1020nA |

Figure 4.2: SEM images annealed copper (left) and polished 4+ annealed copper (right). Difference in surface
roughness is clearly visible, highlighting on the importance of the polishing step.

As it can be seen, the polishing plays a critical role not only in eliminating surface impurities but also in

reducing the surface roughness and is therefore a very important step prior to graphene synthesis.

4.2.2 XPS measurements on the copper substrate

To further investigate the cleanliness of the metal surface, XPS measurements have been performed on the
copper foil before and after treatment in order to examine the chemical composition of the copper and the

effect of the treatment on the surface of the foil. Figure 4.3 shows XPS measurements on the same copper
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foil (i) before treatment (as-purchased) (black), (ii) after chemical mechanical polishing (red) and (iii) after

annealing (blue). The atomic concentrations of the particles found on the copper surface in each step is

summarized in figure 4.4.
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Figure 4.3: XPS measurements of the copper foil before treatment (black) after polishing (red) and after

polishing and annealing (blue).
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% At Conc % At Conc % At Conc
Particles on As
the surface purchased Polished Cu Polished +
Cu Annealed
Cu
Cu 0 64.31 63.07
Zn 50.49 0 0
10.27 0 0
C 14.67 13.64 12.58
24.44 20.57 24.35
cl 0.13 1 0
Fe 0 0 0

Figure 4.4: Table summarizing the atomic concentration of the particles found on the copper surface after

each step (before treatment, after polishing and after polishing and annealing).

Unexpected results were found for the as-purchased Cu foil, as zero Cu was detected on the surface (to a
10 nm profundity). Instead, a continuous zinc layer covered the surface with an atomic concentration around
50.49 %. In addition, a significant phosphorus concentration (10.27 %) was present on the surface as well.
Oxygen and carbon atoms were also found with concentrations around 24.44% and 14.67% respectively,
which indicate a typical atmospheric contamination (C-C and C-O bonding). There is a possibility that
oxygen atoms have combined with the zinc layer to form a continuous ZnO layer, however, we did not
perform more detailed measurements on this subject. Traces of Cl were also detected on the surface with a
very negligible concentration.

After the polishing step (red), the Zn and P contaminants disappeared completely and copper is detected
on the surface with an atomic concentration around 64.31%. C and O particles remain present on the
surface with concentrations around 13.64% and 20.57% respectively, however, the binding energies of C and
O peaks are very different before and after CMP (polishing). In fact, before the polishing step, the C and
O were considered as contaminants only since we did not detect any Cu particles on the surface. However,
after polishing, atmospheric contamination remained on the surface since it is a very typical contamination
for samples not conserved in vacuum, however, the oxygen reacted with the Cu to form copper oxide.
These findings will be thoroughly discussed later. 1% of Cl is found on the surface, and this relatively low
concentration is due to the polishing solution we have used (FeCl3). However, no traces of Fe were detected
on the surface of the Cu foil.

After annealing of the polished metal (blue), Cl particles disappeared with very light traces which could

be due to the same tweezers we used with chlorinated materials discussed in chapter 4. Oxygen, copper and
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carbon are the only remaining atoms present on the surface, with concentrations around 24.35%, 63.07%

and 12.58% respectively. These XPS findings confirm the efficiency of our polishing + annealing step, which

gives rise to a clean and Fe-free copper foil.

To understand more about the relationship between Cu and O, we have fitted the Cu2p and Ols peaks.

The results are depicted in figures 4.5 and 4.6.

Cu2p

Rl STD = 109563

After annealing

Name Pos. FWHM %Area
Cu2p3/2 932.37 1483 2828
Cu2pl2 95220 1.900 2838
CuOx2p3/2 933.92 4445 20.56
CuOx2pl/2 95391 4455 2278

x10*

Name Pos. FWHM %Area
8 Cu 2p3/2 932.36 1476  30.73
Cu2pl2 95210 1.961 33.79
CuOx 2pl/2 953.96 4330 17.92
6 CuOx2p3/2 933.62 4917 17.56
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Figure 4.5: XPS spectra of the Cu2p3/2 and Cu2pl/2 peaks.
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Figure 4.5 represents XPS measurements on the Cu2p peaks after polishing and after annealing (we
could not compare to as-purchased copper since there was no copper on the surface of the as-purchased foil).
Copper, or Cu(0) presents single XPS peaks around 1097 eV (Culs), 933 (Cu2p3/2), and 953 eV (Cu2pl/2).
Cu also possess other peaks which are not studied here (Cu3s, Cu3pl/2 and Cu3p3/2) [190].

Cu2p peaks present only one component for copper. In our case, we notice after polishing of the copper
foil that the Cu 2p3/2 and the Cu 2pl/2 peaks have broadened and were fitted into two components each,
indicating the presence of copper oxide. The Cu 2p3/2 and the Cu 2pl/2 peaks of Cu(0) (copper) are
observed at 932.36 eV and 952.10 eV respectively, whereas oxidized copper (CuOx for copper oxide) is
detected for a Cu2p3/2 peak at around 933.62 eV and a Cu2pl/2 peak around 953.96 eV. We have found
that approximately 36% of the copper concentration is Cu(II) oxide (CuO). The Cu (I) however (Cu20) is
very hard to distinguish here from Cu(0) in our case since we did not perform detailed measurements on the
Cu peaks. In fact, we are only interested in showing the chemical composition of the copper foil before and
after treatment.

After annealing of the Cu, we observe the same two components for Cu2p3/2 and Cu2pl/2. The Cu(0) is
observed for Cu2p3/2 around 932.37 eV and Cu2p1/2 around 952.20 eV, whereas oxidized copper is detected
for the two components Cu2p3/2 around 933.92 eV and Cu2pl/2 around 952.20 eV. After the annealing
step, we have found a concentration of around 43% of Cu(II) oxide (CuO).

To confirm these results, we have plotted and fitted the Ols peak represented in figure 4.6. As-purchased
copper presented a single Ols peak at around 532.53 eV, which most probably indicates a typical atmospheric
contamination with carbon atoms (C-O bonding). However, after polishing and annealing of the substrate,
the Ols peak has broadened and could be fitted into three components. These three components are those
of C-O contamination and copper oxidation (Cu(I) and Cu(Il)).

After polishing of the Cu, the Ols C-O component is observed at 532.48 eV, the oxygen bonding with
copper to form CuO is detected at 531.38 eV and the O-Cu bonding resulting in C'uO is found at 530.22 eV.
Around 85% of the oxygen concentration on the polished Cu surface was found to come from the oxidation
of copper. The rest is atmospheric contamination.

For the annealed substrate, the Ols C-O component is observed at 532.34 eV, the O-Cu resulting in
CuO is detected at 531.4 eV and the O-Cu bonding corresponding to CusO is found at 530.36 eV. After

annealing, around 91% of the oxygen concentration was found to come from the oxidation of copper.
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Figure 4.6: XPS spectra of the Ols core level.

In summary, XPS measurements performed on as purchased copper foils presented a zero concentration
of copper on the surface, and a continuous layer of zinc. A significant phosphor concentration was also
detected on the surface, as well as a typical atmospheric contamination (O and C atoms). This indicates that
a graphene growth on untreated copper foils actually is a growth process on zinc alongside other significant
concentrations of impurity particles. XPS results on polished copper demonstrated a total removal of the
zinc layer and the phosphor particles, consequently revealing the underlying copper substrate, resulting in
a clean surface containing only C and O particles on the foil. Further studies on the Ols and Cu2p peaks

revealed that after polishing, oxygen atoms react with the copper to form an oxidized copper (CuO and
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Cu20), while the standard atmospheric contamination remains through the C-O bondings. A very low
concentration of Cl atoms (1%) was detected on the surface of the polished foil which is due to the polishing
solution. After annealing of the Cu foil, the Cl disappeared completely and the only remaining particles on
the Cu surface were C and O atoms. Oxygen atoms were found to slightly contribute more in the oxidation
of the copper after annealing. These findings accentuate the importance of copper polishing and annealing
prior to the graphene growth.

Combining SEM, XPS and AFM measurements, we can conclude that the CMP technique is very effective
in eliminating impurity particles off the surface of the copper, thus decreasing the nucleation sites on the
surface and limiting multi-layer growth. In addition, a defect-free copper surface is crucial to achieving a
continuous and single graphene sheet. Furthermore, our annealing step has successfully eliminated Zn, P
and CI particles and has drastically reduced the surface roughness by a factor of 10, resulting in a flat and

clean copper surface, critical to obtain high quality and single layer graphene sheets.

4.2.3 Resiscope AFM mode characterization of the copper substrate

For complementary information about the initial (as-purchased) and the treated (CMP + annealing) copper

foil, we have performed Resiscope measurements shown in figure 4.7.

Figure 4.7: (a) AFM topography of as-purchased copper foil with its (b) electrical image in Resiscope Mode.
(¢) AFM topography of a chemically and mechanically polished and annealed copper foil with its (d) electrical

image in Resiscope mode.
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The Resiscope is a technique derived from AFM which allows dynamic resistance measurements over a
wide range from 100 to 102 Q in normal conditions of scanning. The measured resistance is a sum of several
resistances in series: (i) the resistance of the probe, (ii) the resistance of the tip-sample contact resistance
and (iii) the sample resistance. If the applied force is strong enough, the tip-sample contact is severely
reduced. In this work, we have used a doped-diamond tip NanoWorld with a spring constant of 72 N/m
with a Digital Instruments Nanoscope IIla Multimode. Figure 4.7 (a) and (c) respectively demonstrate the
AFM topography and Resiscope imaging of as-purchased copper foil and the result is beyond expectations.
Almost all of the Cu surface is highly resistive up to the limits of the resiscope mode at 10'2 Q. This high
level of resistivity corroborates that insulating impurities are dominating the surface of the untreated foil.
On the contrary, figure 4.7 (b) and (d) respectively show AFM topography and Resiscope imaging of the
same copper foil after treatment (polishing and annealing) and the difference is visible at first sight. The
roughness is highly decreased in figure 4.7 (b) compared to figure 4.7 (a) from 200 + 20 nm to 17 + 3 nm
with a strong decrease in the resistance value down to 107 Q. The resistance value drops to 107 € in the
grain boundaries of the Cu foil. This could be a measurement artefact due to a better contact with the
AFM tip at a fixed applied force. In conclusion, the difference of 4 decades in local resistances between an
untreated and treated Cu foil clearly showed a Cu surface full of impurities completely disappearing after

polishing and annealing, accentuating the need to treat the foils before graphene growth.

4.3 Graphene growth by pulsed chemical vapor deposition (P-
CVD)

For the graphene-based electronic devices to be implemented in mass production, two criterion in the CVD
process must be respected. First, the graphene sheet must be continuous over the entire Cu substrate in order
to achieve maximum quantity of devices fabricated on the same graphene sheet, and second, the graphene
must be of quality compared to that of exfoliated HOPG in order to obtain high carrier molibity, a crucial
parameter in the electronic industry. Thus, the density of grain boundaries in the graphene sheet must be
as low as possible. In recent years, centimeter-large single-crystal graphene has been obtained by several
groups [68,82,189,191-196], however, the graphene domains obtained are discontinuous and are therefore
unsuitable for wafer-scale device fabrication.

In chapter 2, the standard CVD process was discussed. In this thesis, we have chosen to grow graphene
using the so-called pulsed chemical vapor deposition (P-CVD), presented in 2012 and patented in 2016 by
V. Bouchiat’s group [197,198]. The figure below shows the process of the P-CVD compared to that of the
standard CVD.
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Figure 4.8: (a) Schematic illustration of our synthesis process. (b) the P-CVD growth (green) compared to
that of standard CVD (red). t; is the injection time of C'Hy which is equal to 5s and ¢ is the ejection time

equal to 55s in our case.

The principle of the P-CVD (green) is very close to that of the standard CVD (red). In fact, the only
modification in the process is in the injection time of the hydrocarbon: instead of a continuous injection as
in the case of standard CVD, the hydrocarbon is instead introduced into the reactor for a short period of
time ¢; and is afterwards cut for a period of time to, in a repetitive manner until the end of growth.

This sequenced cut in the injection inhibits the formation of multi-layers, since the carbon adatom species
on the surface of the substrate are given enough time to adsorb on the surface, to dehydrogenate and to be
incorporated into the graphene lattice, but not enough time to dissolve in the defect sites which might still

be present on the catalyst surface after polishing and annealing.

In this work, graphene was grown in a 4-inch Aixtron Blackmagic 4G cold wall reactor. For the cold-wall
CVD, only the substrate holder is heated while the reactor walls are kept cool.

For the synthesis of graphene, we used 70 pm-thick polished and annealed copper foils. The growth
parameters are shown in figure 4.8.

After the polishing of the copper foil, the substrate is introduced into the reactor and vacuum is reached.
subsequently, the temperature rises at the ramping rate of 200°C/min until it reaches 850°C. Afterwards,
the temperature ramps up at a rate of 150°C/min to reach a maximum value of 1052°C with a total pressure
of 25 mbar. 800 standard cubic centimeter per min (sccm) of argon and 200 sccm of Hy are then introduced
into the chamber room and 1 hour of substrate annealing at 1052°C is performed. The growth of graphene
is initiated when 20 sccm of C'Hy is added, along with the same Ar/Hs mixture. The total growth time is 15

minutes: 5 seconds of injection followed by 55 seconds of incision of the hydrocarbon. As we have mentioned
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before in chapter 2, this mechanism gives enough time for the C'"Hy to adsorb on the copper surface and
dehydrogenate, insuring by that a rapid and defect-free growth. Figure 4.9 shows an SEM image of a 2 yum

graphene domain with a perfect compact hexagonal shape on copper grown using this recipe.

Figure 4.9: SEM image of a graphene domain on copper.

4.4 PMMA-assisted wet transfer of graphene

The PMMA-assisted wet transfer technique was chosen in this study due to its simplicity and high repro-
ducibility. Centimeter-size continuous graphene sheets were transferred using this technique, and thus a huge
number of devices was fabricated on the same substrate and from the same growth, highlighting the impor-
tance of this transfer method in wafer-scale technology. This method has been widely used in the graphene
community and different transfer recipes exist under specific laboratory conditions and vary depending on

the availability of each lab materials. Our transfer process is represented in figure 4.10 below.
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Figure 4.10: The PMMA-assisted wet transfer technique used in this work

First of all, the graphene is coated with a thin PMMA layer (950 000 molecular weight, 120 nm), which
is afterwards annealed at 170°C for 7 minutes. Since graphene is grown on both copper sides, the graphene
on the backside of the Cu is etched via oxygen plasma treatment (10s, 10W). This step is very important
considering that graphene on the backside of the Cu can also be transferred onto the target substrate
alongside the original sheet, resulting in wrinkles and bi or multi layers. The PMMA /Graphene/Copper
stack is then placed in an ammonium persulfate solution (0.5M) pre-heated at 55°C. The etching time for
our 70 pum-thick Cu foil is 1 hour. When the copper is completely etched, the PMMA /Graphene stack is
transferred using a PET substrate, into a beaker containing DI water. The water is replaced several times for
a total time of 30 minutes to insure a proper cleaning of the graphene. Subsequently, the PMMA /Graphene
is transferred onto the final substrate and dried in cleanroom air. When the target substrate is dry, it is
annealed for about 10 minutes under 110°C in order to obtain a strong adhesion between the graphene and
the substrate. Finally, the PMMA is dissolved using acetone for two hours and the target substrate is rinsed
in isopropanol and dried using a N, gun.

It is important to mention that the final substrate has to be hydrophilic enough in order to have a very
good graphene/substrate adhesion. If the substrate is hydrophobic or slightly hydrophilic, the graphene
layer is going to peel off after a short period of time (tested in our work). The hydrophilicity of the target

substrates in our work is achieved by exposure to oxygen plasma. We must also mention that the substrates
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here are cleaned in acetone and isopropanol respectively under ultrasonication before the transfer.

—
200)m

Figure 4.11: Wafer-scale transfer of graphene on a 4-inch rigid SiOy wafer (top) and on a flexible (PET)
substrate (bottom).

4.4.1 Effect of the copper etchant on the transferred graphene

Among a considerable amount of etching solutions used to engrave the copper during the transfer process,
two particular solutions have been more popular than others, mostly due to their etching simplicity and
nonnecessity of preparation, iron chloride (FeCl3) and ammonium persulfate ((INH4)25205 or APS). FeCl3
was found to dope the graphene with Fe atoms [199-201], resulting in the formation of iron oxides on the
graphene surface, thus APS was considered as the better choice for etching copper. Nonetheless, the PMMA-
assisted transfer of graphene has always yielded a graphene with PMMA residues, which were found to be very
difficult to remove completely [100], especially when Lin et al. found that a 1-2 nm layer of PMMA residue
adsorbs on the graphene surface upon contact with graphene [202]. Nevertheless, this transfer technique has
continued to be the most popular for transferring large-area graphene sheets due to its simplicity and very
high yield.

In this work, we have tested both etching solutions, and performed XPS measurements on both transferred
graphene onto Si05 substrates in order to understand more about the effect of these solutions on the PMMA
residues and the graphene crystal quality. Figures 4.12 and 4.13 depict the XPS spectra of FeCl3 and APS

transferred graphene respectively.
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Figure 4.12: The X-ray photoelectron spectra of transferred graphene using an iron chloride solution to etch

the underlying copper.

XPS measurements on the graphene transferred using FeCls show Si, O and C species on the surface,
which indicates the presence of SiO,, as well as the typical atmospheric contamination (C-O bonding).
However, the bonds between C and O play a huge role in determining the presence of polymer residue.
We will later discuss this in detail. In terms of contamination, we have found traces of Fe and Cl, which
certainly come from the etching solution. Although their atomic concentration is very low compared to
other studies (<1% for both in our case compared to 12% in [199-201]), these contamination atoms may
play a role in surface doping and scattering sites in the transferred graphene sheet. Extremely low traces
of Cu were observed (0.06%), implying that the copper did not completely etch. A longer etching time
would rid of these insignificant traces. We must also mention that traces of N were also observed (0.30%).
This bizarre observation could be due to two things: the nitrogen gun we use during the transfer to dry the
PMMA /graphene sheet and after the dissolution of PMMA, or the fact that we used the same tweezers to

carry both samples (FeCls and (NHy4)2520s), which were also put in the same box.
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In the case of the graphene transferred via (N H4)2S520s, the XPS measurements are show in figure 4.13.
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Figure 4.13: The X-ray photoelectron spectra of transferred graphene using an ammonium persulfate solution

to etch the underlying copper.

Similarly to the first sample, we found C, O and Si species on the graphene transferred using APS. The
bonds between C and O atoms will also be discussed later on. No S atoms are observed on the graphene
surface, however, insignificant traces of N (0.10%) are detected, most likely originating from the etching
solution. Similarly to the FeCls-transferred sample, low traces of Cu were observed (0.06%). However,
in an unexpected manner, a relatively important amount of F atoms was detected on the APS-transferred
graphene (0.62%).

In order to evaluate the presence of PMMA residues on the graphene, we need to examine the C 1s and
the O 1s peaks carefully. For this, we consider the examples shown in figure 4.14, which represent the Cls

peak of CVD graphene transferred via the standard PMMA-assisted transfer.
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Figure 4.14: The Cls core level spectra of CVD graphene transferred via PMMA-assisted wet transfer.
Adapted respectively from [106] and [100].

Figure 4.14 (a) compares a polymer-free transfer method and the typical PMMA-assisted technique. In
the polymer-free transfer of graphene, the Cls spectrum can be deconvoluted into two components: an
sp2-hybridized C=C peak at 284.4 V (£0.1 eV) and an sp3-hybridized C-C bond at 285.1 V (£0.1 eV). The
sp3 hybridization is a result of amorphous graphitic carbon and defects. In the Cls spectrum of PMMA-
transferred graphene, we notice the presence of three additional binding peaks, which are associated with
the PMMA residues on the graphene surface. The peak at 286.5 eV (£0.1 eV) corresponds to the bonding
of carbon atoms in polymer backbone (C3), the peak detected at 287.4 eV (0.2 eV) is that of the carboxyl
function group (C4), and lastly the peak observed at 289.1 eV (40.2 eV) is the methoxy function group (C5)
in the PMMA residues [106].

Similarly, figure 4.14 (b) represents the C1s core level spectra of PMMA-assisted transfer of CVD graphene
after removal of the PMMA with acetone. We notice that the Cls spectra are composed of five components:
the C1 and C2 components originates from the sp2 C-C bond of graphene and the sp3 C-C bond near defects
of graphene respectively, whereas the C3, C4 and C5 components are associated with PMMA residues. In fact,
the C3 component detected at ~ 285.7 eV originates from the polymer backbone (C-C bond) of PMMA, the
C4 component observed at ~ 286.2 eV corresponds to the methoxy functional group (C-O bond) of PMMA,
and the C5 component at 289.0 eV originates from the carboxyl functional group (O-C=0 bond) of PMMA.

Note that both XPS spectra have found the same functional groups for PMMA , however the names are
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different (for C4 and C5). Inset of each image is the corresponding name.
In our case, in order to analyze the residual impurities on the surface of the APS-transferred and the

FeCls-transferred graphene, XPS scans of Cls and Ols core-levels are depicted in figures 4.15 and 4.16.
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Figure 4.15: Cls core level spectra of APS transferred graphene (left) and FeCls transferred graphene

(right). Deconvoluted, the spectra show the different bondings present on the graphene after transfer.

For APS and FeCls transferred graphene, the Cls peak shown in figure 4.15 can be deconvoluted into 4
components [91,106,203,204]:

e The C1 component corresponding to the sp2-hybridized C=C peak attributed to graphene at bonding
energies of 284.39 eV and 284.34 eV respectively for the APS-transferred and the FeClz-transferred

sample.

e The C2 component corresponding to the sp3-hybridized C-C bond at 284.93 eV and 284.85 eV respec-

tively, indicating defects and/or amorphous carbon in the graphene lattice.

e The C4 component originating from the methoxy functional group (C-O bond) of PMMA, at 285.88
eV and 286.0 eV respectively.

e The C5 component originating from the carboxyl functional group (O-C=0 bond) of PMMA around
288.8 eV and 288.94 eV respectively.

The fact that we have only observed two PMMA bonds could be due to the atmospheric contamination

(C-O bond) masking the PMMA.
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These Cls core-level spectra indicate the presence of PMMA residues in both transfers, which is something
expected in PMMA-assisted wet transferring of graphene using acetone as a solvent for the polymer [91,106,
203,204]. However, by comparing the intensities of the C4 and C5 bonds in the two samples, we can conclude
that the polymer contribution in the APS-transferred graphene is lower than that of FeCls-transferred
graphene, meaning that the residues are decreased when using (N Hy)2520s [203]. Similarly, the intensity
of the C2 bond is higher in the FeCls-transferred graphene, which indicates a higher defect density in the
graphene lattice. Along with the C1 peak having a high intensity in the APS transfer indicating a high
density of sp2 bonded carbon atoms in the sample, we can conclude a lower residue and a higher graphene
quality in the APS-transferred graphene. These findings are of utmost importance, since they show the
effects of each solution on the graphene lattice.

Several points were measured on both samples, and Cls core level spectra were examined. The con-
centration of the PMMA is calculated from the atomic concentration of the components of the polymer.
In this case, there are two PMMA components: the C-O and the O-C=0 bonds. We have found that ~
39% of residue are found on the APS-transferred sample compared to ~ 48% of PMMA residue on the
FeCls-transferred graphene surface. These results are consistent with the XPS scans shown in figure 4.15.
In addition, we have found that the density of sp3 bonded carbon atoms in the FeCls-transferred sample is
much higher than that of the sp2 bonded C atoms, which indicates a highly defected graphene. However, this
was not the case with the APS-transferred graphene, where the density of sp2 bonded C atoms was much
higher than that of sp3 bonded C atoms. Another important observation is the concentration of the C-O
and the O-C=0 bonds. In fact, Hong et al. [204] have found that the carboxylic group O-C=0 is related to
the mechanical and chemical damage induced by the Cu etching during the transfer. In both samples, we
have noticed that the O-C=0 concentration is lower than that of C-O, indicating that there is more PMMA
residues on the graphene than that of Cu etching induced chemical and mechanical damage. However, this
damage is much higher in the FeCls-transferred graphene.

Figure 4.16 shows the XPS spectra of the O 1s core-level peak in APS-transferred graphene (right) and
FeCls-transferred graphene (left).
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Figure 4.16: Ols core level spectra of APS transferred graphene (left) and FeCl; transferred graphene
(right).

In the same manner, the O 1s peak can be deconvoluted into 3 peaks:

e The main Ols peak corresponding to the O-Si bond at 532.99 eV (532.81 eV) respectively, originating

from the substrate.

e The O1 peak around 531.12 eV (530.63 eV) respectively corresponding to the O=C bond originating
from the PMMA.

e The O2 peak corresponding to the C-O bond around 534.5 eV (533.4 eV) respectively, originating from
the PMMA.

We note that for the FeClz-transferred sample, the peaks are shifted of about 0.5 to 1 eV towards lower
binding energies. This energy shift is likely a result of doping in the graphene [203,205] which confirms that
the iron chloride solution dopes the graphene.

These findings indicate the presence of PMMA residues in both transfers, however, if we look at the
intensities of the three peaks, we can conclude that the O1 and O2 peaks of the FeCl3 transferred graphene
have much higher intensities than those transferred using APS, and a lower intensity of the Ols peak, which
means that the residue density is far higher in the FeCls transferred graphene than in the APS transferred
graphene.

Similarly to the Cls peak, we have performed multiple Ols core level measurements on different points of
both samples. As expected, only 14% of residues were found to be related to the APS transfer compared to

22% for the FeCls transferred sample, and more damage has been done to the graphene lattice transferred
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using the iron chloride solution since a much larger O-C=0 concentration was found on the FeCl3 transferred
graphene.

In conclusion, we have conducted XPS measurements on two graphene samples, transferred via the
PMMA-assisted technique, using FeCls and (INH4)2S520s to etch the copper. Both Cls and Ols core-level
spectra of APS-transferred and FeCls transferred graphene indicate the presence of PMMA residues on
the surface of the graphene. However, further analysis of the intensity of the PMMA components in each
spectrum have showed a higher residue density in the FeCls-transferred sample compared to that of the
APS transferred graphene. In addition, by examining the O-C=0O bonds resulting from the chemical and
mechanical damage of the graphene during the etching step, we have found that the concentration of the
carboxyl group is much higher in FeCl3 transferred graphene, indicating that the iron chloride solution not
only adsorbs more residues, but also induces more damage in the graphene lattice. The APS-transferred
sample show less residues as well as higher graphene quality, indicated by a higher intensity of the sp2-
hybridized C=C peak.

These XPS characterizations have helped us gain more insight about the effect of the copper etchant on
the graphene quality. In this work, we have thus chosen to transfer the graphene using (N Hy4)2520s to etch

the underlying copper substrate.
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4.5 Raman spectroscopy of graphene

In this work, the Raman spectra of graphene were obtained using a MicroRaman Confocal Renishaw inVia
with a laser excitation of 532 nm (2.33 eV). This section is devided into three subsections. First, the baseline
substraction of the Raman spectrum of graphene on copper will be briefly shown. Then, the Raman spectrum
of graphene on copper grown by Pulsed CVD (P-CVD) for various temperatures will be discussed and the
effect of the small temperature change will be evaluated. Finally, the Raman spectrum of graphene used
for the fabrication of GFETs will be presented. The Raman spectra and maps of graphene channels of the

transistors (transferred and processed graphene) will be discussed in details after the fabrication process.

4.6 Raman spectroscopy of P-CVD grown graphene on copper

Several spectra yielding similar results were taken at arbitrary points of the copper samples after the graphene
growth. Although this approach does not give a complete idea about the graphene properties since we are
only characterizing graphene locally, it does however give us a global idea about the graphene quality and
number of layers, since we are collecting several spectra from different copper grains in the same sample.

The typical graphene growth occurs at temperatures above 1000°C [80]. In our case, previous works have
found that the best growth temperature on thick (70 um) copper foils is around 1052°C.

Figure 4.17 represents a Raman spectrum of P-CVD grown graphene on copper at 1052°C. The raw data
is depicted on the left, where the background effect of the copper can be observed. The two main peaks of
graphene (2D and G peaks) are observed, as well as a very small D peak. The Raman spectrum on the right

is the result of the first spectrum after baseline substraction.
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Figure 4.17: Raman spectrum of graphene on copper grown via pulsed CVD (P-CVD) (a) before and (b)

after baseline substraction.
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The I(p)/I(¢) intensity ratio evaluates the amount of defects present in the graphene lattice, and the
The I(2p)/I(c) intensity ratio, as well as the linewidth of the 2D band (FWHM(2D)), estimate of the
number of graphene layers. The peak position varies depending on the substrate (whether the graphene is
on Cu or Si0s). In figure 4.17 (b), the D peak is very low, indicating a high quality graphene with very low
defects. The 2D peak at 2700 cm ™! is a single Lorentzian, 2.5 times more intense than the G peak with a
FWHM (full width at half maximum) of 29 em~!. This indicates that the graphene is a single layer.

Figure 4.18 shows the average Raman spectrum of the graphene sheet we have used to fabricate our

devices.
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Figure 4.18: Raman spectrum of graphene on copper grown via pulsed CVD for T=1052°C.

In this spectrum, the D peak is absent, the I(2p)/(q) ratio is around 2.6 and the FWHM(2D) is ~ 28.5

em ™. We have hence transferred this graphene sheet onto SiO,/Si substrates for device fabrication.

4.7 Fabrication steps of graphene-based field effect transistors (GFETS)

Back-gated GFETs with square channels were fabricated in order to study the graphene’s electronic proper-
ties such as the the Dirac point, the electron and hole mobility and the sheet resistance. Relatively large and
square channels were chosen for an easier and quicker fabrication and characterization with less complications

(cleanroom handling and mathematical analysis) as well as for a complete Raman characterization, since
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channel lengths inferior to 1 wm are impossible to characterize using Raman spectroscopy because the laser
spot is around 500 nm. The channel dimensions varied between 1x1 pm?, 2x2 um?, 5x5 um? and 10x10 um?.
This variation helps us understand more about the nature of the correlation between the channel length and
graphene electronic properties such as charge carrier mobility and sheet resistance. In order to observe the
reproducibility of the GFETs performances and properties, we have fabricated a matrix of devices on the
same substrate, which means that we are using the same graphene layer we have synthesized on the same
copper foil and transferred on the same target substrate.

A model of the GFETs is shown in figure 4.19. The devices were designed using L-Edit, a software

directly related to the E-beam lithography computer in the clean room.

Figure 4.19: This work’s GFET design. The circles are zoom ins.

The entire fabrication of the electronic devices was performed using electron-beam lithography (EBL).
950K PMMA was used (with different thicknesses according to the lithography step) as a positive resist, and
MaN 2405 as a negative resist. Complementary fabrication processes such as reactive ion etching (RIE) and
electron beam physical vapor deposition (EBPVD) were used to etch the excessive resist and graphene and
to deposit various metals, respectively.

The fabrication steps (after the graphene transfer) are detailed as following;:

1. The small drain and source electrodes (According to figure 4.19, the small electrodes are triangle-

shaped and colored in blue) were patterned first. 950K PMMA with a thickness of 300 nm (A5, 4000
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rpm, 400 rpm/s, 60s), baked at 170°C for 20 min prior to the lithography was used as the electro-
sensitive resist. After the lithography, the PMMA was developed in an IPA:MIBK solution for 60s and
then immersed in IPA for exactly 30s. Then, the sample was coated with Palladium/Gold (Pd/Au
= 10/50 nm). Palladium was chosen as the contact metal with the graphene because palladium has
been demonstrated to have the lowest contact resistance metal (185 £+ 20 Q.um at 300k) [206]. More
recently, Zhong et al. have demonstrated a palladium-graphene contact resistance of 69 Q.um [207].
After the metal deposition, the lift off was carried out in hot acetone to etch the PMMA and the metal

layer on top. Finally, the sample was cleaned in IPA for a couple of minutes and dried using a Ny gun.

2. The large drain and source electrodes (represented as the gray polygon in figure 4.19) were patterned
using a 600 nm-thick PMMA resist (A7, 4000 rpm, 400 rpm/s, 30s), also baked at 170°C for 20 min
prior to the lithography. After the patterning, the graphene underneath the large electrodes was etched
away via oxygen plasma for a better contacts-substrate adhesion. Afterwards, Titanium/Gold (Ti/Au
= 20/200 nm) was deposited and the lift off was once again carried out in hot acetone. The sample

was further rinsed in IPA and dried using a Ny gun.

3. The final step is the definition of the GFET channel (green rectangle in figure 4.19). MaN 2405 was
spin coated (600 nm, 4000 rpm, 200 rpm/s, 30s) and baked on a hot plate at 90°C for 1 min. After
the lithography, and since it is a negative resist, the graphene channels will be protected by the MaN.
An oxygen plasma step etched away the entire graphene sheet not protected by the MaN, and finally,

the resist was removed using acetone and the sample was cleaned in IPA and dried using a No gun.

We must mention that the dimensions of the small electrodes and the channel lengths varied for each
different GFET. In addition, the third pink electrode in figure 4.19 represents the gate electrode. However,
back-gate GFETs are enough to give us the information we need on the graphene properties, thus the top
gates were left as an extra option. The square “mesh” in the graphene channel represented in figure 4.19 is
an extra lithography step we have performed on some transistors which will be explained later on.

A schematic of the final back-gated transistor is represented in figure 4.20:
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Figure 4.20: Representation of a back-gated graphene-based field effect transistor. The Si substrate is heavily
p-doped and plays the role of gate electrode.
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Figure 4.21 shows optical images of four GFETs with four different channel dimensions. Here, the
graphene was not only transferred onto silicon dioxide substrates, but has also endured three lithography
steps and oxygen plasma treatments, as well as metal deposition and lift off processes. These steps include
sequenced coating and dissolution of PMMA on the graphene layer. This explains why PMMA residues
from the fabrication process are observable in the optical images. However, around the channel area the
graphene appears to be clean. We note that the gate electrodes are patterned along with the drain and

source electrodes (to reduce the lithography steps), but are not connected to the graphene channel.

Figure 4.21: Optical images of GFETs with channel dimensions of (a) 10x10 pm? (b) 5x5 um? (c) 2x2 pm?
and (d) 1x1 pm?.
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4.8 Raman spectroscopy of GFETSs

4.8.1 Raman spectra of GFETs

Raman spectra of four transistors with different channel dimensions were collected over the entire channels

in ambient air and the average spectra are shown in figure 4.22.
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Figure 4.22: Raman spectra of four GFETs with four different channel dimensions (10x10 pm?, 5x5 um?,
2x2 pm? and 1x1 um?).

In the Raman spectra of these GFETSs, the D peak is visible around 1340 ¢m ™! for all four devices, which
indicates the presence of defects induced by the transfer and the fabrication process. However, since the
PMMA -assisted wet transfer is by far the easiest and most popular transfer method yielding almost always a
complete transfer of the graphene sheet, and since the fabrication processes are all compatible with wafer-size
device fabrication, it is then important to understand the consequences of these industrial processes on the
graphene quality. We notice that the amount of defects for channel dimensions lower than 1 um? is relatively
small compared to a larger Ip peak for the smallest channel. This higher D peak intensity is due to the
effect of the laser spot size (around 500 nm) on the small graphene channel, as the defects located on the
edges of the channel could be taken into account when performing the Raman measurements.

Furthermore, the position of the 2D and G peaks should also be taken into account because these peak
positions are correlated with the amount of doping in the graphene sheet [95,114] as well as the presence of
nanoscale strain variations in the graphene [116].

The G band is visible around 1585 ¢m ™! for all of these GFETs. The G peak position is sometimes
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considered in order to estimate the presence of doping in the graphene, however without complementary
characterization methods , it is not a reliable indicator of doping in the graphene since it is also influenced
by other factors such as temperature. The position of the G peak here is consistent with other works
which demonstrate the absence of doping in the graphene sheet. Nevertheless, we have fabricated a matrix
of graphene devices on one graphene sheet, it is thus possible to find undoped graphene but also doped
graphene. The doping is later discussed via electrical measurements performed on these devices.

The intensity ratio between the 2D band versus the G band (I(2p)/(¢)) is approximately 1.58, 1.4, 1.5
and 1.7 respectively for 2x2, 5x5 and 10x10 pum? channel size. The linewidth (FWHM) of the 2D band
(G band) is around 29 em™! (14 em™1, 17 em™!) for the 1x1 and the 2x2 um? channels (respectively), 27
em™ (13 em™1) for the 5x5 pm? channel and 30 em ™! (14 em™1) for the 10x10 pm? channel. These values

confirm the monolayer graphene characteristic.

4.8.2 Raman mappings of GFETSs

Using Raman spectroscopy, one can easily distinguish monolayer from Bernal stacked bilayer (AB stacked)
graphene to a few-layer graphene by simply looking at the 2D band. As we have seen in chapter 1, the 2D
band of a normal AB-stacked bilayer (AB-BLG) graphene is much broader than that of monolayer graphene
and can be fitted as four peaks (instead of one for single layer graphene), which originates from the splitting
of the valence and conduction bands. Increasing the layer number decreases the intensity of the 2D peak and
consequently changes its shape, and above 5 layers, the Raman spectrum becomes indistinguishable from that
of bulk graphite, in which the 2D peak is comprised of two components. However, in turbostratic graphite, the
graphene layers are randomly stacked. This weak interaction between the misoriented graphene planes results
in a Raman spectrum similar to that of single layer graphene (sharp Lorentzian 2D band). Nevertheless, the
linewidth of the 2D band in turbostratic graphite is broader than that of monolayer graphene, almost double
(45-60 cm 1), and the position of the 2D band (its frequency) is strongly upshifted. Thus, one can distinguish
monolayer graphene from turbostratic graphite. A very challenging task lies in differentiating single layer
graphene (SLG) from misoriented bilayer (BLG) graphene, also known as turbostratic BLG (T-BLG). This
latter is not AB-stacked like normal bilayer graphene, but possesses two layers that are misoriented and the
twisted angle is unknown. This turbostratic BLG also exhibits a single Raman 2D peak similar to that of
SLG. Similarly to turbostratic graphite, in turbostratic BLG, the weak interlayer interaction does not split
the electronic dispersion curve and hence only one component is observed, contrary to the case of a Bernal

bilayer showing four components. [109,110,114,208-210]
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In this case, we ask ourselves, is Raman spectroscopy capable of distinguishing single layer graphene from
misoriented bilayer graphene?

Multiple experimental and theoretical studies [208-211] have confirmed the resemblance of the linear en-
ergy dispersion and hence Raman spectrum between single layer graphene and misoriented bilayer graphene.
For instance, Poncharal et al. [209] compared SLG to T-BLG (turbostratic BLG). They have found that
in T-BLG, the 2D band is strongly blueshifted (9 em™!, 6 em™! and 2 em ™! respectively for excitation
energies of 633 nm, 514,5 nm and 488 nm) and interstingly narrower (by 7 em™!) than that of SLG. They
have also recorded a very small redshift of the G peak for T-BLG (2.6 em ™). Ni et al. [210] have found
similar results regarding the position shift and linewidth value of the 2D band for SLG and T-BLG, where
the blueshifting of the 2D peak was not always strong. However, they did not find a change in the G peak
position, and the linewidth of the 2D band was broader for T-BLG in 2 out of 6 samples they measured.
Thus, one cannot depend on these parameters in order to distinguish between SLG and T-BLG. A very
small blueshift in the 2D peak is not a reliable indication because the frequency of this peak varies with the
excitation energy and does not have a precise reference value. Also, the G peak position varies with not only
the number of layers, but with other effects such as doping. One observation for both studies came to be of
use in order to distinguish SLG from T-BLG: the I(2p)/I(¢) ratio. The intensity of the 2D peak is strongly
increased in the case of T-BLG, where Poncharal et al. have found a ratio of 2.38 for T-BLG in contrast
to 1.2 for SLG. Similarly, Ni et al. have observed an increased 2D and G (although much smaller than the
2D) intensity for turbostratic BLG. This is probably due to the different resonance conditions of misoriented
BLG and monolayer graphene. Nonetheless, the I(2p)/I(¢) ratio remains an uncertain parameter when we
do not have a reference sample to compare with (in other words, if we have a random graphene sheet to
characterize, how can one be sure its monolayer graphene and not turbostratic BLG 7). This emphasizes
the need for complementary techniques such as AFM or STM (scanning tunneling microscope).

Figure 4.23 represents the Raman spectra of SLG, T-BLG and Bernal stacked BLG.
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Figure 4.23: The Raman spectrum of BLG, SLG, and T-BLG (named 141 layer folded graphene here).
The spectra are normalized to have similar G band intensity. The schematic representations of T-BLG and

AB-BLG are viewed on the right. Adapted from [210] and [208].

As it can be seen in the Raman spectra in figure 4.23, it is very easy to distinguish AB-BLG from T-BLG
and SLG (single layer graphene) by looking at the 2D peak. However, the Raman spectra of T-BLG and SLG
are somewhat indistinguishable. The blueshift in the 2D peak and the increased I(2p)/I(g) ratio for T-BLG
can be seen, but differentiating the two spectra remains a very hard task using only Raman spectroscopy.

In this section, we have performed Raman mappings on three GFETs with different channel dimensions,
in order to study the graphene quality and number of layer. We have then correlated these findings with the
electrical measurements of the GFETSs.

2 channel device. Figure 4.24 (a2) shows the

Figure 4.24 represents Raman mappings of a 2x2 um
graphene channel connected to the source and drain electrodes, while Figure 4.24 (b2), (c¢2) and (d2) are the

I(2p)/I(¢) ratio, I(p)/I(g) ratio and FWHM(2D), respectively.
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Figure 4.24: Raman maps of a GFET with 2x2 pm? channel.

The defects in the graphene lattice are estimated by looking at the I(p)/I(¢) ratio presented in Fig-
ure 4.24 (c¢2). We can conclude that the graphene is of excellent crystalline quality since the ratio is extremely
low and homogeneous throughout the entire channel. The defects begin to appear at the palladium-graphene
interface which is an expected result of lithography and fabrication processes.

Examining the I(2p)/I(g) ratio in Figure 4.24 (b2), we observe that it is around 1.6 and is homogeneous
throughout the majority of the channel. The FWHM(2D) is homogeneous in the entire channel with a value
around 30.6 cm~!. These two results indicate the presence of a single layer graphene.

Figure 4.24 (e2) represents the average Raman spectrum of the entire graphene channel. The D peak is
present because we have taken into account the edges of the channel and thus the metal-graphene contact.
Although the averaged spectrum gives a global idea about the graphene in the channel, it is however not a
representation of the entire channel since averaging the Raman spectra globalize the results and does not
give a precise idea about the measured graphene in every single point of the channel. In this case, we can
combine the Raman spectrum and the Raman mapping of the GFET and confirm that indeed we have a
monolayer graphene in the channel.

In order to confirm the monolayer characteristic of the graphene channel, we have performed AFM

measurements on the 2x2 ym? channel and the result is depicted in figure 4.25.
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Figure 4.25: AFM image of the 2x2 pum? channel.

In figure 4.25, the channel can be seen in the middle, surrounded by the contacts where impurity particles
have gathered. As it can be seen, the graphene sheet was torn after the electrical measurements. In regions
where the graphene is broken, we notice that the torn graphene sheet has folded on the initial layer (red
triangles). AFM measurements on the graphene sheet away from the tears (green triangles) have detected
a thickness of ~ 1 nm, whereas in regions of folded graphene (red triangles), the thickness was found to be
4 2.3 nm. Considering that the graphene layer contains water molecules and other impurities and residues,

we can confirm the presence of a single graphene layer.
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In figure 4.26 (a5), we have considered a 5x5 um? graphene channel. As it can be seen, the electrode on
the left is broken (during the fabrication process). The I(2p)/I(¢) ratio in figure 4.26 (b5) is approximately
2 along the entire sheet. Considering the FWHM(2D) represented in figure 4.26 (d5), it is homogeneous
in the entire sheet and its value is around 29.6 em™!. These findings indicate that the GFET channel is

consisted of a single layer graphene.
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Figure 4.26: Raman maps of a GFET with 5x5 pm? channel.
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The mapping of the defects is represented in figure 4.26 (c5). In general, the defect density is low in the
majority of the channel. There are defects in some regions of the channel, which coincide with the black spots
in the GFET channel in figure 4.26 (a5) and in regions where the I(2p)/I(q) ratio is delicately smaller than
2 in figure 4.26 (b5). These defects can arise from the graphene sheet itself during growth (sp3 bondings),
or from folds or cracks induced in the sheet during the transfer and/or fabrication processes. These defects
can also exist due to PMMA residues during the transfer and/or fabrication processes.

An interesting observation is in the region where the electrode is broken (figure 4.26 (a5)). In fact, during
the fabrication of the GFETS, the graphene underneath the small Pd/Au electrodes was not etched away,
thus we have a continuous graphene sheet under the small electrodes. If we examine closely figure 4.26 (b5-
d5), we observe a constant I(ap)/I(¢) ratio of 2, alongside a constant FWHM(2D) ~ 29 em ™!, identically

to that of the graphene channel. What is even more intriguing is the very low I(p)/I(g) ratio under the
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broken electrode, which implies a high quality graphene layer. This remarkable event where the graphene
sheet is still intact and of high quality even after the electrode broke indicates that the palladium metal
contacts we used have conserved the intrinsic properties of the graphene layer. Thus, we can conclude that

palladium is indeed a very good choice for contacting the graphene.

The average Raman spectrum of the 5x5 ym? channel is shown in figure 4.26 (e5). The D peak is present,
mostly due to some of the defected regions of the channel. The sharp and thin Lorentzian 2D peak confirm,
alongside the Raman mappings, a typical spectrum of single layer graphene.

As it is widely known, a major drawback in the PMMA-assisted wet transfer technique is the presence
of PMMA residues on the graphene sheet which remain even after many removal techniques such as long
acetone baths and annealing processes. Here, we have considered a 10x10 pm? GFET with PMMA residues
on the sheet in order to correlate the presence of these residues with the quality of graphene. Figure 4.27
(al0) represents the graphene channel connected to the drain and source electrodes. PMMA residues can be

seen on the graphene sheet and are pointed out in blue, red and green.
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Figure 4.27: Raman maps of a GFET with 10x10 gm? channel. The scale bar is 10 pm.

Figure 4.27 (b10) shows the I(2p)/I(¢) ratio across the channel. It can be seen that the ratio is higher
than 2 in PMMA-free regions, whereas it strongly decreases for regions containing PMMA residues. Corre-
lating these results with the defects in figure 4.27 (c10), the regions with PMMA residues have a very high
defect density, while the residue-free regions contain a low defect density. The FWHM (2D) in figure 4.27
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(d10) is also complementary to the two preceding maps, where the linewidth of the 2D peak is around 30

1 across the channel, except the zones where polymer residues are present, where it increases for values

cm
higher than 50 cm~!. These mappings illustrate the effect of PMMA residues on the graphene, where we
conclude that residues have a very strong effect not only the quality of the graphene, but also on the 2D
and G peaks, where the I(2p)/I(g) ratio decreases and the FWHM(2D) increases with the presence of
PMMA. Figure 4.27 (el0) represents the average Raman spectrum of the channel taken in the region where
the defects are low (thus not in the PMMA regions). Away from the PMMA residues, we can see that the
I(p)/I(¢) ratio is relatively low considering the graphene edges. The average Raman spectrum away from
the PMMA residues indicates a single layer graphene sheet with low defects. The Raman fingerprint of
PMMA residues is shown in Figure 4.27 (f10). As it can be seen, the defects are very high (I(2p)/I(g) <
1) and the I(2p)/I(c) is very low. The 2D peak is also enlarged with a FWHM > 50cm 1.

In summary, Raman mappings of three GFETs with different channel dimensions were discussed. The
number of layer was correlated with a thin 2D peak and a I(sp)/I(g) ratio > 1.5, and a high graphene
quality corresponded to a very low defect density in the sheet. Furthermore, the effect of PMMA residues
on the I(p)/I(g) ratio, I(2p)/I(c) ratio and FWHM(2D) of the graphene was shown. We concluded that
the PMMA residues affected strongly these properties, where the density of defects was strongly increased in
contaminated regions, and the 2D peak was doubly enlarged. The I(2p)/I(g) < has also strongly decreased
due to polymer residues. This accentuates the importance of eliminating PMMA residues during the transfer
of the graphene and the fabrication processes in order to conserve the high quality of graphene for further

device applications.

4.9 Electrical characterization of GFET'Ss

In this work, electrical measurements of GFETs were performed at the C2N and L2E laboratories using semi-
conductor analyzers (HP4155 and Agilent B1500 respectively). Typically, carrier mobility is extracted either
via Hall measurements or field effect measurements. Hall measurements provide accurate measurements
of carrier mobility, however, this requires a complicated fabrication process and measurement technique.
Indeed, the Hall effect can be seen only when the device is placed into a magnetic field and with a specific
design that allows the creation of a current and the measurement of a transverse voltage that is perpendicular
to both the magnetic field and the created current. The principle is based on the Lorentz force. The major
drawback of Hall measurements is that the devices are no longer used for applications, since they have already
been patterned into a very precise architecture, implying that this technique of obtaining carrier mobility
prohibits the use of the devices for any other application. It is for this reason that field effect measurements
have become the most popular mean of estimating carrier mobility. In fact, these type of measurements do

not require a specific design, and are simple to perform with a standard device geometry. The most widely
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used carrier mobility extraction method is the direct transconductance method (DTM). In this technique,
the transfer curve of a graphene device allows the extraction of the mobility. In fact, the transconductance
(gm) is used to calculate the mobility, and the effect of the contact resistance R, is directly included. The
latter leads to an underestimation of the mobility value at any gate voltage. However, the accuracy of
the measurements can be improved by fabricating field effect transistors with low Schottky barriers at the
contacts.

The back-gate capacitance is the capacitance of the SiOs layer, which is found to be:

Cop = 2251 (4.1)

tOZ

where g is the permittivity of free space ( g9 ~ 8.856 10712 F/m), ¢, is the permittivity of SiOq (for
Si04, &, = 3.9) and t,, is the oxide thickness which is 285 nm in our case. Since the quantum capacitance
of graphene is much higher than the insulator capacitance, it has been neglected. In the DTM method, the
carrier mobility is extracted according to the gate voltage dependent transconductance (g,,) which can be

formulated as following:

_ 0lpgs
Im = Ve

|VDSconstant (42)

Hence, the charge carrier mobility can be calculated as following:

__ gmL
a WVDSOoac

(4.3)
L and W are the gate length and width respectively and Vg, is the drain source voltage.
If we take the example shown in figure 4.28, the DTM extraction process would be the following. The
GFET is biased at a low Vpg voltage (between 10 and 50 mV) and a gate voltage is swept between -100 V
and 100 V to record the hysteresis effect. According to the Drude model, by applying an external voltage,

one can vary the carrier concentration in the graphene sheet and thus its conductance. The gate voltage

induces then a surface charge density, according to the following equation:

Co:r Ve - Vi irac
TL(VGS - VDiraC) = \/TLO2 + ( GSe D ) (44)
With ng the residual carrier density at the Dirac point:
Coxv irac
ng = oz TDirac _ aVDirac (45)

(&
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With e the electron charge (e ~ 1.602 10! C). After substituting the values we find the proportionality co-
efficient o between induced charge carriers and the measured Vp;,q. to be approximately 7.56 10'%cm =2V 1,

Figure 4.28(a) shows a typical electrical setup of a GFET with an example of an IV transfer characteristic
depicted in figure 4.28(b). One single sweep from -90 V to 50 V of the gate bias is shown and implies a
change in the channel current from 22 pA to 2.5 uA. The gate voltage where the current is at its minimum
is called the charge point neutrality voltage also known as the Dirac Point (Vpirec). In this example, the
Vpirac 18 measured at 31 V. For clarity, the IV curve has been plotted as a function of (Vos — Vbirac)-
Indeed, When Vigs < Vpirac, the Fermi level is located in the valence band and holes are the majority
carriers, whereas when Vgs > Vpirae, the Fermi level is located in the conduction band and electrons are
the majority carriers. Moreover, if Vp;.qc is positive, it means that the graphene sheet is mainly p-doped
whereas if Vpjrqc is negative, the graphene sheet is mainly n-doped.

The carrier concentration at the charge neutrality point is found to be ng = @.Vpiree = 31 x 7.56 x 1010
= 2.39 x 10'2¢m~2. This value is quite similar to classical values recorded in previous works with CVD
graphene. It is important to mention that 15 out of 50 devices in this thesis have demonstrated a ng close
to 2.39 10! which corresponds to the lowest carrier concentration at the Dirac Point for a transferred CVD
graphene layer at room temperature [212].

The carrier mobility is depicted in figure 4.28(c) as a function of (n — ng). The highest hole mobility
recorded was 2550 em?/V.s at (n — ng) = -0.12 x 10'2¢m =2 and the highest electron mobility was recorded

at 1460 cm?/(V.s) at (n —ng) = 0.44 x 102em=2.
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Figure 4.28: I;s and carrier mobility versus Vs plot (black and blue curves respectively).
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Finally, in figure 4.28, the ambipolarity of the graphene layer is clearly visible. Indeed, for Vgs > Vpirac,
the current increases, demonstrating by that the electron transport in the channel. Almost 70% of the
measured GFETs have shown ambipolarity in the conduction band, however electron mobility values have
always been inferior to those of the holes in the valance band whereas the V-shaped of the dispersion
relation should imply equal mobilities symmetrically to the Dirac point. To further illustrate the transfer
characteristics measurements of the graphene sheet that has been synthesised in this thesis, we chose 3
different devices with gate dimensions (width x length) of 2x2 um?2, 5x5 um? and 10x10 um?. Figure 4.29
shows the resistance of the channel (calculated using Ohms law R = Vpg/Ips) as a function of the gate
voltage. Gate voltage sweeps are made in order to display the hysteresis effect in the GFETs. Previous
studies have identified the water/oxygen redox couple present at the graphene/SiOs interface responsible

for the presence of such hysteresis [213].

Figure 4.29: Plot of the channel resistance R. in function of the gate voltage Vs for a (a) 2x2 um? (b) 5x5

um? and (c) 10x10 pm?.
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In figure 4.29 (a), the 2x2 um? channel resistance varies from 500 to 3300 2. The charge neutrality point
is observed at the first gate sweep at Vpiree = 88 V which implies a high carrier density of 7.56 10'2¢m 2
at the minimum conductance and thus, the presence of a large quantity of p-dopants in the graphene sheet.
Moreover, when Vg is swept back to negative voltages, a hysteresis is observed, consequently resulting in a
shift in the Vpjrqe from 88 V to 93 V and thus an increase in the channel current at constant gate voltage.
This leads to a decrease in the channel resistance at constant gate voltage with a maximum A Vgg1 = 30
V for a resistance value R = 1282 Q. The maximum charges trapped in the water/oxygen molecules here is
2.27 102¢m ™2 according to equation (1.4).

In the same manner, in figure 4.29 (b) and (c), for a 5x5 um? and a 10x10 um? channel, the resistance
varies from 500 to 3300 © and from 800 to 3500 € respectively. The A Vggs and A Viggs are measured

2 and

respectively at 45 V and 25 V which indicates the same dynamic of charge trapping of 3.4 10'2em™
1.89 10*2¢m =2 according to equation (1.4).

These values are coherent with graphene field effect transistors fabricated on top of a SiOs surface and
clearly highlight the necessity for a hydrophobic encapsulation such as parylene. Moreover, we note that the
same minimum and maximum values of channel resistance here are random. The lowest resistance values at

the Dirac point for all measured devices in this work were found to be between 450 and 1600 2 whereas the

highest resistance values were found between 2700 and 6200 2.

4.10 Effect of air exposure on the electrical properties of graphene

In the following paragraph, the effect of air exposure on the electrical properties of graphene will be detailed.
Transfer characteristics have been recorded on the GFETs right after the fabrication, and after 8 months
of air exposure. The devices were kept in a clean room atmosphere, i.e. not under vacuum. The electron
and hole mobility of 14 GFETs is studied in function of time, as well as the charge neutrality point (Dirac
point).

Firstly, the effect of time on the mobility values of four different channel dimensions is shown in figure 4.30.
As we have mentioned before, in the DTM method, the mobility can be easily calculated by using the
transconductance, which is the maximum slope of the transfer curve of the GFET away from the Dirac point.
Here, we can have a global interpretation on the mobility changes after 8 months by simply comparing the
slopes of the two curves (that is before and after 8 months). For instance, a very evident mobility decrease
appears in figure 4.30 (c) for a 5x5 mum? graphene channel. The slope of the transfer curve after the
fabrication (black) is clearly much higher than that of the red curve (after 8 months). Thus we can directly
assume that the mobility has considerably dropped. In other cases, comparing the slopes can be useful, but

if the mobility variation is small, one needs to calculate the values in order to precisely compare the two.
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Figure 4.30: The effect of air exposure on the field effect mobility

In figure 4.30, the mobility of four different channel dimensions is plotted in function of Vgs - Vpirae-
We notice that the air exposure effect was the same on the four GFETs. A decrease in the carrier mobility
is detected through the decrease of the maximum slope value of the red curves (that is the mobility after 8
months). For instance, for a 1x1 pm? (shown in (a)), the mobility value dropped from 1500 cm=2/V.s to
200 cm~2/V.s. For the 2x2 um? GFET, not only did the mobility value decrease, but we can also see that
the graphene has lost some of its ambipolarity over time. This is the same case for the 5x5 and the 10x10
um? GFETs. Note that we do not observe a shift in the Dirac point because we have plotted the mobility
in function of (Vgs - Vpirac) instead of Vigg.

In order to obtain a bigger picture on the effect of air exposure on the charge carrier mobility, we have
plotted the electron and hole mobility values of 14 GFETSs before (red) and after 8 months (green). The
effect of air exposure on the electron mobility and hole mobility of the four gate dimensions can be seen in
figure 4.31 and figure 4.32 respectively.

Although the effect of air exposure is much more visible on the hole mobility, we can conclude from
these statistical measurements that both hole and electron mobility have degraded with time. A decrease in
carrier mobility indicates a decrease in the charge carrier mean free path, which in turn is due to impurity
particles such as water molecules adsorbing on the surface of the graphene throughout time. These particles
impede the carrier transport in the graphene, resulting in a decrease in carrier mobility. In fact, these results

highlight the properties of graphene as a gas sensor.
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Figure 4.31: The effect of air exposure on the electron field effect mobility of 14 GFETSs
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Figure 4.32: The effect of air exposure on the hole field effect mobility of 14 GFETs



Step-by-step characterization of large-scale graphene devices 103

In the case of the Dirac point, the effect of time on its position is depicted in figure 4.33.
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Figure 4.33: The effect of air exposure on the charge neutrality point of 14 GFETs

For channel dimensions of 2x2, 5x5 and 10x10 um? shown respectively in figure 4.33 (b), (c) and (d),
we can clearly observe an important shift of the Dirac point towards positive voltage. For instance, for a
2x2 pm? and a 5x5 um? graphene channel, the Dirac point has shifted of 20 V in average, whereas it has
shifted of 15 V for a 10x10 pum? channel. These result are consistent with the decrease of the mobility values
throughout time discussed earlier. In fact, since mostly water particles (among other contamination) have
adsorbed on the graphene sheet, these H2O molecules act as p-type dopants, shifting the Dirac point towards
positive bias, implying that the graphene layer is p-type doped.

A particular finding regards the 1x1 um? graphene channels, where we do not see an important Dirac
point shift after 8 months. This could be due to the fact that the graphene area is relatively small and thus
the concentration of adsorbents on the sheet is much lower than that of larger sheets. This is considered as
an advantage, since graphene devices in integrated circuits have typically acess lengths lower than 1 pm.

In conclusion, we have studied the influence of air exposure on the graphene electrical properties for 1x1,
2x2, 5x5 and 10x10 um? graphene channels. We found that upon exposure to air, water particles and other
contamination are adsorbed on the graphene layer, shifting by that the Dirac point towards positive voltage
and lowering the carrier mobility values. These findings are especially significant, because they emphasize on
the importance of encapsulating graphene devices in order to retain time-independent graphene properties.
A choice of encapsulation could be parylene (discussed in chapter 4), since it is particularly beneficent for

the hampering of water particles adsorbed on the graphene/substrate and graphene/air interface.
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4.11 Graphene nanomesh

In this thesis, we have fabricated a graphene nanomesh (GNM) on four GFETs with four different channel
dimensions (1x1, 2x2, 5x5 and 10x10 um?). The motivation behind this work was to study the effect of
the GNM on the electrical properties of graphene, particularly the carrier mobility and Dirac point. In
the literature, the role of GNMs is clear: to open a bandgap in graphene, allowing this 2D material to
have semiconducting properties. Indeed, semiconducting properties are very important for both digital and
analog electronics. For digital electronics, the presence of a bandgap is necessary in order to reach a high
Ion/Iorr ratio. For analog electronics, a bandgap allows the decrease of the power consumption in the
OFF state of the RF device. In addition, the cut-off frequency can be maximized by increasing the intrinsic
transconductance g, as much as possible and reducing the drain conductance g4 and all capacitances and

resistances as much as possible. This is expressed as following:

_ 9m 1
21 (Cas + Cap)[l + gas(Rs + Rp)] + Capgm(Rs + Rp)

Ji (4.6)

With Cgs gate source capacitance, Cgp the gate drain capacitance, Rg and Rp the source and drain

series resistance respectively and gg4s the drain transconductance expressed by:

dlps
~ dVps

9ds ‘VGSconstant (47)

We have collaborated with our L2E colleagues Guido Valerio and Yi Zheng, as well as with Fernando
Zanella of the University of Parana - Brazil in order to combine theoretical and experimental findings. Our
collaborators have simulated a graphene nanomesh on a graphene FET using a full abinitio method and a
semi-analytical compact approach based on the energy gap calculated with the ab — initio method (article
submitted). In their work, quantum wells were modeled by removing carbon atoms in a square pattern and
filling in the edge of each well with hydrogen atoms. Similarly, we have patterned square holes into the
graphene sheet via EBL, by protecting the graphene sheet with PMMA and etching the unwanted graphene
in the square holes (via RIE) after the lithography.

The pitch distance (the distance between the edges of the square holes) for each channel dimension vary

as following:
e For a 1x1 wm? channel, we have patterned 100 nm x 100 nm squares with a pitch distance of 100 nm.
e For a 2x2 wm? channel, we have patterned 150 nm x 150 nm squares with a pitch distance of 150 nm.

e For a 5x5 wm? channel, we have patterned 200 nm x 200 nm squares with a pitch distance of 200 nm.
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e For a 10x10 um? channel, we have patterned 250 nm x 250 nm squares with a pitch distance of 250

nm.

An optical image of a 10x10 um? channel is shown in figure 4.34 (a) and AFM images of a 5x5 pum?

channel are presented in figure 4.34 (b) and (c) (larger channel dimensions were shown for better clarity).
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Figure 4.34: (a) Optical image of a graphene nanomesh (GNM) on a 10x10 um? graphene channel. (b-c)
AFM images on the same GFET showing the squared holes patterned into the graphene layer. (d) Transfer
characteristics of a 1x1 um? channel measured: in black: first IV in red: after 8 months and in blue: after

GNM.

In figure 4.34 (c), the GNM can be clearly observed, with dark squares representing the holes “punched”
into the graphene sheet. This AFM image indicates a strained graphene, since we can see wrinkles in the
sheet induced by the patterning of the nanomesh. This result is expected, since by taking a relatively flat
graphene sheet and perforating it, we induce defects into the graphene lattice. We must mention that the
GNM did not have any effects on the electrical properties of the 2x2, 5x5 and 10x10 wm? channels. Thus,
the electrical measurements of these devices were not shown here. However, on the 1x1 pm? channel, we
note a very interesting observation. Figure 4.34 (d) shows the transfer characteristics of the same 1x1 pm?
transistor, for three different cases: (i) in black we see the transfer curve of the initial GFET, measured after
fabrication (and thus at a time t), (ii) in red we see the transfer curve of the same GFET after 8 months in

clean room air and (iii) in blue we see the transfer curve after the patterning of the nanomesh.
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If we look at the initial transfer characteristics of the GFET, (black curve) we observe a high ambipolarity
and we calculate a carrier mobility of ~ 1200 cm=2/(V.s) and an Ion/Iorr ratio of ~ 10. After 8 months
of air exposure (red curve), the graphene loses its ambipolarity and carrier mobility with a slight shift in the
Dirac point (an air exposure effect discussed earlier), and the new mobility is found to be ~ 500 em=2/(V.s).
Similarly, the Ion/IorF ratio decreased to ~ 2.3.

What is very odd and interesting in this study is the transfer curve obtained after the patterning of
the graphene nanomesh (blue curve). In fact, a typical consequence of GNM is the degradation of carrier
mobility, directly implying the decrease of the Ion/IorF ratio. However, this is not the case here. In fact,
by comparing the red curve and the blue curve, i.e. before and after the GNM, we observe an increase in the
carrier mobility from ~ 500 to around 700 em~=2/(V.s) as well as an increase in the Ioy/Iopr ratio, whose
value is now equal to that of its initial value of 10. In addition, the graphene regained its ambipolarity.
This unanticipated behavior could be due, as a hypothesis, to the fact that instead of inducing more defects
into the graphene sheets, we have somehow created a larger mean free path for the carriers by eliminating
structural defects in the sheet.

For instance, the exfoliation of carbon nanotubes (CNTs) on a target substrate creates a matrix of CNTs
which are randomly distributed. It is known and confirmed through a plethora of experiments [214] that
approximately 1/3 of these CNTs are semiconductor, while 2/3 are semi metal. Thus, by patterning these
CNTs into ribbons connected to the contact metals, the probability of having semiconductor CNTs is 1.
Much like CNTs, we assume for small channel lengths (< 1 pm), GNM would faciliate the electron transport
in the graphene sheet, which is confirmed via electrical measurements. Unfortunately, further studies on this

device were not carried out for complementary findings.



Chapter 5

Towards 50 nm gate length RF GFET

on parylene

5.1 Objectives of this study

As discussed in chapter 2, graphene is one of the most promising candidates for flexible electronics due to
its combined high flexibility, mechanical strength, and electronic transport properties. Among plentiful of
applications, high frequency electronics is considered to be a cornerstone of today’s high tech economy. In
this chapter, we present an investigation of the crucial steps in the fabrication of flexible radiofrequency
(RF) graphene-based field effect transistors (RF GFETs). Parylene C was chosen as the flexible substrate
due to its remarkable physical properties, including high flexibility and thermal and dielectric properties.
The growth mechanism of parylene C as well as its properties will be presented in the first section of this
chapter. Optical and structural characterization of our parylene C samples will be shown, and combined
AFM and XPS measurements on Parylene C will be detailed in order to examine the topography and chemical
composition of this polymer. These studies are of utmost importance since Parylene C is not much used in
the electronic industry, but rather in the biomedical industry as a biocompatible and anti-corrosion material.
However, it is an ideal flexible substrate for nanoscale devices as it can be simply deposited on SiO5 substrate
for e-beam lithography and fabrication processes, and easily detached from the SiO5 by simply immersing
it in DI water. Afterwards, the optimal RF design of the devices which was simulated during this thesis is
discussed in details, and the fabrication process of the RF GFETs is described exhaustively, especially the
gate electrode deposition since the channel lengths chosen for these microwave transistors vary from 50 to
500 nm. Later on, an intensive study on the effect of the oxide deposition method is presented, since we are

working with a delicate polymer as a substrate, and many standard factors such as temperature used in the
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silicon-based technology cannot be implemented here. Finally, the challenges of the fabrication of flexible

devices are closely particularized.

5.2 Introduction to parylene C

In this section, a brief introduction on Parylene is presented. The chemical vapor deposition process of
parylene C is described as well as some of its properties. Optical images, in addition to AFM and XPS

measurements performed on parylene C substrates are carefully reviewed.

5.2.1 Parylene

Parylene, or poly(p-xylylene) is one of the most popular chemical vapor deposited thin film polymers. First
discovered in 1947 by chemist Michael Mojzesz Szwarc, when he observed parylene as a product formed
in the vacuum thermal decomposition (pyrolysis) of para-xylene, a common solvent. His method however
only yielded a small percentage of the polymer film [215,216]. A more efficient route was developed by
William Franklin Gorham, who used a stable dimer, di-para-xylene (also known as [2,2] paracyclophane)
as the base material in vacuum pyrolysis. At temperatures above 550°C and for pressures below 1 Torr,
Gorham found that the dimer cleaves into two monomers, para-xylylene, which are adsorbed onto a surface

at room temperature and polymerized to form a long chain of parylene thin films [217].

The principal member of the parylene family discovered by Szwarc is known as parylene N (poly(paraxylylene)).

Throughout the years, many forms of parylene have branched out of parylene N such as parylene type-C.-
D,-F, and -HT. These types have the same basic structure, but have replaced the aromatic or aliphatic
hydrogen atoms with other atoms or chemical groups. Parylene C for example has one chlorine on the

aromatic, whereas paryene D has two. The most common types of parylene are shown in figure 5.1.

<CH2@CH% <@} {@} <CF2@CF%

Parylene N Parylene C Parylene D Parylene HT
Figure 5.1: The most common types of parylene. Adapted from [218].

The exceptional interest of parylene arises from the fact that this family of polymers is the only class of

polymeric hydrocarbon materials commercially produced via chemical vapour deposition (CVD) [219].
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5.2.2 Chemical vapor deposition of parylene C

The schematic representation of parylene C deposition is shown in figure 5.2. Sublimation of the dimer
(dichloro-di(p-xylylene) in the case of parylene C) occurs under vacuum at approximately 120°C. Then, the
vaporized dimer is subjected to temperatures above 550°C and pressures lower than 1 Torr, resulting in the
cleavage of the dimer into two chloro-p-xylylene monomer units. These monomers are extremely reactive,
and immediately polymerize upon deposition onto a surface (Si02/Si in our case) at room temperature,

forming parylene C.

Cl

CH CH, Cl cl
P — (T {CH@W
CH; CH, n

Cl
Dimer

Monomer Poly-Chloro-para Xylylene

L Vaporizer |

Vacuum

Vaporization Pyrolysis .
..... — Pump

Figure 5.2: The chemical vapor deposition process of Parylene C. Adapted from [220].

5.2.3 Properties of parylene C

Parylene-C possesses many desirable properties, which make of it a very interesting material especially in
the medical and electronic industries. For instance, parylene C aquires low chemical, moisture, and vapor
permeability, making it particularly useful where protection is needed from corrosive gases [221]. Its chemical
inertness and resistance to biological degradation allows it to be used in a variety of biomedical devices such
as cardiovascular implants, wireless neural interfaces and catheters [216,222,223]. Designated by the United
States Pharmacopeia as a Class IV polymer, parylene C possesses the highest level of biocompatibility for
polymers, making it permissible for long-term implantation [216]. In addition to its biocompatibility; its
biostability, low cytotoxicity and resistance against hydrolytic degradation [224,225] have permitted the use

of parylene C in micro- and nano-fabricated devices for microfluidic and bioMEMS applications [216]. When
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it comes to electronic applications, parylene C have been used as a passive layer encapsulation of graphene-
based field effect transistors (GFETs) [226,227] as well as a substrate for GFETs for improved device
stability [228]. Park et al [229] have used parylene C as a substrate for flexible RF electronics, whereas S.
Sabri et al [230] and Levesque et al [213] from the same group have used parylene C as a gate dielectric for
silicon dioxide-based GFETSs, benefiting from the polymer’s hydrophobicity to avoid the presence of water
trapped between the SiO5/Si substrate and the graphene flake, enhancing by that the electrical properties
of the fabricated GFETs.

5.3 Structural and chemical characterization of Parylene C

In this work, 15 gum-thick parylene C was deposited onto SiOz/Si substrates via chemical vapor deposition
in the Ecole Normale Superieure - Paris (ENS Paris). The idea behind depositing a thick Parylene C film on
silicon dioxide substrates is to facilitate the fabrication process, since the lithography step is very delicate
and a flat substrate is critical in order to achieve the desired pattern. Since parylene C is hydrophobic,
soaking the substrate for 3 to 4 hours in DI water is sufficient to delaminate the thick polymer film from the
silicon dioxide substrate. In this section, structural and chemical characterization were performed on the
polymer substrates to obtain a complete idea about the roughness and the chemical composition of chemical
vapor deposited parylene C films.

AFM and XPS measurements were conducted at the Laboratoire de Genie Electrique et Electronique de

Paris (GeePs - Gif-Sur-Yvette).

5.3.1 Optical and AFM images of parylene C substrates

Figure 5.3 (a) shows an optical image of the deposited parylene film on Si0Os/Si. bumps are observed on the
surface, and their presence is due to the chemical vapor deposition process. In fact, thick films of parylene
C (15 pm) are deposited in a sequence; in our case 3 pm are deposited five times in order to obtain the final
film thickness. The total pressure plays an important role in the uniformity of the films, and a high pressure
could induce bumps on the surface of the parylene, where strain in the film is created and is then released
in the form of bumps.

AFM measurements performed on the surface of the parylene C allow us to estimate the roughness of
the polymer film with a 10 to 20 % margin of error. Measurements were taken on the bumps, as shown in

figure 5.3 (b), and away from the bumps as shown in figure 5.3 (c).
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Figure 5.3: (a) Optical image of 15 um-thick parylene C deposited on SiOs/Si. The surface contains bumps
as a result of the deposition process. (b) AFM image of a bump on parylene C and (c¢) AFM image of the

parylene C surface away from a bump.

The bump on which we performed AFM measurements is about 250 nm high with a diameter of 6 pum,
however, smaller bumps can be found on the surface. The roughness of the parylene film away from the
bumps was found to be 10 nm on average.

The presence of the bumps can indeed obstruct the fabrication process, especially when depositing gate
electrodes, considering that these electrodes are very thin in our case (sub 60 nm channel lengths). This
subject will be detailed later on. These bumps can also complicate the transfer process, since graphene
is a one-atom thick sheet and high roughness can induce cracks and folds in the graphene sheet. The
graphene/substrate adhesion is also threatened by the presence of these bumps.

Furthermore, AFM measurements on parylene C substrates have showed a relatively low roughness
averaging 10 nm. bumps of 250 nm height on average were also observed, potentially obstructing the
fabrication steps.

These inconveniences are detailed later on.
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5.3.2 Parylene C chemical composition via XPS

XPS measurements on parylene C (PC) allow us to investigate the chemical composition of the deposited
polymer film, including surface contamination. Obtaining a clean polymer is very important for the conser-
vation of the parylene’s intrinsic properties. In this section, we have performed several XPS measurements
in different regions on the surface of the polymer, as well as a few micrometer-deep in the surface of the
film, where we intentionally scratched the surface of the polymer in order to eliminate the surface contami-
nation as much as possible and to further examine the parylene C. The X-ray photoelectron spectrum of a

ParyleneC(PC)/Si03/Si sample is depicted in figure 5.4.
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Figure 5.4: XPS spectrum of Parylene C on the surface as shown in the inset of the spectrum. The blue
crosses are where different measurements were performed and the circled cross belongs to this specific XPS

spectrum.

On the surface of the substrate, we observe several atomic species. C and Cl atoms belong to the
parylene C, whereas O and Si atoms are clearly surface contamination. Approximately 40% of the total
atomic concentration belongs to the oxygen atoms. Oxygen atoms are very abundant on the surface, and
20% of their atomic concentration can be attributed to the presence of silicon dioxide (Si03), since Si

particles are also observed on the surface with an atomic concentration of around 10% (obtaining by that
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the stoichiometry). Thus, Si and O atoms are bonded to form SiOs. The other 20% of O atoms are C-O
contamination, which can be in the form of hydroxyl groups (C-OH), carbonyl groups (C=0) or carboxyl
groups ( OH-C=O0). This is concluded by the presence of ~ 50% of C atoms, indicating that not all of
the C atoms belong to the polymer, and that a % of C atoms is actually bonded to the remaining oxygen
atoms in form of surface contamination. The carbon-oxygen surface contamination is typical and is due to
the atmospheric environment of the samples. The Si atoms could come from the underlying substrate itself
(S8102/Si) during the polymer deposition, or it can be due to the presence of several identical substrates in
the same box, or to the handling of these samples which was conducted using the same tweezers for standard
Si04/Si substrates. These measurements were repeated in several regions of the substrate, and we have
obtained similar results in terms of atomic species and their respective atomic concentration, indicating a
homogeneous deposition.

For a more specific measure of parylene C (away from surface contamination), XPS measurements were
carried out on intentionally scratched areas of the PC shown in figure 5.5. The scratches were several
micrometer deep. As we can see, the same species were observed (C, Cl, O and Si). However, their atomic
concentration was different this time. Regarding Si and O atoms, half of the concentration was left (5%
and 20% respectively) which means that there is less SiO2 contamination in the “bulk” of the 15 pm-thick
film. One possible explanation for the continuous observation of this type of contamination could be the
scratching of the parylene itself, since it is a very soft material and it is very easy to scratch all the way
to the underlying silicon substrate (which we have unintentionally done while scratching). The Cl atomic
concentration has doubled (from 3 to 6 %), and the C atomic concentration has increased from 40 to 60 %.
This means we are observing parylene C, where 1 chlorine atom possess 8 carbon atoms in a monomer (refer
to figure 5.1). However, we still have a contamination coming from the C atoms. Multiple measurements

were done on different scratched areas, and XPS results yielded identical results.
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Figure 5.5: XPS measurements of Parylene C after a few scratches on the surface as shown in the inset of

the graph. The circled cross is where the measurement was performed.

To conclude the XPS measurements, we have observed a relatively high Si0Os and C-O contamination on
the surface of the polymer. The carbon-oxygen surface contamination is a typical atmosphere-induced con-
tamination, however, the Si05 is not standard, and could arise from the silicon dioxide substrate underneath
the parylene C. This surface contamination is doubly decreased when we performed XPS measurements a few
micrometer deep in the polymer film. This indicates that most of the contamination is superficial, however

we still have non negligible contamination in the “bulk” of the thick parylene film.

5.4 RF devices: The design

In this work, our aim was to show the feasibility of fabricating high frequency transistors at large-scale. It
is for this reason that we have not fabricated the devices directly on top of a flexible substrate, where the
elasticity of the materials can hamper the industrial processes. Contrariwise, we have decided to fabricate RF
devices based on CVD graphene on top of a 15 pum-thick parylene layer deposited on a Si0s/Si wafer. Based
on the study published by Park et al. [229] in which an easy way to detach parylene from a SiO5 substrate
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was demonstrated by immersing the hydrophobic polymer in DI water for a couple of hours, and based on
the work of Sabri et al. [230] showing the enhancement of the ambipolarity of graphene devices deposited on
top of a parylene layer, we have decided to use parylene C as a substrate for our large-scale graphene devices.
In our lab (L2E), a probe station using Ground Signal Ground probes with a 100 um pitch is available for
high frequency characterization of S parameters in a coplanar waveguide with a Rohde and Schwarz ZVA67
Vectorial Network Analyzer up to 70 GHz. In order to design the correct coplanar waveguides, we performed
simulations using the HP HFSS software with the great assistance of our colleagues Frederique Deshours and
Georges Alquié. In order to have a 50 2 impedance matching, the port 1 (In signal, gate side) waveguide
has been designed following an online coplanar waveguide synthesis calculator. The simulations are shown
in figure 5.6. The starting hypotheses were the following. The parylene C thickness is 13 pum (the reason will
be stated in this paragraph) and its relative permittivity is 2.95 at 1 MHz (3.1 at 60 Hz) and loss tangent
(tan ) between 0.005 and 0.013.

In figure 5.7, the metal width W and spacing S are respectively 30 and 15 pm. These values are chosen
so that the coplanar line impedance is between 49.72 € and 51.94 () respectively for a parylene thickness of
12 pm and 13 pm. Indeed, since the thickness of parylene depends on the etching of several microns from
the initial 15 pm-thick layer in order to create C-OH bonds which render the polymer hydrophilic, we have
decided to choose dimensions where the input impedance does not excessively vary.

In order to keep the best impedance match until the graphene layer where the metal width W dimension
reaches 4 um, a taper has to be designed. In this thesis, we have decided to study three different lengths
shown in figure 5.6. The lengths are L; = 50 um (figure 5.6 (a)), L2 = 25 pm (figure 5.6 (b)) and Ls = 12.5
pm (figure 5.6 (c)). For each of these three lengths, simulations were carried out on parylene C (figure 5.6
(d)) alone and on 13 pm parylene deposited on top of 260 nm-thick SiOy (figure 5.6 (e)). In the first case,
a spacing of 5 um between the metal width and the ground pads is calculated at the arrival of the three

tapers on parylene and a spacing of 3 um is calculated at the arrival of the three tapers on parylene/SiOs.
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Figure 5.6: Coplanar waveguide simulations of (a) a taper length of 50 um (b) a taper length of 25 um (c)
a taper length of 12.5 um (d) a parylene substrate and (e) a parylene/SiOs substrate.

Simulations were performed for frequencies ranging from 1 to 10 GHz. Figure 5.7 (a-b) shows the reflection
coefficients for the CPW (from left to the right of the design) on parylene and the CPW on parylene/SiOs.
All three results are highly satisfying since they are well below the -10 dB which is the characteristic value
for impedance mismatch. On parylene, it can be seen that between 1 and 10 GHz, the reflection coefficient
values vary from -37 dB to -30 dB for taper 1, from -40 dB to -32 dB for taper 2 and from -42 dB to -33 dB
for taper 3. As the relative permittivity of parylene is slightly dependent on the frequency, we can estimate
an increase of 8 dB per decade in the S1; reflection coefficient, leading to an impedance mismatch at around
40 GHz. In conclusion, taper number 3 is found to be the best geometry in order to reduce the reflection
coefficient as much as possible in our coplanar waveguide. However, the differences are very slight between

the three designs.
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Figure 5.7: The reflection coefficients for the coplanar waveguides (a) on parylene and (b) on parylene/SiOs.

We can now complete our coplanar waveguide between the gate input (G) and the drain output (D) as it
is shown in figure 5.8 (1). The source of the transistor is chosen as the ground signal for designing a Ground
Signal Ground geometry. Figure 5.8 (2) is a zoom in of the radio-frequency graphene field effect transistor.
At the end of the taper, the gate input is divided in two parallel gate electrodes. We decided to implement
a gate length varying from 50 nm to 500 nm, which we will be show later on in this chapter. We designed
a dual-fingered device with total length between 20 pum and 50 pum. Indeed, using relation (1.1), we have
calculated the total width for a classical FET operation with MOSFET technology with a graphene mobility
and oxide layer of our choice. For instance, with a graphene mobility of 2700 ecm=2/(V.s), Vo = 1 V, and
for an AlyO3 oxide layer with ¢,, = 15 nm and (&,) a1,0, = 9, our GFET should provide a current of 15 mA
at a source voltage of 0.6 V and a gate-source voltage of 5 V.

The relation (1) gives a value at around 24 um for a gate length of 50 nm and 80 pm for a gate length

of 100 nm. Then, the 2 x 12 um is an example that can be done with a dual fingered device.

Lip

W pr—
pnCoz(Vas — Vr)Vps

(5.1)

For purposes of de-embedding high frequency data, standard “open” and “short” test devices have been

designed.
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Figure 5.8: Schematic of the RF design (1) the entire RF transistor and (2) a zoom in on the channel area.

5.5 The fabrication process

Identically to the fabricated GFETSs, the fabrication process of the RF devices was performed using electron-
beam lithography (EBL). 950K PMMA was used as a positive resist, and MaN 2405 as a negative resist.
Since the substrate is a thick polymer film, a 30 nm-film of aluminum (Al) is deposited on top of the resist
before each lithography step in order to perform a correct lithography. Complementary fabrication processes
(RIE, EBPVD) were also performed, as well as SEM characterization of the thin gates.

In this work, gate lengths varying between 50 and 500 nm were chosen (50, 100, 200, 300, 400 and 500
nm), with a constant gate width of 12 pm for all the devices.

The fabrication process thus comprises of 7 steps:

1. Small gate deposition: this part of the gate (shown in figure 5.8 in green) is patterned first, using a 190
nm-thick PMMA resist baked for 25 min at 170°C. 30 nm of Al is then deposited by EBPVD. After
the lithography, the aluminum is dissolved using sodium hydroxide (NaOH, 10g/mL, 1min 30s) and
then rinsed in DI water for 2 minutes. The resist is developed for 45s in a mix of MIBK and IPA and
the substrate is subsequently rinsed in IPA for 30 seconds. Afterwards, 2/40 nm of chromium/gold
(Cr/Au) is deposited and the lift off is carried out in acetone for 1 hour. Finally, the substrate is rinsed

in IPA and dried using a N2 gun.

2. Large Gate deposition: since the dimensions of this segment of the gate is larger than that of the small
gate (already deposited), we need thicker PMMA for the patterning and hence another lithography
process. For this step, 600 nm-thick PMMA is spin coated and baked and Al is deposited prior to
the lithography. After the patterning of the large gate and dissolving the aluminum film, the resist is
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developed for 1 minute and Ti/Au (20/200 nm) is deposited as the large gate metal. We now have a

complete gate electrode.

3. Oxide deposition: for this step, aluminum oxide (AloO3) was chosen as the high-k gate dielectric with
a thickness of 20 nm. This step is heavily discussed in the second part of this chapter, since the
deposition technique (atomic layer deposition, ALD) had some effects on the parylene surface. The

oxide was finally deposited by evaporation using a MEB 800 plassys system.

4. Graphene transfer: graphene was transferred on the AloO3 by the PMMA-assisted wet transfer tech-

nique, and was characterized by Raman spectroscopy.

5. Channel definition: for this lithography step, MaN 2405 (600 nm, baked on a hot plate for 1 minute
under 90°C) was used in order to protect the graphene channels of the devices. The unwanted graphene

was etched away using oxygen plasma (10W, 40s).

6. Small drain and source deposition: the reason behind dividing the drain and source electrodes into
two separate lithography processes is the metal choice for contacting graphene. In fact, we have found
that palladium is a good choice of contact electrode with the graphene (refer to chapter 3). Thus, this
step requires a Pd/Au deposition and therefore a precise lithography.

7. Large drain and source deposition: in this step, the metals chosen to cover the larger part of the source
and drain electrodes were Ti/Au. This part of the electrodes will not be in contact with the graphene

since it will be etched away via oxygen plasma before depositing the Ti/Au.

A schematic representation of an RF device is shown in figure 5.9.

Graphene

Graphene

4 hours in

DI water

Figure 5.9: Schematic representation of an RF device on a parylene C substrate. The hydrophobic nature
of parylene C allow us to easily delaminate the parylene C from the underlying SiO, by immersing in DI

water.
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5.6 Gate electrode deposition

5.6.1 Small gate electrode: dose test

In order to fabricate gate lengths of 50 nm, we carried out a dose test on a PC/SiOy/Si substrate by
patterning a matrix of gates while varying the dose of the electron beam from 700 uC/cm? to 5650 uC/cm?
with an increment of 50 uC/em?. This test will allow us to determine the optimum fabrication parameters
(the e-beam dose, resist development time and lift off result) for obtaining a continuous gate with a uniform
thickness. The SEM images of some of the gates is shown in figure 5.10. For 50 nm channel lengths, doses
lower than 2000 C/em? did not give rise to the channels, and doses higher than 2700 uC/cm? resulted in
enlarged channel lengths around 70 - 80 pgm. For 100 nm channel lengths, the lowest dose resulting in a
complete gate was 1650 uC/cm?, whereas doses between 2300 11C/cm? and 5650 uC/em? resulted in channel
lengths of 110 nm to 160 nm (respectively). In summary, as the channel lengths increased from 50 to 500 nm,
the required dose to obtain a complete gate decreased. The dose range for obtaining all the required channel
lengths was between 2150 C/cm? and 2300 uC/em?. Therefore, for the devices, we chose to operate with
a dose of 2150 uC/em?.

In figure 5.10, we can see examples of some of the succeeded and failed channel lengths. Figure 5.10 (a-c)
show channel lengths of 400, 300 and 100 nm respectively, whereas figure 5.10 (d) shows an example of a

broken or discontinuous 50 nm channel. Figure 5.10 (e-f) show continuous channel lengths of ~ 56 nm.
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Figure 5.10: SEM images of the test dose carried out on PC/SiO5/Si for different channel lengths.
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5.7 Small gate electrode

Now that we have determined the appropriate dose for the lithography, the small gates are patterned and

the 50 and 100 nm channels are shown in figure 5.11.
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Figure 5.11: SEM images of 100 nm (top) and 50 nm (down) gate lengths on parylene C.
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5.7.1 Large gate electrode

Figure 5.12 shows SEM images of complete gates. The bumps on the parylene C are clearly visible, however,

it can be seen that there was no effect of those bumps on the channels, which can be seen smoothly crossing

a bump.
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Figure 5.12: SEM images of complete gates on parylene C.
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5.8 Atomic layer deposition of Al,O3 on parylene C

Atomic layer deposition (ALD) of AloO3 on parylene C substrates was performed at 100°C under 10~! Torr.
The precursors used to deposit the oxide were trimethylaluminum (TMA) ((Al2(C'Hs)g, which is a dimer)
and H,0. The deposition rate is 1 A/cycle. Every cycle (60 seconds) is comprised of one pulse of TMA of
0.06 seconds followed by 30 seconds of purge, then 1 pulse (0.06 seconds) of H>O followed by another 30
seconds of purge. During the purging, argon is pumped into the chamber to eliminate any by-products or
unreacted gases. In addition, a duration of 20 minutes of thermalization is required before every deposition.

For instance, it takes approximately 5 hours to deposit an oxide thickness of 30 nm.

5.9 XPS measurements of Al,O3; deposited on a reference sample

In order to calibrate the XPS measurements which will be performed on parylene C, we have deposited (using
ALD) 26 nm of Al;O03 on Au(200nm)/Ti(50nm)/PC/SiO2/Si as a reference sample. In fact, since we do
not know the etch rate, we cannot manipulate with the real samples. Thus, we use a reference sample with
a known oxide thickness in order to find the etch rate and use it on the real samples. The exact thickness of
the reference sample was confirmed to be 26 nm via ellipsometry. Figure 5.13 shows the XPS spectrum of

Al>03 on Au.
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Figure 5.13: XPS spectrum of AloO3 (26 nm) deposited on Au/Ti on Parylene C via ALD. Inset is a SEM
image of the measurement region. The blue crosses indicate the different measurement zones and the red

circle indicates the corresponding measurement of this spectrum.

The XPS spectrum confirm the presence of AloO3 with a 27% atomic concentration of Al and a 70%
atomic concentration of O. To obtain the stoichiometry of the oxide, we should have 40% of oxygen, which
means we have an additional 20% acting as surface contamination. C atoms (13.4%) as well as Cl atoms
(0.5%) are also observed on the surface. This indicates a typical atmospheric carbon-oxygen contamination.
However, the presence of chlorine, although low, is not normal. It can be due to the tweezers or any other
clean room handling of the samples. XPS measurements were taken in several regions of the sample (in the
center of the sample and on the corners). All of them yielded similar results, indicating a homogeneous and
continuous oxide along the surface of the test substrate.

To confirm the thickness of the deposited oxide, the XPS depth profile is shown in figure 5.14.
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Figure 5.14: XPS depth profile of AloO3 (26 nm) deposited on Au/Ti on Parylene C via ALD using Ar (left)
and C60 (right) ion beams).

For the Ar sputtered region, we have obtained an average atomic concentration of ~ 60.1% of O in Al3O3
and ~ 39.7% of Al with a very low incertitude (less than 1%) which gives a O/Al ratio of ~ 1.51. The
sputter time (also known as the sputter depth) is found to be ~ 12.9 minutes (the inflection point) for an
oxide thickness of 26 nm which indicates an etch rate of 2.02 nm/min.

For the C60 (fullerenes) sputtered region, we have found an average of 58.4% of O in Al;O3 and 41.2%
of Al with an incertitude lower than 1%, which yields a O/Al ratio of ~ 1.42. The sputter time is ~ 58.08
minutes for 26 nm thus the etch rate is ~ 0.448 nm/min.

Now that we have determined the etch rate, we can perform XPS measurements on AloO3 deposited on
PC substrates. We should mention that the sputter time in the case of the C60 ion beam is much bigger
than that of the Ar ion beam, and the reason for that is because the C60 beam is much softer than the Ar

beam, which translates into a longer sputter time.

5.10 AFM and XPS measurements of ALD deposited Al,O3 on
parylene C

5.10.1 AFM measurements of ALD deposited Al;O3 on parylene C

Now that we have calibrated the XPS measurements on a reference substrate, we have deposited 30 nm of
Al303 on a paryleneC/SiOy/Si substrate via ALD. AFM measurements were performed on the deposited
oxide, and are shown in figure 5.15 (a). Simultaneously, we have deposited AlyO3 on Si0O5/Si substrate as

a reference sample. The AFM image of AloO3 on SiO3/Si is shown in figure 5.15 (b).
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Figure 5.15: AFM images of (a) AloO3 deposited on parylene C by ALD (b) AloOs deposited on SiOy/Si by
ALD (c) Parylene C annealing without actually depositing Al>O3 for the full deposition time (~ 5 hours) and
(d) Parylene C annealing without actually depositing AloO3 for half of the deposition time (~ 2.5 hours).

Figure 5.15 (a) represents the AFM image of Al;O3/PC/SiO2/Si. As it can be seen, the atomic layer
deposition of Al3O3 (~ 5 hours) on parylene C has strongly affected the morphology of the polymer. The
surface of the parylene C has vigorously changed, and it seems the polymer has become porous and its
surface is filled with “nanopillars”. An average roughness of 110 nm was measured on the surface of the
sample, which indicates the average depth of these nanopillars.

Figure 5.15 (b) shows the AFM image of AloO3 deposited on SiO5/Si via ALD. The very low measured
roughness (0.3 nm) is that of the silicon dioxide substrate. This underlines the effect of the substrate on the
deposition of the oxide. Indeed, these AFM measurements show a smooth deposition of aluminum oxide on
silicon dioxide compared to a very rough polymer surface with nanopillar-shaped structures on the surface
when manipulating with a temperature-sensitive soft polymer.

In order to understand more about this peculiar result, atomic layer deposition was carried out on two
parylene C substrates without actual deposition of the oxide. Figure 5.15 (¢) demonstrates the AFM image

of the surface of the parylene C annealed for ~ 5 hours (i.e. the entire ALD time for depositing 30 nm oxide)
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without depositing the oxide, and figure 5.15 (d) shows the AFM image of the parylene C annealed for half
of the deposition time (~ 2.5 hours). It is clear that the long-term temperature has its influence on the
roughness of the parylene C, as it had increased its roughness to 40 nm for an annealing of 5 hours and to 30
nm for an annealing time of 2.5 hours (compared to its initial roughness of 10 nm). However, the nanopillars
did not appear without the deposition of AloO3. Thus, the oxide must have caused the appearance of such
structures.

To verify if the oxide was deposited, and to interpret these AFM findings, we have conducted a series of

XPS measurements on the Al;O3/parylene C sample.

5.10.2 XPS measurements on deposited Al,O3; on parylene C

XPS measurements of the AloO3/parylene C sample were carried out in order to prove not only the presence
of oxide on the polymer, but to also measure the deposited thickness. Figure 5.16 presents the XPS spectrum

of Al,03/PC/SiO/Si.
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Figure 5.16: XPS spectrum of AlsOs deposited on Parylene C via ALD. Inset is a SEM image of the
measurement region. The blue crosses indicate the different measurement zones and the red circle indicates

the corresponding measurement of this spectrum.
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The presence of Al and O species in the XPS spectrum indicates the presence of AloOs on the PC.
Carbon atoms are also present on the surface, showing once again the standard carbon-oxygen contamination
originating from the atmospheric environment. Cl particles are also detected with a low atomic concentration.
Since we have performed several XPS measurements in multiple regions on the sample, we are confident that
the oxide is deposited homogeneously on the entire surface.

Considering we have a very low chlorine concentration on the surface, we can indeed consider the deposi-
tion of aluminum oxide to be very clean and uniform and the samples (the reference and the actual sample)
to be clean and impurity-free. This highlights the main advantage of the ALD technique, which is a very
clean and uniform deposition process.

To obtain the thickness of the oxide, the XPS depth profile using Ar ion beam is performed and shown

in figure 5.17.
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Figure 5.17: (a) XPS depth profile of AloO3/PC/Si05/Si using an Ar ion beam with a theoretical thickness
of 30 nm. (b) and (c) XPS of the Cl2p peak measured (and fitted) at the red star and the yellow star in (a)

respectively. (d) XPS spectrum of the Cls peak.

Figure 5.17 (a) shows the XPS depth profile of the Al;O3/PC sample performed using an Ar ion beam.
We can see that the Al and O concentrations verify the redox equation. Nonetheless, the oxide remains
detectable for a very long time (~ 100 minutes), resulting in a thickness of ~ 144 nm, which is far beyond the

theoretical deposited thickness (30 nm). Interestingly, the Cl species which normally belong to the parylene
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C substrate, appear after 15.5 minutes of sputtering (which corresponds to 31 nm in thickness), however, the
carbon layer appears after 27 minutes of sputtering, and strangely, its atomic concentration does not stabilize
before 100 minutes of sputtering time. These findings are consistent with the AFM measurements performed
on AlyO3/PC. In fact, during the deposition of AlsOs, the nanopillars were formed, and consequently,
the oxide covered the surface of the nanopillars, resulting in the thickness of 30 nm (theoretical deposited
thickness) confirmed via XPS by the presence of Cl at ~ 30 nm. Simultaneously, the oxide covered the entire
nanopillars in depth, which we have observed via XPS with the oxide thickness of ~ 144 nm (when the oxide
had disappeared after ~ 100 minutes). This result is consistent with our previous AFM measurements where
we found an average roughness (and thus nanopillar depth) of ~ 110 nm.

Nonetheless, the carbon atoms did not appear simultaneously with the Cl particles as it was expected for
parylene C since it is mainly comprised of C and Cl atoms. This finding is rather odd. We speculate that
the oxide had reacted with the parylene C during the deposition. In order to verify this, we have plotted the
Cl2p peak before the detection of C atoms (red star in figure 5.17 (a)) and after the detection of C atoms
(yellow star in figure 5.17 (a)). The typical Cl2p peak is a double peak found at binding energies of 199 eV
(C12p3/2) and 201 eV (Cl2pl/2) [190]. Interestingly, before the appearance of the carbon layer, the Cl2p
peak was detected as a single peak, as it is shown in figure 5.17 (b). This single peak can be deconvoluted
into two components with binding energies of 199.37 eV and 200.97 eV. The Cl2p double peak is found after
the detection of carbon atoms, with binding energies of 198.84 eV and 200.44 eV, and is shown in figure 5.17
(c). Figure 5.17 (d) shows the carbon Cls peak measured at the yellow star in figure 5.17 (a). Typically, the
Cls peak is a single peak with a binding energy of ~ 285 eV [190]. In our case, the Cls peak is broadened
and can be deconvoluted into three peaks with binding energies of 283.40 eV, 283.79 eV and 284.79 eV.

This change in the C12p and Cls peak shape and shift in binding energies imply that the Cl and C atoms

(and hence the parylene C) have indeed reacted with the aluminum oxide during the ALD process.

In order to verify these results, we have performed similar measurements on the same sample using a C60
ion beam. The results are shown in figure 5.18. Figure 5.18 (a) presents the XPS depth profile of Al2O3 on
parylene C. The Al;O3 layer disappears after 229.6 minutes of sputter time, which corresponds to a total
oxide thickness of ~ 103 nm. This is consistent with our AFM measurements and our previous XPS results.

The CI atoms appeared after 78.7 minutes of sputtering, which corresponds to a thickness of 35 nm.



Towards 50 nm gate length RF GFET on parylene

131

Atomic concentration (%)

100

90
80

70 o

@

C60 ion beam

Wy,
A
Ry

T T T
150 200 250

Sputter Time (min)

04 02
Binding Energy (V)

T T T T T T T T T T T
800
“T (b) ()
750
200 ﬁ
7001
1800
650
2 1500} 8
600
1400
550
1200
Cl2p wr ClI2p
1000
450 . ,
. . . . . . . \ , \ T R
214 212 210 208 206 204 202 200 198 1% 194 192
Bindina Enerav (eV)
T T T T T T T T T T .
500 (d) 00 (e)
5000
2500
4000
- 200
S amf ©
200+ 1500
1000
Cis oo Al2s
ot 1 1 L 1 1 1 L 1 1 1

Binding Eneray (eV)

L L L L L L
124 122 120 118 11 114
Binding Eneray (eV)

L L
128 126

112

Figure 5.18: XPS depth profile of Al;O3/PC/SiO5/Si using a C60 ion beam with a theoretical thickness

of 30 nm. (b) and (c) The Cl2p peak measured (and fitted) at the red star and the yellow star in (a)

respectively. (d) XPS spectrum of the Al2s peak.

The carbon atoms appear at ~ 100 minutes, and stabilize after ~ 300 minutes (around 130 nm). The

Cl2p peaks before (red star) and after (yellow star) the detection of C atoms are plotted and shown in

figure 5.18 (b) and (c) respectively. As expected, and consistently with the previous XPS results obtained

using an Ar ion beam, the Cl12p peak is detected (at the red star) as a single peak which can be deconvoluted

into two components observed at 199.36 eV and 200.96 eV. However, after the detection of a significant
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concentration of C atoms, the Cl12p peak measured (yellow star) was indeed a typical double peak, observed
at 199.10 eV and 200.70 eV in our case. This change in peak shape and shift in binding energies of the Cl2p
peak confirm the reaction between the Cl atoms with the aluminum oxide during deposition. The Cls peak
is plotted in figure 5.18 (d). As expected, the single peak can be deconvoluted into three peaks of binding
energies around 283.40 eV, 283.83 eV and 284.83 eV. This indicates that the carbon atoms are also reacting
with the oxide, proving the reaction between parylene C and AlyOs.

To further verify this, we have measured the Al2s peak shown in figure 5.18 (d). A typical Al2s peak
is a single peak found at ~ 118 eV in AlyO3 [190]. In our case, this peak can be deconvoluted into two
components, with binding energies of 118.40 eV and 120.00 eV. Thus, we assume that the Al had indeed

reacted with the parylene C during the deposition process.

In summary, we have deposited AloO3 on parylene C via ALD. AFM measurements have shown that
the oxide deposition had strongly affected the topography of the polymer, on which we observed nanopillar-
shaped structures which were absent prior to the ALD process, and were present only when the oxide
deposition took place (not a temperature effect as we have seen via AFM measurements). XPS measurements
have confirmed the presence of homogeneous and clean aluminum oxide on the surface of the parylene C. In
addition, XPS depth profiles using Ar and C60 ion beams have found a thickness of ~ 100-140 nm of Al>O3
on the polymer, which is consistent with the AFM measurements.

Since the ALD principle suggests that a thin film is deposited atom by atom on the target substrate,
during the growth of the Al3O3, the nanopillars are shaped and the oxide is deposited simultaneously,
covering the entire nanopillars in surface and in depth, creating by that different thicknesses ranging from
30 to 130 nm. These thicknesses depend on the profundity of the nanopillars.

Surprisingly, a significant concentration of chlorine was observed before the disappearance of the oxide,
which normally indicates the presence of parylene C. However, no carbon concentration was found at that
sputtering time. Complementary XPS measurements of Cl2p, Cls and Al2s peaks have shown that these
peaks have changed in shape (change in FWHM) and their binding energies have also shifted, implying that
the Cl and C atoms of parylene C had reacted with the oxide during the deposition.
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5.11 XPS and AFM characterization of evaporated Al,O3; on pary-

lene C

5.11.1 XPS measurements on evaporated Al;O; on parylene C

As we have seen, the ALD-deposited AloOs on a parylene C have resulted in a strongly porous polymer
film with an average depth of 110 nm. This particular result is not desirable since it would affect the
next processing steps, especially the graphene transfer and the lithography process. In addition, this strong
change in the polymer could alternate its properties and degrade its performances. Thus, we have resorted
to another solution, that is depositing Al3O3 via electron beam evaporation.

We have deposited 15 nm of AlsO3 on parylene C and performed XPS measurements to determine the
chemical composition of the sample and confirm the deposited thickness. Afterwards, we have performed
AFM measurements in order to observe the resulted morphology of the polymer and examine the effect of
the evaporation method on the parylene C morphology.

Figure 5.19 shows the XPS spectrum of a AloO3/PC/Si05/Si sample. Inset is an image of the measured

zone on the sample.
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Figure 5.19: XPS spectrum of Al;O3 deposited on parylene C via E-beam evaporation. Inset is an optical

image of the substrate and the red cross indicates the measurement zone.
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This spectrum confirms the presence of AloO3 on the polymer, since Al and O are detected on the surface.
Surface contamination such as C-O bonds, Cl particles and Ar particles are also observed. In comparison
to ALD-deposited AlyOs3, the evaporated oxide has an extra Ar particles. This is most probably due to the
evaporation method itself, where argon flux is used in order to return to the atmospheric pressure after the
deposition process.

To verify the thickness we have deposited, the XPS depth profile is plotted and shown in figure 5.20 (a).
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Figure 5.20: XPS depth profile of AloO3 deposited on parylene C via evaporation. (b),(c) The XPS spectra

of Cl2p peaks measured (and fitted) at the red star and the yellow star in (a) respectively. (d),(e) The XPS

spectra of Cls peaks measured (and fitted) at the red star and the yellow star in (a) respectively. (e) The
XPS spectrum of Ols and (f) The XPS spectrum of Al2s.



Towards 50 nm gate length RF GFET on parylene 136

In figure 5.20 (a), we have found a sputtering time of ~ 10.5 minutes for an etch rate of ~ 1.61 nm/min,
which corresponds to an average atomic concentration of 59% of O in AlyO3 and 39.9% of Al, indicating an
O/al ratio ~ 1.48. This means that the oxide deposited via evaporation confirms the redox equation.

Furthermore, a sputter time of 10.5 minutes corresponds to an oxide thickness of ~ 17 nm, which is
very close to that of the theoretical deposited thickness (15 nm), showing the uniformity of the evaporation
deposition process. Similarly to the ALD deposited Al;O3, we notice in figure 5.20 (a) that the Cl particles
appear at a sputtering time of 8 minutes, before the disappearance of the oxide. The C atoms however are
detected at ~ 9 minutes of sputtering time but are not stable before the complete disappearance of AlsOs.
For this reason, we have decided to plot the XPS depth profile of Cl2p, Cls, Ols and Al2s in order to verify
whether the reaction between Al;Oz and parylene C is a result of ALD deposition or a typical reaction
between the oxide and the polymer.

Figure 5.20 (b) and (c) represents the XPS spectra of the Cl2p peak measured before and after the
stabilization of the carbon layer, and consequently before and after the disappearance of the oxide, as
indicated with the red and yellow stars (respectively). The single peak of Cl2p detected while the oxide
is still present can be deconvoluted into two components with binding energies measured at 199.17 eV and
200.77 eV. For the Cl2p peak detected after the disappearance of AloOgz, we find the typical double peak
shape at 199.21 eV and 200.81 eV. This change in peak shape and shift in the binding energies is consistent
with the XPS measurements on AloO3 deposited via ALD. The Cls peaks depicted in Figure 5.20 (d) and (e)
show similar peak shapes, where we can deconvolute both into two components. For the Cls peak measured
at the red star (in the presence of oxide), we find binding energies around 283.90 eV and 285.25 ¢V whereas
for the Cls peak measured at the yellow star (in the absence of oxide) we find two components at ~ 283.76 eV
and 285.07 eV. This confirms that the carbon layer reacts with the oxide, which is consistent with the previous
XPS results of the Cls peak measured for Al;O3 deposited by ALD. However, the broadened Cls peak in
the parylene C layer (yellow star) also shows the C-AlyO3 reaction. We suspect that the measurements were
not enough deep in the parylene C surface, which explains the two components of the Cls peak. Finally, the
spectra of Ols and Al2s are shown in figure 5.20 (e) and (f) respectively. The Ols peak in AlyOj3 is a single
peak observed at 531 eV [190]. In our case, the peak is detected at ~ 531.99 eV. This shift of ~ 0.99 eV
indicates the reaction between the oxygen in AloO3 and the parylene C. The Al2s peak is deconvoluted into
two components with binding energies of 118.40 eV and 119.40 eV which is consistent with the previous XPS
measurements on AlsO3 deposited via ALD. These findings further confirm the reaction between parylene
C and Al3O3. Thus, we can conclude that the AlsO3 and the parylene C react during the oxide deposition
via ALD and E-beam evaporation. The effect of this reaction on the properties of Al;O3 and the underlying
parylene C must be thoroughly understood in order to obtain a complete idea about RF and other electronic

devices fabricated on parylene C.
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5.11.2 AFM measurements on evaporated Al;O3; on parylene C

Finally, to verify the effect of evaporation-deposited AloO3 on the morphology of the parylene C, AFM

measurements were carried out and the result is depicted in figure 5.21.

100 nm

Figure 5.21: AFM image of Al3O3 deposited on parylene C by evaporation.

The AFM measurements reveal an average roughness of ~ 9 nm of the parylene C, indicating that, as
confirmed by XPS measurements, the evaporation technique did not affect the surface morphology of the

parylene C.

5.12 ALD Versus Evaporation of oxide on Parylene C

In conclusion, we compared two AlyOs deposition techniques and thoroughly studied their effect on the
parylene C. We have found that depositing AloOs by atomic layer deposition had strongly affected the
morphology of the parylene C, where we have observed via AFM measurements ~ 110 nm-deep nanopillar-
shaped structures. This resulted in a non-uniform deposition of Al3O3, leading to a ~ 30 nm thick oxide on
the surface of the nanopillars, and a ~ 100 nm thickness of oxide inside the nanopillars for what it seems
as the oxide trying to fill the holes in the parylene C caused by the deposition process itself. We speculate
that the precursor responsible for the donation of oxygen is mainly responsible for the strong modification
in the parylene C roughness, since the polymer is extremely hydrophobic. However, the deposition is very
clean and the resulting oxide is pure and contamination-free as confirmed by XPS measurements. XPS
results also detected the presence of Cl particles before the disappearance of the oxide and the appearance of
carbon. This finding is odd since Cl and C atoms are supposed to be detected together as a sign of parylene
C. XPS depth profiles have shown that the Cl2p and Cls peaks change in shape and their corresponding
binding energies shift before and after the disappearance of the oxide, indicating that the parylene C had
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reacted with the oxide during deposition. Complementary XPS measurements on the Al2s and Ols peaks
have confirmed the parylene C-Al;O3 reaction. In addition to these findings, the ALD deposition time is
very long and incompatible with parylene-based devices since AFM measurements have shown an increase
of polymer roughness by a factor of 4 induced by the relatively low deposition temperature. This roughness
could have a negative impact on the transfer process of the graphene.

Nevertheless, by using E-beam evaporation to deposit AloO3 on parylene C, we have found additional Ar
impurity particles on the oxide surface compared to ALD deposited AlsOs, which are due to the deposition
process itself. However, the theoretical deposited thickness was respected, and the deposition process had
zero effect on the polymer roughness as confirmed by AFM measurements. Interestingly, we have also found
that the polymer substrate had reacted with the oxide during the short deposition time. More research on
this subject is needed in order to understand the effect of this reaction on the properties of the deposited
oxide and the underlying parylene C substrate.

In summary, the evaporation technique was found to be the most convenient mean of depositing uniform
Al303 on parylene C substrates. Another advantage of this technique is its deposition time, where 15 nm of

oxide are deposited in 11 minutes and at a temperature close to that of room temperature.
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5.13 Approach toward flexible RF electronics

In this chapter, we have demonstrated our approach towards the fabrication of flexible RF devices. As
we have seen, there are many challenges remaining in order to cross the industrialization step of graphene
flexible devices, especially when the basis of current research is that of silicon technology. Parylene C-
based graphene RF FETs are not well known in the electronics industry, although many devices have been
fabricated, but only for proof of concept. Nonetheless, given the right amount of research and attention, this
subject could be very valuable since parylene C has been proven to be very beneficial for graphene and as a
great encapsulation material. A very important factor in the industry is time-dependency of the electronics
devices, and parylene C could solve this challenge. In addition, the superior biocompatibility of parylene C
renders this material very compelling in bioelectronics .

According to Ferrari et al. [23], we should expect to see flexible electronics more frequently around 2020.

The timeline is shown in figure 5.22.
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Chapter 6

Conclusion and perspectives

6.1 Conclusions

This research was intended to obtain a complete idea on the fabrication steps of chemical vapor de-
posited graphene for large-scale electronics applications and to advance the parylene C-based radiofrequency
graphene devices.

The first part of this thesis has established the fabrication and step-by-step characterization of large-scale
graphene-based field effect transistors. The chemical mechanical polishing and the annealing of the copper
CVD substrate has proven to be very effective via AFM and SEM measurements, which have shown a reduc-
tion of Cu surface roughness by a factor of 10, as well as via XPS measurements which have presented the
chemical composition of the Cu foil before and after the treatment. While as-purchased Cu foils presented
zero copper concentration and a continuous zinc layer among many other impurity particles such as phospho-
rus, the XPS results have demonstrated the effectiveness of our polishing + annealing step on the Cu surface,
where impurity particles were completely removed and the Cu surface was proved to be impurity-free. After
achieving a clean and flat copper substrate, the graphene growth was carried out via pulsed chemical vapor
deposition (P-CVD). This technique is derived of the standard CVD. The only difference is the injection
time of the hydrocarbon (methane here). In the standard CVD process, the methane is continuously injected
throughout the entire growth time, whereas in the P-CVD , the methane is injected for 5 seconds and then
cut for 55 seconds. This sequenced injection limits the multi-layer formation. In fact, upon adsorbing to
the surface of the copper, the CH, molecules dehydrogenate until the only species left on the surface are
carbon atoms, which will coalesce to form graphene. The P-CVD gives enough time for the dehydrogena-
tion to be completed without depositing more C H; molecules on the Cu surface. As confirmed by Raman
spectroscopy, the graphene grown on copper was of high crystalline quality and single layered. The transfer

of the graphene was carried out via the PMMA-assisted graphene transfer since it is the most common
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technique for transferring large-area graphene onto arbitrary substrates. Two etching solutions were used,
FeClz and (N Hy4)2520s, and the effect of these etchants on the graphene quality and PMMA residues was
exhaustively studied via XPS measurements performed on two different samples. XPS results showed that
the FeCls-transferred graphene not only had more PMMA residues, but also more defects in the graphene
lattice. In addition, more impurity particles were found on the graphene transferred with iron chloride.
Thus, (NHy)25205 was chosen as the etching solution in this work. Graphene-based field effect transistors
(GFETSs) were fabricated via E-beam lithography. Four different channel dimensions were chosen for the
GFETs, 1x1, 2x2, 5x5 and 10x10 um?. These relatively large channels were chosen firstly to facilitate the
lithography and other fabrication processes, and secondly in order to characterize these graphene channels
via Raman spectroscopy. Raman spectra and mappings on different GFETs were conducted. The monolayer
characteristics of the graphene were observed, as well as the effect of PMMA residues on the graphene quality
and consequently on the corresponding Raman spectrum was discussed. The graphene contact metal chosen
was palladium (Pd), and Raman spectra revealed that the pd had conserved the graphene’s high quality.
Electrical measurements were performed on 16 devices, and the charge carrier mobility was extracted using
the direct transconductance method (DTM). The highest hole mobility calculated was 2700 ¢cm?/(V.s), which
fits very well in the mobility range of polycrystalline small grain graphene layers. Large-scale fabrication of
GFETs has shown that the reproducibility of the GFETs performance is still a fundamental challenge, since
the graphene possesses different qualities from one area to another of the same sheet, resulting in hundreds of
GFETs fabricated on the same sheet having different electrical properties. The effect of air exposure on the
electrical properties of graphene (hole and electron carrier mobility and Dirac point) was studied, and results
have shown that air exposure has strongly degraded the graphene’s mobility and ambipolarity, accentuat-
ing on the need to encapsulate graphene-based devices for long term use. Preliminary results on graphene
nanomesh were also presented in this work. Unexpected results showed that structuring the graphene into
“connected” nanoribbons had conserved (and slightly increased) the carrier mobility for gate length = 1 pum,
and had increased the Ipn/IoFF ratio.

In the second part of this research, an approach toward fabricating sub 60 nm flexible RF GFETSs was
presented. The chosen substrate was parylene C due to its remarkable mechanical, thermal and dielectric
properties. Parylene C had been demonstrated to improve the ambipolarity of graphene, as well as to
prohibit the hysteresis which is due to the water molecules trapped at the graphene/substrate interface.
In addition, this polymer is widely used in the medical industry as an encapsulation material, thus, this
characteristic would be very beneficial for obstructing the degradation of the graphene’s properties under air
exposure. 15 pm of parylene C was deposited on SiO5 substrates via CVD, and characterized by AFM and
XPS. The parylene roughness was found to be 10 nm, however, bumps were observed on the surface with an

average height of 250 nm. An optimum RF device design on parylene C was simulated in this work, and a
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fabrication process was proposed. The idea behind depositing parylene C on Si0 substrates was to facilitate
the fabrication process, since the delamination of the hydrophobic parylene C could be achieved by simply
immersing the sample in DI water. Sub-60 nm gate electrodes were patterned on parylene C, and SEM
images showed no effect of the bumps on the thin gates. An intense study on the oxide deposition method
was presented. ALD-deposited AloO3 was compared to E-beam evaporated AloO3z. AFM measurements have
shown that the ALD deposition of AloO3 had vigorously changed the polymer’s topography, where nanopillar-
shaped structures were observed on the entire surface of the parylene. However, XPS measurements have
demonstrated a very clean and homogeneous oxide deposition, and further XPS measurements have confirmed
a reaction between the deposited Al;O3 and the parylene C. Contrariwise, AFM measurements on e-beam
evaporated AloOs have shown no effects of the deposition technique on the roughness of the parylene C.
However, XPS measurements have indicated the presence of Ar impurity particles on the surface of the
oxide, which are due to the deposition process itself. Further XPS measurements have confirmed the Al5O3
and parylene C reaction during the deposition. The e-beam evaporation method was found to be the most

convenient mean of depositing Al,O3 on parylene C.

6.2 Future work

50 nm gate length RF GFETs with cut-off frequencies of a few tens of GHz can be achieved by carefully
studying each step of the fabrication process. This thesis contributed to the choice of flexible substrate and
encapsulation for long term applications, as well as the realization of sub 60 nm gate lengths. Unfortunately,
the graphene channel definition lithography step had failed because of an accidental dose error, and with
the C2N-Marcoussis closing to re-open at Palaiseau, we were not able to continue this work despite the
fact that only two relatively simple lithography processes were left. Based on this work, parylene-based RF
devices could be fabricated in a short period of time and the RF properties could be characterized at the
L2E laboratory.

To preserve the high quality of graphene, the transfer must be further improved in order to prohibit the
PMMA residue on the graphene layer, as well as cracks and fold that can occur during the transfer. Another
challenge lays in conserving the graphene’s intrinsic properties throughout the fabrication process. Various
studies have suggested coating the graphene with the oxide, however, this still leaves one or two lithography
steps with graphene unprotected.

Profounder studies on graphene nanomesh are required as well, as we have seen here that the carrier mobility
and ambipolarity of the graphene were improved after structuring the graphene nanomesh. In addition, the
Ion/Iorr ratio was found to increase after the graphene nanomesh. Smaller pitch widths can be patterned
on channel lengths < 1 pum in order to obtain a higher Ipn/Iorr ratio. With proper attention to this

subject, a gap can indeed be opened in the graphene layer without inducing more defects. Once the device
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is fabricated, a parylene C encapsulation is required in order to preserve the graphene quality and electrical
properties.

The knowledge acquired in the field of graphene can also be implemented for other 2D materials such as
M oS5 and black phosphorus. The first is expected to bring new insights in digital electronics and the latter

in analog electronics.
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