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Abstract

Block copolymers (BCPs) have the particular property to self-assemble into ordered
periodical structures. These macromolecules, in association with standard photolithog-
raphy, represent a promising approach as an alternative advanced patterning technique
in microelectronics. This way, the downsizing of Integrated Circuitss (ICs) can be kept
up. BCPs with high chemical incompatibility between their blocks exhibit a high value of
the Flory-Huggins interaction parameter y. The BCP theory predicts periodical features

sizes with high-x BCPs of only few nanometers.

This thesis presents an experimental development in view of the use of a second-
generation BCP lithography using the high-y Polystyrene-block-Polydimethylsiloxane
(PS-b-PDMS), versus the low-y Polystyrene-block-Polydi(methyl methacrylate) (PS-b-
PMMA). On this subject, the self-assembly kinetics of higher molecular weight (My,)
PS-0-PDMS BCPs (resolutions in the range of 15 - 30 nm) was improved with the
blending of PS-selective plasticizers. Self-assembly on large surfaces was then proved by
a rapid thermal annealing (~ 30 s). As a proof-of-concept of this lithography approach,
some of the tested PS-6-PDMS masks were transferred on Si, where Si features sizes up

to 25 nm high were achieved.

The BCP lithography principle was then used to show the patterning of 2D materials.
For example, graphene presents a real need of patterning into very narrow nanostructures
to open up a bandgap to switch its electrical properties by quantum confinement. A lower
Mw PS-b-PDMS was used to pattern ~ 10 nm features. Different patterning approaches
were tested. BCP results are obtained when the BCP is spin-coated and annealed directly
on graphene. Self-assembly on large surfaces (1 cm?) is achieved in few minutes and the
mask is then transferred on graphene by oxygen-based plasma etching, where a single
step will eliminate the PS matrix, oxidized the PDMS cylinders and etch the graphene.
Large surfaces 11nm-width Graphene nanoribbons (GNRs) were finally obtained. Dry
Hs plasma cleaning was also performed to remove organic contaminants appearing during

the fabrication steps. Different analysis techniques of carbon such as Raman and X-ray
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photoelectron spectroscopy and atomic force microscopy were used to show the high
chemical quality of the GNRs.

Electrical characterization of the GNRs such as mobility and bandgap opening were
measured to confirm the electronic behavior of the nanoribbons. Values of the order
of 150 cm?/(V- s) and 30 meV were measured, respectively. The entire procedure was
realized under microelectronics clean room environment, then, the BCP self-assembly
processes proposed is scalable and low cost, and is well-suited for integration with existing

semiconductor fabrication techniques.

The lithography procedure developed in this investigation could also be generalized to
fabricate different graphene nanostructures such as graphene nanomeshes or quantum
dots that could be used in other applications in functional devices. Additionally, GNRs
on large surfaces are expected to find a broad ranges of applications, in the fields of

electrochemical sensors and bioanalysis.
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Abrégé

Les copolymeres a bloc (BCP) ont la propriété particuliere de s’auto-assembler en struc-
tures périodiques ordonnées. Ces macromolécules, en association avec la photolithogra-
phie standard, représentent une approche prometteuse en tant que technique de lithogra-
phie alternative avancée en microélectronique. De cette fagon, la course a la réduction
des dimensions des circuits intégrés peut étre maintenue. Les BCPs présentant une forte
incompatibilité chimique entre leurs blocs présentent une valeur élevée du parametre
d’interaction de Flory-Huggins x. La théorie des BCPs prédit des périodiques car-

actéristiques qui peuvent étre aussi petites que quelques nanometres.

Cette these présente un développement expérimental utilisant une lithographie de
BCPs de deuxieéme génération avec le polystyréne-bloc-polydiméthylsiloxane (PS-b-PDMS),
contre le polystyréne-bloc-Poly (méthyle méthacrylate) (PS-b-PMMA) & faible valeur de
x. La cinétique d’auto-assemblage du BCP PS-b-PDMS de poids moléculaire relative-
ment élevés (résolutions dans la plage de 15 & 30 nm) a été amélioré grace a 'ajout de
plastifiants sélectifs au bloc PS. L’auto-assemblage sur des grandes surfaces a ensuite été
montré par un recuit thermique rapide (~ 30 s). Comme une preuve de concept de la
lithographie, certains masques PS-b-PDMS testés ont été transférés par gravure plasma

sur le substrat Si.

Le principe de lithographie par BCP a également été utilisé pour montrer la struc-
turation de matériaux 2D. Par exemple, le graphéne présente un réel besoin de nano-
structuration afin de changer ses propriétés électriques par confinement quantique quan-
tique et ouvrir une bande interdite électronique. Pour cela, le PS-b-PDMS de résolution
caractéristique d’environ 10 nm a été utilisé. Différentes approches d’intégration ont été
testées. Les meilleurs résultats sont obtenus lorsque le BCP est enduit et recuit directe-
ment sur le graphéne. L’auto-assemblage sur de grandes surfaces (1 cm?) est réalisé en
quelques minutes et le masque est ensuite transféré dans le graphéne par gravure plasma
a base d’oxygene, ou une seule étape va éliminer la matrice PS, oxyder les cylindres

PDMS et graver le graphéne. De grandes surfaces de nanorubans de graphéne (GNRs)
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de 11 nm de largeur ont finalement été obtenues. Un nettoyage par plasma hydrogene a
également été effectué pour éliminer les contaminants organiques apparaissant lors des
étapes de fabrication. Différentes techniques d’analyse du carbone telles que les spec-
troscopie Raman et de photoélectrons X, ainsi que la microscopie a force atomique, ont

été utilisées pour montrer la haute qualité chimique des GNRs.

La caractérisation électrique des GNRs tels que la mobilité et 'ouverture de la bande
interdite ont été mesurées pour confirmer le comportement électronique des nanorubans.
Des valeurs de l'ordre de 150 cm?/(V- s) et de 30 meV ont été mesurées, respec-
tivement. L’ensemble de la procédure a été réalisée dans un environnement de salle
blanche de microélectronique, en utilisant des procédés standard et grande surface. Les
développements proposés sont donc compatibles avec les techniques de fabrication de

composants semi-conducteurs existantes.

La procédure lithographique développée dans cette étude pourrait également étre
généralisée pour fabriquer différentes nanostructures de graphene telles que des nano-
filets de graphene ou des boites quantiques, qui pourraient étre utilisées dans d’autres
applications et/ou d’autres des dispositifs fonctionnels. De plus, les GNRs sur grandes
surfaces pourraient trouver une large gamme d’applications dans les domaines des cap-

teurs électrochimiques et de la bioanalyse.
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1. Introduction

1.1. Background and context

For decades, miniaturization has been the keyword of the progress in microelectronics.
The most successful device example is the Field-Effect Transistor (FET). Its size scaling
has enabled the complexity of IC to double every 18 months [1, 2], leading to significant
improvements in performance and energy efficiency per transistor. Today, processors
containing two billion FETSs, some with gate lengths of just 28 nm, are in mass pro-
duction (fig.1.1). However, this downsizing needs to be seen with more detail from a

manufacturing point of view.

Lithography is the technological process in semiconductor device fabrication to create
surface features and it has been at the heart of FET miniaturization. The current
lithographic technique, photolithography, uses ultraviolet light through a photomask to
expose a light sensitive polymer. Subsequent removal of exposed, or unexposed, areas
of the resist in a selective solvent yields to a topographic pattern which can be used as
an etch mask. The six decades following the invention of the IC have seen the evolution
of photolithography to the point where a modern photolithography tool, operating with
an immersion lens at a wavelength of 193 nm [4], is capable of printing at a resolution
of 38 nm [5].

A combination of immersion lithography and multiple patterning methods have been
used by leading chip manufacturers for the latest 22 nm-node technology [6]. It requires
however the use of repeated exposures and very accurate wafer positioning so that feature
sizes can be trimmed which reduces wafer throughput and increases capital and other

costs dramatically [7].

It is expected that these techniques will be used for the fabrication of future 14 nm-

node technology. However, due to the inherent limit of the wavelength of UV light
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Figure 1.1.: Schematic representation of the Moore law for the last 15 years. Inset: A
19nm FET size. Adapted from [3].

sources, combined with prohibitively high costs of implementing new technologies, pho-
tolithography might be partially replaced in the future, by a surrogate lithographic

process capable of producing sub-10 nm features [8].

Alternative processes to photolithography include electron-beam lithography, ion-
beam lithography, X-ray lithography and nanoimprint lithography [9, 10, 11, 12]; all are
top-down processes that rely on pattern transfer through masks or via molded stamps.
Efforts are focused to move to shorter wavelengths (Extreme Ultraviolet (EUV) at 13.5
nm) for patterning, which are consistent with shrinking device dimensions. Neverthe-
less, EUV faces limitations such as EUV source power output availability of defect free

masks/detection systems and considerable cost [13].

Bottom-up processes have also garnered the attention of the semiconductor industry,
as viable alternatives for the fabrication of nanoscale features. In contrast to the deter-
ministic nature of top-down processes, bottom-up processes are driven by a combination
of thermodynamics and kinetics which then determines the yield of the desired structure
[14]. Among those strategies: Directed self-assembly (DSA) of BCPs and DNA-based

macromolecules, colloidal and fluidic assembly.
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(a) (b)
AB

Figure 1.2.: Schematic representation of a block copolymer. (a) The A-B diblock copoly-
mer, such as the poly(styrene)-family based diblock copolymer molecule rep-
resented at the bottom. (b) The BCP chains microphase separate such that
the contact area between the A and B blocks is minimized, which lead to
the formation of self-organized structures.

Particularly, DSA of BCPs on topographical patterns combines advantages of thermodynamics-
governed bottom-up self-assembly of BCPs and top-down photolithography and offers
opportunities to create periodic nanostructures with sub-20 nm half-pitch for the fabri-

cation of IC components and other devices.

1.2. Physics of block copolymer systems

1.2.1. Theory of microphase separation
Flory-Huggins model

BCPs are composed of two or more chemically distinct, and usually immiscible, polymer
blocks which are covalently bound to each other. The simplest system is a diblock
copolymer which can be represented as A,, — B, where A and B are the molecular units
and n and m are the numbers of each unit (fig.1.2a). Thermodynamic incompatibility
between A and B blocks drives a collection of A-B diblock molecules to self-assembly via
microphase separation [15]. An example of such a microstructured (and ordered) phase

is given in (fig.1.2b) for a symmetric (50% by volume component A) diblock copolymer.

Microphase separation results from the system minimizing repulsive interactions be-
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tween dissimilar blocks and maximizing attractive interactions between similar blocks.
Effectively, the system attempts to minimize the interfacial surface area between unlike
blocks [16]. Because of the covalent bond between blocks, phase separation can only
occur on a scale similar to that of the polymer chain size, consequently length scales are

in the order of one to a hundred nanometers [17].

In this far simplest case of two undiluted (bulk) blocks, A and B, the phase behavior

may be controlled by three experimental parameters:

e The degree of polymerization N, with N =n +m
e The composition f

e The temperature dependent Flory-Huggins interaction parameter y

The first two factors are regulated through the polymerization stoichiometry and in-
fluences the translational and configurational entropy [18], whereas the magnitude of

(the largely enthalpic) x is determined by the selection of the A — B monomer pair.

The choice of a particular pair of monomers establishes the sign and magnitude of
the energy of mixing, which can be approximated by the Flory-Huggins interaction

parameter

A 1
X = k:BT[E"j - 5(%‘ + €55)] (1.1)

which describes the free-energy cost of contacts between A and B monomers. In this
definition, Z is the number of nearest-neighbor monomers to a copolymer configuration
cell, and ¢;; is the interaction energy per monomer between ¢ and j monomers (i =
A,B;j = A,B). From eq. 1.1, a negative value of y results from a favorable energy
of mixing, meanwhile positive values of y occur when the net system energy increases

upon forming A — B contact pairs from unmixed components [19].

The thermodynamics of microphase separation is governed by a balance between en-
thalpic (H = U + PV where U, P and V represent the system energy, pressure, and
volume, respectively) and entropic (S) components. It can be represented by a simple

Gibbs free energy G equation:
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Gmiz — Gps = AGsa = AHgy — TASs4 (1.2)

where G, and Gpg represent the free energy of the mixed and phase separated sys-
tems respectively. AHg 4 is the enthalpy change of the process and is largely determined
by the potential energy/intermolecular forces between the assembling entities [20]. ASg4
is the change in entropy in the process. Self-assembly is a spontaneous process if AGga

is negative.

Flory and Huggins independently estimated the change in free energy per segment
AG i, associated with mixing polymer chains on an incompressible (f4 + fp = 1)

lattice, commonly referred to as the Flory-Huggins equation:

AGmm fA fB
T~ Na In fa+ Ny In fg+ fafBx (1.3)

The first two terms account for the combinatorial entropy of mixing ASy... The
third term represents the enthalpy of mixing AH,,;; and can either increase or decrease

AG i depending on the sign of y.

Hildebrand model

For non-polar mixtures with species interacting mainly by dispersion forces, the interac-
tion parameter x can be estimated by the method developed by Hildebrand and Scott
[21]. This model is based on the solubility parameter § related to the energy of vaporiza-

tion AF of a molecule. For example, for a molecule of species A the solubility parameter

AE 4
= 1.4
64 =1/ ) (1.4)

where V4 is the volume of molecule A. The energy of vaporization AFE 4 of a molecule

is defined as

A is the energy of all the interactions between the molecule and its neighbors that have
to be break to remove the molecule from the pure A state. The ratio AE4/Vy4 is called
the cohesive energy and is the interaction energy per unit volume between the molecules
in the pure A state [22].
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The interaction energy per site in a pure i state Ze;;/2 is therefore related to the

solubility parameter 9; as follows

Zeij
2

= V0did; (1.5)

where i = A, B and V} is the volume per site. Substituting Eqs 1.5 into the definition
of the Flory interaction parameter (eq. 1.1), allows to express x in terms of the solubility

difference:

02 + 6% — 2646 \%,
X~ Vo[ A IfBT %] _ kBOT((SA —6p)? (1.6)

This result is very important because it shows that any block copolymer system where
the blocks have different solubility parameters (i.e., different strengths and forms of
intermolecular interactions) will have a positive enthalpy of mixing and will, thus, have

a tendency to microphase separate [23].

Segregation regimes

For immiscible blocks, the BCP system reduces its enthalpy H due to a decrease in
A-B contacts. This process occurs locally, segregating A and B blocks. In the Diblock
copolymers (DCPs), it is the product xN that controls the state of segregation [24].

Microphase separation exhibits quite different behaviors at regions of xy/N between
near and far away (N — o0) from the order-disorder transition. In the disordered
state, xN< 10, entropic factors dominate here and the BCP exist in a mixed state
in the molecular level. Increasing y NV, shifts the free energy balance and leads to the

development of thermal concentration fluctuations (fig. 1.3).

In the weak segregation limit of the ordered state, in the vicinity of x/N=10 predicted
by the mean-field theory, the segregation power is not strong enough to form a sharp
phase boundary between the two phases, and the interface becomes diffuse [25]. There
exists a critical condition (x/V). for the phase transition, above which the ordered state
exhibits a smaller free energy and becomes more stable. Fredrickson-Helfand calculated
(xN)c by the Self-consistent-field theory (SCFT) [26], this value is higher than that
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Figure 1.3.: Evolution of structure with the combined parameter y/N for a symmetric
diblock copolymer with f = 0.5. Adapted from [24].

computed by the mean-field theory. For f = 0.5, the critical xN is expressed by

(XN)e ~10.5 + 41N~1/3 (1.7)

At the strong segregation limit in ordered state, or at xy/N> 100, energetic factors
dominate and the ordered microstructures are characterized by narrow interfaces and
nearly flat composition profiles (fig. 1.3). The interface thickness L;,; of the phase
boundary becomes proportional to ay'/? (where a is the statistical segregation segment
of a BCP [27]). The microphase-separated BCP system contains mainly two free energy
contributions. The first contribution comes from each chain crossing over the interface,

as

Lin N
AHjpy = kTXNTt ~ kal/%f (1.8)

The second contribution is the conformational entropy of deformed polymer chains

due to the separation of two blocks at the two sides of the interfaces.
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ASuep =~ —<§0>2 ~ —<J§O>2 (1.9)

by assuming R o< L and the ideal coil size R = Na?. The total free energy contribu-

tion becomes

AF N L2
o kT Y20+ 1.1
TRy iy von (1.10)

Taking the minimum free energy with respect to d, one obtains

Lo ~ aN'/3 /6 (1.11)

The Order disorder transition (ODT) is described by eq. 1.7, it establishes the mi-
crophase separation of the block copolymers. The SCFT provides a mean-field method
to calculate various shapes of microdomains by combining the effects of varying y/N and
f. Helfand applied this theoretical method to the study of microdomain structures in
BCP systems [28]. The phase diagram represented in fig. 1.4a was obtained by SCFT

computations.

Seven mainly ordered phases were identified [30]. Three types of spherical, cylindrical
and gyroid microstructures and lamellar morphology were shown to exist within the
thermodynamically equilibrium ranges depending on the composition f and combination

parametery/N.

Experimental phase diagrams have been developed and show some divergences with
calculated diagrams [31]. In particular the critical x.N value at x/N = 20 and the exper-
imental diagram is not symmetric in terms of f. Furthermore, additional morphologies
such as the hexagonally perforated lamellar (HPL) appears only experimentally and is

then considered as a metastable structure (1.4b).

1.2.2. From bulk to thin films

As seen in section 1.2.1, bulk BCP can phase separate in different morphologies and sizes,

depending on the structure of each of their blocks with f and IV and on the interaction of
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Figure 1.4.: Block copolymer phase diagram (a) by the SCFT. More useful morphologies
are displayed: spheres, cylinders and lamellae. (b) obtained experimental,
displaying rarer morphologies: gyroid and perforated lamella. Adapted from
[15, 19, 29).

the two blocks with y. However for most technological applications such as lithography,
thin films (< 100 nm) of BCPs are necessary. In thin films, other parameters such as
thickness and surface and interface interactions become important and influences the
phase separation and the orientation of block copolymers. The total free energy F of
a diblock copolymer, AB, in a thin layer can be described as the sum of its internal

structure Fy,;, and the interface interactions Fyyr face:

F = Fbulk + Fsurface (112)
Fbulk = FA—B + Fconformation (113)
Fsurface =Fa sub+ FB_sub + FA—air + FB—air (114)

where Fy_p is the interfacial energy between A and B blocks, Fioy,formation is the
structural arrangement entropy of the A and B polymers chains composing the BCP,

Fx_sup are the interfacial energies of the blocks with the substrate and Fx_g;- are the
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Figure 1.5.: Possible configurations of lamellae in block copolymer thin films confined at
one interface. Adapted from [33].

interfacial energies with the air (X = A, B).

When the thickness of the block copolymer (t¢) is few times its natural domain spac-
ing Lo, an important effect of commensurability appears between ¢; and Lg. Therefore,
Foyr face contribution in eq. 1.12 becomes significant to the commensurability, the total
free energy and thus the final film equilibrium structure. Conformational entropy di-
minishes in 1.13 and consequently the BCP film is from now stable when the domains
can be piled inside the film, spaced by Lg. This effect brings to a quantization of the
thickness to discrete or half-discrete values of Lg [32].

As Fyyrface becomes considerable, from eq. 1.14, the orientation of the BCP domains
is influenced by the interfaces between the two components of the BCP and the substrate

and the air [33]. The film interfaces are classified into three categories:

1. interfacial energy of block A o4 is higher than that of polymer B op (64 > o)
2. the opposite preference (o4 < o), and

3. neutral preference (04 ~ op)

The interface is wet by the domain composed with polymer having lower surface
energy. If the same block, for example A, is found at each boundary (i.e. Fy_gu <
Fp_sup and Fa_gir < Fp_qir), the copolymer is said to exhibit symmetric wetting (see
fig. 1.5a). Alternately, BCP thin films that express different blocks at each interface are
termed anti-symmetric (fig. 1.5b) [34].
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At equilibrium, symmetric film systems exhibit a series of stable films when t; =
nLo(n = 1,2,3,4), whereas anti-symmetric films exhibit a similar series of stable films
when ty = (n + 1/2)Lg. Both cases produce the lamellae to orient in-plane (horizon-
tally) in the thin film [35]. Meanwhile when the block A and block B exhibit equal o
against the substrate and the air (F_suyp ~ Fp_sup and Fa_gir ~ Fp_gr), the BCP
film is wet equally by both domains A and B. In this case, lamellar domains orientate
perpendicularly against the substrate (fig. 1.5c¢). However, if the thickness of the film
is incommensurate with the microdomain period, the microdomains can be forced to
orient perpendicularly or form some other non-equilibrium structures, such as islands
and holes [36].

1.2.3. Application to advanced lithography

The capability of BCP thin films to spontaneously form patterns was described in sec.
1.2.1. This arrangement includes a range of morphologies, with characteristic features
below 30 nm over large areas. That makes them suitable candidates for lithographic

applications [37].

Chemical dissimilarities between the two blocks is exploited to selectively remove one
block relative to the other by wet or plasma etching. The remaining patterns allow
transfer into an underlying target substrate, in general via plasma etching. From this
point of view they behave as sacrificial templates, providing designs from a bottom-up
approach. It reminds the photolithography scheme, without the technological limitations

of optical systems and expensive templates.

The analogy to classical methods allows BCP lithography to be applied to the existing
technological steps without changes in the infrastructure currently available in the IC
industry, mostly in the use of thermal annealing to achieve self-assembly (discussed in
sec. 1.3.2). Fig. 1.6 illustrates the lithography principle by BCPs thin films from vertical
and horizontal cylinders morphologies (fig. 1.6a and b respectively).

1.3. Block copolymer self-assembly in manufacturing

Block copolymer self-assembly must overcome some challenges to be considered as a

viable alternative to photolithography in semiconductor manufacturing:

11
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100nm
S

Figure 1.6.: Example of Si patterned from a PS-b-PMMA thin film mask: SEM images
of (a) silicon pillars and (b) silicon trenches. Adapted from [38].

1. The pattern arrangement formed must be similar to that used in current technolo-

gies (i.e. lines, dots, holes) remaining high resolutions.
2. Integration concerns such as electronic grade purity, cost and throughput.

3. And the most critical, the patterns formed by self-assembly must have defect den-

sities comparable to those formed by photolithography.

1.3.1. High-x block copolymers

One of the major assumptions of the Flory-Huggins theory is that there is no volume
change on mixing and that monomers of both species can fit on the sites of the same
lattice. In most real polymer blends, the volume per monomer (AV,,) changes upon
mixing [39]. These effects are usually accounted by assuming a temperature-independent
additive constant in the expression of the Flory interaction parameter, often written as

the sum of two terms:

Sy (1.15)

XZT

where o and (8 represent experimentally determined enthalpy and excess entropy co-

efficients for a particular composition.

The most commonly studied BCP system for lithography has been the PS-5-PMMA

due to its ease of handling, synthesis and availability; but it has a rather low y value

12
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Table 1.1.: Flory-Huggins parameters for different BCPs.

Polymer name Flory-Huggins x.;/® Chemical structure Reference

parameter
B}b t~F
PS-PMMA 446771 +0.028  0.038 [40]
PS-PEO 29.87-1 —0.023  0.043 g Ao [41]
5y
PS-P2VP 637" —0.033 0.106 A [42]

PS-PLA 98.17-1—0.112  0.105 8*‘% R [43]

PS-PDMS 6871 +0.037  0.187 i~ [44]
8% f~ T

PS-P4VP 2027! — 0.13 0.4 g [45]

P2VP-PDMS n.a. 1.0 —, [46]
My

PDMS-PLA n.a. 11 ek [47]

aat 25 °C

(x ~ 0.04 at 298 K) limiting the attainable resolution to around 20 nm [48, 49, 40].
Moreover, in the PS--PMMA a small number of defects remains such as dislocations
and disinclinations [50, 51]. Indeed, the defect population is related to the y parameter.
BCPs with higher x values have a higher force for reducing the defect population and
therefore more performing templates for lithography [52].

As N is reduced to achieve smaller Ly, the system tends to pass the ODT (eq. 1.7). To
enable sub-10 nm structures out of the weak segregation regime (xN > 10.5), higher x
BCPs are desired [53, 54]. Table 1.1 shows some of the most researched high-y BCPs in
the literature for advanced lithography applications, with their respective x(7") relation
and chemical structure. The majority of them are PS-based, meanwhile latest efforts

are focused on synthesizing BCP with higher y values.

PS-0-PDMS is one particularly interesting copolymer exhibiting a higher value of x

13
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(x = 0.26 at 298 K), as shown in table 1.1, allowing smaller periodicities than PS-
b-PMMA. Another known high-y BCPs includes the PS-P4VP, where the removal of
P4VP leaves a PS mask used for patter transfer. However PS is a rather poor mask
with a relatively low etch resistance. Due to its Si-containing block, PS-6-PDMS shows
high etch-resistant selectivity between the blocks [55]. The PDMS block can easily be
transformed into silica structures when exposed to oxygen plasma and the PS block can
simultaneously be removed [56, 57, 58, 59]. PS-b-PDMS templates satisfy then both

needed criteria: high resolution and etch-resistance.

1.3.2. Thermal and solvent annealing

Thermal Annealing (TA) is the simplest and most common method to trigger self-
assembly in BCP systems. It consists in exposing the BCP thin film at a tempera-
ture above the T, but below the polymer decomposition temperature approaching the
ODT. The time of the annealing must be large enough to allow chain diffusion and the

establishment of an equilibrium morphology.

Above T, the interface diffusion D(T") of a polymer chain is inversely proportional to

time (t) and can be described by the Arrhenius equation,

AE, )
RT

1
T D(T) = aexp(— (1.16)

where AFE, is the apparent activation energy of a polymer and a is a constant. In-
creasing the annealing temperature will result in faster assembly kinetics and shorten

the annealing time to achieve the equilibrium ordered structure in BCP thin films [60].

It is more convenient to express D(T') in terms of x NV, to highlight the Arrhenius type
relation 1.16, since the temperature relation of x from eq. 1.15, is usually known (e.g.
table 1.1):

D(T) x Aexp(—axNp) (1.17)

where Np is the number of segments in the shorter block of a AB BCP [61]. In

TA, the microphase separation process is strictly dependent on the film thickness of the

14
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Figure 1.7.: Schematic representations of the experimental setup for the solvent vapor
annealing: (a) using a petri box, (b) using a solvothermal for vapor pressure
and temperature adjustment, adapted from [62, 63].

BCP. Additionally, the o values of polymers are temperature-dependent and the Ao
between the two blocks is also temperature-dependent. If the difference of o values is
large enough, a wetting layer will form at the free surface. Any formation of a wetting

interface constitutes an obstacle for lithographic applications.

The TA process could not be effective enough in two situations: for many high molec-
ular mass BCP systems, where the ODT increases considerably, and for high-y BCPs
the energetic diffusion barrier is higher due to a higher y value. In both cases, very long
annealing times are required to achieve microphase separation of the blocks. Addition-
ally, as a function of the blocks nature, high temperatures or long annealing times could

produce polymer degradation and it represents too long process times for industry.

Besides TA, Solvent Vapor Annealing (SVA) is the other common method to induce
self-assembly in BCPs thin films, but not yet in industrial process. In SVA, the BCP
thin films are exposed to a solvent vapor. The absorbed solvent swells the BCP thin
film and effectively decreases the Ty to values near RT and increase chain mobility to

high mass transport.

Due to the screening effect of the solvent molecules, the effective Flory-Huggins inter-

action parameter Y. is reduced as the volume fraction fs of solvent in the film increase,

Xeff = x(1 = fs) (1.18)
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where y is the interaction parameter in the absence of solvent uptake. Thus, solvent
uptake in BCP films decreases the effective segregation strength to x.g/N, and conse-
quently affects the equilibrium domain spacing in a deflection of the effective Ly from
the bulk.

Manipulating the solvent selectivity during SVA, provides an additional control on
the BCP final morphology due to a change in the volume fraction of the blocks. A
tendency of the final morphology could be predicted by the phase diagram 1.4. Solvents
are classified as selective or neutral, according whether they are “good” for only one of
the blocks, or both. The affinity between a solvent and a polymer is evaluated by the

polymer-solvent (P-S) interaction parameter xp.g,

Vs(8s — 6p)?

_g = 0.34 1.19
XP-S RT + ( )

where Vg is the molar volume of the solvent and dg and dp are the Hildebrand solubility
parameters of the solvent and the polymer, respectively [64]. Using the Flory-Higgins

criteria, a good solvent is considered when yp_g < 0.5 [65].

Experimentally, SVA is carried out by placing the BCP thin film within a closed
reservoir [66], for example a petri box, filled with a volatile solvent during a period
of time (fig.1.7a). The solvent evaporation rapidly saturates the chamber. Finally the
BCP thin film is removed from the box and dried in the air. More complex systems
have been designed with a continuous flux setup. An inert vector gas is used to carry
the solvent vapor. This arrangement allows to control in a better way the partial vapor
pressure of the solvents and the drying step. Indeed, the evaporation rate of the solvent
during drying has been recently an object of many studies as it affects the resulting

microdomain order and orientation [67].

A combination of both thermal and solvent annealing has been also proposed, against
the long annealing times [68]. This consists in heating the solvent into the chamber to
increase kinetics and accelerate swelling rates (see fig.1.7b). In many cases the chamber
walls and the substrate are heated at the same temperature to avoid vapor condensation
[69, 70].
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Epitaxial Self-Assembly

(a) (b)
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700, |
Lithographically determined Epitaxial self-assembled Lamellar patterns
dense chemical pre-pattern BCP nanopatterns by epitaxial self-assembly

Graphoepitaxy

Lithographically pre-patterned Graph Lamellar patterns
topographical features BCP nanopatterns by graphoepitaxy

(c)

Figure 1.8.: (a) Schematic illustration of epitaxial self-assembly exploiting nanoscopic
chemical patterns to direct BCP self-assembly. (b) SEM image show-
ing defect-free lamellar patterns attained by epitaxial self-assembly . (c)
Schematic illustration of graphoepitaxy utilizing topographic pattern to di-
rect BCP assembly. (d) SEM image showing highly aligned lamellar patterns
prepared by graphoepitaxy. Adapted from [71].

1.3.3. Directed self-assembly

After favoring self-assembly on free surfaces, BCPs arrange usually with short-range
lateral ordering, creating the characteristic “fingerprint” or multicrystalline orientation,
in the case of horizontal cylindrical or spheres morphologies respectively. In specific
applications such as lithography, periodic domains with a preferential direction are re-
quired. Controlling the orientation of BCP microdomains with surface modification,

either physical or chemical, is called the directed self-assembly of BCPs.

In chemoepitaxy, chemically modified patterns are used to guide the BCP self-assembly.
In this technique, the patterns that are created at the surface of a substrate strongly
interact with one block. The condition required is that the size of the pattern (L,) is
comparable to that of the BCP period L, =~ Ly.

Graphoepitaxy uses periodical trenches to guide the self-assembly of BCPs and en-
hances lateral ordering in large areas. The term graphoepitary comes from the Greek
roots graphos (ypayw) meaning “drawing ”, epi (emt) meaning “above "and taxis

(Tats) meaning an ordered manner. It can be translated as “drawing to arrange upon
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”. In contrary to chemoepitaxy, the general pattern size of the topographical structures
are a few times larger than the natural domain spacing of the BCP. These patterns are
generated by conventional photolithography. The high density multiplication and the
ability to align the BCP into complex and ordered structures are the key advantages of

the graphoepitaxy, nevertheless features on surface cause some area loss.

1.4. Thesis outline

This thesis was mainly dedicated to the study of the PS-6-PDMS BCP self-assembly
and its implementation as an efficient mask for the advanced lithography applications.
A broad range of novel alternative applications in nanosciences are needing ultimate
resolution for the study of nanostructurated materials. As high-y BCPs are highly
promising candidates to assure the downsizing of features, it is expected that PS-b-
PDMS or other BCPs accomplish the increasing demand on the ultra high-resolution
lithography.

In chapter 2, a full process of ultra-fast assembly of PS-b-PDMS is presented. By
blending the BCP solution with plasticizers, chain mobility can be greatly increased,
allowing self-assembled morphologies without any annealing treatment. Morphology
transitions are proved in only few tenth of seconds. This way, the tedious SVA process
can be avoided making the upscaling of the process suitable. Lithography functionalities
of the PS-b-PDMS thin films are showed by transferring the obtained morphologies on

Si, via plasma etching.

In order to give the reader a basic understanding of the needs and issues of graphene
patterning, some main concepts relying this particular 2D material are recalled in chapter
3. In particular, the state-of-the-art of graphene nanoribbons fabrication in the sub-10
nm range is recapped and how the high-xy BCP lithography can fulfill this technological

challenge.

In chapter 4, the first part of this study is dedicated to the study of BCP-graphene
interactions in order to obtained a self-assembled PS-b-PDMS lithography mask on large
surfaces having the horizontal cylinder morphology. The self-assembly process is achieved
by thermal means only to overcome the serious issues related to the SVA. In this research,
different approaches are followed, such as the direct spin-coating on graphene, using

middle layers to protect graphene and promote self-assembly and the soft-graphoepitaxy
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to direct self-assembly.

A large part of this work was devoted to design the experimental conditions to guar-
antee an accurate transfer from the PS-b-PDMS mask to graphene, by oxygen-based
plasmas. This study is presented in chapter 5. An innovate way of graphene nanorib-
bons cleaning is presented at the end the process, without damaging of the structures.

Usual technique for carbon analysis are used such as XPS, Raman and AFM.

Once a global procedure was determined, further characterization techniques were
performed on the graphene nanoribbons surfaces, mainly on large surfaces. For this,
Raman mapping is used on hundreds of um? surfaces. Also electrical characterizations
of the graphene nanoribbons are performed in order to show the patterning of graphene.
For this, a back-gated FET was fabricated. Moreover, a new contact deposition method

without the need of photoresist spin-coating is explored in chapter 6.
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2. PS-b-PDMS nanolithography

2.1. Introduction

Apart from resolution, a successful lithography technique must satisfy additional re-
quirements in order to be integrated in the front-end-of-line process of manufacturing
transistors, especially in terms of throughput, cost of integration and defectivity. Tak-
ing into account the numerous parameters that have to be controlled during SVA and
solvothermal annealing to achieve self-assembly, the best option remains, however, TA
(section 1.3.2). It is a simple and well-known industrial method that can also easily be
scaled up. This context lend motivation to test novel techniques on PS-6-PDMS in order

to promote the self-assembly by a thermal treatment, despite its high x value.

Blending BCPs has been employed to influence the final morphology or domain size
without any subsequent synthesis steps [1]. The addition of homopolymers [2, 3, 4, 5],
monomers [6] or salts [7] has already been reported in order to enhance the process
time and kinetics of the self-assembly process of low-x BCPs. Most of these proposed
blending processes include the addition of a material that cannot be or is difficult to
be removed, and thus permanently alters the functionality of the block copolymer for

technological applications.

The addition of plasticizer molecules in the high-y PS-6-PDMS solution is approached
in this chapter, in order to lower its diffusive energy barrier, which could be removed
without changing the obtained structures. Plasticizers are well known additives in the
polymer industry. They are nonvolatile substances that are incorporated into rigid
plastics to increase their flexibility. The plasticizer enters into the polymer network
and expands its free volume by providing a lateral motion to the chains [8]. Here, the

influence of two selective plasticizers on PS-b-PDMS self-assembly is investigated.
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2. PS-b-PDMS nanolithography

2.2. Experimental procedure

2.2.1. Materials

Cylindrical forming PS-6-PDMS (My=31-11 kg/mol, PDI=1.10 and My=30.5-14.5 kg /-
mol, PDI=1.04), and Hydroxyl-terminated PS homopolymer (PS-brush) (My,=3.5 kg/-
mol, PI=1.06) were purchased from Polymer Source Inc. (Canada) and used as received.
For simplicity, they are abbreviated BCP42 and BCP45 respectively. Solvent Propy-
lene glycol methyl ether acetate (PGMEA) and plasticizers bis(2-ethylhexyl) Adipate
Diisooctyl-adipate (DOA) and bis(2-ethylhexyl) Sebacate Dioctyl-sebacate (DOS) were
purchased from Sigma Aldrich.

A third PS-b-PDMS block copolymer, generating a spherical phase was utilized for
this study. This BCP was synthesized at the University of Ionnina. It has a number-
average molecular weight My=53-17 kg/mol and polydispersive index PDI=1.07. This
BCP is abbreviated BCP70.

2.2.2. Methods

Cleaned bare and graphoepitaxy Si substrates were activated in Oy plasma for 2 min
before use. For the brush preparation, PS-brush solution was deposited by spin-coating
at 2000 rpm. Samples were immediately annealed at 200 °C for 5 min. Non-reacted
PS-brush residues were rinsed off with PGMEA.

Samples on silicon substrates were treated with a double step (CF4/O3) plasma etch-
ing, in order to reveal the PDMS structures for SEM observations. The self-assembled
morphologies were investigated by Scanning Electron Microscopy (SEM) (Hitachi S-
5000) and focused ion beam scanning transmission electron microscopy (FIB-STEM,
Helios 450S — FEI).

The Grazing incidence small angle X-ray scattering (GISAXS) measurements were
performed on beamline BM02 at the European Synchrotron Radiation Facility (ESRF)
in Grenoble (France). A 1 mm-wide and 100 pm-high X-ray beam impinged onto the
sample at a grazing incidence angle a; = 0.13 °. The X-ray wavelength was 0.083 nm,
corresponding to an energy beam of 15 keV; the sample-detector distance was 4.88 m;

and the scattered intensity was detected by using a 2D XPAD detector with image sizes
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2. PS-b-PDMS nanolithography

of 1148 x 578 pixels with a dimension of 130 pm x 130 pm for a single pixel.

Dynamic light scattering (DLS) was used to characterize the size of the micelles in
the plasticized BCP solution using a He-Ne gas laser with a wavelength of 633 nm and a
backscattering detector positioned at a scattering angle of 180°with respect to the laser.
Measurements were performed at RT conditions assuming the solvent had a refractive
index of 1.402 and a viscosity of 0.8 mPa - s for PGMEA. The correlation function was
fitted by the cumulant method, writing it as a second degree distribution of exponentials

so that the mean Dj, and the polydisperse index were computed.

Ellipsometry measurements were performed using a UVISEL™ ellipsometer from Horiba
Scientific driven by the DeltaPsi 2 software. Spectral range of 300-800 nm and a model
composed by Si, SiOy and a polymer layer (described with a Cauchy model) were used

to measure the BCP film thickness evolution.

2.3. Results & Discussion

PS-selective plasticizers widely used in industry such as DOS and DOA were tested in
order to study their influence on the self-assembly of PS-b-PDMS. Physical properties
of BCP, solvent and plasticizers used in this study are listed in table 2.1. They will be
useful to understand the plasticizer mechanism on the self-assembly of the PS-b-PDMS
throughout this chapter. The x parameters values in table 2.1 were calculated using the
eq. 1.6 from the Hildrebrand model. According to this, a good indication of solubility

for nonpolar materials, is indicated for x < 0.5 (section 1.3.2).

Table 2.1.: Details of some useful physical properties of plasticizers and solvents [9, 10].
Solubility = Vapor x-PS x-PDMS
parameter pressure
(MPa'/?)  (Pa) 2

PGMEA 174 3.8 0.04 0.2
DOS 17.5 1.5x10~% 0.1 0.7
DOA 17.8 1.1x10~* 0.04 0.8
2 at 25 °C
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2.3.1. Influence of DOS on self-assembly

A BCP42 monolayer (~ 34 nm) is obtained at 1700 rpm spin speed with 1 wt% solution
in PGMEA. Then, different concentration solutions of DOS were tested (from 0.5 to 1.5
wt%). Better results were found for BCP42 and DOS having both 1 wt% in PGMEA
solvent. This solution, abbreviated DOS42, was spin-coated at 1700 rpm and resulted
also in a BCP monolayer at the end of the process. In order to understand the mecha-
nism of the DOS on PS-6-PDMS self-assembly, the BCP was studied in the three steps

involved:

1. BCP42 + DOS system in PGMEA solution
2. BCP42 + DOS thin film

3. the final self-assembled BCP42

DOSA42 in solution

In the first step (1), DLS was used to analyze the effect of DOS in the BCP42 solution by
measuring the Dy, of PS-b-PDMS micelles. Adding a selective solvent to the BCP solution
changes the Polystyrene (PS) volume fraction fpg, leading to a shift of the micellar
morphology [11]. PGMEA is a PS block-selective solvent and leads to the formation
of PScorona — PDMS¢ore micelles in solution. As DOS is also PS-selective, spherical
micellar formation is expected. Figure 2.1 shows the distribution of Dj of micelles in
the BCP42 solution indicating a monodisperse solution of PS-6-PDMS micelles, where
mean is calculated to be 33 &= 1 nm. A slight difference was observed in mean Dy, micelles
for the DOS42 solution (Dh ~ 35 £+ 1 nm), suggesting an increase of the apparent Dy
by the addition of DOS without structural modification of the PS-b-PDMS micelles.

DOS42 thin film

In the second step (2), when DOS42 solution is spin-coated on functionalized Si sub-
strates, the PGMEA solvent evaporates and a plasticized BCP thin film is deposited.
Figs. 2.2a-b show the GISAXS data and its corresponding profile of the DOS42 thin
film after spin-coating. First order reflections 1¢, for the BCP thin film appeared at 0.19
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Figure 2.1.: Dynamic light scattering measurements of PS-b-PDMS 42 kg/mol solution
(BCP42) and with the addition of DOS (DOS42 solution). Insets: (left)
the respective correlation functions and (right) schematic representation of
a PS-PDMS + DOS micelles.

nm~! (Ly ~ 33 nm), nevertheless the lack of signal does not allow to confirm the struc-
turation and the morphology of the polymer film as no second order peaks appeared.
STEM observations were then performed, cross-section view in fig. 2.2 confirms the Lg

periodicity of the spherical network in the BCP film ( ~ 34 nm).

Self-assembled BCP42

Fig. 2.3a illustrate the step (3), which shows a top-view SEM image of the as-spun thin
film after the two-step plasma etching. This image shows the final hexagonal spheric
lattice of the oxidized-PDMS having Ly ~ 33 nm, which is consistent with the GISAXS
analysis and STEM observations. It was shown that micelle-micelle interactions drive
the system to pack in an ordered array when the hydrodynamic diameter of the micelles
is comparable to Ly [12]. In our case Dy ~ Lo ~ 33 nm, as is proven by DLS, GISAXS,
and STEM measurements, which is most certainly why we obtain a highly organized
hexagonal spheric morphology after BCP spin-coating. For comparison, an as-spun
BCP42 thin film is shown in Fig. 2.3b where a disordered and inhomogeneous system is

observed.
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Figure 2.2.: Grazing incidence small angle X-ray scattering measurements : (a) GISAXS
patterns and (b) its corresponding intensity profile of a DOS42 thin film.
(c) Cross-section STEM image of the DOS42 thin film.

Due to the negligible vapor pressure of DOS and its good solubility with the PS block
(Table 2.1), retention of DOS molecules in the PS matrix after spin was considered.
DOS42 thin films were then studied by in situ ellipsometry. We observed that the as-
spun plasticized film is twice as thick as its reference without DOS at RT' (Fig. 2.3c).
As predicted by the plasticizer theory, DOS only increases the free volume of the PS
block, and decreases its Ty to RT' or lower [13].

Consequently, the PS volume fraction increases and the BCP system phase-separates
in a spherical metastable morphology according to the phase diagram predicted by self-
consistent mean field theory [14]. This mechanism is similar to an SVA treatment with
PS-selective solvents. The solvent molecules enter into the PS chains, giving sufficient
mobility to self-assemble by swelling selectively the PS matrix and reducing its T, [15].
Thus, the combination of PS selectivity and the low evaporation rate of plasticizer
sets the PS matrix in a glass-liquid state where PS-6-PDMS micelles have sufficient
mobility. This reduces the kinetics of self-assembly drastically to the hexagonal spheric

morphology.

30



2. PS-b-PDMS nanolithography

af
rs.n ()‘A(“'. a
a\ NG
{ﬁﬂ (;‘*\\"

L L L L
40 60 80 100 120
Temperature (°C)

Figure 2.3.: (a) Top view SEM images of BCP thin films after the two-step plasma
etching: DOS42 and (b) its reference BCP42.
BCP42 and DOS42 film thickness by in-situ ellipsometry.

(c) Temperature profile of
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Thermal treatments

As seen in the zoomed fig. 2.3a, DOS seems to misshape interfaces between PS and
PDMS. This is observed through the presence of residues around oxidized PDMS spheres,
which could be troublesome for lithographic applications. The complete elimination of
DOS from the BCP pattern is important to fabricate long-range ordered lithographic
masks. For this reason, the evaporation of DOS was tested by thermal annealing on the
DOS42 thin films.

Earlier, the DOS42 thin film was thermal annealed at a heating rate of 1 °C/s under in-
situ ellipsometry measurements for thickness control (fig. 2.3), where it was determined
that DOS starts evaporating at ~ 100 °C. Then, the DOS42 thin films were heated at
different temperatures (110-140 °C) for 60 s, and the thickness was measured in-situ by
ellipsometry (Fig. 2.4). Upon heating, the thin film thickness rapidly decreases after a

first thermal expansion, suggesting an evaporation of DOS.

Evaporation rates depend on the temperature, as demonstrated in fig. 2.4. At 130
and 140 °C, the PS-PDMS film rapidly drops from 2.2Lj to the monolayer thickness Ly,
whereas at 110 and 120 °C, DOS is not completely evaporated after 1 min. In addition
to the thickness measurements, the morphology state has been observed by SEM for
30 s and 60 s of TA. A morphology evolution was observed in the DOS42 system from
spheres to cylinders at 120 °C (from fig. 2.4c to fig. 2.4d) until reaching complete
cylindrical morphology after 60 s of TA. This suggests an upper limit of ~ 1.6Lg to
have a morphological evolution. Then, faster transitions were found upon heating at
140 °C for 30 s.

The morphology obtained as-spun is trapped in an ordered metastable state. By heat-
ing, the plasticizer contained in the PS corona of the micelles starts to evaporate, thus
increasing the PDMS volume fraction fpparg. According to the calculation of Liaw and
co-authors [16], for a solvated BCP system, an increase in fppass results in an increase of
feore and consequently triggers a morphology transition from spheres to cylinders when
the system is already confined in a hexagonal spheric packing. After calculations from
ellipsometry measurements, a morphology transition occurs at fppyrs =~ 0.18, when
the BCP42 thin film is swollen by DOS, which is consistent with the cylinder-sphere
transition in the BCP phase diagram at yN=116 [17].

Heating for 60 s at 140 °C eliminates the PDMS residues on the maintained cylindrical
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Figure 2.4.: Main image: Kinetics of film thickness of PS-b-PDMS 42 kg/mol with DOS
under thermal annealing for temperatures between 110-140 °C by in-situ
ellipsometry. Top-view SEM images of PS-b-PDMS after 30 s (a,c,e) and 60
s (b,d,f) of thermal annealing in the range 110-140 °C. Scale bar corresponds
to 200 nm.
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morphology as well, but dewetting appears at this stage (despite ¢t ~ Ly, according to Fig.
2.4f). Since DOS was completely evaporated at ~15 s, the relaxation of the PS matrix is
reduced. For longer annealing times above 30 s, PDMS residues tend to decrease contact
forces with the PS block by diffusing to PDMS cylinders. This long-range residual stress
from non-equilibrium chain conformations might play a role in the instability of the
BCP42 thin film, and dewetting occurs by the formation of holes as observed in Fig.
2.4e [18, 19].

Morphology transition by thermal annealing was tested using a sphere-forming BCP.
DOS was solvated with BCP70 (both 1%wt) in PGMEA to form the DOS70 solution.
Under same conditions than DOS42, a DOS70 thin film was thermally annealed at 150
°C during 30 s. In contrary to DOS42, the as-spun DOS70 thin film generates a disordered
spherical morphology (fig. 2.5a). The BCP phase diagram in the high-segregation regime
(xN > 100) is displayed in fig. 2.5 to illustrate the morphology transition. The addition
of DOS, decrease the fppars, placing it in the disordered phase of the BCP diagram.
With the rapid thermal annealing, DOS evaporation generates at the same time a shift
in the fpg where its equilibrium morphology was obtained (fig. 2.5b) with the absence

of any residues (Fig. 2.5 only shows a trend without the possible variations of x).

From a formulation point of view, this result is of significant relevance in the use of
plasticizers, as it is possible to target an initial morphology from the phase diagram,
which is trapped as-spun; or to obtained the stable morphology of a BCP by the rapid
thermal annealing. Additionally, this last experiment with a spherical BCP give us indi-
cations about the importance of an enhanced kinetics and a good initial order. Indeed,
we observe the plasticizer to enhance the kinetics in both cases, but a better order is

achieved with the cylindrical system (BCP42), certainly due to a better initial order.

2.3.2. Influence of DOA on self-assembly

To take advantage of plasticizer effects on PS-b-PDMS self-assembly while avoiding at
the same time poor microseparated structures or dewetting issues, other plasticizers
were tested on PS-0-PDMS. Among them was DOA which, from its physical properties,
is slightly more PS selective than DOS (xps.poa = 0.04 and vapor pressure 110 pPa from
Table 2.1). DOA was tested in the same conditions as DOS and its effect on PS-b-PDMS

self-assembly was studied.
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Figure 2.5.: Main image: BCP phase diagram in the high-segregation regime (yN >
100). Morphology transition of the plasticized solution PS-6-PDMS 70 kg/-
mol with DOS: Top-view SEM images of their (a) as-spun thin film and (b)
after thermal annealing during 30 s at 150 °C. Scale bar corresponds to 200
nm.

Fig. 2.6a shows a hexagonally packed lattice of oxidized-PDMS spheres observed on a
plane surface. As-spun images show microseparated structures without PDMS residues
after plasma etching. The faster evaporation rate of DOA in vacuum allowed to process
the samples directly in the plasma chamber without intermediate steps, which is of main
interest for high throughput. A SEM top-view image of the as-spun DOS42 (BCP42 with
DOA) thin film on a graphoepitaxial surface is shown in fig. 2.6c, where the directed
self-assembly is demonstrated, maintaining the hexagonal spheric morphology without
postcoating annealing treatments. In this way, nanolithographic masks by self-assembly

were fabricated effortlessly.

Similar to observations for DOS, DOA led to a transitional phase from spheres to
cylinders by rapid TA (figs. 2.6b-d). BCP42 is located in the strong segregation limit
with xN=116; therefore chain mobility is retarded and suffers from slow kinetics of self-
assembly during TA. With the use of DOA, the PS--PDMS thin film remains swollen
after spin-coating, which induces the hexagonal spheric self-assembly. During TA, high
PS selectivity of DOA allows mobility in the PS matrix and greater relaxation times for

PDMS chains to diffuse. Morphology transition occurs before the complete evaporation
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Figure 2.6.: SEM top view images of the self-assembly of different PS-PDMS thin films
with DOA. Self-assembly on a plane surface: (a) as-spun DOA42 and (b)
after the rapid thermal annealing (30s at 110 °C). Inset figures correspond to
the orientation maps of the polymer grains. Directed self-assembly within Si
guiding lines: (c¢) as-spun DOA42 and (d) after the rapid thermal annealing.
Directed self-assembly within SOC guiding lines: (e) as-spun DOA45 and
(f) after the rapid thermal annealing.
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of the plasticizer, as was shown with DOS in fig. 2.4; the stable cylindrical morphology
is trapped when the plasticizer is removed. Due to higher PS selectivity and evaporation
rate of DOA compared to DOS, lower temperatures sufficed for phase transition (30 s
at 110 °C). Thus, dewetting phenomena were avoided and a good alignment retained in
both figs. 2.6b-d.

Under same experimental conditions than DOA42, a DOA45 thin film was tested
(BCP45 + DOA). The same results than DOA42 were observed, were a hexagonal
spherical morphology was obtained as-spun, and the cylindrical morphology obtained
by rapid thermal annealing (figs. 2.6e-f respectively). In both cases, the DOA45 was
directed self-assembled within SIARC/SOC trenches in view of a possible transfer (sec.
2.3.3).

In the free energy F' landscape, DOA minimizes the activation energy, thus allowing
an easy exceeding of the free energy barrier to a new stable cylindrical state. This
statement is schematically represented in fig. 2.7 where the free energy path of BCP42
and DOA are shown for illustrative purposes. The thermodynamics of the self-assembly
process via microphase separation is represented by the Gibbs free energy equation
AGga = AHgy — TASg4, where G is the Gibbs free energy required for self-assembly,
H the enthalpy and S the entropy of the system at temperature T. In order to exceed the
free energy barrier to reach the free energy minimum of the stable cylindrical morphology,
the enthalpy changes have to be positive [20]. Since the micelles as-spun are already in
a hexagonal spheric packing, the entropy contribution becomes negligible (red path in
fig. 2.7).

The free energy required for the morphology transition depends mainly on the enthalpy
change associated with the chain crossing over the interfaces between PS and PDMS
[14]. These interactions appear only locally at the molecular scale (sharp PS-6-PDMS
interfaces) when the BCP system is already ordered, and the PDMS chains easily diffuse
into the swollen PS matrix via the interface diffusion mechanism, to generate a cylindric
morphology. Indeed, the stable cylindrical morphology for BCP42 thin films was never
observed by using thermal annealing, which indicates the large free energy barrier needed

to be overcome to attain the free energy minimum value (blue path in fig. 2.7).

Defects in the cylinder morphologies of the DOA42 thin films were analyzed with the
ImagelJ plug-in developed by Murphy et al. [21]. This plug-in is capable to identify three

main types of defects involved during the self-assembly process of horizontal cylinders:

37



2. PS-b-PDMS nanolithography

disordered
SPH —— BCP42 path

—— DOAA42 path

metastable
SPH

v/ ----------------------

free-energy
barriers

Free energy (G)

O ST

metastable
SPH

stable
CYL

as-spun
BCP film

v

Morphology

Figure 2.7.: Schematic representation of the free energy landscape of the BCP42 and
DOS42 thin films as a function of the obtained morphology.

the dots, the end-point defects and the junctions [17]. In fig. 2.8a, a SEM image was
analyzed, and defects quantified in fig. 2.8b. Despite fast cylinder formation, mainly
end-point defects of the PDMS cylinders were observed, which generates at the same
time a PS junction. This kind of dislocation appears mostly at grain boundaries, where
an excess of free energy sets up and obstructs the rejoining of domains [22], usually

interpreted as free energy local minima of the landscape schematized in fig. 2.7 [23].

End-point defects of the PDMS cylinders seems to be a characteristic flaw during the
morphology transition, as they also appear in graphoepitaxy. In the case of DSA, the
PDMS chains diffuse from spheres to cylinders in the parallel direction of the guiding
lines for the morphological transition (fig. 2.8¢c). In this case, the passage from spheres
to cylinders emphasizes the fact that the interface interactions related to the phase
change are only local. The creation of defects during the morphology transition, gener-
ates a propagation of the error, which impacts on the directed self-assembled cylinders
(figs. 2.8d). Otherwise, defects in the topographical lines for graphoepitaxy could create
defects in the starting structure, and then create the end-point defects (fig. 2.8e).
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- oo j
Figure 2.8.: (a) Automation of defects by imagery treatment from a top view SEM image
of self-assembled cylindrical DOA42, and (b) corresponding defects quanti-

fied such as dots, ended-points and junctions. (c-e) main defects occurred
during the DSA of DOA42 by graphoepitaxy.

2.3.3. Transfer on silicon

The applicability of BCP self-assembly lithography assisted with plasticizers is presented
through the complete process from PS-b-PDMS deposition to the final pattern transfer
etching. To exemplify the nanolithography principle, masks showed in the figs. 2.5b and
2.6f are used.

In both cases, the free surface and graphoepitaxy, an underlayer is used. SOC is a
carbon-based resist. It has became common to use an intermediate hardmask to transfer
patterns into silicon by plasma etching [24]. By using a SIARC/SOC hardmask stack, a
considerable increase in achievable aspect ratio is possible [25]. SOC has strong chemical
similarities to PS and shows thus a favored wetting of this block, so SOC acts as a PS

brush layer.

For the spherical-forming mask DOS70, three steps were necessary to transfer the
PDMS template to Si. First, the elimination of the PDMS surface layer by a CF4
plasma for 5 s at 4 mTorr with a gas flow rate of 100 sccm at 700 W plasma power.
The second step eliminates the unprotected PS matrix and transfers the PDMS spheres
patterns into the SOC layer (fig. 2.9a). This is made by using a HBr-O2 blend plasma

composed of 70 scecm of Oy and 30 scem of HBr. This second step is realised during 25 s
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Figure 2.9.: Transfer of the PDMS patterns on Silicon: cross-section SEM images of the
(a-b) spherical DOS70 and cylindrical DOA45 BCPs transfered on SOC,
respectively and (c-d) their subsequent transfer on Si.

at 5 mTorr power of 500 W. Finally, third step consists in pattern transfer into Si, with
a HBr-Og pulsed plasma during 80s to transfer on ~ 55nm of Si (fig. 2.9¢).

The obtained patterns of DOA45 in fig. 2.6f were used as etching mask in order to
transfer the long-range cylindrical features into the silicon substrate. First, the PDMS
top wetting layer at the air/BCP interface is removed by CFy plasma, and then HBr/ Oq
plasma was applied to remove the PS matrix and transfer the pattern in the underlying
SOC layer. Simultaneously, the PDMS mask is oxidized. Fig. 2.9b shows the cross-
sectional SEM image of DOA45 mask after the SOC transfer step. The SOC layer is

completely open, and anisotropic nanopillars with a good CD control are obtained.

Plasma of CHF3/SFg/Ar was used to etch Si selectively, relative to the SiO,/SOC
mask. A successful proof of concept of the Si pattern transfer for DOA45 is shown in
fig. 2.9b. ~ 42 nm height nanopillars were obtained with ~ 26 nm width for DOA45,

which confirms the good CD control is maintained during etch.
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2.4. Summary

Commercial plasticizers such as dioctylsebacate (DOS) and diisooctyl adipate (DOA)
were blended with PS-PDMS polymers, and their influence on the self-assembly process
was investigated. The intrinsic PS selectivity of the plasticizers brings the BCP to form
PS-PDMS micelles, which results in highly ordered self-assembled hexagonal spherical
PS-PDMS after spin-coating without any annealing. The negligible vapor pressure of
plasticizers and the decrease of T, allow the high mobility of PS-PDMS micelles in thin
films. A transition into a stable horizontal cylindrical morphology is then possible by
a rapid thermal annealing (30 s). The complete process, from the BCP deposition to
the final pattern transfer into Si, was presented which makes this method promising for

microelectronic industrial integration.
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3. Graphene electronics

3.1. Introduction

Current manufacturing infrastructure of semiconductor industry has became extremely
expensive due to the highly complexity of IC fabrication and the technological steps
involved, already detailed in chap. 1. There is a clear consensus in the semiconductor
community that FET scaling is approaching its limits and that there is a need to intro-
duce new materials, device concepts and designs to ensure scaling of ICs to continues on.
Furthermore, efforts in performance improvements have motivated to the chip-makers

to introduce devices based on materials with different physics other than silicon.

In this context, a novel lithography technique was proposed and studied in the last
chapter, breaking up the top-down fabrication paradigm, in order to cheapen cost and
ensure scaling of ICs in the sub-20 nm regime and beyond. Classical substrates in which
the BCPs have been employed includes silicon, silica, quartz and alumina. Several works
of my research group have demonstrated the patterning of these typical materials from
different templates such as spherical and cylindrical PS-b-PDMS or cylindrical PLA-
PDMS.

Towards a post-silicon era, the community looks on two-dimensional materials for their
amagzing electronic and mechanical properties but above all, the possibility they offer to
assure the downsizing for the next several future generations of of FETs and related
devices. As these materials have been studied, real needs of patterning 2D materials in
the sub-20 nm to replace silicon as semiconductor material emerged, among them the
most popular one: graphene. This chapter exposes the needs of graphene patterning as

a way to exploit its electronic properties and a possible integration on current FETs.
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K
r '
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Figure 3.1.: (a) Schematic drawing of the relationship between graphene and other car-
bon materials. G is a 2D building material for carbon materials of all other
dimensions. It can be wrapped up into 0D buckyballs, rolled into 1D nan-
otubes or stacked into 3D graphite [3]. (b) Lattice structure of G under
TEM showing its hexagonal lattice [4]. (c) Lattice structure of G, made out
of two interpenetrating triangular lattices (a@; and ag are the lattice unit
vectors, and oy, = 1,2, 3 are the nearest-neighbor vectors), at the right the
corresponding Brillouin zone. The Dirac cones are located at the K and K’
points.

3.1.1. Main concepts

Graphene is a two-dimensional material composed by a monolayer of carbon atoms. It is
the 2D building block for sp? carbon allotropes (fig. 3.1a), and its atoms are packed in a
characteristic honeycomb crystal lattice [1]. Graphene had been presumably inexistent in
its free state before the isolation of graphene sheets by Novoselov, Geim and co-workers
in 2004 at the University of Manchester [2]. Graphene researches impacted directly the
electron-device community, as was discovered its singular electronic transport properties
and the flexibility of its bonds.

Carbon atoms in graphene are arranged in a hexagonal lattice which has already been
observed by TEM (fig. 3.1b). From graphene lattice structure in fig. 3.1c, the unit cell
structure can be seen as a triangular lattice with two equivalent atoms. The unit vectors

in the direct and reciprocal lattice are written respectively as,

2

a
=—(3,£ bio=—
a2 2(37 V3), b1 oy

(1,+V/3) (3.1)
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where atoms are about a ~ 1.42 A apart.

The two-dimensional electron dispersion relation of a graphene monolayer was cal-
culated in 1947 by Wallace [5]. It is expressed by the nearest neighbor tight-binding

Hamiltonian

Vﬁ§k$a0

kyao
2

E(k)=FEr+ t\/l + 4 cos( ) cos( )+ 40052(%) (3.2)

where t is the coupling integral between the nearest atoms and has typical values
between 2.9-3.1 eV, and ag is the lattice constant of the hexagonal lattice with value of

2.46 A. The electron dispersion relation is plotted in fig. 3.2a.

Graphene stability is due to its tightly carbon atoms bounds and its sp® orbital hy-
bridization network. This hybridization is a combination of the (s, ps, p,) orbitals which
constitutes the o-bond and the p, orbital that forms the out-of-plane = bond. The plus

sign applies to the upper (m*) and the minus sign the lower (7) band [6].

Of particular importance are the vectors K and K’ that are called the Dirac points

with positions in the momentum space of the first Brillouin zone given by

2T 27 2 2

K ::(ga’§:7§;)7 ,::(gaﬁ__§27§;) 0&3)

The existence of the two Dirac points at K and K’, where the Dirac cones for electrons
and holes meet each other, means zero bandgap. In fig. 3.2b is shown the symmetry

between the valence and conduction band.

For small k relative to the Dirac point, the dispersion relation is given by

E. =+hrK (3.4)

where v is the Fermi velocity, given by vp = 3ta/2h, with a value vp = 1x10° m/s.
This result was first obtained by Wallace.

The most important aspect of graphene energy dispersion is its linear energy-momentum
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Figure 3.2.: (a) A band-structure picture of the crystal describes the energy dependence
of that electronic motion. A semimetal, graphene has valence and conduc-
tion bands that just touch at discrete points in the Brillouin zone. (b) The
energy-momentum dispersion relation becomes linear in the vicinity of those
points, with the dispersion described by the relativistic energy equation.
Consequently, an electron has an effective mass of zero and behaves more
like a photon than a conventional massive particle whose energy—momentum
dispersion is parabolic [10].

relationship with the conduction and valence bands intersecting at k = 0 [7]. Graphene
is thus a zero band-gap semiconductor with a linear, rather than quadratic, energy dis-
persion for both electrons and holes in the conduction and valence bands (see figure 3.2).
Another interesting property from eq. 3.4 is that its low-energy excitations are massless,

chiral, Dirac fermions [8, 9].

3.1.2. Relevant properties and applications

Graphene is an appealing material for the developing of devices because it offers several

advantages compared with other semiconductor materials, detailed as follows:

Mobility

The most frequently stated advantage is its high carrier mobility at room temperature.
In graphene, the electron and hole mobility are equally high, due to the symmetric band
structure. Theories have predicted that the phonon limited mobility in graphene can be
as high as 2x 10° cm?/(V- s) at a carrier concentration of 10'2 cm~2 and similar mobility
value has already been measured experimentally in the absence of charged impurities

and ripples [11]. Elsewhere, mobilities of 1 x 10* cm?/(V- s) are routinely measured
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Figure 3.3.: (a) Schematic illustration of a nanoribbon-array infrared photodetector,
photodetection enhancement by metallic plasmonic nanostructures and in-
trinsic plasmons [20]. (b) Schematics of a top-gated graphene MOSFET with
a channel of graphene grown on metal and transferred to a SiO2-covered Si
wafer [21].

for exfoliated graphene on SiOg-covered silicon wafers (vs. 1.3 x 10% em?/(V- s)). Its
high mobility makes graphene a potential candidate in electronic applications, including
radiofrecuency field-effect transistors (FET) [12].

Bandbap

The absence of gap in the graphene electronic band structure enables charge carrier
generation by light absorption over a wide energy spectrum, unmatched by any other
material [13]. Furthermore, since the density of states is vanishing at the Dirac points,
the Fermi energy can be tuned by carrier density via electrostatic doping and wavelength-
independent absorption [14, 15]. With a combination of high conductivity and trans-
parency, graphene is expected to find applications in transparent conducting films [16],
as a possible candidate to replace the increasingly costly indium tin oxide (ITO) based
films. A variety of prototype optoelectronic devices have already been demonstrated (fig.
3.3a), such as transparent electrodes in displays [17], ultrafast lasers [18] and plasmonic
devices [19].

Graphene properties detailed below are remarkable, but they require closer inspection.
Because the bandgap is zero, it places a major obstacle in developing logic applications.
FET devices with channels made of large-area graphene cannot be switched off and
making them unsuitable for logic transistors. However, the band structure of graphene
can be modified, and it is possible to open a bandgap. Numerous ways of opening a
band gap have been investigated, such as doping or patterning. This topic will be the

focus of discussion in the next section.
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3.1.3. Graphene-based electronics

A FET should respond quickly to variations in Vg, this requires short gates and fast
carriers in the channel. Any successor to silicon must have excellent switching capa-
bilities, as well as an on-off ratio, I,,/I,fs , between 10* and 107. In a conventional
FET, this requires semiconducting channels with a sizeable bandgap, preferably 0.4 eV

or more [21].

The band structure of graphene can be modified, making possible a finite bandgap
opening. Since the density of the states is vanishing at the Dirac points, the Fermi energy
can be tuned by carrier density via a molecular doping [22, 23, 24]. Moreover, confined
Dirac electrons in graphene, constraint by the edges boundaries on the tranverse motion,

opens up a bandgap by quantum interferences [25], i.e. very narrow graphene structures.

It has been predicted [26, 27], that graphene nanoribbons (GNR) have a bandgap that
is, to a good approximation, inversely proportional to the width of the nanoribbon [28].

Below a width of about 15 nm, bandgaps can be fitted by

j o —

3.5
WGNR (3.5)

where « is an experimental fitting parameter, usually between 0.4 and 2, wgnypg is
the ribbon width in nm and E,; is the bandgap energy in eV. Fig. 3.4 resumes both
experimental and theorerical data for different GNR studies. It shows a pronounced

dependence of the bandgap energy with the width.

Ideal GNRs are classified by their chirality orientation [30], that is when a graphene
layer is terminated by zigzag edges on both sides, it is refered as zigzag GNR, otherwise
the armchair GNR has armchair-shaped edges. Fig. 3.5 shows both GNR chiralities:
armchair (fig. 3.5a) and zigzag (fig. 3.5b). The properties of GNRs highly depend on
shape and edge shape.

However, it should be noted that real nanoribbons have rough edges and widths that
change along their lengths. Even modest edge disorder obliterates any difference in the
bandgap between nanoribbons with different edge geometries [32], and edge function-
alization and doping can also affect the bandgap [33]. A short length of mixed edge

reduces likewise the ON-OFF current ratio.
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Figure 3.4.: Bandgap energy versus ribbon width for GNRs (adapted from [29]).

Figure 3.5.: (a) An armchair graphene nanoribbon which has dimer lines making up its
width w. (b) A zig-zag GNR which has 6 zigzag chains alon the z direction.
Adapted from [31]
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Figure 3.6.: Mobility versus ribbon width for GNRs. Adapted from [35]
Another important aspect to approach on GNRs is about carrier transport. It it
questionable for perfect nanoribbons if they are adapted for electronics applications.
In general, the larger the bandgap that opens in a nanoribbon, the more the valence

and conduction bands become parabolic (rather than cone-shaped): this decreases the

curvature around the K point and increases the effective mass of the charge carriers [34],

which is likely to decrease the mobility.

Fig. 3.6 shows simulated and measured GNR mobilities as a function of ribbon width
(note the good agreement between simulation and experiment). As point of comparison,
record mobility on GNRs is 2500 cm?/(V- s), lower than the mobility measured on

graphene sheets (1 x 10* cm?/(V- s)).

Mobility and speed should be the subject of a compromise to develop GNR-FETs.
The most attractive characteristic of graphene for use in MOSFETSs for exemple, in

particular those required to switch off, may be its ability to scale to shorter channels

and higher speeds, rather than its mobility.
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3.2. State of the art

To open a bandgap useful for conventional field-effect devices (> 0.4 eV), very narrow
GNR with well-defined edges are needed. This issue represents a serious challenge given
the technological capability available at the moment in the semiconductor industry. The
fabrication of GNR channels with a certain length and the production of dense arrays

of ordered nanoribbons still remains a significant challenge [36].

Various techniques have been developed to produce and control GNR or lattices, e.g.,
block copolymer lithography, nanosphere lithography, nanoimprint lithography and e-
beam lithography. Next subsections focuses on the graphene patterning techniques, in
particular these allowing sub-10nm GNRs fabrication such as block copolymer lithogra-

phy and bottom-up synthesis with precursors.

3.2.1. Fabrication techniques

As described in sec. 3.1, GNR has a very special structure with very promising proper-
ties for technological materials. Accordingly, there are a lot of efforts in order to prepare
GNRs easily with the required properties. Shortly after the discovery of GNRs proper-
ties, one after another different synthesis and fabrication methods have been developed

to improve quality and to produce it at a large scale.

The most relevant methods of fabrication are summarized in table 3.1. Synthesis

methods can be evaluated on the bases of different requirements [46]:

e on the purity of the graphene, which is defined by the lack of intrinsic defects,
(Quality)

e aswell as on the size of the obtained flakes or layers (Size)

e one last attribute is the controllability of the method in order to achieve repro-
ducible results (Control)

Basically there are three different approaches to preparing GNRs. On the one hand
graphene can be detached from an already existing graphite crystal, the so-called ex-
foliation methods, and patterned by conventional lithography. On the other hand the
GNRs can be grown directly on a substrate surface. The third approach is using CVD
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3. Graphene electronics

growth graphene and patterning using lithography methods listed above in table 3.1.
This table recaps the techniques developed in the fabrication of GNRs, with the main
advantages and disadvantages from a manufacturing point of view. Few of them are able

to generates graphene nanostructures in the sub-10 nm, as it is discussed below.

3.2.2. Sub-10nm graphene patterning

Bottom-up synthesis

Bottom-up approach is essential for the generation of robust crystalline architectures
with a well-defined structure that result from the self-assembly nature of various macro-
molecular architectures [47]. The recent developments efforts of this synthesizing GNRs

method focus on well-controlled size, distribution, and geometry of the GNR edges.

In this process, GNRs are formed of monomeric precursors molecules that react at
the surface of Au (111) or Ag(111). The synthesis mechanism consists in using DBBA
(10,10’-dibromo-9,9’-bianthryl) or its derivatives, which are sublimated onto a slightly
hot metallic surface (~ 200 °C) to stimulate the production of linear polymeric chains
after dehalogenation and C-C coupling. A subsequent higher temperature annealing
(~ 400 °C) favours the dehydrogenation of the polymer chains, resulting in graphene
nanoribbons, as shown by a STM (fig. 3.8d) [48].

Atomically precise GNRs with different topologies and defined width and edge periph-
ery can be obtained depending on the structure of the precursor, then narrow armchair
GNRs (AGNRs) of few atoms width (9 and 13) synthesized by the bottom-up approach
revealed that the ribbons have a large electronic bandgap of ~ 1.3 eV [49].

Therefore, it is possible to fabricate defect-free GNRs on Au/Ag surfaces and organic
solvents, but one of the main issue is to obtain the adequate precursor. The latest efforts
reside in the catalyst-free bottom-up growth of GNRs [50], nevertheless the proposed
methods continue being substrate-dependent and the risk of molecular residues from
precursors in the graphene structures is not evoked. In all cases, the bottom-up syn-
thesis path of GNRs fabrication leaves no possibility of large-scale production and the
directional control of the GNRs is limited.
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Ar plasma

Figure 3.7.: Schematic process for patterning graphene using the oxidized PDMS
nanomask. (a) The nanomask was put in intimate contact with peel-off
graphene on a Si02/Si substrate. The SEM image shows the well-aligned
line array in the mask. (b) Ar plasma was used to transfer the patterns on
the nanomask to the underlying graphene. (c¢) An aligned GNR array was
obtained after lifting up the nanomask. The SEM image shows the GNR
array made by this approach [51].

BCP lithography

The development of block copolymer lithography seems to respond properly to issues
in the patterning of 2D materials such as graphene, as it is adequate for sub-10nm

lithography on large surfaces, and then adaptable for device development.

Jiao et al. was the first group to fabricate GNR structures by BCP lithography and
demonstrate their electrical properties [51]. The etch mask was derived from a cylinder-
forming PS-6-PDMS BCP film. The aligned line structures of the mask self-assembled on
a Au film and were etched by CHF3 and O4 plasma to removed the PS matrix and oxidize
PDMS cylinders. They were then transferred on graphene by the “Scotch tape” method.
Line patterning was then transferred to underlying graphene by Ar plasma etching, thus
generating an array of dense parallel GNRs (GNR width ~ 12 nm, pitch ~ 35 nm) (fig.
3.7). Finally, the mask was lifted up, leaving GNR arrays on SiO/Si substrate without
leaving obvious residue. The I, /I, #f current ratios of these devices were low since the

~ 12 nm wide GNRs were not narrow enough to open up sufficient band gaps.

Further studies in fabricating GNR structures by BCP lithography were showed. Liang
& Wi fabricated sub-10 nm half-pitch GNR [52]. They deposited a top cross-linking
polymer on graphene, suitable for thermal nanoimprint lithography to direct the self-
assembly of PS-b-PDMS. A silicon mold was applied to imprint 200 nm period grating
features into the top polymer layer through a thermal imprint cycle. Afterward, the film
of BCP was spun onto the prestructured underlayer, then the sample was thermally an-

nealed to induce the microphase separation of PS and PDMS domains in the copolymer.
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(a)

Surface Modification

PS-b-PDMS GNRs Capped with BCPs

(b)

40 20 0 20 40

(d)

Figure 3.8.: The fabrication route for patterning sub-10 nm half-pitch graphene nanorib-
bons using directed self-assembly of block copolymers: (a) Directed self-
assembly of PS-b-PDMS block copolymer. Before BCP spin-coating, the
graphene surface was prepatterned with electrical contacts and an under-
layer cross-linkable PMMA. (1) This polymer was nanoimprinted with di-
recting nanostructures for (2) DSA of PS-b-PDMS with cylindrical segre-
gating morphology. (3) plasma etching for patterning graphene nanoribbons
using PDMS cylinders as the etching mask. Adapted from [52]. (b) Second
approach of GNRs fabrication by BCP lithography. SiARC trenches were
used as soft guiding lines for DSA of PS-b-PDMS. Electric contacts were
deposited directly on the GNRs array. The corresponding SEM image is
showed [53]. (c) Best electric performances of a GNR-FET fabricated via a
BCP lithography exhibit a I,,/Ioff = 96. Transfer curve, Isp as a function
of Vi, for FETs based on GNRs and unpatterned bulk graphene sheets mea-
sured at Vsp = 1 V and 20 mV respectively [54]. (d) Scanning tunnelling
microscope image (main) and potential chemical structure of GNRs created
by a bottom-up synthesis method. Inset: polymeric chain assembly reaction
for DBBA molecules. Adapted from [55, 48].
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3. Graphene electronics

After PDMS oxidation by CF4 RIE, directional CF4/Os-based RIE was performed to
transfer the PDMS cylinder patterns into the cross-linked underlayer as well as the un-
derlying graphene to form sub-10 nm GNR. Some steps process are display and detailed
in fig. 5.10a.

Son et al. described FET characteristics and photoelectric properties of GNR ar-
rays having 9 nm widths which were fabricated using the same BCP mask to pattern
graphene [53]. They complemented photolithography to create 1.4 pm-wide and 32 nm-
deep line-space SiIARC trenches to direct PS-b-PDMS self-assembly. They carried out 15
s of CF4 RIE and annealed at 400 °C for 10 min in order to remove the oxidized PDMS
and ARC that where still covering the GNR arrays. Back-gated FETs were fabricated
from the GNR arrays using conventional photolithography. The three-terminal device
consisted of a GNR channel with Ti/Au source and drain contacts, a p™-Si back gate
and a thermally grown 300 nm-thick SiOy gate dielectric (fig. 3.8b). The electrical mea-
surements were carried out in vacuum to eliminate hole doping effects due to absorption
of oxygen and water molecules at the graphene surface. Electric measures showed the
strong temperature dependence of the Ipg-Vg curves. At RT they mesured a Io, /I s
~ 10.

Table 3.2.: Electric properties of graphene-nanostructures devices patterned by block
copolymer lithography.

Width (nm) Carrer mobility Bandgap Ion/Io;y Dimension Reference

(cm? Vs1) (meV) (Ixw pm?)
8 7.3 95 0.1x0.05 [54]
8 287 13 10x5 [52]
9 120 5 2.4x1.4 [53]

Better electrical performances in GNR-FET, fabricated by BCP lithography, were
showed recently by the Samsung Research Institute [54]. They used prepatterned Au
electrodes as guiding trenches to direct the self-assembly of the PS-6-PDMS. Then self-
assembled multichannel GNRFETSs were fabricated at the wafer scale. (6-inch SiOq
wafers). They mesured a I,,/I,;y ~ 96 at RT (fig. 3.8c). On table 3.2, electrical
characteristics of GNRs devices using block copolymer lithography are summarized.
GNRs structures are mainly fabricate by cylinder-forming PS-b-PDMS of 16kg/mol.
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3. Graphene electronics

3.3. Summary

Graphene and its related materials have outstanding properties and will undoubtedly
find applications in different fields. This chapter gave the reader the main concepts
to understand the needs and issues of graphene patterning, i.e., the bandgap opening
in graphene by lateral confinement (< 10nm) of the Dirac electrons which generates a

transition to semiconductor from its intrinsic semi-metal behavior.

In this context, the high-y BCP lithography responds to the current demands in
nanosciences and materials science for ultra high-resolution patterning. The state-of-
the-art about this subject showed some few studies on graphene nanoribons fabrication
using PS-6-PDMS BCP, with highly promising results in the bandgap opening. From
a nanofabrication point of view, there is a growing appeal to develop large-area and
CMOS compatible processes that can uniformly pattern sub-10 nm graphene features

with controlled orientation, edge structure and passivation.

Next chapters are dedicated to design a clean room compatible procedure generating
~ 10 nm half-pitch graphene features. For this, a cylindrical-forming self-assembled PS-
b-PDMS thin film is used as lithography mask. Main carbon analysis techniques such as
Raman spectroscopy, X-ray photoelectron spectroscopy and the atomic force microscopy
were used along this study. A briefly theorical background of these techniques is offered
in app. B. The ultimate goal is to fabricate uniform GNRs on large surfaces to ensure

the device reproducibility for any applications.
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4. Self-assembly of PS-PDMS on graphene

4.1. Introduction

As block copolymer lithography is as an efficient technique for high-resolution pattern-
ing, BCP lithography tries to fulfill and exploit the current demand in the applications
needing ultra high-resolution patterning. The low-x PS-6-PMMA BCP was already
used for graphene patterning [1, 2, 3]. These investigations were limited to the vertical
cylindrical morphology to produce graphene nanomesh structures [4]. PS-5-PMMA was
limited in resolution (~ 34 nm of period) by the reasons detailed in chapter 1. Greater
advances in the high—yx PS-b-PDMS self-assembly has led the research to study graphene
patterning by producing graphene nanoribbons [5, 6].

Very few studies have been carried out, focusing on the self-assembly of PS-b-PDMS on
graphene [7]. It includes the searching of the equilibrium conditions at which the desired
morphology can be obtained, dealing with graphene surface energy and the PS-6-PDMS
own challenges as orientation control and the large surface energy mismatch between the
blocks. Otherwise, the large-area nanopatterning of graphene raises itself an arduous
technological issue. For all these reasons, an effective nanofabrication process integrating
PS-0-PDMS BCP lithography and graphene have to be proposed for semiconducting
GNRs study and their eventual device application, assuring a high quality during the

fabrication process.

The scope of the work presented in this chapter, is to study the self-assembly of PS-
b-PDMS in order to obtain a cylindrical hard mask of oxidized-PDMS. This is in the
context to develop a feasible procedure of fabrication of a lithographic mask by the
self-assembly of BCPs. It is of interest that this mask would be capable to generate
sub-10 nm width channels. Compared to chapter 2, A smaller molecular weight PS-
b-PDMS is used to create a self-assembled silica mask of ~ 10 nm half-pitch size. Of

prime importance was the study of the PS-b-PDMS-graphene interactions to understand
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4. Self-assembly of PS-PDMS on graphene

the best compromise, the eventual need to interpose underlayers to achieve flawless self-
assembly of BCP.

4.2. Experimental procedure

4.2.1. Materials
Graphene

Monolayer graphene on 300-nm SiOs 4-in wafer was obtained from Graphenea. Accord-
ing to their specifications, this graphene is produced by CVD and transferred by a wet
transfer process. The graphene wafer was carefully cleaved to 1x1 cm? SiOy samples and

used as received.

Block copolymer

Cylinder-forming PS-6-PDMS BCP (My=11-5 kg/mol, PDI=1.08, fppms=33%) was
purchased from Polymer Source Inc. (Canada) and used as received. Microelectronic-
grade PGMEA was used as the solution solvent for BCP solutions. Solutions of 1 wt
% were prepared and spin-coated at 1800 rpm on graphene substrate. BCP thicknesses
were measured by ellipsometry on 300-nm thick SiOz layer on Si substrate and were
estimated at approximately 2042 nm, which corresponds to one BCP natural period. A
hot plate was used for heat treatment at different temperatures and time to trigger the

cylinder-forming self-assembly of the BCP.

Plasma Etching

Experiments were performed in an industrial 300 mm diameter wafer AdvantEdge ICP
(inductively coupled plasma) etch tool from Applied Materials. Samples were first etched
by CF4 plasma (etching time = 6 s, gas flow rate = 20 sccm, working pressure = 4
mTorr, plasma source power = 500 W and plasma bias power = 5 W) to remove the
top-segregated Polydimethylsiloxane (PDMS) layer. The PS block was than etched by

O2 plasma (etching time = 6 s, gas flow rate = 90 sccm respectively, working pressure

64



4. Self-assembly of PS-PDMS on graphene

= 5 mTorr, plasma source power = 400 W, plasma bias power = 5).

4.2.2. Characterizations
Observations

Self-assembled morphologies were investigated by SEM, STEM or even TEM. SEM im-

ages were performed at 30 kV with a field emission electron source (Hitachi S-5000).

Sample preparations and STEM observations were carried out in a Helios 450S-FEI
equipment. An 1 um thick layer of Pt was deposited on the BCP thin film inside the
STEM using a high energy ion beam. After a careful alignment perpendicular to the
patterns, a small sample was extracted and thinned to approximately 100 nm. An in-situ

observation was finally carried out using the STEM detector.

Raman spectroscopy

Raman spectra were obtained by a Raman microscope system from Horiba Scientific
facilitated by the LMGP lab at PHELMA, Grenoble. Measurements were performed
using a 100x objective with a blue laser having an excitation wavelength of 488 nm. The
laser power was 4 mW and the acquisition time was of the order of 2 seconds to avoid
sample degradation. Lateral focus of the laser was a few pm. We concentrate on the
G, D and 2D bands of the spectrum, which are expected to appear at 1585 cm ™!, 1350

cm ! and 2700 cm ™!, respectively.

Contact angle measurement

Static contact angles were measured by the drop shape analyzer DSA100 from Kriiss.
All measurements were performed at room temperature by depositing a liquid droplet
with volume 7 uL on the surface. Liquid dispense rate and volume are controlled with
the help of the the ADVANCE software from Kriiss. The contact angle was measured
based on the image capture by a CDD camera using the same software. Surface free
energy calculations were performed using the OWRK method, using the mean disperse

and the polar part of the surface tension with water, diiodo-methane and ethylene glycol
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Explanation of the OWRK calculation method is detailed in [8, 9].

4.2.3. Methods

Three approaches were tested in order to obtain a self-assembled hard mask for graphene
patterning using the PS-b-PDMS 16kg/mol. On one side, two paths were studied simul-
taneously: the self-assembly of the PS-b-PDMS on graphene and the same using an
underlayer in the case of major issues of self-assembly directly on graphene. On the
other side, a third approach aimed the directed self-assembly of the PS-b-PDMS by
graphoepitaxy. Table 4.1 recaps the experimental design used in the search for a PS-
PDMS lithographic hard mask for sub-10nm graphene patterning. The table details the
specific purpose of every approach and the difficulties which must be addressed. Section

4.3 expands the experimental procedures and results of the three approaches.

In all cases, a long range order self-assembly (£ ~ 100 nm) is required for further
GNRs studies and device fabrication. And secondly, the self-assembly activation must
be carried out by thermal means for possible integration in the semiconductor industry.
Indeed, most studies using PS-PDMS have used the less suitable solvent vapor annealing
for industry (1.3.2).

4.3. Results

4.3.1. Middle layer approach

Conventionally, to promote spontaneous self-assembly and avoid any PDMS layer at
the substrate-BCP interface, an interfacial layer called brush is used. For instance,
hydroxyl end-group polystyrene (PS-OH) homopolymer can be grafted onto the surface,
usually Si. Excellent results in self-assembling the PS-5-PDMS 16kg/mol on Si were
obtained previously in our research group by optimizing PS—OH grafting on Si [10]. The
terminated groups attach to the surface and then the surface is chemically modified.
This chemical modification cannot occur in graphene by conventional thermal means as
it is a sp? carbon network and then chemically inert [11, 12]. This fact was verified by
ellipsometry measurements, where no PS-brush grafting on graphene occurred using the

usual procedure on Si adopted in chapter 2.
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Table 4.1.: Experiment design followed for self-assembly of a PS-PDMS mask .
Approach Section Difficulty Interest

Middle layer 4.3.1 Choice of an undercoat
layer for PS-6-PDMS

e Protection of graphene
transfer and graphene

. quality
patterning
e Controlled underlayer
transfer scheme
Direct  spin- 4.3.2 Control of graphene
coating surface energy and its

e Direct spread of the
PS-PDMS thin film on
graphene

impact on the BCP
final morphology

e Technologically light-
ened procedure

Graphoepitaxy  4.3.3 Development of a spe-
cific soft graphoepitaxy
on graphene with re-
movable trenches

e Fabrication of  self-
aligned channels of
GNRs

e Conceivable for device
development

The absence of —OH radicals on the inert graphene monolayer makes difficult the
grafting of brush layers to facilitate self-assembly of PS-6-PDMS. The use of brush layers
to change the graphene surface energy was proposed by Park et al., without a pertinent
study on the graphene properties impact [13]. Moreover, fragile polycrystalline CVD
graphene could be damaged during the procedure of grafting. That is the main reason
why a middle layer approach was developed in parallel with direct spin-coating of the
PS-PDMS on graphene.

Indeed, this path could be an effective way to protect graphene from damaging and
chemical contamination during the patterning procedure. They play the role of sacrificial
layers, that could be removed selectively after graphene patterning. Nonetheless, an

effective middle layer have to satisfy some requirements :
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(a) (b)

Sio,
PDMS hard mask
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Figure 4.1.: Schematic representation of the graphene patterning by the middle layer
approach. (a) Layer stack used (b) After the corresponding plasma etching
steps, the PS-PDMS is transformed into a SiO, hard mask which at the
same time is transfer in graphene.

e Create at least van der Waals bonds with graphene to assure adhesion
e Have chemical affinity with PS like PS-brush, to avoid a PDMS wetting layer

e Be efficient in high aspect ratio pattern transfer

Schematic representation of the ideal middle layer is showed in Fig. 4.1a. At the
end of the plasma etching step, the PS-PDMS template has been transformed in a SiO,
hardmask and then transfered into the underlayer and finally graphene (Fig. 4.1b). This
chapter focuses on the correct self-assembly of the PS-PDMS on the different underlayers
studied, achieving the desired stable morphology with its corresponding dimensional

characteristics. A proper transfer by plasma etching will be the object of chapter 5

PMMA is commonly used as a transfer carrier polymer to the target substrate (SiOq
in this case) from Cu growth substrate [14, 15]. PMMA coating forms covalent bonds
with graphene [16]. It can be easily spin-coated on any substrate and is fairly available
in the semiconductor manufacturing environments. Then, a thin PMMA layer (~ 20
nm) was used on G as middle layer. The BCP thin film was spread out on PMMA
and the self-assembly at 150°C evaluated by SEM. Fig. 4.2a shows the self-assembled
PS-6-PDMS on PMMA. Cross-linked PMMA was tested as well, however unsatisfactory
results were observed with a low £ value (fig. 4.2b). Cross-linked PMMA was annealed at
220 °C to start the chemical reactions and irreversibly harden the PMMA. After heating,

uncross-linked chains are removed with solvent. The resulting cross-linked PMMA layer
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is likely highly rugged influencing negatively the self-assembly process.

Another middle layer tested was the SOC, a carbon-based underlayer. It is used
as an intermediate hardmask to transfer patterns into silicon by plasma etching [17].
Generally, by using a SOC hardmask stack, a considerable increase in achievable aspect
ratios is possible [18]. SOC has strong chemical similarities to PS and shows thus a
favored wetting of this block, so SOC acts as a PS brush layer. Result is shown in fig.
4.2c.

In the same way, an inorganic middle layer was tested . Alumina is a high-x dielectric
material, commonly used in microelectronics as an insulator. The deposition of high-x
dielectrics is usually achieved using Atomic Layer Deposition (ALD), which requires an
chemically active surface with ~OH functional groups [19]. As it was the case with PS-
brush, the inert surface of graphene make impossible any AloOs growth on G. Moreover
functionalization of graphene surface for ALD either introduces undesired impurities or

breaks the chemical bonds in its lattice, leading to a carrier mobility degradation [20].

Physical Vapor Deposition (PVD) such as evaporation is a technique used for dielectric
deposition without the need of surface activation. The technique consists in depositing
a few-nanometer-thick layer of Al (~ 3 nm). The deposited Al layer is oxidized sponta-
neously by the air during several hours, as it can oxidize the first nanometers. The rest
of the alumina layer is concluded by ALD. The alumina layer was doubled by deposit-
ing 3 nm of AlsO3. Subsequently alumina was functionalized with PS brush and the
BCP self-assembled on it using the experimental parameters detailed in sec. 4.2. Here

a combination of cylinders and perforated lamellae is observed (fig. 4.2d).

Unsatisfactory results of self-assembly at 150 °C during 15 min were observed in all
the middle layers tested. For a better legibility of pattern ordering and grain sizes,
orientation mappings are displayed as inset in each SEM images and the correlation
length values displayed in 4.2f. The procedure of image treatment is detailed in appendix
A. The four values of correlation lengths were just few times the Lo which is considered
a poor self-assembly (£ 22 100nm). For comparison, the PS-b-PDMS directly spin-coated

on graphene is showed in fig 4.2e without improvement in the self-assembly.

The BCP and the underlayer interface were studied by STEM. The BCP-PMMA
interface is showed in fig. 4.3b. A PDMS layer at the interface is observed which is
annoying for pattern transfer. In an ideal BCP template, the PS matrix should directly

wet the underlayer, like visualized in the fig. 4.1. The undesirable situation presented
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(a) (b)

PMMA crosslinked

@ @

Alumina

Correlation length & (nm)

L L L L L
Alumina PMMA Crosslinked soc ‘Graphene
Surfaces

Figure 4.2.: Self-assembly of PS-PDMS during 15 min at 150 °C on different middle
layer surfaces: (a) PMMA, (b) crosslinked PMMA, (c¢) SOC, (d) Alumina
and (e) Graphene. Inset images show the orientation map of each image.
(f) Correlation lenghts measured from the orientation map images. The
calculation method is detailed in the appendix A.
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(a) (b) PDMS

PDMS

PS

PS

PDMS
PDMS PMMA
Graphene, sio Graphene, sio
2 2

Figure 4.3.: STEM cross-section images of (a) PS-PDMS on graphene and (b) PS-PDMS
on PMMA /graphene. The above diagrams represent the expected thin films
stack. For comparison and help the reader, the STEM images were partially
colored with the observed interfaces. In both cases, the natural period cor-
respond to ~ 20 nm, as expected.

here is schematized in fig.4.3b. As a comparison, in fig. 4.3a, the BCP-graphene interface
as observed by STEM is shown too, where is also observed the obstructive PDMS layer
at the dark interface. As PMMA is a widely used polymer support for CVD graphene
transfer, it is expected that PMMA residues on graphene remain after PMMA removal.
Indeed, graphene surface used is rather hydrophilic, in opposition to exfoliated graphene
[21]. The average contact angle was measured: the water droplet contact angle on
graphene was 62° near that of PMMA: 70° [22]. Consequently, it is expected than the
low energy surface PDMS block wets the surface at the BCP-substrate interface, rather
than the PS bloc.

4.3.2. Direct spin-coating approach

Better results were obtained with a direct BCP self-assembly on graphene. From the
three deepen approaches, it is the simplest path technologically speaking. A direct
spin-coating avoids the use of transfer layers that makes the pattern procedure heavier.

Moreover it needs to overcome the delicate procedure of BCP mask and underlayer
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stripping without any GNR damaging. Once the graphene is nanostructurated, reactive

edges play an important role of its properties in terms of stability [23, 24, 25].

Table 4.2.: Free energy values of different surfaces by the contact angle measurements.

Material Surface energy Dispersive Polar (mJ/m?)
(mJ/m?) (mJ/m?)

PDMS? 19.8 19.0 0.8

PMMA 40.0 £ 8 37.5+6 25+2

psa 40.7 34.5 6.1

LOR 44.2 +4 44.2 +4 0.0+0.1

PMMA crosslinked 45.0 + 6 40.7 £ 4 4.3+2

SOC 45.0£3 44.9 £ 2.87 0.1£0.2

@ Theoretical values from [26].

The surface state of graphene is determined by its chemical structure, homogeneity and
crystallinity [27]. Modification and control of the surface energy allow a precise control
of wetting issues, BCP orientation and long-range order. Kim et al. observed a graphene
surface energy modification via a thermal treatment, for potential use of block copolymer
lithography [28]. Indeed, by thermal annealing treatment at 170 °C an inversion of the
surface character from hydrophilic to hydrophobic is achieved, which is characteristic of
graphene [29]. We verified this by the contact angle measurements with a water droplet,
where the average contact angle changed from 68.1°before thermal treatment (Fig. 4.4b)
to 94.8° (Fig. 4.4a). The thermal treatment is expected to partially remove water and
some of the polar functional groups situated at the extreme surface which favor water
wetting [28].

Raman measurements were performed on pristine graphene after thermal annealing,
for checking its crystalline structure state. The Raman fingerprint of graphene is char-
acterized by the D (1350 cm™), G (1580 cm™) and 2D (2690 cm™) peaks [30]. The main
two peaks G and 2D are caused by the in-plane vibrational modes under laser excitation,
meanwhile the first order D peak appears because of crystal dissymmetries, i.e. defects.
(for more theoretical details, refer to appendix B). Fig. 4.4c does not show any signif-
icant increase of the D peak intensity, nevertheless a blue shift of the G and 2D peaks
was observed. As defects were not introduced to graphene under thermal annealing,
blue shifts are attributed to a compressive stress on graphene induced by the thermal

annealing [31].

Direct spin-coating of the PS-6-PDMS was then tested on the annealed graphene.
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As-received Pre-annealed

As-received
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Figure 4.4.: Thermal pre-annealing of graphene to favor self-assembly of PS-PDMS. Con-
tact angle measurements were performed in the (a) as-received graphene
surface and (b) after thermal annealing at 170 °C. (c) a Raman spectra was
obtained in both cases. For comparison, the spectras were normalized with
respect to the G peak.
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Results of the self-assembled BCP are showed in Fig 4.5a. A light improvement in the
self-assembly BCP was observed and measured by the corresponding £ value, in com-
parison that obtained in Fig. 4.2e, when the graphene was not pre-annealed. Even the
significant changed in the graphene wettability, PDMS continues wetting the graphene
at the BCP-graphene interface, which is annoying for the lithography application (Fig.
4.5b).

The interfacial tension v of graphene and water in Fig. 4.4 can be given by the

Young' s equation as follows

YG—w = VG — Yw COs b (4.1)

where vg, 7w and yg — w represent the graphene surface free energy, water surface
free energy, and graphene-water interfacial energy, respectively. 6 is the contact angle
between the graphene and water. Using the Good and Girifalco model estimation of the

interfacial energy [32],

4(VVi)/3
VG—w = VG — Yw — 2¢(707w)1/2> ® = 1(/3 )1/3 (42)
(Vg™ + Vw'")?
the interfacial energy of graphene could be estimated (4.2 in 4.1) as
(1 +cosh)?
VG ~ %”(T) (4.3)

On the hand, the work of adhesion W between the graphene surface and a polymer is
defined as

Wea_p = vp(1 + cosf) (4.4)

Using the ¢ calculated with eq. 4.3, it is possible to estimate the expected contact
angle of a polymer, PS or PDMS, on graphene. According to the experimental 6 values
and eq. 4.4, the work of adhesion between graphene and PS or PDMS were calculated

and displayed in Table 4.3. The experimental values at RT of surface tension for water,
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PS and PDMS are 7, = 72.75 mJ/m?, yps = 40.7 mJ/m? and yppars = 19.8 mJ/m?
33, 34, 35].

Table 4.3.: Work of adhesion between graphene-polymer interfaces.

Polymer Wa.p (mJ/m?)

0 =68.1° 0 =94.8° 0 =120°
PS 61.8 41.2 14.6
PDMS 44.8 29.9 16.3

The work of adhesion values expose an important information about the preference
wettability of the blocks as a function of the wetting angle. In the two contact angles
0 measured (fig. 4.4a-b), a lower work of adhesion was calculated for the PDMS block,
then the PDMS wetting correspond to the minimal energetic configuration and it is
coherent with that observed in fig. 4.3a and 4.5b. It is expected to switch the preference
for wetting graphene for higher values of 6. Indeed the table 4.3 shows the hypothetical
situation 8 = 120 °, where the PS wettability tends to be energetically more favorable.
As the literature predicts a high hydrophobicity for exfoliated graphene, high 6 values

are expected by thermal or chemical treatments [36, 21].

These results further supported the above discussion on wettability of solid materials
and the work of adhesion for the solid-liquid interface. Temperature is limited at 300
°C in G, to avoid any interaction with oxygen and structural changes, beyond must be

annealed in vacuum.

Based on the above discussion on wettability of graphene and the work of adhesion for
the graphene-polymers, PS-PDMS was thermal annealed directly on graphene at 280 °C.
Thermal annealing time was reduced to 3 minutes to avoid dewetting of the BCP film,
degradation or undesirable BCP-graphene interaction at the surface. The results of the
self-assembled thin film are showed in Fig. 4.5¢c. Correlation length value calculations
demonstrated the improvement in self-assembly (¢ = 330 nm). It corresponds to ten
times the correlation length obtained in fig. 4.5a. Fig. 4.5d shows the TEM cross
section image of the self-assembled PS-PDMS 16kg/mol on graphene. It is observed
that the PS matrix directly wets graphene, which supports the calculations of work of
adhesion. Higher temperatures may generate a local change of free energy at the BCP-
graphene interface, allowing the wetting of the PS matrix. Moreover, by temperature
elevation, the activation energy AF, from eq. 1.16 is reduced and the defect elimination

with [37]. It explains the increase the self-assembled grains and kinetics of the stable
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Figure 4.5.: Direct self-assembly of PS-PDMS 16kg/mol on graphene at different thermal
annealing temperatures. Top-view SEM images for (a) 150 °C and (c) 280 °C.
Insets: corresponding orientation map images. Cross-section TEM images
for (b) 150 °C and (d) 280 °C. For comparison and help the reader, the TEM
images were partially colored with the observed interfaces. In both cases,
the natural period correspond to ~ 20 nm, as expected.
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Figure 4.6.: Control of the characteristic features of the Raman spectra for the graphene

substrate after every step: as-received, pre-annealing and self-assembly of

PS-PDMS. (a) Evolution of the intensity ratios I(D/G) and I(2D/G). (b)
Position values of the D, G and 2D peaks.

cylindrical morphology.

Raman measurements were performed after self-assembly for quality control. The
main characteristic features of the Raman spectra are showed at every step. For com-
parison, the data from fig. 4.4c was included. Intensity ratios displayed in fig. 4.6a
do not show a variation of the ratios with respect to the reference after self-assembly.
Similarly the peak positions (fig. 4.6b) do not show variations, except the blue shift in
the 2D induced by the pre-annealing, which is kept after the self-assembly process. So
the thermal annealing steps involved in the self-assembly process on graphene do not
induce structural modifications in graphene, but a compressive stress on the graphene
substrate. As excellent results on self-assembly had been obtained by direct spin-coating
at 280°C, the middle layer approach was set aside to deepen the directed self-assembly
of PS-b-PDMS and transfer by plasma etching.

4.3.3. Soft graphoepitaxy approach

Soft graphoepitaxy has been introduced as an alternative approach to direct the self-
assembly and being able to remove the prepatterned trenches after BCP aligment [38, 39].
Standard soft graphoepitaxy uses an organic negative photoresist, usually used for deep

ultraviolet photolithography, to create the topography necessary to direct the BCP self-
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assembly. Therefore, patterned substrates can be generalized on any type and size of

surface and is highly compatible with conventional device fabrication process.

In the objective to develop a directional array of GNRs, graphoepitaxy is the more
adequate way to direct the self-assembly of PS-b-PDMS chains and generate a straight-
line mask. Chemoepitaxy is not adapted to be used on graphene since any chemical
modification could modify its electrical properties. Then, intermediate layers should be
used here in this case. For further overlay processes, in particular device fabrication,
it was required to develop an adapted soft graphoepitaxy on graphene for two main
reasons. First, usual Si trenches are made by the expensive 193nm photolithography
patterning, requiring wafer scale surfaces. Conventional surfaces in graphene and BCP
research are of the order of ~ 1 cm?. Second, any trace of the topographic pattern that
directs self-assembly can be completely eliminated during the plasma etching step, while

removing the PS matrix with Oy plasmas.

Chemical solubility of AZ1512 photoresist in PGMEA, motivated to look for another
insoluble resist in PGMEA. LOR is a metal lift-off resist used beneath the photoresist in
a bilayer stack to extend the limits of the the lift-off processing. Some resist attributes
are its solubility in TMAH or KOH based developers, high thermal stability and of course
insolubility in PGMEA [40]. It allows to fabricate well-defined carbon-based topography,
unaffected by the solvent of the BCPs when they are spread out on the surface. Material

selection is crucial as the height of the trenches is critical (height ~ 30 nm).

The overall process of soft graphoepitaxy is schematized in Fig. 4.7a. In a first part
LOR resist was spread out directly on graphene at 3000 rpm to create a ~ 27 nm
thickness (fig. 4.7a-2). The LOR was previously diluted in thinner solvent to make a
1% LOR solution. LOR thickness was verified by ellipsometry and is supposed to be the
height of the trenches. This height is chosen to be slightly higher than the natural period
of the BCPs as an important effect of the trench height on the directed self-assembly
was already reported [41]. LOR was thermally annealed on a hot plate for 10 minutes
at 190 °C.

A positive tone photoresist AZ1512 was uniformly spin-coated directly on LOR and
topographically patterned by conventional photolithography (I-line source, wavelength
365 nm, 4 mW /cm?, fig. 4.7a-3). The exposition time was determined to 4 seconds.
Then, it was developed on a 2:1 solution of M823 developer MIF for 14 s. It dissolved the
exposed areas to UV of AZ1512 and the underlying resist LOR (fig. 4.7a-4). Finally the
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AZ1512 was removed with acetone, leaving the LOR trenches on graphene (fig. 4.7a-5),
the LOR trenches on graphene making 1 ym width as expected (fig. 4.7a-5). By optical
microscopy it is possible to observe the G grains and multilayers from the CVD growth
(fig. 4.7b).

Of special difficulty was to determine a good compromise between LOR hardening and
AZ1512 development. The solubility of LOR in the developer depends directly on the
hardening made by the thermal annealing (time and temperature). LOR must be hard
enough to have an approximative development rate similar than that of the AZ1512 after
exposure. So this is added to the complicated task of the development itself by finding
the optimal parameters, M823 concentration and time. Fig. 4.7c-d shows SEM images
of LOR trenches at the end of the process. Notwithstanding it is noticed that many
resist residues stays at the bottom of the trench (Fig. 4.7c) and a high line roughness
(Fig. 4.7d) is observed. This may happen from the fact of dealing with the resolution
limits of the contact photolithography (~ 1pm) and resist thickness (~ 30nm), where
the M823 and acetone could “bite” at the trenches borders.

A thin film of PS-0-PDMS BCP was spin-coated on the prepatterned LOR trenches
on graphene at 3000 rpm (Fig. 4.8a-2). The self-assembly procedures developed in sec.
4.3.2 were tested, then the BCP thin films were thermal annealed at 150 °C and 280 °C
(Fig. 4.8a-3).

For PS-6-PDMS observation, the well known two-step plasma etching is implemented:
a CFy followed by an Os plasma etching step to remove the PDMS top layer and the
PS matrix respectively. The O2 plasma etches at the same time the uncovered zones of
graphene and the LOR trenches. Then the oxidized PDMS cylindrical mask is revealed
(Fig. 4.8a-4).

Unfortunately, extremely disordered BCPs confined between the 1pm-spaced trenches
are observed at 150 °C (Fig. 4.8b). These bad results of directed self-assembly of PS-
b-PDMS are definitely induced by the strong line roughness of the prepatterned LOR
topography and by the too large multiplication factor. As discussed before, lateral
confinement leads the self-assembly of the polymer microdomains, so the quality of the
alignment is closely related to the wall roughness. Moreover, from SEM images it is
observed that self-assembled cylinders split from the edges, likely due to a LOR wetting
by the PDMS block.

Better results of self-assembly were expected when annealing at 280 °C. As observed in
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LOR
spin-coating

AZ1512
spin-coating

)
CVD graphene
i0,

()]
AZ1512
stripping K

UV exposition
& development

~1um
graphene

Figure 4.7.: (a) General procedure for soft graphoepitaxy on graphene: (1) graphene
on 300 nm SiO9 substrate, spin-coating and annealing of (2) LOR and (3)
AZ1512 resists, (4) UV exposition and development and (5) AZ1512 re-
moving with acetone; (b) Optical microscope image of the LOR patters on
graphene. Multilayers graphene and grain wrinkles are observed below the
patterns; cross-section SEM images of the (¢) LOR trenches on graphene
with ~ 1lpgm width and ~ 30nm height; (d) high roughness of the LOR
trenches.
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Figure 4.8.: General procedure for graphene patterning (a) graphene on 300 nm SiO2
substrate is thermal annealing for graphene relaxation and avoid detach-
ment; (b) BCP solution is directly spin coated on graphene and the BCP
self-assembly is thermally promoted; (c¢) PS matrix is removed and PDMS
block is oxidized by plasma etching; (d) the mask is stripped and the pat-
terned graphene is obtained.

the fig. 4.8c, cylinders aligns perpendicular to the guiding lines, suggesting one more time
a chemical affinity of the PDMS block to the LOR resist. Surface energy measurement
gave 44.2 + 4 mJ/m?, where it is a fully disperse energy component. Very low polar
forces in PDMS explains this chemical affinity [42]. Even if the alignment increased
at 280 °C, disorder is enhanced by the propagation of the lateral disordering and the

presence of the many resist residues remaining of G after LOR, development.

Greater technological issues in the developed soft graphoepitaxy procedure (repro-
ducibility, high roughness) lead to stand by for this pathway. In the following, pattern-
ing transfer with the PS-6-PDMS presented in sec. 4.3.2 will be used for the studies on

plasma etching and the corresponding characterizations.
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4.4. Summary

The self-assembly of the PS-6-PDMS 16kg/mol was studied to obtain a ~10 nm resolu-
tion hard mask for graphene patterning. Three approaches were investigated: an under-
layer approach, direct spin-coating and the directed self-assembly with soft graphoepi-
taxy. In the middle layer approach, low self-assembly was attained (£ ~ 30 — 50). Bet-
ter results were obtained with direct spin-coating by annealing at higher temperatures
(§& ~ 300). At the same time, a desired morphology of the PS-b-PDMS thin film was
obtained (PS wetting on graphene). These results were used with the soft-graphoepitaxy
approach, meanwhile high LER on guiding lines affected the direct self-assembly of the
PDMS cylinders. The lithography procedure developed in this investigation could also be
generalized to fabricate different graphene nanostructures such as graphene nanomeshes

or quantum dots that could be envisaged for other applications in functional devices.
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5. Graphene patterning by plasma etching

5.1. Introduction

After the preparation of a self-assembled BCP template, which was the object of chapter
4, now a pattern transfer into the active layer of the device is required. This step is crucial
as an efficient transfer must preserve the original template features, and in particular
in our case it is critical to control the line width of the nanoribbons. In the nanometer
dimension range, a high etching selectivity toward the mask is crucial to guarantee an

accurate directional transfer without lateral loss and without damaging the underlayer.

Plasma etching is the most used and efficient technology to generate an anisotropic
(vertical) transfer from a lithographic mask [1, 2]. After gas ionization and dissociation
by the energetic electrons of the plasma, atoms, radicals and ions species interact chem-
ically and/or physically with the sample surface to produce a directional etching. This
plasma etching principle is widely used in nanoelectronics and it has been developed
up to an atomic precision [3]. With the outburst of carbon nanotubes and graphene,
applications of plasma have been broadened to carbon nanomaterials, in particular for

their ability of accurate etching [4].

The major concerns of this chapter are the development of the technological steps
and experimental conditions allowing a correct transfer from the self-assembled PS-b-
PDMS thin film into graphene using plasma etching. It includes the PS etching, PDMS
oxidation and graphene etching in a single step. The different mask paths are developed
here namely the middle layer and direct spin coating approaches. In view to a potential
device development or simply GNRs investigation, it is mandatory to develop a correct
mask stripping process. Further, a dry way to clean GNRs by hydrogen plasma after
the stripping is also presented. This way, the chemical quality of the GNRs structures
is ensured. Since the target substrate is a single atomic carbon monolayer and the

lithography mask a 20-nm thick layer, the transfer step is asserted as very challenging.
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Figure 5.1.: The Centura AdvantEdge Mesa plasma etch ICP reactor used for graphene
patterning: (a) Plasma etching equipment in the clean room ((©CNRS-
LTM), (b) schematic cut view of the etching ICP reactor for CW plasmas
(adapted from [5]).

5.2. Experimental procedure

5.2.1. Plasma etching equipment

Experiments were carried out in a plasma reactor adapted for 300 mm wafers. This
reactor is an AdvantEdge decoupled plasma source (DPS) from Applied Materials, Inc.
An image of the plasma machine in the clean room, and its corresponding schematic cut

view, used during this PhD work are depicted in fig. 5.1 a-b respectively.

The reactor internal walls are composed of yttrium and the chamber temperature is
kept at 65 °C. The dimension of the reactor are 50 cm and 17.2 cm of diameter and height
respectively. The reactor is equipped with two RF power generators which are used to
produce the inductively coupled plasma and to control the ion energy. The ICP source
generator, supplies a power from 0 to 3000 W at 13.56 MHz, to the two concentric ICP
antenna coils that lies on the ceramic roof of the reactor. The RF power is inductively
coupled to the plasma through a dielectric alumina window: the RF current flowing in
the antenna induces a time varying axial magnetic field in the plasma, which, in turn
induces an azymuthal oscillating electric field that accelerates electrons parallel to the

reactor walls, making it possible to maintain the plasma at very low pressures with a
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high ion density (down to 1 mTorr at 10! to 10'2 ions/cm?).

The thermally regulated wafer holder, usually called “chuck”, is capacitively coupled
to the second RF power supply which afford a “bias”power from 0 to 190 W at 13.56
MHz. The bias power result in the charging of a blocking capacitor between the power
supply and the chuck: a DC self-bias voltage develops on the electrode and accelerates
ions perpendicularly to the wafer up to, hundreds of volts if necessary. When the bias
generator is not in used, ions are only accelerated to about 15 eV, the value of the plasma

potential.

For all the experiments, small samples of 1 cm? were patched on 300 nm Si wafers
coated with 100-nm thermally grown SiOs2, because the carrier wafer type should be
similar to the surface composition of the sample (in this case graphene on 300-nm ther-
mally grown SiO3). The condition of the reactor walls can have a strong influence on the
plasma process and consequently the etching result. To guarantee the reproducibility of
the chamber conditions, typical cleaning and conditioning steps were made before every

plasma etching.

At first, the reactor is cleaned by a SFg/O2 plasma without bias to remove silicon
oxide layers or similar materials remaining from the preceded experiments. Then the

chamber is conditioned by operating the etching recipe on a dummy wafer.

5.2.2. Characterizations

Ellipsometry measurements were performed using a UVISEL ellipsometer from Horiba
Scientific installed on the plasma reactor to perform in-situ measurements. Spectral
range from 300 to 800 nm and a model composed by Si, SiO9, graphene and the copoly-

mer layer were used to measure the BCP film thickness in real time during etching.

An Atomic Force Microscopy (AFM) (Bruker Dimension FastScan) was used in auto-
matic mode with a Si tip to evaluate the mask stripping process efficiency. The typical
parameters for image acquisition used here were 512 lines with a scan rate of 1.98 Hz.
Scan size of images was 1 ym?— and the image treatment was performed using the free

software Gwyddion.

The chemical quality of GNRs was studied by X-Ray Photoelectron Spectroscopy

(XPS). XPS was carried out at a base pressure of 10~? mbar with a customized Thermo

88



5. Graphene patterning by plasma etching

Figure 5.2.: (a) Vacuum oven system used for graphene deshydrogenation, (b) thermal
equipment: 1. thermal source and 2. glass sample holder, (c¢) vacuum equip-
ment: 1. turbo pump, 2. cane to catch the sample holder, 3. temperature
set up.

Electron Theta 300 spectrometer using a monochromatic X-ray source Al-Ka (1486.6
eV) with an electron flood gun to reduce surface charging during acquisition. Emitted
photoelectrons are collected using an electrostatic lens with 60° angular acceptance. The
overall energy resolution of the analysis was 0.5 eV. CASAXPS software was used for

fitting and quantification.

GNRs were characterized by Raman spectroscopy using the LabRAM HR Evolution
equipment from Horiba Scientific. Measurements were performed using a 100x objective
with a blue laser having an excitation wavelength of 488 nm. The laser power was 4 mW
and the acquisition time was of the order of 2 seconds to avoid sample degradation. The
laser is focused on a few pm and special attention is given to the G, D and 2D bands of
the spectrum, which are expected to appear at 1585 cm™!, 1350 cm ™! and 2700 cm ™!,

respectively.

For thermal annealing under vacuum, samples were annealed at 420 °C during 15 min
at 1076 mbarr. The oven set up is showed in 5.2a, where the system is composed by
a primary and a turbo pumps (5.2¢c-1) and a thermal source (5.2b-1). The sample was
manipulated with a holder (5.2b-2), where it was introduced into the thermal source

using a rod (5.2¢-2) when the system was at vacuum.
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The characterization techniques listed above are supposed to give a specific informa-
tion at each technological step from the graphene etching to cleaning of the fabricated
structures. XPS, Raman and AFM are the most used carbon characterization tech-
niques, as briefly mentioned in the appendix B. Table 5.1 lists the information given by

every technique and the step involved.

Table 5.1.: Carbon characterization techniques used for GNRs identification.

Technique Information Step

XPS GNR cleaning

Quantitative analysis of Csp? and
Csp? hybridizations

Detection of carboxyl contaminants

Raman Graphene etching

Crystalline structure of graphene

Quantification of defects

AFM Mask stripping

Image patterned graphene

e Measurement of GNR height and
width

5.3. Results

5.3.1. BCP & Graphene etching

Middle layer approach

First tested approach was the graphene patterning through the middle layer. This path
was developed as an efficient mean to protect graphene during the self-assembly process,
meanly from chemical contamination and other damaging agents present in the clean
room such as Si dusts and other polymers contaminants from the BCPs. However, as

discussed before in sec. 4.3.1, existing PDMS wetting layer is in fact problematic for
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any lithography utilization. Indeed, Fig. 5.3a shows the schematic mask transfer of
PS-6-PDMS into the PMMA middle layer where some residues are observed between the

line patterns. The corresponding cross-section SEM image is reported in Fig. 5.3b.

The wetting PDMS bottom layer is resistant to Oy plasma, and a continuous HBr/Oq
plasma step fails to produce a correct transfer from the PDMS cylinders to the PMMA
middle layer. This kind of results have already been observed in other PS-6-PDMS
studies for nanolithography applications [6], and the solution was to use a short CFy
plasma step to remove PDMS interfacial layers. However, with the PS-6-PDMS 11-
5kg/mol used here, the self-assembly process generates horizontal cylinders which height
is a few nanometers only. When trying to apply an additional CF4 plasma to remove
the exposed PDMS wetting layer (Fig. 5.3c), it is observed that the oxidized PDMS
patterns are etched at the same time. The remaining mask is not resistant enough to
allow an efficient transfer of the very thin PDMS template layer into the PMMA (Fig.
5.3d).

Clearly, the fact of adding supplementary technological steps complicates the process
optimization. That was the main reason I set aside the middle layer approach as an
efficient way to pattern CVD growth graphene by BCPs lithography and to focus rather

in the template mask generated by direct spin-coating on graphene.

Direct spin-coating

Using expertise of the LTM lab in PS-PDMS dry etching, first tests on graphene pat-
terning were carried out using the already existing plasma processes (table 5.2). These
receipts were modified and adapted to be efficient for our application as it will be de-
scribed in detail below. The specifications of the etching processes that were tested are
depicted in Table 5.2. Every line table corresponds to a plasma etching step, where the

experimental conditions are detailed.

The first receipt developed was needed to transfer the PS-b-PDMS mask, having the
morphology displayed in fig. 4.5a, i.e. annealed at 150 °C, presenting a PDMS wetting
layer at the bottom. It was an already existing process though it was necessary to
add an additional CF4 step to remove the PDMS bottom layer and etch the graphene.
Experimental conditions are specified in 5.2, receipt “double PDMS”. This is made by
using a HBr/Os mixture composed of 70 sccm of Oz and 30 sccm of HBr. Both PS
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Figure 5.3.: (a) Schematic representation of the PS-PDMS mask transfer on a PMMA
film. Cross-section SEM images of PS-PDMS thin film on PMMA under-
layer (b) after a 20-second HBr/O2 plasma etching, faulty transfer is due to
the PDMS wetting layer at the BCP-PMMA interface (c) after a 6-second
HBr/Os plasma etching followed by a 6-s CF4. Mask intake precludes trans-
fer into PMMA. (a) and (b) SEM images were both tilted of 45°.
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Table 5.2.: Experiment details of the etching process tested for the pattern transfer of
the PS-0-PDMS 16kg/mol into G and its cleaning.

Receipt Etching pur- Gas Source Bias Flow Time

pose Power Power (sccm) (s)
(W) (W)

1. Double PDMS top layer CFy 700 20 100 6

PDMS
PS & PDMS oxi- HBr/Os 500 10 70/30
dation
PDMS  bottom CF4/He 400 0 25/75 6
layer & graphene

2. Chemical PDMS top layer CFy 700 20 100 6
PS & graphene HBr/Os 500 10 70/30 -
etching, PDMS
oxidation

3. Physical PDMS top layer CFy 700 20 100 6
PS & graphene HBr/O; 150 70 70/30 -
etching, PDMS
oxidation

4. Cleaning Conditioning NF; 600 0 200 180
Conditioning Hy 600 0 200 120
Cleaning H, 800 0 200 20

and graphene are carbon-based materials so they are equaly etched in this step. The
HBr/O2 mixture is used here mainly to provide O atoms that etch PS and oxidize the
PDMS. However, the use of HBr with an energetic ion bombardment also guarantee an
anisotropic etching (of the PDMS which is simultaneously getting oxidized) thanks to
the formation a Br-rich layer on the sidewalls, which prevent them from lateral etching
[7]. These species are eliminated during the end of the process and it does not present

any source of contamination for graphene.

On the other hand, using the PS-6-PDMS mask showed in 4.5, two different plasma
conditions were evaluated in term of graphene transfer with the HBr/Og plasma: one
more “chemical” and the other more “physical”. Table 5.2 details in lines 2 and 3 the
experimental conditions tested using the same HBr/Og gas mixture. At this stage, in-
situ ellipsometry was used to measure the etching time of the PS matrix. This step
was considered crucial to accurately reproduce the BCP mask patterns into graphene by
etching the PS matrix, oxidizing the PDMS cylinders and finally removing the exposed

graphene regions between the patterns. As the dimensions of the BCP mask are critically
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small, any over-exposition to the etching plasma can generate a lateral etching of the
PDMS cylinders and then of GNRs or even completely remove the graphene. It is

therefore mandatory to perform a precise etching time of the BCP thin film.

On one side the chemical-type plasma etching was tested with 500W and 10W source
and bias power respectively. At this low bias power the ion energy is relatively small,
this way the chemical species (mostly O atoms) generated in the plasma phase interact
chemically with the sample surface, etching the PS matrix and then graphene when the
PS is entirely spent [8]. As a reminder, the PDMS is chemically modified, forming a
SiO; hard mask that protects graphene from etching. On the other hand, when reducing
the source power to 150 W and increasing the bias power to 70 W, etching conditions

are much physical, i.e. assisted by a very energetic ion bombardment [9].

Fig. 5.4a schematically shows the BCP film morphology and the tested plasma etching.
Fig. 5.4b shows the in-situ ellipsometry measurements for both plasma etching receipts.
The goal is to calculate the time required to completely etch the PS matrix in both cases.
As pointed out in the figure, every plasma etching steps is preceded by a stabilization
step (pressure, gas flow). First, the 6-s CFy step is used to etch the PDMS superficial
layer and then the HBr/Os etching step is run. CFy etched in both cases around 4nm
of PDMS.

As expected, some differences in the etching time of the PS matrix were observed. For
the physical etching, 14s were required to remove the PS film while it takes 18s for the
the chemical etching. This small time difference turns out to have a considerable impact
in terms of graphene etching. Indeed, the corresponding Raman spectra of each sample
is shown in Fig. 5.4c. There is no footprint of graphene in the sample etched chemically
meanwhile the two characterizatic peaks of graphene plus the D peak appeared in the
case of the physical etching, suggesting a correct etching of graphene in this case. This

will be subjet to further characterizations.

Chemical etching has a more isotropic action, thereby chemical species could laterally
overetch PDMS cylinders during PS removal. Moreover, during PDMS oxidization,
oxygen radicals could diffuse into the PDMS chains as a product of its disorganization
and finally reach and deteriorate the underlying graphene. In the physical etching, more
energetic ions allow a faster etching of the PS matrix without any over-etching and O
atoms cannot diffuse down to the underneath graphene. Therefore, physical etching

parameters seems to be the better option to accurately reproduce patterns from the
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Figure 5.4.: Physical vs. chemical etching conditions for graphene patterning using
HBr/O-2 plasmas. (a) In-situ ellipsometry measurements during etching
to determine the time required to remove the PS matrix. (b) Raman spec-
tra of samples to evaluate graphene condition after patterning, (c¢) and (d)
top-view SEM images following the physical and chemical HBr/Oy plasma
etching respectively.
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PS-6-PDMS thin film. Any significant changes in the oxidized PDMS hard mask were
observed by SEM 5.4d-e. With the physical process, the bottom of the PDMS mask
in contact with graphene is not fully oxidized: this allowed to protect graphene, but
this add some complexity when the mask must be stripped in the next step, as will be

explained below.

5.3.2. Mask stripping

To demonstrate the real possibilities of BCPs as a sub-10nm lithography technique to
fabricate graphene nanoribbons, it is necessary to find processes which are able to remove
the remaining mask after graphene etching. BCP stripping is considered as critical since
it must preserve the underneath graphene layer. Further studies of the GNRs, such as
electrical characterization for example, implies the deposition of metal contacs. Then,
a correct stripping of the PDMS mask is mandatory to make good electrical contacts
and investigate the intrinsic GNRs electrical properties. Few studies in the literature,
specially for the PS-6-PDMS BCP template, properly transfer and strip the oxidized
PDMS. Among them, Park’s group used a base to strip the mask such as TMAH or KOH
[10]. Then, the etching rate depends strongly on the temperature and the concentration
of the solution. Using standard conditions with TMAH (25% v/v at 50 °C), one can
easily lifted off the GNRs.

The usual solution in microelectronics to remove silica by wet etching is the HF so-
lution. Typical concentrations includes 49% and 1% and it is commonly applied at RT
[11]. With the aim of avoiding lift-off of GNRs, I started testing the 1% to strip the oxi-
dized PDMS hard mask and reveal the GNRs. Fig. 5.5a shows the result after exposing
a sample to HF 1% during 10s. It is clear that lift-off occurs as some graphene grain
sheets are lifted off and expelled by capillarity. This is caused by the etching of SiO9
underneath the GNRs. Then 20s after, all graphene has been lifted off (Fig. 5.5b). The
challenge is thus to find the optimal conditions where oxidized PDMS would be removed
without lift off, which means that the silica etching rate from the substrate should be

lower than that from the mask.

Rather than decreasing the HF etching time, I choose to reduce the HF concentration.
A 0.5% solution was tested to strip the PDMS hard mask. I found more satisfactory
results using these conditions were the freely orientated GNRs are observed in Fig. 5.5¢

after 10s of HF treatment. For comparison, I show the case after 20s of treatment
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Figure 5.5.: AFM images of the structured graphene after PDMS hard mark stripping
by HF at different conditions of HF concentration and time. Higher con-
centration of HF 1 % v during (a) 10 s and (b) 20 s caused partial and
complete lift-off of graphene, respectively. At lower concentrations of HF
solution (0.5 % v), the oxidized PDMS hard mask is adequately stripped.
(c) After 10 s of wet etching, the measured mean height of GNRs is ~ 5A,
meanwhile for 20 s (d) the mean height is ~ 15 A. The AFM height profile
of the yellow line is inset in images (¢) and (d).As a comparison, images (e)
and (f) juxtapose wet and dry stripping of the PDMS hard mask by HF and
CF4, respectively. Inset: the XPS carbon peak.
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(Fig. 5.5d), where clearly HF start etching the substrate and where a deeper separation

between the ribbons is observed.

Dry stripping of the mask by CF4 was tested too, as it was the selected method used by
Son et al. [12]. Nevertheless, they did not give any chemical and structural information
of the GNRs after the mask stripping. It has been showed an irreversible modification in
the valence band state of graphene after fluorine incorporation in graphene by plasma-
treatments, to the point of making it an insulator [13, 14]. Inset of Fig. 5.5e-f compares
the Cls peak by XPS from wet and dry stripping, which suggests a fluorination of the
GNRs (C-F; bonds are clearly observed in the Cls peak). Moreover the wet mask

stripping stir more uniformly the silica mask.

Oxidation

As mentioned earlier, even if the PS matrix of the PS-b-PDMS is completely removed,
it is possible that the PDMS morphology is not oxidized enough. Indeed, there is one
aspect that we had not taken into account before: the oxidation state of PDMS. It is an
important condition for correct mask stripping. Not completely oxidized PDMS could
not be properly removed by HF, as it is supposed to remove silica. The only way we
found to evaluated this was qualitatively by AFM imaging. After in-situ ellipsometry
measurements, it was suggested to perform a 14s etching using the physical type condi-
tions to completely etch the PS matrix. The oxidation state of the PDMS hard mask
was evaluated by using 12s, 14s and 16s long processes and measuring the thickness of
the GNR + mask residues by AFM after HF stripping.

Resulting images are shown in Fig. 5.6. For the three cases, some differences in the
GNRs height were observed. Noticeably for 14 s, some mask residues are observed after
the HF treatment. It suggests a partial oxidation of the mask, which leaves some carbon
residues in the SiO, matrix that cannot be correctly removed by HF. More uniform
stripping was observed for 16s. The corresponding AFM image is shown in Fig. 5.6,
which supports the hypothesis of the oxidation state. The 12s case is shown too, where

a higher level of mask remains after the HF treatment.
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Figure 5.6.: Oxidation evolution in time of the PDMS features for (a) 12 s, (b) 14 s and
(c) 16 s of HBr/O2 plasma etching. The mask was stripped with the optimal
conditions found in fig. 5.5, i.e., 10 s with HF 0.5 % v. Inset in image (c):
AFM height profile of the yellow line.

5.3.3. Dry cleaning

BCP lithography designed here implies the direct spin-coating of PS-6-PDMS solution on
graphene, and the thermal annealing of the substrate to trigger self-assembly. Even if the
graphene crystalline structure quality was investigated in every single step with Raman
characterizations, this technique does not provide information on the chemical quality
of the as-received state of the graphene nanostructures. The whole graphene pattern-
ing procedure, from graphene transfer on SiOs substrates to BCP lithography, involves
the use of organic materials being a source of contamination for graphene. Amorphous
carbon or carboxyl species (O=C-O, C=0) and C-O from Poly(methyl methacrylate)
(PMMA) for example, p-dopes graphene which results in electronic properties modifica-
tions [15, 16].

XPS is a powerful surface-sensitive technique that can be used to analyze a surface
by measuring the elemental composition and the chemical state of the elements that
composes the first few nanometers (up to 4 nm) of a material surface. XPS is used to
quantify contamination, if any exists, at the sample surfaces at the end of each step to

investigate graphene damages and surface contaminations.

Several methods have been used primarily to remove PMMA residues following graphene

transfer (here the term transfer refers to a change of substrate from copper being the
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substrate for graphene CVD growth to SiO5 and during wich PMMA is used as polymer
carrier and already made by Graphenea) and it is a huge problematic nowadays. Methods
such as hazardous solvents, during many hours, have been tested without good enough

results. Moreover, long immersion of CVD graphene in solvents produce detachment.

On the other hand, hydrogen plasmas are used as an efficient dry cleaning procedure
of carbon species coming from PMMA and other polymer contaminants [17]. However,
from the published articles focused on GNRs fabrication, no research group has raised
the subject of the GNRs contamination associated to their fabrication method and on
its impact on their properties. Thus, this issue is addressed and proposes for the first
time a solution to provide chemically purified graphene nanostructures. GNRs cleaning
is composed of two steps after the mask stripping (sec. 5.3.2) : Hy plasmas exposition,

followed by a thermal annealing for graphene dehydrogenation.

The C'ls peak was studied before and after Hy plasma cleaning by XPS. The presence
of functional groups such as O-C=0, C-O, C-C are attributed to PMMA and PS residues.
After using the receipt “cleaning” detailed in table 5.2, all these species disappear as
highlighted in Fig 5.7f. The C — Si peak growth is explained from PDMS residues
that were not properly stripped as it was seen by AFM in Fig 5.7d. The Csp? peak is
attributed to the graphene. Some Fluorine is detected by XPS as well: it originates from
the HF bath and from the reactor walls during the Hy plasma. However, this impurity
vanishes during the final annealing step (Fig 5.7e & g).

Fig. 5.7 shows the cleaning evolution on each technological step. As comparison,
the chemical state of the pristine graphene and uncleaned GNRs are showed. The XPS
element survey shows a relative decrease of carbon peak intensity during the successive
steps. The large reduction of the Cls peak after patterning (with respect to the un-
patterned reference), is simply due to the formation of GNRs: the graphene coverage is
reduced by approximately 50% by patterning. The Cls peak further decrease during the

cleaning step due to the elimination of carboneous polymeric residues from its surface.

The Cls peak was deconvoluted into 7 peaks corresponding to carbon atoms in dif-
ferent chemical environments. Those contributions have been identified [17] and include
the sp? hybridized carbon from graphene, a sp peak (either hydrogenated graphene or
amorphous polymeric residues) and several contributions of C linked to O, which cor-
responds to PS and PMMA residues and atmospheric contamination. Table 5.3 details
fitting parameters of the Cls peak decomposition used for pristine graphene. In Fig. 5.7
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Figure 5.7.: Element survey and evolution of the Cls peak by X-Ray photoelectron spec-
troscopy at every technological step: (a-b) as-received graphene as referece
spectra, (c-d) after PS-PDMS t@insfer on graphene by HBr/O2 plasma etch-
ing and mask stripping by HF, (e-f) GNR cleaning by Hy plasmas, (g-h)
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Figure 5.8.: (a) Atomic concentration of carbon and fluor at every step measured
from 5.7. The Csp? and Csp® components are represented similarly. (b)
Schematic representation of the portion of the graphene surface that is
etched (~ 55%), using our PS-PDMS lithography mask, and the Csp? and
Csp? main contributions of the GNRs structures to the Cls peak.

the fitted peaks of plasma-cleaned GNRs samples are shown. The more electronegative

carboxyl related peaks (such as O-C=0 and C=0) appear to vanish during exposure

to hydrogen plasma meanwhile C-O peak area diminishes [18]: the cleaning plasma effi-

ciently removes amorphous and oxidized residues from the GNRs. The sp? peak relative

intensity increase while the sp one diminishes.

Table 5.3.: Fitting Cls peak components parameters of pristine graphene. Binding en-
ergy (BE) and the full with at the full width at half maximum (FWHM) are

Treatment Species BE (eV) Position FWHM (eV)

both in eV.
Cc=C 284.0
C-C 284.6
C-H 285.3
C-C 286.0
C-O0 286.6
C=0 287.3
O-C=0 288.7

0.7
+ 0.6 0.9
+1.3 1.05
+2.0 1.15
+2.6 1.1
+3.3 1.3
+4.7 1.4

Hydrogen atoms diffuse into the surface sample where they react easily with carboxyl
species O-C=0 and C=0. The breaking of C=0 bonds in the materials form volatile
products, most probably OH and H2O. Once the hydrogen has saturated the surface, it
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leads to the PMMA and PS etching through the formation of volatile CH4 molecules.
Amorphous residues are rapidly etched by this way. However it was shown that highly
resistant and 2D residues, heavily oxidized and partially sp? hybridized are present at
the graphene surface: they corresponds to molecules with aromatic cycles, which stick on
graphene by m-stacking. Since the plasma cleaning process relies on etching selectively
sp3 versus sp? hybridized carbon, it has difficulties to etch those “ultimate” 2D residues.
Actually, the literature suggests that the plasma etches these residues from the edges

[19, 20]: this is efficient if the Ho plasma duration is long enough.

In a similar way, GNRs edges are exposed, and thus subject to lateral etching by
hydrogen. The edges of the GNR are highly reactive due the presence of dangling bonds
and it is easy for any plasma generated radical to chemisorb on the GNR edges. The
high contribution from sp? carbon and C-O bonds after GNR patterning is significant

from the formation of edges on which O atoms have chemisorb.

After graphene patterning, the GNR edges are thus decorated by O atoms. This
probably slows down the lateral etching rate of GNRs by H atoms during the plasma
cleaning step in Hj since H atoms must first extract O from the edges before they can
attack the edges. By contrast, the top of GNRs cannot be etched by H atoms because
it is protected by an electronic cloud from its unlocalized m-electrons which generates
an energy barrier for H chemisorption. This is indeed the way to obtain an etching

selectivity between sp? carbon and graphene using hydrogen plasmas [21].

Indeed fig. 5.8 shows the relative atomic concentrations of carbon at every step,
starting from the reference. The carbon peak intensity drops drastically (around 60%
of carbon) due to patterning and cleaning. In the ideal case, after graphene patterning,
around 50-60% of graphene surface is removed. Considering the fact that the edges
(decorated by O and F) are sp?, and that a significant lateral etching may have take place,
also generating a loss of the sp? carbon amount, sp? carbon decay (75%) could match
with graphene patterning. During hydrogen cleaning, the Cls peak still diminishes
mainly due to a reduction of sp? carbon while sp? one keep relatively constant. Finally,
some introduction of contamination was found, due to transportation of the sample out
of the cleanroom (to bring them to vacuum oven annealing fig. 5.2 and after annealing
when going to the XPS). An amount of C-O and C-H thus remains on the GNRs due to
a typical and small atmospheric contamination. GNRs are structures with very reactive

edges, the most energetically favorable state is likely these C-O and C-H species.
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5.9.: (a) Spectra region showing the G peak and the D and D’ defect-induced

peaks of reference graphene and GNRs. (b) Region of the 2D peak of the
as-received graphene sheets and GNRs both fitted with a Lorentzian func-
tion (gray line). (c) Mean positions of the G and 2D peaks at every step:
reference, after mask stripping by HF and after GNR cleaning. (d) Mean
intensity ratios I(D/G) and I(2D/G) at every step.
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After deshydrogenation, the samples were analyzed using Raman spectroscopy to ver-
ify GNRs footprint at every step. Raman is a versatile tool and it has been widely used
to characterize the electronic structure of graphene, doping state as well as to explore

quantum confinement in GNRs [22].

Characteristic G peak is showed in Fig. 5.9a, with the defect induced D and D'peaks.
In unpatterned graphene, the G peak is predominant, while the D peak is negligibly
small. As few defects are induced during self-assembly, the as-received graphene spectra
is compared. After patterning, the intensity of the D peak becomes comparable to that
of the G peak, with the display of a first order D peak. This is an evidence of the
formation of edges of GNRs: edges act as defects, leading to the strong enhancement of

the D peak intensity.

Fig. 5.9b shows representative Raman spectra for patterned and unpatterned graphene
in the 2D peak region. Spectra was normalized to the G peak for comparison. It is first
noticeable that there is a large difference between the intensities of the 2D bands before
and after patterning. Because the intensity is proportional to the number of sp?-bonded
carbon atoms irradiated by the laser spot, the intensity drops after patterning (in the
same manner than the sp? contribution in XPS) [23]. Both 2D peaks kept the same
Lorentzian shape with FWHM equal to ~ 32 cm™*

The evolution of intensities at each step is showed in Fig. 5.9d. Cleaning does not
introduce additional defects to structured graphene while a slight reduction in the 2D-G
ratio is observed after this step. It is attributed to the lateral consumption of GNRs by
hydrogen plasmas. In Fig. 5.9¢, the positions of the G and 2D peak are compared. After
the mask stripping, the 2D band remains roughly constant but a slight blue shift (about
2.5 cm~!) is observed for the GNRs spectra, which can be attributed to the introduction
of oxygen at the edges [24] causing a p-doping. Higher blue shift was observed after
cleaning. Smoothing of the GNRs edges by hydrogen plasmas can produce a stiffening
of the transverse G-mode in the GNRs. This is due to a lateral confinement effect,
accompanied by a stress during the thermal annealing deshydrogenation, both of which
produce a blue shift in the G and 2D peaks [25].

At the end of the process, AFM was used for the dimensional characterization of
GNRs. Fig. 5.10 shows a 1um? area of structured graphene. The average width spacing
and the GNR height are 10.5 + 2.1 nm and 0.45 + 0.1 nm, respectively. The height

and width distributions are provided as histograms in Fig. 5.10 b and c respectively.
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Figure 5.10.: (a) AFM image of GNRs after Hy plasma cleaning and thermal anneal-
ing. (b) Histogram distribution of GNR height. The Gaussian distribution
is centered at 0.52 nm. (c) Histogram distribution of GNR width. The
Gaussian distribution is centered at 10.3 nm.
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Histograms were constructed by sampling 50 profiles in the image and by fitting the
positive step to calculate the height and the width of the GNR.

Table 5.4.: Main results of the GNR characterization techniques obtained for the three
tested plasma conditions.

Receipts Results
Ellipsometry XPS Raman AFM
1. Double PDMS No Csp? G & 2D Smooth  sur-
atomic  con- peaks + D face without
centration defect peak in patterns Rjaz
decrease  ob- spectra ~ 2 nm
served
2. Chemical 18 s need for Csp? atomic No graphene Patterned sur-
PS-matrix concentration  signature face with R,qz
etching reduction  in ~ 1 nm
70%
3. Physical 14 s for PS- Csp?2 atomic G & 2D Patterned sur-

matrix etching concentration peaks + D face with R4z
reduction in defect peak in ~ 1 nm
70% spectra

Table 5.4 summarizes the main results obtained from the characterization techniques
at each plasma etching step and how this information can be helpful to determined
the quality of graphene patterning. The information given by the table 5.4 grants the
physical type etching as the adequate way to tranfer the PS-6-PDMS mask toward
graphene. Characterization techniques suggest an efficient graphene patterning with: a
decrease of Csp? concentration by XPS, the graphene signature with defects by Raman
and the GNRs with the expected height and width by AFM. Meanwhile, additional
characterization will (and need to) be added to confirm this fact. For the other plasma
processes, the lack of Raman signature or the constancy of the Csp? concentration,
leaves a doubt about the quality of GNRs. Indeed the chapter 6 is about electrical

characterization and Raman quantification of defects.

5.3.4. Summary

The patterning of graphene is showed through BCP self-assembly lithography. The
understanding of plasma etching was a key element for the successful transfer fabrication

of GNRs. Better comprehension of plasmas allowed an efficient patterning of atomic
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layers thin materials such as graphene by using BCP as a lithography mask. Physical

type etching was preferred to avoid a lateral etching of graphene during transfer.

Structuration of graphene was supported by many characterization techniques. Com-
mon carbon characterization techniques were used for GNRs, Raman as a practical tool
with a graphene footprint, and a D peak for defects, as it is interpreted as edges defects
of ribbons. AFM allowed to determine dimensions of graphene nanoribbons: height and
width.

GNRs were cleaned after mask stripping by dry methods. XPS showed the efficient
removal of carboxyl and amorphous carbon species from PMMA and PS. Graphene
patterning by oxygen creates lots of carboxyl species at edges, hydrogen plasmas is an

efficient and smooth way to clean and tailor GNRs.

108



Bibliography

1]
2]

[3]

[5]

[6]

[11]

[12]

D. B. Graves, AIChE Journal 35, 1 (1989).

D. M. Manos and D. L. Flamm, Plasma etching : an introduction (Academic Press,
1989) p. 476.

K. J. Kanarik, T. Lill, E. A. Hudson, S. Sriraman, S. Tan, J. Marks, V. Vahedi,
and R. A. Gottscho, Journal of Vacuum Science & Technology A: Vacuum, Surfaces,
and Films 33, 020802 (2015).

A. Dey, A. Chroneos, N. J. St Braithwaite, R. P. Gandhiraman, and S. Krish-
namurthy, Citation: Applied Physics Reviews J. Vac. Sci. Technol. A Appl. Phys.
Lett. J. Vac. Sci. Technol. B J. Appl. Phys. Appl. Phys. Lett 31, 21301 (2016).

M. Darnon, G. Cunge, and N. S. J. Braithwaite, Plasma Sources Science and
Technology 23, 025002 (2014).

Y. S. Jung and C. A. Ross, Nano Letters 7, 2046 (2007).

G. Cunge, D. Vempaire, R. Ramos, M. Touzeau, O. Joubert, P. Bodard, and
N. Sadeghi, Plasma Sources Science and Technology 19, 034017 (2010).

P. Fauchais, Techniques de l'ingénieur TIB109DUO, 1 (2000).

A.-m. Pointu, J. Perrin, and J. Jolly, Techniques de I'Ingénieur TIB251DUO, 1
(1997).

S.-J. Jeong, S. Jo, J. Lee, K. Yang, H. Lee, C.-S. Lee, H. Park, and S. Park, Nano
Letters , acs.nanolett.6b01542 (2016).

K. Williams, K. Gupta, and M. Wasilik, Journal of Microelectromechanical Systems
12, 761 (2003).

J. G. Son, M. Son, K.-J. Moon, B. H. Lee, J.-M. Myoung, M. S. Strano, M.-H.
Ham, and C. A. Ross, Advanced Materials 25, 4723 (2013).

109


http://dx.doi.org/10.1002/aic.690350102
http://dx.doi.org/10.1116/1.4913379
http://dx.doi.org/10.1116/1.4913379
http://dx.doi.org/10.1116/1.3688760doi.org/10.1063/1.4947188
http://dx.doi.org/10.1116/1.3688760doi.org/10.1063/1.4947188
http://dx.doi.org/10.1088/0963-0252/23/2/025002
http://dx.doi.org/10.1088/0963-0252/23/2/025002
http://dx.doi.org/10.1021/nl070924l
http://dx.doi.org/ 10.1088/0963-0252/19/3/034017
http://www.techniques-ingenieur.fr/base-documentaire/sciences-fondamentales-th8/etats-de-la-matiere-42109210/gaz-ionises-et-plasmas-af3560/
http://www.techniques-ingenieur.fr/base-documentaire/energies-th4/materiaux-conducteurs-et-plasmas-42251210/plasmas-froids-de-decharge-d2835/
http://www.techniques-ingenieur.fr/base-documentaire/energies-th4/materiaux-conducteurs-et-plasmas-42251210/plasmas-froids-de-decharge-d2835/
http://dx.doi.org/10.1021/acs.nanolett.6b01542
http://dx.doi.org/10.1021/acs.nanolett.6b01542
http://dx.doi.org/10.1109/JMEMS.2003.820936
http://dx.doi.org/10.1109/JMEMS.2003.820936
http://dx.doi.org/10.1002/adma.201300813

[13]

[16]

[17]

[18]

[19]

[20]

[21]

Bibliography

R. R. Nair, W. Ren, R. Jalil, I. Riaz, V. G. Kravets, L. Britnell, P. Blake, F. Schedin,
A. S. Mayorov, S. Yuan, M. I. Katsnelson, H.-M. Cheng, W. Strupinski, L. G.
Bulusheva, A. V. Okotrub, I. V. Grigorieva, A. N. Grigorenko, K. S. Novoselov,
and A. K. Geim, Small 6, 2877 (2010).

S. D. Sherpa, S. A. Paniagua, G. Levitin, S. R. Marder, M. D. Williams, and
D. W. Hess, Journal of Vacuum Science & Technology B, Nanotechnology and

Microelectronics: Materials, Processing, Measurement, and Phenomena 30, 03D102
(2012).

X. Liang, B. a. Sperling, I. Calizo, G. Cheng, C. A. Hacker, Q. Zhang, Y. Obeng,
K. Yan, H. Peng, Q. Li, X. Zhu, H. Yuan, A. R. H. Walker, Z. Liu, L.-M. Peng,
and C. a. Richter, ACS nano 5, 9144 (2011).

M. T. Pettes, I. Jo, Z. Yao, and L. Shi, Nano Letters 11, 1195 (2011).

G. Cunge, D. Ferrah, C. Petit-Etienne, A. Davydova, H. Okuno, D. Kalita,
V. Bouchiat, and O. Renault, Journal of Applied Physics 118, 123302 (2015).

S. Yumitori, Journal of Materials Science 35, 139 (2000).

P. Nemes-Incze, G. Magda, K. Kamaras, and L. P. Bird, Nano Research 3, 110
(2010).

Z. Shi, R. Yang, L. Zhang, Y. Wang, D. Liu, D. Shi, E. Wang, and G. Zhang,
Advanced Materials 23, 3061 (2011).

B. Thedjoisworo, D. Cheung, and V. Crist, Journal of Vacuum Science & Technol-
ogy B, Nanotechnology and Microelectronics: Materials, Processing, Measurement,
and Phenomena 31, 021206 (2013).

A. C. Ferrari and D. M. Basko, Nature nanotechnology 8, 235 (2013).

D. Bischoff, J. Giittinger, S. Droscher, T. Thn, K. Ensslin, and C. Stampfer, Journal
of Applied Physics 109, 073710 (2011).

S. Ryu, J. Maultzsch, M. Y. Han, P. Kim, and L. E. Brus, ACS Nano 5, 4123
(2011).

J. W. Suk, W. H. Lee, J. Lee, H. Chou, R. D. Piner, Y. Hao, D. Akinwande, and
R. S. Ruoff, Nano letters 13, 1462 (2013).

110


http://dx.doi.org/ 10.1002/smll.201001555
http://dx.doi.org/ 10.1116/1.3688760
http://dx.doi.org/ 10.1116/1.3688760
http://dx.doi.org/ 10.1116/1.3688760
http://dx.doi.org/10.1021/nn203377t
http://dx.doi.org/10.1021/nl104156y
http://dx.doi.org/10.1063/1.4931370
http://dx.doi.org/10.1023/A:1004761103919
http://dx.doi.org/10.1007/s12274-010-1015-3
http://dx.doi.org/10.1007/s12274-010-1015-3
http://dx.doi.org/10.1002/adma.201100633
http://dx.doi.org/10.1116/1.4792254
http://dx.doi.org/10.1116/1.4792254
http://dx.doi.org/10.1116/1.4792254
http://dx.doi.org/10.1038/nnano.2013.46
http://dx.doi.org/10.1063/1.3561838
http://dx.doi.org/10.1063/1.3561838
http://dx.doi.org/ 10.1021/nn200799y
http://dx.doi.org/ 10.1021/nn200799y
http://dx.doi.org/10.1021/nl304420b

6. Graphene nanoribbons characterization

6.1. Introduction

As manufacturing methods of GNRs has improved in terms of throughput, cost and
defects, it has opened up a field of study of their electronic, magnetic, mechanical and
optical properties, and simulation frameworks for modeling electronics devices [1]. In
this context, there is a growing interesting in designing devices for logic circuitry based
on sub-10 nm GNRs, as enough bandgap opening allows the development of high-speed

transistor channels for a wide range of silicon-based nanoelectronics.

One of the challenges of graphene-based devices is to reduce the off-state leakage
current and improve the I, /I, ratios achieved so far (typically 1 or 2 orders of magni-
tude) for realistic applications [2]. Added to this, developing a fab-compatible process for
producing large-area and high-performance complementary metal oxide semiconductors
(CMOS) based on GNR-incorporated nanoelectronics remains a fundamental challenge.
This involves not only the difficulties of nanofabrication methods, but also the growth

of high quality crystalline graphene on wafer-scale surfaces.

This chapter focuses on electrical characterization of the fabricated GNRs, as possible
candidates for digital applications. As these electrical measurements implicate the use
of larger surfaces, as contacts are separated from 1 to 10 gm, Raman mapping was used
to showed the uniformity on properties and width over these areas. The entire procedure

of GNRs fabrication developed during my PhD research is resumed just below.
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6.2. Experimental procedure

6.2.1. Entire procedure

Fig.

6.1 resumes the entire procedure developed in chaps. 4 and 5, from graphene

patterning and GNRs fabrication.

The method in Fig. 6.1 allows a facile and effective large-area integration of field-effect

transistors (FETS) based on densely packed multichannel GNR arrays using advanced
BCP nanolithography with PS-b-PDMS or other device development. The design of our

strategy includes:

1.

The use of CVD-grown graphene on 4-inch wafers on 300nm-SiOs9, which is suitable

for large-scale device fabrication

. Annealing of CVD graphene on SiOy under vacuum (10~2 mbarr) for surface fun-

cionalization and compression at 170 °C during 1 h

. Direct spin-coating of a 1% v/v PS--PDMS 11-5kg/mol solution in PGMEA dur-

ing 30s at 1800 rpm and thermal annealing at 280 °during 3 min, which is a
fab-compatible process enabling spontaneous phase separation and formation of

densely packed periodic arrays of cylindrical BCP nanodomains

. Two steps plasma etching of the BCP thin film. CFy4 to etch PDMS surface layer

using 500W and 20W source and bias power respectively and a 100sccm flow rate
during 6 s. HBr/Os plasmas achieved the triple task of PS removal, graphene
etching and PDMS oxidation. Accurate patterning was achieved using 150W and

7T0W source and bias power respectively, and a 70/30sccm flow rate during 16 s

. Mask stripping of the oxidized PDMS hard mask with a 0.5% v HF solution during

10 s

. A dry cleaning step using hydrogen plasma at 200 mT using 800W source power

and 100sccm flow rate during 20 s and a final thermal annealing to remove the

hydrogen atoms which may have remained stuck in the GNRs
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Figure 6.1.: Generic procedure of GNRs fabrication on large surfaces. (1) As-received
commercial CVD graphene on 300nm-SiO, substrate is cleaved into lcm?
samples and (2) thermal annealed in vacuum at 170°C during 1h. (3) PS-
b-PDMS BCP solution in PGMEA is spin-coated and thermal annealing to
trigger self-assembly of the PDMS cylinders. (4) Plasma etching is achieved
in two step: CF4 to remove the upper PDMS film at the BCP-air interface
and the HBr/Og plasma to remove the PS matrix, oxidize the PDMS cylin-
ders and to etch graphene. (5) Stripping of the mask with a HF solution
and (6) cleaning of the GNRs with Hs and thermal annealing in vacuum.
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6.2.2. Raman spectroscopy

Raman mapping GNRs was performed by Raman spectroscopy using the LabRAM HR
Evolution equipment from Horiba Scientific. Measurements were performed using a 70x
objective with a green laser having an excitation wavelength of 532 nm. The laser power
was 4 mW and the acquisition time was of the order of 30 seconds. Lateral focus of the
laser was 1 ~ pm. Mapping area was 100 ym?, scanning from 0 to -10 gm in both x

and y directions with a step of 2.5 ym

6.2.3. Contacts deposition

Two methods of contacts deposition were tested. First, metallic contacts deposition
was achieved by a classical contact photolithography, with the help of the materials
group from the LTM lab. In the other hand, based on the work of Li etal. [3] and their
work on the Photolithography transfer pattern (PTP), a laborious procedure of contact
deposition on GNRs was developed here with the aim of avoiding direct photoresist on

GNRs. Both experimental procedures are described below.

Contact photolithography

To electrically characterize GNRs, metal contacts were deposited by conventional pho-
tolithography. AZ 5214E resist was spin-coated directly on GNRs (Fig. 6.1) at 5000 rpm
spin speed during 50 s. Then the sample was annealed during 120 s at 100 °C. Using
a photolithography chrome mask "Masque-LTMBS™ to create contact patterns, sample
and the mask were aligned and exposed during 6 s with a MJB4 mask aligner equipment
from SUSS MicroTec. The sample pursued an annealing at 120 °C during 120 s. In order
to inverse resist polarity, the sample was exposed once again to UV light during 31 s,
and finally developed with a 1:1 AZ Developer solution during 60 s. Using evaporation
deposition, a 100-nm Pd film was deposited and finally the resist was lifted-off during
1 hour in acetone an a final rinse in iso-propanol. Contacts had 1, 4, 7 and 10 p m

separation (L). The entire procedure is schematized in Fig. 6.2a.
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Photolithography transfer pattern

Samples of Si < 100 > p++ sacrificial substrate where cleaved in 1 cm? from 4-in
wafers. Then the negative photoresist was spin-coated at 4000 rpm during 1 min on
the cleaved substrates. Soft bake at 150 °C was necessary for solvent evaporation for
90 s. Photoresist was exposed for 3 minutes at 10.4 cm from objective (videoprojector
lithography), developed for 4 s in AZ 1:4 developer solution to removed the exposed
zones and rinsed during 5 min in DI water. Deposition of 100 nm of metal was achieved
with a PLASSYS equipment in clean room conditions. Metal on resist was lifted-off
during 1 h in acetone and a final rinsing with iso-propanol. A second stage consisted in
spin-coating PMMA A9 from Microchemicals, at 1500 rpm for 1 minute. The PMMA-
gold layer was then detached from the substrate with a substrate etching in NaOH 1M
solution at 50 °C until complete detachment. Several rinses in DI water are required to
properly remove NaOH crystals. By the method of “fishing”, the PMMA-gold film was
transferred and placed on the GNRs sample surface and the stack was dried in the air
during 30 min. Several cycles of 30 s in acetone, 10 s in iso-propanol and N» flow drying
were repeated until PMMA removal. Finally a solf-bake at 100 °C for 1 h in vacuum
to build contact bonding with GNRs is required. The complete optimized process is
schematized in Fig. 6.2b.

6.2.4. Electrical measurements setup

After contacts deposition, contacted sample is composed of a P++ (100) Si substrate, a
300-nm silica film, patterned graphene and 2 on-top metallic contacts. This stack con-
stitutes the back-gated FET used to prove the concept of bandgap opening in graphene.
Electrical measurements were performed using a probe station facility from the SINAPS
lab in CEA-INAC. It is composed by an optical microscope (OLYMPUS SZ40), probe
positioners and a lamp, as visualized in Fig. 6.3a- 1,2,3 respectively. The sample was
placed on a metal chuck and contacted with the use of 2 or 3 microtips (Fig. 6.3b- 1&
2), Measurements where performed with a Keithley 4200-SCS equipment (Fig. 6.3c).
The sample was characterized with the Ipg vs. Vpg curve at a fixed Vi, and then with

the transcharacteristics curve Ipg vs. Vg at a constant Vpg value.

The 2-points measurement is a simple resistance measurement, it was performed by
applying drain-source voltage ( Vgys ) from +0.5V to -0.5V, compliance was changed

observing the maximum drain-source current obtained. Output was drain-source current,
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Figure 6.2.: Contact deposition procedures: (a) using a classical contact photolithog-
raphy or (b) the transfer of the metallic contacts. In the procedure using
photolithography, (1) photoresist is spread-out on the GNRs surface and
soft-annealed followed by a (2) UV exposition and development. (3) Metal-
lic contacts are deposited by evaporation and (4) lifted-off in acetone. In
the contacts transfer method, (1) photolithography is realized first on a Si
sacrificial substrate where (2) the photoresist is spin-coated and followed
by a soft-annealing. (3) The photoresist is exposed to the UV light and
developed. (4) Metallic contacts are deposited by evaporation and the pho-
toresist is lifted-off with acetone. (5) A thick PMMA film is spread-out on
the metallic contacts and the stack PMMA /contacts is lifted-off from the
Si substrate. (6) The PMMA film floats on the solution surface, which is
“fished ”and transferred on the GNR, and finally the PMMA is remove with
acetone. (c) Metallic contacts on the GNRs array.
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@ (b (©)

Figure 6.3.: Probe station facility for electrical characterization. (a) Sample set up: 1.
Microscope, 2. Lamp and 3. Probe positioners (b) Measurement set up: 1.
Wafer chuck and 2. Probes (c) Parameter analyzer for I-V measurements.

and no back-gate voltage was applied.

During 3-points measurement a third tip is put on the sample holder, which is a
metallic structure and by which is possible to apply a backgate voltage ( Vs ). The
measurement is performed by applying a source-drain voltage of 0.5V with a bias sweep
on the third tip going from -30V to 30V, a step of Vg5 = 0.5 V is used. A double sweep

is often used to reduce noise.

It is possible to sweep Vi in order to obtain a better measurement I, and Iof; . A
relatively low speed of sweep is crucial to have good datas, but a first study to look for
switching behavior can be done at high speed. Positive or negative current only depends
on system convention, these values can be changed in sign to match graphs shape from

literature.

6.3. Results

6.3.1. Raman mapping

The establishment of a fabrication procedure allows to investigate the intrinsic proper-
ties of GNRs. It is important to emphasize the fact that all steps developed here aimed

for clean-room fabrication, then the process is suitable for large scale production, guar-
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anteeing high chemical and structural quality during the entire procedure. As further
electrical characterizations are considered on the GNRs fabricated here, contact deposi-
tion was realized by contact photolithography where the typical drain-source distances
vary from 1 to 10 gm. Then a need to ascertain characterization of GNRs under larger

areas arisen.

Raman mapping of patterned graphene performed on 100 ym ? areas are shown in
Fig 6.4. Raman spectroscopy has gained popularity in the quantification of defects in
nanometer-sized graphene objects. Indeed the disorder D peak originating from scatter-
ing at the ribbon edges, is introduced during graphene etching [4, 5]. The GNRs edges
could be interpreted as an amount of Csp? border (one-dimensional defect) with respect
to the total Csp? crystalline area. From this argument, the average distance between
defects Lp can be extracted [6]. The Cangado relation in terms of the excitation laser

wavelength A, used during Raman measurements:

ID_l

L*p(nm?) = (1.82107 %)\
e

(6.1)

allows to quantify Lp from the integrated intensities of the D and G peaks Ip/Ig
[7]. As the measured surface has a homogeneous matrix of GNRs, with a periodic
width, the distance between defects is taken as the average GNR width (w). For a good
approximation, it is supposed that the point defects are only present at the GNR edges,
and a mix of edge chiralities AGNR and ZGNR. Fig. 6.4b shows the 2D distribution
of the calculated GNRs width in a 100 ym? area.From this, the GNR mean width was
calculated to 12 £+ 1 nm, which perfectly matches with AFM measurements in Fig 5.10.
On the other hand, it shows that the Hs plasma cleaning procedure does not damage
significantly the GNRs by lateral etching meanwhile it efficiently cleans graphene from

amorphous carbon and other carboxyl groups.

Moreover the I(2D/G) intensities ratios on the same surface were calculated, displayed
in 6.4a, where mean measured ratios are 0.6. As the 2D-peak depends on the illuminated
area, is expected a decrease of the Isp/Ig coming from the reduction of the amount
of graphene [8]. Then, it proves the increase of the I(D/G) ratio comes mainly from
graphene patterning on the measured area. These results could be generalized to larger

areas and then to use these values on electrical characterization or further studies.

118



6. Graphene nanoribbons characterization

Y axis (um)
Ratio I(2D/G)
P
Width (nm)

-10 -8 -6 -4 -2 0 -10 -8 -6 -
X axis (um) X axis (um)

4 -2 0

Figure 6.4.: Mapping of GNRs with Raman spectra on a 100 pum ? area. (a) I(2D/G) ra-
tio intensities and (b) the GNRs average widths calculated from the I(D/G)
ratio intensities and the Cancado relation [7]. The experiments were per-
formed with a green laser A = 532nm

6.3.2. Electrical characterization

From section 3.1, a transition of the electrical regime from its semi-metalic nature, to
a semiconductor behavior through bandgap opening via the graphene structuration is
expected [9]. And this transition could be useful in the recognition of the graphene
patterning from the BCP mask. Then electrical characterization was used as a comple-
mentary characterization method to the different plasma etching tests, detailed before in
section 5.3.1. These measurements could be conclusive to affirm the presence of GNRs.
Otherwise, they are used to evaluate electrical properties at the end of the process such
as career mobility through the GNR and the bandgap opening value induced by the

patterning.

As represented in Fig. 6.5a, a back-gated FET was fabricated from the GNR arrays
using conventional photolithography and the photolithographic transfer pattern detailed
in section 6.2.3. The three-terminal device consisted of a GNR channel with metallic
source and drain contacts, a highly p-doped Si back gate (0.005 Q-cm) and a thermally
grown 300 nm-thick SiO2 gate dielectric. Contacts were deposited in the center of the
sample, then multiple GNRs channels connect arbitrarily the source and the drain (Fig.
6.5f). Due to this configuration, around 20 % of the metallic contacts were successfully

working, the other were open circuit, short circuit or broken contacts.

Devices fabricated by photolithography had a channel length of 1, 4, 7 and 10 pum
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Figure 6.5.: (a) Schematic representation of the back-gated FET used for electric char-
acterization of the graphene structures fabricated by BCP lithography. (b)
optic and (c) scanning electronic microscopy top-view images of the source
and drain Pd contacts deposited by photolithography. The distance length
was 1 pum. Three additional channel lengths of 4, 7 and 10 pm were de-
signed with the same mask (not shown). For the TPT method, Au contacts
were finally transfered on the GNRs surface. Figures (d) and (e) show the
top-view images by optic and SEM respectively. (f) Zoomed top-view SEM
image of the GNRs, linking the source and drain Au contacts showed in (c).
The image contrast and bright was imagery treated for GNRs evidence.
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and a channel width of 15 pm. Palladium was chosen as metal for contacts as it seems
to offers the lower metal-graphene junction resistance [10]. Fig. 6.5b-c show optic and
SEM images of the Pd contacts made by photolithography. Besides, the PTP method
provided a way of metallic contact deposition without the need of any direct photoresist
spreading. Despite the aim to have Pd contacts too, they lifted-off at the end of the
process during PMMA removal (figs. 6.2 2-6) resulting from a lack of adhesion. Other
metals having low junction resistance were tested such as Ni and Cr [11, 12], which
lifted-off too. Finally it was found that Au contacts adhere well after PMMA removal,
but had a higher junction resistance than Pd. Channel length were 2, 3 and 4 um and

channel width 30 pym. The results of the electrical measurements are detailed below.

Photolithography contacts

Fig. 6.6a shows the schematic of the sample made by photolithography. 100-nm thick
Pd source and drain contacts, constitutes the back-gated FET. Characteristic I-V graphs
showed in Fig. 6.6 corresponds to 4 pym and 15um channel width.

As a reminder, in chapter 5, different plasma etching receipts were tested in order to
accurately transfer the PS-b-PDMS mask into graphene. In this process, the electrical
properties of the supposed patterned graphene were measured. Fig. 6.6 shows the
current-voltage (I-V) characteristics of the back-gated FET at Vg = 0 V, after the
graphene was etched by the “double-step” plasma etching receipt. This graph shows a
ohmic regime behavior with high current values (hundredths of milliamperes), which is
not expected for GNRs. As graphene is not etched, the likely formation of C-F bonds by
the CF4 plasma, introduces electron acceptors and causes a decrease in electron mobility,
and this could further explained the observed change in the transport properties of the
graphene layers, with respect to the as-received graphene layer (Fig. 6.6¢). Indeed the
tunning of the electrical properties by the periodical exposition of pristine graphene to
the CF4 plasma was previously reported [13]. In the opposite case, the chemical etching
does not show a significant electrical current passing through GNRs, which confirms once

again the etching or structural damaging by the chemical etching (inset of Fig. 6.6b).

Fig. 6.6¢ shows representative current-voltage (I-V) characteristics of the FET based
on unpatterned graphene sheets (blue curve) and the graphene etched by physical etch-
ing (red curve), measured at Vg = 0 V. When the graphene sheets were used as the

conducting channel of the FETSs, we observed typical metallic behavior, as predicted
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by the theory. Next, measuring electrical response of the FET with GNRs arrays, the
current measured in a similar range of Vgp exhibited a substantial decrease of 5 orders
of magnitude with a highly nonlinear IV relationship (inset of Fig. 6.6¢), indicating the
emergence of semiconductor behavior (or band gap widening) by the lateral confinement

effect resulting from a correct graphene patterning.

The Ipgs — Vpg characteristics became nonlinear in the GNR FETs regardless of the
applied gate voltages, without significant hysteresis at RT conditions, in contrary to
previous reports [14], needing vaccum or low temperature conditions to avoid hysteresis
effects. As the gate voltages were applied, substantial modulation of current was shown
due to the movement of the Fermi level. These observations indicate the semiconductor
nature of the GNR, which is attributed to the formation of a bandgap in graphene due

to the quasi-one-dimensional confinement of the carriers [15, 16, 17, 18].

The semiconductor behavior of the GNRs was also demonstrated by the behavior of
the transfer curve (i.e., the source-drain current Igp as a function of the gate voltage
Vi) obtained at RT conditions, as shown in Fig. 6.6d. One of the parameters allowing
to qualify the FET performance is the ratio between the current at the FET open state
Ion and the current at the closed state Io,. The I,,/I,¢s ratio must be as large as
possible in order to obtain a clear characteristic between the two states. The simplest
and most widespread way used to determine the I,, and I,rs values is simply to take
the maximum current value on the Fig. 6.6d for I,, and its minimum value for I,s;.
From Fig. 6.6d, the I,,/I,f¢ ratio was calculated to ~ 4. These results confirm the
trend already found in chapter 5, as the physical etching for appropriate transfer ot the
PDMS cylinders into graphene.

Photolithography transfer patterns

The quality of the GNRs after fabrication was a major concern, as the very reactive edges
play a fundamental role in the optoelectronic characteristics of the GNRs [19, 20]. Even
if the electrical properties measurements were tested as a proof-of-concept, to confirm the
patterning of graphene by BCP lithography, it is desirable to evaluate the possible impact
on the electrical performances, when the contacts are deposited by photolithography.
The main issue using photolithography is the direct redeposit of photoresist after GNRs
cleaning. The PTP method (Fig. 6.2b) provides a solution to directly deposit metallic

contacts on GNRs without photoresist spin-coating.
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Figure 6.7.: Electrical characteristics with Au contacts by the photolithography transfer
pattern method. (a) Representative current-voltage (I-V) characteristics at
Ve = 0 V of the GNRs. (b) Transfer curve at Vps = 0.5 V, of the GNRs.
Calculated I, /Ioff was ~ 3.4.

Using the samples fabricated by the procedure showed in Fig. 6.1, electrical tests of
the GNRs were performed using the PTP method of contacts deposition. Fig. 6.7a shows
a representative current-voltage (I-V) characteristics of the GNR-FET, measured at Vi
= 0 V. As observed in Fig. 6.6¢, a nonlinear IV relationship indicates a semiconductor
behavior, as it is expected. Igp measured at Vgp = 0.5V was in the same order of
magnitude than that measured in Fig. 6.6¢ (~ 500 nA). The corresponding transfer
curve is showed in Fig. 6.7b, where the I,,/I,¢; was measured to ~ 3.7. The device
design allowing this electrical characteristics is a 100-nm thick Au contacts with length

and width channel dimensions of 2um and 30um respectively.

Characteristics

The capacitance of the GNRs on silicon dioxide must be known in order to calculate
many other important parameters such as mobility. Many studies in the literature use

the classical oxide capacitance equation given by [21],

oo F
Com = :

= 6.2
e (6.2)

where ¢,, = 3.9 for the silicon dioxide, g = 8.8921071? F /m is the vacuum permittiv-
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ity and t,, the oxide thickness. Nevertheless, taking into consideration the narrow GNRs
width dimensions, the edge effect on the GNRs on the capacitance must be considered.
Shylau et al. developed a more accurate model to calculate the capacitance of GNRs

per unit length [22],

4d F
Cow = Teopeow|2d(arctan %) + %111{1 T (6.3)
Using eq. 6.2, with d = 300nm and w = 1lnm, it results C,, = 3.78 pF/m. This
value agrees very well with the simulation model based on finite element analysis reported
previously [23]. More rigorous capacitance values demand the consideration of a quantum

capacitance [24], nevertheless it goes beyond the objectives of this study.
For the estimation of the career mobility x4 in the GNRs [25], a first order approxima-

tion is consider, by the relation

_ dIDS Leff
VG NCO$VDS

(6.4)

with d{/% = gm, the transconductance, obtained by the slope value after linearization
of the characteristic curve (Figs. 6.6d & 6.7b ). L.y is the effective channel length, N
is the number of GNRs connecting drain and source where and Vpg is the source-drain
voltage. This simplified equation comes from a basic career mobility model without any
resistance consideration and it was assumed that the GNRs join both electrodes from

drain to source to compute N, i.e., N = w/Ly.

While the GNRs were not aligned unidirectionally from the source to the drain elec-
trodes, the real channel length, i.e. the length of the GNRs connecting source and drain
electrodes, is not same as the distance between source and drain electrodes. So, a cor-
rection factor k£ needs to be considered in eq. 6.4 to calculate the career mobility in
the GNRs. To simply solve this problem, it is assumed that the lengths of the GNRs
are equal and the variations in lengths are compensated by the correction factor with
respect to the gap between the source and drain electrodes. From MEB observations it
was found that GNRs deviates from 1.2 to 1.5 times the standard channel length. As the
shortest GNR path heads for the FET characteristic values, it was estimated Leyr = k. L

with k the total correction factor equals to k ~ 1.22.
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If any bandgap between the valence and conduction bands is opened up in graphene, by
definition, this discontinuity exactly compensates the metal-graphene Schottky barrier
[26]. The off current I,s¢ exponential scales as exp(—q@parrier/kBT), then the bandgap
opening value Ej, induced by the patterning of the graphene can be calculated from the

analogous Arrhenius equation [27],

Eyg

fon _ (') (6.5)

Lofs

where I,, and I,;s are respectively the maximum measured and the minimum cur-
rent measured in the transcharacteristics curve, ¢ is the electron charge, @pqrrier is the
Schottky barrier height, E, is the energy gap in eV, kg is Boltzmann constant and 7" is
temperature at which the experiment was performed. This method easily links electrical
properties with the intrinsic material property E,;. Then, from Figs. 6.6d and 6.7b the

energy bandgap opened up in graphene by structuration was calculated.

Table 6.1 resumes the average values from the electrical characterization measure-
ments. Additional average values using a 3pum channel lenght with the PTP method are
included. Bandgap values were calculated using eq. 6.5. Regarding the mobility values,
they were computed, for comparison, using both the oxide capacitance from eqs. 6.2

and 6.3 in parenthesis.

Table 6.1.: Experimental average values of the electrical characterizations of GNRs.

Contact depo- L x W Measurements
sition (1um?)
Ion/Iosy E;, (meV) Mobility
(cm? Vs1)
Transfer 2x 30 3+0.7 28.2+6 141.9 (43.7)
Transfer 3x30 2+0.3 17.8+4 83.1 (25.6)
Photolithography 4 x 15 3.7+£0.3 33.6 2 157.7 (48.5)

The bandgap values E,; exhibited in table 6.1 fluctuate from ~ 17.8 to ~ 33.6 meV, as
the I,, /I, ratio approximately fluctuates from 2 to 4. A decrease in the mean on-to-off
ratio value for the channel length L = 3um was noticed with respected to L = 2um.
Best values in E; were found with L = 4pm, where the metallic contacts were deposited
by photolithography. Pd contacts have a lower metal-graphene junction resistance than

Au, which may explain differences in the I,,/I,f¢ trend [10]. These Io,/Ioff values are
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even comparable with the literature, in the case where long carrier paths were measured
at RT, around 10pm with a on-to-off of 5-10 [23]. Due to differences in the experimental
conditions between the two contact deposition methods, it is not possible to evaluate
a direct influence on the electrical properties coming from the direct spin-coating of
the photolithography resist that could contaminate GNRs after the cleaning with Ho

plasmas.

In chapter 3, the empirical law used to link the bandgap opening and the GNR width
was shown. This formula uses both the £, values showed in table 6.1, GNRs width w
estimated by AFM and Raman spectroscopy (11 4+ 1 nm), and it is resumed in the

simple relation:

a=FE; w (6.6)

where w is GNR average width in A Angstrém and E, is the energy gap in electronvolts.
Further numerical models place « in the range from 0.3 to 3 [18, 28, 29]. From table

6.1, experimental « values are in the range from 0.8 to 2.5.

As the empirical « value falls in this range, it is a qualitative electrical proof of the
presence of GNRs, and that conduction is lead by these nanostructures. This method
may seem trivial, but is very useful to demonstrate the quality of the GNRs fabricated,
as higher o values concedes larger F, values. A preliminary extrapolation suggests
w ~ 7 nm to reach functional FET at E; ~ 0.4eV, keeping constant the same o value.
Nevertheless, as the a value is extremely sensitive to the nature of edges, crystallographic
orientation of the GNR and the bonded functional groups [29], experimental value of «

risks to be irreproducible.

The same trend is observed for the mobility values, as it falls down from 141.9 to 83.1
cm?/(V- s) with an increased channel length from 2um to 3pm, which was unexpected
according to eq. 6.4. Better mobility values were found for the channel lenght L = 4pm
corresponding to 157.7 cm?/(V- s). They are comparable to the CNTs (150 cm?/(V- s)
[30]) or the polycrystalline Si (100 cm?/(V- s) ) but far of the crystalline Si (1400
cm?/(V- s)) or even pristine CVD graphene on SiOy (3760 cm?/(V- s) [31]). Mobility
values in parenthesis, usually lower, correspond to the corrected values when the edges
effects are considered in C,,; (eq. 6.3), that shows again the crucial role of the edges

for determining in the optoelectronic properties of the GNRs. This phenomenon raises
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questions about the scattering mechanism of the electrons in the GNRs at RT for long

mean free paths (Aypp > 1pum) [32].

Table 6.2.: Contribution to the patterning of graphene by PS-PDMS BCP lithography.

Width (nm) Carrer mobility Bandgap  I,,/I,;y Dimension Reference

(cm?/(V- s)) (meV) (Ixw pm?)
8 7 95 0.1x0.05  [33]
8 287 13 10x5 [23]
9 120 5 2.4x1.4 [14]
11 48.5 36 4 4x15

Electrical characterization was initially used as a qualitative tool in the demonstra-
tion of the patterning of graphene by the PS-PDMS BCP lithography. Moreover, it was
showed that the fabricated device had characteristics comparable to most of literature
GNR-based devices, which gives a good reason to confirm the quantitave description
made. Table 6.2 compares best characteristics from this work, with the GNRs fabrica-
tion studies using the PS-PDMS BCP. Besides, the impact of the disorientated GNRs on
electric performances could be definitely improved, as irregular paths and lateral rough-
ness are corrected. Indeed, they may be responsible for the random charge localization
at the edges, explaining the low switching capability observed. This is added to the
bulk effects, including substrate imperfections and graphene multilayers existence which
undoubtedly adversely affects apart edge defects like unwanted molecules bound to the

carbon at borders and edge reconfigurations [34, 35].

6.4. Summary

After the definition of a fabrication procedure for GNRs arrays on SiO2 by high-y BCP
lithography in the 10nm-width regime, patterned graphene was characterized on large
surfaces using a Raman mapping tool. By the Cancado relation, the analyzed area (100
pum?) was covered by a GNR matrix with channels widths of 11 4+ 1 nm. It matches
perfectly with the mean width already found by AFM profiles (fig. 5.10). Contact
deposition was achieved by contact photolithography and a innovative photolithography
pattern transfer method to avoid direct photoresist deposition on the GNRs, for electrical
characterization of the fabricated structures. The highly nonlinear I-V relationship,
indicated the emergence of a semiconductor behavior (or band gap widening) by the
lateral confinement effect through the GNRs. The best I,,/I,f was ~ 4 for a 4 pum
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drain-source separation, which is comparable to some measurements in literature at
RT and pressure. Cleaned GNRs fabricated here are expected then to show better
conductance characteristics, with a direct self-assembled PS-6-PDMS and within lower

drain-source separations to avoid career scattering and improve the lateral confinement.
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7. Conclusion and outlook

Conventional photolithography has been for a while the key technique for patterning in
microelectronics. However, due to integrated circuits process requirements for features
sizes below 50 nm, the achievable photolithography resolution encounters some physical
limitations. Alternative nanopatterning techniques are at the heart of the technological

research in order to keep the downsizing of the well-known Moore’s law.

BCPs have the particular property to self-assemble into ordered periodical struc-
tures. These macromolecules, in association with standard photolithography, represent a
promising approach as an alternative advanced patterning technique in microelectronics.
This way, the downsizing of ICs can be kept up. BCPs with high chemical incompatibil-
ity between their blocks exhibit a high value of the Flory-Huggins interaction parameter
X. The BCP theory predicts periodical features sizes with high-y BCPs of only few

nanometers.

This thesis explored the potential of the high-y PS-b-PDMS self-assembly as a possible
candidate to develop a next-generation BCP lithography, versus the current low-y BCPs,
usually PS-6-PMMA, which is not capable to attain half-pitch dimensions below 20
nm. Lithography performances of PS-b-PDMS thin film masks are demonstrated on
Si and graphene substrates. This latter material, having special needs of patterning,
was particularly deepened. In order to facilitate the implementation of the PS-b-PDMS
BCP lithography in industry, a special attention was put in the development of reliable

industry-compatible processes.

In chapter 2, the influence of PS-selective plasticizers on the self-assembly process of
cylindrical and spherical PS-b-PDMS was studied. Block copolymers forms PS-6-PDMS
micelles in solution with a hydrodynamic diameter D}, commensurable with their natural
period length L. Physical properties of plasticizers such as negligible vapor pressure
and high PS selectivity promote a high lateral motion of chains, and consequently, a

significant enhancement of the PS-6-PDMS self-assembly kinetics. Well-ordered hexago-
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nal spheres could been obtained in a one-step coating process, without any post-coating

annealing.

Afterwards, using cylindrical polymers, the evaporation of plasticizer via thermal an-
nealing allows a fast morphological transition from the metastable spherical state to its
stable cylindrical morphology. After 30 s of annealing, well-aligned cylinders were ob-
tained. Among the tested plasticizers, DOA resulted in the best compromise between
evaporation rate and PS-selectivity. In this way, a practical method to make block
copolymer lithography a high throughput process was demonstrated and we illustrate

its applicability to fabricate high-resolution structures on large surfaces.

After showing the lithography principle on Si with different PS-b-PDMS thin films
(70kg/mol and 45.5kg/mol) in chapter 2, with features sizes in the order of 30 and 25
nm respectively, attention was focused on the patterning of new emerging materials.
Indeed, chapter 3 gave the main concepts to understand issues of graphene patterning,
i.e., narrow structures of graphene need to be created for bandgap opening in graphene
by lateral confinement (< 10nm) of the Dirac electrons which generates a transition to
semiconductor from its intrinsic semi-metal behavior. Then, GNR could be envisaged
as FET channels in IC.

In this context, the patterning with high-y PS-6-PDMS responds to the demand for
ultra-high-resolution patterning of graphene. Few studies have been led on GNRs fab-
rication using high-x BCP and more studies are needed to raise several unanswered
questions. From a nanofabrication point of view, GNRs should ideally be fabricated on
large areas with CMOS-compatible processes at a sub-10 nm resolution with a controlled

chemical quality and edge structure.

So as to obtain a sub-10 nm hard mask for graphene patterning, the self-assembly of
10 nm resolution PS-6-PDMS was studied in chapter 4. This hard task was investigated

within three approaches:

e the use of a underlayer as an intermediate transfer layer
e direct spin-coating and self-assembly on graphene

e the directed self-assembly with a soft graphoepitaxy approach (guiding of the BCP

by removable polymer lines)
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In the underlayer approach, the idea was to protect the graphene layer during pat-
terning with a material that can be easily cleaned from the graphene surface. Different
materials from polymers to high-x dielectrics were tested. Calculations of the correla-
tion length were implemented in order to quantify the PS-b-PDMS self-assembly on the
stack BCP /underlayer/graphene. In all cases, a low self-assembly quality was attained
(correlation length £ ~ 3050 nm). As the correlation length represents the exponential
decay of the correlation function, it is frequently interpreted as the average length of the

polymer grains, which is considered insufficient here for any device development.

Better results in the self-assembly were obtained with a direct spin-coating and as-
sembly on graphene. A thermal pre-annealing step of the graphene layer at 170 °C under
vacuum was implemented before self-assembly. It is shown by contact angle and Raman
spectroscopy measurements that this pre-annealing step modifies the chemical affinity of
the CVD graphene without introducing an important amount of disorder in the graphene

structure.

In spite of self-assembly improvement, a PDMS wetting layer is still present at the
BCP /graphene interface, which is detrimental for etching experiments. It is shown by
the Good and Girifalco surface energy model that, by heating CVD graphene at higher
temperatures, it is likely to favor the PS wetting by an enhanced surface energy mod-
ification of graphene. Experimental results obtained by SEM and STEM observations
proved this statement. Finally, at the same time, a desired morphology of the PS-b-
PDMS thin film was obtained (PS wetting on graphene) and improvement self-assembly
quality (£ ~ 300 nm).

For the directed self-assembly of PS-b-PDMS, a soft-graphoepitaxy process on graphene
was developed using a lift-off resist in order to create removable guiding lines. Never-
theless, high line roughness on guiding lines affected the directed self-assembly of the
PDMS cylinders. Moreover, a likely high affinity of the PDMS with the guiding resist
orientated the self-assembled PDMS cylinders perpendicularly, resulting in inadequate
results through this approach. In the following, the PS-b-PDMS lithography mask devel-
oped by the direct spin-coating approach was used in the study of graphene patterning
by plasma etching.

In chapter 5, the patterning of graphene through BCP lithography was studied. The
understanding of plasma etching allowed the patterning of graphene with a BCP mask
taking account the selectivity of the mask and the etching rate. Physical type etching
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avoids a lateral etching of graphene during transfer versus the chemical type etching
which seems to etch the underneath graphene is demonstrated in further electrical char-

acterization.

Analysis of the graphene structuration was supported by usual carbon characterization
techniques. Raman is as a practical tool with a graphene footprint in the characteristics
G and 2D peaks. The appearance of the D peak was a key element as it is interpreted as
edges defects of the graphene ribbons. AFM allowed to determine dimensions of GNRs,
where the center of the Gaussian distribution of height and width where located at ~ 5
A and ~ 11 nm.

The question about the chemical quality and cleanliness of the GNRs was raised
during this thesis. For this GNRs were cleaned after mask stripping with hydrogen
plasmas. Indeed, polymer materials are used both for the transfer of CVD graphene to
Si0g substrates (PMMA) and for graphene pattering (PS-b6-PDMS) and these represent
an important source of amorphous carbon contamination. Moreover, the etching of
graphene with oxygen-based plasma generates recombination at the edges which p-dopes
the graphene structures. XPS measurements showed the efficient removal of the carboxyl,
C-O and amorphous carbon species. XPS quantification determined also the reduction
of the sp? carbon which approximately matches with the expected graphene removal
amount after patterning with the PS-6-PDMS lithography mask. Hydrogen plasmas
presented here showed an efficient and smooth way to clean and tailor GNRs. The
complementarity of the carbon analysis techniques used allowed to prove the patterning
of graphene, meanwhile electrical characterizations where performed in order to confirm

this statement.

Fabricated GNRs arrays on SiOg were then further characterized on large surfaces
using a Raman mapping tool. The Cancado relation allowed to calculate the defects
length Lp, which is interpreted as the GNRs width. It was found that the analyzed area
(100 um?) was covered by a GNR matrix with channels widths of 1141 nm. It matches
perfectly with the mean width found by AFM profiles.

Finally, metallic contact deposition was achieved by contact photolithography and
an innovative photolithography pattern transfer method (to avoid direct photoresist
deposition on the GNRs) for an electrical characterization of the fabricated structures.
In both methods of contact deposition, a highly nonlinear I-V relationship was measured,

indicating the emergence of a semiconductor behavior (or band gap opening) by the
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lateral confinement effect in the GNRs. The best on-off ratio measured was ~ 3.7 for a 2
pm drain-source separation, which is comparable to some measurements in the literature
at room temperature and pressure. Cleaned GNRs fabricated here would certainly show
improved conductance characteristics within a shorter drain-source separation device,

avoiding career scattering and improve lateral confinement.

Future works

Future works on the study of the PS-6-PDMS self-assembly includes a more detailed
understanding of the plasticizer mechanism on the self-assembly, this notoriously for a
possible generalization of the use of plasticizers in other high-y BCPs systems which
are technologically interesting to fabricate sub-10nm structures. Additionally, a better
understanding of this mechanism could overcome/improve the problem of defects, which
is an important issue is directed self-assembly. The works on plasticizers were highly
innovative in a context where the thermal self-assembly kinetics of high-y BCPs are
incompatible with the high throughput demanded by the semiconductor industry. At the
same time, these results are promising as well for other fields needing resolute structures

on large surfaces such as solar panels, photocathodes or bit patterned media.

On the graphene side, fabricated structures are actually subject to an atomic resolution
characterization via low-voltage TEM observations. The key role of the edges in the
GNRs properties requires a precise control of the edges (orientation, roughness and
doping). This has to be characterized and controlled. For this, efforts must be focused
on the plasma technology which is the most adapted technology to laterally smooth
and or functionalize graphene and its related materials at the atomic scale. Indeed, the
doping of GNRs in one of the essential future works on GNRs, as the functionalization

of the edges may bring new electrical and physical properties.

Field effect transistors characteristics based on GNRs are surely to be optimized by
using directional GNRs channels and adapted metallic electrodes to generate improved
responses (higher I,,/I,r7). The here developed soft-graphoepitaxy could be used to
optimize the directed self-assembly (perpendicularly to the trenches then), and deposit
contacts. The other possible path is a first deposition of the metallic electrodes, before

the BCP spin-coating on graphene.

Beyond microelectronics, GNRs are expected to find a broad ranges of applications in
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the field of electrochemical sensors such as high sensitivity chemical or gas sensors due
to the strong chemical reactivity of the edges. Another promising field in which GNRs
may find applications is in bioanalysis, by the specific recognition of biomolecules such
as proteins, enzymes and DNA. These applications do not need directed GNRs array, so

the already fabricated structures could be used for these kind of devices.

The lithography procedure developed in this thesis may also be generalized to fabricate
different graphene nanostructures such as graphene nanomeshes or quantum dots, to ex-
tend the potential applications. PS-b-PDMS could be used as a generic lithography mask
to generate desire nanostructures: by changing the self-assembly procedure, one could
make use of different metastable morphologies (spheres, cylinders, perforated lamellae).
Finally, other 2D materials such as monolayer transition metal dichalcogenides, or a com-
bination of them, needs also high resolution patterning methods to exploit or readapt
their characteristics such as in thermoelectricity, photonics, optoelectronics and energy

applications.
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Analytical tools are gaining attention in the area of directed self-assembly in order to
measure the quality of a BCP pattern [1]. Since then, a toolbox of techniques have been
created, capable of analyzing critical features such as the defect density, correlation
lengths, Line edge roughness (LER) and Line width roughness (LWR) [2, 3].

The quality of the structure formed from an initial BCP thin film can be quantified
beyond a qualitative description. The quantification of order uses the correlation lengths
to measure the “grain sizes” defined by the self-assembled structures. Here, the method
to calculate the correlation lengths is detailed for a spherical-forming and a cylindrical-
forming BCP.

Orientational maps

The first step in the correlation length calculation, is to obtain an orientation map from
the raw SEM image, where the grain sizes are delimited, meanwhile the method varies

for a sphere network and for lines (horizontal cylinders). Both are obtained as follows.

Orientational map from spheres

For calculating the orientational field from spherical morphologies, the general procedure
described by Harrison at al. was followed [4, 5]. A Matlab routine was created to

implement this procedure.

In the Matlab program ‘orientation_field_calculation’;, a 8-bit grayscale images was

used (fig. A.la), which was inversed to get black discs.

A function named ‘comptage_billes’ was used, with different arguments which calls
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a Matlab function named ‘imfindcircles’. This function is able to detect discs in the
image and to calculate the centers of these black discs (fig. A.1b). Then, a Delaunay

triangulation between these centers is applied (fig. A.lc).

The orientation of each hexagon (mean angle of its 3 main diagonals, value between
0 and 7/3) was calculated. Then, the orientation field was interpolated to plot the
orientational map (fig. A.1d).

Orientation_field_calculation.m

%% Working directory definition
wd = 'C:\...\"';

%% Image Name, it must be a grayscale 8 bit image

IMname = 'image';

%% Image reading
IM = imread([wd,IMname,'.TIF']);

%% Orientation Field Saving

ims = ['Orientation_field_', IMnamel];

%% Color inversion to get black beads
IM2 = 255-1IM;
imwrite (IM2, [wd, IMname, ' _INV.TIF']);

%% CIRCLES CENTER DETECTION
%% Function calling "comptage_billes", use 'imfindcircles';
nom_im = [IMname,'_INV.TIF'];

gamma = 1;

method = 'PhaseCode'; %% COMPUTATION METHOD

dmin = 2; %% MINIMUM DIAMETER OF THE DETECTED CIRCLES
dmax = 4; %% MAXIMUM DIAMETER OF THE DETECTED CIRCLES
sens = 0.99; %% SENSITIVITY OF THE
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edth = 0.05; %% EDGE GRADIENT THRESHOLD

%% Center calculation with 'comptage_billes'
centers = comptage_billes(wd,nom_im,dmin, dmax,sens, gamma,
method , edth) ;

%% DELAUNAY TRIANGULATION

DT = delaunayTriangulation(centers);
figure () ;

imshow (IM) ;

hold on

triplot (DT);

%% List of triangles
DTC = DT.ConnectivityLlist;

%% HEXAGONS ORIENTATION CALCULATION

%% Results are in 'POINT' variable defining center,
coordinates and main angle of hexagones

POINT = nan(length(DT.Points) ,4);

POINT(:,1) = 1:1length(DT.Points);

POINT(:,2:3) = DT.Points;

%% Regularity of hexagons
OCTR = zeros(l,length(DT.Points));

%% ORIENTATION CALCULATION
for itr = 1:1length(DT.Points) %% Hexagon loop
IDtri = vertcat(find(DTC(:,1)==itr),find (DTC(:,2)==itr),
find (DTC(:,3)==itr));
if (length(IDtri) == 6) %% Hexagon test
Coor0 = DT.Points (itr,:);
IDpoint = DTC(IDtri(1l),:);
for j = 2:6
IDpoint = horzcat (IDpoint ,DTC(IDtri(j),:));

end
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= unique (IDpoint);

= IDpoint (find (IDpoint ~= itr));

if length(IDpoint)==

hhoTo

angle calculation

theta = zeros(2,6);

theta (1, :)

for

IDpoint (1,:);
1:6

itheta

h'h

ID

X = DT.Points (IDpoint(itheta),:)-Coor0;

Y = X(1)+i*xX(2);
theta(2,itheta) = angle(Y);

end

%% Angles sorting

theta = transpose (theta);

theta = sortrows (theta,2); %% Angles from
Pi

%% Excluding irregular hexagons

min

for

end
if

t = 2xpi+theta(l,2)-theta(6,2);
ih = 1:5

-Pi TO

mint = min(mint, theta(ih+1,2)-theta(ih,2));

mint > 0.5 %% angle calculation only if

regular hexagon
O0CTR(itr) = 1;

%% vertex coordinates of hexagon
X = POINT(IDpoint (1) ,2);
Y = POINT(IDpoint (1) ,3);
for ii = 2:6
X
Y

end

horzcat (X,POINT (IDpoint (ii) ,2));
horzcat (Y,POINT (IDpoint (ii) ,3));

%% angles of the 3 main diagonals of the
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hexagon

VECT = [POINT(theta(4,1),2)-POINT(theta
(1,1),2) ,POINT(theta(4,1),3)-POINT(
theta (1,1),3)];

V1 = VECT(1)+i*VECT (2);

VECT = [POINT(theta(5,1) ,2)-POINT(theta
(2,1),2) ,POINT(theta(5,1) ,3)-POINT(
theta(2,1) ,3)];

V2 = VECT(1)+i*VECT (2);

VECT = [POINT(theta(6,1) ,2)-POINT(theta
(3,1),2) ,POINT(theta(6,1) ,3)-POINT(
theta(3,1),3)];

V3 = VECT(1)+i*VECT (2) ;

bl = angle(V1);

b2 = angle(V2);

b3 = angle(V3);

[b1,b2,b3];

o’
]

%% angle between O and 2Pi
if b3 < 0
b3 = 2*pi+b3 ;

end

%% mean angle
POINT(itr,4) = mod(mean([bl,b2-pi/3,b3-2%
pi/31),pi/3);
POINT (itr ,4) = pi/3-POINT (itr,4);
end
end
end

end

%% ORIENTATION FIELD PLOT
%% x, y, z coordinates
X=POINT(:,2);
Y=POINT(:,3);
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Z=POINT(:,4);

%% uniform grid
idxgood="(isnan(X) | isnan(Y) | isnan(Z));

[xx,yy] = meshgrid(l:size(IM,2) ,1:size(IM,1));

%% nearest neighbor interpolation
CI = griddata( X(idxgood),Y(idxgood) ,Z(idxgood), xx, yy , '

nearest') ;

%%h plot

iptsetpref (' ImshowBorder','loose');

figure ()

imshow (CI,[], 'Colormap',hsv(256));

hcb=colorbar;

caxis ([0 pi/3]1);

set (hcb, 'YTick',[0 pi/12 2%pi/12, 3*pi/12, 4xpi/12])
set (hcb, 'YTickLabels',{'0','Pi/12"','Pi/6"','Pi/4"','Pi/3"'})
title (hcb, 'Angle ')

set(gca, 'YDir', 'reverse')

x1im ([0 size(IM,2)1])

ylim ([0 size(IM,1)1)

print ([wd,ims], '-dpng');

%% plot without border
iptsetpref (' ImshowBorder ', 'tight');
figure, imshow(CI,[],'Colormap',hsv(256));
print ([wd,ims, ' _noborder '], '-dpng');

Orientational map from horizontal cylinders

The ImageJ plug-in OrientationJ was used for directional analysis in cylinder-forming

BCP networks. This plug-in is based on the evaluation of the structure tensor in a local
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Figure A.1.: Analysis of a spherical block copolymer thin film: (a) Raw image of the
spherical-forming block copolymer. (b) Inversed image to calculate the
center of every sphere. (c) Delaunay triangulation of the spherical network.
(d) Color map of the lattice orientation.
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Figure A.2.: Orientational maps from different morphologies: (top) from a spherical-
forming block copolymer, the colors of the spectrum indicate a range from
0 to 60 °. (bottom) from a cylindrical-forming block copolymer where the
orientation colors indicate a range from 0 to 180 °.

neighborhood to characterize the orientation properties of a region of interest in a SEM

image. A full theoretical background description is given by Piispoki et al. [6].

The “visual representation of the orientation” OrientationJ functionality was used to
obtained the orientational field. The image analysis was launched by selecting a color
survey with orientation hue, coherency saturation and Original-Image brightness, which

automatically displays the orientational map plot.

Orientation correlation function

To evaluate the degree of ordering in the system, the orientational correlation function
g(r,t) is calculated. From the set of orientation angles, the correlation function is defined

as

g6(r, t) =< exp{6i[0(T + 7', t) —0(7", t)]} > (A.1)

Eq. A.1 applies in a sphere network, where 9(7) is the local hexagon orientation,
determined by the real space in the Delaunay triangulation. For simplicity, eq. A.1l
could be redefined as [7],
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Figure A.3.: Correlation length calculation. (a) 8-bit grayscale image of the orientation
map. (b) Plot of the corresponding correlation function, fitted as exp(r/¢)
to calculate the correlation length &.

g6(r) =< cos[60(r) — O(r')] >=< cos(656) > (A.2)

or in the case of cylinders [8],

g2(r) =< cos(260) > (A.3)

In both cases, the roughly exponential decay of the orientational correlation function

allows to fit the correlation function G(r) as,

g(r) ~ exp[—g] (A.4)

The parameter ¢ is defined as the orientational correlation length. The average grain
size is computed when g(r) decays at 1/e, i.e. ¢ is the distance over which the mean

nanoscale morphologies are coherent, aligned along a particular direction [9].

An ImageJ macro was used to calculate the average autocorrelation of a binary orien-
tational map image [10], then the plot was fitted as an exponential curve to obtain the

& value.
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B. CVD graphene & analysis

Graphene growth

There are two different approaches to prepare graphene. On the one hand, graphene can
be detached from an already existing graphite crystal, the so-called exfoliation methods.
On the other hand, the graphene layer can be grown directly on a substrate surface [2].
The first reported preparation of graphene was by exfoliation using a simple adhesive

tape.

For large surfaces applications, the graphene growth by chemical vapor deposition
(CVD) is privileged, as it allows an uniform growth even on 4-inch wafers. For this, an
initial growth substrate is exposed to a gas mixture of Hy, CH4 and Ar at about 1000
° C [3]. In the CVD process, grosso modo, the CH4 decomposes on the surface, so that
the hydrogen evaporates (fig. B.1). The carbon diffuses into the substrate, usually Cu,
which has a mismatch of the lattice constant at about 1.3 % with graphene lattice. After

cooling down in an Ar atmosphere, a graphene layer grows on the surface [4].

If the desired working substrate is other than Cu, a transfer step is required in order
to separate graphene from the catalyst metal substrate and move it to an arbitrary
substrate. Polymer supported transfer methods are being developed along with and
specifically for CVD graphene synthesis [5, 6]. PMMA is a widely used polymer carrier
for CVD graphene transfer [7]. PMMA is easily spin coated on graphene and moved to
any target substrate by etching away Cu in Fe(NOs)3 or FeCls.

During this thesis, CVD grown graphene on 4-inch SiOy wafers was used. They were
directly purchased from Graphenea. The as-received graphene was properly character-

ized by the main carbon characterization techniques, detailed below.
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Figure B.1.: Method of graphene synthesis on evaporated copper: substrates are first
immersed in acetic acid at 35 ° C for 10 min and then quickly loaded into
the reaction chamber. Samples are then exposed to 200 sccm Ho at ~ 2
Torr while heating. Growths are carried out for 20 min at 1000 ° C under
200 sccm Hg and 875 sccm CHy at ~ 11 Torr. Adapted from [1].

Analysis of carbon

Optical and scanning electron microscopy

Particularly for CVD graphene on a thick SiOo substrates > 100nm, it is possible to
identify graphene films by simple optical microscope observation. Optical constrast with
the SiOy substrate allows to distinguish multilayers from graphene monolayers. Fig.
B.2a shows an optical image of the as-received CVD graphene from Graphenea. This
graphene present the formation of multilayers at the grain boundaries. Consequently,
this has an implication on the fingerprint Raman spectra. This is confirmed by SEM

observations, showed in fig. B.2b.

X-Ray Photoelectron Spectroscopy

XPS relies on the detection of characteristic photoelectrons emitted from the sample sur-
face upon exposure to X-rays to identify elements and their bonding characteristics and
local environment. When X-rays are absorbed by a sample, their energy will contribute
to (Fig. B.3a), including to
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Figure B.2.: Observation of the as-received CVD graphene on 300nm thermal growth
SiO9 from Graphenea. (a) Optical top-view image and (b) SEM top-view
image.

1. break the bond between electrons and the atom, also known as the binding energy,

2. provide sufficient kinetic energy to the photoelectrons located nearest to the surface

to escape from the surface of the sample, and

3. provide excess kinetic energy to the ejected photoelectrons in vacuum

The main characteristic parameter is the binding energy, which allows to identify ele-
ments and their binding environment [8]. The characteristic peak of carbon C 1s appears
in the range of 283 eV to 290 eV, and it can be decomposed into several components
depending on the structure of carbon and other existing elements (Fig. B.3c). C-C
bonds are revealed by three peaks [9]: a peak from sp? hybridized atoms appearing at
284.3 4 0.30 eV and another representing the sp? hybridized atoms appears at 285.0 +
0.40 eV, beside an sp' peak that appears at 283 eV.

Peaks from carbon oxygen bonding can appear at higher binding energies than pre-
vious peaks, each referring to a different state of bonding. These peaks were identified
as C-O appearing around 286.5 eV, C=0 appearing around 287.0 eV and carboxylic
(O=C-0O) group appearing around 289 eV [10], respectively . The C-H peak, observed
in hydrogenated graphene samples [11], was reported to appear close to the positions as
sp® connected carbon atoms C-C (~ 286 eV). The C-O peak in XPS can refer to either
epoxy or hydroxyl groups decorating the basal plane, while C=0 indicates ketons and
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Figure B.3.: X-ray Photoelectron spectroscopy of graphene from Graphenea: (a)
Schematic representation of the photoelectric effect, adapted from the CC
image [13], (b) element survey and (c) the Cls peak.

quinines at the edges of the sheet or carbonyl groups in the basal plane [12].

Raman Spectroscopy

Raman spectroscopy is the most versatile and common method used to fingerprint car-
bon [14]. Raman is based on the interaction between photons and molecules, whereby
they are irradiated with a monochromatic laser beam that excites molecules, causing
them to vibrate and irradiate a photon with a different energy, based on photon-phonon
interactions. Upon excitation of the atoms to a higher level, they either return back to

their original state in what is known as Rayleigh scattering (elastic), or to a different
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energy level with either higher (Stokes) or lower (Anti-stokes) energy than the initial
state. The latter two processes are inelastic and are known as Raman scattering (Fig.
B.4a).

The two main peaks that defines a graphene spectrum are the so-called G-peak and
the D-peak (Fig. B.4b). The G peak, which exhibits a single peak only appearing
at 1570 cm ™!, results from in-plane stretching of the sp? bonded carbon (inset of Fig.
B.4b). The position of this peak is sensitive to the structure of graphene and changes

according to the level of disorder and can vary between 1565 cm ™! and 1600 cm ™! [15] .

The D peak centered at 1355 cm ™! is caused by the breathing mode of aromatic carbon
atoms (inset of Fig. B.4b), which vanishes for graphene and becomes active only when
defects or discontinuities in the symmetry of the network exist. The D’ peak at ~ 1620
cm ™! appears in graphene, and its intensity is correlated to the degree of disorder in the

sample similarly to the D peak [15] .

The peak at 2700 cm ™! is known as the 2D peak, a second-order overtone of a different
in-plane vibration and it becomes more intense with increasing graphene quality, up to
I(2D/G) ~ 2 [16]. The 2D peak is especially relevant in studies involving graphene,
especially in determining the number of graphene layers. Due to the presence of graphene
multilayers uniformly distributed on the whole monolayer graphene, it causes a decrease
in the mean I(2D/G) to ~ 1.3 (fig. B.4b).

Atomic Force Microscope

Atomic force microscopy (AFM),in particular, is used extensively since it provides three-
dimensional images that enable the measurement of the lateral dimensions of graphene
films as well as the thickness, and by extension the number of layers present. However,
in the literature, AFM has proven to be inaccurate with a wide range of measured values
for single layer graphene thickness (between 0.4 and 1.7 nm). This discrepancy has been
attributed to tip-surface interactions, image feedback settings and surface chemistry
interaction with the AFM tips [18].

As-received graphene from Graphenea was imaged by an AFM. Fig. B.5 show the top
view image by AFM, where it is possible to better distinguish the grain boundaries of
graphene crystals, the characteristic wrinkles in CVD graphene and also the multilayers

regions, already observed before by optical microscopy.
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Figure B.4.: Raman spectra of CVD graphene: (a) Energy-level diagram showing the
states involved in Raman spectra, image under CC [17]. (b) fingerprint Ra-
man spectra of the CVD graphene from Graphenea. Inset figures schemat-
ically represent the vibration mode of carbon atoms, consisting of the
stretching mode causing the G peak (right) and the breathing mode causing
the D peak (left). Mean intensity peak ratio is evaluated at 1(2D/G) ~ 1.3.
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Figure B.5.: AFM image of the as-received graphene from Graphenea. The image was
treated with Gwyddion software for flatten level and scars reduction.
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C. Résumé

La photolithographie conventionnelle a toujours été la technique clé pour la structura-
tion en microélectronique. Cependant, en raison des exigences continues de réduction
des tailles des circuits intégrés, aujourd’hui inférieures a 50 nm, la résolution de la
photolithographie rencontre certaines limitations physiques. Afin de maintenir la bien
connue loi de Moore, le développement de techniques alternatives est au cceur de la

recherche technologique.

Les copolymeres a blocs (BCPs) ont la propriété particuliere de s’auto-assembler
en structures périodiques ordonnées. Ces macromolécules, en association avec la pho-
tolithographie standard, représentent une approche prometteuse en tant que technique
de lithographie alternative avancée en microélectronique. De cette fagon, la course a
la réduction des dimensions des circuits intégrés (ICs) peut étre maintenue. Les BCPs
présentant une forte incompatibilité chimique entre leurs blocs présentent une valeur
élevée du parametre d’interaction de Flory-Huggins x. La théorie des BCPs prédit alors

des périodes caractéristiques qui peuvent étre aussi petites que quelques nanometres.

Cette these explore le potentiel de 'auto-assemblage du polymere a haut xy PS-b-
PDMS en tant que candidat possible pour développer une lithographie par BCP de
nouvelle génération, par rapport au plus courant PS-5-PMMA, dont la résolution est
limitée a environ 20 nm. Les performances lithographiques de masques de PS-b-PDMS
sont démontrées sur des substrats de Si et de graphéne. Ce dernier matériau, ayant des
besoins particuliers de structuration, a été particulierement approfondi. Afin de faciliter
la mise en ceuvre de la lithographie par BCP dans I'industrie, une attention particuliere
a été portée au développement de procédés fiables et compatibles avec I’environnement

microélectronique.

Dans le chapitre 2, I'influence de plastifiants, sélectifs pour le bloc PS, sur le pro-
cessus d’auto-assemblage de PS-b-PDMS cylindriques et sphériques, a été étudiée. Les

copolymeres a blocs forment des micelles de PS-b-PDMS en solution avec un diametre
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hydrodynamique D; commensurable avec leur période naturelle Lg. Les propriétés
physiques des plastifiants telles qu'une pression de vapeur réduite et une sélectivité
élevée pour le PS, favorisent un mouvement latéral des chaines et, par conséquent, une
amélioration significative de la cinétique d’auto-assemblage du PS-6-PDMS est observée.
Des arrangements hexagonaux bien ordonnées ont pu étre obtenus juste apres le dépot

du polymere sans aucun recuit.

Ensuite, en utilisant des polymeres cylindriques, I’évaporation du plastifiant par recuit
thermique permet une transition morphologique rapide de 1’état sphérique métastable
vers la morphologie cylindrique stable. Aprés 30 s de recuit, des cylindres bien alignés ont
été obtenus. Parmi les plastifiants testés, le DOA a donné le meilleur compromis entre
le taux d’évaporation et la sélectivité pour le PS. De cette maniere, un procédé pratique
et tres rapide pour faire de la lithographie par copolymere a blocs a été démontré et
nous illustrons son applicabilité pour fabriquer des structures a haute résolution sur de

grandes surfaces.

Apres avoir montré le principe de la lithographie sur Si avec différentes couches minces
de PS-PDMS (70 kg/mol et 45.5 kg/mol) dans le chapitre 2, avec des tailles de ’ordre
de 30 et 25 nm respectivement, 'attention a été centrée sur des matériaux émergents.
Le chapitre 3 donne les principaux concepts pour comprendre les problématiques du
graphene. Par exemple, des nano-structures de graphéne doivent étre créées afin d’ouvrir
une bande interdite électronique dans le matériaux (intrinsequement semi-métallique)
par confinement latéral (< 10 nm) des électrons de Dirac. Effectivement, des nanorubans
de graphéne (GNRs) pourraient étre envisagés comme canaux dans les transistors a effet

de champ dans les circuits intégrés.

Dans ce contexte, la lithographie par PS-PDMS pourrait répondre & la demande de
motifs de graphéne a ultra-haute résolution. Peu d’études ont été menées sur la fabrica-
tion de GNRs en utilisant un BCP et d’autres études sont nécessaires pour répondre a
plusieurs questions sans réponse. Du point de vue de la nano-fabrication, les GNRs de-
vraient idéalement étre fabriqués sur de grandes surfaces avec des procédés compatibles
CMOS, a une résolution inférieure & 10 nm, avec une qualité chimique et une structure

de bords controlée.

Afin d’obtenir un masque dur de moins de 10 nm pour la structuration du graphene,
I’auto-assemblage de PS-b-PDMS avec une résolution de 10 nm a été étudié au chapitre

4. Cette tache difficile a été étudiée selon trois approches :
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e l'utilisation d’une sous-couche comme couche de transfert intermédiaire
e le couchage et 'auto-assemblage directement sur grapheén

e lauto-assemblage dirigé avec une approche de <soft graphoepitaxy>> (guidage du
BCP par des lignes polymeres amovible)

Dans 'approche de sous-couche, I’idée était de protéger la couche de graphene pendant
les étapes de lithographie avec un matériau qui peut étre facilement nettoyé sélectivement
de la surface de graphene. Différents matériaux allant des polymeres aux diélectriques
a haute valeur de k ont été testés. Des calculs de la longueur de corrélation ont été
mis en ceuvre afin de quantifier 'auto-assemblage du PS-6-PDMS sur I’empilement sous-
couche / grapheéne. Dans tous les cas, une qualité d’auto-assemblage faible a été atteinte
(longueur de corrélation & ~ 30—50 nm). Comme la longueur de corrélation représente la
décroissance exponentielle de la fonction de corrélation, elle est fréquemment interprétée
comme la longueur moyenne des grains de polymere organisés, ce qui est considéré comme

insuffisant ici pour tout développement de dispositif.

De meilleurs résultats d’auto-assemblage ont été obtenus avec un couchage et un auto-
assemblage directement sur le graphéne. Une étape de pré-recuit thermique de la couche
de graphene a 170 °C sous vide a été mise en ceuvre avant l'auto-assemblage. Il est
montré par des mesures de l'angle de contact et de la spectroscopie Raman que cette
étape préalable modifie 'affinité chimique du graphéne CVD sans introduire une quantité

importante de désordre dans la structure du graphene.

Malgré I'amélioration de ’auto-assemblage, une couche de mouillage de PDMS est
toujours présente a 'interface BCP / graphene, ce qui est préjudiciable aux expériences
de gravure. Le modele d’énergie de surface de Good et Girifalco montre que, en chauffant
préalablement le graphene CVD a des températures encore plus élevées, il est susceptible
de favoriser le mouillage du PS par une plus ample modification de son énergie de surface.
Les résultats expérimentaux obtenus par les observations SEM et STEM ont prouvé
cette affirmation. Finalement, la morphologie souhaitée du film mince PS-b-PDMS est
obtenue (PS mouillage sur graphéne) en méme temps qu'une amélioration de la qualité
d’auto-assemblage (£ ~ 300 300 nm).

Pour I'auto-assemblage dirigé du PS-PDMS sur graphene, un procédé de graphoépitaxie
a été développé en utilisant des lignes de guidage en résine. Néanmoins, la rugosité élevée

des lignes de guidage a affecté I'auto-assemblage des cylindres de PDMS. De plus, une
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forte affinité probable du PDMS avec ces lignes de guidage oriente les cylindres de PDMS
perpendiculairement, ce qui n’était pas recherché ici. Dans ce qui suit, c’est le masque
de lithographie PS-b-PDMS obtenu directement sur graphene sans lignes de guidage qui

est utilisé dans I’étude de la structuration du graphene par gravure plasma.

Dans le chapitre 5, la compréhension de la gravure plasma a permis de structurer le
grapheéne avec un masque de BCP en tenant compte de la sélectivité du masque et de la
vitesse de gravure. Une gravure plasma avec une composante physique plus importante
évite une gravure latérale du grapheéne pendant le transfert par rapport a une gravure
plus chimique qui semble graver le graphéne latéralement sous le masque. Ceci est

confirmé par les caractérisation électrique ultérieures.

L’analyse de la structuration du grapheéne a été suivie par les techniques habituelles
de caractérisation du carbone. La spectroscopie Raman est un outil performant pour
cela, avec une signature du grapheéne dans les pics G et 2D. L’apparition du pic D est
un élément clé car il est interprété comme les défauts de bords des rubans de graphene
et permet donc de remonter & leur dimension latérale. L’AFM a permis également de
déterminer les dimensions de GNRs : les centres de la distribution gaussienne de hauteur

et de largeur ont été mesurés & ~ 5 A et ~ 11 nm respectivement.

La question de la qualité chimique et de la propreté des GNRs a été soulevée au cours
de cette these. Pour cela, les GNRs ont été nettoyés aprés ’enlevement du masque avec
des plasmas d’hydrogene. En effet, des matériaux polymeres sont utilisés a la fois pour
le transfert de graphéne CVD sur des substrats SiOs (PMMA) et pour la formation de
grapheéne (PS-b-PDMS) et ceux-ci représentent une source importante de contamina-
tion par du carbone amorphe. De plus, la gravure du graphéne avec un plasma a base
d’oxygene géneére une recombinaison au niveau des bords qui dope (p) les structures de
grapheéne. Des mesures XPS ont montré I’élimination efficace des especes carboxyle, C-O
et carbone amorphe. Une quantification XPS a également montré la réduction du car-
bone sp? qui correspond approximativement & la surface de grapheéne retirée du fait de sa
structuration. Les plasmas d’hydrogene présentés ici ont montré une maniere efficace et
non-destructrice de nettoyer et d’adapter les GNRs. La complémentarité des techniques
d’analyse du carbone utilisées a permis de prouver la structuration du graphene, tandis

que les caractérisations électriques effectuées ont confirmées cette analyse.

Les matrices de GNRs fabriquées sur SiO2 sont finalement caractérisées sur de grandes

surfaces a ’aide d’un outil de cartographie Raman. La relation de Cancado a permis de
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calculer la longueur des défauts Lp, qui est interprétée comme la largeur des GNRs. 1l a
été trouvé que la zone analysée (100 pum?) était couverte par une matrice de GNRs avec

des largeurs de canaux de 11 £+ 1 nm, ce qui correspond parfaitement aux profils AFM.

Enfin, des dépots de contacts métalliques ont été réalisés par photolithographie contact
et par un procédé innovant de transfert de motifs (pour éviter le dépot direct de résine
sur les GNRs nettoyés) pour une caractérisation électrique des structures fabriquées.
Par les deux méthodes de dépdt de contacts, une relation I-V hautement non linéaire
a été mesurée, indiquant I’émergence d’un comportement semi-conducteur (ouverture
de bande interdite) par un effet de confinement latéral dans les GNRs. Le meilleur
ratio Ion/Ioff mesuré en utilisant le substrat dopé comme grille était de ~ 3.7 pour
une séparation drain-source de 2 pum, ce qui est comparable a certaines mesures dans
la littérature a température et pression ambiantes. Les GNRs nettoyés fabriqués ici
présenteraient certainement des caractéristiques de conductance améliorées dans un dis-
positif avec une séparation drain-source plus courte, évitant la dispersion des porteurs

et améliorant le confinement latéral.
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