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Abstract

The high-quality two-dimensional (2D) crystals possess remarkable
mechanical behaviour which offers exciting opportunities for new material
selection and design, like the combination of extremely high in-plane stiffness
and bending flexibility. For this reason, nanomechanical testing of 2D layers
and their 3D heterostructures is vital in order to prove that they can be practical
and useful in different applications. In this work, different nanomechanical
testing including membrane deflection, nanoindentation and tensile tests have
been performed with various technigues such as atomic force microscopy,
nanoindentation and lab-on-chip developed in UCLouvain, respectively. The
elastic and plastic behaviour of graphene as well as its effect on the
mechanical response of copper thin film have been investigated by using these
methods. For each technique, some challenges are required to be faced and
some uncertainties needed to be considered in order to extract the mechanical
response precisely. Membrane deflection on single and bilayer graphene has
been performed in order to extract Young’s modulus and fracture strength of
these layers by considering the uncertainties and errors that can occur
regarding the device calibration and experimental procedure. The effect of
CVD-graphene on the plastic behaviour of Cu thin film in two different
configurations has been investigated by nanoindentation in two different
modes which are complementary to each other limitations. In this
configuration, graphene acted as a perfect barrier against the movement and
propagation of dislocations underneath the indent. In the last part, lab-on-chip
(LOC) technique has been used to evaluate the effect of graphene on the
fracture and creep behaviour of thin film of copper. Although convincing and
reliable experimental data could not be generated, a well-defined, adapted
process for Cu/Gr specimens with Ni actuators has been proposed and the
solutions for most of the challenges in each step have been provided opening
perspectives for future research actions.
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Chapter 1: Introduction and general overview

1.1 General context and motivations

Even though single-layer graphene (SLGr) was explored theoretically by P.
R. Wallace in 1947, a new chapter of science opened with the experimental
discovery of graphene when Novoselov and Geim first isolated two-
dimensional (2D) graphene sheets from graphite in 2004 (K. S. Novoselov,
Jiang, et al., 2005). Graphene has been formalized as an atomically flat and
thin carbon material with electronic and mechanical properties unprecedented
in the world of bulk or even thin-film materials (Geim, 2009). Graphene
properties have been derived from a perfect covalent sp? carbon bond matrix
which makes graphene extraordinary under different aspects; from the
electrical point of view like mobility (~ 200000 cm?/Vs) (Abergel et al., 2010;
Soldano et al., 2010), down to mechanical aspect with the reported elastic
modulus of 1 TPa and outstanding fracture strength (Akinwande et al., 2017a).
Besides the unique properties of graphene, the discovery of graphene opened
the field of 2D materials (Mas-Ballesté et al., 2011). The group of 2D
materials offers a full spectrum of physical properties, from conducting
graphene to semiconducting MoS, and insulating h-BN (hexagonal-Boron
Nitride) (Bhimanapati et al., 2015). Moreover, the 2D crystal structures render
a unigue combination of mechanical properties, with high in-plane stiffness
and strength but extremely low flexural rigidity (the resistance offered by a
structure while undergoing bending) (Akinwande et al., 2017a). To overcome
the shortage that existed in each individual 2D layer, the architecturing of 2D
stacks to form a 3D structure is an effective solution (Hong Wang et al., 2014).

In order to fabricate the 3D structure of 2D layers, the combination of the
same 2D layers, called homostructure, or of different ones which create
heterostructures can be utilized. By combining different 2D crystals in a
perpendicular way or by in-plane stitching, specific properties can arise due
to nonlinear mechanical interactions between them. Van der Waals forces
between perpendicularly stacked crystals give rise to a wide range of useful
phenomena such as layer-number dependent friction, superlubricity, and
spatial modulation of elastic properties through Moiré structures
(Androulidakis et al., 2018). Not only the homostructures of graphene (such
as bilayer graphene) are attractive for electronic and optical applications but
also, among the discovered 2D layers, h-BN and the family of TMDs
(transition metal dichalcogenides) occupy a prominent position owing to their
technological importance (Solis-Fernandez et al., 2017). Their properties need
to be investigated individually and combined with other layers to utilize these
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3D structures in different types of applications, their properties need to be
investigated individually and while combined with other layers.

The mechanical properties not only affect many physical properties of 2D
materials, but they also have a significant effect on their functionality in the
fabrication of various devices such as next-generation of micro and
nanoelectromechanical systems. However, the lack of extensive knowledge of
the mechanical properties of such systems makes their functionality arguable
in different applications (Jiang et al., 2020). On the other hand, decreasing the
dimensions of the materials makes the probing of their mechanical properties
more complicated.

Even though there are plenty of challenges in probing the mechanical
properties of these structures, a lot of efforts have been done to fabricate
compatible approaches for this purpose. Several well-known techniques can
be used to measure the mechanical properties of 2D materials such as
nanoindentation (Yupeng Zhang & Pan, 2012b), deflection test (Xing Li et al.,
2018) or tensile test (Koskinen et al., 1993). Each method has some
advantages and limitations as well as uncertainties which are necessary to be
considered while extracting the mechanical response of the target material.
Some of these challenges come from the parameters related to testing,
characterisation, and analysing methods which have a strong effect on the
extracted mechanical properties of 2D materials (G. Cao, 2014a; G. Cao &
Gao, 2019; Q. Y. Linetal., 2013a; Zhou, Wang, et al., 2013). By facing these
challenges and considering the uncertainties, these technigques can provide the
opportunity to probe the 2D layers in different forms such as supported on
another substrate and freestanding. Various types of mechanical or even
electromechanical properties can be investigated by using these techniques on
different forms of 2D layers.

Many nanoindentation studies have been performed on graphene-based
systems (S. W. Chang et al., 2013; Gao et al., 2015), including nanoscratching
in order to investigate the graphene’s tribological properties (Z. Deng et al.,
2012; C. Lee et al., 2009). This includes:

e probing the adhesion interaction of graphene on SiO; by
nanoindentation for mono, bi and trilayer graphene (Suk et al.,
2016);

e the investigation of the mechanical properties and the
determination of the number of layers by using instrumented
nanoindenter (Yupeng Zhang & Pan, 2012b).
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Despite the series of studies by nanoindentation for extracting the
properties of graphene/substrate systems, the effect of graphene or other 2D
materials on the response of the indented material, and on the atomistic
processes involved in modifying the mechanical contact has not been
extensively analysed. From the viewpoint of elasticity, the stiffer response of
Gr-coated Cu has been demonstrated through experimental and theoretical
studies (Hammad et al., 2017). There are some discrepancies regarding the
length of the pop-ins and their onset while investigating the plastic response
of Cu/Gr system under indentation when compared to bare Cu (Park et al.,
2019; X. Zhu et al., 2019). These discrepancies will lead us to investigate the
effect of graphene on the plastic behaviour of Cu substrate and the movement
of dislocations. In addition, to study the effect of graphene on plasticity based
on its position in the structure, two different systems will be considered where
graphene acts as a coating and an interlayer, respectively. Aside from
addressing the extrinsic effect of Gr on Gr-including systems, it is important
to consolidate the knowledge of its intrinsic mechanical properties. It
necessitates the study of graphene properties in freestanding form.

Freestanding testing of 2D layers can be divided into two categories:
deflection test by atomic force microscopy (AFM) (C. Lee et al., 2008a;
Rasool et al., 2013) and uniaxial tensile testing (Mohiuddin et al., 2009; Z. H.
Ni et al., 2008a) of 2D layer suspended on a patterned substrate.

AFM has been used by numerous groups to measure different properties
of suspended 2D layers such as the effective spring constant of the stack of
graphene sheets (less than 5 layers) suspended on the defined trenches in SiO;
(Frank et al., 2007), the elastic modulus of CVD monolayer MoS; and WS, as
well as, the stiffness of their bilayer heterostructures which are lower than the
sum of stiffness of each layer (K. Liu et al., 2014a). In addition, deflection
tests have been performed on monolayer graphene to measure the 2D stiffness
and fracture strength (C. Lee et al., 2008a). Despite the measurements of
different properties of 2D layers in the form of a single layer or heterostructure
by AFM, there is a range of parameters affecting the extracted mechanical
behaviour of freestanding 2D layer while performing deflection test by AFM.
These parameters result from the production method (Bonaccorso et al.,
2012), transferring process (L. P. Ma et al., 2019), natural defects in 2D layers
such as grain boundaries and edges (S. Deng & Berry, 2016) as well as data
processing (G. Cao & Gao, 2019) and instrumental uncertainties (Legleiter,
2009). For instance, CVD-grown graphene follows all the traces of grain
boundaries or ripples on the donner substrate which can modify the
mechanical behaviour of graphene (K. Lee & Ye, 2016). Preparing the sample
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for the deflection test requires transferring graphene on pre-patterned
substrates which increases the complexities and defects in graphene.
Moreover, the area around the AFM tip is under a huge stress concentration
compared to the other areas of the membrane. Besides all these investigations,
there are sample preparation parameters and instrumental and data processing
factors that are effective on the mechanical results and have not been
investigated sufficiently. We will investigate and secure the AFM-based
deflection method to extract reliable elastic and strength data on Gr and hBN.
Besides that, uniaxial tensile testing will be used as it provides some
opportunities to overcome the uncertainties and limitations regarding the
extraction of mechanical properties in the nanoscale.

Among the techniques for characterisation of mechanical properties of thin
films, uniaxial tensile testing provides the most straightforward data to extract
both elastic and plastic properties. It is necessary to make the available
uniaxial tensile testing compatible with very low dimension materials. Several
techniques have been reported to measure the mechanical properties of thin
films by tensile testing. In these techniques, efforts have been made to improve
the gripping system, actuation system, the technique of applying load as well
as fabricating the actuators and sample beams on the same wafer. An
electrostatic gripper and a piezoelectric actuator have been designed for the
specimen that is uniaxially loaded (Tsuchiya et al., 1996). A stage was
fabricated by single-crystal silicon containing the actuator and specimen to
integrate both specimen and actuator beams on the same wafer (Haque & Saif,
2002). Despite all these efforts, there are critical challenges in each tensile
testing in nano-scale which requires to be dealt with. The UCLouvain lab-on-
chip testing method has been developed to overcome the challenges and issues
that existed in the previous methods (André et al., 2007; Boé et al., 2009;
Fabregue et al., 2007; Gravier et al., 2009). In this technique, the gripping
issue has been solved by using the adhesion between the layers to connect the
different beams and the internal stress present in the actuator material is used
to impose the load on another film which acts as the specimen. In addition,
one of the greatest advantages of microfabrication technology is the easy
production of large numbers of elementary patterns. Due to this advantage,
thousands of elementary testing stages can be processed on a single silicon
wafer with the potential to replicate the tensile testing processes. Despite the
advantage of the lab on chip testing systems, each step (sample preparation,
patterning and releasing of the structures) needs to be compatible with the
material that is used as a specimen or an actuator in order to make sure that
the structures are in good condition till the end of the process. The material
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that is chosen as the actuator needs to possess high internal stress in order to
apply enough load to displace the specimen. To investigate the properties of
2D materials with lab-on-chip tensile testing technique, a range of parameters
required to be considered and be adapted to maintain reliable and reproducible
data. In this work, we will investigate the effect of graphene on the fracture
and relaxation behaviour of Cu thin film by using UCLouvain lab on chip
technique. Ni will be used as an actuator and the results and challenges will
be discussed in detail.

1.2 Objectives of the thesis and organization

The general objective of this thesis is to investigate experimental techniques
to strain graphene, to determine several mechanical properties of interest, and
from there unravel fundamental effects/mechanisms. Different forms of
graphene systems (supported and freestanding) have been fabricated and
several mechanical probing techniques were used depending on the system
being studied.

Chapter 2 proposes an in-depth coverage of the key elements of the state
of art.

Chapter 3 presents materials and test procedures which have been utilised
for the experimental processes and simulation analysis in this work.

Chapter 4 presents the deflection test by AFM. For this test, graphene has
been fabricated in the suspended form. PMMA-wet transfer method has been
modified and imaging of the samples has been performed by scanning electron
microscopy (SEM) as well as AFM to check the quality of the suspension of
graphene layers on the cavities. As the final step in the experimental
procedure, deflection tests have been performed by AFM to extract the
mechanical properties of CVD-grown graphene (single or bilayer). The effect
of different parameters on the mechanical response of 2D layers coming from
samples preparation and deflection test has been probed simultaneously. This
investigation considers the impact of various uncertainties in mechanical
testing and helps to extract reliable values for the elastic modulus of single
and bilayer Gr. In addition, elastic simulations have been performed to prove
the accuracy of the equation used to determine Young's modulus based on
force-displacement curves as well as the investigation of the effect of some
uncertainties on the mechanical response of graphene. For these simulations,
ABAQUS and COMSOL finite element codes have been used, as discussed
in more detail in chapter 3.



Chapter 1: Introduction and general overview

Chapter 5 addresses the effect of graphene on a metal substrate during
plastic deformation which is investigated by nanoindentation and using four
different systems to verify the effect of graphene on the movement of
dislocations in Cu substrate. The behaviour of Cu substrate coated with CVD
graphene has been investigated in comparison to pure copper. In addition, Gr
was placed between two films of copper and the effect on the plastic response
has been reported and compared with a system of two films of copper with no
graphene in between. After performing nanoindentation test on each sample,
the effect has been investigated by analysing the force-displacement curves,
AFM and TEM images. The effect of graphene is more significant when it is
sandwiched between two films of copper. Besides the experimental work,
discrete dislocation dynamics (DDD) simulations prove the effect of graphene
on the propagation and the movement of the dislocations in Cu substrate. The
details of the DDD computational method will be described in chapter 3.

Chapter 6 describes the use of the so-called on chip nanomechanical test
method developed at UCLouvain [Gravier et al., 2009; Fabrege et al., 2007]
to deform Cu/Gr thin freestanding layers. The lab-on-chip of graphene as a
specimen with Ni actuator has been already done at UCLouvain and the results
have been available. This technique has been adapted to apply uniaxial tensile
loading on Cu/Gr compared to pure copper in order to study the effect of
graphene on the fracture strength and creep behaviour of copper. Cu/Gr has
been considered as the specimen and the material which has been used as an
actuator was Ni. This method contains different steps for specimen and
actuator parts and each step needs to be compatible with graphene and Cu. It
is necessary to be sure that the quality of graphene has not been degraded
while performing the process. As the system is complicated, in this work the
compatibility of the testing structures with different steps of the process has
been investigated, some issues have been dealt with and some parameters have
been modified. However, to make the lab-on-chip with Cu/Gr as a specimen
work reliably, more modifications of the process are necessary.

The thesis ends with the conclusion and perspectives.
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2.1 2D materials

One of the most defining and most effective characteristics of materials is
dimensionality. Even though, for a long time scientists believed that intrinsic
properties of materials can be defined independent of size, these properties
have been formed to change significantly based on whether it is categorised
as zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D), or
three-dimensional (3D) (K. S. Novoselov, Jiang, et al., 2005). Both physical
and mechanical properties are known to change when at least one dimension
is reduced to the nanoscale. Among the materials with reduced dimensions,
2D materials attract significant attention. Graphene is the first discovered 2D
material and it is the mother of most allotropes of carbon (Geim, 2009; Castro
Neto et al. 2009) and Figure 2.1 shows this fact clearly.

Fig. 2.1. Graphene is a basic building block of graphitic ma{terials. It can be wrapped up into 0D buckyballs,
rolled into 1D nanotubes, or stacked into 3D graphite (taken from Geim et al, 2009).

However, it is not only graphite that responds to the idea of pulling out one
layer from a 3D material with strong covalent in-plane bonds and weak Van
der Waals coupling between layers (Mas-Ballesté et al., 2011). Consequently,
the most important benefit of graphene discovery besides its unique properties
is paving the way for the discovery of a huge range of 2D materials
(Akinwande et al., 2017b; Kostya S. Novoselov et al., 2019; Papageorgiou et
al., 2017). Monolayers of BN, MoS,, and NbSe; have been prepared by
rubbing a fresh surface of a layered crystal against another surface, leaving a
variety of flakes attached to it (K. S. Novoselov, Geim, et al., 2005). In recent
years, single-layer graphene (SLGr), bilayer graphene (BLGr), and hexagonal
boron nitride (hBN) are the most attractive ones among 2D materials rooting
in their unique properties which in some cases are complementary to each
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other (Barrios-Vargas et al., 2017). In order to use 2D materials in modern
technologies, knowing their properties is of utmost importance.

2.1.1 Single-layer graphene and mechanical properties

Graphene shows outstanding electrical, thermal, and mechanical properties
such as the highest room-temperature carrier mobility, high thermal
conductivity, extremely high in-plane stiffness (Young’s modulus), and
superior strength (Geim, 2009; Sreeprasad & Berry, 2013). A full
understanding of the mechanical properties of graphene is necessary in order
to deal with its promises. The elastic modulus E, Poisson ratio v and intrinsic
strength o, are known as the most fundamental phenomenological
mechanical properties of graphene. To measure the elastic modulus of
graphene, different experimental attempts have been employed.

One of the first studies has been done experimentally by Lee et al. and
reported the value of Young’s modulus (E) of SLGr around 1.02 TPa by
performing deflection tests (C. Lee et al., 2008a). In other work, Young’s
modulus and 2D stiffness (E?°) of SLGr have been measured as equal to 1.12
TPa and 375 N/m, respectively by using the same method as the one used by
Lee et al (Annamalai et al., 2012). The in-plane stiffness (E*®) is also an
important property of graphene and owing to the 2D nature of graphene, the
2D elastic stiffness (E?°) has the dimensionality of surface tension (N/m).
Furthermore, instrumented nanoindentation has been used to investigate the
elastic modulus of single and bilayer graphene which was estimated to be 0.89
TPaand 0.39 TPa, respectively. Different methods have been used to measure
the elastic properties of graphene and other 2D layers and the extracted results
can be seen in Table 2.1.

Table 2.1. Mechanical properties of 2D materials obtained from freestanding indentation (taken from Cao et
al, 2019).

2D materials Approach E (TPa) o (GPa)

Bi-layer Graphene MD 0.8

Monolayer graphene MD 0.501-1

Monolayer graphene FEM 108.5

Monolayer graphene MD 105

Monolayer graphene Experiment 1.0 £ 0.1 130 = 10

Graphene (n = 5) Experiment 0.5

Monolayer graphene Experiment 1.12

Polycrystalline graphene Experiment 0.967-1.01 08.5-118

Monolayer MoS; MD 0.149-0.159 13-58

Monolayer MoS,, Experiment 0.27 = 0.1 23

Monolayer MoS; Experiment 0.264 = 0.018

MoS; (n = 5-25) Experiment 0.21-0.37

Multiple-layer BP Experiment 0.0586 = 0.0117(zz) 479 = 1.43(zz)
0.0272 = 0.0041(ac) 2.31 = 0.71(ac)

Multiple-layer BP Experiment 0.276 = 0.0324 25

Multiple-layer WSe, Experiment 0.1673 = 0.0067 12.4
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Despite the different experimental approaches that have been used to
extract the Young’s modulus of graphene, the value of the Poisson ratio v is
determined from numerical simulations as it cannot be directly measured with
experimental approaches (G. Cao, 2014b). By using an atomistic simulation
approach the bending stiffness, the effective elastic modulus and Poisson ratio
of graphene have been determined. The intrinsic strength of single-layer
graphene is approximately 130 GPa as it is estimated by using numerical
simulations from the inverse analysis of the deflection test performed by Lee
et al (C. Lee et al., 2008a). Mechanical studies on 2D layers are challenging
and in some cases are not in good agreement.

There are several sorts of discrepancies in the extracted mechanical
properties of graphene or other 2D layers (G. Cao & Gao, 2019). However,
most of the possible reasons which cause discrepancies and the root of the
differences/deviations in the extracted results have not been investigated,
precisely. There is a range of studies that focus on the effect of defects and
intrinsic characteristics of graphene on its elastic and plastic mechanical
response. The presence of out-of-plane ripples would effectively lower the in-
plane stiffness of graphene as it demonstrated in recent studies (Ruiz-Vargas
et al., 2011). These out of plane ripples can occur during CVD or post-
processing of CVD-grown graphene. On the other hand, it has been reported
that E2° of graphene is similar to pristine graphene at a high density of sp-
type defects and the fracture strength of defective graphene reduces to around
14% smaller in comparison to its pristine counterpart in the sp3-defect regime
(Zandiatashbar et al., 2014a). By using molecular dynamic (MD) simulations,
the effect of defects (vacancy and Stone—Wales (SW)) on Young’s modulus
of graphene sheet has been investigated. The Young’s modulus of graphene
sheets decreases in the presence of defects and by increasing the degree of
defects the decrease of the Young’s modulus gets larger (Jing et al., 2012). In
general, the experiments at the nanoscale are full of challenges. Although the
mentioned studies clarify some sources of the deviations, there are very
limited analyses on the influence of the parameters related to testing
procedure, sample preparation, and instrumental and analytical uncertainties.

In the mechanical characterisation of 2D layers, the range of applied
mechanical load is effective (G. Cao & Gao, 2019). Under sufficiently large
load which leads to large deformation (e.g., € > 5%) an anisotropic nonlinear
behaviour is dominant whereas, under very small deformation, graphene
exhibits the isotropic linear behaviour (G. Cao, 2014b; Wei et al., 2009).
Pretension in suspended graphene has been discussed by different researchers.
It can result from the Van der Waals interaction between graphene and the
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walls of the cavities which can be released after applying small loads (C. Lee
etal., 2008a). It mentioned that pretension results from the growth of graphene
by chemical vapour deposition and can be released easily by flatting out the
wrinkles (Q. Y. Lin et al., 2013b). In most cases, the prestress is determined
by fitting the measured force-deflection relationship with the existing
indentation models such as clamped beam and clamped circular thin plate (G.
Cao & Gao, 2019). To achieve reliable and reproducible data on the
mechanical properties of 2D layers and to make the 2D layers practical in
various applications, a more precise and broad investigation of these
uncertainties is necessary while mechanical testing

Furthermore, the use of graphene in applications requires knowledge of its
mechanical properties in order to ensure structural integrity. The mechanical
properties of graphene are important, (i) to exploit graphene as a super strong
structural material; (ii) to understand and control the durability of graphene
used in electronics and energy storage;(iii) to form curved graphene
specimens for electronics and structural applications; (iv) to exploit
nanocomposites with graphene inclusions as structural and/or practical
materials. In addition, understanding the micro mechanisms of unique
deformation and fracture processes in graphene is of crucial significance for
the progress of fundamental science (Mahmoud et al., 2015; Ovid’ko, 2013).
Not only knowing the mentioned properties is important for graphene itself
also the effect of graphene on other materials such as metals (AbuShanab et
al., 2020; Moustafa & Taha, 2020), polymers (Tang et al., 2013) and ceramics
(W. Kim et al., 2015) is of utmost importance. The effect of graphene on the
mechanical properties of another substrate will be discussed more in chapter
5.

2.1.2 Bilayer graphene and mechanical properties

Despite all the outstanding properties of SLGr, the lack of an energy gap
in its electronic structure seems like a deficiency for electronic applications
(Das et al., 2008). However, the stacking of two layers of graphene and the
fabrication of bilayer makes graphene more attractive as by applying an
electric field across the bilayer graphene a tunable bandgap can be generated
(Fang et al., 2015). This phenomenon can be seen in Figs. 2.2a to 2.2c. Figures
2.2a and 2.2b represent SLGr and BLGr with no bandgap, respectively. On
the other hand, Fig. 2.2c shows the opening of the bandgap in bilayer graphene
as a result of the applied electric field. The BLGr has been formed when two
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layers of SLGr are held together by Van der Waals (VdW) interaction. This
stacking does not lead to a flawless stacking order (AB stacking), as frequently
small twisting of a SLGr is observed relative to the other (Nimbalkar & Kim,
2020) which is called “twisted bilayer graphene” (tBLGr) (L. Liao et al.,
2015). In general, BLGr can be ordered in an AB, AA, or a twisted orientation
(C.Y. Linetal., 2014). Figure 2.3a illustrates the local AA, AB, and twisted
stackings, and 2.3b shows the lattice configuration of different stackings
(Abbas et al., 2020).

s
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Fig. 2.2. (a) Single-layer graphene with its conical conduction and valence bands meet at a point (it has no
bandgap); (b) symmetrical bilayer graphene also lacks a bandgap; (c) electrical fields (arrows) introduce
asymmetry into the bilayer structure, yielding a bandgap (A) that can be selectively tuned.

The intensity ratio of the 2D/G peak can change for different angles
between the layers, hence Raman spectroscopy can be useful in the prediction
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of the behaviour of BLGr (Xing et al., 2013). Figures 2.4a and 2.4b illustrate
the optical images of bilayer graphene with different angles between the layers
and corresponding Raman spectra can be seen in Fig 2.4c. By comparison, the
Raman spectrum of AB stacked and 23° rotated bilayer graphene, it can be
recognised that the intensity ratio of 2D/G changed and it is different from the
one for SLGr. It is explained that by increasing the number of layers 2D peak
intensity decreases and the peak becomes wider. On the other side, the
intensity of the G peak increases. However, based on the angle between the
layers, the intensity ratio of these two peaks can change. It has been shown
that this variation of the angle between the layers can influence to some extent
on the extracted mechanical properties of bilayer graphene. Recently, some
simulations and first-principles calculations have been performed to
investigate the mechanical behaviour of BLGr such as intrinsic strength,
fracture strength and Young’s modulus as well as the effect of the angle
between the layers on these properties.

af
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AA (O =0°) AB (O - 60°) Twist (© = 15°)

Fig. 2.3. (a) lllustration of local AA, AB, and BA highlighted in gray, green, and orange, respectively; (b)
lattice configuration of AA-stacking, AB-stacking, and twisted BLGr (taken from Abbas et al, 2020).

Zheng et al. studied the mechanical properties of tBLGr with different twist
angles. The tensile tests have been simulated by molecular dynamic
simulations in-plane and perpendicular to the plane. The conclusion is that the
in-plane properties are dominated by graphene orientation and twist angle

12
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affects the perpendicular properties. They have mentioned that the intrinsic
strength increases by increasing the twist angle (Zheng et al., 2018). The
nanoindentation of bilayer graphene has been studied using molecular
dynamic simulations and Young’s modulus of BLGr has been estimated to be
0.8 TPa (Neek-Amal & Peeters, 2010a). Also, it was reported that under
different loading histories, the BLGr shows quite different mechanical
responses such as initial elastic deformation and fracture strain. The effect of
the twist angle and grain boundaries on the mechanical properties of BLGr
have been studied under uniaxial tension. In addition, the effect of different
grain boundaries and intrinsic defects on the strength of BLGr have been
investigated by simulation (L. Wang & Zhang, 2012).
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Fig. 2.4. Optical images of transferred bilayer graphene grains on SiO2/Si; (a) oriented bilayer and; (b)
bilayer with an angle of 23°. The substrate surface, single layer and bilayer regions of the grains can be well
identified by the colour contrast in the images, (the scale bars are 2 um); (c) Raman spectra of the bilayer
grains. The laser excitation wavelength is 532 nm. (taken from Xing et al., 2013).
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Figures 2.5a and b show armchair and zigzag grain boundaries to make the
difference between them clearer (Du, 2021). In addition, the effect of the
mentioned grain boundaries with different angles on the stress-strain curve in
bilayer graphene is represented in Fig. 2.6.
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Fig. 2.5. The schematics of the armchair and zigzag monolayer pristine graphene (taken from Du et al.,
2021).

It has been shown that by increasing the angle between the layers, the bilayer
graphene can withstand higher strain (J. Zhang & Zhao, 2013b). Molecular
dynamics simulations have shown the enhancement of the strength of BLGr
sheets while coupling by sp® bonding because of the boosted interlayer
interaction and smaller interlayer distance (Y. Y. Zhang et al., 2011). There
are not many experimental studies on the mechanical properties of BLGr.
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Fig. 2.6 Stress-strain curves of BLGr with armchair orientated (upper) and zigzag-orientated grain
boundaries (lower) in one layer. To make it clearer, the intrinsic strengths of graphene grain boundaries in
SLGr (shown in triangles) and bilayer (shown in circles) as a function of misorientation angle (h) are plotted
in the insets (taken from Zhang et al., 2013).
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2.1.3 h-BN and mechanical properties

2D hexagonal boron nitride (hBN) or white graphene, an isomorph of
graphene with a very similar layered structure, is being attractive because of
its incredible optoelectrical properties, high mechanical robustness, good
thermal stability, and chemical inertness (M. Xu et al., 2013; K. Zhang et al.,
2017). hBN shows remarkable mechanical properties which make it a good
candidate in different applications such as reinforcement phase in different
composites, polymer-based (Andrew et al, 2012), ceramic-based
(Kovalcikova et al., 2014), and metal-based (Tyagi et al., 2010) as well as a
substrate in electronic devices (C. Dean et al., 2012).

hBN nanosheets introduced into polymers lead to the improvement of the
elastic modulus by 22% (zhi et al.,, 2009). The elastic modulus and
microhardness improved and wear loss decreased significantly in the presence
of hBN in a Ni-based composite (Tozar & Karahan, 2019). In-plane tensile
and shear rigidity of hBN have been calculated to be 0.328 TPanm and 0.171
TPa nm by using the force field model. Both the thickness and size can impact
strongly the mechanical response (Boldrin et al., 2011). A three-point bending
test has been conducted to extract the bending modulus of hBN nanosheets
and the bending modulus was found to increase with decreasing of the layer
thickness, and for the thickness less than 50 nm, the value approaches the
theoretical one (C. Li et al., 2009). The non-contact mode of atomic force
microscopy (AFM) has been used to evaluate the elastic constant of
freestanding hBN with 1-2 nm thickness and the value has been evaluated
between 220-510 N/m (Song et al., 2010a). The latter value has been estimated
at 270 N/m by theoretical computation for single-layer hBN (Kudin et al.,
2001). The fracture strength has been measured in Song’s research as equal to
~ 8.8 N/m (Song et al., 2010a). Young’s modulus of multilayer hBN with a
thickness of 15 nm has been measured by nanoindentation using AFM and it
was found to be approximately equal to 1.16 TPa (S. M. Kim et al., 2015).

2.2 2D-heterostructures

Composites and heterostructures (artificial assembly of materials in a specific
sequence like building blocks) have revolutionized many aspects of our lives
and the idea of combining different materials to achieve the best of different
properties is very appealing but it is quite hard to accomplish especially in the
case of 2D materials (K. S. Novoselov et al., 2016). Therefore, facing the

15



Chapter 2: Background and literature review

challenges of mixing or superposing different crystals with different
properties and creating combinations with improved properties are necessary
(K. S. Novoselov et al., 2016). There are several challenges when combining
different materials, and various parameters need to be considered in order to
achieve the composites or heterostructures with the target properties (Ahmad
& Mohamed, 2014; Borkar & Harimkar, 2011). Despite these difficulties, the
fabrication of the heterostructures of the 2D layers is the most efficient
solution to overcome their deficiencies (Su et al., 2020). Figure 2.7 represents
a schematic for creating heterostructure of different 2D materials (Geim &
Grigorieva, 2013). The good selection of the 2D layers and precise designing
of the elements in fabricating the heterostructure can open up countless
opportunities to create new materials and systems aimed at high-performance
device applications (Yuan Liu et al., 2016). For instance, it has been shown
that the electronic structure of graphene could evolve rapidly by increasing
the number of layers (close to the 3D limit of graphite) (G. Yang et al., 2018).
From a physical point of view, investigating the coupling between elementary
layers in different heterostructures can provide useful information regarding
the properties of the heterostructures (K. S. Novoselov et al., 2016). In
addition, the approach of assembling the heterostructure has a significant
effect on the final achieved properties.

Fig. 2.7. The creation of the heterostructure with different 2D materials (taken from Geim et al., 2013).

In general, there are two types of heterostructures from an assembling point
of view. The first category is when 2D materials are stacked perpendicular to
their planes to make multilayers together with weak interaction (Van der
Waals interaction) and the second one is assembling the 2D materials laterally
by joining them seamlessly on the same plane mostly by covalent bonds (Cai
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et al., 2018a). The difference between the perpendicular/vertical and lateral
assembly has been shown in Figs. 2.8a and b (D. Singh et al., 2021). Up to
this time, different heterostructured 2D materials have been made and novel
properties of these structures have been discovered (Yanping Liu et al., 2019).

a Perpendicular/Vertical b Lateral

Heterointerface

Heterojunction

Fig. 2.8. (8) 2D materials assembled in a perpendicular way; (b) 2D materials assembled laterally (taken
from Singh et al., 2021).

The quality of Gr on SiO. substrate is influenced by scattering from
charged surface states (at the surface of thin silicon oxide films grown on
silicon, oxide ions provide a layer of negative charge; an equal positive charge
(usually sodium ions) is concentrated in the oxide within about 200 A of the
surface) and impurities (sodium oxide impurities are the dominant electron-
donors; these supply the electrons for the negative surface and interfacial
layers). In order to mitigate this limitation, hBN has been used as the substrate
and gate dielectric for graphene electronics (C. R. Dean et al., 2010). Gr-based
devices on single-crystal hBN substrates demonstrate almost an order of
magnitude better mobilities and carrier inhomogeneities than devices on SiO;
(C. Dean et al., 2012). Recently, a field-effect transistor has been fabricated
with MoS; channels, hBN dielectric, and graphene gate electrodes. The flow
of the fabrication process for the complete device (flake of MoS; channel,
flake of hBN dielectric and few layers graphene gate) is shown in Figure 2.9.
The transfer has been performed by dry-PDMS-transfer. For patterning
source, drain and gate electrodes, e-beam lithography has been used. The
field-effect mobilities of the device improved up to 45 cm?/Vs and operating
gate voltage was below 10 V, with a significant reduction of hysteresis.
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Furthermore, the good mechanical strength and flexibility of these
heterostructures open a new route toward flexible and transparent electronics
(G. H. Leeetal., 2013).

Fig. 2.9. Optical micrographs of the corresponding samples in each fabrication step (taken from Lee et al.,
2013).

2D materials such as MoS; show promising properties for flexible
electronics and piezoelectric applications. However, the low mechanical
strength of these layers acts as a barrier in these applications. Liu et al. used
the nanoindentation process to probe the elastic stiffness of 2D bilayer
heterostructures. The results revealed that the values of E?*® of bilayer
heterostructures are always lower than the sum of E?° of each layer resulting
from an interlayer sliding that depends on the interlayer interaction. By
considering this effect, the measured stiffness of a 2D bilayer described with
a phenomenological equation defined as:

EZP = EfD + ax Efp, (2.1)

where EZP is the total 2D stiffnness of the heterostructure. EZ5;, and E2P, are

the 2D stiffness of bilayer heterostructure, of the bottom layer and of the top
layer, respectively. a is an interaction coefficient and it ranges from 0 to 1 (K.
Liu et al.,, 2014b). The illustration of the elastic properties of 2D
heterostructures and the values considered for a of each structure are shown
in Fig 2.10a and b. In addition, it has been recently investigated that the
combination of MoS; with graphene can significantly improve the mechanical
properties of 2D structures (Elder et al., 2015)
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Fig. 2.10 (a) Elastic properties of 2D heterostructures; (b) interaction coefficient between the layers of bilayer
heterostructure (taken from Liu et al., 2015).

2.3 Transfer of 2D materials

One of the determining steps in the processing of 2D layers is the transferring
step which has a significant effect on the quality of 2D sheets. To take
advantage of the exceptional properties of 2D materials and make them
practical for different kinds of applications, the availability of 2D materials
with high quality is of utmost importance (Z. Chen et al., 2019; L. P. Ma et
al., 2019). High-quality 2D layers entail single crystalline material without
contamination, wrinkle, cracks, or other defects. Despite the considerable
advancement in the synthesis method of graphene, the transferring methods
are not fully satisfying. For instance, chemical vapour deposition (CVD) is a
versatile method for the production of 2D films with high structural integrity
on transition metal substrates (Cu is commonly used), however, such
substrates are not suitable for most applications (Deokar et al., 2015; Mufioz
& Gomez-Aleixandre, 2013; G. X. Ni et al., 2012). Therefore, employing 2D
materials in many applications requires specific substrates, such as
semiconductors and metal oxides. Consequently, a subsequent process is often
necessary to transfer the layers to the target substrates (Huaping Wang & Yu,
2016; X. Yang & Yan, 2020). To transfer 2D materials produced by CVD,
several steps need to be followed: first a support/protective layer (often
organic polymers such as camphor) coats on 2D layer to minimize wrinkles,
cracks, and other mechanical damages. Then, the substrate on which 2D
material has grown needs to be etched away by dissolution in a liquid etchant,
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bubble delamination, or thermal peel off (Qu etal., 2019; Y. Wang et al., 2011,
Mafra et al., 2015). Finally, the stack of polymer and 2D layer transfers on a
target substrate and then the polymer is removed (M. Chen et al., 2017; Y.
Chen et al., 2016). After the production of 2D layers, the most challenging
step is the transfer itself. To deal with this challenge, different transfer
techniques have been developed and evaluated. In general, transfer methods
are classified into two main categories: wet transfer and dry transfer (C. Kim
et al., 2020). The type of polymer used to protect the 2D layer is playing an
important role hence both small- and large-molecular polymers have been
used to improve the transfer technique (M. Chen et al., 2017).

2.3.1 Wet transfer

In wet transfer, ionic etchants are used to dissolve the growth substrate then
the 2D layer is transferred from the liquid cleaning solvent (often water) to the
target substrate without drying.

Among wet transfer methods, using polymethyl methacrylate (PMMA) as
a protective film is the most common approach (J. S. Lee et al., 2018;
Kosmider et al., 2013). Fig. 2.11 represents a schematic of different steps of
the PMMA-transfer method. In the process, firstly, PMMA is spin-coated onto
2D material synthesized on donor substrate (in the case of CVD mostly
transition metals) then the stack of PMMA/2D layer/substrate is floated on an
etchant to get rid of the donor substrate. For the newt step, PMMA/2D layer
stack is rinsed by deionized (DI) water several times, and the floated stack of
the PMMA/2D layer is scooped by a host substrate. Finally, the stack of
PMMA/2D layer/substrate is dipped in a solvent to dissolve the PMMA. The
advantage of this approach is the free selection of a target substrate and the
small range of mechanical damages of 2D material during the transfer process
(C. Kim et al., 2020). This approach makes the transfer of 2D material with
the size of 4-inch (wafer size) possible (Shinde et al., 2018; Li Wang et al.,
2019). However, PMMA is difficult to be completely removed from the 2D
layer surface. The PMMA residues cause the degradation of the electrical and
optical properties of the flexible electronics fabricated with 2D materials
(Pirkle et al., 2011). Although, it is difficult to remove PMMA residues
completely even for the most established method which is dissolving PMMA
in acetone as a solvent; PMMA is well known as a soft polymer and it is not
supposed to have a significant effect on the mechanical properties of strong
and brittle graphene (P. Zhang et al., 2014).
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Fig. 2.11. Schematic of the conventional wet transfer process of two-dimensional material using Poly(methyl
methacrylate) as a transfer film (taken from Kim et al., 2020).

2.3.2 Dry transfer

In the dry-transfer technique, no ionic etchant is involved and delamination
methods have been used to make a transfer. In this transfer process, the
adhesion difference of support layer/2D material and 2D material/target
substrate plays an important role. In other words, greater adhesion between
2D material and a target substrate is required for transferring them without
damage. On the other hand, the adhesion between a support film/2D layer
should be large enough to support the layer from damages by external forces,
but less than the adhesion of 2D material/target substrate (C. Kim et al., 2020).
This makes the use of dry transfer more challenging for different substrates.
Polydimethylsiloxane (PDMS) is the most well-known polymer for dry
transfer. It is a viscoelastic material with a water contact angle of 100° to 110
(Allen et al., 2009; K. S. Kim et al., 2009; Y. Lee et al., 2010). Figure 2.12
shows a schematic of different steps of PDMS transfer. There are some other
limitations regarding this method; first, the 2D material might not come into
good contact with PDMS. This can result from the non-flat surface of the
donor substrate where 2D material has been grown due to the grain boundaries
as well as the ripple patterns formed on a donor substrate during the synthesis
process of 2D layer resulting from the high temperature of CVD process (Y.
Kim et al., 2013; G. X. Ni et al., 2012). Second, PDMS supports 2D material
with a weak Van der Waals force (VdW) which can lead to mechanical
damages on these layers during etching and rinsing processes, resulting in
degraded electrical and mechanical properties of 2D material (C. Kim et al.,
2020).
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Fig. 2.12. Schematic of the dry transfer process for CVD-grown graphene (taken from Feng et al., 2014).

2.4 Van der Waals interaction between layers

The force that keeps the structure together when transferring the 2D layers
either on another 2D layer or on another substrate material is Van der Waals
(VdWw) force. The Van der Waals force is a distance-dependent interaction
between atoms or molecules. Unlike ionic or covalent bonds, these attractions
do not result from a chemical electronic bond; they are comparatively weak
electrostatic forces that attract neutral molecules to one another. m-n
interaction is a particular type of dispersion force from Van der Waals forces
and graphene sheets are stacking together with this interaction (X. J. Zhao et
al., 2019). The advantage of 7-x stacking and other non-covalent modification
methods is that these interactions do not disrupt the conjugation of graphene.
Furthermore, the bonding strength of this interaction can approach the strength
of covalent modifications (X. Zhang, 2017). This bonding strength has been
proved to play a dominant role in the functionality of the VdW structures (K.
S. Novoselov et al., 2016).

An important factor in the characterisation of 2D materials is the impact of
VdW strength while 2D layers lay on the surface. As mechanical structures
enter the nanoscale regime, the influence of VdW forces increases (Koren et
al., 2015). Graphene is attractive for nanomechanical systems because its
Young’s modulus and strength are both intrinsically high, but the mechanical
behaviour of graphene can also change by the strength of Van der Waals
forces (Koenig et al., 2011).

As a result, having knowledge of the strength of VdW forces when
graphene or other 2D layers are placed on a surface is necessary. In recent
studies, the Hamaker coefficient has been introduced to measure the strength
of VdW forces when 2D layers are in the form of supported or suspended on
another surface. Hamaker demonstrated that the VdW force strength between
two bodies could be split into a purely geometrical component and a
coefficient that depends solely on material chemistry i.e. polarizabilities and
number densities of the atoms in the two interacting bodies (Hamaker, 1937).
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Hamaker coefficient offers a more general picture of the surface
characteristics than the measurement of a particular physical quantity such as
adhesion or surface energy. The measurements of Hamaker coefficient of
graphene on a variety of substrates have been performed to evaluate the impact
of the substrate on the VdW strength of the graphene surfaces. They have
investigated three different systems including as-grown graphene on Cu
substrate, transferred Gr on SiO; in supported and suspended form. After
measuring the Hamaker coefficient, it has been observed that the substrate has
a significant effect on the VdW strength of graphene surfaces (Chiou et al.,
2018). Table 2.2 shows the comparison between Hamaker coefficient for
different substrates.

Table 2.2. comparison of effective Hamaker constants between experiment and theoretical prediction when
graphene is on different substrates (taken from Chiou et al., 2018).

Method Substrate Monolayer  Bilayer TriLayer
20T 207 e 20T
Suspended 7.2 17.99 247
Experiment Cu 16 23.03 30
S102 54 6.34 12
Calculation Cu 15.22 21.71 26.87
Si02 4.16 16.58 2392

The Hamaker coefficient can be defined as (Chiou et al., 2018; Hamaker,
1937):
3mk cAmo cos(¢m)

Ay = —
" 0.83RQAm

d A, (2.2)

where R is the tip radius. k. and Q,, are spring constant and quality factor,
respectively. d is the tip-sample separation distance. The oscillation amplitude
of the m** mode and the free amplitude of the m*" mode are defined with 4,,
and A,,,, respectively, and ¢,,, is the phase of the m‘* mode.

Based on the study that has been performed by Chiou et al, the measured
Hamaker for graphene on SiO; is lower than that for the suspended graphene
on perforated SiO, substrate. In their research, the highest value was for as-
grown graphene on Cu substrate (Chiou et al., 2018). This value certainly
decreases in the case of transferred graphene on Cu substrate.
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2.5 Mechanical testing of 2D materials

2D materials have been scaled up to fabricate nanocomposites, energy storage
devices, flexible electronics, etc. The goal of mechanical testing of 2D layers
is to extract the mechanical properties, which play a significant role in both
fundamental science and practical engineering (Al-Quraishi et al., 2020). The
mechanical properties involve elastic coefficient, yield strength, fracture
stress, fracture toughness, creep resistance, fatigue resistance and etc. In the
context of this thesis, we essentially focus on the elastic properties (Young’s
modulus and 2D stiffness) and fracture strength. The mechanical testing of 2D
materials can be divided into two different approaches: a) supported 2D layers
on a substrate, b) freestanding/suspended 2D layers above a gap in the
substrate. The mechanical characterisation with each of the mentioned
methods can be performed in an ex-situ or in-situ way.

2.5.1 Nanoindentation using nanoindenter equipment
(supported mechanical testing)

Among the methods that have been used for supported films involving 2D
materials, nanoindentation is one of the most common methods (Yupeng
Zhang & Pan, 2012b). Nanoindentation is a method widely used in the
characterisation of small scale mechanical behaviours of materials (Xiaodong
Li & Bhushan, 2002; Oliver & Pharr, 2004). With this method, load and
displacement as small as 1 nN and 0.1 nm can continuously be measured.
Hardness and elastic modulus can be determined from the load-displacement
data. In addition, the instrumented nanoindentation adopts the continuous
stiffness measurement (CSM) technique to collect continuous data with
thickness. CSM is achieved by imposing a small, sinusoidal varying signal on
top of a DC signal that drives the motion of the indenter. This allows the
measurement of contact stiffness at any point along the loading curve and
obtains the hardness and elastic modulus at exceedingly small penetration
depths. Thus, this technique provides an ideal approach for measuring nano-
films upon a substrate (Yupeng Zhang & Pan, 2012a) and provides meaningful
insight into the material’s elastic and plastic response as well as surface
properties. Recently, the mechanical behaviour of 2D materials on different
substrates has been investigated by instrumented nanoindentation (J. Chen et
al., 2013; Niu et al., 2016). Hammad has used nanoindentation to investigate
the effect of graphene on the tribological behaviour of Cu thin film. In the
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presence of graphene, the modification of the elastic contact behaviour
between the indenter and the surface in the presence of graphene has been
confirmed due to the elimination of adhesion (Hammad et al., 2017) but not
due to the stiff nature of graphene. On the other hand, Cu coated graphene has
demonstrated a higher effective elastic modulus compared to pure Cu
resulting from the ultra-high elastic modulus of graphene layer under
indentation (Park et al., 2019). This method provides valid data on the effect
of 2D layers on other materials’ behaviour from elastic and plastic points of
view.

Not only, nanoindentation can provide solid information on the material’s
elastic and plastic behaviour, also its procedure is quite straightforward. The
procedure of nanoindentation experiments is followed by the approaching of
a sharp tip to the surface of the target material. After the tip contact with the
surface, the load starts to increase and the tip can go deeper into the material
until a maximum predetermined depth, followed by unloading. At the loading
part, the material undergoes elastic as well as plastic deformations. In the
unloading part, only the elastic deformation is reversed with some non-
linearity due to reserve plasticity upon unloading. Figure 2.13 shows the
procedure of nanoindentation experiments while loading and unloading.
Based on the mechanism of the device, the nanoindentation can be controlled
by load or displacement.

Therefore, there are two modes to perform nanoindentation tests:

1. Load-controlled nanoindentation: the load is applied and the corresponding
displacement is measured.

2. Displacement-controlled nanoindentation: the displacement is set and the
load corresponding to this indentation depth is measured.
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Fig. 2.13. The schematic of the procedure of nanoindentation experiments.

The values of hardness and Young’s modulus are extracted from the load-
displacement data, following the procedure explained next.

The applied load divided by the contact area presents the hardness of the
test material. The contact depth can be determined using the method by
Doerner and Nix (Doerner, 1986), improved by Oliver and Pharr (Pharr &
Oliver, 1992). The hardness is defined as:

H=-"%, (2.3)

where H is the hardness and Fmax is the maximum applied load that can be
directly measured during the test. A is the projected contact area. The area of
contact at peak load is determined by the geometry of the indenter and the
depth of the contact, h.. For example, in the case of a tip with Berkovich
geometry, it is approximated by a cone of equivalent contact area as a function
of indentation depth defined by the half-included angle 6. The contact depth
h¢ can be calculated from the penetration depth h;, applied load Fnax and the
unloading stiffness S using the Oliver and Pharr model (Oliver & Pharr, 1992)
to account for the contact geometry as:

E
h. = h; — 0.75 % . (2.4)
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The Young’s modulus can also be extracted by using a relationship
including the contact area and the unloading stiffness as:

aP 2
S = —EA, (2.5)
s

o= Pz
where S is the unloading stiffness given by Z—i, B equals to unity in most cases

and it is a geometrical dimensionless parameter, and E,. is the reduced
effective modulus given by

—= + : (2.6)

E: is dependent on Young’s modulus of the test material (E) and the Young’s
modulus of the indenter (Eg), as well as of 9 and 9, which are the Poisson
ratio of the test material and the indenter, respectively.

The loading curves can also be used to analyse the behaviour of the
material in the elastic and plastic regime during the indentation test. While
conducting indentation onto a defect-free surface at small loads, the initial
indentation response is purely elastic until a critical load is reached to trigger
an onset of plasticity (referred to as the ‘pop-in’ phenomenon). The Hertz
linear elastic theory can be used to describe the load-displacement before the
occurrence of pop-in (Bahr et al., 1998; Xiaodong Li & Bhushan, 2002; Van
Vliet et al., 2003). The Hertzian elastic theory leads to:

4
F =2 ERR?, (2.7)

where F is the load, R is the radius of the tip, h is the depth, and Er is the
reduced modulus as defined by equation (2.6). The quantities that are used in
nanoindentation analysis are represented in Fig. 2.14.
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Fig. 2.14. A schematic representation of a section through an indentation showing various quantities used in
analysis, in this image P is applied load (F) (taken from Oliver et al., 1992).

At the onset of plasticity in the loading curve of each crystal, an obvious
pop-in phenomenon occurs during the nanoindentation test. The collective
dislocation activities at critical load or displacement may lead to the formation
of pop-in as the resolved shear stress approaches its shear strength (Bahr et
al., 1998; Xiaodong Li & Bhushan, 2002). The unloading curve overlaps with
the loading one before the appearance of pop-in which indicates that loading
is fully elastic before pop-in occurs (Hong Wang et al., 2014).
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Fig. 2.15. The typical load-displacement curve of a copper thin film.

Figure 2.15 shows a typical loading curve for pure copper, a ductile
material. As it is shown, the initial part of a load-displacement loading curve
is dominated by the elastic properties of the material. After appearing of the
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pop-in (called plastic burst), the plastic behaviour of the material reveals. The
pop-in phenomenon and different regions of the load-displacement curve
extracted from nanoindentation test will be discussed more in chapter 5.

2.5.2 Atomic force microscopy (AFM)

Dynamic atomic force microscopy (AFM) methods are powerful and versatile
techniques used to characterise and manipulate atomic and nanometer-scale
surfaces with a wide variety. Four main factors make the dynamic AFM
interesting and sophisticated including (i) routine nanometer-scale spatial
resolution of semiconductors, polymers and biomolecules as well as atomic-
resolution images of insulator surfaces in ultra-high vacuum (UHV), (ii) the
existence of several parameters sensitive to the tip-sample interactions
(amplitude, frequency, phase shift and cantilever deflection), (iii) the
challenging features of the motion of a vibrating tip interacting with a surface
and (iv) the potential to develop quantitative methods to characterise material
properties at the nanometer scale. The amplitude, the resonance frequency and
the phase shift of the oscillation link the dynamics of a vibrating tip to the tip-
surface interactions. Any of them could be used as a feedback parameter to
track the topography of a surface (Garcia & Pérez, 2002). Presently, two major
dynamic AFM modes, amplitude modulation atomic force microscopy (AM-
AFM) (Martin et al., 1987), and frequency modulation atomic force
microscopy (FM-AFM) (Albrecht et al., 1991) are being developed to
measure the topography of a sample surface. Most of the experiments in air or
liquid are performed by AM-AFM which is also known as tapping mode and
is one of the most common modes for tracking the topography of 2D materials.
In AM-AFM, a stiff microlever with a sharp tip at its free end is excited at or
near its free frequency. The oscillation amplitude is used as a feedback
parameter to measure the topography of the sample surface. In addition, the
mapping of the phase shift between the driving force and the tip oscillation
can be used to record the material properties variations (Garcia & Pérez,
2002).

AFM probe scans across the target surface while collecting data about its
properties. An AFM probe is composed of a substrate, a cantilever, and a sharp
tip. The high-resolution imaging by AFM probe resulted from a combination
of efficient piezoelectric actuation that is used to precisely drive the tip or the
sample and a fast feedback control loop for maintaining the user-defined tip-
sample interaction, the so-called setpoint. The feedback system responsible
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for the achievement of such high resolution is based on precisely sensing the
interaction between the tip and sample using a laser-bouncing optical-lever
technique that utilizes a fast position-sensitive photodetector (PSPD) (H.
Zhang et al., 2018).

AFM based methods have been widely used to measure the mechanical
properties of nanomaterials. According to the geometry of the prepared
samples, AFM indentation and AFM deflection tests can be utilized.

2.5.3 Nanoindentation by atomic force microscopy

The ability to conduct nanoindentation studies with nanometer depth, and sub-
nanonewton force resolution is also possible using a standard AFM setup. The
AFM allows for nanomechanical studies to be conducted alongside
topographic analyses, without the use of dedicated instruments. Performing
nanoindentation with AFM requires an applied static load with a probe and
the penetration depth of the tip is calculated. Load-penetration (displacement)
is thus obtained and analysed with contact mechanics models. It is equivalent
to (nano)-indentation without CSM (without oscillation). Load-displacement
curves can be collected similarly for a variety of materials and mechanical
properties can be directly calculated from these curves (Kurland et al., 2012).
The fundamental tribological characteristics of graphene have been studied by
AFM indentation in order to recognise its mechanical behaviour under sliding
contact conditions (Filleter et al., 2009; L. Y. Lin et al., 2011). MoS; layers
were also transferred on a soft poly-dimethylsiloxane (PDMS) substrate and
the mechanical behaviour has been investigated via applying a point load by
AFM. The elastic behaviour of MoS; layers has been studied based on the
indentation deformation of the MoS,/PDMS substrate (Jiang et al., 2020).
Figures 2.16a and b represent the schematic of AFM and tip-sample
interaction for quantitative nanomechanics study, respectively. The
mechanical properties of the CVD-grown h-BN films transferred on Si
substrate have been measured by nanoindentation. The large area of h-BN
films consisting of two to five atomic layers shows the 2D elastic modulus in
the range of 200-500 N/m (Song et al., 2010a).

30



Chapter 2: Background and literature review

PSPD Laser b

Amplifier, filter
and gain stage

> >

o A/D
Sample
DC bias
Sample chuck
—/)—AC bias

Fig. 2.16. (a) Schematic representation of an AFM; (b) tip-sample interaction for quantitative nanomechanics
study (taken from Zhang et al., 2018).

2.5.4 Membrane deflection by atomic force microscopy
(suspended mechanical testing)

In the case of suspended 2D films transferred on the patterned trenches, AFM
deflection method is usually applied. The AFM deflection method is a simple,
direct and non-destructive approach to obtain the elastic properties of
atomically thin membranes. By pressing the centre of the suspended 2D sheets
with calibrated AFM tips, their Young's modulus can be successfully extracted
(Frank et al., 2007; Gomez-Navarro et al., 2008). Figure 2.17 shows a
schematic of probing the mechanical properties of 2D layers by AFM
deflection test. The width, length, and thickness of 2D materials can be
precisely measured with AFM and Raman spectroscopy.

Young’s modulus and strength of single-layer graphene have been
determined by AFM, and the value of the 2D stiffness (E*°) has been recorded
342 N/m (C. Lee et al., 2008a). Bertolazzi et al. have used AFM deflection to
determine the mechanical properties of the exfoliated mono and bilayer MoS;
(Bertolazzi et al., 2011). A deflection test by AFM has been performed to
measure the elastic properties of freely suspended MoS; nanosheets, with
thicknesses ranging from 5 to 25 layers. These measurements give the
possibility to simultaneously measure Young’s modulus (E) and the initial
pre-tension (T) of the MoS; nanosheets (Castellanos-Gomez et al., 2012).
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Fig. 2.17. lllustration of probing mechanical properties of 2D materials by AFM deflection test (taken from
Liuetal., 2014).

The value of E?° and the average fracture strength have been recorded to
be 2701100 GPa and 23 GPa, respectively which are several times less than
the values for graphene but yet much stronger than the one for steel (Bertolazzi
et al., 2011). WSe; layers have been isolated by mechanical exfoliation from
bulk WSe; then a flake of multilayer WSe; has been transferred onto a pre-
patterned Si/SiO substrate. It was reported that the decreas of the number of
layers results in decreasing the prestress which cause the linear enhancement
of E®® (R. Zhang et al., 2016). 2D stiffness of MoS;, WS, and the
heterostructure of them (Mo0S,/WS;), as well as the heterostructure of
MoS2/Gr, has been determined by AFM. The 2D stiffness are 171+11 N/m
and 177412 N/m for MoS; and WS, respectively. The E?*® of MoS,/WS;
heterostructure is measured to be 314 + 41 N/m and for MoS,/Gr is calculated
to be 467+ 48 N/m (K. Liu et al., 2014a). Although, extracting the mechanical
response of 2D layers with a deflection test is one of the most common
methods, there are different sources of uncertainties that can definitely affect
the results. There are not enough studies on these uncertainties while
performing deflection tests by AFM on 2D layers. The challenges and
uncertainties resulting from this method as well as the extracted mechanical
properties of single and bilayer graphene with using this method will be
discussed further in the chapter dealing with deflection testing

2.5.5 Lab on chip (suspended mechanical testing)

In addition to the AFM based methods, various microelectromechanical
systems (MEMS) have been developed to realize the accurate measurement
of the elastic properties and simultaneous visualization of the fracture
behaviours of 2D materials. Lab-on-Chip (LoC) technology is a technique that
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brings various laboratory operations on a miniaturized scale. In other words,
LoC is a device that can apply single or multiple laboratory functions on a
chip format by scaling them down (Gupta et al., 2016). This technology
enables the development of the next generation of portable and implantable
microelectromechanical (MEMS) and nanoelectromechanical (NEMS)
systems (Giannitsis, 2011). By increasing the applications of nano-scale thin
film materials, the demand for the miniaturization of mechanical and
electronic systems has surged. On the other hand, the mechanical properties
of thin films play a significant role in the functionality and efficiency of small-
scale systems (Haque & Saif, 2002). Mechanical testing of thin films with a
few nano to microns thick requires novel techniques and advanced procedures
for preparation, handling, and loading (Sharpe et al., 1997).

Several techniques have been reported to evaluate the mechanical
properties of thin films, such as biaxial bulge tests (Vlassak & Nix, 1992),
hardness tests (Stone et al., 1988), uniaxial tensile tests that record cross-head
speed to determine strain (Koskinen et al., 1993), and bending experiments
including the measurement of deflection or resonant frequencies of
microcantilever beams (X. Ding et al., 1990; Weihs et al., 1988). However,
each method has its limitations and performing a mechanical test on samples
in the micro or nanoscale is extremely challenging. These challenges result
from fabrication techniques, handling of micro or nanoscale samples, applying
load, and data processing. On the other hand, the constraints regarding
microstructure (grain size) and dimension (specimen thickness) can change or
even reverse conventional size laws in materials behaviour (Arzt et al., 1998).

For instance, the Hall-Petch phenomenon for different materials represents
three regions including i) when grain sizes are above 1 um and the
conventional Hall-Petch relationship works, ii) when grain sizes are from 30
nm to 1 um and deviation from the classical Hall-Petch relationship is
observed, and finally (iii) when grain sizes are below 30 nm, where no further
strengthening or even reverse Hall-Petch behaviour is observed (Gutkin et al.,
2001). Despite the reports of the observation of reverse Hall-Petch behaviour
for nano-crystalline materials in indentation experiments (Chokshi et al.,
1989) and simulation (Schigtz et al., 1998), no investigation report this
behaviour for tensile testing experiments. Among all known techniques for
mechanical properties characterisation, the most functional one for thin films
is uniaxial tensile testing which provides the most straightforward data to
extract both elastic and plastic properties.

In tensile testing machines, four main elements must be considered. These
are the actuator, the load and the strain sensors as well as the mechanical frame
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and the grips. All parts of the tensile testing machine need to be adapted for
small-scale testing. While using the tensile testing in nano-scale, there are
some critical challenges such as (a) preparation of freestanding structures (b)
gripping of the specimen, (c) measurement of prestress in the specimen, (d)
accurate alignment in the structure, and (e) generation and measurement of
small-scale forces and displacements in the specimen (Haque & Saif, 2002).
Several techniques and devices have been proposed to perform such tests
on thin films. The works of Tsuchiya (Tsuchiya et al., 1998) and Sharpe
(Sharpe et al., 1997) were the starting point on uniaxial tensile testing
techniques on freestanding films. An electrostatic force gripping system has
been reported by Tsuchiya et al, to load the thin films. Figure 2.18 represents
a schematic of tensile testing developed by Tsuchiya. The structure contains a
thin film specimen that acts as a beam fixed at one end to the silicon substrate
and with a large pad at the other end. In order to perform the tensile testing of
the cantilever beam, a probe is in contact with the free end pad. By applying
a voltage between two surfaces an electrostatic attractive force is generated.
Tensile testing is achieved by piezoelectric actuation of the probe along the
axis of the specimen. This technique makes it possible to extract the stress-
strain curve from small deformation until fracture for monocrystalline and
polycrystalline Si, as well as Ti and Ni films possible (Tsuchiya et al., 1998)

Elcctrostatic
force

L. : 30-300 um
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t:2um

Fig. 2.18. Schematic of tensile testing using electrostatic grips (taken from Tsuchiya., 1998).

Sharpe et al, have developed a technique which used microfabrication to
pattern the specimen in a dog bone shape. A silicon wafer is used as the
substrate and etching the window underneath the specimen is done by bulk
micromachining. The silicon frame with the specimen was placed on the
testing stage and gripped at both ends. One grip is fixed and the other one is
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glued to a load cell which is fixed on a piezoelectric actuator. After making
the specimen free by cutting it with a rotary tool, tensile testing is performed.
During testing, the load and strain are measured via the load cell laser-based
interferometry (reflective gold strips are patterned on the surface of the
specimen), respectively.

Later on, a technique was reported in which a specimen is created by
microfabrication techniques connected to a plate containing a hole called a
loading hole. The same thin-film deposit has been used to deposit the frame
and the specimen on the Si substrate. The specimen is then released from the
substrate except for one end, and a tungsten hook is engaged in the specimen
through the hole. Then by using an external micromanipulator the load is
applied to the hook and finally, the displacement and strain can be recorded
(Cheng et al., 2005). In the mentioned techniques, the actuation source is
external which cause difficulties in making the connection between the
specimen and the actuator.

To solve this problem, the integration of specimen and actuator on the same
wafer seems a good solution. A stage was fabricated by single-crystal silicon
with one end fixed and the other attached to a piezoelectric actuator. The
specimen is deposited on the stage, one end connected to the fixed beam (load
sensor) and the other to support beam assembly. The whole chip is pulled and
the displacement can be measured directly by the use of the cursors on the
specimen (Haque & Saif, 2002). Then Espinosa reported a technique with test
specimen on a stage with capacitive sensors and electrostatic or electrothermal
actuators. In this technique, the actuators are used to load and captive sensors
to measure the load (Espinosa et al., 2007). The schematic of the MEMS-
based tensile testing is shown in Fig. 2.19.

Thermal actuators

100 pm

Fig. 2.19. Schematic of MEMS-based tensile testing stage using electrothermal actuation developed by
Espinosa et al. 2007 (taken from Coulombier thesis., 2012).
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The deformation and failure mechanisms in materials at the 2D limit are of
fundamental importance but have been little studied by experiments.

A method has been developed for in-plane nanomechanical testing of
MoSe; layers. An improved dry transfer approach has been used for fragile
MoSe; membranes, and then the mentioned system has been used to
investigate the mechanical behaviour of monolayer and bilayer MoSe,. This
system provides the in-plane tensile testing consisting of a thermally actuated
shuttle and a load shuttle fixed to calibrate springs. Thermally actuated shuttle
and the load shuttle are used to induce the tensile strain in materials and
measure the pulling force, respectively. Thus the stress-strain curve can be
directly measured (Y. Yang et al., 2017). The study of the mechanical
response of patterned graphene nanoribbons (GNRs) with a width less than
100 nm has been done using in-situ quantitative tensile testing in a
transmission electron microscope (TEM). The maximum local true strain of
the nanoribbons was measured to be about 3% (Z. Liao et al., 2017). An in
situ tensile testing has been performed on suspended graphene using a
nanomechanical device in a scanning electron microscope (SEM). Performing
tensile loading on pre-cracked graphene reveals a fracture in a brittle manner
with sharp edges at fracture stress substantially lower than the intrinsic
strength of graphene. The combination of experiments and modelling
indicates that the classic Griffith theory of brittle fracture applies to graphene.

In the study performed by Zhang et al., they used a developed platform that
integrates a micromechanical device and a nanoindenter. The graphene
sample contains a pre-crack with a length of 10% of sample width. As the
applied load increased to a critical value, brittle fracture occurred quickly from
the pre-crack, resulting in two fractured pieces with flat edges. Figure 2.20
shows the in-situ SEM of nanomechanical tensile testing of fracture of
graphene with a pre-crack. The fracture toughness of graphene is measured as
the critical stress intensity factor of 4 + 0.6 MPav/m and the equivalent
critical strain energy release rate of 15.9 Jm~2 (P. Zhang et al., 2014).
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Fig. 2.20. Nanomechanical testing of fracture of graphene with a pre-crack. The in-situ SEM tensile testing
with a microdevice. Movement of the nanoindenter tip (shown by the white arrow) was converted to pure
tension of the specimen on the sample stage by the inclined beams. Inset is the magnified image of the boxed
region showing graphene across the gap of the sample stage (taken from Zhang et al., 2014).

The key process of these methods contains the following two steps: (1)
specific transfer of suspended 2D materials onto the testing stages; (2)
patterning the transferred film into a rectangular shape with FIB for further
tests. These devices can transfer the force exerted on the beam by the indenter
to the tension of the stage by using the “push-to-pull” mechanism, thus the in-
plane tensile test of 2D materials can be realized. Combining with SEM and
TEM, manipulators provide us more flexibility to investigate various
mechanical properties of 2D materials.

The technique used in this work has been developed at UCLouvain to apply
uniaxial strain on thin films and 2D materials. In this technique, an effort has
been done to avoid the issues in the mentioned techniques as well as providing
a simple and versatile tool to make testing on a large range of materials at a
micro-scale possible (André et al., 2007; Boé et al., 2009; Fabrégue et al.,
2007; Gravier et al., 2009). Figures 2.21a and b show a schematic of the
elementary tensile testing stage and a schematic of several tensile testing
structures with different lengths of sample/actuator, respectively.
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Fig. 2.21. (a) Schematic of the elementary tensile testing stage; A is the actuator beam made of silicon nitride
which loads sample beam B. After release, the displacement u can be measured using the cursors; (b) Several
tensile testing structures with different lengths of sample/actuator to generate a full stress-strain curve up to
fracture [taken from Boe et al., 2004].

The main two advantages of this technique are:

1. The internal stress of the film deposited on the wafer is used to actuate
the specimen.

2. There can be hundreds or thousands of devices on each wafer thanks
to using the capability of microfabrication technology.

In this work, to investigate the effect of graphene on the creep and fracture
behaviour of Cu thin film, this technique has been used. The process of sample
preparation is very complicated which makes it challenging to extract
statistical results. The steps of the process, material selections and the
challenges regarding the procedure will be explained in chapter 6.
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3.1 Introduction

This chapter outlines the main equipment and methods that have been
employed to process and study the mechanical response of graphene systems.

The method section includes; first a description of the CVD equipment that
has been used to process graphene. The transfer process is discussed in the
second section which is divided into two subsections including the
conventional PMMA-wet transfer method and the modified PMMA-wet
transfer one. The etching process is explained in section 3.2.3. To deposit
metallic thin films, electron beam evaporation has been used which is
described in section 3.2.4. The positive and negative lithography procedure is
mentioned in detail in section 3.2.5 followed by the description of scanning
electron microscopy, Raman spectroscopy and transmission electron
microscopy in sections 3.2.6, 3.2.7 and 3.2.8, respectively. Finite element (FE)
simulations including Abaqus and Comsol are described in sections 3.3.1 and
3.3.2, respectively. The principle of discrete dislocation dynamics (DDD)
simulation is explained in section 3.3.3.

3.2 Experimental Methods
3.2.1 CVD equipment

The CVD equipment consists of the CVD furnace, gas feedstock, mass flow
controllers (MFCs), pumping system, throttle valve and pressure gage. The
CVD furnace is composed of a CVD reactor with a horizontal hot-wall placed
in a double layer steel casing. The tube with the heated zone is enfolded inside
an alumina refractory sheath containing the heating elements. The CVD
furnace is equipped with three gas bottles including, pure Ar and pure CH4
with a research grade of 99.9999% and a mixture of Ar/H; (5%). The rate of
gas flow is controlled using thermal mass controllers (Sevenstar, DO7 series).
These mass flow controllers assign various flow rate controlling ranges and
are usually calibrated using nitrogen. The control of the gas pressure inside
the CVD system is done by a throttle valve between the CVD furnace outlet
and the pumping system. A cold cathode/Pirani hybrid gauge (PKR251,
Pfeiffer vacuum) was used to measure the global pressure of the CVD which
has been designed for vacuum measurement in the range of 5x10°-1000 mbar
pressure. Figure 3.1 shows the schematic of CVD equipment containing
different elements.
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Pressure MFCs
Throttle S318€¢

Pumping
system

Fig. 3.1. Schematic representation of the entire CVD system including different parts (taken from B. Huet,
PhD thesis).

In order to produce the graphene layers via CVD process, controlling
different parameters such as gas pressure, temperature and the time duration
of each step is of utmost importance. All details about the effect of these
parameters have been mentioned in Dr. Benjamin Huet thesis. Figure 3.2
shows the schematic of CVD process that has been used by him to produce
continuous single layer graphene including different steps such as furnace
warming up, Cu annealing, graphene growth and furnace cooling down [Huet
etal., 2018].
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Fig. 3.2. Schematic of graphene growth protocol via CVD experiments on Cu foils (taken from B. Huet, PhD
thesis).

3.2.2 Transfer procedure

A significant effort has been done to develop a transfer technique which is
scalable, clean and can maintain the structural integrity of 2D materials.
However, there are not enough procedures that can fulfil these criteria. In the
framework of this thesis, CVD-grown graphene has been regularly transferred
from the Cu foil onto a perforated SiO2/Si substrate and wafers for Lab-on-
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Chip process containing a thin layer of Cu. For these processes using the
conventional PMMA-transfer method is not satisfying hence a modified
PMMA-transfer method has been designed and used. Both techniques will be
described in detail and the advantages of the modified version of transferring
will be mentioned.

3.2.2.1 Classic PMMA-wet transfer method

CVD-graphene has been grown on Cu foil and after being removed from the
furnace, it has been protected by a layer of PMMA (950 PMMA A9,
MicroChem) diluted in anisole (99%, Sigma-Aldrich) which is directly spin-
coated on the graphene for one minute. The concentration of PMMA is
determined by the proportion between PMMA and anisole. The thickness of
the PMMA layer was around 400 nm and can be controlled by the acceleration
of the spin coater and the concentration of the PMMA. The stack of
PMMA/Gr/Cu is placed on the FeCl; etchant in order to etch away the copper
foil. Once the Cu substrate is etched, the etching solution is gradually replaced
by de-ionized water to rinse graphene. The PMMA/Gr stack floating on the
de-ionized water is scooped by the target substrate and vertically located in a
clean place to be dried. The PMMA layer is then removed using a warm
acetone bath (60°C) for at least 30 min. The bath is then naturally cooled down
to room temperature before successively rinsing the sample with fresh clean
acetone, isopropanol, and water. If necessary, PMMA residues can be
removed using PG remover or diluted acetic acid. The schematic of the classic
PMMA-wet transfer is presented in Fig. 3.3.

PMMA layer

Cu substrate

(4)
C—
Si/SiOy

Fig. 3.3. General process flow for the PMMA-wet transfer procedure; (1) PMMA spin-coating directly on the
Gr/Cu substrate; (2) Cu removal in a Cu etching solution and graphene rinsing with de-ionized water; (3)
PMMA/Gr scooping with the SiO2/Si substrate and; (4) PMMA removal with acetone.
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3.2.2.2 Modified PMMA-wet transfer method

The modified version of the PMMA-wet transfer is almost the same as the
conventional one including the modification in the step of scooping the stack
of Gr/PMMA on the substrate. In this approach, in order to reduce the water
accumulation between graphene and the substrate while fishing it from water,
a piece of clean room paper has been used to catch the PMMA/Gr stack from
the PMMA side. Then the stack of paper/PMMAJ/Gr is placed on a heating
plate at 60°C to evaporate the water on the surface of graphene (this step
should not take more than 2 to 5 mins, taking more than that cause the paper
to be completely dry and graphene will be detached from the paper on the
heating plate.) and finally, the stack is placed on the substrate from the
graphene side. After completing the transfer, paper can get dried naturally or
by using nitrogen and it gets separated from the PMMA. The last step,
dissolving the PMMA in acetone, is the same as the conventional method. In
this technique, the VdW forces between the paper and PMMA layer need to
be less than the VdW forces between graphene and the target substrate,
otherwise, graphene is torn while trying to place it on the target substrate.
Considering that, the thickness of PMMA needs to not be less than 300 nm
and all types of paper cannot be useful in this approach. Fig. 3.4 shows the
schematic of the modified version of PMMA-wet transfer.

Fig. 3.4. Modified process flow for the PMMA-wet transfer procedure; (1) PMMA spin-coating directly on
the Gr/Cu substrate; (2) Cu removal in a Cu etching solution (FeCls) and graphene rinsing with de-ionized
water; (3) PMMA/Gr catching with the piece of paper from PMMA side; (4) placing Gr/PMMA/paper on the
target substrate and; (5) PMMA removal in acetone.

When transferring graphene on the perforated substrates, less water
accumulation between graphene and substrate means less water accumulation
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inside the cavities/gaps which leads to less evaporation and less breakage in
graphene. This method increases significantly the quality of transferring 2D
materials on the patterned substrates as well as the suspension tendency of 2D
layers. The improvement of the transfer on the perforated substrate is shown
in Fig. 3.5.

On the other hand, while transferring 2D layers on metal substrates such
as copper, using conventional PMMA-wet transfer accelerates the oxidation
of the metal underneath of 2D layer resulting from the accumulation of water
in between. In this case, using the modified transfer method is notably
practical. The reduction in the oxidation of Cu underneath graphene after
transferring can be seen in Fig. 3.6.

The possibility to control the position of graphene or any other 2D layer
on the target substrate is another advantage of this method that cannot be
achieved easily while scooping the layer from water with the target substrate.

Fig. 3.5. a) Transferring SLGr on Si/SiO2 substrate containing the cavities with conventional PMMA-transfer
method; b) transferring SLGr on Si/SiOz substrate containing the cavities with modified PMMA-transfer
method.
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Fig. 3.6. a) Severe oxidation of Cu underneath Gr transferred with conventional PMMA-transfer method; b)
some small spots of oxidation of Cu underneath Gr transferred with modified PMMA-transfer method.

3.2.3 Etching

One of the critical experimental steps during the fabrication process is etching.
There are two different approaches in etching called wet and dry etching. Dry
etching is usually a mixture of physical and chemical processes. Reactive ion
(RIE) and XeF; etching are the most known dry etching procedures which
have been used in this work. On the other hand, wet etching is a purely
chemical process using a chemical solution depending on the material to be
etched.

In RIE, a plasma is created by a flow of a mixture of etching gases into the
chamber and an RF the powered magnetic field. The chemically reactive
plasma bombards the target substrate with high-energy ions to remove
materials deposited on wafers. O,, CHF3, SFg, and Cl. are the main gases that
are typically used for the RIE process regarding the materials to be etched. A
highly anisotropic etch profile can be produced due to the vertical nature of
the plasma ions bombardment. Consequently, the etching is directional, and it
can produce patterns with high aspect ratios. However, the main drawback of
RIE is the poor etching selectivity.

Etching selectivity is the etch rate ratio between the target material and the
other materials present in the system.

The XeF; etch process is a purely chemical one and usually results in a
rough etched surface. This isotropic process allows the etching of silicon with
almost infinite selectivity from silicon to photoresist, silicon oxide, silicon
nitride and aluminium. XeF, has a vapour pressure of 4 Torr (533Pa). The
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equipment works in a pulsed mode and contains a chamber which is repeatedly
filled with XeF; gas, then pumped out and replaced by N gas. The etch time
and pressure of XeF, gas inside the chamber can be controlled. By keeping
the pressure and time small for each pulse, the etching process can be
controlled in a better way.

On the other hand, a chemically active solution reacts with the target
material in wet etching. Normally by selecting the right solution, high
selectivity can be achieved in this type of etching. Despite better etching
selectivity, the isotropic profile of wet etching leads to the etching of the target
material in all directions. This makes the patterning of the structures with a
high aspect ratio almost impossible in wet etching. Figure 3.7 illustrates three
different profiles achieved by etching for the same structure.

More directional etching
s

G} Vi) Ul

Isotropic Anisotropic Completely anisotropic

Fig. 3.7. Three different patterns achieved by isotropic, anisotropic, and completely anisotropic etching.

3.2.4 Electron beam evaporation

A wide range of vacuum deposition methods that enables the growth of thin
films on a substrate, atom by atom is called physical vapour deposition (PVD).
In vacuum deposition methods, the condensed material is vaporised in the
vacuum environment in which a material starts from its condensed phase, is
vaporised in the vacuum environment then re-condensed on the target
substrate in order to form a thin film. One of well-known methods among
different PVD methods is the electron beam evaporation used for the
deposition of pure metal thin films such as copper and nickel. The schematic
of the electron beam evaporation is shown in Fig. 3.8. In this physical process,
the chosen metal is evaporated from the crucible (the source) by heating it at
high vapour pressure with an electron beam under a vacuum of 10 Pa. A hot
tungsten filament generates a high Kinetic energy electron beam which is
deviated by the electromagnetic field on the crucible. Electron beam causes
the evaporation of the atoms from the source to deposit on the substrate in
order to form the thin film.
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Based on the position of the wafers inside the chamber, two types of
depositions can be performed. When the wafers are placed perpendicular to
the flow of evaporated atoms, and atoms are deposited on the wafer in a
normal way, in a way snow falling vertically on a ledge, the mode of
deposition is lift-off mode (Figure 3.9a). In order to have a more homogeneous
deposition, the rotate mode can be chosen. The wafers rotate relative to the
direction of flow during deposition and it makes it possible for atoms to be
deposited on the target surface from all directions (Figure 3.9b) Based on the
application and the necessities in the fabrication process, the mode of
deposition can be chosen.

Vacuum chamber
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Fig. 3.8. Schematic of the way that electron beam evaporation is functioning.
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Fig. 3.9 Schematic of a) lift-off mode; b) rotate mode.
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3.2.5 Lithography

One of the most important techniques in any microfabrication process is
lithography. Lithography is a method to transfer a pattern to a photosensitive
material which is done by selective exposure to a radiation source such as
light. The physical properties of a photosensitive material change after being
exposed to the radiation source. The exposure can be performed by masking
some of the radiation to design a desired pattern on the photosensitive
material. The pattern is formed as the properties of the photosensitive material
differ from the exposed and unexposed parts. The lithography process is
categorised into two main types, first, photolithography, and second electron
beam (e-beam) lithography. The main method that has been used in this work
is photolithography. In photolithography, the exposure source is a UV light
source. The light-sensitive material is a kind of resist which can be classified
as a positive or negative resist. In a positive photoresist, the exposed portion to
light becomes soluble to the photoresist developer and the unexposed part remains
stable. On the other hand, a negative photoresist is a type of resist in which the
portion of the photoresist that is exposed to light becomes insoluble to the
photoresist developer and the unexposed portion is dissolved by the
photoresist developer. The process starts by coating the substrate first with a
thin layer of HMDS to promote the adhesion of the surface. It is followed by
spin coating the photoresist. Then the exposure of the photoresist is performed
by using a photomask with the desired pattern and finally, the photoresist is
developed to dissolve the soluble parts of the resist. Mostly, this step is
followed by etching exposed material and stripping the photoresist to achieve
the final structure. Figure 3.10 shows a schematic illustrating the concept of
lithography.
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Fig. 3.10. Schematic of photolithography steps for both positive and negative photoresists.

3.2.6 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is an effective technique for imaging
2D layers in a rapid and non-invasive way on a wide variety of substrates. The
SEM (Zeiss Gemini Ultra-55) is a versatile tool for detecting impurities,
cracks, folds, wrinkles, voids and spatial variations of the number of layers at
the micro and nano-scales. There are some challenges in properly imaging
graphene or other 2D materials, including (i) probing the cross-section of the
one-atom-thick material is beyond the SEM resolution limitations, (ii) the
morphologies of the substrate supporting 2D sheets are mainly shown in the
SEM images rather than the graphene itself due to the transparency of
atomically thin film to high energy electron beams, and (iii) there is no strong
contrast in SEM imaging of 2D layers resulted from their very smooth surface.
Consequently, using suitable SEM settings is necessary to gain enough good
contrast to probe the surface details including surface roughness, edges and
additional layers.
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3.2.6.1 Detector type

SEM is a type of electron microscope generating images of a sample by
scanning through the surface with a focused beam of electrons. The working
principle of SEM is based on the emission by using a very fine heated filament
and acceleration of the kinetic energy of electrons to the desired limit when
propagating down through the vertical column. To focus the electron beam
down to the target substrate, there is a two-lens system installed in the Gemini
column with the dedicated spot size. The incident electron beam interacts with
atoms in the sample of interest, generates various types of signals which differ
by their origin, energy and direction, and thus carries distinct information
about the surface topography and composition of the sample.

In this thesis, two different detectors have been utilized to investigate the
surface of graphene: a regular Everhart-Thorney (E-T) and an in-lens (also
called in-column) detector. Both detectors collect the secondary electron (SE).
Upon the radiation of the incident electron beam, these electrons are produced
into the test sample at different depths. The in-lens detector efficiently collects
the electrons generated close to the surface in the vicinity of the irradiated
region which is called type I secondary electrons (SE1) and leaves the surface
with a high angle (i.e. almost perpendicularly to the surface). On the other
hand, the type Il secondary electrons (SE2) are collected by the E-T detector
and generated from a deeper and wider volume inside the substrate and leave
the substrate surface at a lower angle.

As a result, the signal enriched in SE1 carries high-resolution surface-
sensitive data of the sample which is transferred to the in-lens detector while
lower-resolution topographical information can be delivered by the E-T
detector. Although the in-lens detector is mainly utilized to observe the
graphene film, the underlying substrate (Cu film/foil or SiO,/Si substrates) is
detected by using the E-T detector. Figs. 3.11a and b are representing the SEM
imaging of graphene on different substrates in in-lens mode and Fig. 3.12
shows the SEM imaging of graphene on Cu substrate in E-T mode.
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Fig. 3.11 a) SEM in-lens imaging of as-grown Gr on Cu film substrate; b) SEM in-lens imaging of transferred
Gr on SifSiOz substrate.

Fig. 3.12 a) SEM imaging with E-H detector of Gr on Cu film substrate.
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3.2.7 Raman spectroscopy

Raman spectroscopy is a non-destructive technique and versatile
characterisation tool. This technique is very useful in determining the number
of layers of graphene, the stacking order of layers, the structural quality and
types of edge as well as the origin of perturbations including mechanical
strain, doping and disorder. Raman spectroscopy measurements are
functioning based on monochromatic light which illuminates the sample and
the analysis of scattered radiation. This radiation results from various
interaction events between photons, electrons and phonons within the
material. In this research, LabRAM HR equipment has been used to carry out
Raman measurements by using a green laser (excitation energy of 2.41 eV or
2=514 nm, power level below 1 mW) on various graphene samples including
as-grown on the Cu catalyst and transferred in the form of supported or
suspended.

3.2.7.1 Basic principles of RAMAN

The scattered radiation coming from the re-emission of the incident radiation
exposed on a sample can represent either a different wavelength (Stokes and
Anti-Stokes Raman scattering) or an identical wavelength (Rayleigh
scattering). Raman scattering is an inelastic scattering and it takes place when
an incident photon excites an electron from a ground state and by transferring
part of its energy to phonons, it returns to a different state. On the other hand,
in Rayleigh scattering (also called elastic scattering) the pair returns to its
initial state by emitting a photon with identical energy but a different
propagation direction.

The Raman spectra in this work have been achieved with the Horiba
equipment and the LabSpec software which represent the plot of the intensity
of scattered light as a function of the Raman shift which is the difference
between the incident and scattered photon energy. The Raman shift units are
usually expressed in cm™ which can easily be converted into energy units
using the relation;

1meV = 8.0655447cm™?! (3.1D)
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3.2.7.2 Raman spectroscopy on CVD-Gr

Raman spectroscopy can be carried out either directly on the grown graphene
on donner substrate or after transferring graphene on another material
substrate. In addition, it can be performed on supported or suspended
graphene. However, it is important to consider proper acquisition parameters.
Figure 3.13 represents the Raman spectra of graphene on different substrates.
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Fig. 3.13 a) Raman spectrum of SLGr grown on Cu (the effect of background is removed); b) Raman
spectrum of SLGr transferred on Si/SiO».

3.2.8 Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) is a versatile instrument
engineered specifically for the investigation and visualization of samples with
dimensions ranging from micron to nanometer. The revealing of highly
complex levels of detail is a capability of TEM which is not an accessible
feature in conventional light microscopes.

There is an electron source called gun or electron canon normally ina V-
shaped filament made of LaBs (lanthanum hexaboride) or tungsten in the
structure of TEM. A positive potential to the anode is applied to the gun and
increases the temperature in the filament (cathode) to a limit. At this status,
the filament can produce an electron current with a wavelength given by the
De Broglie equation
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h
A= (3.2)

1
eV /2
[ZmOeV (1 + —Zmocz)]

Where Ais the wavelength, % is the Planck constant, 7z is the residual mass
of the electron, ¢ is the charge of the electron, /is the potential difference,
and cis the speed of light.

In order to improve the light coherence, the electron beam is modified by
the condenser and aperture lenses before reaching the sample (Escalante et al.,
2019). When the electron beam hits the sample, there are two possibilities;
either the electrons can affect the sample and disperse while avoiding the loss
of energy (elastic) or the inelastic behaviour where electrons deliver part of
their energy to the internal electrons of the sample. The objective lens focuses
on the scattered beams to produce the first image. In this step, the diffraction
process performed by the projection lens expands the electron beam and
reflects it on the phosphor screen. The amplitude and phase alterations in the
electron beam determine the image resolution. This alteration is determined
by the contrast transfer function (CTF) and it is defined by:

CTF = A(q).exp[iX(q)] (3.3)

Where A(g) is a function that describes the diffraction diagram truncation
by the aperture of the objective lens, and exp[ Z¥{¢)] defines the phase function
that describes the distortion of the output wave by the objective lens.

Based on the value of CTF, the contrast can change. When CTF value is
negative, the atoms are shown in black contrast with a white background, on
the contrary, the atoms are represented in white contrast with a black
background. Almost all kinds of materials can be characterised by using TEM.
Today, many techniques based on imaging, spectroscopy and diffraction are
used depending on the specific analysis required for each sample. In this work,
the characterisation of graphene as grown on copper film and its effect on the
movement of dislocations after nanoindentation have been performed by
TEM. More details will be discussed in chapter 5.

Preparation of sample is a very significant factor in characterisation by
TEM which makes it challenging while dealing with transferred graphene. As
the residue of the supporting polymer is hard to remove completely as well as
the quality of the graphene sheet can decrease when transferred on a grid or
other substrates. It is not always straightforward to probe CVD-2D layers with
TEM.
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3.3 Simulation methods

3.3.1 Abaqus (FE simulation code)

Abaqus FEA (Finite element analysis) is a software suite for finite element
analysis and computer-aided engineering, originally released in 1978. The
Abaqus software consists of five core products: Abaqus/CAE,
Abagqus/Standard, Abaqus/Explicit, Abaqus/CFD, Abaqus/Electromagnetic.

The package that has been used in this work is Abaqus/CAE (complete
Abagus environment), a software application used for both the modelling and
analysis of mechanical components and assemblies (pre-processing) and
visualizing the finite element analysis result. Every complete finite-element
analysis consists of 3 separate stages: a) pre-processing or modelling (this
stage involves creating an input file containing an engineer's design for a
finite-element analyser/solver); b) processing or finite element analysis (this
stage produces an output visual file); ¢) post-processing or generating a report,
image, and animation from the output file (this stage is a visual rendering
stage). 2D axisymmetric simulation of suspended graphene has been used in
this work to verify the accuracy of the analytical equation that has been
applied to analyse the extracted force-displacement curve from the deflection
test by AFM. More details will be provided in chapter 4.

3.3.2 Comsol (FE simulation code)

Comsol multiphysics is a cross-platform finite element analysis, solver and
multiphysics simulation software. It allows conventional physics-based user
interfaces and coupled systems of partial differential equations (PDES). It
provides a unified workflow for electrical, mechanical, fluid, acoustics, and
chemical applications. Besides the classical problems that can be addressed
with application modules, the core multiphysics package can be used to solve
PDEs in weak form. Several modules are available for Comsol, categorised
according to the applications areas of electrical, mechanical, fluid, acoustic,
chemical, multipurpose, and interfacing. After verifying the accuracy of the
membrane-clamped equation with Abaqus, the analytical and simulation results
have been compared with the one from Comsol. All the results were in good
agreement with a small discrepancy that will be discussed more in chapter 4. In
addition, the effect of the membrane shape and loading position has been
evaluated by 3D simulation of suspended graphene in Comsol and the results were
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in good agreement with the experimental results. The corresponded equations
were extracted by using the data resulting from the simulations of the
mispositioning of the tip and deviation in the membrane shape. These equations
can help to calculate the correct value of the Young’s modulus of 2D layers while
facing the mentioned discrepancies. More details will be provided in chapter 4.

3.3.3 Discrete dislocation dynamics (DDD) simulations

Dislocation dynamics (DD) is a modelling approach that aims to simulate the
motion and interaction of the dislocation lines to gain insights concerning the
mechanical properties of the material. The DD approach is based on the fact
that plastic deformation is dominated by the motion and interaction of
dislocation lines, rather than the locations of all of the atoms. Consequently,
to understand the plastic behaviour of a material in this approach, considering
the dislocation lines is sufficient. DD requires the input of multiple physical
models to describe the various behaviours of the dislocation lines. It means
that some information needs to be provided either from experiments or more
fundamental models. Unlike other mesoscale models of plasticity which
consider the dislocation density in terms of a homogenised field, dislocation
lines are treated explicitly in the DD approach. As a result individual
dislocation-dislocation interactions can be properly captured. In order to
simulate the motion and interaction of dislocation lines, a number of
algorithms, rules, and procedures have been developed. The most basic
ingredients necessary to conduct a DD simulation are:

e The application of driving forces on dislocations,

e The determination of dislocation velocities given by these forces,
e The discretisation and adaptive remeshing of the dislocation lines,
e The time integration of the equations of motion,

e The collision and reaction of dislocations,

Furthermore, the more advanced aspects of DD simulations are:
¢ Handling the dislocation junctions and intersections,

e The different types of boundary conditions,
e The change in glide planes of screw dislocations through cross-slip.
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The concept of 3D discrete dislocation simulations was introduced by the
code micromégas which is a simple model for dislocation lines of FCC single
crystal. The mentioned dislocation lines are sub-divided into sets of edge and
screw dislocation segments embedded in a continuum medium. Each
dislocation segment generates a long-range elastic stress field within the entire
simulated sample. When using linear elasticity properties, the effective stress
applied on each dislocation is evaluated at the middle point of each segment.
This induces a force given by the Peach-Koehler equation:

F = (O’int + O'app)b * & (3.4)

where o, and a,p, are internal and applied stress, respectively. b is the
Burgers vector of the dislocation segment and ¢ is the unit vector of the line
direction. Once the force is known on each dislocation segment, the segments
are displaced according to mobility functions which depend on the material
properties. Typical outputs of DD simulations are the dislocation
microstructures, however, more statistical data such as the dislocation
densities, the cumulated shear strain, the stored energy, and the local stresses
can be extracted from this approach. In this work, the effect of graphene on
the propagation of dislocation inside Cu thin film after indentation was
investigated by DDD simulations and the results were in good agreement with
the experimental results. These simulations will be discussed more in chapter
4.
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Chapter 4

Extraction of accurate elastic
properties of graphene via
membrane deflection

Abstract

In this chapter, the mechanical properties such as 2D stiffness, Young'’s
modulus, and fracture strength of graphene (single and bilayer) have been
investigated. To assure the accuracy of the extracted results, the error and
uncertainties resulting from the instrumental calibration, experimental
procedures like tip wear and loading position as well as sample preparation
such as membrane shape have been investigated. The estimation of the error
that can come from calibration parameters predicted 15% and it was
compared to the experimental error that occurred on the extracted Young’s
modulus. All the mentioned uncertainties have been investigated precisely and
their effects have been considered in the extracted mechanical response of
single and bilayer graphene. FE simulations have been performed to
determine the effect of membrane shape and loading position as well as to
compare with experimental results. Finally, the Young’s modulus and fracture
strength of SLGr have been evaluated to be around 880 GPa and 45 N/m,
respectively. In the case of BLGr, the average value of Young’s modulus is
approximately 700 GPa and its fracture strength is around 64 N/m. However,
the angle between the layers has to be determined to evaluate the correct value
of fracture strength for BLGr as it is strongly dependent on the orientation
between the layers. In this work, the orientation between the layers has not
been measured precisely, and these values are an average for the fracture
strength and Young’s modulus of BLGr without considering the orientation of
the layers.
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4.1 Introduction

The innovation of scanning tunnelling microscopy (STM) (Binning et al.,
1982) was rapidly followed by the development of atomic force microscopy
(AFM) which is a special type of microscope allowing to generate images at
the nanoscale and measure surface properties on any type of materials (Binnig
et al., 1986; Yue Zhang et al., 2012). In AFM, the interactions of the probe, a
sharp tip mounted on a cantilever beam, in permanent contact, intermittent
contact or close proximity with the surface are measured and used to
reconstruct the sample surface topography or to characterise surface properties
(Celano 2019; Pethica and Oliver 1987). Compared with optical microscopy
and electron microscopies, atomic force microscopy has the advantage of 3D
topography measurements in air with a spatial resolution down to the atomic
or molecular scale (Xue et al., 2014).

Besides imaging, AFM is widely used to measure the mechanical and
electromechanical properties of nanomaterials because of the convenient force
and deflection measurements with an AFM probe (Cuenot et al., 2004; Z. Li
et al., 2018). Among nanomaterials, 2D materials are well known for their
unique physical properties (ultralow weight, high Young’s modulus, and good
strength) and outstanding electrical properties compared with their
conventional bulk counterparts (Cai et al., 2018b; A. K. Singh et al., 2015).
As these low-dimensional materials are promising candidates for new
applications in flexible and stretchable electronics and photonics,
investigating their mechanical properties is of vital importance (Z. Li et al.,
2018; K. Liu et al., 2014b). Young’s modulus, fracture strength, and friction
coefficient of 2D materials can be directly measured with AFM methods
(Cuenotetal., 2004; Z. Li et al., 2018). In the past few years, a range of studies
has been done by AFM to extract the mechanical properties (Young’s modulus
and fracture strength) (C. Lee et al., 2008b; Lopez-Polin et al., 2015; Ovid’ko,
2013), as well as the tribological properties (Filleter et al., 2009; C. Lee et al.,
2009) of graphene (Gr), a pioneering discovery of 2D materials. The
mechanical and tribological properties of other 2D materials such as
hexagonal boron nitride (h-BN) (Cartamil-Bueno et al., 2017; Song et al.,
2010b) and molybdenum disulfide, MoS,, (K. Liu et al., 2014b) have been
studied in a very limited number of researches. Although there are lots of
studies based on molecular dynamic (MD) simulation, density functional
theories (DFT), etc, that show the unique mechanical properties of pristine
graphene such as Young’s modulus of 1 TPa and the tensile strength of 130
GPa (Jing et al., 2012; F. Liu et al., 2007; H. Zhao et al., 2009; Zhou, Xue, et

57



Chapter 4: Extraction of accurate elastic properties of graphene via membrane deflection

al., 2013), however, experimental studies are not always in good agreement
with the theoretical values (J. U. Lee et al., 2012; Yupeng Zhang & Pan,
2012b). Table 4.1 represents a comparison between experimental and
simulation results. The most discussed reasons for this difference in the
literature are rooted in the structural disorders of graphene, involving
corrugations (ripples, wrinkles, crumples) (S. Deng & Berry, 2016; K. Xu et
al., 2009), topological defects (disclinations, dislocations, grain boundaries)
(Yazyev & Louie, 2010; J. Zhang et al., 2012) and, point defects (vacancies,
adatoms) (Dewapriya & Rajapakse, 2014; Lopez-Polin et al., 2015;
Zandiatashbar et al., 2014b). In addition, the effect of edge orientation of
graphene has been discussed widely (armchair or zigzag) (Dewapriya &
Rajapakse, 2014; Reddy et al., 2009). Besides the structural parameters of 2D
materials, the parameters related to testing, characterisation, and analysis
methods can significantly affect the extracted mechanical properties of 2D
materials (G. Cao, 2014a; G. Cao & Gao, 2019; Q. Y. Lin et al., 2013b; Zhou,
Wang, et al., 2013).

Table. 4.1. Mechanical properties of monolayer graphene (comparison between experiments and
simulations)( taken from Cao et al., 2018).

Methods Young’s Modulus 2D stiffness  Poisson ratio Strength
TPa N/m GPa
Experiment

AFM testing 1.0 340 130
AFM testin, 0.910 305 -

Density functional theory 1.029 345 0.149 110
Molcular dynamics 0.96 320 - -

Finite element method 1.03 - 0.08 98

AFM membrane deflection is a commonly used tool to characterise the
mechanical properties of 2D nanomaterials (Frank et al., 2007; C. Lee et al.,
2008b; Song et al., 2010b). There are several factors affecting images and
extracted mechanical values while using AFM, such as the amplitude setpoint
(Thormann et al., 2010), the loading rate (Medalsy & Miller, 2013), the
uncertainty on the tip geometry (Braga et al., 2004) which have been
investigated in literature for different materials except for 2D materials. In
membrane deflection, the effect of some other parameters such as the ratio of
tip/membrane radius (G. Cao & Gao, 2019), uncertainty on the load,
uncertainty on the membrane shape, and uncertainty on the displacement are
important while extracting the mechanical behaviour of the material.

However, to the best of our knowledge, there is no systematic study on the
effects of all the above-mentioned parameters on the imaging and mechanical
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results extracted from deflection tests by AFM, especially in the case of 2D
materials. In this work, we will discuss the impact of some of these parameters
on imaging and the results of deflection tests on graphene membranes. By
taking these effects into account, the mechanical properties of graphene
(single and bilayer) can be extracted in a more accurate way and critically
discussed concerning the membrane-clamped theory (G. Cao & Gao, 2019).

4.2 Materials and test procedures

4.2.1 Materials and sample preparation

In order to fabricate the suspended graphene membrane for the deflection
tests, a mask has been designed by k-layout software including arrays of
circular cavities with different diameters ranging from 1 um to 8 um. As the
contrast of graphene on SiO, substrate with 300 nm thickness is very
favourable, Si wafers have been thermally oxidized (SiO; thickness = 300
nm). Afterwards, Si\SiO, substrates have been patterned by positive
photolithography using the mentioned mask. The exposed circular SiO; areas
were etched using BHF solvent and deeper cavities were formed with XeF;
gas etchant which etched the Si substrate, partially. The depth of the cavities
was around 1 um. The deeper the cavities, the better the contrast with SEM
imaging and the easier the recognition between suspended and broken
graphene. As there is not a big distance between the cavities on the designed
mask, the cavities cannot be deeper than 1 pum as it merge the cavities to
eachother.

Single-layer graphene (SLGr), as well as multilayer graphene (MLGr),
have been grown on Cu foil by chemical vapour deposition (CVD). The CVD
process is described elsewhere in detail (Huet & Raskin, 2018b, 2018c) and
briefly in the chapter on materials and methods. The common method for
graphene transfer is a wet transfer based on a poly(methyl methacrylate)
(PMMA) layer spin-coated on the Gr-copper substrate, followed by etching of
the copper and the transfer of the PMMAJ/Gr stack onto a target substrate
(Yulaev et al., 2016).

The modified PMMA transfer has been used to increase the tendency of
the suspension of graphene on the cavities. The schematic of the modified Gr
transfer method is shown in Fig. 4.1. In this method, instead of fishing the
graphene from water as in the traditional wet transfer method (Y. Chen et al.,
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2016; Suk et al., 2011), the stack of graphene and PMMA was caught with a
piece of cleanroom paper on the PMMA side. The stack of the
paper/PMMA/Gr was placed on a heating plate for 1 to 2 min in order to let
the water evaporate. Then the stack was laid from the graphene side on top of
the cavities and after detaching the paper, PMMA was removed using acetone
at 60°C for at least 30 mins. It should be noted that the thickness of the PMMA
layer in this method needs to be larger than 200 nm to have good adhesion
between the paper and the PMMA layer and to avoid delamination of the stack
of graphene and PMMA on the paper.

Etching Cu substrate
in FeCl3

Cu/Gr

@)

Removing FeCl3 residual
in water

@)

Removing PMMA in Paper/PMMA/Gr
acetone at 60°¢ (Letting it be dry but

Placing Gr/paper stack on the target
substrate and detaching paper with drying
the stack with N2 very gently

Fig. 4.1. Scheme of the modified procedure for graphene transfer.

4.2.2 Testing procedures
4.2.2.1 Structural and microstructural analysis

Raman spectroscopy (LabRAM HR by Horiba, excitation energy: 2.41
eV/514 nm, spot size: 1 pm) has been used to characterise the transferred
graphene on the Si/SiO; substrate in the supported and suspended form.

To locate the graphene sheet on the target substrate, scanning electron
microscopy (SEM) (Zeiss Gemini Ultra-55) was used. The graphene films
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were mainly observed using the in-lens detector, which receives a signal
enriched in type 1 secondary electrons (SE1) and provides high-resolution
surface-sensitive information.

In order to check the quality of the suspension and the lack of
contamination on the graphene membrane before the deflection test, AFM
mapping (Dimension Icon by Bruker, standard tapping mode in air, linear
scanning rate: 0.5 Hz) has been performed to collect images of the surface.
Non-contact silicon probes (Nanosensors, PPP NCHR) with a nominal spring
constant of 40 N/m, resonance frequency around 300 kHz, typical tip apex
radius of 10 nm have been used.

4.2.2.2 Deflection test (AFM)

The mechanical properties (2D elastic stiffness (E?°), Young’s modulus,
fracture strength) of the graphene membranes were measured by acquiring
force-displacement curves at the centre of each membrane with an AFM
(Dimension Icon by Bruker, ramp rate: 0.5 Hz), after mapping the target
membrane. The curves were obtained by performing force spectroscopy
measurements consisting in measuring the cantilever deflection, d, as a
function of the imposed vertical displacement of the probe, z. The cantilever
deflection in nanometers was obtained by converting the voltage measured on
the photodetector, Vesep, into a vertical deflection using the sensitivity, Spsep
in nm/V, previously calibrated on sapphire:

d = SpsppVpsep - (4.1)

The load, F, was obtained using the Hooke’s law with the calibrated spring
constant, k. of the cantilever (thermal noise method):

F=k.d. (4.2)
The membrane deflection, J, is the difference between the imposed vertical
displacement, z, and the cantilever deflection, d:
6=z—d. (4.3)

The analytical relationship between the applied load and deflection of a
clamped circular thin plate subjected to a point force at the centre of the plate
(in this work called membrane-clamped equation) is given by (Cao and Gao
2019; Wan et al., 2003; Komaragiri, Begley, and Simmonds 2005):
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_ [ AmETE +7| 24 B2 (5)3 4.4
31 =92)a a T\g) (44)

with T = o¢Pra and, (4.5)
q = 1/(1.049 — 0.159 — 0.1692).. (4.6)

where a is the plate radius, 9 is the Poisson ratio of the material, ¢ is the
membrane thickness, 7' is the pretension that can be caused by the VdW
interactions between the suspended 2D layer and the sidewall of the substrate.
E?" is the membrane 2D stiffness equal to E?*® = E*t, with Young’s modulus
(E) of the material.

The three terms in equation (4.4) corresponds to the bending, pre-tension,

and stretching regimes, respectively. In the case of § > t, the first term
4mE?PE3 (5 . . . .. .

W(Z) in equation (4.4) is negligible. As a result, in the case of 2D
materials where o is always much larger than t, the load-displacement
relationship extracted from the deflection test by AFM is fitted with the
following equation:

EZD 3
F = cfPns + < azq >63. 4.7)

When the load and the deflection are small, the elastic response is linear;
under relatively large applied load, the relationship is cubic (Falin et al., 2017).
In this work, a modified version of equation (4.7) has been used which
includes a zero-deflection point, &, as it needs to be considered before fitting.
This modified equation was also considering the effect of tip-sample Van der
Waals interactions, Fo (Q. Y. Lin et al., 2013b; Suk et al., 2016). In this
numerical approach, § = §pes — 8 aNd F = Ey,os — Fy With 6,0 and Fy e
the as-measured membrane deflection and applied load, respectively. oZ? is
prestress in the membrane.

Epes — Fp = k1(6mes - 50) + k; (5mes - 60)3: (4.8)
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Enes = (FO — k160 — k258) + (kl + 3k253)6mes - (3k250)672nes

+kyOmes, (4.9)

R EZD 3

with ky = ogPm and k, = ~—-

Considering Fo, k1, k2, and do as free parameters and fitting the load-deflection
curve using equation (4.9), the precise values of Fo and do can be obtained
which leads to a more accurate determination of ki and k, and hence of the
pretension and the 2D stiffness. For a clamped, linear elastic, circular
membrane subject to deflection, an analytical relationship between the applied
load and the maximum membrane stress oy in the contact region directly
underneath the indenter can be approximately obtained (Bhatia and Nachbar,

1964) by:

1

FraxE?P\?
ofP = <—mZ;‘TR ) : (4.10)

where F,,,, is the maximum load measured on the force-deflection curve
before the membrane fracture and R is the apex radius of the AFM tip. The
value of cerD corresponding to F,,, is typically considered as the fracture
strength of the membrane.

In order to measure the precise radius of the tip, TGX11 calibration grids
have been used. This grid presents a re-entrant overhang with a sharp edge
and there is a hole with an inclined wall with less than 90° angle below the
overhang. The AFM image of the grid is shown in Figure 4.2.
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. |
-800.0 nm

0.0 1: Height sensor 5.0 um

Fig. 4.2. AFM imaging of TGX11 calibration grid.

The tip radius of curvature, R, and its half-opening angle, a, can be
estimated by analysing the AFM profile in the region where the tip is imaged
by the overhang edge. The schematic of the cross-section of the TGX11
calibration grid and the expected profile of the tip is shown in Figure 4.3a.
Fig. 4.3b shows the approach to determine the radius of curvature and half-
opening angle from the AFM profile.

Fig. 4.3. Schematic of (a) cross-section of the TGX11 calibration grid (black) and expected
AFM profile (dashed blue) with a sphero-conical tip; (b) determination of the tip radius of
curvature and half-opening angle from the AFM profile.
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As a result, R and a can be defined as:

R? = Ax? + R? — 2R + Ay?, (4.11)
Ax? + Ay?
Axq

a= arctanA—y1 . (4.13)

4.2.2.3 Simulation with Finite element (FE)-based software Comsol
and Abaqus

The finite element-based software COMSOL Multiphysics has been used to
investigate the effect of different parameters such as the uncertainty on
loading position and the uncertainty on the shape of the membrane. In
addition, a 2-dimensional simulation using shell elements have been
performed with Abaqus with integration points of 4 and using elastic
constitutive law to check the accuracy of the analytical solution and compare
it with the result of the 3-dimensional simulation of COMSOL.

The COMSOL simulations have been performed in a 3D environment with
shell elements (number of iterations = 4) by using linear elastic law for single-
layer graphene with a thickness of 0.335 nm behaving as a clamped circular
thin plate. The load has been considered as a point load because a > R. Here
a is the radius of the circular thin plate and R is the apex radius of the AFM

tip.

4.3. Results

4.3.1 Experimental results

4.3.1.1 Structural characterisation

Figure 4.4 shows the comparison of the Raman spectra obtained for the
suspended Gr and the supported one on SiO,. High 2D-to-G peak intensity
ratio and narrow 2D band-width (equal to 2 and 25 cm™, respectively) prove
the single atomic layer nature of the graphene sheets. In addition, the D-to-G
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peak intensity ratio is smaller than 0.1, which indicates a low density of
structural defects in transferred graphene. In the case of suspended graphene,
the intensity ratio between the 2D and the G peaks is larger than supported
graphene. When graphene remains intact while it is suspended on the cavity,
the intensity of the D peak is the same as the transferred graphene on a non-
patterned substrate (supported graphene). Consequently, the intensity ratio
between D-to-G peak remains smaller than 0.1.

— Supported SLGr r
——— Suspended SLGr 2D (2690 enrl)
_—
=
"
A
£
w
=
@ G (1580 cnr')
"
=
=
D (1350 emt)
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1200 1700 2200 2700
Raman shift (1/cm)

Fig. 4.4. Raman spectra of supported SLGr (dark blue) and suspended SLGr (red).

The domains of bilayer graphene have been investigated by Raman
spectroscopy and as the orientation between layers can change for the different
parts of the same domain, the related Raman spectra for each part can vary.
The 10 different spectra of bilayer graphene are presented in Fig. 4.5.
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Fig. 4.5. Raman spectra obtained on BLGr membranes transferred on the Si/SiO2 substrates. Different
spectrum corresponds to different parts on a domain of BLGr.

4.3.1.2 SEM characterisation of graphene membranes

The contrast difference between intact suspended graphene and broken one on
the cavities can be recognised easily on the in-lens mode SEM images (Fig.
4.6). The darker holes as shown in the image correspond to suspended intact
graphene. Where graphene is broken there is a brighter contrast.
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All suspended

All broken

) )

— ot oMo a'llel vite L@Ne
Fig. 4.6. SEM image (in-lens mode) of broken (brighter) and intact (darker) suspended Gr
sheets.

The transferred multilayer graphene (MLGr) on perforated Si/SiO, and
non-patterned Si/SiO- substrate are illustrated in Figs. 4.7a and b, respectively.
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Fig. 4.7. SEM image (in-lens mode); (&) MLGr on perforated Si/SiO2 substrate; (b) MLGr on supported on
Si/SiO2 substrate.

In order to show the improvement of the transfer with the modified version,
the comparison of samples obtained with both methods, conventional and
modified, is shown in Figs. 4.8a and 4.8b, respectively. The modified PMMA-
transfer method reduces the possibility of water accumulation inside the
cavities. As a result, less water evaporation occurs underneath the graphene
sheet during drying, and the rupture of graphene on the cavities is less
frequent. As it can be seen, the quality of the suspension with the modified
method is much higher even in the case of cavities with a larger radius such
as 3 yumand 4 pm.
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Fig. 4.8. SEM image (in-lens mode) of samples obtained with; (a) the conventional PMMA-wet-transfer
method; (b) the modified PMMA-wet-transfer method.

4.3.1.3 Effect of amplitude setpoint on AFM membrane images

The effect of three different setpoint amplitudes, As, on the imaging of the
membranes has been investigated while keeping the free amplitude, Ao
constant. As the value of setpoint amplitude gets closer to the value of free
amplitude, the amount of Asy/Ao becomes larger and the tapping is softer. The
type of tapping can be determined based on the ratio, Rsp, between amplitude
setpoint, Asp, and free amplitude, Ag:

A
Rsp = Ai: . (4.14)

Figure 4.9 represents images taken by using three different Rs, and the
effect on the imaging in different modes (topography and phase) as well as on
the cross-section profiles. By checking the cross-section profiles and images,
it is clear that choosing an accurate ratio between setpoint and free amplitude
is very important. In addition to imaging, it is significantly effective in the
post-analytical process. In this work, the imaging and cross-sectional profile
are in the best condition, when Ry, is around 0.9 which can be categorised in
the soft tapping mode.
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Fig. 4.9. AFM phase (top) and topography (middle) images and corresponding topography cross-section
profiles (bottom) of suspended SLGr obtained with three different setpoint ratios Rsp.

4.3.1.4 Uncertainty due to the AFM calibration procedures and
reproducibility of AFM measurements

The uncertainties on the applied load and on the membrane deflection
influence the accuracy of the extracted 2D stiffhess. They depend on different
parameters including the calibration of the scanner in the z-direction, S;, the
calibration of the position-sensitive photodetector (PSPD) sensitivity, Sesep,
and the calibration of the cantilever spring constant, k.. Uncertainty on the
value of the 2D stiffness extracted from the experimental procedure while
keeping the calibration parameters including Spspp and k. constant is around
1.7%. In order to calculate this uncertainty, the same tip with the same
calibration was used to apply load successively on the same membrane. The
process was performed in a way that after first imaging on the membrane, just
by using the point and shoot function, the same load was applied to deflect the
membrane and the force-deflection curve was extracted after each deflection.
The resulting values for the same membrane in successive loading can be seen
in Table 4.1.
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Table. 4.1. Values of 2D stiffress and Young s modulus (E= E°H, t is graphene thickness equal to 0.355 nm
for SLGr) obtained by fitting with Eq. 4.9. Load-deflection curves measured successively with the same probe
and the same calibration on the same SLGr membrane with the radius of 2 pum.

Test number E® Young’s modulus Maximum load

(N/in) (GPa) (nN)
Ji 283.6 846.6 1000
2 288.5 861.2 1000
3 296.2 884.2 1000
4 295.7 882.7 1000
5 299.5 894.0 1000
6 296.1 883.9 1000
7 299.5 894.0 1000
s 300.2 896.1 1000
9 298.5 891.0 1000
10 295.1 880.9 1000

To make sure that these results are trustable, the same process has been
repeated with different tips and on different membranes and the standard
deviation remains always less than 2%. By calibrating the device for each
measurement in order to consider the uncertainty on calibration in addition to
other uncertainties while performing the deflection test such as changing the
load position due to tip sliding, etc, the uncertainty reached 1.8% and the
results are shown in Table 4.2.

Table.4.2. Values of 2D stiffness and Young s modulus obtained by fitting with Eq. 4.9. Load-deflection curves
measured with 5 different probes and thus 5 different calibrations on the 5 different SLGr membrane on the
same sample with the radius of 2 um.

Test number E? Young’s modulus Maximum load
(N/m) (GPa) (nN)
1 3053 9113 1000
2 296.1 951.9 1000
3 297.0 853.7 1000
4 291.1 868.9 1000
5 290.7 867.7 1000

The average values, standard deviation values and relative errors were
calculated using the following expressions:

1 N
%= Nzxi, (4.15)
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1 _
Ax = \/NZQLl(xi -x)2, (4.16)
Ax
£x = 757X 100. (4.17)

where x;is the measured quantities and N is the number of measurements. On
the other hand, the calculated uncertainty on the 2D stiffness is approximately
5% while keeping the tip and calibration constant and performing the
deflection test on different membranes on the same sample. In this case, the
effect of tip ageing and uncertainty on the membrane radius is added to other
uncertainties coming from the deflection test and the value for the uncertainty
is representing a real experimental condition. The results of 5 different
measurements are listed in Table 4.3.

Table. 4.3. Values of 2D stiffness and Young s modulus obtained by fitting with Eq. 4.9. Load-deflection curves
measured with the same probe and calibration on the 5 different SLGr membranes with a radius of 2 pm.

Test number E? Young’s modulus Maximum load Radius
(N/m) (GPa) (nN) (um)
1 330.9 987.7 1000 23
2 318.9 951.9 1000 23
3 297.0 866.6 1000 2.3)
4 329.6 983.9 1000 23
3 291.1 868.9 1000 23

4.3.1.5 Uncertainty on tip geometry (wear)

Tip wear may constantly occur during scanning. It may not only affect the
imaging but also influences the results extracted from the deflection test on
the membrane. Therefore, it is important to check this effect. To our
knowledge, it is the first time that the influence of tip wear on the mechanical
response of the graphene membrane is investigated. Figures 4.10a and 4.10b
show SEM images of the same tip before and after several scanning and
deflection tests. Higher magnification of the fresh tip is highlighted inside
Figure 4.10a.

AFM imaging with a fresh tip and the same tip after several scanning (an
old one) shows the effect of the tip wear on topography and phase images of
suspended graphene (Figs. 4.11a-d). Consequently, the effect of the tip ageing
can be seen on the cross-section profiles (Figs. 4.11e-f). To see the effect of
the tip wear on the elastic response of graphene, a deflection test has been
performed on suspended graphene with a fresh tip and the same tip as it aged.
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Fig. 4.10. SEM image of (a) a fresh tip, (higher magnification of tip is highlighted) and (b) the same tip after
scanning several AFM images.

Fig. 4.12 presents the difference between load-displacement curves for the
two mentioned tips. Table 4.4 listed the extracted 2D stiffness and Young’s
modulus from the graphs which have been shown in Fig 4.12. As it is possible
that small damage occurs on the surface of graphene during the deflection test
and to make sure there is no other effective parameters on the extracted
Young’s modulus of graphene, a new graphene membrane from the same
sample has been tested each time.
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Fig. 4.11. (a & b) AFM topography; (c &d) phase images; and (e & f) topography cross-section of suspended
SLGr membrane imaged with a new tip (a, ¢ & €); and with an old tip (b, d & ).
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Fig. 4.12. Load-deflection curves measured on the membrane presented in Fig. 4.11 with the new probe (red
curve) and with the old probe (blue curve).

To show the process of tip ageing and its effect on the extracted elastic
results of suspended graphene, scanning and deflection tests have been
performed on different membranes (from number 1 to number 10) on the same
sample while keeping the tip constant. The extracted values of E*° and
Young’s modulus for each suspended graphene membrane are presented in
Table 4.5. The changes of 2D stiffness with tip wear is shown in Fig. 4.13.
The values of the tested membranes from number 1 to number 7 are in good
agreement with the expected value of Young’s modulus of the graphene. The
average value of E?° and Young’s modulus for SLGr in this work are 294.3
N/m and 875.6 GPa, respectively. In the case of membranes numbered 8 and
9, the values of these parameters are significantly smaller.

Table. 4.4. Values of 2D stiffness and Young 's modulus obtained by fitting the load-deflection curves presented
in Fig. 4.11 with equation 4.9.

Tip age E® Young’s modulus Maximum load Radius
(N/m) (GPa) (nN) (1m)

New tip 318.0 949.2 1000 23

Old tip 174.6 521.1 1000 2.3
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Table. 4.5. Values of 2D stiffness and Young’s modulus obtained by fitting with Eq. 4.9. Load-
deflection curves measured successively with the same probe on different SLGr membrane.

Test number E® Young’s modulus Maximum load
(N/in) (GPa) (nN)
1 330.9 987.7 1000
2 318.9 951.9 1000
3 297.0 886.6 1000
4 329.6 983.9 1000
3 291.1 868.6 1000
6 2442 728.9 1000
7 241.7 721.5 1000
8 173.2 517.0 1000
9 133.8 399.4 1000
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Fig. 4.13. Evolution of the 2D stiffness obtained by fitting with Eq. 4.9. Load-deflection successively measured
with the same probe on different SLGr membrane, (applied load = 1000 nN and membrane radius ~ 2pum).

As these tests have been done successively with the same tip and on
different membranes, one after another, the damage on the tip is more
significant while testing on membrane numbered 8 and 9 which leads to an
obvious reduction of 2D stiffness value. This trend is the clear effect of tip
ageing on the elastic response of the graphene membrane. In addition, the
same test has been done with different tips and on different samples to make
sure that the data are reliable statistically.
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The process continues till the load-deflection curve extracted from the
deflection test by the same tip cannot be analysed. For instance, the load-
displacement curve cannot be used to extract any results in the case of the
membrane numbered 10, showing the tip is not functional anymore (Fig.
4.14).

1400
1200 1
1000 T

600 T
400 1
200 t
0
200 Peeeene : fresetrernt
-1200 -1000 -800 -600 -400 -200 0

Deflection (nm)

Force (nN)

Fig. 4.14. Example of the load-deflection curve measured with the worn tip, (Red curve is retraction and blue
one is approach).

4.3.1.6 Uncertainty of the loading position on the membrane

The position of the applied force (the distance from the centre toward edges)
on the membrane can also have a significant effect on the extracted results.
The point at which load is applied should be as precise as possible in the centre
of the membrane. The comparison between load-deflection curves measured
at different distances (five different positions) from the centre of SLGr
membrane (0 to 1 um) is presented in Fig. 4.15. Figure 4.16 shows the effect
of the loading position on the extracted Young’s modulus for about 100
different deflection tests presented as a function of the loading distance from
the membrane centre.

78



Chapter 4: Extraction of accurate elastic properties of graphene via membrane deflection

500 :..::::::i::::}::::} +
— SLGr-1000nm-F,,
SLGr-700nm-F |
400 T — SLGr-500nm-F,, T
—— SLGr-200nm-F
— SLGr-Center-F,,
~ 300 T -
Z
=
N’
g 200 1 1
£ :
=
= ]
100 T T
0 =
R amead

-200 -100 0 100 200 300 400

Deflection (nm)

Fig. 4.15. Comparison of force-deflection curves (Fret= retraction curve) successively measured on a SLGr
membrane (radius = 2 pm) at increasing distances from the centre; Center: 0.0 um (green); 0.2 um (pink);
0.5 pm (black); 0.7 pum (yellow); 1.0 um (red).
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Fig. 4.16. Evolution of Young’s modulus extracted using Eq. 4.9 from load-deflection curves measured on
SLGr membrane (radius = 2 um) successively, with the distance from membrane centre.
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4.3.1.7 Uncertainty on the membrane shape

To extract precise Young’s modulus based on Eq. 4.4, the shape of the cavities
on which graphene has been suspended needs to be circular. Based on the
design method and the lithography parameters, this shape can deviate from the
circular shape. The deviation from circular shape to square can be seen in Figs.
4.17a and 4.17b in topography and phase mode. In our case, the design has
been done with k-layout software. In this software, the sketching performed
using the polygons and the number of the points used in the sketching is
effective in determining the shape of the designed cavities. In this design, the
cavities with a radius of 1 um have not been designed with enough points
which lead to the deviation from the circular shape.

1: Height Sensor 5. 5 pm _0 3: Phase 5.5 um

200.0 nm # 15.0 nm

-150.0 nm

-50.0 nm

Fig. 4.17. AFM imaging; (a) topography and; (b) phase mode of SLGr membrane suspended on a cavity
(radius =1 pum) revealing the non-circularity of the cavities.

The measurements have been performed on 5 different membranes with
the same deviation to prove the reproducibility of the results. Table 4.6 shows
the values of E?®® and Young’s modulus of these 5 different graphene
membranes which have been suspended on cavities with a radius of 1 um and
have the same deviation from the circular shape. The average value of E?° and
Young’s modulus are provided also in this table. Then a comparison between
the average value of the mentioned membranes and the value of suspended
graphene on cavities with a perfectly circular shape shows the effect of the
shape on the apparent Young’s modulus extracted by Eq. 4.9. The average
value of E?" for SLGr suspended on a cavity with a semi-circular shape equals
244.3 N/m while this value for the perfect circular cavity is 294.6 N/m.
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Table. 4.6. Values of 2D stiffness and Young s modulus obtained by fitting with Eq. 4.9. Load-Oeflection curves
measured with the same probe and calibration on the 5 different SLGr membranes suspended on semi-
circular cavities (radius = 1 pm).

Test number E?® Young’s modulus Maximum load

(N/m) (GPa) (nN)

1 247.2 737.9 1000

2 258.9 772.8 1000

3 222.1 662.9 1000

4 238.2 711.0 1000

5 255.1 761.5 1000
Average 244.3 7292 1000

4.3.1.8 Extracting mechanical response of single-layer and bilayer
graphene by deflection test

The 2D stiffness, E®, Young’s modulus, E, and fracture strength, o of
SLGr suspended on cavities with different diameters (1 um, 3 um, and 4 um)
have been determined, considering the effects of the above-mentioned
parameters. Typical load-deflection curves obtained on cavities with different
diameters are presented in Figure 4.18.

L
1000 [ ) '

1 — SLGr-DI-F,,
1 — SLGmD3-F,, 1
800 T — sLGrD4-F,, 1
—_ 1 1
7z 600 1 1
n + -+
- 3 -
-] +4 4
2 400 | 1
= i i
= 1 1
200 | 1

0 T 1:?'

-400 -300 -200 -100 0 100 200

Deflection (nm)

Fig. 4.18. Typical load-deflection curves measured on SLGr membranes suspended over cavities of different
radii with a maximum load of 1000 nN; a= 0.5 um (green curve), a = 1.5 um (blue curve), a = 2.0 um (red
curve).
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The average values of 2D stiffness, Young’s modulus and fracture strength
present in Table 4.7 are representatives of the elastic properties of SLGr
produced by CVD in UCLouvain. Considering all the measurements
performed with a maximum load of 1000 nN, an average value of 880 GPa
was obtained for SLGr.

Table. 4.7. Average values of the 2D stiffness and Young'’s modulus obtained by fitting with Eq. 4.9. Several
load-deflection curves measured on SLGr membrane suspended on cavities with various values of radius. E?°
and Young’s modulus extracted at applied load 1000 nN.

Membrane Radius  Number — Average of E*®  Average of Young’s modulus  Average of fracture strength

(1em) of tests (N/m) (GPa) (N/m)
0.5 10 291.34 869.67 47.32
L5 10 300.18 896.06 43.81
2 10 292.44 872.95 43.81
| Average - 294.65 879.65 45.00 |

In most cases, the fracture of single-layer graphene occurs in the range of
load between 3000 nN and 4000 nN, a force-deflection curve for broken
graphene is presented in Fig. 4.19.
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Fig. 4.19. Example of the load-deflection curve with a load leading to graphene fracture, (Red curve is
retraction and blue one is approach).

Figs. 4.20a and 4.20b show an example of force-displacement curve and
topography phase of AFM imaging on suspended BLGr, respectively.

The mechanical response of bilayer graphene (BLGr) has also been
investigated by deflection test. Based on the Raman spectra (shown in Fig.
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4.5), the orientation between the layers changed in some cases. In some
spectra, the behaviour is more similar to single-layer graphene but in some
cases, the proportion between 2D and G peak intensities changed significantly
which results from the change in the angle between two layers of graphene.
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Fig. 4.20. Typical AFM results obtained on BLGr membranes, (Fap and Fret, are the approach and retraction
curves, respectively); (a) load-deflection curve; (b) topographic image.
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The discrepancies between the values of 2D stiffness, Young’s modulus
and fracture strength in the case of BLGr is higher in comparison to SLGr in
this work. The root cause of these discrepancies will be discussed more in the
discussion section of this chapter. Table 4.8 shows the values of Young’s
modulus and 2D stiffness of BLGr with different orientations. The values of
fracture strength for bilayer graphene as well as the maximum load can be
seen in Table 4.9. The standard deviation on the extracted fracture strength for
BLGr is around 6.5%.

Table. 4.8. Values of 2D stiffness and Young s modulus obtained by fitting with Eq. 4.9. Ten load-deflection
curves measured on BLGr membranes suspended over cavities (radius = 2 pm).

Test number EP Young’s modulus Maximum load

(N/m) (GPa) (nN)

1 473.0 705.9 1000

2 424.6 633.7 1000

3 5333 795.9 1000

4 468.8 699.7 1000

5 466.8 696.7 1000

6 454.0 677.6 1000

7 456.9 681.9 1000

8 381.6 569.5 1000

9 574.8 857.9 1000

0 476.9 711.7 1000
Average 471.0 703.0 1000

Table. 4.9. Values of fracture strength obtained by fitting with Eq. 4.10. Ten load-deflection curves measured
on BLGr membranes suspended over cavities (radius = 2 pum). The average values of fracture strength and
maximum load are 63.7 N/m and 6400 nN, respectively.

Test number Fracture strength Maximum Load
(N/m) (nN)
1 71.54 8000
2 61.95 6000
3 69.27 7500
4 61.95 6000
5 53.65 4500

4.3.2 Finite element (FE) simulation results

To show the good agreement between analytical (the extracted force for
different deflection values based on using the theoretical values of graphene
properties in Equation 4.4) and simulation results, the load-deflection curves
have been shown for analytical data, and both FE simulations (COMSOL and
ABAQUS). The values for Young’s modulus, have been extracted and the
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comparison between the graphs are shown in Fig. 4.21a and b. There is a small
discrepancy in a part of the data which can be seen in the graph of Young’s
modulus versus displacement (Marked with a green circle).

While simulating the deflection tests, four different regimes are usually
distinguished including (1) linear (F-d relation is linear) where the small
displacement plate theory is accurate (2) a transition regime where the small-
displacement assumption for the plate theory is not valid anymore and the
simulation is not completely in non-linear regime (3) a 'non-linear' regime (F-
%) where the membrane theory is valid, in this regime very small rotation can
occur and (4) a regime with a large rotation where the small rotation
assumption for the membrane theory becomes invalid (Komaragiri et al.,
2005). The first three regimes can be seen in the log-log graph of load vs
normalized deflection curve in Figure 4.21c. In the simulation that has been
performed for this work, we are travelling through the first 3 regimes but as
the rotation is large in regime (4), it makes the simulation in this regime less
straightforward and in the case of this work, considering this regime is
unnecessary. The small deviation that can be seen in the graphs related to
Young’s modulus for different simulations in comparison to analytical can
result from the absence of the parameters related to the transition regime in
Eq. 4.4. The error percentage that has occurred in the case of simulation
compared to the analytical calculations in this regime can be seen in Fig.
4.21d.
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Fig. 4.21. The comparison between the COMSOL and ABAQUS simulation and analytical calculations; (a)

force vs normalized deflection, (b) Young'’s modulus vs normalized deflection (green circle highlights the
deviation in transition regime); (c) three different regimes introduced in section 4.3.2 showing force vs
normalized deflection (log-log) curve; (d) relative ervor on Young’s modulus extracted by simulation
compared to analytical calculations.

4.3.2.1 Simulation of the error due to tip positioning

The error due to the off-centre positioning of the tip has been investigated by
COMSOL simulation. More than 100 simulations have been performed for
different loading positions and the simulated curves have been fitted with Eqg.
4.4 to extract a value of Young’s modulus, E. Figure 4.22 shows the change
in the value of Young’s modulus while the distance of the applied load from
the centre of the membrane varies. En is normalized Young’s modulus, the
division of extracted Young’s modulus based on the loading position by the
value of Young’s modulus when loading exactly in the centre of the
membrane. In addition, the experimental results for a SLGr graphene
membrane suspended on a cavity of radius a = 2 um are shown in this figure
which represents very good agreement with the simulation results. The
simulated data were fitted with a 3" degree polynomial expression:

Ey = Py + Pyx + Pyx? + P3x3, (4.18)
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with x the distance between the membrane centre and the loading point. For
the present simulation, values of P, = 0.90, P, = 0.68, P, = -1.10, and P; =
0.74 were obtained with a value of R2 = 0.994

O Experimental data
O ABAQUS modelling
== Fit with 4th order polynom

Normalized modulus, Ey

0.0 0.5 1.0 1.5 2.0
Distance from the center (um)
Fig. 4.22. Variation of the value of the Young's modulus obtained by fitting simulated load-deflection curves

with the distance of the loading point with respect to the membrane centre (radius = 2 pm), and the
comparison with the experimental results.

Furthermore, the error percentage regarding the loading position has been
extracted to make the calculation of the error on the apparent Young’s
modulus based on the loading position easier. Figure 4.23 shows the error%
vs load position and based on the fitting, equation 4.19 is extracted.

e% = Py + Pyx + P,x? + Pyx3, (4.19)
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Fig. 4.23. The percentage of error occurs on the value of the Young's modulus obtained by fitting simulated
load-deflection curves with the distance of the loading point with respect to centre of the membrane (radius =
2 ym).

Where x is the distance between the membrane centre and the loading point
and the values of Py = 0.40, P; = -5.65, P, = 30.58, and P; = -4.05 were
obtained with a value of R2= 1.

4.3.2.2 Simulation of the effect of the membrane shape

The shape of the membrane has also a significant effect on the extracted
Young’s modulus. This effect has been investigated by COMSOL simulation
and the prediction of the correct value for a perfectly circular membrane is
possible by using the analytical calculation obtained after fitting the extracted
results for different shapes of a membrane (from the square shape, fillet =0 to
a circular shape, fillet = 1). The values for fillet obtained by dividing the
normalized radius of the membrane (radius/thickness of graphene) by values
between 0 to 20. The results are shown in Figure 4.24 which presents the
variation of normalized Young’s modulus extracted by fitting load-deflection
curves simulated on membranes with varying shapes. The data were fitted
with a polynomial expression of 4" degree:

EN = GO + Gly + Gzyz + Ggy3 + G4y4 (4‘20)
with y the filet value. The following values were obtained for different

coefficients including: Go = 0.99, G; = 1.04x10%, G, = -1.60x10¢, G3 =
2.62x10™", and G4 = 3.68x10°, with R2 close to 1.
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Fig. 4.24. Simulation of the variation of the extracted Young’s modulus as a function of the shape of the
membrane (radius = 1 pm). Simulated values (black dots) and fit with 4th order polynom (blue line)

In addition, the error percentage that occurs by changing the membrane
shape from circular to square has been evaluated and Figure 4.25 shows the
error% vs filet size. After fitting the extracted curve, equation 4.21 has been
evaluated.

e% = Gy + G1y + G,y% + G3y3 + G y* (4.21)
Where y is the filet value and the values of Go = 0.43, G; = -3.15x107, G,

= -3.61x10", G; = 1.66x10** and G, = -1.05x107® were obtained with a
value of R2 = 1.
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Fig. 4.25. The percentage of error occurs on the value of the Young's modulus as a function of the shape of
the membrane (radius = 1 um). Simulated values (black dots) and fit with 4th order polynom (blue line).
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4.4. Discussion

Generally, the mechanical properties of nanostructures reported in the
literature provide a standard deviation of experimental replicates without
sufficiently considering the underlying uncertainties (G. Cao & Gao, 2019). It
makes it difficult to compare the measurements between different groups,
instruments and techniques. This can cast a shadow over the development of
reliable nano-engineered materials and products following design rules
established in the macro world and can be settled by considering the relevant
uncertainties that arise from different sources (Wagner et al., 2011). The
uncertainties which have been mentioned in section 3 can result from two
different categories namely, the errors/uncertainties due to the various
calibration procedures and the errors due to the experimental procedures that
affect the reproducibility of the results even if the calibration is constant. In
this work, the uncertainty on the load and the membrane deflection is
categorised in instrumental errors as it is based on the calibration of different
parameters in the AFM machine. On the other hand, the effect of tip ageing,
the membrane shape and the loading position is categorised in the
experimental procedure. FE simulations were performed in the case of the
membrane shape and the loading position effect, to provide novel correction
functions to improve the accuracy of the extracted Young’s modulus based on
Eq. 4.4.

4.4.1 The uncertainties on load and membrane deflection

The extraction of elastic properties from force-displacement curves by AFM
is a well-known methodology (Butt et al., 2005). First, a series of calibration
parameters have been used to convert the photodiode and Z-piezo voltages
into forces and displacements. Next, the forces and distances need to be
extracted from these forces and displacements. Finally, the fitting of force-
deflection data to a material model containing a parameter related to the
material property leads to the extraction of the properties of the test material.
Because the calibration parameters play a central role in extracting the
accurate values from these measurements (Wagner et al., 2011), it is necessary
to investigate their effect.

The vertical sensitivity of the PSPD is calibrated by measuring approach-
retraction curves on an infinitely stiff sample (sapphire).
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The sensitivity is the inverse of the slope of the curve reporting the
photodetector signal Vesep expressed in volt as a function of the scanner
vertical displacement, z, expressed in nanometer:

1 dVpspp

(4.22
Spspp dz )

The uncertainty on the sensitivity depends on the uncertainty on the
calibration of the scanner in z direction and the uncertainty on the measured
voltage on the photodetector.

€Spspp = 1’8% + S‘Z/PSPD ) (4.23)

The uncertainties on the membrane deflection and on the load thus first
depend on the accuracy of the scanner calibration in the z-direction. The
relative error on the scanner vertical displacement, &, is less than 2%. It is a
systematic error that can be ignored in further calculations. Then equation 4.23
can be written as:

(4.24)

€spspp — EVpspp -

In order to calculate the reproducibility of the photodetector signal
(Evpgpp), SeVeral calibrations have been done by keeping the tip constant and

the deviation on the values of amplitude setpoint was calculated to be
approximately 4%. Based on this value, the uncertainty on the photodetector
sensitivity would be equal to 4%.

The other parameter which affects the uncertainty on the load and
consequently on the modulus is the uncertainty on the calibrated cantilever
spring constant. The cantilever spring constant is calibrated using the thermal
noise method. To simplify the problem, consider that the spring constant, ke,
is given by

kgT

ke =2y

(4.25)

with kg the Boltzmann’s constant, T the temperature and (d?) the quadratic
average of the cantilever deflection due to the thermal noise. The uncertainty

on the spring constant thus depends on the uncertainty of the temperature
1

(er = 300 = 0.33% ) and the uncertainty on the measured vertical deflection,
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i.e. the uncertainty on the photodetector sensitivity, The relative error

on the spring constant, &, is thus given by

£, = /5% +4es . (4.26)

By considering the relative uncertainty on the photodetector signal equal
to 4%, the relative uncertainty on the spring constant is around 8%.

The normal load, F, applied by the cantilever is given by Hooke’s law
which is mentioned in equation 4.2. As a result, the relative error on the
applied load, &, is thus given by

& = ’e,%c +ed o (4.27)

By using the values mentioned above, the relative error on the load is
approximately 9%.

In order to calculate the relative uncertainty on 2D stiffness, the uncertainty
on the sample deflection needs to be measured. Sample deflection, 4, is given
by the difference between the scanner vertical displacement, z, and the
cantilever vertical deflection, d, as mentioned in equation 4.3. Where, ¢, can
be ignored then the relative error on sample deflection, &g, is approximately
equal to &g, Based on equation 4.4, the relative uncertainty on the

membrane 2D stiffness and hence on its modulus should be given by:

&g = /sﬁ +4e2 +9¢} . (4.28)

The relative error on the radius of the membrane is around 2%. By
considering the error on F, a and 4, the relative error on 2D stiffness is 15.5%.
By comparison of the error measured on the 2D stiffness extracted
experimentally which is around 5% with the expected error predicted
theoretically (15%), it can be seen the real error on the experimental results is
much less than the expected maximum error resulting from the machine.
These results show that the value of Young’s modulus extracted
experimentally is reliable and tip, calibration and all other parameters which
can have an effect on the extracted results were in good condition.

€Spspp-
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4.4.2 The uncertainties on tip geometry

Tip ageing/wear occurs mostly while scanning across the sample. However,
performing the deflection test with a load such as 1000 nN can accelerate the
process. Tip geometry changes as a result of tip ageing and it needs to be
considered as it is effective on imaging as well as on extracting the mechanical
behaviour of the surface. Figures 4.10a and b present a new tip and the same
tip after several scanning. The shape of the tip changed significantly and the
changes cannot be predicted as they are generally not simple paraboloids or
spheres. In addition, the tip’s behaviour regarding tip/sample interactions and
energy dissipation cannot be predicted easily. It is known that some sort of
modifications occurs in the distribution of applied pressure in the contact
region due to the change in the geometry of the tip. One effective parameter
that can affect the shape of the tip is the force regime (low amplitude/attractive
vs high amplitude/repulsive) (Vahdat et al., 2013). The wear of AFM probes
depends significantly on the force regime as the tip/sample interaction forces
and dissipated energy can change in different force regimes. Control and
estimation of these changes are not straightforward (Garci and San Paulo,
1999). However, it is possible to verify the tip wear effect by imaging and
through the mechanical test data while keeping the other parameters such as
the tip’s material and properties (spring constant) and the test material
constant. The effect of tip wear on imaging and topography profile can be
observed in Figures 4.11a-f. After tip ageing, the artefact on images increases
and the tip in this condition can damage the graphene.

From the mechanical point of view, Figure 4.12 and Table 4.1 present the
effect of tip ageing on the force-deflection curve as well as extracted values
of 2D stiffness and Young’s modulus of the SLGr. It is shown that with a worn
tip, the same force causes more deflection of the graphene membrane which
leads to the underestimation of the stiffness and Young’s modulus. To fit the
extracted load-deflection curve properly with equation 4.9, the tip radius R
needs to be much smaller than the membrane radius a (e.g., a/R > 30). The
large a/R makes the indenter load-deflection relationship insensitive to the tip
radius so that the indenter can be considered as a point load (Komaragiri et
al., 2005). On the other hand, the smaller ratio of membrane radius to tip radius
(e.g., a/R < 30), leads to a significant influence of the tip radius on the load-
displacement relationship (Begley & Mackin, 2004). In the latter condition,
the prediction of the accurate Young’s modulus by fitting the force-deflection
curve with equation 4.9 is not possible. It can be seen that in the presence of
the blunted tip, the extracted load-deflection curve shows less stiff behaviour
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than the one resulting from the sharp fresh tip. After fitting the curve with the
mentioned equation, the underestimation of Young’s modulus occurs. The
gradual changes in the values of the stiffness and Young’s modulus have been
shown in Table 4.5 and Fig. 4.13 after applying force on ten different
membranes with the same tip. The effect of gradual tip wear can be seen
obviously on Young’s modulus values and Fig. 4.13 shows a clear trend of it.
At the final stage, retraction and approach curves extracted from the deflection
test are not overlapped and any information cannot be achieved due to a non-
functional tip. Fig. 4.14 shows the force-deflection curve on the tenth
membrane which represents this condition.

4.4.3 The uncertainties on loading position

To extract the target mechanical properties of the material from force-
deflection curves, a mathematical model needs to be introduced. Despite the
determination of these mathematical models with the extension and
completion of well-established models, they are facing some limitations
(Marinello et al., 2010). The mathematical model that has been considered in
this work to extract the E®° is equation 4.4. As mentioned by Cao, this
relationship is between the indentation load and deflection of a clamped
circular thin plate subject to a point force at the centre of the plate (G. Cao &
Gao, 2019). Based on this equation, the point force needs to be placed
precisely in the centre of the circular plate but it is not always possible to
perform it experimentally.

Thereby, it is possible to apply the load not exactly in the centre as the load
position is determined manually by the operator. This leads to the
misestimation of correct values of 2D stiffness and Young's modulus.
Applying the force far from the centre of the plate and going toward the edges
leads to the overestimation of apparent Young’s modulus due to the stiffer
response of the graphene membrane close to the clamped part.

To make it clearer, SLGr is placed on a substrate with open cavities and it
adheres to the substrate by Van der Waals forces (Z. Lu & Dunn, 2010). The
freestanding portion of the graphene over circular-cavity in the substrate is
treated as a circumferentially clamped drum and the behaviour is the same as
adrum (G. Cao & Gao, 2019; Pruessner et al., 2003). For the same load, it can
be deflected more in the centre than near the edges. Therefore, to achieve the
maximum deflection, the load needs to be applied exactly in the centre of the
membrane. In this work, this effect has been investigated experimentally and
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by simulation. The force-deflection curves regarding the effect of the loading
position are shown in Figure 4.15. The trend of increasing the apparent
Young’s modulus by applying the load further from the centre of the
membrane can be seen in Fig. 4.16. In addition, the simulation results show
the same trend and the comparison between the simulation and experimental
graphs shows a good agreement (Fig. 4.22). It can be seen that in both cases
either experimental or simulation, the mechanical response gets stiffer by
loading somewhere but not precisely in the centre. It is shown that by going
toward the edges around 1000 nm, the response is stiffer around 100 N/m. To
cope with this effect, equations 4.18 has been extracted from the data of
simulation which can predict the value of the normalized Young’s modulus.
Equation 4.19 gives the possibility to calculate the error based on the loading
position, and it makes it possible to correct the extracted Young’s modulus
values in the case of off-centre loading. The equations are functional even if
the thickness or the radius of the membrane change.

4.4.4 The uncertainties on the membrane shape

As it is mentioned, the analytical relationship that is used to extract Young’s
modulus based on force-deflection data depends on the shape of the suspended
thin film. In the case of freestanding 2D layers, the analytical solutions about
the beam bending and membrane stretching can be used to predict the
indentation response of 2D materials. The two later models are useful when
extracting the elastic properties of 2D sheets placed on a substrate with
trenches or circular holes called a doubly clamped beam or a circumferentially
clamped drum, respectively (Wan et al., 2003; Nadler and Steigmann 2006;
Jinetal. 2017).

In the case of freestanding graphene on circular holes, the analytical
solution is the one that has been introduced as equation 4.4. It is important to
note that this analytical solution is valid for clamped circular thin plates.
However, in the experimental procedures can be some deviation from the
circular shape resulting from the poor design or lithography. Almost all holes
are perfectly circular in the designed mask of this work except the holes with
a radius of 1 pm.

Fig. 4.17a and b show the real shape of the cavities with a radius of 1 um
in topography and phase modes, respectively. In designing the mask all
polygons need to be sketched by connecting the points, however, the number
of points was not sufficient in the case of the cavity with the radius of 1 pum.
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This leads the array of holes of 1 um to not be precisely a circle but a shape
between a circle and a square which helps to see the effect of the shape of the
cavity on the extracted E?° values using the analytical solution. In addition to
the experimental observation, simulations have been performed for different
forms of cavities ranging from a complete square (fillet = 0) to a complete
circle (fillet = 1).

In the experimental results, the average value of E?° for a semi-circular
cavity is equal to 244 N/m and the average value of a circular one is 294 N/m.
The difference is about 50 N/m, the uncertainty that comes from this
parameter is around 9% which is more than the expected error in the series of
deflection tests performed in this work. Table 4.6 listed the values for five
different membranes with the semi-circular shape and radius of 1 um. These
five different measurements have been performed to show the repeatability of
the results and the average value was compared with the extracted value of
SLGr on a completely circular cavity. The simulation results represent around
100 N/m difference from a complete circular shape to semi-circular and the
value remains almost constant from the semi-circular to a complete square.
This result can be seen in the graph which is represented in Fig. 4.24. To
predict the value of Young’s modulus in case of a deviation in the shape of
the membrane, equation 4.20 has been extracted from the simulation data. By
using this data, equation 4.21 can be extracted on the error percentage related
to the apparent Young’s modulus regarding the membrane shape. By knowing
the size of the deviation, the error percentage can be calculated and the
extracted Young’s modulus can be corrected. These equations are useful in
the case of different thickness or radius of the membrane.

4.4.5 Young’s modulus and fracture strength of SLGr and
BLGr

The unique mechanical properties of graphene are one of the reasons that
make graphene a superior material both as an individual material and as a
reinforcing element in composites (Ferralis, 2010; X. Zhao et al., 2010). The
exceptional mechanical properties of graphene result from the stability of the
sp? bonds that form the hexagonal lattice and oppose a variety of in-plane
deformations (Papageorgiou et al., 2017). In this work, the 2D stiffness,
Young’s modulus and fracture strength of CVD graphene transferred on
cavities of different sizes have been investigated. Figure 4.18 and Table 4.7
show the results obtained for cavities of different radii and the mean value is
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the value that is considered the real Young’s modulus for the CVD graphene
in this work which is equal to 880 GPa. This value is around 12% less than
the value reported in literature around 1 TPa (C. Lee et al., 2008b) but based
on the discussed uncertainties and the possible defects and grain boundaries
in the CVD graphene, 880 GPa is in a good range. Studies show that the
presence of defects reduces the Young's modulus of graphene sheets and
Young's modulus decreases with the increasing degree of defects (Jing et al.,
2012). It is clear that the degree of defects increases inside of graphene after
undergoing the transfer process and the Young’s modulus decrease in
comparison to pristine graphene. However, in most applications, the
transferring of graphene is necessary so the value of this work is closer to the
Young’s modulus of graphene which is supposed to be used in real
applications. The fracture strength of SLGr was measured and the mean value
was approximately 45 N/m. The radius of the tip has been evaluated by using
TGX11 calibration grids and based on Eq. 4.12 which gives the value of 40
nm. Fig. 4.19 shows the force-deflection curve of fractured SLGr at the load
of 3000 nN.

Table 4.10. The final extracted mechanical results of SLGr and BLGr by considering all the elements of
uncertainties.
Graphene Average of 2D stiffness (E*°)  Average Young’s modulus (E)  Average of fracture strength

(N/m) (GPa) (N/m)
SLGr | 296.0+3 \ 880.0+7 ‘ 45.0£1
BLGr 4710116 700.0+24 64.0+3

In addition to single-layer graphene, the elastic behaviour of BLGr has
been investigated. The extracted values of stiffness and Young’s modulus are
listed in Table 4.8. These results provide a smaller value of Young’s modulus
for bilayer graphene (~700 GPa) in comparison to SLGr which is in agreement
with the literature (Neek-Amal & Peeters, 2010b). Figures 4.20a and b
represent a load-deflection curve measured by AFM and the topography
image on BLGr suspended on top of a cavity. BLGr is a layered material
system where interlayer structure and coupling determine the key properties
(Brown et al., 2012). It has been claimed that the elastic properties of twisted
bilayer graphene (tBLGr) can be modified by changing the angle between
layers and the defects or grain boundaries on each layer (A. Liu & Peng, 2018;
J. Zhang & Zhao, 2013b). In addition, the layer with more defects has a
dominant effect on the extracted results. In our work, the exact determination
of the orientation type or the angle between the layers has not been
straightforward. The first layer was a continuous layer which makes
measuring the angle or analysing the orientation with AFM or SEM difficult.
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Figures 4.7a and b show SEM images of multilayer graphene and it can be
seen that the first layer is continuous. In Fig. 4.7a MLGr is placed on the
substrate containing cavities and in Fig. 4.7b, it is transferred on a substrate
with no holes. On the other hand, the presence of a small amount of polymer
residue or other types of contaminations causes difficulties in TEM
investigations. Based on our knowledge, a method that can clean graphene
thoroughly after PMMA-transfer has not been discovered until this day. One
of the reliable and available methods to characterise the relative orientation of
the graphene sheets is Raman spectroscopy which can show qualitatively the
effect of changing the angle between the layers on the spectrum. As can be
seen in Fig. 4.5, the intensity ratio between G and 2D peaks changed which is
related to the changes in the angle between layers. However, an obvious trend
in the modification of 2D stiffness, Young’s modulus and fracture strength
values with changing the intensity ratio between 2D and G peaks has not been
observed in this work. In fact, higher discrepancies was observed in the results
regarding BLGr, which can be due to the different types of defects,
grainboundaries, edges, interaction between layers, adhesion to the substrate
as well as pretenstion existed in BLGr and can change significantely from one
domain to another one. More precise investigations with having the good
knowledge of the exact angle between the layers is necessary in order to
systematically measure the elastic properties as well as fracture strength of
BLGr.

On the other hand, it has been mentioned that for orientated bilayer
graphene (0BLGr), the elastic properties have not been influenced by
changing the angle between the layers (J. Zhang & Zhao, 2013b). However,
all these assumptions are based on theoretical analysis and investigations with
different approaches and there are contrary in some cases. Despite a decent
amount of studies on BLGr which focused on the differences in the electronic
properties and chemical properties (Y. Cao et al., 2018; Y. Ding et al., 2016;
Yankowitz et al., 2018), the mechanical properties of tBLGr or oBLGr are not
still clear. Based on our experimental procedure, the effect of the different
angles between layers in BLGr on the elastic response is insignificant or it can
be the fact that we are dealing with oBLGr which based on theoretical analysis
is not sensitive to the angle between the layers (J. Zhang & Zhao, 2013a).
Additionally, the presence of defects or grain boundaries can modify the
elastic behaviour of BLGr. On the other hand, the fracture strength of BLGr
is more sensitive to the angle between the layers. This can be due to the change
in the fracture strength based on zigzag or armchair edges in graphene and the
fact that changing the angle between layers shifts the edges from one type to
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another (J. Zhang & Zhao, 2013a). This can cause significant differences
between the load that can be resisted by BLGr placed in different parts of a
graphene domain and the results can be seen in Table 4.9. A summary of the
results related to the mechanical response of SLGr and BLGr is in Table 4.10.

4.5. Conclusion

Young’s modulus and fracture strength of single and bilayer graphene have
been detected by membrane deflection technique using atomic force
microscopy. In addition, the effect of different uncertainties including the
errors coming from calibration procedures and the experimental procedures
on the reproducibility of the results has been investigated. The main findings
of the work are the following: first, calibration uncertainties are effective on
the extracted mechanical results. These uncertainties have been calculated
theoretically at around 15% and have been compared to the extracted
experimental values. The error on the experimental results is around 5% which
shows the accurate calibration and good condition of tip and other parameters
while deflection test. The uncertainties that arise from the experimental
procedure are based on the tip worn, loading position and the shape of the
membrane. The accurate Young’s modulus can be calculated based on
equation (4.9) when a sharp tip (a/R > 30) applies load at the centre of a
circular membrane. As a result, a deviation from each of the mentioned
parameters leads to a significant error on the elastic mechanical results which
have been investigated experimentally. Tip wore and deviation in the
membrane shape from circular to semi-circular lead to underestimation of the
Young’s modulus while the mispositioning of the applied load results in
overestimation of this value. The effect of membrane shape and loading
position has been evaluated by FE simulation and it is in good agreement with
experimental results. By considering the effect of these uncertainties, Young’s
modulus and fracture strength of single-layer graphene produced at
UCLouvain have been calculated to be around 880 GPa and 45 N/m,
respectively. In the case of bilayer graphene, Young’s modulus is measured at
around 700 GPa which is in a good range when compared to other literature
(Y. Y. Zhang et al., 2011). The fracture strength of bilayer graphene is
dependent on the orientation between the layers and the calculated values in
this work cannot be considered very reliable due to the lack of knowledge of
the angle between the layers in BLGr.
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Chapter 5

Single layer graphene
controlled surface and bulk
Indentation plasticity in copper

Abstract

The impact of graphene reinforcement on the mechanical properties of metals
has been a subject of intense investigation over the last decade in surface
applications to mitigate the impact of tribological loadings or for
strengthening purposes when dispersed into a bulk material. Here, the effect
on the plastic indentation response of a single graphene layer grown on
copper is analysed for two configurations: one with graphene at the surface,
the other with graphene sandwiched under a 100 nm thick copper cap layer.
Nanoindentation under both displacement and load control conditions show
both earlier and shorter pop-in excursions compared to systems without
graphene. Atomic force microscopy reveals much smoother pile-ups with no
slip traces in the presence of a surface graphene layer. The configuration with
the intercalated graphene layer appears as an ideal elementary system to
address bulk hardening mechanisms by indentation testing. Transmission
electron microscopy (TEM) cross-sections below indents show more diffuse
and homogeneous dislocation activity in the presence of graphene. 3D
dislocation dynamics simulations allow unraveling of the origin of these 3D
complex phenomena and prove that the collective dislocation mechanisms are
dominantly controlled by the strong back stress caused by the graphene
barrier. These results provide a quantitative understanding of the impact of
graphene on dislocation mechanisms for both surface and bulk applications,
but with an impact that is not as large as anticipated from other studies or
general literature claims.
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5.1 Introduction

Graphene (Gr) possesses superior mechanical properties (Choi et al., 2010;
Ovid’ko, 2013) which can improve the tribological performance of materials
when used as surface coating and/or the bulk strength and stiffness when used
as reinforcement in composites or as an interface in multilayers (Y. Kimet al.,
2013; Z. Li et al., 2018; Park et al., 2017). These claimed beneficial impacts
on mechanical behaviour in addition to the extra functionality resulting from
the insertion of graphene in terms of electrical, thermal, or optical
performances (Nieto et al., 2017; Porwal et al., 2013).

The composite effect has been demonstrated for polymer-based (Lahiri et
al., 2011; Z. H. Ni et al., 2008b) and a few metal-based (Nieto et al., 2017;
Tjong, 2013) nanocomposites, although at the expense often of ductility. In
metals, the strengthening mainly originates from the impenetrability by
dislocations of the metal-graphene interface similar to a strong grain boundary
(Hwang et al., 2013; Y. Kim et al., 2013). The high strength of graphene
allows building up very large stress without failure and dislocation
penetration. These mechanisms have been studied both experimentally and
numerically (Bartolucci et al., 2011; L. Y. Chen et al., 2012; Dorri Moghadam
et al., 2015; Kuang et al., 2013; Tjong, 2013). For instance, an enhanced
strength in Cu/Gr laminates has been attributed to dislocations piling up at the
Cu and graphene interface (Y. Kim et al.,, 2013). A Cu/Gr nanolayered
composite deformed by shear exhibits improved toughness and shear strength
in comparison to pure metal (X. Y. Liu et al., 2016).

Regarding surface effects, one of the most convenient ways to determine
the local resistance to a mechanical contact is by nanoindentation with the
potential of quantifying the elastic stiffness and plastic strength (or hardness)
for penetration depth at nanometer scale (Jian et al., 2010; W.C. Oliver, 1992).
From the viewpoint of elasticity, the stiffer response of Gr-coated Cu has been
demonstrated through experimental and theoretical studies (Hammad et al.,
2017). This stiffening was found to result from the adhesionless contact
between the nanoindenter and the graphene layer more than from a direct
effect of graphene’s high elastic modulus. The graphene layer acts thus as a
shielding layer suppressing the adhesive forces and leading to an elastic
response in almost perfect agreement with Hertz theory. The higher elastic
modulus of Gr-coated Cu compared to Gr-free Cu was confirmed by Park et
al. using also nanoindentation (Park et al., 2019). Klemenz et al. showed that
Pt can resist higher loads in the presence of graphene coating for shallow
indentation depth (Klemenz et al., 2014). From the viewpoint of plasticity du-
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ring indentation, it is initiated by punching out dislocations when indenting
almost defect-free regions of metallic crystals (Jian et al., 2010). When the
maximum shear stress under the indenter reaches the theoretical shear stress,
a discrete avalanche of dislocations is triggered causing the so-called “pop-in”
excursions in the load-displacement curve (Gouldstone et al., 2000; Sato et
al., 2019). The length of a pop-in is directly proportional to the number of
dislocations involved in the avalanche (Suresh et al., 1999). A few studies
recently addressed the plastic response of Gr-covered metallic materials.
Molecular dynamics simulations of nanoindentation on Cu coated with single-
layer graphene have shown an improved strength due to the modification of
the dislocation activity near the Cu/Gr interface (X. Zhu et al., 2019). The
plastic response of Cu/Gr under indentation has recently been investigated by
Zhu et al. finding larger and later pop-in excursions when compared to bare
Cu (X. Zhu et al., 2019). However, in the other recent investigation by Park et
al. on the same system, pop-in excursions were found to be smaller and earlier
in the presence of graphene (Park et al., 2019). Aside from the different trends
observed in these two studies, open questions remain regarding the
fundamental origin of the change of pop-in length in the presence of graphene,
the statistical analysis of the phenomena, and the reasons explaining why
graphene affects the onset of plasticity. Also, questions may be raised about
possible artefacts coming from the use of a load control mode with respect to
the unstable pop-in mechanism which cannot be properly resolved due to
possible overshoot of the unstable pop-in penetration increment. Furthermore,
no study has reported the interest of using indentation to study interface
controlled plasticity effects with a small cap layer above the graphene layer.
The objective of this study is to investigate the effect of graphene on the
contact plasticity when graphene is either coating a Cu substrate or buried
under a thin cap layer made also of Cu (but with a much smaller grain size).
More precisely, highly crystalline single-layer graphene is directly grown on
Cu by chemical vapour deposition (Huet & Raskin, 2018a, 2018c¢). Using as-
grown graphene circumvents the transfer process, which inevitably leads to
graphene degradation and contamination. Moreover, the adhesion between
CVD-grown graphene and the underlying Cu film is larger than for transferred
Gr. The plastic response and underlying dislocation mechanisms are carefully
studied by comparing four distinct systems: (i) annealed Cu film (as referred
to as Cua) (ii) graphene as grown on Cu film (Cua/Gr), (iii) a 100 nm-thick
Cu film directly evaporated on an annealed Cu film (Cua/Cuy), (iv) a 100 nm-
thick Cu film directly evaporated on as-grown graphene (Cua/Gr/Cun). In
order to understand better the root causes of the observed effects on the plastic
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flow, transmission electron microscopy (TEM) is used to compare samples
after nanoindentation in terms of dislocation structures. Atomic force
microscopy (AFM) provides additional pieces of evidence regarding the
impact of graphene on the development and the localization of the plastic
flow. Furthermore, 3D discrete dislocation dynamics (DDD) simulations are
conducted to unravel more quantitatively how dislocations interact and
multiply under the indent with and without the presence of graphene. This
system offers a unique opportunity for direct comparisons of a 3D DDD
framework on experimental results. The chapter starts with the presentation of
the materials and test procedures in section 2 and is followed by section 3
including the results of nanoindentation in two different modes for the studied
systems as well as all the other characterisation and modelling results. Finally,
section 4 provides a discussion followed by the conclusions.

5.2 Materials and procedures
5.2.1 Materials

Cu substrates are produced by electron beam evaporation of 99.999% pure Cu
pellets (Kurt J. Lesker) on 3 in. fused quartz wafers. The 1200 nm-thick Cu
film is deposited at room temperature with a 4 A/s under a base vacuum of
about 2x 107" mbar. The Cu film then serves as a catalyst for the synthesis of
single-layer graphene, which takes place at about 1050°C under an
atmosphere composed of methane, hydrogen, and argon. Additional Cu film
substrates have been annealed under the same thermal protocol using only an
Ar/ H, atmosphere in order to obtain a Cu sample with similar purity and
microstructure but without any graphene. The CVD process is described
somewhere else in detail (Huet & Raskin, 2018a, 2018b; Huet et al., 2019).
For the final step of sample preparation, a Cu film with 100 nm thickness
(Cun) has been deposited by evaporation on top of each type. Fig. 5.1
represents a schematic of the tests samples including (a) a bare annealed
copper substrate (Cua), (b) a graphene-coated copper substrate (Cua/Gr), (c)
an annealed copper substrate covered by a thin nanocrystalline copper layer
(Cua/Cun), and (d) a graphene-coated copper substrate covered by
nanocrystalline copper cap layer (Cua/Gr/Cuy).
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5.2.2. Test procedures
5.2.2.1. Structural and microstructural analyses

Raman spectroscopy (LabRAM HR by Horiba, excitation energy: 2.41
eV/514 nm, spot size:1 um) has been used in order to characterise the as-
grown graphene on the Cu substrate.

The grain characteristics of the Cua and Cun films have been characterised
by scanning electron microscopy (SEM) (Zeiss Gemini Ultra-55) which also
allowed positioning the indents with respect to the grain boundaries. Two
types of detectors have been used, an in-lens and a regular Everhart-Thorney
(E-T). EHT (electron high tension) and working distance were 2 kV and 4
mm, respectively. Electron backscatter diffraction (EBSD) relying on a MEB
FEG ZEISS GeminiSEM500 with an EBSD camera CCD Hikari Super 1400
pts/ s EDAX) was used to determine the crystallographic texture.

Quartz (3 inch) Quartz (3 inch)

Quartz (3 inch) Quartz (3 inch)

Fig. 5.1. Schematics of the four different investigated systems; (a) annealed Cu film 1200 nm-thick (Cua); (b)
graphene as grown on a 1200 nm-thick Cu film (Cua/Gr); (c) 100 nm-thick nanocrystalline Cu film
evaporated on a 1200 nm-thick annealed Cu film (Cua/Cun); (d) 200 nm-thick nanocrystalline Cu film
evaporated on as-grown graphene (Cus/Gr/Cun).
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AFM mapping (Dimension Icon Instrument by Bruker, standard tapping
mode in air, linear scanning rate: 0.5 Hz) has been performed to collect images
of the surface before indentation as well as of the indents in order to compare
the topography and to determine the height of the pile-ups. Non-contact silicon
probes (Nanosensors, PPP NCHR) have been used with a nominal spring
constant of 40 N/m and tip radius <10 nm.

Cross-sectional TEM thin films have been prepared under the indents using
a dual-beam focused ion beam (FIB) instrument (FEI Helios Nanolab 650).
Electron beam followed by ion beam deposition of Pt layers was used in order
to protect the surface of the film during FIB thinning. Bright-field images have
been taken with a FEI Tecnai G2 F20 transmission electron microscope
operated at 200 kV in order to analyse the dislocation structures and
decohesion/failure events at interfaces.

5.2.2.2 Nanoindentation

Two different nanoindentation devices were used in order to determine the
load-penetration responses and cross-validate the delicate measurements of
pop-in lengths taking place at very small penetration depth. A pop-in involves
an avalanche of dislocations, which is a dynamic phenomenon. Hence, during
a pop-in under load control conditions, the indenter is abruptly losing contact
with the surface and the indenter tip is suddenly accelerated. When the tip gets
again in contact with the surface, equilibrium is not reached instantaneously
and, due to inertia, an extra penetration is thus possible. The unstable nature
of the pop-in under load control mode may thus lead to an overestimation of
the pop-in length. Hence, displacement control experiments, which are less
commonly used, have also been performed with other equipment. Under
displacement control, a decrease of the force is allowed, stabilizing the
response during a pop-in event. Independently of the application of two
different loading modes, the use of two devices also provides a more robust
basis of results for the analysis.

The load-controlled test campaigns were performed with the Agilent
nanoindenter relying on the continuous stiffness measurement (CSM) mode
at a representative strain rate of 0.05 s and on the use of a diamond Berkovich
tip. The radius of the tip has been measured as equal to ~40 nm by scanning
electron microscopy (Ultra-55 from Zeiss) and the tip was calibrated on a
standard silica sample with a known Young’s modulus equal to 72 GPa. More
than 300 indents have been performed with the Agilent system in order to

104



Chapter 5: Single layer graphene controlled surface and bulk indentation plasticity in copper

generate statistically valid data. The displacement-controlled tests have been
performed with a UNHT? Anton Paar system including a feedback loop on the
applied force signal. In this case, the displacement is calculated from the
relative altitude measured between the indenter and a reference sphere in
contact with the surface. This gives a theoretically infinite stiffness to the
system avoiding any stiffness correction to cancel thermal drift. A diamond
Berkovich tip was used, with a radius of curvature equal to ~100 nm.

5.2.2.3. Discrete dislocation dynamics (DDD) simulations

The 3D DDD setup has been described in several references (Marc C. Fivel,
2008; Verdier et al., 1998). It combines a DDD code (TRIDIS) which solves
the dislocation kinetics and equilibrium, and a Finite Element (FE) code
(CAST3M, FE Software available at www-cast3m. cea) in order to treat full
boundary value problems. Such a combination is required in the case of
nanoindentation simulations in order to consider the heterogeneous stress
induced by the indenter correctly and to account for the image forces
associated with the indented free surface. Only the Cua and Cua/Gr systems
have been modelled.

111
( N ) _Contact area (radius R.) [110]

,/l

+ bs=[110]

Fig. 5.2. The geometry of the dislocation nucleation process under the indent within the 3D DDD framework,
consisting of 3 interstitial prismatic loops as determined from MD simulations in the case of (111) spherical
indentation.
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The nanoindentation test has been simulated by applying force with a rigid
spherical punch to penetrate through small displacement increments inside the
solid. After each displacement increment, several iterations are necessary to
reach a state of equilibrium for the dislocations in the box. The Cu substrate
is described through its elastic constants assuming elastic isotropy (E = 112
GPa, v = 0.324). For the graphene layer, a purely elastic (E = 1000 GPa, v =
0.19) row of elements is introduced sharing common nodes with the Cu solid
assuming perfect adhesion. The validity of this assumption of good adhesion
for the case of graphene grown on Cu has been indirectly verified in previous
work based on molecular dynamics simulations (Hammad et al., 2017). In the
DDD framework, a strong planar interface is introduced to reproduce the
presence of the Gr layer. In the simulations reported in this paper, a perfect
interface is considered, but a stress-based decohesion criterion can also be
taken into account.

The DDD framework also requires the introduction of dislocation sources
in order to initiate the dislocation multiplication process. Thus, empirical
choices had to be guided by the physics of the problem. The simulations are
conducted in a quasi-static loading mode; the indenter position is changed
after the dislocation microstructure is fully relaxed. The relaxation condition
is based on the rate of changes of the indentation force: equilibrium position
is assumed when the force did not change by more than 0.1% between 10
consecutive dislocation dynamic computation steps. A convergence analysis
has been carefully performed to ensure that the response is independent of the
way the loading is applied, and of the number of introduced prismatic loops.
This led to the number of prismatic loops introduced to be equal to 8 sets of
three interstitial loops and their corresponding 24 vacancy loops. Molecular
dynamic (MD) simulations of nanoindentation in (111) oriented Cu crystal
have shown (Chang et al., 2010; Fivel, 2011) that nucleation occurs through
the inoculation of a first defect below the surface, just beneath the indenter,
which quickly degenerates into three prismatic loops. These prismatic loops
correspond to three interstitial loops built on the three <110> directions,
which are not included in the surface plane (see Fig. 5.2). The size of the loops
is defined by the radius of the contact area, Rc, at a given penetration depth.
Note that the presence of prismatic loops for low penetration indentation has
been confirmed experimentally for FCC metals by TEM observations in 316L
stainless steel (M. C. Fivel et al., 1998). In previous studies (H. J. Chang et
al., 2010), this nucleation process has been successfully introduced in the
DDD code, and spherical indentation on a (111) Cu single crystal (in
agreement with the experimental texture (Huet & Raskin, 2018c) was
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performed. It is shown that the dislocation microstructure evolution followed
two regimes. The artificially inserted interstitial dislocation loops are initially
gliding along with their cylinder similar to what is predicted by the MD
simulations. Since the loop size is proportional to the contact radius, the loops
get larger with increasing penetration depth and, at some point; their size gets
large enough for the Frank-Read mechanism to operate on each arm of the
loop, leading to a dislocation avalanche and a large increase of the dislocation
density. After this stage, the induced dislocation density is capable of perfectly
accommodating the spherical shape of the indenter without any need for
additional dislocation nucleation events. Hence, in the present study, the same
procedure has been used to initiate the plasticity mechanisms with a specific
focus on the strain bursts induced by the dislocation nucleation process. The
main differences with the previous study are: (i) the radius of the indenter tip
is equal to 40 nm in order to match with the experiments; (ii) the nucleation
process is triggered at a pre-defined penetration depth equal to 5, 10, 15 or 20
nm in order to check the effect of the penetration depth on the size of the strain
bursts; (iii) the nucleation mechanism consists of a sufficiently large number
of prismatic loops, typically 8 per activated Burgers vector, such that the
dislocation dynamics process is already in the avalanche regime; (iv) in the
case of the Cua/Gr system, an impenetrable surface (facet) is introduced at the
interface between the Cu substrate and the graphene layer; (v) for each
inserted interstitial prismatic loop, there exists an equivalent vacancy loop
located on the same cylinder but closer to the graphene layer in the case of
Cua/Gr and outside the simulated volume in the case of Cua. This has been
imposed in order to trigger a mechanism with no mass loss and to ensure the
consistency of the calculation of the surface steps as demonstrated in (M. Fivel
& Depres, 2014). The calibration of the DDD simulation and the principles
regarding that have been detailed in other works(H. J. Chang et al., 2010).

5.3. Results
5.3.1. Experimental results

5.3.1.1. Characterisation of structure and microstructure

Fig. 5.3 shows the Raman spectrum obtained for the graphene on Cua/Gr
sample. A high 2D-to-G peak intensity ratio and narrow 2D bandwidth (larger
than 2 and 20 cm™, respectively) prove the single atomic layer nature of the
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graphene. In addition, the D-to-G peak intensity ratio is smaller than 0.1,
which indicates a low density of structural defects in as-grown graphene.

2D (2690 em™*)
\
G (1580 cm™Y)

| |
.
= | I
£ ‘ -|
=
=
g \
=

’,/, \
D{1350 cm™Y)
1000 2000 3000

Raman shift (1/cm)

Fig. 5.3. Typical Raman spectrum directly acquired on as-grown graphene. D, G, and 2D band, respectively
located at 1350, 1580 and 2690 cm are the main Raman peaks expected for graphene.

Fig. 5.4a and b compare SEM of the surface of the Cua and Cun films. The
Cua exhibits relatively large grains in micrographs the 10-100 um range, as a
result of the high-temperature annealing associated with the graphene growth
process. This large grain size will avoid possible artefacts from the interaction
between the plastic size below the indent with the constraint associated with
the grain boundaries (see further). The Cuy film has a grain size in the 50 to
100 nm range (which cannot be clearly seen on a SEM image but confirmed
by TEM analysis, see further), commensurate with the thickness as commonly
observed with thin metallic films. Fig. 5.4c and d provide EBSD maps and
pole figures, respectively, of a Cua film revealing the expected sharp (111)
texture.
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11

Fig. 5.4. Grain characteristics of the Cu films; SEM micrographs of (a) the 1200 nm thick Cua film; (b) 100
nm thick Cun film; (c) EBSD map; (d) pole figures.
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5.3.1.2. Indentation of Cua and Cua/Gr

Fig. 5.5 is a SEM micrograph showing a set of indents inside a Cua grain.
Only indents produced sufficiently far from the grain boundaries were kept
for further analysis in order to avoid specific interaction effects between
dislocations and grain boundaries, which may convolute with the interactions
with the graphene layer. Furthermore, the indents were all made in (111)
grains, avoiding the effect of crystallographic orientation on the plastic
indentation response [Britton et al., 2010; Selvarajou et al., 2014].

Fig. 5.5. SEM micrograph showing a series of indent inside a Cua grain, sufficiently remote from grain
boundaries to avoid plastic interactions.

Fig. 5.6a and b show representative load-penetration curves for the Cua
and Cua/Gr systems as measured under load-controlled and displacement-
controlled conditions, respectively. The pop-in produced under load-control
leads to a plateau associated with a sudden finite penetration (Fig. 5.6a with a
zoom on the pop-ins) while it leads to a force drop which involves some extra
displacement due to the non-instantaneous feedback loop operation under
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displacement-control mode. In the last case, the pop-in length is determined
to be equal to the displacement difference from the load drop point to the point
at which the load increases back to the same value as before the drop shown
in Fig. 5.6b. The differences in the elastic response between bare Cu and
Cu/Gr as well as on result of a Hertzian analysis of the elastic regime have
already been investigated in depth by Hammad et al. (2017), see the
introduction. The focus of this work is on the initiation of plasticity and pop-
in events detected in each load-penetration curve which have been
systematically analysed to determine the quantitative effect of graphene on the
elastoplastic indentation response of the Cu layer.

More than one pop-in is observed in most load-displacement curves. In the
case of Cua, second pop-ins rarely occur and third pop-ins are never observed
as shown in Fig. 5.6¢. However, in Cua/Gr system, besides the first and second
pop-ins, third pop-ins frequently occur as can be observed in Fig. 5.6d. Fig.
5.6e shows variations of the pop-in length as a function of the load at the onset
of the pop-in in Cua and Cua/Gr systems under load control mode. The
comparison of the collections of first and second pop-ins in Cua with first,
second and third pop-ins in Cua/Gr shows that, in the case of Cua, the pop-in
length increases with the load whereas it remains relatively constant in Cua/Gr
system. Fig. 5.6f and g provide the variations of the first pop-in length as a
function of the critical load at the onset of the plastic burst of more than 300
indents, for the Cua and Cua/Gr systems in load-control and displacement-
control modes, respectively. The results are similar under both conditions with
less dispersion in displacement-control mode. The load at the onset of
plasticity is on average smaller in the case of the Cua/Gr system compared to
the bare Cua. Finally, Fig. 5.6h and 5.6i plot the probability function of pop-
in lengths in different ranges as a function of load for the load-control and
displacement-control conditions, respectively.
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Fig. 5.6. (@) Comparison of load-penetration curves for Cua and Cua/Gr in load-control mode; (b)
comparison of load-penetration curves for Cuaand Cua/Gr in displacement-control mode; (c) firstand second
pop-ins in Cua system; (d) first, second, and third pop-ins in Cua/Gr system; (g) comparison the length of first
and second pop-ins of Cua with first, second and third pop-ins of Cua/Gr in load-control mode; (f) comparison
the first pop-in length vs load of Cua and Cua/Gr in load-control mode; (g) comparison the first pop-in length
vs load of Cua and Cua/Gr in displacement-control mode; (h) comparison of probability function vs load of
Cua and Cua/Gr in load-control mode; (i) comparison of probability function vs load of Cua and Cus/Gr in
displacement-control mode.

5.3.1.3. Indentation of Cua/Cun and Cua/Gr/Cun

All tests made on the sandwich configurations were performed under load-
controlled mode using the Agilent nanoindenter, based on the earlier
validation that both loading modes provide similar pop-in behaviour. The
indents have been characterised first by SEM to verify the absence of cracks
in the Cun films. Due to the nanocrystalline nature and the expected high
strength/low ductility behaviour, there was indeed a possibility of indentation-
induced damage and cracks that we had to discard. Fig. 5.7a shows the
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comparison of two representative load-displacement curves for the Cua/Cun
and Cua/Gr/Cuy systems. The comparison of pop-in length in Fig. 5.7b
indicates the clear influence of the graphene interlayer on the pop-in length.
The pop-in length is significantly reduced in the presence of a graphene layer.
The difference is clearly stronger than for the Cua/Gr versus Cua systems.

a
1.5
——
1
z YN
g ( /)
= \ . |
g 0.5
|
®Cuy/Cuy
® Cuy/Gr/'Cuyg
0 1 1
0 100 200 300
Displacement (nm)
b 150
—_ [ ]
E .
=
~ L
= 100 oo s :
i .
=1} o im® .
= .
=
g
& N
=
(=W ®Cuy Cuy;
@ Cuy/Gr/'Cuy;
0 1 1
0 0.50 1.0 1.5

Load (mN)

Fig. 5.7. (@) Comparison of the load-penetration curves for Cua/Cun and Cua/Gr/Cun in load-control mode;
(b) comparison of the first pop-in length of Cua/Cun and Cua/Gr/Cun in load-control mode.
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5.3.1.4. Indentation of Cua and Cua/Cun

Fig. 5.8 provides a comparison of 5 randomly chosen load-penetration curves
for the Cua and Cua/Cuy systems. It reveals a significant difference in the
length of the first pop-in when comparing these two systems. The pop-in
occurs at a much larger depth in the Cua/Cun system, which is an indication
that the pop-in is induced by a plastic burst taking place inside the Cua
substrate. Furthermore, the zoom on the Cua/Cun System shows many small
pop-ins before the first large one. As a useful information for further
interpreting the indentation data on the systems with the Cuy cap layer, Fig.
5.9 shows the variation of the hardness extracted using the Oliver and Pharr
method as a function of penetration depth (Oliver & Pharr, 1992). After a
regime dominated by the elastic and elastoplastic transition, the hardness of
the Cun is found to be ~2.5 GPa. Deeper indentation leads to a response
dominated by plasticity inside the Cua substrate with a hardness converging
towards the Cua hardness, near 1.4 GPa.
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Fig. 5.8. Comparison of pop-in length for Cua and Cua/Cun. The inset shows the small pop-ins in one of the
curves which occur before the first large pop-in in Cua/Cun.
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Fig. 5.9. Variation of hardness as a function of penetration depth for Cua and Cua/Cun, showing the
significantly larger hardness of Cun before the plasticity is transferred into the underlying Cua layer with the
hardness following then the trend obtained for a single Cua film.

5.3.1.5. AFM investigation

Fig. 5.10a and b compare the initial surface topography of Cua and Cua/Gr
systems before indentation. The surface in the presence of graphene exhibits
a finer topography. This is in agreement with other observations in the
literature, which indicate the existence of Cu steps/terraces bunching under
graphene. It is explained in (Kang et al., 2016; Yi et al., 2018) that Cu atoms
re-arrange underneath graphene during the high-temperature CVD process in
order to minimize the compressive strain or the local bending energy in
graphene. The deep black lines marked in the figures correspond to the grain
boundaries.

Fig. 5.10c—f provide AFM images of the indented regions in order to
characterise the differences between systems with and without graphene.
Some indents show higher penetration depth, which could result from the
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existence of some defects in the Cua surface below the indenter. However,
these indents have been discarded from the analysis.

Small patterns (particle-like) are observed especially around the indents on
the Cua samples while they are not observed on the Cua/Gr one. Analysis of
the height profiles across the indents (Fig. 10g—j) shows that the presence of
graphene induces significantly smaller pile-ups. The use of AFM to
characterise pile-ups has been validated in the literature (Kese & Li, 2006).
On the other hand, the comparison of the AFM profiles for the Cua/Gr/Cun
versus Cua/Cun systems does not reveal significant variations.

a 250.0nm b 250.0 nm
L 1 -400.0 nm T - 7 -400.0 nm
0.0 1: Height Sensor 44.5 pm 0.0 1: Height Sensor 44.5 pm
97.0 nm 97.0 nm
_190.0 nm r -190.0 nm
0.0 1: Height Sensor 25.0 pm 0.0 1: Height Sensor 25.0 pm
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Fig. 5.10. (a) AFM image before indentation on Cua (size of the square box is 44.5 x 44.5 um2),; (b) AFM
image before indentation on Cua/Gr (size of the square box is 44.5 x 44.5 um2); (c) AFM image after
indentation on Cua (size of the square box is 25 x 25 um2); (d) AFM image after indentation on Cup/Gr (Size
of the square box is 25 x 25 um2); () Higher magnification of one indent on Cu, (f) higher magnification on
one indent on Cus/Gr; Cua; (g) three height profiles across the indent shown in (g); (h) three height profiles
across the indent shown in (f); (i) height profile (dark blue) across the indent shown in (g); (j) height profile
(red) across the indent shown in (f). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article).

5.3.1.6. TEM characterisation

TEM micrographs after indentation down to 200 nm depth reveal the
difference between dislocation arrangements in Cua and Cua/Gr systems
under indents (Fig. 5.11a—b). The formation of dislocations walls in the Cua
system and the much more spread and homogenous distribution of
dislocations in the Cua/Gr system is a signature of the influence of the
graphene barrier on dislocation activity. Fig. 5.12a—b show TEM micrographs
of the dislocation microstructure in the Cua/Cun and Cua/Gr/Cuy systems for
100 nm indentation depth where the main pop-in has already occurred.

Performing a TEM characterisation on a section corresponding to 100 nm
indentation depth, i.e. just after the first pop-in, was chosen to limit the
distortion of the interface with the graphene layer and to make easier the
characterisation. The system with graphene requires a higher force for
inducing almost the same pop-in length (see Fig. 5.12c). A high density of
dislocations is stored against the graphene barrier. The root cause of this
phenomenon will be discussed in the next section
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Fig. 5.11. (@) TEM micrograph showing the dislocation arrangements in Cua; (b) TEM micrograph showing
the dislocations structures in the Cua/Gr system. The two top layers consist of successively deposited electron
beam Pt layer and ion beam Pt layer from the left to the right side, respectively.
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Fig. 5.12. () TEM micrograph showing the dislocation structure under a 100 nm-deep indent in the Cua/Cun
film; (b) TEM micrograph showing the dislocation structure under a 100 nm-deep indent in the Cua/Gr/Cun
film; (c) comparison of the load-penetration curves for Cua/Cun and Cua/Gr/ Cun under load-control mode.

Many TEM observations show local failure events at the level of the
graphene layer after indentation. This can be due to graphene fracture and/or
decohesion. Some evidence can be seen in Fig. 5.11b in the form of a white
band at the level of the graphene boundary in the system Cua/Gr. The size of
this white band is much larger due to the presence of some fragments of the
Cu films under the indent, which hinders a good cohesion between the electron
beam deposited Pt layer and the Cu film. It can thus be concluded that the
white band in Fig. 5.11b is due to the presence of fragments of graphene under
the indent. Fig. 5.13 shows a more obvious example of decohesion for the
Cua/Gr/Cun system in a micrograph taken under the high-angle annular dark
field scanning TEM (HAADF-TEM) imaging mode. Still, care should be
taken in the interpretation of the micrograph of Fig. 5.13 as there is no full
guarantee that decohesion is between the Cua layer and graphene, and not
between the Cun layer and graphene.
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Fig. 5.13. HAADF STEM micrograph of the region below an indent performed in a CuA/Gr/CuN system
exhibiting decohesion/failure at the graphene layer level.

5.3.2. DDD results

Fig. 5.14 shows the force-penetration curves computed by DDD in the case of
Cua and Cua/Gr for different values of the critical depth to trigger the
nucleation process. The case of Cua is plotted in Fig. 5.14a. The mechanical
response starts with an elastic response, which follows the Hertz model. After
dislocation nucleation, the elastic loading curve shifts to a plastic master curve
which nicely matches the experiments. A higher critical load at nucleation
leads to a higher pop-in length as measured experimentally. This is a direct
signature of the transition from the Hertz regime to the plastic regime.
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Fig. 5.14. (a) DDD predicted load-penetration curve for Cua for the different onset of the nucleation
algorithm; (o) DDD load-penetration curve for Cua/Gr, which shows a stiffer mechanical response.

Fig. 5.14b shows that in the case of Cua/Gr, the spreading of the pop-in
length is significantly reduced in agreement with the experiments. However,
the plastic curve after nucleation does not match well with the experiments as
a stiffer response is predicted by the DDD simulations. This discrepancy will
be discussed in the next section.
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Fig. 5.15. (a) DDD load-penetration curve and evolution of dislocation density (filled circles) for CuA and
CuA/Gr when plasticity is triggered at 10 nm depth; (b) dislocation arrangements for CuA and CuA/Gr at
different instants of indentation as indicated on the load-penetration curve.

Fig. 5.15 shows the dislocation arrangements as well as the density of the
dislocations computed in a cubic box of size 5 x 5 x 5 um® for both systems
at different instants of the indentation process in the case of a nucleation
process triggered at 10 nm depth. The full movies are available at
(http://www.numodis.fr/tridis/cugraphene.html). The dislocation densities are
similar until a penetration depth of 30 nm and then the density increases a lot
more in the case of Cua/Gr. For a penetration depth of 60 nm, the Cua/Gr
system contains four times more dislocations than the Cua. There is a marked
difference between the arrangement of the dislocations. The plastic zone,
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corresponding to the zone with the highest dislocation density is contained in
a sphere in the case of Cua Whereas it expands as a half-sphere in the case of
Cua/Gr with a larger volume and more delocalized plastic flow. This
difference in the dislocation arrangement is correlated to the indentation force,
which is found to be higher in the presence of graphene. In order to illustrate
the back force induced by the dislocations on the indenter, we have plotted in
Fig. 5.16 the normal component of the internal stress field generated by the
dislocations as if they were in an infinite medium. This highlights the much
stronger long-range field development in the case of the Cua/Gr system
compared to Cua.

(up)

Fig. 5.16. Evolution of the normal stress nT.o.n with n=(111) for different indentation depths inside (up) CuA,
(down) CuA/Grr; the color range iswithin [-500 MPa:500 MPa]. Note a higher long-range normal stress zone
in CUA/Gr.

5.4. Discussion
5.4.1. Cua versus Cua/Gr systems

The results presented in section 5.3 confirm the earlier finding described in
the literature (Y. Kim et al., 2013; X. Y. Liu et al., 2016; Park et al., 2019; X.
Zhu et al., 2019) that the presence of single-layer graphene affects the
development of the plastic flow. The effect of the presence of graphene
requires a sufficient adhesion between the graphene and the substrate and
results from the very large strength of graphene, which can support extreme
stresses and distortions without fracture. However, the present study brings
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about both new elements of discussion, some more nuanced interpretations as
well as some mitigated claims regarding the true potential of graphene to
increase the strength of surfaces.

When comparing the elastic response of Cua and Cua/Gr after indentation
in Fig. 5.6a, we confirm the enhancement of the load to be imposed to reach
the same indentation depth for the Cua/Gr system, as shown in the zoom of
Fig. 5.6a for penetration depths below 10 nm, before first pop-ins, and
reported by other researchers (Hammad et al., 2017; Park et al., 2019). The
underlying reason is, as explained in the introduction, the adhesionless contact
between the tip of the indenter and the surface in the presence of graphene,
and not a stiffening effect related to the high elastic modulus of graphene. The
adhesion force between the tip and the surface in the case of bare Cu modifies
the contact area and the load transfer. The absence of adhesion between the
indenter tip and the surface in the Cua/Gr system makes the tip exert the entire
load required to achieve the same indentation depth, leading to higher applied
forces (Hammad et al., 2017).

Nevertheless, the core of this study is on the plastic response under
mechanical contact. When indenting a material with a sufficiently low density
of defects, the first plastic event is caused by the nucleation, glide, and an
avalanche of dislocations (Corcoran et al., 1997; Gouldstone et al., 2000; Sato
etal., 2019; Suresh et al., 1999). This avalanche leads to a displacement burst
under load-control. A proportional relationship between the pop-in length and
the critical load is expected for metals, as elaborated by Shibutani (Shibutani
et al., 2007). These authors worked out a relationship showing that the pop-in
length increases linearly with load because a proportional number of
dislocations is required to release the increasing stored elastic energy. The
linear relationship between the pop-in length and the load is not well respected
in the presence of graphene (Fig. 5.6e). As shown in Fig. 5.6a and b, the
presence of graphene affects the length of the pop-in as well as the onset of
the first pop-in, revealing the influence of graphene on the nucleation and
propagation of dislocations. The smaller pop-in length is the first evidence of
the limitation of the number of dislocations participating in an avalanche in
the presence of graphene. This effect of graphene has been revealed in recent
literature (S. W. Chang et al., 2013; Lu Wang et al., 2018; C. Zhang et al.,
2019). Furthermore, the Cua/Gr system never shows very large pop-ins when
compared to the Cua system, see Fig. 5.6f—i. The effect of graphene is the
same in both nanoindentation modes while the less scattered distribution of
pop-in lengths under displacement-control probably results from the lack of
partly uncontrolled overshoot in this later mode.
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AFM mappings of Cua and Cua/Gr systems after indentation confirm the
effect of graphene by showing clear differences in the topography. In the Cua
system, the presence of a particle-like pattern (Gaillard et al., 2003) indicates
the sustained activity of dislocations along the same slip planes leading to
larger and sharper pile-ups around the indent, see Fig. 5.10c. In the presence
of graphene, see Fig. 5.10d, there are no marked patterns around the indents,
which would otherwise indicate that dislocations could escape by piercing
through the surface. This leads to smoother pile-ups around the indent. The
heights of the pile-ups have been measured for both Cua and Cua/Gr systems
based on sections across several indents. Figs. 5.10g-h show height profiles
corresponding to three sections on the indents shown in Fig. 5.10e—f which
quantitatively prove the effect of graphene on the height of the pile-ups. To
make it clearer, one of the profiles is shown separately in Fig. 5.10i—j for both
systems. The average values of the pile-up height were measured for five
different indents on both systems and are equal to 26 nm for Cua and 3 nm for
Cua/Gr, respectively.

The TEM observations confirm, from another angle, the interpretation
above. The micrograph in Fig. 5.11a reveals a relatively localized mode of
plastic deformation under the indent for Cua along specific slip planes, as
predicted by the DDD simulations as well. The high density of dislocations
walls near the edges of the indented region is proof of the formation of pile-
ups around the indents.

Even though the AFM and TEM data are obtained from indents
significantly deeper than the penetration corresponding to the first pop-ins,
they represent the aggregated effect associated with the accumulation of
several pop-ins and plastic activity. They concur to the same message: the
dislocations mobilized to accommodate the penetration of the indent are more
homogeneously distributed under the indented region showing that other slip
systems must be activated in the presence of a graphene barrier (Fig. 5.11b).

The DDD simulations provide quantitative explanations for these
observations. The simulations show that the dislocation arrangement is
completely different when comparing Cua with and without graphene coating
(see Fig. 5.15). For the Cua system, the plastic zone exhibits a spherical shape
while for Cua/Gr, the plastic volume resembles a large half-sphere. The load
very much increases in Cua/Gr after the first plastic burst, which shows that
an alternative mechanism of deformation starts at this point. Generally
speaking, dislocations accumulated at an interface could lead to both
directional back stress hardening and non-directional accumulation of
obstacles which alleviate further dislocation motion that results in isotropic
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hardening (Fribourg et al., 2011; L. Zhao et al., 2019). A detailed analysis of
the internal stress field induced by the dislocations indicates that the stress
component normal to the free surface has a much longer range in the Cua/Gr
system compared to Cua. This can be appreciated when comparing the
evolution of the internal stress at different indentation depths in Fig. 5.16 (up)
Cua and (down) Cua/Gr. Therefore, large back stress builds up in the system
with graphene, which forces the dislocations to glide on other slip planes,
hence delocalizing the plastic activity and leading to larger plastic volume,
which can be clearly seen at the indentation depth of 60 nm in Fig. 5.16
(down). In the sample with no graphene, dislocations are not stopped and can
move freely towards the surface. There is only a very small back stress
generation at 60 nm penetration depth, see Fig. 5.16 (up). All these results
from indentation, TEM, AFM and DDD simulations confirm the ability of
graphene to block the transmission of dislocations between layers but also to
delocalize the dislocation activity.

Nevertheless, the DDD simulations overestimate the load increase after the
pop-in has occurred. This suggests that an additional mechanism takes place
in Cua/Gr, limiting the force increase. The discrepancy most probably comes
from the partial debonding, fracture, and/or slipping observed at the Cu/Gr
interface, which is not taken into account in the DDD simulations. Preliminary
simulations with a stress-based adhesion criterion show indeed that debonding
reduces the load after the pop-in compared to perfect adhesion. Upon
debonding, dislocations are free to move out of the material and relax the load
compared to an impenetrable boundary. Further works aim at addressing this
guestion of the impact of a limited adhesion of graphene on the plasticity
mechanisms.

Another observation induced by the presence of graphene is its influence
on the onset of plasticity. This is probably the most unexpected result in this
study. The presence of graphene causes the plasticity to start sooner when
compared to the Cua system. Elementary linear elastic finite element
simulations of a system made of a stiff coating such as graphene lying on a
more compliant substrate (with a factor 10 stiffness mismatch) have been
performed with the software Abaqus. We only found an extremely small
increase of the maximum shear stress or of the equivalent von Mises below
the indent at penetration deeper than a few nanometers, hardly explaining why
plasticity could start much sooner in the presence of graphene. The second
explanation for the earlier onset of plasticity could find its origin in the small
roughness generated at the Cu surface in the presence of graphene (Fig.
5.10b). These perturbations could create stress concentrations that would
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trigger earlier pop-ins. Nevertheless, the length scale associated with this
roughness is on the order of a micrometre. The first pop-in usually occurs at
indentation depth typically below 20 nm. The contact region is thus smaller
than 100 nm, which is one order of magnitude smaller. Hence, the argument
is not convincing either. Finally, the best explanation comes from the indirect
stiffening effect induced by the adhesionless contact in the presence of
graphene, as evidenced by MD simulations, and explained at the beginning of
the discussion. This means that, in the Cua/Gr system, a higher load is required
for the same indentation depth, as seen in Fig. 5.6a, for a very small
indentation depth (<10 nm). A higher load leads to larger stress levels under
the indent, which causes an earlier onset of plasticity in the presence of
graphene.

5.4.2. Other systems

The purpose of the investigation performed on the Cua/Cun and Cua/Gr/Cuy
systems was to shed light upon the application of graphene for reinforcing
metallic systems through a composite effect associated with the insertion of
hard interfaces. In this system, the graphene layer is sandwiched between two
copper films having two very different grain sizes. The nanoindentation
response is obviously sensitive to the specific properties of the two layers,
independently of the presence or not of graphene. But, while the cap layer is
the same in both Cua/Cun and Cua/Gr/Cun systems, any differences in the
behaviour between these two systems can be attributed to the presence of the
graphene layer.

The smaller pop-in length in the case of Cua/Gr/Cun compared to Cua/Cun
shown in Fig. 5.7a and b reveals again the effect of graphene on dislocation
glide. The comparison of the TEM micrographs for the two systems
demonstrates that graphene blocks the movement of the mobile dislocations
in the Cua substrate towards the surface, which results in large back stress
(Fig. 5.12a—b). Furthermore, a higher load is required to produce the same
pop-in length (hence, the same number of dislocations involved in the
avalanche) in Cua/Gr/Cun as graphene makes the glide of dislocations more
difficult (Fig. 5.12c). From a methodological viewpoint, this sandwich
structure is the most elementary stack that can be imagined to test the bulk
strengthening effect of graphene. Deconvoluting the effect of graphene from
the indentation curve in order to predict an expected change of yield stress for
instance is not straightforward and left for future works. But, the present
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results show that the approach is very sensitive to the presence of graphene
and can be used to easily compare different configurations, graphene qualities,
number of stacks without producing a bulk system.

There are two more findings not related to the presence of graphene but
worth discussing further. The focus on the load-displacement curve of
Cua/Cun in Fig. 5.8 shows several very small pop-ins before the main large
pop-in in the Cua/Cun system which is connected with the high density of
grain boundaries in the nanocrystalline copper. The high density of grain
boundaries hinders the activity of dislocations and causes only small burst of
dislocations instead of a true avalanche. The limited burst leads to the
formation of only very small pop-ins during indentation (Y. Kim et al., 2013;
Rupert et al., 2012) which explains also the different behaviour in terms of
hardness evolution at small indentation depth in Fig. 5.9. After the elastic
regime below 10 nm indentation depth, the hardness of the Cun is found to be
~2.5 GPa. The hardness of Cuy moderately increases, probably due to the
interaction of the plastic flow with the constrained interface with Cua. Further
increase of the penetration leads to the burst of plasticity inside the Cua
underneath layer, associated with a large pop-in. The hardness then converges
towards the hardness Cua, near 1.4 GPa, with a slight, but continuous decrease
with penetration associated with the indentation size effect. Assuming a ratio
of 3 between the yield stress and hardness, the yield stress of Cun would be
~800 MPa. This value is in the expected range for 50—100 nm grain size using
the Hall-Petch law parameters as established for instance in the literature
(Cheng et al., 2005; N. Lu et al., 2010). The yield stress of the Cua film is
more difficult to determine (Gertsman et al., 1994) as the response
corresponds to a single crystal (for which the parameter “3” does not apply
due to strain hardening and strain gradient plasticity effects) with no
interaction with the grain boundaries nor with the quartz substrate for the
investigated range of indentation depth which remains smaller than 1/10 of
the film thickness. The important conclusion is that the strength of Cuy is
much larger than for Cua at least by a factor of two. Furthermore, once the
plasticity has started in Cua, the presence of the Cun cap layer does not play a
major role anymore in dictating the overall hardness of the system, which is
similar to a bare Cua layer.

The other finding when comparing the Cua and Cua/Cun systems is the
length of the first pop-in which is much larger in the Cua/Cun system. The
first large pop-in occurs at higher load and higher penetration in the Cua/Cun
system leading to the activation of more dislocation sources during the
indentation process (Fig. 5.8). There can be three different sources of
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dislocations including; pre-existing dislocations, punched-out dislocations
during deformation, and threading dislocations (Dehm et al., 2018; Jian et al.,
2010). In the case of annealed copper, the first displacement burst results from
the full avalanche of the pre-existing dislocations and punched-out
dislocations during nanoindentation when the local energy underneath and
around the indenter reaches a critical value. In the case of the Cua/Cun
systems, the small grain size in the nanocrystalline Cun cap layer prevents the
development of a significant avalanche of dislocations immediately blocked
by the high density of grain boundaries, confirmed also by the smooth
evolution of hardness in Fig. 5.9. Very large elastic energy builds up under
the indent inside the cap layer until the threshold for initiating plasticity in the
Cua is attained. This large amount of elastic energy is released through very
large pop-ins. In other words, the presence of the cap layer can be simply seen
as a way to avoid any pop-in in the Cua substrate before a large load is
reached.

5.5. Conclusion

The plastic deformation behaviour of copper upon nanoindentation has been
studied for two different configurations involving a single graphene layer. The
main findings of the work are the following: The pop-in length is, on average,
shorter in the presence of a graphene layer, as confirmed under both force-
and displacement-controlled indentation modes. As a side conclusion, we
prove that the results obtained by both modes agree with one another regarding
pop-in behaviour. TEM analysis of cross-sections taken below the indents
shows that the dislocation activity occurs in a much larger volume and is more
homogenous in the presence of graphene. This is associated with a much
smoother pile-up and the absence of slip steps on the surface, as measured by
AFM. 3D DDD simulations reveal that the origin of these effects is the large
back stress induced by the presence of the impenetrable graphene barrier,
leading to the spreading and delocalization of the plasticity process. Plasticity
starts earlier in the presence of graphene compared to bare Cu, presumably
due to higher stress levels associated with adhesionless contact, compared to
bare Cu. Another side result of this study is the interest to look at an
elementary stack made of a graphene layer intercalated under a cap layer to
quantify its potential impact on the strength when inserted in the bulk of
materials. In conclusion, the presence of a single layer of graphene as a coating
or interlayer below a Cu cap layer modifies the plastic flow under the contact
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for indentation depth much larger than the graphene layer thickness, by
spreading the plasticity over a much larger volume. The impact is mainly on
the pop-in behaviour and smoothing of the pile-ups. This delocalization of the
plasticity can be useful for applications involving repeated contacts to mitigate
the induced roughness such as in electrical switches or under mild erosion
conditions where the amplitude of the induced roughness under impact is often
responsible for the wear mechanism. Nevertheless, the magnitude of the
effects discussed in the work is not large enough to provide significant wear
or erosion mitigation with a single graphene layer in the case of severe loading
conditions.
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Chapter 6

Lab-on-chip application on
Cu/Gr and Cu systems with
NI beam actuator

Abstract

Despite the fact that the uniaxial tensile test provides straightforward
interpretable data to extract the mechanical behaviour of a material, the
adaptation from bulk testing to small-sized specimen testing is not trivial.
Indeed, new concerns arise such as specimen preparation, handling and
mounting. In this chapter, tensile-on-chip has been performed by using lab-
on-chip technique developed in UCLouvain to investigate the effect of
graphene on fracture and relaxation response of Cu thin film. Ni is used as an
actuator which is a rare choice for this process. The key part of the process is
the sample preparation which includes: Gr growth and transfer, deposition of
Cu and Ni thin film, photolithography of actuator and specimen beams as well
as the release of these beams. All these steps need to be compatible and
adapted to the material used as specimen and actuator. To achieve
reproducible and reliable data, some sort of modifications have been
performed in this work and some results have been extracted. However, Gr
did not lead to a positive effect on the extracted results due to the poor
adhesion of the graphene to Cu substrate as well as the negative effect of lift-
off resist and XeF; etching on the quality of graphene. The displacement is
even higher for the same load in the presence of graphene which can also
result from the localized oxidation of copper underneath the transferred Gr.
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6.1 Introduction

A large range of thin films systems including polysilicon, silicon nitride,
different oxides and some metals are used to fabricate microelectromechanical
systems and microdevices (Sharpe et al., 1997). Besides thin films, 2D layers
show attractive features which make them interesting to be used in these
systems (Hu et al., 2020). First, the discovery of 2D materials with weak
interlayer interaction can provide more opportunities in the fabrication of
ultrathin coatings and solid lubricants (Mai et al., 2019; Rosenkranz et al.,
2019) that can be functional and efficient. Additionally, their ability to
integrate and adhere to various substrates makes them promising materials for
microelectronics (Huyghebaert et al., 2018). 2D materials are very good
candidates for flexible, stretchable and foldable electronic devices due to their
atomic thickness and ultrahigh flexibility (K. S. Kim et al., 2009; Rogers et
al., 2010; W. Zhang et al., 2013), therefore having knowledge of their
deformation and fracture behaviour is very important. The fabrication of 2D
materials-based electronic devices has been investigated in a huge range of
studies (Lanza et al., 2020). Excellent performance has been reported such as
field-effect transistors (FETs) with on/off current ratios >10° (J. Xu et al.,
2017), photodetectors with a high form factor and modulation bandwidths for
communication beyond 180 Gb/s (Schall et al., 2018), and memristors with
excellent flexibility, transparency, and thermal stability (M. Wang et al.,
2018). In addition to the strain that can be generated naturally, it can also be
intentionally induced and controlled in graphene by different techniques (Si
et al., 2016). Furthermore, from theoretical and experimental points of view
(Conley et al., 2013; Nayak et al., 2015), it has been observed that the
electronic, magnetic and optoelectronic properties of 2D materials can be
modified with strain engineering (P. Lu et al., 2012; Y. Ma et al., 2012; H.
Zhu et al., 2015).

One of the important modifications that can be applied to single-layer
graphene is the engineering of the bandgap under large enough strain (Choi et
al., 2010; Pereira et al., 2009). As it has been investigated SLGr could be
theoretically deformed up to 25% without fracture besides its high thermal
conductivity (3000-5000 W m™* K™ ), its excellent optical transparency of
98%, and an extremely high Young's modulus of 1 TPa, (Li Wang et al.,
2019). During the experimental procedure, strains are expected to arise
naturally in graphene. For instance, transferring graphene on a substrate
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usually leads to a moderate strain due to the surface corrugations of the
substrate (Teague et al., 2009) or the lattice mismatch between graphene and
the substrate (Z. H. Ni et al., 2008b). To ensure the safety and functioning of
these materials, a precise investigation of the mechanical properties and the
underlying mechanisms is necessary for the development of new applications
(Xing Li et al., 2018). To measure accurately the mechanical properties of thin
films or 2D layers with very small thickness, new techniques and advanced
procedures are required for sample preparation, handling, and loading (Sharpe
etal., 1997).

Quantitative mechanical testing of 2D materials is extremely challenging.
Nowadays, nanoindentation and atomic force microscopy are methods to
extract the mechanical properties such as Young’s modulus and fracture
strength of 2D layers (Y. Yang et al., 2017) as has been mentioned in previous
chapters. However, there are some limitations regarding the application of
these methods for 2D layers. For example, films typically thinner than one
hundred nanometers should not be tested by nanoindentation as the maximum
indentation depth should be limited to a small fraction of the specimen
thickness in order to avoid substrate effects. This fraction depends on the
stiffness mismatch between the film and the substrate and can vary from less
than 1% to more than 20%. Too small indented volumes are not representative
of the test material and too large volumes will be affected by the mechanical
response of the substrate. In addition, in the AFM technique, the loading
transverse is local which can cause more uncertainties and make complexity
in the extraction of the mechanical behaviour. These complexities resulted
from the non-uniformity of the deformed volume as well as the distribution of
non-uniform pressure on the layer which results in non-uniform tension.
Generally, the easiest way to extract the mechanical properties of a material is
to perform a uniaxial tensile test. In this method the deformation conditions
are well known which allows us to measure the total deformation of the
specimen and the data reduction is more direct.

By using the adapted tensile testing for thin films and 2D layers, the data
related to both elastic and plastic properties can be extracted in a
straightforward approach. Tensile tests on individual InAs nanowires were
performed in-situ in a SEM, and their fracture strength and strain were
obtained in addition to Young's modulus. They have tested the two types of
nanowires and both types exhibited brittle fracture with a large elastic strain
of up to ~10% and had similar fracture strength of ~2—5 GPa (X. Li et al.,
2014). In other scientific report, Cao et al. directly performed in situ tensile
tests in a scanning electron microscope on CVD-graphene with measured
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Young’s modulus around 1 TPa. They have presented the engineering tensile
strength of ~50-60 GPa and the elastic strain up to ~6% (K. Cao et al., 2020).
Even though, the deformation and failure mechanisms in materials at the 2D
limit are of fundamental importance but have been little studied
experimentally.

In this work, a recent mechanical characterisation technique developed by
Gravier, Coulombier et al., in 2009 at UCLouvain (Gravier et al., 2009) has
been used to apply the tensile test on samples of Cu thin films covered or not
by graphene. The method for data reduction is provided in Section 6.2. The
fabrication process is composed of several steps and lithographies which will
be described more in detail in Section 6.3. The predicted and experimental
results are presented in Section 6.4. The challenges and issues that we faced
while performing the fabrication process will be discussed in Section 6.5 as
well as solutions will be provided in some cases. In the last section, the
conclusions are drawn.

6.2 Data analysis
6.2.1 Data reduction scheme

The principle of the tensile-on-chip (TOC) is to provide actuation through an
auxiliary material under high tensile internal stress. This auxiliary material,
called the actuator, is attached to the specimen thanks to adhesion. After
releasing the structures based on the method that will be explained in Section
6.3.8, the only measurable quantity resulting from this release is the
displacement of the actuator-specimen interface. The distance ‘u’ between the
cursors indicates the displacement that the specimen undergoes as a result of
the release. The specimen can be extended (positive displacement) or retracted
(in the rare case of a specimen pulling more than the actuator beams due to
very large internal stress), however, the negative displacements are not
considered. The measurement of this displacement and having knowledge of
specific properties of specimen and actuator lead us to probe the fracture
behaviour of the target material.

To determine the mechanical properties of the specimen obtaining its
Young’s modulus and its stress-strain curve is necessary. Knowing the strain
and the force within the lab-on-chip structures is needed. The tensile internal
stress in the actuator needs to be large enough and this stress is considered as
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the initial force Fo in the actuator beam. Different configurations of actuator
beam are shown in Fig. 6.1

When the actuator is not connected to any specimen (free actuator), it
contracts by an amount of ug,... . On the other hand, the actuator is not free
and it is connected to a specimen beam which prevents the actuator from being
fully relaxed. Consequently, the actuator is subjected to a force F and it
contracts by an amount u smaller than uy,.., as can be seen in Figure 6.1c. The
measured displacements of u and .., can be directly linked to force (F), the
actuator geometry and the material properties of the system (Eg. 6.3).

Based on the knowledge of the mechanical properties of the actuator, the
force can be calculated from the displacement of the cursors, as a result, the
actuator is acting as a force sensor in the lab-on-chip. The total strain in the
actuator is the sum of the mechanical strain and mismatch strain which can be
written as:

. [ —u
a0
85 — g(rlnech EZlnlS — 1n< )

™ (6.1)

where L, is the actuator length before the release at test temperature, u is
the displacement (of a constrained structure) between the position of the
cursors before and after the release. € is the total strain and <" is the
mechanical strain in the actuator beam after release. €™ is the mismatch
strain of a constrained actuator beam resulting from the deposition and
fabrication process.

140



Chapter 6: Lab on chip application on Cu/Gr and Cu systems with Ni beam actuators

Fig. 6.1. Different configurations of the actuator beam: (a) actuator beam is not yet released,
(b) actuator beam is free to contract after the release, (c) actuator beam is constrained by a
force F smaller than FO, the initial force (e.g., by being attached to the specimen beam).

In addition, the linear elastic behaviour of the actuator is defined by:
0, = E elech (6.2)

where E, is Young’s modulus of the actuated material and a,, is the true stress
of the actuator beam after release.

In the case of the free actuator, the stress is equal to zero and e*¢" = 0,
thus the release of the free actuator provides the value of mismatch strain. For
the constrained actuator shown in Figure 6.1c, the load can be defined as:
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F = SgEqel*"
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where the last equality shows that the force (F) can be estimated only through
the measurement of u and ug,... In this equation, S, is the cross-sectional area
of the actuator beam after release.

The behaviour of the actuator in a force-displacement curve is a straight
line which can be seen in Fig. 6.2. When the linear curve intersects with the
horizontal axis, it provides the behaviour of a free actuator and reveals the
maximum displacement. The intersection with the vertical axis represents the
maximum force in the constrained actuator beam before release. As increasing
the length of the actuator while keeping the width constant, the intersection of
the linear graph with the Y-axis remains the same resulting from the fact that
internal stress is equal for all actuators on the same chip. The linear graph
moves toward larger displacements on the horizontal axis. The strain in the
actuator beam is very small, the variation of the cross-sectional area can be
neglected and S, ~ S,0-

»-,- —

N

et

<

Fig. 6.2. Force-displacement curves of actuators with L,; (blue) and L, (red).

The load F is induced by the specimen beam attached to an actuator beam
in every lab-on-chip sample. The total strain inside of the specimen can be
written as:

(6.4)

& = gmech 4 gmis — |y (LO + u)

Lo
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where & and e™¢<" are total and mechanical strains in the specimen beam after
release, respectively. €™ is the mismatch strain in the specimen beam due to
the deposition and fabrication process. u is the imposed displacement after
release. In the latter equation, the small strain assumption is not made as the
specimen can undergo large strains in the case of testing a ductile material.
This results in the calculation of the mechanical strain inside the specimen
beam by measuring the values of u and €™,

The stress in the specimen beam is calculated simply from face equilibrium
as:

F Sq(—Uu ;
g=<= E —(——82{”5) (6.5)

To analyse the mechanical behaviour of the specimen material, Eq. 6.4 and
Eq. 6.5 are the most important ones as they provide the stress-strain response
of the specimen beam. The same as in the case of the actuator beam, the
behaviour of the specimen beam can be extracted from the force-displacement
curve as can be seen in Fig. 6.3.

Figure 6.3 represents the force-displacement curve of a ductile material. At
zero displacement, the force-displacement graph begins. The force at zero
displacement cannot be zero resulting from an internal force in the specimen
beam due to the deposition and fabrication process. By increasing the
displacement, the force increases linearly due to the elastic behaviour of the
material. When plastic deformation starts the slope of the curve starts to
decrease as a result of dislocation and defects propagation. The plastic
localisation occurs when the force reaches the maximum value. Afterwards,
the force decreases till the fracture of the specimen beam. As it is mentioned,
the displacement u is zero before release. In this condition, there is the
maximum force inside the actuator and the minimum inside the specimen
beam. While performing the release process, the displacement of the specimen
increases till it reaches the intersection point between the two characteristic
curves. This point is the equilibrium point where the force inside the specimen
beam is equal to the force in the actuator beam.
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Fig. 6.3 Force-displacement curves of the actuator (red) and specimen (grey) beams.

6.3 Fabrication process

Several technical and processing issues have to be addressed to investigate the
effect of graphene on the stress-strain curve and fracture behaviour of Cu film.
The schematic of the process steps is shown in Figure 6.4 and the process flow
of these devices can be described as follows:
1. Silicon wafer selection
2. Deposition of the specimen material on the Si substrate
3. Gr-transfer with modified wet-PMMA transfer approach
4. Patterning the specimen thin film (includes Cu and Gr) into beams
using photolithography and etching (oxygen plasma and wet etching)
a. Spin coating of the positive resist and prebake
b. Patterning of the specimen beams
c. Post-exposure baking and using the developer to remove the
exposed parts of the resist
d. Etching graphene with oxygen plasma
e. Etching Cu in APS (Ammonium per sulfate-wet etching)
5. Patterning the Ni thin film into beams using photolithography and lift-
off
a. Spin coating of the negative resist and prebake
b. Patterning of the actuator beams
c. Post-exposure baking and using the developer to remove the
unexposed parts of the resist
6. Deposition of the actuator material (nickel) thin film
7. Lift-off of Ni (in acetone)
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8. Release of the structure with XeF; (gas phase etchant)

Every step and material must be selected in a way to avoid damaging the
graphene during processing.

a b Cu thin film (Sample)

Fig. 6.4. Schematic of the fabrication process steps of Cu/Gr tensile lab-on-chip (TOC): (a)
selection of the Si wafer; (b) deposition of the Cu thin film; (c) Gr transfer; (d) patterning of
Cu/Gr in the form of the specimen beams with positive photolithography; (e) patterning the
actuator beams with negative photolithography; (f) deposition of Ni thin film and lift-off of Ni;
(9) release of the TOC with XeF etching.
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6.3.1 Wafer selection

Silicon wafers of 3 inches in diameter polished on the front face have been
used as a substrate for the fabrication of the TOC in WINFAB. The wafers are
monocrystalline silicon, and the thickness is around 380 um. To calculate the
internal stress in the deposited layers on the wafers, it is important to select
wafers with monotonic curvature (Boé et al., 2009). The schematic of the
preferred monotonic curvature of silicon wafers is shown in Figure 6.5. To
determine the curvature of the wafer, the profilometer tip is running along the
axis of the wafer. In order to calculate the internal stress in the deposited film,
a curvature measurement is performed before and after each film deposition.
The change in curvature before and after film deposition is linked to the
internal stress arising in the film which can be calculated through the well-
known Stoney equation:

1 Es t2 < 1 1 ) ©6)
o= — - .
61—19s ty Rpost Rpre

Es
1-9g

and tr are thicknesses of the substrate and the film, respectively.

where o is stress in the film, is biaxial modulus of substrate material, ¢,

1 1

and
Rpre Rpost

are initial and final curvatures of the substrate.

b 5000

\ / somfnm)]

10000

15000
0 27500 5000

[nm|

Fig. 6.5. Schematic of (a) curvature measurement performed with a profilometer; (b)
monotonic profile.
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6.3.2 Standard cleaning

The so-called standard cleaning is used to remove any contamination or
oxidation on the Si wafer that could influence the process. This process is
almost the same for all fabrications on chips and follows the standard
procedure defined within WINFAB (UCLouvain cleanroom). The process
contains two baths of Piranha solution which is a mixture of sulfuric acid
(H2S04) and hydrogen peroxide (H20) and a bath of 2% hydrofluoric acid
(HF). Piranha acts as a strong oxidizing agent which can dissolve most organic
matters. After rinsing the wafers in DI water, 2% HF solution is used for 15 s
to remove the oxide layer on the silicon (SiO2) and then the wafer is rinsed in
different baths of water and dried in the centrifuge.

6.3.3 Deposition of Cu

The Cu film is deposited by electron beam evaporation of 99.999% pure Cu
pellets (Kurt J. Lesker) on Si wafers of 3-inch. The process has been explained
in Section 3.4. The 80 nm-thick Cu film is deposited at room temperature with
2 AJs under a base vacuum of about 2x107 mbar. In order to get a
homogeneous thin film of copper with almost the same thickness all over the
Si wafer, the “rotate” mode of the electron beam evaporation method has been
chosen for this step. The value of internal stress of the deposited Cu film is
very important for the data reduction of the tensile lab-on-chip structures. An
extra wafer is added to the chamber for the same deposition process as the
target wafer in order to measure the internal stress in the deposited Cu film.

6.3.4 Gr transfer

The modified version of the PMMA-wet-transfer method mentioned in
Chapter 3 is used to transfer the graphene sheet on Cu film. As has been
previously mentioned, the modified PMMA-transfer not only is more
functional in the case of transferring graphene on cavities, it is also more
reliable in this case as it reduces the oxidation of the Cu surface underneath
graphene. While using the classic PMMA-wet transfer and fishing graphene
from water with the target substrate, water accumulation between graphene
and Cu surface causes fast oxidation of the Cu surface. However, using the
modified version of transfer reduces oxidation significantly.
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6.3.5 Specimen beam patterning

The patterning of the specimen layer is processed by positive lithography. The
principle of this approach is explained in Section 3.5. This process follows
four different steps as shown in Figure 6.6.

Mask Redianon axposere Mask
— —
- “

Fig. 6.6. Schematic of positive photolithography steps: a) spin-coating of the positive resist on
the Cu film; b) Patterning of the photoresist by exposing it to UV light; c) removal of the parts

of the sample which are not protected; d) removal of the remaining parts of the photoresist.

A positive photoresist (Az Mir 701, Micro Chemicals) is spin-coated on
the Cu film-covered wafer for the patterning of the specimen beams. Before
spin-coating the resist on the wafer, it is placed in an LPIII oven for surface
treatment with HDMS (hexamethyldisilazane) process at the temperature of
120°C for around 30 min. This step improves the adhesion of the photoresist
on Cu film as it modifies the surface of the thin film. After spin-coating the
photoresist, it is baked for 90 s at 110°C, this also improves the adhesion of
the photoresist to the Cu film. After prebaking, the photoresist is exposed to a
pattern of UV light using the "specimen2020 mask™. This mask is transparent
where the light must modify the photoresist, and opaque where the resist needs
to be intact. In order to have a good resolution of the patterned structures,
vacuum contact has been used and suitable exposure doses are required to be
chosen. These parameters can change based on the resist, the type of material
on the wafer, and the mask.
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After post-exposure bake, the exposed parts of the positive photoresist are
dissolved in a TMAH (Tetra Methyl Ammonium Hydroxide)-based solution
called developer. In the next step, the removal of unprotected parts of
graphene and copper is done by oxygen plasma and APS etchant, respectively.

The thickness of copper was around 80 nm and it took around 30 s to be
etched completely by wet etching in APS etchant. In the last step, the
dissolution of the remaining photoresist on the wafer is performed by
immersing the wafer in acetone at 60°C for 30 min to make it ready for the
next step.

6.3.6 Actuator beam patterning

For patterning the actuator beams of the on-chip test specimens negative
lithography is used. For this part, a negative photoresist (nLOF 5510, Micro
Chemicals) is deposited on the patterned part of the wafer. The photoresist is
patterned in a way that after exposure and using the developer, the lift-off
resist stays on the parts of wafers that no actuator is supposed to stand. This
lithography is almost similar to the positive one and follows four steps which
are represented by a schematic in Fig. 6.7. The same surface treatment process
in LPIII has been performed before spin-coating the negative resist to improve
the adhesion of the resist to the wafer.

After LPIII process, the first step is the spin-coating of the negative
photoresist on the wafer followed by a prebake at 110°C for 90 s. Then the
photoresist is exposed to UV light at a defined dose. The mask that is called
"actuator2020 mask" is used for this step. After the exposure, the post-bake is
performed and the developer will remove the soft and unexposed parts of the
photoresist. In negative photolithography, the exposed portions underneath
the transparent parts are resistant to the TMAH developer and the unexposed
portion can be dissolved by the developer. Afterwards, the wafer is ready for
the deposition of a thin film of Ni which is performed by electron beam
evaporation and is explained in more detail in the next section. The final step
is the lift-off of Ni in acetone at 60°C for several hours. The parts of Ni film
which are placed on the photoresist are removed as a result of the dissolution
of the photoresist underneath and the actuator beams remain intact.
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6.3.7 Deposition of Ni

The Ni film which acts as the actuator part is deposited by electron beam
evaporation (the same approach which has been used for Cu deposition) of
99.999% pure Ni pellets on 3-inch wafer which is already patterned with
specimen beams. In this case, lift-off mode of the deposition is chosen based
on the explanation given in Section 3.4. The 100 nm-thick Ni film is deposited
at room temperature with 2 A/s under a base vacuum of about 2x107 mbar.
After covering the wafer with Ni thin film (the vertical edges of the photoresist
are not covered as it is lift-off mode), the lift-off process is then performed to
remove the parts of Ni which are placed on the negative resist and the
remaining parts of the Ni film shape the actuator beams.
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Fig. 6.7. Schematic of negative photolithography steps: a) spin-coating of the negative resist;
b) patterning of the photoresist by exposing it to UV light and removal of the protected parts of
the resist with the developer; c) deposition of Ni; d) lift off of Ni.

After completing the fabrication process, the wafer contains all the
necessary structures to extract the strain-stress curve of the specimens. Figure
6.8 represents the layout of the wafer when it is fully fabricated as well as
different parts of the test structure.
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Actuator (Ni)

Specimen (Cu)
Cursors

Fig. 6.8. Layout of the wafer (mask 2020); a) wafer level; b) die level; c) instance level; d) test
structure; e) different parts of test structure including Ni actuator, Cu specimen and cursors.

6.3.8 Release process (XeF: dry etching)

The last step of the fabrication process is the release of the structures when the
silicon substrate underneath the samples is etched by XeF in the gas phase.
The reaction that takes place is as follows:

The etching rate of monocrystalline silicon by XeF; is 460-700 nm/min.
The apparatus used for dry etching contains three chambers: a chamber that
contains XeF, crystals at atmospheric pressure, the expansion chamber and
the etching chamber. The sample is placed in the etching chamber which can
be evacuated to P = 10 Pa. To deliver a pulse of gas to the sample, the
expansion chamber is evacuated and brought into contact with the chamber
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containing the XeF; crystals, at atmospheric pressure. The pressure in both
chambers drops below the vapour pressure of the XeF», allowing some of the
crystals to sublime. The gaseous XeF- flows into the expansion chamber. The
time and the pressure of the XeF gas inside the chamber can be programmed.
After making sure that all TOC are released, the evacuation of the system is
done by purging N> gas inside the chamber. As the etching power of XeF; is
high, the use of several small pulses of XeF, around 100 Pa for 10 s is
recommended

In the lab-on-chip process, the gas diffuses underneath the structures from
both sides as a result the etched distance needs to be half-width of the actuator
to release the samples completely. The maximum width of the structures is 15
pum. After release, the silicon underneath the structures turns black due to the
change in its morphology (rough and porous morphology) which reflects the
lightin all directions. The morphology of Si underneath lab-on-chip structures
can be seen in Fig. 6.9 representing the self-actuated Cu structure.

Fig. 6.9. SEM image of self-actuated Cu lab-on-chip, it shows the roughness of the Si substrate
underneath the structure after XeF release.

It is important to note that for the structures containing Cu, it is necessary
to pump the device for 4 to 5 hours before starting the etching process to make
sure there is no water in the system. When there is water in the system, the
following reaction can take place and the produced HF can damage the Cu
structures. In this work, the structures are more sensitive to the produced HF,
as Ni has been used as an actuator and HF can damage Ni beams as well.

2H,0 + 2XeF, —» 0, + 2Xe + AHF (6.8)
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6.4 Results
6.4.1 Expected results of Cu/Gr tensile-on-chip (TOC)

Two approaches can be considered to predict the expected results of tensile
on chip on Cu/Gr specimen. The first simple approach is to consider a
specimen fabricated by the superposition of two materials with different
mechanical properties. The second approach is to consider not only the simple
superposition but also the possible interactions between the layers.

Based on the first approach, with the actuation of Cu/Gr specimens, both
materials are subjected to the same strain and both represent their internal
stress. As the theoretical Young’s modulus of pristine graphene is 1 TPa, and
as it is much higher in comparison to Cu, it is expected that Cu is reinforced
in the presence of graphene coating. As a result, it is expected that a Cu/Gr
specimen will deform less than a beam of pure Cu. It has been calculated
theoretically, by considering the balanced force established of released test
structures with and without the graphene layer, as well as by measuring the
displacement u at equilibrium. The left part of the equation is the force of the
actuator, which should be equal to the sum of the force in the copper layer and
the graphene sheet.

L,o—u .
S.Eq (ln( az ) - e[{”“) =
a0

Ly +u miss Ly +u
Ss,CuEs,Cu <ln< L > — & > + SS,GT'ES,GT ln( L ) (6-9)

s0 s0

where S,, Sscuand Ssr are the cross-sectional areas of the nickel actuator, of
copper and graphene, respectively. e7*sS = 0.0035 is the mismatch strain of
Ni actuator and £S=0.0009 is one of Cu specimens. There is no mismatch
in the graphene sheet resulting from the lack of internal stress. Ea = 214 GPa,
Es.cu= 130 GPa and E; 4 = 1000 GPa are the Young’s moduli of nickel, copper
and graphene, respectively.

For example, a nickel actuator of 105 nm-thick and 14 pum-wide and the
Cu specimen beam of 70 nm-thick and 4 pum-wide, with no graphene or in the
presence of graphene with the same dimensions and about 0.3 nm thickness
can be chosen. By considering a TOC structure, with the actuator and
specimen length equal to La = 1000 pm and Lso = 100 pum, respectively. The
displacement (u) can be determined by solving equation 6.9 while the forces
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are in equilibrium in the test structure. Numerically solving the equation
resulted in a displacement of 1580 nm and a force of 0.603 mN for the
specimen with no graphene. For the Cu coated Gr, the values for displacement
and force are equal to 1553 nm and 0.612 mN, respectively. As expected, the
presence of graphene decreases the computed displacement by 27 nm. This
result has been obtained for an actuator of 1000 pm-long. For shorter
actuators, the difference will be less.

The second approach is considering the interactions between two materials
and the effect on plastic deformation. Based on the results that have been
achieved in this work from nanoindentation on Cu/Gr samples, Gr can have a
reinforcing effect when it is used as a coating on Cu thin film. As it is
mentioned, Gr can act as a barrier to the movement of the dislocations and it
can limit their propagation. In the presence of Gr, dislocations cannot escape
through the surface of the copper layer, as a result, their concentration inside
the Cu film increases. Accumulation of dislocations inside the film reduces
the possibility of the dislocations moving freely which makes it necessary to
apply a higher load in order to deform the specimen. In addition, the
prevention of dislocation movements causes strain hardening inside Cu thin
film. This means that graphene could significantly impact the creep and
relaxation rate of copper thin films. Consequently, less displacement in the
specimen for the same level of force and less relaxation during the time is
expected in the presence of graphene.

6.4.2 Results of Cu and Cu/Gr TOC

By using the fabrication process that has been described in the previous
section, the wafers containing TOC of Cu and Cu/Gr specimen beams have
been fabricated. To extract the results, the beams with more promising
characteristics regarding the presence of high-quality graphene, the better
quality of lift-off process and the absence of photoresist residue have been
analysed. Both Cu beams and Cu/Gr ones are on the same wafer, as a result,
they have experienced the same process. Therefore, all parameters such as
mismatch of copper, mismatch of nickel, as well as thicknesses and widths are
the same. Several free beams structures of the copper/graphene specimen
beams were measured and the mismatch strain of 0.0043 for the nickel
actuator and 0.0009 for the copper specimen were computed. Figure 6.10
shows the force-displacement curves of Cu and Cu/Gr specimens actuated by
Ni beams on the same wafer. As it can be seen, the results are not in agreement
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with what was expected in the presence of graphene. For the same load, the
Cu/Gr specimen shows higher displacement and the specimen beams were
broken at a smaller imposed load. In addition, the maximum strain is lower in
the case of the Cu/Gr specimen (~1.3%) in comparison to Cu specimen (~5%),
as can be seen in the stress-strain curves of Cu/Gr and Cu shown in Fig 6.11a
and b. These results indicate that graphene does not play a significant role
regarding the strengthening effect or acting as a barrier against the movement
of dislocation in this system. This can result from poor adhesion of graphene
on Cu substrate as a result of transferring as well as the deterioration of
graphene quality after contacting with negative resist or/ and XeF; gas. Not
only the maximum strain has not improved in the presence of graphene also it
decreases. This can be the result of the Cu oxidation underneath graphene after
transfer. In the presence of graphene, the quality of the TOC structures can be
affected by different parameters such as negative resist, the fluorination of
graphene, poor adhesion between graphene and Cu and the localised oxidation
of Cu underneath graphene even with using the modified version of PMMA.-
transfer. All these factors will be discussed in more detail in the next section.
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Fig. 6.10. Comparison of force-displacement curves of Cu and Cu/Gr specimen on the same
wafer with a width of 2.5 um with Cu thickness of 70 nm.
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Fig. 6.11. Comparison of force-displacement curves of Cu and Cu/Gr specimen on the same
wafer with a width of 2.5 pm. In the legend, 1 means the first measurments that have been done
on these samples and 50, 100 and 400 are the length of the specimen in micrometer.
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6.5 Challenges and perspectives in testing Cu/Gr specimens
6.5.1 Material selection for actuator beams

In this section, we explain why the unusual choice of Ni actuators was made.

Till today, the most optimum choice for the actuator material by the
UCLouvain team was the low-pressure chemical vapour deposited (LPCVD)
SisNg4. Different characteristics of SisN4 that lead it to be the most proper
candidate for actuator beams are; first, the biaxial internal stress is about 1
GPa regardless of its thickness which provides enough mismatch strain to
relax and pull on the specimen beams. In addition, the deposited film
possesses very good uniformity regarding the thickness as it varies around 1
nm over a 3-inch wafer. After deposition, curvature measurement does not
change during the time which shows its stable microstructure and the absence
of any form of stress relaxation. The mechanical properties of LPCVD Si3sN,
can be described completely by its Young’s modulus and its fracture strength
as it is an elastic isotropic brittle material. Its Young’s modulus has been
measured at around 270 GPa by nanoindentation.

In this work, the test material is Cu coated graphene, the initial interest was
to use LPCVD SisN4 as the material for the actuator beam. In the case of using
LPCVD SisN; as actuator beams, the fabrication process can be performed as
follow:

1. Silicon wafer selection;

2. Deposition of the SizN4 on a Si substrate;

3. Patterning the SisNs film into the actuator beam by means of
photolithography and etching;

4. Cu deposition by electron beam evaporation;

Gr-transfer with modified wet-PMMA transfer approach;

6. Patterning the specimen thin film (includes Cu and Gr) into beams
employing photolithography and etching (oxygen plasma and wet
etching);

7. Release of the structure with XeF; (dry etching).

o

As it has been mentioned, the SisN4 actuator material is the most optimum
choice as a result of its well-known mechanical behaviour and the constant
value of its internal stress and no relaxation. Despite these advantages, there
are some limitations which lead us to use Ni thin film as an actuator material.

By using SisN4 as the actuator, the most important issue that can be faced
is the position of graphene in the structure. It has been mentioned that
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graphene needs to be transferred on Cu substrate in the lab-on-chip fabrication
and based on the fabrication steps when using SisN4 as an actuator, graphene
is the most top layer. The adhesion between the transferred graphene and Cu
substrate is not adequate due to the nanocrystalline Cu surface which causes
graphene to not conform well on the surface. Poor adhesion between graphene
and Cu leads to sliding and delamination of graphene.

There are three options for dealing with this problem such as (i)
transferring graphene underneath of copper instead on top of it, (ii) using
overlap marks on the interface between actuator and specimen, or (iii)
changing the material of the actuator to some material which can be deposited
after specimen.

It needs to be considered that performing any characterisations with
RAMAN or SEM on graphene is impossible when transferring graphene
underneath copper. This results in the absence of information about the quality
of graphene which acts as the specimen, for instance, graphene can be
delaminated because of poor adhesion to copper and it cannot be detected.

Using overlap marks which can act as glue to keep graphene attached to
the surface on the interface of actuator and specimen, requires the design of a
new mask and makes the process more complicated as it leads to the third
lithography. As a result, the last option, changing the material of the actuator
has been selected.

The Cu coated Gr specimen can be easily oxidized or burnt if subjected to
high temperatures. As a result, a material should be chosen that can be
deposited at room temperature which also helps to change the order of the
fabrication and deposit the actuator at the end of the fabrication process. In
this way, the actuator is placed on the specimen which can protect graphene
from sliding. Several tests have been carried out in WINFAB by other
researchers (Dr. Romain Tuyaerts), with platinum, palladium and nickel as
actuators. In addition, it has been mentioned that the adhesion between the
specimen and the actuator can be improved when using metallic actuators
instead of SisN4. As an example, in the case of graphene, nickel actuators seem
to have a higher adherence than silicon nitride.

Nickel thin film deposited by electron beam evaporation was eventually
selected as actuators. The internal stress in nickel thin film deposited in the
mentioned conditions in Section 6.3.7 is around 500 MPa which is high
enough for performing lab-on-chip and it is not too high to cause delamination
and cracking. In addition, nickel thin films are compatible with the XeF,
process. The major disadvantage of metallic actuators is their mechanical
properties. It has been observed that for Ni actuator stress relaxation can occur
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after a few days. Although the relaxation is not very significant, it can be
effective on the extracted results from TOC. In addition, when the mechanical
properties of the actuators are not well known, the evaluation of the stress
inside the samples is not possible. However, the main purpose of this work is
the comparison of fracture behaviour of Cu thin film with and without
graphene, these disadvantages can be neglected to some extent. Considering
that both Cu and Cu/Gr specimens are subjected to the same conditions.

6.5.2 Poor adhesion of transferred graphene on Cu thin film

In order to avoid transferring the graphene on Cu film and preventing the poor
adhesion between Gr and Cu, as-grown CVD graphene on Cu thin film could
be considered. However, the growth of graphene on Cu film which has been
used to fabricate the TOC was not possible due to two main reasons.

The first challenge resulted from the difficulties in maintaining the Cu
film’s physical integrity at the high temperature (Huet & Raskin, 2017).
Therefore, a copper thin film with a thickness of less than 1 pm cannot be
utilized to grow graphene in CVD-furnace. During the CVD process at high
temperatures, the degradation of Cu occurs resulting from evaporation losses
(A. L. Lee et al., 2015) and dewetting (Ismach et al., 2010). Consequently,
when the thickness of Cu thin film is very small, Cu grains detach from each
other and form Cu droplets. Another problem regarding Cu is interdiffusion
with the underlying substrate at high temperatures (Howsare et al., 2012). In
this work, the substrate that is used for Cu thin film is Si. At high temperatures,
Si acts as a sponge and it causes the formation of copper silicide and it cannot
act as a catalytic substrate for graphene production anymore. In addition, Si
substrate causes contamination inside the CVD furnace.

As a result, Gr needs to be transferred on Cu thin-film with the optimum
thickness for the TOC. The transfer of graphene on Cu film leads to poor
adhesion between graphene and Cu substrate which causes difficulties in the
TOC process and causes large uncertainties in the extracted results from force-
deflection curves after release. The significant delamination of the graphene
layer occurs after removing the PMMA in acetone which is shown in Fig.
6.12a. In addition, in some cases after release, the structure has been detached
at the interface between the actuator and the specimen (see Figure 6.12b).
While this issue has not been observed on the samples which contain Cu as
the specimen with no graphene and it has proven that Ni has good adhesion
regarding the graphene specimen (Sahar Jaddi has performed TOC of
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graphene with Ni actuators), this issue can result from the good adhesion of
graphene to Ni and its poor adhesion to copper. Graphene can attach to the Ni
actuator and delaminate from the copper surface when the stress increases and
high strains achieve.

Fig. 6.12. a) Delamination of transferred graphene on copper after removing PMMA. Black
lines are rolled graphene; b) adhesion issue between nickel actuator (on the left) and
Cu/Gr specimen (on the right).

One of the approaches to decrease the risk of delamination is by modifying
the PMMA-removal process. To improve the adhesion, the wafer has been
heated at 60°C before removing the PMMA (as PMMA act as a protective
layer) for some minutes. The higher temperature cannot be used for two main
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reasons; a thin film of Cu can be oxidized very fast and PMMA gets stiffer
and its removal is more difficult. After short heat treatment of the sample,
fresh PMMA has been added and dried on the heater. Finally, the sample was
placed in the hot acetone at 60°C to remove the PMMA. The delamination
decreased after performing this treatment and it can be seen in Fig. 6.13.
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Fig. 6.13. Less delamination has been observed after modifying the PMMA-removal step.

There are other suggestions to improve the adhesion. For example, by
reducing the roughness of the host substrate used for graphene production
during CVD process. As graphene follows all the traces on the host surface,
so less roughness and grain boundaries lead to more flat graphene which
results in better adhesion behaviour to the target substrate (Huet et al., 2020).
In addition, paraffine pastilles can be used instead of PMMA. Recent studies
proved that the adhesion of graphene on nanostructured substrates can be
improved by using paraffine (Leong et al., 2019). There are two reasons that
paraffin can improve the quality of graphene transfer and adhesion: first, its
simple unreactive chemical structure makes it easy to be removed and second
its thermal expansion coefficient is quite high. For instance, by heating the
graphene sample protected by paraffine at 40°C, the paraffin layer experiences
thermal expansion which results in the stretching of the graphene film and the
effective reduction of graphene nonuniformity such as ripples and wrinkles
(Leong et al., 2019).
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6.5.3 Negative effect of lift-off resist on graphene

The other problem that is faced during the fabrication process of TOC of
Cu/Gr beams is the degradation of graphene after negative photolithography.
It seems that the adhesion between graphene and the negative resist is so
strong that most of the graphene is delaminated or broken after the lift-off
process. As graphene is transparent, there is no contrast when transferred on
Cu substrate. Therefore, probing graphene on Cu with microscopy techniques
is difficult. However, RAMAN spectroscopy makes it possible to investigate
the presence of Gr and its characteristics. In this case, before negative
lithography and after the lift-off, the structures have been investigated by
RAMAN spectroscopy. Before negative lithography, the graphene can be
detected easily with RAMAN spectroscopy but after the process, the detection
of graphene was difficult on the beams except on some spots.

There is an approach that can help to diminish the destructive effect of the
negative resist on graphene and it is using an interlayer between graphene and
negative resist which is compatible with both graphene and the resist. In this
regard, two kinds of interlayers have been used including a very thin layer of
PMMA and the positive resist (Az Mir 701, Micro Chemicals) both resists
show compatible behaviour regarding graphene. However, the problem has
not been solved with either of the mentioned resists as interlayers. When
PMMA is applied as an interlayer, a severe interaction occurs between the
negative resist and PMMA. Fig. 6.14 represents the side products of this
interaction which are star-shape on the surface.

Fig. 6.14. Side products on the wafer after using a thin layer of PMMA as an interlayer between
graphene and negative resist.
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On the other hand, the deposition of the positive resist as an interlayer
causes the intermixture of positive and negative resists and based on the
observation, the properties of the negative resist are dominant. There is
another category of resist that can be used to diminish the effect of the negative
resist on graphene but has not been tried in this work. Here is a short
explanation about the resists and the approach to apply them in different
procedures. LOR and PMGI resists which are based on
polydimethylglutarimide. The LOR and PMGI resists can be used either as a
sacrificial layer or as an interlayer in bi-layer lift-off processing and as a result
of the wunique properties of polydimethylglutarimide, they perform
exceptionally well in these applications. Araujo et al. used LOR5A resist to
make the lift-off process cleaner and easier and they could achieve good
results (de Araujo et al., 2019). The schematic of the process is shown in Fig.
6.15.

Not only the strong adhesion between graphene and negative resist leads
to the degradation of graphene quality also the negative resist causes
limitations during lift-off process. When using the negative resist for TOC
fabrication, lift-off process takes several hours to be almost completed in
acetone at 60°C. However, a big amount of residue remains on the edges of
the structures at the end of the process which makes around 30% of the beams
nonfunctional. Figure 6.16 shows this issue clearly.

a b

C d

Fig. 6.15. Schematic of the steps of negative photolithography in the presence of LOR; a)
deposition and soft bake of the LOR; b) deposition and soft bake of the negative resist; c)
patterning of the negative resist with exposing the UV light; d) developing the negative resist
and LOR; e) Deposition of the thin film; f) lift-off of the bilayer stack and residual deposition.
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(a) Resist reerues

(b) Nickel after lifi-off

Fig. 6.16. Schematic of the steps of negative photolithography in the presence of LOR; a)
deposition and soft bake of the LOR; b) deposition and soft bake of the negative resist; c)
patterning of the negative resist with exposing the UV light; d) developing the negative resist
and LOR; e) Deposition of the thin film; f) lift-off of the bilayer stack and residual deposition

6.5.4 Graphene fluorination in the presence of XeF2

As mentioned the last step of the fabrication process is the release of the TOC
with XeF; etching. It has been investigated in different published articles that
exposing graphene in the chamber containing XeF; gas can lead to the
fluorination of graphene (Stine et al., 2013). It is claimed that 2D and G peaks
did not change significantly but the intensity of D peak varied. Nair et al, have
reported an obvious increase in the D peak intensity after fluorination of
graphene. In addition, it has been noted that fully fluorinated graphene is quite
stable (Nair et al., 2010) and it is observed that graphene can be defluorinated
in the presence of humidity as well (Nair et al., 2010; Okotrub et al., 2009).
The substrate, the etching and the storage conditions can affect the fluorination
of graphene (Stine et al., 2013).

In our case, RAMAN spectroscopy has been performed after releasing the
structures by XeF; etching and the appearance of the D peak was so significant
which shows the change in the structure of the graphene. The spectra of
RAMAN spectroscopy before and after release are shown in Fig 6.17.
Although based on recent researches, the chemical and electrical properties of
graphene can be modified when it is fluorinated (Robinson et al., 2010). There
are some reports on the modification of its mechanical properties at high doses
of XeF, (from 50 to 500 pulses). It has been shown that a reduced modulus
increases approximately 8 times by the addition of 3% of fluorine. In another
work, the fluorinated graphene showed a Young’s modulus around 100+30
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N/m which is 3 times less stiff than pristine graphene(Nair et al., 2010).
During the release process in this work, there are around 10 pulses of XeF,
with low pressure at a very short length (around 10 seconds), the fluorination
will remain low and the precited effects will not be strong. However, the effect
of fluorine needs to be considered in the lab-on-chip fabrication while
graphene is involved.
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Fig. 6.17. Comparison of RAMAN spectra of Gr on Cu beams; before release (blue) and after
release (red).

6.6 Conclusion

In this chapter, lab-on-chip technique developed in UCLouvain has been used
to investigate the effect of graphene on fracture, relaxation and creep
behaviour of Cu thin film. The rare choice of Ni as an actuator has been done
in order to make the process more compatible with specimen materials (Cu
and Gr). This process includes several steps such as deposition of thin films,
Gr transfer, photolithography of specimen and actuators as well as an etching
process. All these steps need to be compatible with graphene to make the
integration of graphene in the system possible. A lot of challenges have been
faced regarding the preparation of the lab on chip structures and it was
observed that some steps cause real deterioration effects on graphene which
need to be modified or replaced. Among these steps, the usage of lift-off resist
and XeF; etching has the most negative effect on the quality of graphene. As
it is mentioned, the lift-off resist could be replaced or a protective interlayer
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which is compatible with the process, as well as graphene and negative resist,
can be used to deal with this problem. One of the other important issues that
were faced during the process is the poor adhesion of graphene on Cu substrate
as a result of the transfer process. Some of the mentioned solutions for this
problem are the modification of CVD process or using paraffine instead of
PMMA. The experimental results have been extracted from the part of the
structures that were in the best conditions. However, these results are not in
agreement with the expected results when graphene is present as a very thin
coating on Cu substrate. In fact, these results show that Cu/Gr samples
displace more while applying the same load in comparison to pure Cu. These
results clarify that this fabrication process is not completely compatible with
graphene and graphene can not play an effective role in the fracture behaviour
of Cu thin film. This can result from the poor adhesion between graphene and
copper or/and the reduction of the quality of graphene when going through the
different steps of the process. More modifications in CVD process of
graphene, Gr transfer, photolithography process, and the release step are
required in order to get reliable and reproducible results for these structures.
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Conclusion and perspectives

This thesis focused on the study of the elastic and plastic properties of
graphene in the form of mono- and bi-layer with three different
nanomechanical test methods. 2D materials are promising candidates for
many applications involving structural resistance, e.g. flexoelectricity, as a
result knowing their mechanical properties is of utmost importance. Graphene
is not only the first discovery of 2D materials but is also one of the important
components in making the 2D heterostructure. The conclusion and
perspectives of the thesis are provided by following the structure of the
document.

Chapter 4 addresses the response of single and bilayer graphene when
deflected with an AFM under the form of a suspended membrane. The
goal is the extraction of the elastic properties of the mentioned layers such as
2D stiffness, Young’s modulus and fracture strength. In addition, the
discrepancies of extracted elastic properties that have been determined in the
literature lead us to investigate the root cause of these effects. In many studies,
the intrinsic defects of 2D layers have been investigated as the main reason
for these discrepancies; however, several instrumental and processing factors
are very effective on the extracted properties. This study clarifies the effect
of different parameters on the extraction of the elastic properties of
graphene. These parameters are:

e AFM calibration: the uncertainties in the value of the applied load
and membrane deflection, which arise from the calibration
parameters, can cause relative errors in the extracted elastic stiffness
and fracture strength. It has been calculated theoretically that the
standard deviation on the 2D stiffness while working with AFM is
around 15%. On the other hand, the experimental results after precise
calibration in each step, reveal around a 5% deviation which confirms
all the tests have been performed in reliable calibration conditions.

e The tip shape: during the process of imaging or mechanical testing,
tip wear can occur which has a significant effect on the elastic
mechanical results as well as fracture strength. The resulted tip shape
after wear is not known, but the radius is obviously increased which
change the ratio between membrane radius and tip radius (a/R). When
this ratio is less than 30, the tip radius needs to be considered in the
calculation of the Young’s modulus, which is not the case in the
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clamped circular membrane theory. In addition, the tip radius has
significant effect on the extracted fracture strength as can be seen in
Eq. (4.10). This effect has been investigated and an obvious reduction
in the value of apparent 2D stiffness as well as the quality of imaging
has been observed in the presence of damaged tip. Furthermore, when
tip degradation is significant, the extraction of any information from
force-deflection curve is impossible as a result of a non-functional
tip.

e The shape of the membrane: the theory (Eq. 4.4) that is used in this
work to extract the elastic response of the membrane is required a
complete circular membrane. The deviation from the circular shape
due to the design or experimental procedure results in error in the
extracted results. This deviation has been evaluated in this work
experimentally and by simulation. The experimental investigation
reveals a reduction of 50 N/m in the value of extracted 2D stiffness
while deviation occurs from circular to semi-circular. From
simulation point of view, the reduction is about 100 N/m and it
remains almost constant from semi-circular to a complete square.

e The loading position: based on the theory, the applied load should
be exactly placed in the center of the circular membrane. The mis-
positioning of the load causes the overestimation of the apparent
Young’s modulus. This parameter has been investigated
experimentally and by simulation. Experiments shows that 12000 nm
distance from the center toward the edges leads to 100 N/m
overestimation in the extracted 2D stiffness.

By considering the effect of these parameters and repeating the
process on different membranes on different graphene samples, the
Young’s modulus of SLGr have been extracted to be 880 GPa. The
measurements of the tip radius and the maximum applied load that cause
the fracture of graphene, give the possibility to calculate the fracture
strength of SLGr equal to 45 N/m. For BLGr, the orientation between
the layers plays a significant role in the value of fracture strength and
might influence on the extracted Young’s modulus. There are not enough
evidences to prove it and there are contrary results in the literature
regarding this effect. In this work, the available graphene samples contain
continuous graphene with multilayer domains which make it difficult to
measure the angle between the layers with available techniques such as
AFM or SEM. Raman spectroscopy is a method that can show the change
in the orientation qualitatively by changing the ratio between the different
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peaks, but it needs more precise and time-consuming measurements in
order to quantify the angle between layers by this method. However,
more than 10 different deflection tests have been performed on BLGr
disregarding the angle between the layers. The values for Young’s
modulus and fracture strength of BLGr have been determined to be
around 700 GPa and 64 N/m, respectively.

For the perspectives, Raman spectroscopy can be used to determine
the angle between the layers quantitatively. To measure the angle
between the layers with this method, low energy Raman modes (below
100 cm™t) are required to be considered. In order to obtain these modes,
using a higher acquisition time and a larger range of the spectrum is
necessary. The process of extracting the Raman spectrum might take
longer than usual. On the other hand, polarized RAMAN spectroscopy
can be used to measure the orientation of graphene layers on different
substrates. In addition, by producing separated domains of bilayer
graphene and transferring them on the substrates which show good
contrast while microscopy, there is a possibility to determine the angle
between the layers by SEM, AFM, PFM (piezoresponse force
microscopy) and TEM techniques. Another 2D layer which has high
potential to be used in flexoelectric devices is hBN. In this study, hBN
(which has been produced in UClouvain) has been transferred and
investigated by atomic force microscopy. However, the thickness of the
produced hBN was around 4 to 6 nm in the best condition as can be seen
in Fig. 7.1a and b, and the surface was very rough (Fig. 7.1c) and
inhomogeneous (Fig. 7.1d and e) which makes it difficult to perform the
mechanical evaluations. As the thickness of hBN is effective on its
mechanical response, controlling the thickness of hBN while produced
by CVD is necessary. By improving the CVD-production of BLGr and
hBN and considering the uncertainties involved in the membrane
deflection process, the elastic properties and fracture strength of BLGr
and hBN can accurately be measured. In addition, by transferring these
layers in the form of heterostructure by modified PMMA-transfer
introduced in this work, heterostructure can be built on different types of
substrates with preferred orders of layers. Afterwards, the membrane
deflection method can be used to predict the elastic response of the
heterostructures by considering all sources of uncertainties investigated
in this work.
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Fig. 7.1. (&) AFM mapping of hBN flakes on Si/SiO2 substrate (height sensor mode); (b) Cross-
sectional profile of the flake which represents the thickness of hBN flake; (c) SEM image of
hBN sample which shows the roughness of the surface of the hBN samples; (e &d) SEM images
of hBN (almost continueous) show the inhomogeneous morphology of the h-BN layer.
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Chapter 5 deals with the effect of a SLGr cap surface layer on the plastic
deformation of Cu film as revealed under nanoindentation loading. The
role of graphene on the plasticity of copper has been evaluated in two forms
1) graphene as a coating on the Cu substrate, 2) graphene as an interlayer
between two films of Cu. Graphene has been grown on Cu substrate by CVD
process as a result no transfer process was required. In this condition, the
adhesion of Gr to the substrate is better and the quality of graphene is higher.
The significant effect of graphene on the movement and propagation of
dislocations when it acts as a coating or as an interlayer has been evaluated
and compared with samples without graphene.

This effect has been observed in force-displacement curves
extracted from nanoindentation method in two different modes
(load-control and displacement-control) by monitoring the length of
the pop-ins. The length of pop-ins is almost constant in Cua/Gr system
but it increases with load in Cua system. An unexpected discovery
shows the sooner start of plasticity in the presence of graphene which
results from the stiffening effect induced by the adhesionless contact
due to the presence of graphene. In Cua/Gr/Cun system, the length of
the pop-ins is shorter in comparison to Cua/Cun one which reveals the
blockage of the dislocations propagations by graphene. In addition,
the first pop-in occurs at a higher load and higher displacement in the
presence of graphene.

In addition, AFM mapping reveals the smaller pile-ups around the
indents in the Cua/Gr sample in comparison to Cua, which is also
proof of the blockage of dislocations movements towards the surface
in the presence of graphene. For the system that which graphene acts
as an interlayer, the morphology of the indented surface for the sample
with and without graphene is the same. As the 100 nm-thick Cu film
on the surface is controlling the morphology.

TEM observation and DDD simulations show the larger back stress
builds up in the system with graphene which causes delocalisation of
the plastic activity and gliding of dislocations on other slip planes. On
the other hand, dislocations move freely towards the surface when
there is no graphene and no blockage of the dislocation movement.

The effect of graphene on dislocation movements and propagation is much
larger than its thickness and it is related to the homogenous distribution of
dislocation in the presence of graphene. Another interesting result that has
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been represented in this work is the more significant effect of graphene when
it is buried under a cap layer of an extra Cu thin film.

Some simulations related to the later configuration need to be performed
to see what is the root cause of this phenomenon.

Chapter 6 focuses on the investigation of the effect of graphene on the
fracture and relaxation behaviour of freestanding copper film under
tension. In this part, pure Cu and Cu/Gr have been processed as the specimen
in the tensile-on-chip structure that has been developed in UCLouvain. To
make the process more compatible with graphene, Ni thin film has been used
as actuator. In order to extract reliable and reproducible results, each step of
the process needs to be compatible with the materials that have been used as
the specimen and actuator, especially graphene. The good integration of Gr in
the process and on the structures is the key point in proceeding with the lab-
on-chip of Cu/Gr. There are some key issues in the process which have been
investigated and dealt with, including:

e Poor adhesion of graphene on Cu thin film: as the thickness of
copper is very thin which makes it impossible to grow graphene
directly on Cu substrate by CVD, Gr transfer is necessary. Gr transfer
leads to poor adhesion between graphene and Cu which causes
delamination and fracture on Gr layer during the next steps of the
process. In order to deal with this problem, the modified PMMA-wet
transfer method has been used besides the modification in the PMMA
removal step. This modification includes the warming up of the wafer
containing Gr/PMMA layer to 60°C for around 10 mins, PMMA can
be softened on graphene and help the better adhesion of graphene to
the Cu substrate. However, the issue has not been solved by using
both modifications and it remains one of the key issues of the process.

o Negative effect of the lift-off resist on graphene: negative resist
reduces the quality of graphene, significantly. It was supposed that the
use of an interlayer between graphene and resist which is compatible
with the process and both materials can diminish this issue. In this
work, PMMA and positive resist have been applied as the interlayer
but could not improve the process due to the production of side-
products and intermixture of the resists in the presence of PMMA and
positive resists, respectively.

o Negative effect of XeF, during release step: XeF, can lead to
fluorination of graphene which leads to an increase in the D peak in
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Raman characteristic peaks. This can reveal the presence of more
defects on graphene after being in contact with XeF, which causes the
deterioration of the graphene quality.

e Ni as an actuator: the choice of Ni as an actuator can cause more
complexity in the process, first as a result of the unknown mechanical
behaviour of Ni and then due to the relaxation of Ni actuators during
the time. The relaxation of Ni actuators causes the change in the
curvature measurements and internal stress.

Some results have been extracted with the produced samples which show
a higher displacement for Cu/Gr sample in the presence of the same load.
These results show that graphene does not positively impact the
mechanical response of the Cu thin film which can result from the poor
adhesion and/or the achieved low quality of the graphene during the
process. In addition, Cu could be oxidized as a result of the wet transfer
which leads to the deterioration of the mechanical response of copper.

For future work, it is necessary to modify the process regarding the
adhesion of graphene, lift-off resist as well as XeF; etching. It has been
mentioned that by using polished Cu foil in the CVD process for Gr
production, Gr texture is flatter which causes better adhesion to the
substrate. Using paraffine instead of the PMMA can result in higher
adhesion of graphene to the target substrate, as well. In addition, using an
interlayer of LOR and PMGI resists can eliminate the negative effect of
the lift-off resists on the quality of graphene.

In general, this thesis addressed the uncertainties and challenges that
can be faced in different nanomechanical testing techniques for 2D layers
in suspended and supported forms. In addition, the true Young’s modulus
of SLGr and BLGr have been evaluated by considering most of the
uncertainties arising in the deflection test by AFM. The limitations of two
modes of nanoindentation have been investigated and by combining them
in addition to simulations, the precise effect of graphene on the plastic
deformation of copper has been studied. Last but not least, all the
challenges and uncertainties that exist in the TOC of Cu/Gr have been
investigated and some solutions have been provided which make the
procedure more straightforward and performable in future.
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