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Abstract

An ambient pressure chemical vapor deposition (APCVD) process is used to fabricate
graphene based films consisting of one to several graphene layers across their area.
Polycrystalline Ni thin films are used and the graphene can be transferred from the
Ni surface to dielectric substrates in order to integrate them to graphene device
prototypes. Uniform single layer graphene can be grown with the same process by
using single crystalline Ni with a (111) surface orientation. Raman spectroscopy and
electron diffraction characterization is undertaken in order to determine the nature
of the layer stacking for the case of multilayer graphene.
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Chapter 1

Introduction

The search for graphene fabrication methods that allow its integration with potential
applications is motivated by this material’s exceptional properties. These proper-
ties extend from electrical to mechanical aspects. In this thesis, a way to fabricate
graphene-based films is presented. This method is based on ambient pressure chem-
ical vapor deposition (APCVD) on nickel surfaces. The films consist of regions with
single layer graphene (1-LG) and regions with few-layer graphene (F-LG). The thick-
ness uniformity and the ability to grow films with only 1-LG depend on the substrate
used and CVD conditions. The new contributions of the method presented to the
current research on CVD approaches to grow graphene are the following:

(1) The ability to grow 1-LG using ambient pressure conditions is demonstrated.
This is advantageous from the scalability point of view of graphene production. 2)
The films synthesized this way can be isolated from the Ni surface and transferred
to other substrates. This is one of the first demonstrations of this possibility and it
allows the integration of graphene with different platforms/substrates as prototypes
for various applications.

This progress in the CVD of graphene is expected to expand the potential of the
material’s large scale application in microelectronics. This thesis is organized in the
following way. Chapter 2 will be devoted to the description of single- (1 LG) and
few-layer graphene (F-LG) in terms of its structure and properties. The current sta-

tus of graphene fabrication research will be briefly reviewed as well. In chapter 3, the
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concept of carbon segregation on transition metals will be discussed. The use of car-
bon segregation on Ni by means of a CVD process to produce graphene films will be
presented. The transfer of the so produced graphene films from the growth substrate
to other non-specific substrates will be described also. Chapter 4 will present the
effect of the Ni substrate microstructure on the graphene film morphology. Chapter 5
will discuss the effect of segregation rate on the film’s morphology and properties.
The use of single crystalline Ni using the same fabrication method will be described
in chapter 6.In chapter 8, the structural characterization of the material with trans-
mission electron microscopy (TEM), selective area electron diffraction (SAED) and
Raman spectroscopy will be presented. Finally, a conclusion chapter is included to
summarize the main findings of this research and possible future work along the same

lines of research.
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Chapter 2

Graphene Properties and

Fabrication

2.1 Graphene structure and properties

Graphene can be viewed as a monoatomic plane of carbon atoms arranged hexag-
onally. A crystal structure is usually formed by a lattice and a basis. The lattice
defines the crystal’s symmetry and unit cell. The basis defines the number of atoms
at each lattice point or within each unit cell. Graphene has a two-dimensional hexag-
onal lattice (plane group pbm) and a basis of two carbon atoms. The crystal structure
of graphene, its lattice and its base are shown in Figure 2-1. The consecutive stack-
ing of graphene layers in the c-axis produces the more commonly known material,
graphite. Because of this, graphene has been used historically to understand and
predict the electronic properties of graphite. In this work, reference to stacks of
more than one monolayer will be utilized. These are typically referred to as few-layer
graphene (FLG) or n-layer graphene (n LG). For example, stacks of two, three and
four graphene layers are named two- (2 LG), three- (3 LG), and four-layer (4 LG)
graphene, respectively.

The bonding between carbon atoms in the graphene structure occurs by sp? orbital
hybridization. In this configuration, one 2s carbon orbital is mixed with two of the 2p

carbon orbitals. This combination forms three degenerate sp? electron orbitals with
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Plane group p6m

Lattice : ' :
Unit cell
Two carbon atoms per unit cell
Base .*
* AtomA * Atom B
Structure

Figure 2-1: Graphene structure.
It is formed by a hexagonal, two-dimensional lattice (plane group pbm) a base of two
atoms (A and B). The lattice defines the unit cell of the structure and the base the
number of atoms per unit cell.

which each carbon atom forms three sigma (o) bonds with their nearest neighbors.
The bond direction of each sigma bonds lies in the same plane forming the hexagonal
arrangement depicted in Figure 2-1. These bonds are responsible for the strong
mechanical properties of graphene [1]. Lastly, for every carbon atom there is a half-
filled 2p orbital that does not participate in the sp? hybridization. These orbitals
(7 orbitals) are oriented perpendicular to the o bonds and electrons in them .are
responsible for electrical conduction in graphene and graphite.

The band structure of graphene, first predicted in 1947 by Wallace [2], shows a
linear dispersive relationship between the energy of the 7 electrons and their wave
vector in the crystal lattice. This gives rise to the unusual massless Dirac fermion
behavior of the electrons (3, 4].

A monolayer of graphene (1 LG) can have a high electron mobility ( up to 200000
cm?/V s) [5, 6] with high current carrying capability (up to 3 x 10° A/ cm?) [7] and

mechanical stability [1]. These properties make the material an attractive alternative
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for various applications. Its high surface area to volume ratio enables an enhanced
sensitivity for the adsorption or desorption of single gas molecules [8]. A single layer
absorbs around 2.3% of normally incident light [9], which in combination with its
good electrical conduction capabilities, makes it a desired alternative for transparent
electrodes. All of these properties drive the interest to find fabrication ways that
allow graphene applications. In the next sections, an overview of existing graphene

fabrication methods will be presented.

2.2 Fabrication methods

Although there were ways known to generate a monolayer of graphene since the last
century, it was not until 2004 that it was possible to isolate a large, high quality
monolayer of graphene on a dielectric substrate. The implication of this was the
probing of specific properties of graphene for the first time. This was done by the
micromechanical cleaving of HOPG or graphite using adhesive tape [10]. The charac-
terization of graphene materials derived from this approach made researchers invest
effort to develop other ways to fabricate graphene or to combine and improve previous
techniques. These efforts were rooted in the interest to realize this material’s applica-
tions in the large scale and with low cost. Although the micromechanical cleaving of
graphite was not the first known way to produce graphene, it was an important step
towards a better understanding and characterization of the material. Some of the
first reports on the synthesis of graphene utilized chemical vapor deposition (CVD)
and carbon segregation on transition metals. The discussion of both of these pro-
cesses will be reserved for the next chapter since they are the techniques used for this
thesis. This section will start by reviewing the micromechanical cleaving of graphite.
The remaining sections will be devoted to summarize the most explored methods of
graphene fabrication and the properties of the respective materials produced. Em-
phasis will be given to research geared towards the scalable production of graphene

for electronic applications.
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2.2.1 Micromechanical cleavage

In layered materials such as graphite, monoatomic or diatomic layers are stacked
one over the other to form a bulk material. Usually, the in-plane atomic bonding of
each layer is stronger than that occurring perpendicular to each layer. The latter is
typically a van der Waals bonding [10]. Because of this, it is possible to cleave these
materials along the in-plane direction of the layers. This procedure is used to obtain
a smooth surface of graphite for AFM or STM imaging or other purposes. It can also
be implemented iteratively in order to reach the thickness limit of layered materials,
a monoatomic layer [10]. One can think of this process as the consecutive removal of
cards from a deck or cards. Repeating this process indefinitely leads to the last card

at the bottom of the initial deck of cards.

To obtain a monolayer of graphene, this concept can be implemented in the follow-
ing way. A graphite crystal is laid on top of a clean piece of adhesive tape. Another
piece of tape is used to cleave the crystal, resulting in a second graphite crystal on
the second piece of tape. This is repeated multiple times using adhesive tape. Each
time the original crystal stack will cleave laterally producing thinner graphite pieces
on the surface of the tape. Every time the cleavage procedure is repeated, each of
the graphite pieces will be cleaved in two. After multiple iterations, one of the tapes
with cleaved graphite pieces is pressed onto an oxidized Si substrate (SiO9-Si). After
thoroughly rubbing the tape’s surface, to make sure the graphite pieces are in close
contact with the SiO,-Si surface, the tape is stripped from the substrate. Some of the
graphite pieces will have adhered to the SiO2-Si. A few of them will be one layer (1
LG) or just a few layers (FLG) in thickness. Figure 2-2 shows a schematic overview

of this procedure.

Identification of the thinnest crystals is done by conventional optical microscopy [10].
Identification is possible since one atomic layer of graphite is capable of creating an
amplitude shift of the light reflected from the graphene-SiO,-Si interface with respect
to the light reflected from the bare SiO,-Si surface. This amplitude shift creates a color

contrast between the bare substrate and the graphene on the same surface [11, 12].
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Graphite —_——
— Contact and pressing
Adhesive tape against target substrate

2 4

——
— — VT
Exfoliation Peeling of tape

Figure 2-2: Steps involved in the micromechanical cleaving of graphite to produce 1-
or few-layer graphene.

This color contrast depends on the number of layers, therefore, enabling the iden-
tification of the layer number in such stacks. Figure 2-3 shows a typical image of
single-layer (1 LG) and few-layer graphene (FLG) pieces.

In order to apply this method in large scale applications, it is necessary to control
the yield and size of the graphene pieces. Recent research has driven progress on this
regard accomplishing graphene flakes with around 1 mm in lateral size [13]. However,
other methods being currently explored may also show promise to fabricate graphene

on the wafer scale.

2.2.2 Transfer-printing methods

These methods utilize the possibility of exfoliating graphene layers from a bulk piece of
graphite or HOPG, similarly to the method described above. However, these processes
involve the aid of other parameters such as electrostatic forces and adhesion layers
on the target surfaces. Furthermore, in order to control the position of the graphene
flakes, these methods use patterned stamps from which the graphene materials are
placed on the target substrate. This produces an array of graphene flakes with the
dimensions of the features of the stamps.

Liang et al [14] used a SiOy stamp which they press on a graphite sample in

order to break few-layer graphene (FLG) pieces from it. Figure 2-4 summarizes their
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Pieces from tape

I{/

“u)

+

iz *  Graphite
o 100 pum.

Figure 2-3: Graphene on SiO,.
Optical images of 1 LG and FLG on an oxidized Si surface (300 nm thickness of 8iO;)
transferred from an adhesive tape after the micromechanical cleaving of graphite
pieces. The change of color is correlated with the number of graphene layers of the
pieces deposited.

Graphene

(d)

Figure 2-4: Stamping of graphene.
Steps involved in cutting and transferring of FLG from an HOPG piece by the use of
a Si0, stamp (from ref. [14]). The stamp cuts the FLG pieces from the HOPG piece
and picks them up. The stamp is then pressed on the target substrate to deposit
FLG pieces on it and further cleave the FLG pieces it carries. Adhesive layers can be
used on the stamp and on the substrate in order to increase the adhesion of the FLG
pieces to the stamp or substrate while cutting and depositing the pieces.
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(a) Mold

Figure 2-5: SEM images of a SiO, stamp.
(a) and an array of FLG graphene pieces (b) produced by the process described in
Figure 2-4. From ref. [14]

process. The edges of the features on the stamp apply a shear force on the graphite
which causes fracture of the graphite surface along the edges defined by the stamp.
When the stamp is separated from the graphite surface, the stamp exfoliates a thin
layer of graphite with the dimensions of its features. An adhesion layer on the stamp
is used for this step and it is usually a resin-based material that can be spin-coated
on the stamp surface. Lastly, the stamp is pressed on the target substrate. Here, a
fixing layer can be used to increase the adhesive strength between the graphene on
the stamp and the target substrate. In order to release the graphene from the stamp
features, the adhesion provided from this fixing layer should be stronger than either
the graphene interlayer forces or the graphene-stamp interface energy. The target
substrate utilized was 510,-Si and it was found that using thermal curable glue or
treating the surface with oxygen plasma worked as good fixing layers. Untreated
Si0,-5i surfaces also enable the release of the graphene from the stamp. Figure 2-5
shows SEM images of the pristine SiO, stamp and the pattern of FLG generated by

applying this process.

Other approaches utilize the graphite samples as the stamp. Here, the graphite
surface is patterned to create pillars. This is done by conventional lithographic pro-
cesses involving an etch mask and reactive ion etching (RIE). Dongsheng et al. [15]
utilized the method shown in Figure 2-6 in order to produce such a graphite stamp.

Figure 2-7 shows SEM images of the graphite pillars generated on their graphite sur-
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face. Similarly to Liang et al. [14], they press this stamp onto the target substrate.
Afterwards, the stamp and substrate are separated and a few layers of graphene are
exfoliated and left on the substrate. The fact that only a few layers of graphene
are exfoliated is explained by analyzing the work required in breaking the interfacial
forces involved. The possible scenarios after the separation of the stamp from the sur-
face are shown in Figure 2-8. In one case, the separation occurs between the bottom
most graphene layer and the target surface (Figure 2-8(b)). In the second case and
third case, it occurs between two graphene layers away from and close to the target
surface, respectively. The third case generates a few graphene layers and it is used to
explain the generation of thin graphene layers in the work by Dongsheng et al. [15].
The work required in each case is equated to the energy of the interface being broken.
It was concluded, with the aid of ab-initio calculations, that the third case involved
the least work. This is due to the strong adhesion between graphene and SiO, which
makes the first scenario unlikely. Furthermore, Dongsheng et al. predict a screening
of the graphene interlayer forces due to a strong adhesion between the first graphene
layer and the substrate. This screening makes the interlayer forces between graphene
layers close to the substrate weaker with respect to the same forces in the bulk of
the graphite pillar. Therefore, it was concluded that the third scenario in Fig2-8(d)
would be more energetically favorable than the second scenario shown in Fig2-8(c).
The weakening of the interlayer forces mentioned above is represented in the work

expression as 9.

Other external forces, such as electrostatic forces, can be incorporated in the
exfoliation and stamping of graphene [16]. This is done by applying a voltage between
the graphite stamp and the target surface as shown in Figure 2-9. The electrostatic
charge generated at the stamp-substrate interface assists the exfoliation of graphene
layers. Because of the small screening length of electrostatic charges in graphite (<05
nm) [16], the electrostatic force acts only on the bottom most graphene layers of the
stamp. This allows only a small number of graphene layers to be exfoliated and finally
stamped on the desired surface. Figure 2-10 shows a model in which a graphite pillar

of 1 pm diameter and 0.5 pm high is pressed against a silicon substrate. Figure 2-
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Figure 2-6: Fabrication steps of a graphite stamp by lithography.
From ref. [15]
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Figure 2-7: SEM images of a graphite stamp.
a) Low magnification image of the array of graphite pillars making up the stamp.

b) High magnification image of one of the graphite pillars fabricated on the stamp.
From ref. [15]

27



(@) O O @

|
=

Initial Wee > Weo > chphm
=¥s+ V6" Vs = “Yei =58

Figure 2-8: The separation of a graphite stamp from a substrate.

a) The stamp is brought into contact with the target surface. b) The separation occurs
between the silicon surface and the last graphene layer. The work involved is equal
to the sum of the surface energies of graphite () and silicon (yg) minus the silicon-
graphite interface energy (ysc). c¢) Case in which the separation occurs between
graphene layers far away from the surface-graphite interface. The work involved is
equal to the creation of two graphite surfaces (27¢). d) Separation occurring between
two graphene layers close to the Si-graphite interface. The work involved is equal to
the creation of two graphite surfaces (27;) minus a screening term. This screening
is due to the large interface energy between the Si and graphite which weakens the
graphite interlayer adhesion close to the interface. From ref. [15]

Figure 2-9: Summary of the electric force assisted exfoliation of graphite (EFEG).
a) A graphite stamp is brought into contact with a target substrate. b) While in
contact, a voltage is applied between the graphite stamp and the target substrate.
This generates electrostatic charges on the graphite and the target surface (opposite
sign to each other). Due to the small screening length (< 0.5 nm) of electrostatic
charges in graphite, the charge is accumulated in the first few graphene layers of the
stamp. This results in the preferential exfoliation of just a few graphene layers after
separation of the stamp from the surface (c). From ref. [16].
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Figure 2-10: Modeling of the EFEG process.
a) Cross sectional view of a graphite pillar in contact with the target Si surface. The
magnitude of the electric field, acting in the perpendicular direction of the target
surface is shown in a color scale. b) Plot of the electrostatic strength as a function
of the applied voltage (solid curve). The dashed horizontal line is the exfoliation
strength for one graphene layer. From ref. [16].

10(b) shows a plot of the estimated electrostatic strength versus applied voltage.
Notice that for voltages greater than 8.5 V the electrostatic strength is larger than
the exfoliation strength. The use of voltages larger than this value should be enough
to generate FLG pieces during stamping. This type of stamping allows the generation
of arrays of FLG flakes over large areas, typically around 1 ¢m? (Figure 2-11). The
yield of graphene flakes on the desired surface is enhanced by a factor of 2 with the
application of an electrostatic force. The average thickness of the graphene pieces
stamped is 4.5 nm with a standard deviation of 3.0 nm (Figure 2-12).

Further improvements lead to the incorporation of a roller-style electrostatic print-
ing [17]. Here, the stamp is prepared with an HOPG film of 10 gm in thickness. The
patterned HOPG film on tape is placed around a metal rod. The stamping occurs by
rolling the metal rod over the desired surface while applying a voltage between the
metal rod and the substrate (Figure 2-13). The rolling applies a shear force over the
graphite surface which assists the electrostatic force in exfoliating the pieces during
stamping (Figure 2-14). The role of the shear force is to induce an outslip edge com-

posed of a few layers (see dashed box in Figure 2-14 (a)). As the rolling proceeds,
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Figure 2-11: Graphene features stamped by the EFEG process.
a) Low magnification SEM image of an array of FLG pieces produced by this process.
b) High magnification SEM image of one of the FLG pieces. Low (c) and high (d)

magnification SEM images of FLG nanolines generated by the same method. From
ref. [16].
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Figure 2-12: Thickness distribution of the features stamped by the EFEG process.
The average thickness is 4.5 nm with a standard deviation of 3.0 nm. From ref. [16].
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Figure 2-13: Schematic overview of the roller-style electrostatic printing of 1-LG and
F-LG.

A copper rod is wrapped with a thin (10 gm) graphite film which has been patterned.
A voltage is applied between the copper rod and the target surface as the rod is rolled
over the surface. From ref. [17].
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Figure 2-14: Cross sectional view of the graphite-Si interface.
Electrostatic charge at the interface aids in the exfoliation of the graphene layers
below the outslip plane created by the rolling of the stamp. b) Plot of shear force vs.
shear strain induced by the rolling. The plot shows three regimes: elastic (1), plastic
(2) and laminar flow (3). The experiments presented in reference [17] are performed
in the laminar flow regime (3).

the electrostatic force peels the graphene layers from the outslip edge. The slip of the
shear force significantly weakens the interlayer bonding strength at the outslip edge.
This enables the outer 1-2 monolayers to be preferentially exfoliated. From all the
graphene flakes produced, 30% and 40% are 1 LG and 2 LG, respectively.

These methods show promise for the fabrication of large arrays (1 cm?) of single-
and few-layer graphene. The graphene features in the arrays are typically in the or-
der of a few tens of microns in lateral sizes. This is compatible to feature sizes in
typical electronic devices and prototypes. Furthermore, the possibility of fabricating
position-controlled graphene regions at room temperature may find its use in fabri-

cation processes over substrates on which pre-fabricated device components do not
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Figure 2-15: Structure of a graphene oxide sheet.
Carbon atoms of the sheet tend to bond to hydroxyl (-OH) groups and epoxide groups
(COCQ). From ref. [20].

resist high processing temperatures. One of the remaining challenges, however, is the
degree of control on the number of layers being stamped. Future efforts may lead to

more improvements as the understanding of graphite exfoliation is advanced.

2.2.3 Chemical exfoliation of graphite

Graphite can be exfoliated in bulk quantities to produce liquid colloidal systems of
graphene or chemically modified graphene (CMG) platelets. One possible route is
the oxidation of graphite to generate graphene oxide sheets which are dispersible
in water. The oxidation of graphite typically occurs in strong acids and oxidants
such as, sulfuric acid (HSOy), sodium nitrate (NaNOj3) and potassium permanganate
(KMnOy) [18]. Graphite oxide consists of a layered structure of graphene oxide sheets
that are hydrophilic in a way that water molecules can intercalate the structure. It
is possible to completely separate graphene oxide to produce stable aqueous colloidal
suspensions of graphene oxide sheets with procedures such as sonication [19]. This
exfoliation is readily accomplished due to the expanded interlayer spacing caused by
the oxidation of the graphene sheets and the intercalated water. In Figure 2-15, the
most likely graphene oxide model is shown. As seen, the sp®-bonded carbon network
is disrupted and a significant, fraction of carbon atoms is bonded to hydroxyl groups
(-OH) or form part of epoxide groups (C-O-C). Carboxylic (R-COOH) or carbonyl
groups (C=0) (not shown) are also believed to populate the edges of the graphene
oxide layers [20].
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The graphene oxide sheets produced by this method are electrically insulating,
therefore, necessitating reduction procedures to generate electrically conductive graphene.
Efforts to accomplish this include the use of chemical methods with reductants such as
hydrazine (N,H,) [21], dimethylhydrazine (CyHgNy) [22], hydroquinone (CgHy(OH),) [23]
and sodium borohydride (NaBH,) [24]. Since reduction of the graphene oxide dimin-
ishes the material’s hydrophilicity, the platelets agglomerate in water and produced
a conductive powder when dried. However, it is possible to perform the reduction
in the presence of either polymer or surfactants [21] that prevent the sheets from
agglomerating after reduction and therefore, producing stable colloids of conductive
sheets (see Figure 2-16). This procedure has afforded the ability to incorporate these
sheets in polymers to create CMG composites. Alternatively, the stabilization of
CMG graphene can also be carried by electrostatic charges induced on the graphene
sheets [25]. Here, the graphene oxide is reduced by hydrazine. Shifting the pH level
of the original graphene oxide colloid to 10 converts the neutral carboxylic groups to
negatively charged carboxylate groups, so that when the graphene oxide sheets are

reduced by hydrazine, the negatively charged sheets do not agglomerate.

Reduction of graphene oxide sheets by the methods described above does not
restore completely the chemical structure of pristine graphene sheets. Another pos-
sibility to create graphene colloidal dispersions is without the use of graphite ox-
ide as the starting material. In this case, graphite, graphite intercalation com-
pounds (GIC) or expandable graphite (a type of GIC) can be used. Sonication of
graphite powder can create suspensions of graphene sheets in organic solvents such
as N-Methylpyrrolidone (NMP) [26] with relatively lower concentration and yields
of single-layer graphene (0.01 mg/ml). Commercial expandable graphite can also be
exfoliated by thermal treatment at 1000 °C, re-intercalation with oleum and expan-
sion with tetrabutylammonium hydroxide (TBA) [27]. After this, the suspension of
graphene sheets is produced by sonication in dimethylformamide (DMF) with 1,2-
Distearoyl-phosphatidyl ethanolamine-methyl-polyethyleneglycol (DSPE-mPEG) as
surfactant. Expandable graphite can also produce stable suspensions in water [28]

This is accomplished by rapidly heating expandable graphite to 1000 °C and mixing
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Figure 2-16: Graphene oxide dispersions.

a) Optical images of aqueous dispersions of reduced graphene oxide. The reduction
took place without (left) and with (right) poly(sodium 4-styrenesulfonate) (PSS) as
surfactant and hydrazine hydrate as the reducing agent. The presence of PSS avoids
agglomeration of the graphene oxide platelets. b) XPS spectra of graphite oxide.
Five peaks are present; the non-oxygenated ring C (284.8 eV), the C in C-O bonds
(286.2 eV), the carbonyl C (C=0, 287.8 V), and the carboxylate carbon (O-C=0,
289.0 eV). ¢) XPS spectra of reduced graphene oxide without PSS. d) XPS spectra
of reduced graphene oxide with PSS. In both reduced graphene spectra, the non-
oxygenated C is the most prominent peak. The oxygenated C peaks are significantly
decreased. One additional peak is present in the reduced graphene spectra (285.9 eV)
corresponding to the C in the C=N bonds of hydrazones. From ref. [19].
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it with 7,7,8,8-tetracyanoquinodimethane (TCNQ) in the presence of several drops of
dimethyl sulphoxide (DMSQO). The suspension (0.01 mg/ml) is produced after soni-
cation of the mixture in water. It is thought that TCNQ anions adsorb on the sheets
and stabilize them in water. Graphene films produced by graphite based suspensions
usually exhibit enhanced electrical conductivities with respect to those produced by
reduced graphene oxide suspensions [21].

The methods described here enable the production of liquid colloids of graphene
sheets that can be easily spin-cast and sprayed on multiple substrate without the
need of high temperature processes. Furthermore, these techniques are scalable and
low-cost. Current challenges may be the increment and control of the size of the

graphene sheets produced.

2.2.4 Graphene by Si evaporation from SiC

Single- and few-layer graphene can be grown over entire single-crystal wafers of SiC.
This process relies on the evaporation of Si atoms from the SiC surface. SiC has
several polytypes which refer to the type of z-axis stacking of bilayers consisting of
Si and C atoms [29]. Examples of the possible stacking sequences of several SiC
polytypes are shown in Figure 2-17. Here, the cross section defined by the (1100)
plane is shown for different SiC polytypes. Each circle represents the position of a
Si atom within each bilayer. The Ramsdell notation is used to refer to each of the
polytypes [30]. In this notation, each number and letter are used to define the number
of layers and the type of lattice, respectively, of the unit cell formed by the stacking
sequence. For example, 4H refers to a hexagonal (H) lattice in which the stacking
sequence of SiC bilayers is repeated every 4 layers. Substrates of the 4H and 6H
SiC polytypes are the most used in graphene growth (Figure 2-18). The surface used
can have two polarities referring to the termination of the SiC surface. These can
be either Si-terminated or C-terminated, usually referred to as Si-face or (0001) and
C-face or (0001), respectively (see Figure 2-18).

Even the highest grade of commercial SiC substrates show scratches left from pol-

ishing. Therefore, pre-treatments of the surface are performed before graphitization
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Figure 2-17: Possible stacking sequences of SiC bilayers giving rise to different SiC
polytypes. Each colored circle corresponds to the position of a Si atom (for C atoms,
see Figure 1-19). The pink box encloses the unit cell of each type of stacking sequence.

of the SiC. This usually involves etching by H, at temperatures around 1600 °C [31].
This step helps in the formation of a stepped SiC surface with terraces. Step density
and terrace lengths are determined by the initial miscut of the substrate. Oxides are
also present on the SiC surface. These can be removed by annealing at ultra high
vacuum (UHV) conditions at 900-1000 °C to promote the formation of SiO gas [32].
Evidence of the effect of these pre-treatments on the graphene quality and structure

is yet to be proven.

The growth of graphene layers occurs during subsequent annealing of the SiC
surface at higher temperatures (1300-1500 °C) and UHV conditions [34]. Both, the
Si-face and C-face of 4H and 6H SiC can be used for this process. There are two carbon
atoms per unit cell in graphene and one carbon atom per unit cell in SiC, giving area
densities of 2/a2 and 1/a%,., respectively (where ag and agiC' are the lattice constants
of graphene and SiC). Therefore, in order to form one graphene monolayer, it is

required to obtain the carbon contained in three SiC bilayers (2/aZ;/1/a%;;=3.139).

There are differences between the graphene films grown on the Si-face and C-
face in terms of growth kinetics, final surface roughness, graphene film structure and
stacking order between graphene layers [33]. The number of graphene layers grown
on Si-face SiC is usually independent of the process temperature and time (Figure 2-
19), contrary to the case of the C-face SiC in which temperature and time strongly

influence the number of layers grown. Also, the graphitization temperature is lower
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Figure 2-18: Unit cells of the most used SiC polytypes for graphene growth.
4H and 6H are shown on the left and right, respectively. The Si-face, (0001) orien-
tation, in each polytype is shown on the top of each of the unit cells. The C-face,
(0001) orientation, is shown on the bottom of the unit cells. From ref. [33].
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Figure 2-19: Graphene film thickness as a function of temperature.
Black filled symbols and black open symbols correspond to the Si-face (0001) of 4H-
SiC and 6H-SiC, respectively. Different symbols correspond to different soaking times
at the given temperature; (+) 3 min, (square) 5 min, (o) 6 min, (A) 7 min, (V) 8
min and (hexagon) 20 min. Red, partially filled circles correspond to graphene films
grown on the C-face of 4H-SiC. From ref. [33].
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Figure 2-20: Roughness of graphene on SiC.
a) STM image (3.3 nm X 2.4 nm) of graphene grown on the Si-face of SiC showing the
hexagonal structure and the quasi-cell (shown in white) formed by the graphene-5iC
interface (6v/3 x 64/3) R30. b)Large scale STM image of the Si-face of SiC after
graphene growth (150 nm x 150 nm). ¢) AFM image of the same surface ( 9 pum X
9 um). From ref. [33].

for the Si-face case. Typically, samples of graphene films grown on C-face SiC will
have a few tens of graphene layers rather than just a few as in the case of the Si- -
face. A major problem with the growth of graphene on Si-face SiC is the strong
roughening of the surface after graphene growth. This is shown in the scanning
tunneling microscopy (STM) and atomic force microscopy (AFM) images shown in
Figure 2-20. The average terrace size after graphitization is no larger than 50 nm
with an rms roughness of 0.717 A. This is compared to 1-2 um long SiC terraces before
graphitization. In contrast, an AFM image of the surface of C-face SiC after graphene
growth is shown in Figure 2-21. The average terrace width is typically larger than 1
um and the rms roughness is less than 0.05 A, Typically, C-face films preserve the
pre-graphitized substrate step density.

Low energy electron diffraction (LEED) is one of the most used tools to character-
ize the structure of the graphene films grown on SiC. Figure 2-22 shows representative
LEED patterns of Si-face and C-face SiC after surface graphitization with 2 and 7
graphene layers, respectively [35]. The LEED pattern for the Si-face shows both the
diffraction rods for graphite, (hkl)g, rotated 30 degrees from the diffraction rods for
SiC, (hkl). The rest of the diffraction spots correspond to the (6v/3 x 6v/3)R30
surface reconstruction which corresponds_to the graphene/SiC interface. This type

of reconstruction is typically observed before graphene formation and it is regarded
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Figure 2-21: AFM image of graphene grown on the C-face of SiC.
The image size is 8 pm x 8 pm. From ref. [33].
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Figure 2-22: Low energy electron diffraction of graphene on SiC.
a) Schematic of reciprocal space of graphite over SiC. Graphite diffraction rods (filled
circles) are rotated 30° from those of SiC (unfilled circles). Radial and transverse
scans relevant for Figure 2-23 are also shown. b) LEED pattern for 2 graphene layers
grown on Si-face SiC. ¢) LEED pattern for 7 graphene layers grown on C-face SiC.
From ref. [35].

as a precursor of graphene growth on the Si-face. The LEED pattern for the C-face
shows only diffraction rods corresponding to the graphite lattice [35]. The (6v/3 x
6v/3)R30 interface reconstruction does not occur on this face. The diffuse ring along
the graphite spots initially suggested azimuthal rotational disorder between graphite
crystals with AB stacking of its layers. However, later experiments showed this was
not the correct interpretation and attributed this disorder to the unique rotational

stacking of graphene layers that distinguishes the graphene grown on the C-face [36].

This is one of the main differences between the graphene films of both surfaces.

Hass et al. [36] explains the azimuthal streaking in the LEED pattern of C-face
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Figure 2-23: LEED radial scans of graphene on SiC.
Scans along the (1,-1,1.5) graphite rod for graphene grown on Si-face (filled circles)
and C-face SiC (unfilled circles). From ref. [35].

graphene (Figure 2-22) in the following way. Besides the prominent peak at 30° from
the [1010] SiC direction, X-ray azimuthal scans reveal two additional diffused peaks
split at symmetrical rotations of £2.2° around the same SiC direction. These three
rotational phases coincide with angles corresponding to both a graphene-SiC and a
graphene-graphene commensuration, therefore, explaining the preferential existence
of these rotations. Further surface x-ray diffraction (SXRD) experiments suggest that
stacking faults on these graphene films occur every 1.6 to 2.5 layers. Due to this large
stacking fault density, there is a weak interlayer interaction which helps to preserve
the symmetry of the graphene sheets. The reason why multilayer graphene on C-face
SiC behaves like an isolated graphene layer is attributed to this structural property
of C-face graphene [36].

The superior structural quality of the graphene grown on the C-face is also sug-
gested by SXRD studies and transport measurements [37, 38]. Figure 2-23 shows a
radial scan along the SXRD (101)¢ rod for Si-face and C-face graphene. The linewidth
Ag, is inversely proportional to the crystal size (L = 27/Agq,). Initial x-ray studies
of this kind estimated a lower limit on the average graphene crystal size to be 100
nm and 300 nm for the Si-face and C-face cases, respectively [37, 38]. However, these
measurements are limited by the fact that graphene from adjacent steps and terraces

scatters incoherently. In fact, the graphene coherency length may be larger than
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what these SXRD studies imply. This is supported by STM studies showing that
graphene can grow continuously and coherently across SiC steps [39]. More detailed
studies are needed to characterize more accurately the lateral domain size of these
films. Kedzierski et al. [38] have shown that significantly higher mobilities of 500-
5000 cm?/V s are obtained for top gated graphene transistors on the C-face compared
to 600-1200 cm?/V s for the Si-face. However, recent improvements in the graphene
growth process on the Si-face have resulted in surface roughness, thickness uniformity
and device mobilities improvements [40]. These improvements also included process-
ing under atmospheric pressure, therefore, making the growth of graphene on SiC
more scalable and less costly.

The graphene films grown on SiC have the advantage of growing on a dielectric
substrate on which transistors and electronic devices can be built. However, other
applications require the use of graphene on substrates with other properties such
as flexibility and transparency. Efforts aiming towards the large scale transfer of
these graphene films are ‘underway. This would be an important step due to the
possibility of implementing the unique properties of these graphene films. The pecu-
liar characteristics of the SiC-graphene system deserve its own attention and careful

characterization.

2.3 Summary

The methods presented in this chapter represent most of the effort in exploring ways
to fabricate graphene in a large scale in the last few years. Methods involving CVD
and carbon segregation will be presented in the next chapter since these are relevant
to the work presented by this thesis. The progress done in graphene fabrication re-
search has proved the possibility of generating FL.G films over wafer size areas. Some
of these methods involve processing at room temperature which is highly desirable for
applications involving materials with low operating temperatures. Two common chal-
lenges to be addressed in all of these methods is the controllability of the number of

layers being generated and the size of single crystalline domains. These have implica-
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tions on the type of electronic properties obtained from devices or applications made.
Furthermore, future work should involve the detailed characterization of the structure
and electronic properties of the materials fabricated by each method explored. In this
regard, the case of graphene grown on SiC seems to be the most studied and better
known. In the SiC case, important differences in structural and electronic properties
were found between graphene films grown on different SiC polytypes and faces. The
same must be suspected for graphenes processed differently, especially those derived
by chemical methods such as reduction of graphene oxide and CVD.

In the next chapter, the use of CVD and carbon segregation will be presented as
an addition to the variety of methods being explored. The use of CVD and the use
of carbon segregation to generate 1 LG have been known previously. Both methods
had been implemented independently. In this thesis, CVD is used as an enabling
platform for the generation of carbon segregation on Ni surfaces to form a FLG
film. As an addition, this process is done in ambient pressure CVD (APCVD) and it
enables the transfer of the graphene films to other substrates at room temperature.
In this way, the method presented aims to combine the advantages of several of the
processes presented in this chapter, such as scalability, low cost, non-specificity of

target substrates, high conductivity and room temperature deposition.
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Chapter 3

Single- and Few-layer Graphene
Films by by Ambient Pressure
CVD

The production of graphene on transition metals is relevant due to its scalability and
its potential to control graphene feature locations. Its development is founded on the
studies of graphite growth which were explored starting in the 1960s. Such studies
involved graphite grown by hydrocarbon pyrolysis over transition metals (or CVD)
and graphite grown from melts of transition metals. There are different mechanisms
by which graphite and graphene grow on transition metals. For the purposes of this
chapter, it is necessary to emphasize the distinction between processes based on:
i) CVD direct deposition, ii) carbon segregation, and iii) their combination (CVD-
enabled carbon segregation).

Growth by direct CVD deposition is due to carbon atoms adsorbing on a sub-
strate from the gas phase. These atoms are typically produced by the pyrolysis of
a hydrocarbon at elevated temperature assisted by the catalytic activity of the sub-
strate. Growth by carbon segregation occurs due to the supersaturation of a liquid or
a solid phase material. Supersaturation usually occurs during a cooling stage in the
process due to the temperature-dependent solubility of carbon in the host material.

Lastly, it is possible to combine these two mechanisms. Here, the carbon generated
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during pyrolysis diffuses to the bulk of the substrate and then precipitates in the
form of graphene and graphite. Such saturation can be induced either by cooling
or by increasing the carbon concentration to the point of saturation at a constant
temperature. The work presented in this chapter involves the growth of FLG films by
carbon segregation where CVD is used to introduce carbon to the bulk of a Ni thin

film. Formation of the FLG film occurs by saturation of the Ni film during cooling.

It is also helpful to define the differences between segregation and precipitation.
Segregation will refer to the enrichment of a particular constituent of a mixture of
two or more components to the free surfaces or interfaces of the mixture. Segregation
occurs without a transformation of phase in the mixture. The mixture can be a solid
solution of the components where one of the components is the host material and the
rest are the solutes. Such solutes can exist within a crystalline host by occupying
interstitial sites. Precipitation refers to the formation of a new phase in the mixture
in question. That is, precipitation occurs due to a transformation of phase occurring
in the mixture or solid solution due to a perturbation such as a fluctuation in local
solute concentration or a supersaturation of the mixture. Usually a precipitation event
can be preceded by one of segregation. For example, the enrichment of particular
species at an interface can increase the local concentration of a solute beyond the
equilibrium point, therefore, triggering the precipitation of a second material phase

at such interface.

This chapter will first discuss previous work on the growth of graphene and
graphite by carbon segregation and CVD direct deposition. Afterwards, an ambi-
ent pressure CVD (APCVD) method to induce the growth of FLG films by carbon
segregation will be presented. Also the transferring of such films to other substrates

will be discussed.
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3.1 Graphite and Graphene by Carbon Segrega-
tion

A popular way to obtain single crystals of graphite in the first half of the x X century
was the purification of flakes of natural graphite [41]. It was understood that such
graphite was formed after precipitation from solution in mineral mix [42]. It was later
discovered that graphite was also produced in steel-making (kish graphite) during the
cooling of steel. This was explained by steel’s high solubility of carbon impurities
which precipitated as highly crystalline graphite upon cooling. Further developments
in the production of graphite crystals came along during the 1960s [41, 43, 44]. Such
processes relied on the formation of a melt of transition metals (solvent) contain-
ing carbon impurities (solute). The carbon solute was introduced from the graphite
crucible on which the melt was formed at high temperatures. Supersaturation by
cooling [41] or the creation of a temperature gradient across the body of the melt [44]
induced the segregation of carbon to the surface of the melt and finally the forma-
tion of graphite. Figure 3-1 shows a schematic of the experimental set-up used by
Austerman et al. [44] to create a steady state temperature gradient in a metal melt.

The segregation of carbon to the surface of a metal in the solid phase was studied
by various groups during the 1970s. Derbyshire et al. [45, 46] deposited amorphous
carbon (50 nm thick) on cold foils of nickel. Afterwards, the foils were heated to 950
°C, a point at which they reported the disappearance of the deposited carbon. They
repeated the procedure until the deposited carbon did not disappear when heated
to 950 °C. They assumed that the carbon film disappeared due to the dissolution
of carbon to the bulk of the Ni foils and that saturation was reached when the last
amorphous carbon film was intact upon heating. At the saturation point, they heated
up their sample to 1050°C and observed that the carbon film that was not dissolving
previously was now doing so. Afterwards, the sample was cooled back to 950 °C and
instantaneously a graphite film formed on the nickel surface. Carbon atoms dissolved

in the Ni foil were now segregating on the Ni surface and forming graphite.

Blakely et al. [47] in particular studied the segregation of carbon to a Ni(111)
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Figure 3-1: Setup used to induce a thermal gradient across a metal melt.
Graphite grows from dissolved carbon at the colder surface of the melt. From ref. [44]

surface. Such studies were primarily aimed towards understanding the segregation
of impurities in metals since such segregation contributed to the hardening of metal
structures. With their work, they realized that a graphene monolayer could be grown
on a Ni(111) surface. They introduced carbon into a Ni substrate by contacting the
top Ni(111) surface of their samples with a graphite piece at an elevated tempera-
ture. After equilibrium is reached, the concentration of carbon in the metal is known.
Afterwards, they heated the Ni(111) substrates at UHV conditions. During cooling
of the samples, they observed that carbon segregated at the Ni surface and formed a
monolayer of graphite. As cooling proceeded, the precipitation of a graphitic phase
consisting of multiple graphene layers was detected 100 K below the temperature at
which the monolayer formed. The carbon coverage was quantified by Auger spec-
troscopy. Figure 3-2 shows the Auger peaks of carbon and Ni (270 eV and 62 eV,
respectively), taken from the Ni(111) surface, as a function of temperature. The first
and second steps in the Auger intensity curves correspond to the coverage of the sur-
face with one graphite monolayer and the precipitation of additional graphite layers,

respectively.
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Figure 3-2: Equilibrium segregation of carbon to a Ni(111) surface.
Intensity of the Auger peaks from Ni (62 eV) and C (270 e¢V) as a function of tem-
perature measured during cooling (open squares) and heating (filled squares) of a
Ni (111) substrate containing carbon impurities in solution. The carbon impurities
segregate while cooling, reflected by the sudden increase in carbon Auger signal close
to 1200 K. After this transition, the intensity is constant for a range of 100 K. In this
range, the surface of Ni(111) is covered with one monolayer of graphite. The lower
temperature transition corresponds to the initiation of graphite precipitation. From
ref. [47]
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Figure 3-3: Graphene grown on Ru.
a) Low energy electron microscopy (LEEM) images of a graphene domain growing on
a Ru surface by carbon segregation. b) Mechanism of graphene growth. Graphene
extends across steps in a downhill manner. From ref. [49]

The temperature dependent solubility of carbon in Ruthenium was used by Sutter
et al. [48] to grow 1 LG and 2 LG. The growth occurred expitaxially on a Ru(0001)
surface under UHV conditions. In their process, carbon is evaporated over Ru(0001).
At 1150 °C carbon is absorbed by the Ru bulk. The samples were cooled slowly to
850 °C to promote the formation of 1-LG and 2-LG. The growth of 1-LG and 2-LG
islands, as large as 200 pum, was observed by in-situ electron microscopy and LEED
after carbon segregation. Remarkably, such islands grew continuously across the steps
of the Ru surface suggesting that every island was a single crystal (Figure 3-3(a)).
The growing graphene glides across the surface by stepping down on each of the
surface steps. The growth of the islands can only proceed in this direction ( 3-3(b)).
Sutter et al. also conclude that the first graphene layer growing on such substrate
is strongly bound to the Ru surface and therefore looses its electrical conductivity.
Electrical conduction is only observed for the second layer growing on the Ru surface.

The segregation of carbon to grow graphene has been known since the 1970s and
it was recently employed as a means to fabricate this material. These processes
are similar to the graphite growth from melts developed in the 1960s. However, the
latter involves carbon segregation from a liquid phase. The focus on transition metals
in these processes was due to the advantages posed by the high carbon solubility
and relative lower melting temperature [44] of the metals employed. In the next

section, the growth of graphene and few-layer graphene by direct CVD deposition
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over transition metals will be discussed.

3.2 Graphite and graphene by CVD

In graphite growth research, the exploration of carbon segregation from melts was
paralleled by the use of pyrolysis of carbon containing gases. This also took place early
in the 1960s [50, 51, 52]. Initially, pyrolysis was done over non-metallic substrates
such as porcelain. Banerjee et al. [50] realized that the rate of carbon forrﬁation and
the structure of the graphite film formed was different depending on the substrates
used. Specifically, they realized that graphite films grown over nickel had a higher
degree of crystallinity compared to those grown on other substrates such as porcelain,
copper and platinum. Moreover, an enhanced rate of carbon formation was observed
for the case of nickel [50]. Karu et al. [51] and Presland et al. [42] used pyrolysis
of methane (CHy) and acetylene (CyH,), respectively, over nickel. The choice of
such hydrocarbons was based on the thought that transition metals catalyze the
dehydrogenation of aliphatic hydrocarbons such as CH4 and CyH,. This led to more
work on the growth of graphite by pyrolysis over nickel and other transition metals [51,
42]. Specifically, nickel, iron and cobalt were found to be good catalysts for graphite
growth [45]. The crystallinity of the material produced by pyrolysis of hydrocarbons
over transition metals was further improved by annealing it at inert atmospheres and
high pressures ( 400 atm) at temperatures of 3000°C. This work was pioncered by
Ubbelohde and Moore [52] in the early 1960s and it allowed the production what is
today known as highly oriented pyrolytic graphite (HOPG).

The choice of nickel and other transition metals was based on their dehydro-
genation ability rather than their high carbon solubility like in the case of carbon
segregation. Indeed, during early experiments it was not clear whether the graphite
grown on nickel was formed directly from the carbon produced during the hydrocar-
bon decomposition or if it involved the dissolution of carbon into the bulk followed
by precipitation of graphite [42]. Presland et al. initially theorized that the former

was the more likely on the basis that the cooling of their foils would only take place
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in a few seconds, making the formation of highly crystalline graphite during cooling
unlikely. Later in the 1970s it was realized that the pyrolysis processes could also
involve the dissolution-precipitation mechanism. [45, 46]. This took place while car-
bon segregation studies on nickel were better understood by Derbyshire et al. [45, 46]
(discussed in the last section).

The direct deposition of graphite with CVD without dissolution-precipitation can
be accomplished either by: i) the use of lower CVD operating temperatures or ii)
the use of metallic substrates which have negligible carbon solubility at the desired
CVD temperature. Most of the reports on graphite growth by CVD are unclear
about whether diffusion to the bulk of the metal substrates takes place during the
process [53, 54, 55]. A clearer differentiation between both mechanisms emerged as
more work was done aimed towards the lowering of CVD temperatures [56] and the

growth of thinner graphite films [54].

The growth of a monolayer of graphite on Ni(111) by CVD was possible using
relatively lower temperatures (500-600°C), UHV conditions and hydrocarbons such
as ethylene and propylene [57, 58, 59]. The growth of 1 LG this way was applied in
the study of surface phonon properties of 1 LG over transition metals [59]. Coverage
of the Ni(111) surface with one monolayer was accomplished by the exposure to a
few langmuirs (1 L = 1x107% Torr-s) of the hydrocarbon used [57, 58, 59]. The
growth of 1 LG was reported to be self limiting. This observation was explained by
the fact that the catalytic activity of the Ni(111) surface was negligible once covered
with one monolayer of graphite. At the hydrocarbon partial pressure in operation,
the reduced catalytic activity would not generate enough carbon species to sustain

further graphite growth.

Following the increased interest in graphene research during the last few years,
the literature on CVD growth of graphene became more specific about whether the
growth occurred via a direct deposition or carbon by segregation. Loginova et al. [60]
intentionally used low temperatures (500-700 °C) to avoid diffusion to the substrate
bulk during the evaporation of C atoms over Ru(0001). In contrast, Sutter et al. [49]

used higher temperature (850-1150 °C) to promote carbon dissolution and segregation
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Figure 3-4: Graphene grown on Cu foils.
Graphene domains (darker features) growing on a Cu foil. The brightest features
correspond to the metal surface. From ref. [62]

for the growth of 1 and 2 LG. These two examples represent the ability to use different
temperature ranges to select the mechanism by which graphene grows.

The use of other metals such as Cu, with negligible carbon solubility at high
temperatures, is an alternative way to grow 1 LG without carbon dissolution. Indeed,
this was proved possible with Cu. Li et al. [61] used Cu foils and low pressure CVD
(LPCVD) to grow 1 LG by direct CVD deposition. The temperature at which the
growth occurs is 1000 °C. At this temperature other metals such as Ni and Ru show
significant carbon diffusion to the bulk. It was suggested that the growth by Li et al.
is also self-limiting due to the reduced hydrocarbon decomposition after the surface
is covered with graphene. Figure 3-4 shows a scanning electron microscopy (SEM)
image of monolayer graphene domains growing on the Cu foil surface.

Li et al. [62] also showed the differences between the graphene growth mechanisms
on Ni and Cu at the same temperature. It was shown that at elevated temperatures
close to 1000 “C graphene films growing on Ni grew by carbon segregation from the
bulk whereas those grown over Cu grew from carbon atoms adsorbed on the Cu
surface (Figure 3-5). This was show by switching the hydrocarbon source between
C' and C' labeled methane during a CVD process. Spatial distributions of the

carbon isotopes forming the graphene could be identified by mapping the Raman G-
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Figure 3-5: Graphene growth mechanisms.
Differentiation of the graphene growth mechanisms in Cu and Ni. Graphene grows
on Cu by direct deposition from CVD. In Ni, graphene grows by precipitation after
dissolution of carbon in the bulk. From ref. [62]

band frequency from of the graphene surface. The phonon frequency corresponding
to the G band shifts due to the mass difference between the two carbon isotopes [62].
If the growth of graphene occurred due to.the dissolution-precipitation model, it was
expected that mixing of the carbon isotopes occurred in the bulk and the resulting
graphene film would be formed of randomly distributed carbon isotopes. However, if
the graphene film grew without dissolution of the carbon isotopes, it was expected
that the switching between the two types of methane gases would be reflected in the
spatial distribution of the carbon isotopes on the grown graphene film. Dissolution
of carbon was observed in Ni (Figure 3-6) whereas no dissolution was observed in Cu

during graphene growth (Figure 3-7).

The work presented in the next sections aims to address the possibility of using
ambient pressures to grow graphene films and to transfer the films to other substrates.
This is done with the intention to improve the scalability of graphene growth on

transition metals and to use the material so produced on other substrates.
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Figure 3-6: C'? and C" distribution on graphene from Ni.
a) Optical image of the surface of a graphene film grown on Ni. b) Map of the G
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Figure 3-7: C'? and C'? distribution on graphene from Cu.
a) Optical image of the surface of a graphene film grown on Cu. b) Raman spectra
from graphene composed of C** (blue), C'* (green) and from the junction between
C® and C'? graphene (red). c¢) Raman intensities from the G band signal corre-
sponding to C'* (G'®=1500-1560 cm~!) , C'* (G'2=1560-1620 cm ') and both cases
(G13+12=1500-1620 cm~') across the line shown in d)-e). Integrated intensity maps
of (d) G13+12_ () G and (f) G2 from the surface region shown in a). From ref. [62]
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3.3 APCVD-enabled Carbon Segregation Process

to Fabricate Few-layer Graphene Films

3.3.1 Description of the APCVD process

This section will begin by introducing the method utilized to fabricate graphene films
in ambient pressure CVD (APCVD) via a carbon segregation mechanism. The ap-
proach also aims to create graphene films which can be transferred to non-specific
substrates. The APCVD process will be discussed in the current section. The trans-

ferring of graphene films will be described in the following section 3.3.2.

The catalyst used is nickel in the form of thin films with thickness ranging from
200 to 500 nm. The thin films are deposited by e-beam evaporation or by sputtering
of nickel. Although, most of the work is focused on studying graphene grown on thin
films, some of the research presented in later chapters will include bulk Ni substrates.
The nickel thin films are deposited over oxidized silicon substrates (SiO,-Si) with 100
nm of silicon dioxide (Figure 3-8). Chapter 4 will discuss the effects of the Ni thin
film deposition and its microstructure in the morphology of the graphene films. The
CVD process involves three stages (Figure 3-9):

1. Annealing of the Ni film. Here, the catalyst film is annealed at temperatures
between 900 and 1000 °C in order to induce its recrystallization. Figure 3-10 shows
an SEM image of a nickel film annealed at 900 °C under Ar and H,;. The grain
boundaries are visible only after the annealing step occurs. Increased grain sizes can
help in avoiding excess nucleation sites for amorphous carbon or multilayer graphene
(chapter 4). Furthermore, by annealing the Ni thin film, it is possible to induce a
preferential texture of the film towards the (111) orientation. This is desired due to
the lattice matching of graphene on the Ni(111) surface. This makes the precipitation
of a monolayer of graphite more favorable over graphite precipitation during carbon
segregation [47]. The Ni film microstructure and the growth of graphene on Ni(111)
will be discussed in chapters 4 and 6. The annealing treatment is always done under

a gas mixture of Ar (50-60% vol.) and Hy (40-50% vol.).
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Figure 3-9: Temperature-time diagram for the APCVD process used to grow F-LG
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1) Annealing of Ni thin films. 2) Exposure to methane. Carbon is produced on the
surface of Ni and diffuses to the bulk to form a Ni-C solid solution. 3) Sample cooling.

F-LG precipitates on the surface of the Ni film.



Figure 3-10: Ni film after annealing.
SEM image of the surface of a thin Ni film after annealing under Ar and H, at 900
°C for 20 minutes. The bright lines correspond to Ni grain boundaries.

2. Exposure to CH,;. After the annealing treatment, the Ni surface is exposed
to diluted methane gas. The hydrocarbon gas is introduced with the same Ar and
H; volume flow rates during the previous process. Typically, the temperature during
this part of the process is the same as the annealing temperature. It is expected that
methane is decomposed catalytically on the surface of Ni to produce carbon atoms
on its surface. The decomposition of methane by transition metals has been studied

extensively. The following reaction is used to describe the decomposition:

However, it is also thought that such decomposition may involve intermediate
steps involving other hydrocarbons such as ethylene (CoHy) and acetylene (CoHsy) [42].
Since this process occurs at temperatures around 900 and 1000 °C, it is expected that
diffusion of the carbon to the bulk of the Ni film occurs. Previous experiments have

suggested that amorphous carbon deposited on Ni will not diffuse into the bulk at
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temperatures below 900 °C [45]. It is possible to estimate at which temperature to
expect complete carbon diffusion into a Ni slab. The flux of impurities in a material

is given by Fick’s first law of diffusion:

(3.2)

where D is the diffusivity of the impurities inside the host material and a function
of temperature. The flux of atoms occurs as long as there is a concentration gradient
of carbon atoms. Values for the diffusivity of carbon in Ni can be found in [63]. The
time-dependent concentration profile of carbon inside the Ni film can be obtained

from Fick’s second law of diffusion:

oc(z,t)  9J(x) o)
ot or 0Rr

(3.3)

Assuming a constant concentration of carbon atoms always present on the Ni
surface due to the decomposition of methane, and that there is no initial carbon

inside the film (Figure 3-11(a)), the following boundary conditions for , apply:

e(t,0) = C, (3.4)

c(0,7) =0, (3.5)

where C, is the surface concentration. At the Ni-SiO, interface (z = 1):

dc(x,t)
ox

=0. (3.6)

The solution for the concentration distribution of carbon atoms inside the Ni film

is then described by:
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Figure 3-11: Diffusion of carbon in a Ni thin film
a) Diffusion model for a constant surface concentration of carbon at the top surface
of a Ni thin film. Null flux of carbon is assumed for the Ni-SiO, interface. b) Carbon
concentration distributions inside a 500 nm film for various temperatures and after 5
minutes of diffusion. Equilibrium with the surface is reached close to 550 °C. Solutions
are taken from equation 3.7

Figure 3-11(b) shows the carbon concentration inside a 500 nm Ni film for vari-
ous temperatures after diffusing for five minutes (typical time for the CVD process
described). The concentration is normalized to the surface concentration C,. From
this simple model, it is expected that above 550 °C the bulk of the Ni reaches the
same concentration of carbon impurities as that of the surface. This is as long as the
concentrations involved are below the Ni carbon solubility at the given temperatures.
Therefore, it is expected that within the temperature range of the CVD process (900-
1000 °C), diffusion of carbon to the Ni bulk will always occur. Saturation of the nickel
film is not expected during this stage of the processing. This is due to the dilution of
methane gas during our conditions (0.1-1% vol.) and experimental observations that
suggest that graphene forms only during the cooling of the sample (chapter 5). The
thickness uniformity of the F-LG film depends strongly on the cooling rate.

3. Cooling of the Ni film. Segregation of the carbon stored inside the nickel film is
promoted by cooling the nickel sample. The carbon segregated to the surface initiates

the growth of single- and few-layer graphene. Average cooling rates between 4 and100
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Figure 3-12: F-LG on Ni.
a) Optical image of a clean Ni film which was annealed. b) Optical image of a Ni film
after graphene growth.

°C min~! are utilized. The methane partial pressure is left constant during this stage
and the same as in the previous stage. It was realized that this was necessary in order
to avoid the methanation of carbon species during cooling on the Ni surface. Nickel
can not only catalyze the dehydrogenation of hydrocarbons but can also induce the
formation of methane in the presence of carbon and hydrogen [64]. Cooling down
under the absence of hydrogen (only Ar) was problematic due to destruction of the
nickel thin film during prolonged cooling. The effect of the cooling rate on the film
morphology, thickness uniformity and properties will be addressed in chapter 5.
Figure 3-12 compares a clean Ni film which was only annealed and a Ni film after
the three process steps described above. The dark features suggest the precipitation
of F-LG and graphite. Their nucleation distribution depends on the grain size of the
initial Ni film and this will be discussed in more detail in the next chapter. The clear
regions contain 1-LG or 2-LG and these tend to be away from the grain boundaries
of the Ni film. They can only be detected optically once the graphene film has been
isolated from the Ni and transferred to a SiO,-Si substrate (discussed in the next

section).

Inspection by AFM shows the formation of ”wrinkles” on the surface (Figure 3-

13). These are usually seen on graphite and FLG films grown over various substrates
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Figure 3-13: AFM image of a graphene film on a polycrystalline Ni thin film.
The ripples (pointed out by white arrows) at the edge of the groove indicate that the
film growth bridges across the gaps between grains.

including transition metals and SiC [55, 33]. These ridges have been a subject of
study previously and their formation is usually attributed to the difference in the
thermal expansion coefficient (TEC) between Ni and graphite [55, 65]. The difference
in thermal expansion coefficient between 1000°C and 25°C for Niis 21x107% K~! to
13x10~% K~! [66], whereas for graphite it is from -1.2x 1078 K~! to 0.7x1075K " [67].
Ni contracts during cooling and graphite expands (negative TEC), therefore, inducing
stress on the assembly of both films: that is, a tensile stress on Ni and a compressive
one for graphite. The release of such stress is expected to induce formation of the
ridges in order to compensate for the extra length existing for the graphite film [55, 68].
Therefore, the wrinkles observed in the AFM characterization are assigned to the F-
LG film formed on the Ni thin film. These wrinkles usually extend across the grain
boundaries identified in the AFM images. This is suggestive of the formation of a

F-LG film which extends continuously across the grain boundaries of the Ni film.

The formation of a graphite-based film over Ni is confirmed by X-ray photoemis-
sion spectroscopy (XPS). Figure 3-14 shows the Cls peak taken from the surface of a

Ni thin film after the CVD process. This peak corresponds to 1s electrons of carbon
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Figure 3-14: XPS spectra showing the Cls (284.7 eV) peak from the Ni surface.
The Cls peak (284.6 €V) measured from an HOPG sample is shown as reference.
Measurement by R. Koch at Technische Universitt Ilmenau, Germany.

atoms bonded in the sp® configuration. The Cls signal measured on the Ni surface
is compared to that obtained from an HOPG sample. The shift towards higher Cls
energy for the F-LG on Ni is explained by the thin nature of the film [69].
Transferring of F-LG films from their growth substrate is benefitial for further
characterization of film thickness, transparency, structure and electrical properties.
Furthermore, this would be desired if such materials are intended to be used on
other substrates. In the following section, a process to accomplish such a transfer is

described.

3.3.2 Transferring of Few-layer Graphene Films to other sub-
strates
The isolation of the graphene films from the growth substrate relies on the chemical

etching of the Ni film. This is done using a wet-etch process and there are different

variations of how this can be done. One example is represented in Figure 3-15. Before
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Figure 3-15: Steps involved in the isolation of the FLG films from Ni and their transfer
to other substrates.

the etching of the Ni thin film, a support layer is adhered to the graphene side of
the samples. The purpose of this layer is to give mechanical support to the graphene
layer for handling after etching the Ni film. One requirement for this layer is that it is
possible to remove it after the graphene film is transferred to another substrate. Most
of the time this layer is poly(methyl methacrylate) (PMMA) and it has been used for
similar purposes in the transfer of carbon nanotubes between different substrates [70].
PMMA is widely used as a positive ebeam resist in lithography and is dissolved by
acetone. The PMMA layer is deposited on the graphene surface by spin-coating (3,000
rpm for 1 min.) a solution of such polymer (Microchem, 950,000 molecular weight, 9%
in anisole). The polymer solution forms a thin PMMA film on the graphene surface
with a thickness estimated to be around 1.5 uym under the spin-coating conditions
listed in the appendix. The sample with the PMMA film is baked in order to evaporate
the solvent contained in the PMMA film. This step helps in the hardening of the
PMMA layer, thereby giving it mechanical stability.

After deposition of the support layer, the Ni thin film is detached from the SiQ,-Si
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substrate at the Ni-SiO, interface. This is can be done by laying the whole substrate
on an aqueous hydrochloric acid (HC1) solution. While the sample is suspended over
the acid-air interface, the acid etches some of the Ni in contact with the SiO,, releasing
the Ni-graphene-PMMA assembly from the SiO,/Si substrates. This typically occurs
within 5 minutes after the sample is laid on the acid solution. After this, the released
stack is transferred to water to rinse away any HCI residues. In the next step, the Ni-
graphene-PMMA film is laid on top of a commercial Ni etchant which contains nitric
acid (HNOj). Here, the Ni side of the stack is put in direct contact with the etchant
to maximize the etching rate. After etching of the Ni film, the graphene-PMMA
membrane is suspended over deionized water in order to rinse any residues from the
previous steps. The membrane can be handled with conventional tweezers and laid
on top of the target substrate (graphene side contacting the surface). Conformation
and adhesion of the graphene side to the new surface is induced by applying N, air
pressure perpendicular to the surface of the membrane (PMMA side). Water from
the previous step which is trapped between the graphene side and the substrate is
driven towards the edges of the membrane and finally to the outside where it is dried.
After 1 minute of this procedure, the graphene adheres to the target substrate fixing
the position of the graphene-PMMA membrane on the substrate. Lastly, the PMMA
is removed by exposing it to acetone vapor or to an Ar and Hy gas mixture at elevated

temperatures (450 °C).

Following the isolation of the films from the Ni growth substrate, it is possible
to perform additional characterization of the films fabricated. In the next subsection
preliminary characterization of the F-L.G films produced is presented. This is aimed
towards a determination of film thickness and morphology. Furthermore, this step

also confirms carbon is mainly in sp? hybridization.
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3.3.3 Preliminary characterization of single- and few-layer

graphene films isolated from Ni

Film features are revealed by optical images when the films are on Si substrates with
a 300 nm oxide layer (Figure 3-16). Variations in the film thickness are indicated by
the change of color contrast in the optical images. This is due to light interference
on the SiO, layer which is modulated by the number of graphene layers [11, 12]. The
differences in thickness range from a monolayer to a few graphene layers. The lightest
pink regions in the optical images (Figure 3-16(a)) have a thickness of roughly 1 nm, as
measured by AFM (Figure 3-16(b-c)), which typically corresponds to a monolayer or
bilayer of graphene. Purple regions correspond to 3.0 nm thickness (Figure 3-16(b)).
Height measurements extracted from a series of AFM images along the film edge are
shown in the inset of Figure 3-16(c). This figure shows that the thickness ranges
from 1 to 5 nm corresponding to approximately 1-12 graphene layers. The average
height measured is 2.8nm=+0.3 corresponding to 6-7 graphene layers. By comparing
optical images of as-grown graphene films on the Ni surface and their images after
being transferred to SiO,-Si (Figure 3-17), it is observed that the morphologies of the
graphene film correlate qualitatively with the microstructure of the Ni films. This is
due to the fact that regions with multilayer graphene precipitate preferentially at the

grain boundaries. This will be further discussed in the next two chapters.

The APCVD grown films can be transferred by the same method to TEM lacey
carbon coated grids (Figure 3-18(a)). TEM examination confirms that changes in
film thickness correspond to only a few graphene layers. The edges of the suspended
film always fold back, allowing for a cross-sectional view of the film. The observation
of these edges by TEM provides an accurate way to measure the number of layers at
multiple locations on the film (Figure 3-18(b-e)). Typically, sections of 1-8 layers are
observed, in close agreement with the AFM data. Selective area electron diffraction
(SAED) on the graphene film (inset of Figure 3-18(a)) reveals a hexagonal pattern
confirming the three-fold symmetry of the arrangement of carbon atoms. When

different regions of the film are inspected, well-defined diffraction spots (instead of
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Figure 3-16: Thickness of the F-LG films as measured by AFM.
a)An optical image of an edge of a graphene film on a SiO,-Si substrate. b)An AFM
image of the region enclosed by the black square in a). The blue (red) arrow corre-
sponds to the pink (purple) regions in the black square in a). ¢) Height measurements
on the two positions indicated in b). The blue (red) curve corresponds to the region
identified by the blue (red) arrow in b). The height distribution, measured from AFM
images taken along the film edge in a), is shown as an inset.

Figure 3-17: Optical images of F-LG films.
a) F-LG film on Ni. b) F-LG film after being transferred to a SiO,-5i substrate.
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Figure 3-18: TEM of graphene and F-LG grown on Ni.
a) Low-magnification TEM image showing an APCVD-grown graphene film on a lacey
carbon-coated grid. Electron diffraction on the graphene film is shown as an inset.
b-e) High magnification TEM images showing the edges of film regions consisting of
one b), three c), four d), and eight e) graphene layers. The cross-sectional view is
enabled by the folding of the film edge as shown in e).

ring patterns) are always observed, indicating the crystallinity of all regions examined.

Figure 3-19 compares the Raman spectra of 1, 2 and 3 graphene layers derived
from APCVD and HOPG (both types of materials on SiO,-Si substrates). The G peak
occurring around 1580 em ! corresponds to the stretching of C-C bonds [71, 72]. The
D peak at 1350 cm ! is due to disorder, symmetry-breaking effects [73]. The presence
of a D band peak suggests the existence of grain boundaries or point defects. It also
~ confirms the presence of sp? carbon [73] in agreement with XPS characterization.
Spectra from the thinnest sections of the CVD graphene film, estimated to be 1-2

LG, show a sharp linewidth (=30 cm™') and a single Lorentzian profile of the G’ band.
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Figure 3-19: Raman spectroscopy of CVD-grown graphene films on SiO;-Si.
a) Raman spectra of 1 (red), 2 (blue), and ~3 (green) graphene layers from an APCVD
graphene film. (b) Raman spectra of 1 (red), 2 (blue), and 3 (green) graphene layers
derived by the micromechanical cleaving of HOPG for comparison. The excitation
wavelength is 532 nm.
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Figure 3-20: XPS spectra of the Cls region for a F-LG film transferred to SiO,-Si.
The Cls peak was measured to be 284 eV, in good agreement with the expected
energy for the 1s electrons in the sp? carbon configuration.
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These are characteristic of monolayer graphene [74]. The G’ lineshape provides a good
measure of the layer number in the case of HOPG-derived graphene. For graphene
produced by APCVD, this is not the case. Sections of ~2-3 LG regions very often
show linewidths of ~30 cm~! and Lorentzian lineshapes. It is also observed that for
regions with more than 3 graphene layers, there is a variation in the G’ lineshape
between sections with the same layer number. Determination of the number of layers
in the CVD films will be discussed in more detail in chapter 5.

Lastly, XPS measurements confirm the existence of sp? bonded carbon on the
films transferred to a secondary substrate. Figure 3-20 shows the Cls signal of one
of the films after being deposited to a SiO,-Si substrate. The position of the peak
is shown at 284.05 eV in close agreement with the Cls peak for graphite (284.3 eV).
The absence of strong deformations of the Cls peak shape compared to that taken
before transferring (Figure 3-14) is an indication that the chemical structure of the

film is on average preserved.

3.4 Summary

In this chapter, the fabrication of graphite and graphene using carbon segregation and
CVD was discussed. A method to grow F-LG films on thin Ni films was presented.
The process is enabled by APCVD using methane as the hydrocarbon source and
the F-LG film grows via a carbon segregation mechanism. Such films can be isolated
from the growth substrate by wet-etching the Ni and transferred to a variety of
substrates. SiO,-Si substrates were used as an example. The average thickness of
the films is around 3.0 nm, as judged by AFM. Regions with a thickness estimated
of 1-LG or 2-LG range from a few microns, to a few tens of microns as observed by
optical microscopy. TEM images confirm the existence of regions between 1-8 layers in
thickness, confirming the previous observations. Finally, electron diffraction, Raman
spectroscopy and XPS analysis confirm the existence of a graphitic structure and the
presence of sp® carbon in the films produced. In the following chapters, the effect of

the Ni film properties and the cooling rate of the APCVD process will be discussed.
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Chapter 4

Effect of the Ni Thin Film

Microstructure

The use of Ni films with a few hundreds of nanometers in thickness for the growth
and transfer of graphene is advantageous since these films are readily accessible and
their thin thickness simplifies the transferring process. In the previous chapter, it
was mentioned that the thickness uniformity across the F-LG films is influenced by
the Ni grain size. Specifically, it is observed that the thinnest regions of the films,
consisting of 1-LG and 2-LG, grow predominantly on top of the interior surface of
the Ni grains away from the boundaries. Figure 4-1 shows the region of a film before
(graphene on Ni) and after transferring (graphene on SiO,-Si). The shape and area
of regions with 1-LG or 2-LG correlate with the shape of the Ni grains (see appendix
for an estimation of the number of layers). Ni thin films deposited on amorphous
substrates (SiO; in the present case) are usually polycrystalline. They undergo grain
growth at the temperatures of the CVD process. In order to control the morphology
of the graphene films, it is necessary to control the morphology of the Ni grains. The
next section focuses on the basis of grain growth. In the second part of this chapter,

the effect of Ni grains on the grown F-LG films is discussed.
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1-2 layer of graphene

Figure 4-1: Comparison between the shapes of graphene regions with equal thickness
and Ni grains.

a)Optical image of a Ni thin film after CVD. A Ni grain is circled. Thicker graphite
(darker in the image) forms preferentially at the grain boundaries. Optical images of
a F-LG film at the same location before (b) and after transferring to a SiO, substrate
(¢). The shape of regions with a constant number of layers in (c) (circled) follows the
shape of the Ni grains in (b) (also circled).

4.1 Grain growth

4.1.1 Ideal grain growth in bulk materials

For the current purpose, a bulk system is one for which all dimensions are large
compared to the average grain size. In these systems, grain growth is observed to
behave according to the following relationship [75]:

D" - D' = taexp (k—?) , (4.1)

where D and D, are the average grain radius after a time t and the initial grain
radius, respectively. The exponent m is usually expected to have a value of 2 [75].
The term «, is a constant, (Q is the activation energy for grain boundary motion, k
is the Boltzmann constant and 7" the temperature.

This behavior in 8.1 is explained with a model in which the growth rate is pro-
portional to the average boundary energy per unit volume, E [75]:

dD
= = ME, (4.2)
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where E is given by:

E-= ﬁ% (4.3)

and f is a geometric constant and 7, is the average grain boundary energy per unit
area. The proportionality between the rate and average boundary energy is given by

M, the temperature dependent mobility of grain boundary motion:

M = Mexp <;—;2> . (4.4)

This description is usually referred to as normal grain growth. Its driving force
is the minimization of interface energy at grain boundaries. In the following section,

the description of grain growth of thin films will be discussed.

4.1.2 Grain Growth in Thin Films

The grain growth in metallic thin films has been studied before by Thompson et
al. 75, 76, 77]. Normal grain growth as described above occurs in thin films, for
which the average grain diameter is smaller than the film thickness [78]. Experimental
evidence shows that once this growth results in an average grain size that is similar
to the film thickness, growth slows down and finally stops [78]. Therefore there is
a film thickness dependence on the final grain size after grain growth and this is
also observed in our Ni films (discussion below). Typically, the grain structure of
the film forms a columnar structure at this point(Figure 4-2). The final distribu’tion
of grain sizes usually follows a lognormal function [79]. The original assumption of
the growth driving force should still hold at this stage because of boundary energy
minimization. Therefore, it is necessary to account for other factors in the description
of grain growth in thin films. The decrease in growth rate can be explained by factors
such as the pinning of grain boundaries due to the formation of a thermal groove
between them [80].

Mullins [80] proposed an explanation for the observed phenomenon of maximum

grain size as a function of film thickness. First, let’s consider a microstructure com-
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Figure 4-2: Schematic of the grains in a thin film during grain growth.
At the initial stages of grain growth (a) and after the formation of a columnar grain
structure (b). From ref [75]

posed of grains in which the sides of each grain has a finite curvature (Figure 4-3(a)).
The grain sides can therefore be thought of as arcs of circles (Figure 4-3(a)). As-
suming that the equilibrium shape of a grain boundary is defined by minimizing its
surface area, the interior of a boundary would adopt a catenoid shape. This is shown
in the cross sectional view of grain boundaries in Figure 4-3(b). A catenoid shape is

defined in cartesian coordinates as:

T = ccosh(g) cos(u) y= ccosh(g) sin(u) 2z = cv, (4.5)
c c

and in cylindrical coordinates as:
z
r = ccosh(=). (4.6)
C

With this shape, the mean curvature K also vanishes at all points of the boundary
surface. The in-plane curvature balances the out-of-plane curvature. This is another
equilibrium condition for the grain boundary using the Gibbs-Thompson treatment
of the driving force of boundary movement which relates curvature to vapor pressure

(p) and chemical potential(u):

where p is the vapor pressure, K the local curvature and 74 the boundary energy.
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With these considerations, the angle ¢ (measured with respect to the surface normal)
at which a grain boundary meets the surface depends solely on the ratio of the film

thickness a to the radius of curvature r:

o= (4.8)

Furthermore, it is known that a groove is formed due to surface tension at the
intersection of a grain boundary and the free surface. An ideal grain boundary groove
is shown in Figure 4-3(c). The dashed line lies perpendicular to the surface and
the rest of the lines stemming from the notch denote possible configurations of a
grain boundary. Possible boundaries are denoted by the black solid lines and they
intersect the free surfaces at an angle given by the above expression (equation 4.8).
In order for a grain to grow, it is necessary to move the boundary with respect to the
groove. There there is a critical angle f, below which a grain boundary will require
an increase in its length and area in order to move. This is not the case when the
grain boundary intersects the surface normal at an angle larger than 6,, therefore,

allowing the boundary to escape the anchoring.

If the angle of grain boundary intersection is ¢ = o < ,, then all boundaries will
be permanently stuck in their thermal grooves. On the other hand, if 0 = 5= > 0,, the
boundary can escape the anchoring from the groove. If it is assumed that the surface
traces of the grains of the polycrystalline films used in this work can be approximate
by circular arcs [79], the radius of curvature for a given grain is related to the grain
diameter by r ~ D /o [79, 80| (where o is a constant). Therefore, when the grain size
in a thin film becomes large enough so that all boundaries have radii of curvature that
exceed ﬁ, grain growth must stop. From the above considerations, the maximum

grain diameter is estimated by [80]:

Y F77’L0,£l) ~ a 3’)/8

Dmaw: ~ = 5 4.9
1o 20.0 aygba (4.9)

where ¢ is a constant. Furthermore, the grain growth slows down as the grain size

approaches its maximum [81]. This is usually expressed as a drag term in the growth
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rate equations. Equation 8.2 then becomes:

dD —-Q\ /1
— = b7, M — ) {=— 1
el Oew<kT> (D f)’ (4.10)
where f is usually:
foc = (4.11)
-Ema:n‘ .

Figure 4-4 shows optical images of the surface of Ni films with thickness be-
tween 200-500 nm and annealed at 1000 °C for 20 minutes under Ar and H,. This
temperature will be used since most of the F-LG growth processes occurred at this
temperature. As expected, the grain size D increases with increasing Ni thickness for
the same annealing conditions (Figure 4-5(a)). The mean growth rate of the grains
also depends on the Ni film thickness (slope in Figure 4-5(b)). Furthermore, the ex-
istence of a bimodal distribution of grain sizes is noticed from the optical images and
size distributions as a function of annealing time (Figure 4-6). To explain this, it is
necessary to invoke the role of surface energy minimization besides that of boundary
energy minimization. A bimodal distribution arises from the preferential growth of a
subpopulation of grains due to the anisotropy of the free surface energies [75]). The
preferential growth of some grains is referred to as a secondary or an abnormal grain
growth. The change in energy per unit volume due to surface and interface energy

change in grain growth is determined by:

AF: = =1 (4.12)

where

AY = [T, — (Tl — i — (7)) (4.13)

, and 7, (7), and a are the final, initial average energies and film thickness, respec-
tively. Because the change in surface energy scales with thickness, it becomes an

important factor governing grain growth in thin films(eq. 8.5). Abnormal growth can
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Figure 4-3: Pinning of grain boundaries by boundary grooves.

a) Top view of a collection of grains. The sides of the grains are assumed to have finite
in-plane curvature they can be thought of as arcs of circles. b) Representation of the
cross section of a film composed of columnar grains and grain boundaries spanning
the thickness of the film. The interior of the grains will adopt a catenoid shape (red,
dashed curve) in order to minimize the interface surface. With the catenoid shape,
the curvature at every point on the boundary surface equals zero. The in plane and
out of plane curvature at each point of the catenoid will have an equal magnitude but
opposite sign [80]. ¢) Idealization of a grain boundary groove. If the grain boundary
makes an angle greater than ¢, with the surface normal, the boundary can move and
escape the anchoring of the groove. Otherwise, it should be remain pinned by the
groove.,
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Figure 4-4: Optical images of Ni thin films after being annealed in Hy and Ar at 1000
°C for 20 minutes. Scale bar is 20 pym.
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Figure 4-5: Average grain size as a function of film thickness and annealing time.
a) Average grain size as a function of the Ni film thickness. b) Average grain size as a
function of annealing time for 500 nm and 300 nm Ni films. The grain size increases
with the film thickness and annealing time. As observed from b), the grain growth is
constant and does not stagnate during the annealing times used.
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cause bimodal grain size distributions in two ways. First, the growth rate of abnormal
grains could be higher than that of normal grains. Second, abnormal growth could
proceed even after the stagnation which Mullins proposed [75] for normal growth.
This is the case when macroscopic energetic arguments are considered rather than
only those involving the grain boundaries (75, 77]. Under the above considerations,

the growth rate of secondary grains can be described by:

dD, (% —7s)  _ 1 1
2 = [2 Tz (4.14)

where 7, is the average surface energy of the system, D is the diameter of the
secondary grain, and D, is the mean diameter of normal grains. The growth rate
of secondary grains is expected to be higher than the rest of the grains due to the
addition of surface energy terms in the growth equation. In fcc metals like nickel, the
(111) orientation is the closest packed face and therefore one with the lowest surface
energy [77]. Therefore, the largest grains observed in Figure 4-4, with dimensions
greater than the film thickness, are assumed to result from abnormal grain growth
and to have a (111) surface orientation. XRD data (Figure 4-7) of the Ni thin films
before and after annealing suggests the texturing towards the (111) orientation as
expected. This is relevant since the growth of single layer graphene is energetically

favorable on Ni(111) during the segregation of carbon atoms (see chapter 6).

Typically, grain growth in free standing thin films or thin films deposited on amor-
phous substrates leads to a preferential texture of the film. However, grains developed
with the preferred surface orientation will have a random in-plane orientation (Fig-
ure 4-8(a)). For films deposited on single crystal substrates, the interface energy 7,
will also play a role in the system’s energy minimization. In such a case, it is expected
that the film will develop a particular in-plane orientation as well, that is, epitaxial
to the underlying substrate (Figure 4-8(b)). Since the films used in this work were
deposited on amorphous SiO, it is expected that the (111) grains have random in

plane orientations.

The above discussion explains the grain structure observed for the Ni films used in
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Figure 4-6: Grain size distributions as a function of annealing time.

Grain size distributions of the microstructure obtained with 300 nm after being an-
nealed with Hy and Ar at 1000 °C for 1 to 20 minutes. The distribution widens with
annealing time due to grain growth. The data also reflects bimodal distributions
for intermediate times. This is seen more clearly for data for the 5 and 15 minutes
annealing times. A subset of grains grows larger grain sizes than the rest in order
to minimize the film surface energy. For the longest annealing times, only one log-
normal distribution is expected due to the homogenization of grain sizes. Fits of the
distribution are made with two lognormal functions.
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XRD Spectrum of nickel samples
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Figure 4-7: XRD peaks of 500 nm Ni films before and after annealing.
The increase in the diffraction peak from (111) planes and the attenuation of that from
(100) planes suggests the film texturing in the (111) orientations. This is in agreement
with a grain growth process which is driven by surface energy minimization.

Figure 4-8: Effect of substrate crystallinity on the grain in-plane orientation.
Grain structure and grain orientations for thin films deposited on amorphous (a)
and crystalline (b) substrates after grain growth. Vertical arrows denote the surface
orientation in (a). Horizontal arrows denote the in-plane orientation of grains in b).
From ref. [75]
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F-LG growth. This serves as a starting point in the understanding of the morphology

change in F-LG films caused by the Ni grain structure.

4.2 Effect of Ni grain size: Ni film thickness and

annealing time

The average Ni grain size during growth has an effect on the F-LG film morphology
and thickness uniformity. Understanding this effect is relevant to some of the film
properties such as optical transparency and electrical conductivity. In the present
section, the effect of the Ni grain size on the film thickness uniformity, transparency
and sheet resistance is discussed. Two factors affecting the Ni grain size, annealing

time and Ni film thickness, are considered.

4.2.1 Ni film thickness

The use of various Ni thicknesses has an effect on the thickness uniformity of the
F-LG grown (Figure 4-9). The size of the regions with 1-2 LG is a function of the
Ni film thickness. This is due to the increase in the mean Ni grain size as shown in
Figure 4-9(b). The correlation between the size of 1- and 2-LG and the Ni grains
is also attributed to the preferential formation of multilayer graphene (43 LG) at
the grain boundaries. This is observed for cases with fast cooling rates during the
F-LG formation ( 100-200 °C min~!, see chapter 5). The transparency of the films
across the visible range decreases with Ni film thickness (Figure 4-10(a)) even though
the average size of the 1- and 2- LG regions increases (Figure 4-9(b)). From these
measurements, the estimated average thickness of the F-LG films increases with the Ni
thickness (Figure 4-10(b)). Figure 4-10(b) shows the transparency measured through
1, 2 ,3 and 4 F-LG films grown with 200nm and 300nm Ni. For these measurements,
F-LG films where deposited on top of each other to form stacks of 1-4 F-LG films on

a transparent substrate. The transmission through a single graphene layer is:
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Figure 4-9: Effect of Ni film thickness.
a) F-LG films transferred to a SiO, substrate after grown from Ni films of various
thicknesses. b)Average size of 1-2 LG sites and Ni grain size versus Ni thickness.
Both increase in size in similar proportion as a function of Ni thickness.

T = (1—ar), (4.15)

where ar = 0.023 is the opacity of each graphene layer as found in ref. [9]. Treating
each film and stack as the addition of discrete graphene layers [9] and neglecting

reflectance between them, the transparency of each stack can be described by:

T =100 x (1 — am)™ (4.16)

where N is the number of films stacked and n is the average number of graphene
layers per film. By fitting the plot in Figure 4-10(b) to the expression in 8.5, the
estimated n is 4 and 7 layers per film for the cases of 200 and 300 nm Ni, respectively.
These numbers are in agreement with the AFM data presented before in chapter 3.
The sheet resistance (R,) of F-LG grown with 200-500 nm Ni is shown in Figure 4-
10(c). No clear trend is observed and the films stay in the range of 150-750 €2/sq. This
may be due to the effect of uneven doping on the films or non-optimized transferring

conditions.

The increase in the average film thickness despite the enlargement of the 1-2 LG
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Figure 4-10: Properties of F-LG films as a function of Ni film thickness.
a) Transparency across the visible range of F-LG films. b) Plot of the transparency
of stacks of F-LG films. The stacks were fabricated by depositing various F-LG
films fabricated under the same CVD conditions on top of each other. From the
transparency vs. number of F-LG films, it is possible to estimate the average number
of layers per film. F-LG films grown from 200 and 300 nm Ni have 4 and 7 graphene
layers on average. c)Sheet resistance and film opticla transmittance as a function of

Ni film thickness.
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domains is explained by measuring the effective area coverage. This effect is observed
to be reduced with increasing Ni thickness. That is, the average size of the domains is
increased with increasing Ni thickness but their population per area falls significantly,
thereby affecting the film transparency. Optical images of F-LG films are shown in
Iigure 4-11. Regions consisting of different number of layers are identified by different
colors. The area fraction corresponding to these ranges of layer numbers is plotted in
Figure 4-12(a). Estimation of the area fractions is possible due to the color contrast
created by the FLG on the SiO,-Si substrate. Such contrast depends on the local
graphene film thickness. For the assignment of each color to an approximate range
of number of layers see [11]. As shown in Figure 4-12(a), regions with larger number
of layers increase in area with Ni thickness (10-15 and + 15 LG), while the lowest
number of layers decrease their area fraction (1-2 and 3-9 LG). Sections with +3
LG appear to be located predominantly at the Ni grain boundaries. Therefore, it
is thought that a larger amount of carbon segregates at the grain boundaries with
larger Ni thickness (see chapter 5 for more discussion), increasing the average number
of graphene layers per F-LG film.

In summary, the effect of the Ni film thickness is two-fold. On one hand, incre-
menting the Ni thickness helps in obtaining larger domains of monolayer and bilayer
graphene due to an enlargement of the Ni grain size. On the other hand, the use of
thicker Ni increases the average thickness of the F-LG that is forming at the grain
boundaries. This causes an increment of the average film thickness and a reduction
of the film’s transparency. In the next section, the film uniformity is analyzed as a

function of annealing time.

4.2.2 Ni film annealing time

The Ni grain size also depends on the annealing time. Figure 4-13(a) shows optical
images of F-LG films on SiO.-Si substrates grown with Ni films having different
annealing times. All other growth parameters are the same. The size of the 1-2 LG
domains grows slightly with annealing time. This is plotted for the average Ni grain

size as a function of annealing time in Figure 4-13(b). Assuming a linear relationship
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Figure 4-11: The area coverage of regions with different number of graphene layers.
Optical images of F-LG films on SiO»-Si grown on 200, 300, 400 and 500 nm Ni (top
row, from left to right). The same optical images are shown below in separate rows.
Each row corresponds to the same set of images. The images are tagged with different
colors to indicate regions corresponding to 1-2 LG (cyan), 3-9 LG (green), 10-15 LG
(vellow) and +15 LG (gray). The area occupied by 1-2 LG decreases with increasing
Ni thickness. The abundance of graphene with a larger number of layers grows as
Ni thickness increases. Regions with 3 or more graphene layers typically grow on Ni
grain boundaries.
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Figure 4-12: Area coverage 6 as a function of Ni film thickness
a) Plot of the area fraction @ corresponding to sections with 1-2, 3-9, 10-15 and +15
LG. The area fraction with 10-15 LG and +15 LG increase with thicker Ni., while
those of 1-2 and 3-9 LG decrease. The increase of the area occupied by larger layer
numbers causes a lowering of the film transparency.

with annealing time, the estimated size increase rate for the 1-2 LG regions and Ni
grains are 0.090 and 0.101 gm/min, respectively. The similarity in the magnitude
of the rates suggests the influence of the Ni grain diameter on that of the 1-2 LG

domains.

Transparency measurements show a very small increase in light absorbance in
the visible range with changing annealing time (Figure 4-14(a)). No clear trend is
observed again for the sheet resistance (R,) as a function of annealing time (Figure 4-
14(c)). The films stay in the range of 300-600 2/sq. Changes in sheet resistance can
not. be discriminated from other effects such as doping or changes in the transferring
conditions. Quantification of the area covered by different ranges of layer numbers
(Figure 4-14(b)) show a small increase of 0.011 min~' in #;_5.¢ . This occurs together
with a small decrease of 0.011 min~! in #,y_5.;. No clear trend can be determined
for the rest of the area fractions. This may explain the small change in transparency

as a function of annealing time. These data are in contrast with the measurements
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Figure 4-13: Effect of annealing time.
a) F-LG films grown with increasing annealing time and a constant Ni thickness of
300 nm. b) 1-2 LG and Ni grain sizes as a function of annealing time.

made as a function of Ni film thickness where a strong decrement in transparency is
caused by a strong increment in ¢,_15.¢ and €, 151c. The average number of graphene
layers per F-LG film remains close to 7 graphene layers for the annealing times used.
Following the analysis for equation 8.6, the average number of layers forming at the

boundaries is estimated to remain constant and close to 10 layers.

4.3 Summary

The size of the Ni grains has a strong effect on the properties and morphology of
the F-LG. Regions composed of 1-2 LG were shown to form on top of the surface
of Ni grains away from grain boundaries. On the other hand, F-LG with 3 or more
layers precipitates on grain boundary locations. Changes in grain size and boundary
population caused by the Ni film thickness and annealing times are expected to change
the F-LG properties. Reasons for the precipitation of a larger amount of graphene
layers on grain boundaries will be addressed in more detail in the next chapter where

the segregation kinetics are considered.
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Chapter 5

The effect of cooling rate

In the first section of this chapter, the cooling rate during the CVD process is used
to improve the thickness uniformity of the F-LG films. In the previous chapter,
the cooling rates used to saturate the Ni film were relatively fast (3100 °C min ).
The morphology of the filins obtained with fast cooling rates is contrasted against
that obtained with cooling rates below 25°C min~!). The most important effect of
lower cooling rates is an improvement of the area covered by 1-LG and 2-LG. Also a
combined improvement of sheet resistance and optical transparency is found. In the
last section of this chapter, a discussion is included on possible kinetic effects taking
place during the segregation of carbon and graphene precipitation which may help

understand the results obtained.

5.1 F-LG films produced with varying cooling rates

on Ni thin films

In the CVD process, carbon is introduced into the bulk of Ni films (200-500 nm
thick) due to the decomposition of CHs. Graphene precipitation is induced during
the cooling of the Ni-C solid solution formed. This is the expected mechanism of
growth due to the following reasons. The temperatures at which the process operates

are high enough to allow diffusion of carbon inside the Ni film (see chapter 3). This

91



was confirmed by measurements of the carbon concentration profile of some of the Ni
films after growth (see appendix). The growth of graphene during the cooling stage
is evident due to the strong dependence of the results on the variation of the process
parameters during this stage. A detailed description of the steps of the CVD process

is included in chapter 3. In this chapter, only the effect of the average cooling rate

‘é:f will be analyzed. The rest of the parameters are constant.

5.1.1 Two graphene morphologies

Two types of graphene films (A and B, shown in Figure 5-1) with contrasting thick-
ness variations can be obtained by two cooling rate regimes. Films A consist mostly
of graphene with more than 2 graphene layers and they are grown with fast cooling
rates (>100 °C min'). It is observed that the Ni grain size plays a critical role in the
thickness variation of the film, as explained in the last chapter. Multilayer graphene
with more than 2 graphene layers (24 LG) grows around the grain boundaries of
the polycrystalline Ni film. Single layer and bilayer graphene grows at the center of
the large Ni grains of the catalytic Ni film. These observations suggest that Ni grain
boundaries act as preferential nucleation sites for multilayer graphene or graphite.
Therefore, Ni films with different average grain sizes produce 1-2 LG regions of dif-
ferent sizes. In the second section of this chapter a discussion will be given in order
to understand this observation.

Graphene films with their area consisting mostly of 1 and 2 .G (type B in Figure 5-
1) are grown by using low cooling rates (% <25 ° C min !). It is observed that
not all grain boundaries on the polycrystalline Ni show the nucleation of multilayers,
resulting in an increase of the area fraction covered by 1 and 2 LG. AFM, TEM,
Raman spectroscopy and optical microscopy are used to characterize these films.
The heights of 1 and 2 LG on SiO,-Si as measured by AFM are 0.72 and 1.16 nm,
respectively (Figure 5-2(a)). TEM confirmed that most of the film area consists of 1
and 2 LG (Figure 5-2(b)). The Raman G’ band (2700 cm™!) of 1 and 2 LG always has
a single Lorentzian lineshape(Figure 5-3). For both cases, the linewidth usually lies

between 30 and 40 cm !, suggesting the absence of interlayer coupling. Therefore,
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Figure 5-1: The effect of cooling rate.
Optical images of F-LG films grown with fast (=100 °C min~') (a-b) and slow (<25
°C'min~") (c-d) cooling rates before (a.c) and after transferring (b,d) to S5iO,-5i. With
fast cooling rates, multilayer graphene with more than 2 layers forms around the grain
boundaries of the Ni film. With slow cooling rates, multilayer graphene precipitates
on isolated islands randomly distributed across the Ni film. Regions between the
islands are formed by 1 or 2 LG.
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Figure 5-2: 1-LG and 2-LG from films grown with slow cooling rates (<25 °C min—1).
a) AFM image on the edge of a F-LG film showing regions with 1 or 2 LG. The cross
section height measurements for both cases are 0.72 nm and 1.36 nm, respectively.
b) TEM images showing the folded edge or regions with 1 and 2 L.

the distinction between 1 and 2 LG is not possible using Raman spectroscopy by
itself. The Raman spectra of the films will be discussed further in chapter 8. This
identification is better done by optical microscopy (see appendix) or direct observation
in a TEM.

Having defined the main differences in morphology between two cooling rate

T

—- on the film thickness unifor-

regimes, in the following subsection, the effect of
mity is discussed further. Observations regarding area fractions, transparency and

sheet resistance are presented as a function of the cooling rate.

9.1.2  Thickness uniformity as function of cooling rate

It was found that in type B films, the area covered by 1-2 LG (61 _21¢) is dependent
on the cooling rate in the regime of % <25 ° C min ~! . Figure 5-4 shows that
decreasing the cooling rate below 25 ° C min ~! during the segregation step further
increases the area fraction of 1-2 LG (pink background). In addition, the slower the
cooling rate, the fewer are the nucleation sites of multilayer graphene (pi2_1g). The
decrease in the density of multilayer sites can be also attributed to a reduction of the
rate of arrival of carbon atoms at the surface caused by the lowering of Ed—r‘j. At low

segregation rates, carbon atoms could diffuse for longer times before they coalesce
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Figure 5-3: Raman spectra from F-LG films fabricated with cooling rate of 4 °C

min .

1 and 2 LG are shown in red, multilayers with more than 2 LG and less than 20 LG
in green and graphite islands in blue. The laser wavelength is 532 nm.

to form graphene (diffusion limited nucleation). The cooling rate of the Ni film
during graphene precipitation was used to obtain films with up to 87% of their area
(0) o= 0.87) composed of no more than 2 layers of graphene. The area fractions
0 _21c increase as the cooling rate is decreased and they can be tuned from 0.6 to
(.87 with the cooling rate (Figure 5-5(a)). The area covered by 1 and 2 LG is plotted
together since this is the area fraction changing noticeably with the cooling rate. This
area corresponds to the background between multilayer graphene islands (see optical
images in Figure 5-4). The area with 1 LG is estimated to remain constant close
to 0.1-0.15. The density of sites consisting of multilayer graphene with more than 2
layers, 0.o7¢, can be decreased by 50% from the highest to the lowest cooling rate
tested (Figure 5-5(b)). No significant change in piopq or 0)_arc was observed if Ni
thin films with different grain sizes are used. Blue and orange data points in Figure 5-
5(a) and (b) correspond to grain sizes L; and L, which are shown in Figure 5-5(c)
and (d). Optical images of graphene films grown with 4° min~" on these two Ni grin

sizes before and after transferring to SiO,-Si are shown in Figure 5-5(e-f) and (g-h),
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Figure 5-4: I'-LG films transferred to SiO,-Si and grown with three cooling rates.
Decreasing cooling rates are shown from left to right. The density of multilayer islands
decreases with decreasing cooling rates. Regions between the islands consisting of 1
and 2 LG increase in area fraction with decreasing cooling rates.

respectively.

The quantification of the area percentage plotted in Figure 4 was done comparing
optical images of the graphene films on Si0,-Si and bare Si0,-Si substrates and
measuring the optical contrast created by the graphene film (see appendix). Since
the contrast depends on the number of layers, it enables the identification of regions
with down to 1- and 2-LG in an automatic way (see appendix). The area fractions
plotted in Figure 4b represent the fraction of pixels identified as containing 1-, 2-, 3-
and 4-LG. Optical images at 50x magnification, with 3900 by 3090 pixels (289 by
229 pm?), were used for this analysis. These films are also transferable to any other
substrate material similar to the way described in chapter 3. Graphene films of up
to 1 in? in size and high area fractions of 1-2 LG can be fabricated. Their sizes only

depend on the Ni film used and the CVD chamber size.

5.1.3 Properties as a function of cooling rate

Optical transmission and sheet resistance measurements were performed on as trans-
ferred films with various cooling rates. Although the density of multilayer graphene
changes with cooling rate, transmission measurements show a negligible change in

transparency (Figure 5-6 (a-b)). Sheet resistance measurements show an order of
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Figure 5-5: Area fraction of regions with 1 and 2-LG.
a) Area fraction occupied by 1 and 2 LG as a function of cooling rate. b) Density of
multilayer islands (+2 LG) as a function of cooling rate. a) and b) includes data for
two Ni grain sizes (L; and Ly in blue and orange, respectively). c-d) Optical images
of pristine Ni films with grain sizes L; and Ly, respectively. e-f) Optical images of
Ni films with the same grain sizes after the CVD process. g-h) F-LG transferred to
Si0,-Si and grown on Ni films with L; and Lo, respectively.
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magnitude decrease with increasing cooling rates (Figure 5-6 (b)). It was expected
that the sheet resistance would remain constant as a function of cooling rate since
the multilayer islands on the films are not connected. The electrical conduction is
expected to occur through the 1 and 2 LG regions only, therefore, any change in the
multilayer island density would not affect the amount of current carried by the film.
Further work and analysis is needed to explain this observation. Finally, transmission
measurements suggest an average thickness of 5 graphene layers for films fabricated
with a cooling rate of 4 °C min~" ((Figure 5-6 (c)). This estimation is done also by
measuring the transmission from stacks with increasing number of F-LG film (see last

chapter).

5.2 Summary

The rate at which Ni films are cooled affects the morphology of the F-LG films.
Cooling rates >100 °C min~! show multilayer graphene with more than 2 layers
precipitated around the grain boundaries of the thin Ni film. In this case, the area
fraction of 1 and 2 LG depends strongly on the grain size of the Ni film. However,

! are used, multilayer graphene (+2 LG) precipitates

if slow cooling of <25 °C min~
at random locations across the Ni film, therefore, increasing the area occupied by
monolayer and bilayer graphene. Regions between isolated multilayer islands consist
of 2 LG or 1 LG. If the cooling rate is decreased further, the density of multilayer
islands continues to decrease maximizing the area occupied by 1 and 2 LG. The largest
area fraction obtained for 1 and 2 LG together is ~0.87. The area occupied by 1 LG
is close to 0.15 and remains close to this value for the cooling rates used.

In the last two chapters, F-LG has been produced on polycrystalline Ni. It was
observed that the Ni microstructure affects the film uniformity. Grain boundaries may

play an important role in the formation of multilayer graphene. The next chapter

considers the use of single crystal Ni pieces for the fabrication of graphene.
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Figure 5-6: Transmittance and average F-LG film thickness.
a) Transmittance across the visible range for F-LG produced with various cooling
rates. No trend is observed for the transmittance as a function of cooling rate. b)
Transmittance (at 500 nm) and sheet resistance (R,) of films as a function of cooling
rates. Ry decreases an order or magnitude for increasing cooling rates. ¢) Transmit-
tance as a function of number of F-LG films stacked over one another. From the fitted
transmittance curve, an average thickness of 5 graphene layers per film is estimated.
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Chapter 6

Growth on Ni Single Crystal

Substrates

In the previous chapters, the growth of F-LG films on Ni thin films (200-500 nm
thick) was presented. The choice of these films was based on their accessibility in
many laboratories and the fact that their thickness facilitates the transferring of the
graphene. However, these films are usually polycrystalline and the microstructure
of the film, i.e. the grain size and grain boundary density, influences the thickness
uniformity of the F-LG film. In this chapter, the use of single crystal substrates is
considered. The work presented here was done with the expectation of improving
the thickness uniformity of the graphene grown on Ni. This was expected to occur
since single crystals would present a decreased grain boundary density for multi-
layer graphene precipitates. Three surface orientations of Ni are considered; Ni(111),
Ni(100) and Ni(110). Each case is discussed in a different section. The segregation of
carbon atoms to these Ni surfaces has been explored before by Blakeley et al. in the
1970s [47, 82, 83, 84, 85]. This was done by fixing the carbon concentration inside a
single crystal piece of Ni and cooling it under UHV conditions. In the work presented
in this chapter, the approach is different to that from Blakely et al. The same proce-
dure used in chapter 3, involving CVD under ambient pressures, is used. Carbon is
incorporated into the Ni piece by the catalytic decomposition of CH, during a CVD

process and-the segregation is done by a cooling of the Ni piece.
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6.1 Growth on Ni(111)

The Ni(111) surface has been of interest to researchers for growing graphite and
graphene due to the close lattice matching between the two (ay;=2.44 A and a,=2.46
]\) [58, 59, 86, 87]. In the case of carbon segregation to Ni surfaces, the case of Ni(111)
Is unique since a graphene monolayer on Ni(111) is one of the surface’s equilibrium
phases during carbon segregation. That is, during the segregation of carbon atoms
to the surface of Ni(111), one graphene monolayer forms a stable phase with a lower
enthalpy of segregation compared to that of the graphite precipitate phase. The
difference between them is about 0.06 eV. Blakely et al. showed these effects during
equilibrium segregation studies of carbon impurities to different crystallographic faces
of Ni [47, 82, 83, 84, 85].

The observations of Blakely et al. are helpful in the understanding of the results
obtained using the APCVD process in chapter 3 and single crystal Ni(111) pieces. In
the next subsection, the main findings of Blakely et al. are reviewed followed by the

results obtained using ambient pressure APCVD.

6.1.1 Equilibrium segregation of carbon to a Ni(111) surface

The study of the segregation of impurities to free surfaces and grain boundaries was
mainly geared towards an understanding of the role of grain boundaries in the me-
chanical properties of metallic alloys [88]. In these studies, surface characterization
tools such as Auger, XPS and LEED are used to monitor the coverage of the seg-
regating atoms on the surface of a solid. A typical experiment would involve fixing
the concentration of the impurities of interest in the bulk of a crystal and monitoring
the crystal’s surface with the techniques mentioned above. This was done during
cycles of cooling and heating. The temperature change rates are slow enough to en-
sure that the system equilibrates after each small change of temperature (equilibrium
segregation).

Blakely et al. found that segregating carbon atoms formed three distinct stable

phases on a Ni(111) surface at different temperature ranges and at bulk carbon con-
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Figure 6-1: Schematic view of the surface segregation phases on the Ni(111)-C system.
The vertical axis represents the amount of carbon segregated on the surface and the
horizontal axis represents temperature.

centrations of 1% at. The three observed phases are the following (Figure 6-1). 1)
A high temperature phase (T>T;) consisting of diluted carbon atoms on the surface.
2) An intermediate phase (T, <T<T,) where the segregating carbon atoms form a
monolayer of graphite on the Ni(111) surface. 3) A low temperature phase (T<T,)
in which precipitation of graphite occurred. These observations [47] were the first re-
ports of distinct transitions between phases of segregations. The intermediate phase
exists for a range of 100 K before the graphite precipitate appears. Blakely et al. dif-
ferentiate between equilibrium segregation and precipitation. The former refers to the
accumulation of impurities at a surface during compositional homogeneity in thermal
equilibrium, that is, while the system is at the one-phase field of the phase diagram.
This description is assigned to the first transition (T,). Equilibrium precipitation
refers to inhomogeneities which arise due to equilibrium phase separation. This is
assigned to the second transition (T,) and is thought of as the normal precipitation
of graphite that occurs from saturated transition metals.

The existence of an intermediate phase between slowly segregating carbon atoms
(phase 1) and the graphite precipitate (phase 3) is explain by a higher binding energy

of a monolayer of carbon atoms on the Ni(111) surface with respect to that of the
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graphite precipitate (0.06 eV). This higher binding energy also explains why the for-
mation of the monolayer occurs at a temperature above the precipitation temperature
( 100 K).

The heat of segregation can be estimated by equating the chemical potential of

the carbon atoms in solution to the chemical potential of the monolayer at T,:

,u'sal(Ts) = G(Ts) + kTs lnX = Hmono> (61)

and to the chemical potential of graphite at T:

,usol(Tp) = a(Tp) + kTp Iny= Hgraphite (6.2)

where G is the partial atomic free energy of solution and y is the fraction of avail-
able interstitial sites occupied by carbon atoms in the bulk. The chemical potential
of graphite is set as the reference point and set to zero. The free energy of solution

can be expanded to its enthalpy and entropy terms as found in reference [89]:

G(T) = Hyy — TS, = 0.49¢V + 0.2kT. (6.3)

With this and equation 6.2, the carbon solubility is obtained:

0.49
kT,

Iny=-02- (6.4)

Figure 6-2 shows T}, as a function of the carbon concentration used for different
Ni crystals (x). Notice the data fits well to the expression in 6.4. To obtain the
relationship between T, and carbon concentration Y, equations 6.1 and 6.3 are used
S0:
<Fmono - Fsol) <§mono - gsol) Aﬁseg Agseg

Iny = - = — .

where AH,, and AS,,, are the enthalpy and entropy of segregation, respectively.
By fitting the experimental values of Ts (Figure 6-2), Blakely et al. obtained a

value of 0.55 eV for Aﬁseg. The binding energy per carbon atom on for the monolayer
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Figure 6-2: Arrhenius plot of the carbon concentration in Ni versus T and T),.
The precipitation of graphite occurs at lower temperatures with a lower enthalpy of
segregation. From ref [47].

on the Ni(111) surface is 0.55 ¢V. For the graphite phase it was found to be 0.49 eV.
Figure 6-3 shows an energy diagram describing the observations made by Blakely at
al.

In the next subsection, it is shown that by using the APCVD process presented in
chapter 3 it is possible to grow only one monolayer of graphene on the entire surface
of Ni(111). It is argued that this occurs since one monolayer is a thermodynamic
phase distinct from the graphite one as described by Blakely et al. The graphite
precipitation is avoided by quenching the Ni-C solid solution at high cooling rates (>
100 °C), therefore, freezing the equilibrium phase of 1 LG on Ni(111).

6.1.2 Graphene monolayer by CVD-enabled segregation

It is possible to grow only one monolayer of graphene using the process described
in chapter 2 on single crystal pieces of Ni(111). After transferring, it is possible to
observe the existence of 1-LG across areas as large as the size of the Ni substrate. The
fabrication process is described in Figure 6-4. Round Ni pieces of 1 ¢cm in diameter and
Imm thick were acquired from Marketech International. The surface of the pieces was

polished with colloidal silica and a Politex pad (Eminess technologies) to a roughness
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Figure 6-3: Single atom energy diagram for carbon in Ni(111).
The diagram shows the binding energies for the monolayer and graphite phase
during carbon segregation to a Ni(111) surface.

close to 0.5 nm (rms). AFM images of the samples as received and after the samples
are polished are shown in Figure 6-5. The polishing step was crucial in order to grow
1-LG homogenously across the whole Ni surface. Excessive roughness is thought to
lower the nucleation barrier for multilayer graphene as discussed in previous chapters.
The CVD process is the same as that presented in chapter 3. However, there are two
differences. One is the absence of an annealing step. The other is that the amount
of methane utilized is significantly higher. Now a concentration of 10% vol. is used

I are used. Fast cooling

instead of 0.5%. Moreover, cooling rates above 100°C min~
rates were also essential in the growth of a monolayer of graphene by this process and
its role will be discussed below. Figure 6-5 also shows AFM images of the Ni(111)
surface after graphene growth. Wrinkles formed due to the expansion of graphene

during cooling which are visible on the surface by AFM.

The transferring steps used are similar to those used for Ni thin films (Figure 6-
4). However, only a mild aqueous solution of hydrochloric acid is used (3 % wt.).
The etching occurs only at the interface between the graphene and the Ni surface
allowing the detachment of the PMMA /graphene stack without destroying the entire
Ni sample. This also enables the reuse of the Ni pieces. After each transfer the
Ni pieces are polished again and used for graphene growth iteratively. This has been

confirmed by using the same Ni crystal up to four times. Figure 6-6 shows optical and
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Figure 6-4: Processing steps for the fabrication of uniform 1-LG from Ni(111).
First, the Ni substrates are polished with colloidal silica to an rms roughness of ~0.50
nm. A CVD process with similar steps that are described in chapter 3 is used to grow
a monolayer of graphene. In this case, there is no annealing step. The temperature
of the furnace is stabilized after introduction of the sample (1). A flow rate of 1000
scem of Hy is used. After this, 100 scem of CHy is introduced with no change in the
H, flow rate (2). After five minutes of methane exposure, the sample is quenched by
taking the silica tube with the Ni sample out of the furnace to ambient temperature.
The estimated cooling rate is >100 °C min . Transferring of the graphene is done by
etching the Ni-graphene interface with a mild HCI aqueous solution. A PMMA layer
is also spin coated previous to the etching. The released PMMA /graphene membrane
is laid on the target substrate and the PMMA is dissolved with acetone or annealing
under Ar and H, gas.
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As received

Figure 6-5: AFM images of the Ni(111) substrates.
Images for Ni(111) as received, after polishing and after CVD are shown. Two images
with different magnifications (5x5um? and 1x1um?, left and right, respectively) are
shown for each case. The roughness is reduced to 0.51 nm (rms) after polishing.
The surface roughness below 1 nm was crucial for the growth of a uniform graphene
monolayer.
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AFM images of 1-LG after transferring to SiO3-Si. Notice that islands of multilayer,
which are noticeable in the optical microscopy for samples of previous chapters, are
no longer present. The Raman spectra of the grown 1-LG is similar to the one of 1-LG
from polycrystalline Ni and from natural graphite (Figure 6-6(d)). The G shows a
linewidth of 4246 cm!. However, the determination that 1-LG has been grown is
done by measuring the optical contrast that the graphene layer creates with respect
to the Si04-Si substrate. The same procedure used in chapter 5 is implemented for
the determination of the layer number. The change in the green chanel intensity of
the optical image at a graphene edge on SiO, is shown in Figure 6-7(a). The expected
green intensity for 1-LG on the substrate at the corresponding illumination conditions
is included and is in agreement with the measurement. A 97% coverage with 1-LG is
estimated by analyzing the color contrast of 200x200 um optical images. Figure 6-
7(b) shows one of the images analyzed and Figure 6-7(c) shows the same image with

the pixels identified with 1-LG set to white.

Ni(111) single crystals can be used with ambient pressure CVD in order to grow

2. This is probably possible due to the

1-LG across large areas on the order of cm
polishing of the surface which helps in decreasing the abundance of crystal steps and
the fast cooling rates used during carbon segregation. It is thought that by cooling the
Ni(111) piece fast enough, it is possible to allow enough time for segregation to form 1
LG on Ni(111) but not enough time to allow the precipitation of the graphitic phase.
The 1-LG phase is stable at temperatures 100 °C higher than the temperature at
which graphite precipitates during the segregation process. By quenching the Ni(111)

crystal, the surface may freeze at the 1-LG phase before graphite precipitation.

The next sections will discuss the segregation of carbon on the other two Ni surface
orientations, Ni(100) and Ni(110). This will be done in order to understand better
the selective growth of 1-LG on Ni(111) and make predictions on the feasibility of

graphene growth on other crystal orientations.
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Figure 6-6: 1-LG grown on Ni(111) after transferring to SiO,.

a) Optical image (100x) of the grown 1-LG transferred to a Si0,-Si substrate. The
uniform color of the image suggests the abundance of 1-LG over the whole surface. b)
Representative Raman spectra obtained from 1-LG produced this way. The presence
of the D band suggests the existence of defects. The G’ band lineshape is similar
to that from the 1-LG obtained from polycrystal Ni (chapters 3, 5 and 8) with an
average linewidth of 42+ 6 em™'. AFM height (c) and phase (d) images taken at the
same spot on the 1-LG surface after transferring to SiO»-Si confirming the existence of
graphene on the SiO, surface. The phase image usually creates a larger contrast with
respect to bare SiO,-Si allowing the identification of the graphene deposited. Breaks
on the 1-LG are observed. These are thought to arise from an imperfect transferring
process.
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Figure 6-7: Quantification of the area covered by 1-LG after transferring to SiO,.
a) Green component values (G) taken from a cross section of a 1-LG edge next
to bare SiO,-Si. The cross section is taken from an optical image with the RGB
format. The change in the G value corresponds to that expected for 1-LG based
on the identification method described in the appendix (see also chapter 5). b) An
optical image used to implement the identification of 1-LG across the surface. c)
Image in b) after identification of pixels corresponding to 1-LG (tagged with white).
An estimation of 97% coverage of a monolayer of graphene is obtained. Most of the
untagged parts of the image are identified as bare SiO,-Si due to breakings of the
1-LG during transferring,.

6.2 Equilibrium segregation of carbon to other Ni

surface orientations

6.2.1 The Ni(100) surface

The segregation of carbon impurities to Ni(100) surfaces was also studied by Blakely
et al in references (83, 84, 85]. There are important differences between the segrega-
tion behavior of carbon on this surface when compared to Ni(111). The equilibrium

coverage as a function of temperature follows a Langmuir model such that:

4 = Kool exp (%) : (6.6)
where X, is the concentration of carbon in solution relative to the bulk and Aéseg =
Gurp—Gar, the free energy difference of the segregation reaction. This is the simplest
model of segregation of impurities because it is limited to one monolayer of segregating

species. It assumes a finite number of localized non-interacting sites provided by the
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first monolayer of the bulk lattice, therefore, it has the form of a Fermi distribution

function.

The surface coverage on Ni(111) for the monolayer phase as a function of tem-
perature occurs in a sharp transtion at the temperature T,. In order to fit it with a
Langmuir model, it would require a Aéseg of 65 eV which is unrealistic. Usually the
coverage on Ni(111) is modeled taking in consideration interacting carbon sites [47].
For the case of Ni(100), the segregation phase transitions observed are carbon ar-
rangements with p(1x1) and ¢(2x2) symmetries(Figure 6-8) with respect to the Ni
surface (following the Woods notation). The letters p and ¢ denote a primitive and
centered unit cell, respectively. The numbers specify how many unit cells of the
underlying substrate correspond to the unit cell of the arrangement formed by the
segregating atoms. The surface coverage (f) of carbon with the symmetries above on
the Ni(100) surface fits well to a Langmiur model, in contrast with the Ni(111) case.
After the two surface phase transitions mentioned above, the graphite precipitate is
observed. Figure 6-9 shows a Langmuir plot of the surface coverage of carbon as a
function of temperature. ‘The high temperature section of the plot corresponds to
a p(1x1) arrangement of segregating carbon at the Ni(100) surface. The intermedi-
ate section corresponds to the ¢(2x2) arrangement. Tp is the temperature at which
the graphite precipitate was observed. The identification of the different symmetries
of the carbon arrangements was done by LEED. The same for the identification of
the graphite phase. Using the same thermodynamic approach used for the Ni(111)
case, the segregation enthalpy for the p(1x1) and ¢(2x2) are fround to be 0.47 and
0.23 eV, respectively. A one atom energy diagram including the Ni(100) and Ni(111)

segregation phases is shown in Figure 6-10.

Based on Blakely’s observations, it should not be expected that a graphene mono-
layer grows uniformly on Ni(100) under similar conditions are presented in the last
section. The case of Ni(110) is not much different to Ni(100) and it will be briefly

discussed next.
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Figure 6-8: Representation of the p(1x1) and ¢(2x2) arrangements of carbon atoms
segregated to a Ni(100) surface.
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Figure 6-9: Plots of the surface coverage # of carbon atoms on a Ni(100) surface.
For the section with the p(1x1) symmetry, #=1 is set to be a complete p(2x2)
monolayer (1 carbon atom per 4 Ni atoms). For the section with the ¢(2x2) symmetry,

=1 is set to be a complete ¢(2x2) monolayer (1 carbon atom per 2 Ni atoms). From
Blakely et al. [84].
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Figure 6-10: Single atom energy diagram showing the binding energies for the phases
observed during the segregation of carbon atoms to the Ni(111) and Ni(100) surfaces.
From ref [84].

6.2.2 The Ni(110) surface

Blakely mentions that during equilibrium segregation experiments no carbon phase
is observad on the Ni(110) surface during cooling or heating of the Ni-C solution. It
is expected that the free energy of segregation at this surface is positive and there-
fore does not occur. However, the precipitation of graphite at the expected 1), is
observed [85]. Therefore, no uniform monolayer growth should be expected during
the APCVD process applied for Ni(110). Only graphite precipitates should result
from the growth procedure. Experimental results for the Ni(110) and Ni(100) crystal
orientations using the APCVD process are not yet performed, therefore, no experi-
mental data is included. It is hoped that this will be one of the future steps to take

on this research project.

6.3 Summary

In this chapter, single crystal Ni was used as an attempt to improve the thickness
uniformity of the graphene films. Ni(111) was used successfully to produce 1 LG

over large areas on a dielectric substrate. This is thought to be possible due to the
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thermodynamic distinction between a graphene monolayer and graphite on Ni(111)
during segregation. Quenching of the Ni(111) surface during segregation allows freez-
ing the surface with 1 LG before the nucleation of graphite. Other crystal orientations
are expected to grow only multilayer graphene based on the observations made by
Blakely et al. [47, 82, 83, 84, 85] where no phase separation exists between one layer
and graphite. However, confirmation of this hypothesis should be undertaken exper-

imentally in the future.
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Chapter 7

Discussion on the effect of grain
boundaries, surface roughness and

cooling rate on F-LG precipitation

A complete description of the formation of the F-LG films would require the deter-
mination of the nucleation rate of 1-LG and F-LG at each location on the Ni surface
and the growth rate of each nucleus. The two of these variables should also be known
as a function of time during the cooling process. However, the lack of in-situ tools
compatible with ambient pressure processes limits the current analysis to theoretical

considerations.

For simplicity purposes this analysis is first focused on the effect of grain bound-
aries and surface roughness on the nucleation rate of islands of graphene layers. The
dependence of nucleation rate on surface roughness and grain boundaries is consid-
ered in the first section of this chapter. Growth rate of 1-L.G and F-LG islands and

the effect of cooling rate are considered in the following section.
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7.1 Grain boundaries, roughness and their role in

F-LG nucleation rate

Nucleation rate can be defined as the number of graphene islands forming per unit
time and per unit area on the surface of the Ni film. In chapter 4 it was shown
that F-LG grows preferentially at grain boundaries. Furthermore, on single crystal
Ni(111), F-LG also grows only at scratches left by polishing of the surface. This
occurs at conditions where the Ni-C solution is quenched from 1000 °C at fast cooling
rates of >100 °C min~!. Considering such observations, the surface of the Ni film can
be viewed to be formed by steps and terraces. Here, the Ni surface roughness and
curvature is considered to be composed of steps and terraces due to the crystallinity of
the Ni films and substrates (Figure 7-1(a-b)). Under this picture, the density of steps
should change with local changes of curvature and roughness which characterize grain
boundary grooves (Figure 7-1(c-d)). Under this simple surface picture, there would
be more free energy available for nucleation of graphene islands at the edges of the Ni
steps, therefore, enhancing the nucleation rate of graphene islands at grain boundaries
and scratches. Sites such as free step edges enhance prirriarily the nucleation of
graphene islands during growth. The following analysis is aimed towards giving a
qualitative description of the role of the preferential nucleation of graphene at the Ni

surface steps in the formation of F-LG on the Ni surface.

The nucleation rate in classic nucleation theory can be expressed by [90]:

K = fnexp(-550) (7.1)

where f is the atomic jump frequency (time™'), n is the density of nucleation sites
(sitesxarea™') and AG"* is the nucleation barrier, or the energy required to creat a
stable nucleus. Two nucleation events are considered, one refers to the creation of a
graphene island on the free surface of Ni and the second refers to the creation of a
graphene island at the edge of a Ni step (Figure 7-2). The ratio of the nucleation bar-

rier is estimated in the following analysis and the preferential nucleation of graphene
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Figure 7-1: Surface of atomically flat and rough crystalline surfaces.
a) Atomically flat surface. b)Roughness on a crystalline surface. Steps and terraces
compose the rough crystalline surface. ¢)Steps near a scratch on a crystalline surface.
d) Steps near the grain boundary of a polycrystalline surface.
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on a Ni step should be reflected by a lower nucleation barrier on the step.

The difference in Gibbs free energy of the precipitation of a graphene layer on the
graphene surface can be divided into two terms. One of them is the change of free
energy related to the transformation of the graphite phase and the second is related

to the energy spent by creating new interfaces and free edges due to the new nucleus:

AG = AG, + AG,, (7.2)

where AG; and AG; are the transformation and interface free energy change. This
former term is negative since for a given undercooling of the Ni-C solution (how much
the solution is cooled below the carbon saturation temperature), the system. The
latter is positive due to the creation of a new nucleus interface or edge. Graphene
islands are approximated by circles and half circles for the free surface and step
edge nucleation cases, respectively(Figure 7-2). For the free surface nucleation event

(Figure 7-2(b)), away from any step edge, the change in total free energy is:

AGsurface = AGp(7772) + ’79(27r7"). (73)

where AG),, is the change in Gibbs free energy per unit area of a nuclei and vy, is the
free energy of the graphene island. For the step edge nucleation event (Figure 7-2(c)),
the change in total free energy is described by:
nr?

AC;step - AGP(T) + 79(7”‘) + A’YNifg(zr)v (74)

where Avyy; , is the difference energy of the Ni step edge and the energy of the Ni-C
interface created. Notice that the difference between the two cases is the energy of the
graphene edge being formed at the Ni step and which is represented by yn;_¢(2r). The
energy required to form the Ni-graphene interface is expected to be lower than the
energy required to form a free Ni edge. This is due to the stabilization of both carbon
and nickel dangling bonds [91]. The total free energy of a nucleus of a given radius is
dependent on two competing phenomena, the energy gained due to the precipitation

process (AG,, x Area <0) and the formation of edges (yXxperimeter>0). Plotting the
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Figure 7-2: Two nucleation events.
a)Cross-sectional view of graphene islands nucleating at a free Ni surface and at a Ni
step. b-¢) Top view of the two types of nucleation events.
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total energy for both cases as a function of the radius of the nuclei results in plot such
as that shown in Figure 7-3. At small values of r, the change in energy is positive
and after a critical value of r, the total energy decreases with increasing radius. Only
nuclei with radius larger than this critical radius (7*) can therefore grow and these

are referred to as critical nuclei. The critical radius is the radius value at which

dAG
dr

= 0. The energy barrier for nucleation is the change in energy corresponding to
the formation of a critical nucleus (AG* = AG(r*)). Deriving equations 7.3 and 7.4,
it is possible to obtain the critical radius for both cases:

* g " T + 2’7Nifg

r = Tgton =

sur face - A—C;p step WAGP ) (75)

and substituting these in equations 7.3 and 7.4, the corresponding nucleation barriers

are:

2 . 2
AG* _ (71")’9) AG* _ (7r7g + 27N1*9) (76)

surface — AGP step — WAGP ’

and the ratio between the two nucleation barriers becomes:

AG;dge _ T + 29N
AG* T2 '

sur face

(7.7)

Using theoretical values for the free graphene edges and graphene-Ni interface, it

. AG: : .
is found that AGG# ~0.42, confirming that under the above treatment nucleation

surface

of graphene at the edge of Ni steps will always be more favorable. Using, equation 7.1,
the expression relating the relative nucleation between the two cases is:
Ns‘tep Nedge AG; — AG;

sur face step
e X : 7.8
Nsurface Nsur face p( kT ) ( )

Now, the density of nucleation sites is considered for both cases. Consider the
surface near a grain boundary which shows certain curvature so that an angle is formed
between the surface normal and the normal of the terraces (consider the terraces to
be the Ni(111) direction). Such a surface is shown in Figure 7-4(a). Closer to the

center of the boundary, the surface curvature increases as well as the angle between
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Figure 7-3: AG as a function of the graphene island radius for nucleation events at
the free Ni surface or at a Ni step.
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Figure 7-4: Change in step density with curvature close to a grain boundary
a)Cross-sectional view of a grain boundary. The black arrow represents the normal
of the terraces. Colored arrows represent the local surface normal. b)Illustration of
the changes in step density. Closer to the grain boundary, the angle between the
local surface normal and the terrace normal (¢) increases. The density of steps is a
function of @ and increases closer to the grain boundary as illustrated.

the surface normal and the normal of the terraces (Figure 7-4(b)). It is possible to
show that the local step density per unit length is proportional to:

sin ¢/
Nstep = T

(7.9)

where h is the Ni step height.
Here, the density of nucleation sites is defined with units of inverse length instead
of inverse area. This unit convention will be adopted for simplicity and in order to

be compatible with a cross-sectional view of the Ni surface.

So far, two considerations have been made; one is the preferential nucleation of
graphene on Ni steps and the increased density of steps close to a grain boundary.
The implications of these two factors on the growth of F-LG can be understood after

considering the Ni surface after a time ¢ of island growth on the stepped surface near
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the boundary. This is depicted in Figure 7-5. After nucleation of stable islands has
started, it is expected that a higher density of sable islands will be available close to
the grain boundary (Figure 7-5(a)). The density of steps increases, therefore, for a
constant nucleation barrier at the Ni edges, a higher density of stable nuclei should
be found near the grain boundary. Therefore, the mean distance between stable
islands increases near the boundary. In order to appreciate the effect of an increased
nucleation rate near the boundary, let’s assume a constant growth rate for each of the
islands and neglect the time scale for which the growth rate can be maintained. The
fact that the mean distance between islands decreases close to the boundary could
lead to the overlap of each graphene layer growing after a time ¢, resulting in the
formation of F-LG near the boundary (Figure 7-5(b)). The probability of two islands
overlapping depends on the distance between them, which is inversely proportional
to the density of nucleation sites.

In the following sections, the temperature dependence of nucleation rate and
growth rate is considered. This is relevant in order to begin to consider the ef-
fect of the amount of cooling during the graphene growth process. This again is
only an attempt to qualitatively describe the growth of graphene near the Ni grain

boundaries.

7.2 The temperature dependence of nucleation rate

To consider the temperature dependence of nucleation rate, it is necessary to analyze
each term in equation 7.1; the atomic jump frequency, the density of nucleation sites
and the exponential term which depends on the nucleation barrier. Assuming that
the density of nucleation sites is independent of temperature, the following analysis
will focus on the nucleation barrier and the atomic jump frequency.

The nucleation barrier for step nucleation (equation 7.6) is inversely proportional
to the change in the Gibbs free energy due to the graphene formation. This change
in free energy is temperature dependent. It is possible to estimate this change in

energy as a function of the undercooling below the solubility limit of carbon in Ni.
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At time t=0

F-LG

b) |

After time t=t1
For a constant growth rate for each graphene island

Figure 7-5: Graphene growth and the step density close to a grain boundary.
a)Cross-sectional view of the Ni surface close to a grain boundary just after several
nucleation events have occurred. Equal nucleation rate per step is assumed and is
proportional to fexp( _‘31(;’" ). Only the density of steps n changes closer to the grain
boundary and therefore, the number of graphene islands. Due to the increase in
number of graphene islands, the mean distance between islands increases closer to
the boundary. b) Cross-sectional view of the surface after growth of the nucleated
islands and after a time ¢;. A constant growth rate is assumed. Close to the boundary,
F-LG formation could be caused by the overlap of islands growing close to each other.
The probability of F-LG formation based on this mechanism should be expected to
be larger close to the boundary with respect to that of the surface away from the

boundary.
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The Gibbs free energy at a temperature 7" for carbon in solution and carbon in the

graphene phase is:

G,=H,—TS, G,=H,—TS,, (7.10)

where G, H and S are the Gibbs free energy, enthalpy and entropy of carbon in
solution (s) and in graphite (g). The change in Gibbs free energy due to graphene

formation:

AG,=H, — H,— T(S, — S;) = AH, — TAS,,. (7.11)

At the saturation temperature, the Gibbs free energy of carbon in solution and

carbon in graphene are equal, therefore:

Gs(Tsat) - Gg(Tsat) Hs<Tsat) - TsatSs = Hg<Tsat) - Tsath(Tsat)v (712)

and

H I'sa _Hs Tsa AH Tsa
5y L) = Su(Tr) = AS(Thgg) = LelTend) —Hollewe) _ B Lae) =7 1)
sat sat

Assuming that AS and AH are temperature independent and combining equa-
tions 7.13 and 7.11, it is possible to obtain the change in Gibbs free energy as a
function of temperature:

aG, - aESL. (7.14)

sat

Combining the above expression and the step nucleation barrier expression in 7.6
gives the dependence of the nucleation barrier with undercooling AT"
(7r79 + QfYNifg)?Tsat

AGrstep - = TAHAT - (715)
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The nucleation barrier is inversely proportional to the undercooling AT'. There-

fore, the barrier decreases with decreasing cooling rate. The exponential term in the

—AG”
kT

nucleation rate equation (exp( )), which corresponds to the potential fraction of
nuclei increases with decreasing temperature (increasing undercooling). The meaning
of this is that graphene precipitation is favored thermodynamically as the tempera-
ture decreases. However, the jump frequency f, which determines how frequently a

critical nucleus can receive a carbon atom from the Ni-C solution, is also a thermally

activated process where:

AG,,

-, (7.16)

f = wexp(~

where w is a constant and AG,, is the activation energy for atomic migration and can
be assumed to be constant with temperature. Atomic migration, therefore, should
decrease with temperature and undercooling. Considering the two terms which are
temperature dependent in the nucleation rate equation; f and exp —%CGT*), the form
of the nucleation rate as a function of temperature should have a qualitative form
such as the one shown in Figure 7-6. Notice that the nucleation rate increases as
the temperature is lowered below that of saturation. At temperatures close to the

saturation temperature, the nucleation rates is low due to a small value of AG,, and

*

a large value of AG,,,.

A maximum in nucleation rate is expected at intermediate
temperatures after which the nucleation rate falls down again due to the lack of
thermal energy to activate atomic migration.

In the following section, the temperature dependence of growth rate will be con-

sidered.

7.3 The temperature dependence of growth rate

rate

In order to describe the growth rate as a function of temperature, a diffusive growth

view is assumed. This is one of the simplest growth models use to describe the growth

128



Temperature

!

Tsat

f=exp (-AG,/KT)

-

X exp (-AG*/KT)

»

Nucleation rate

Figure 7-6: Nucleation rate as a function of temperature.

of precipitates in phase transformations. For a circular island of graphene to increase
its radius with an increment of dr, a differential of area 27rdr of carbon atoms should
be added to the island from the surrounding Ni surface. The total amount of carbon

per unit length of the island circumference that is supplied is:

dN = (Og:"aph.ene = CNi)dTa (717)

where Cyraphene and Cy; are the carbon concentrations for the graphene island and
the Ni surface, respectively. The concentration of carbon atoms is given in units of
atoms per unit area. The flux of carbon atoms per unit area in a unit time dt can be

obtained from I'ick’s second law of diffusion:

dC

dN = Jdt = D(—
T

)dt, (7.18)

where D is the diffusion coefficient of carbon on the Ni surface and J is the flux of
carbon atoms per unit time and unit length. Equating the two last expressions, the
growth rate is given by:

dr D dC

V= —= —_ 7.19
dt Cgraph.ene - CN i dr ( )

129



Carbon
concentration

Cgraphene
L
— CNI
Ceq
Graphene island | Ni surface Distance
+—— —_—

Figure 7-7: Approximation of the carbon concentration profile at the interface be-
tween a graphene island and a Ni surface.

In order to obtain an expression of growth rate that is only dependent on the
concentrations, island radius and the diffusion coefficient, it is needed that an es-
timate of the concentration profile % near the graphene island is given. For this,
the concentration profile is first approximated to a linear profile such as that shown
in Figure 7-7. Conservation of mass requires that the carbon concentration gained
by the graphene island due to growth is equal to the carbon concentration depleted

around the island (depletion distance L in Figure 7-7):

(CN?J — CEQ)L

(Cg'r‘aphene - CN@) == 9 3 (720)

where Cl, is the equilibrium concentration between the graphene island and the Ni
surface which can be extracted from the solubility curve of carbon in Ni. From this,

the following is obtained:

& Db _ac,
dt B 2r Ggraphene - CNi ’

21

where AC, = Cp; — Ceq. This is the difference between the concentration of carbon
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Figure 7-8: Solubility curve of carbon in Ni. AX( increases with decreasing temper-
ature.

atoms on the surface of Ni, which for now can be assumed to be equal to the coneen-
tration in the bulk, and the concentration of carbon atoms in equilibrium with the
graphene islands. This difference can be obtained from the solubility curve of carbon
in Ni as shown in Figure 7-8. Integrating equation 7.21 to obtain an expression for r

and afterwards deriving ‘(’;—j, the growth is found to be:

dr AC, D

T = - 7.22
dt (quuph.eﬂe - CN@) t ( )

With this growth rate expression, it is possible to derive qualitatively the expected
behavior of growth rate as a function of temperature. For this, the temperature de-
pendence of AC, and the diffusion coefficients is needed. It is assumed that Cyraphene
is much larger than Cy;. The former is =100 at. % (1 carbon atom per Ni atom
corresponds to a graphene layer over Ni(111)) and the latter is close to 1 at. %. AC,
changes depends logarithmically with (%) given by equation 6.5, therefore, this term
which represents the concentration of carbon out of equilibrium due to the undercool-

ing increases with decreasing temperature. Diffusion is a thermally activated process
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Figure 7-9: Growth rate as a function of temperature.

with the form:

= exp(—%), (7.23)

where D, is a constant and @ is the activation ehergy for diffusion. Therefore, the
diffusion term in the growth rate expression in equation 7.22 should decrease with
decreasing temperature. The effect of the behavior of these two terms with tempera-
ture is shown in Figure 7-9. Due to the competition between D and AC,, the growth
rate should behave similarly to nucleation rate with temperature. At small devia-
tions from the saturation temperature, AC, is close to zero, therefore the growth
rate is negligible. At intermediate temperatures, both AC, and D are significant,
therefore the growth rate reaches a maximum. At lower temperatures, although the

oversaturation AC, is high, D is low due to the decrease in temperature.
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7.4 The combined effect of nucleation rate and
growth rate as a function of changes in tem-

perature

Now that the behavior of nucleation rate and growth rate as a function of tempera-
ture has been described, it is possible to develop a qualitative description of graphene
growth on polycrystalline Ni or rough crystalline Ni surfaces. The temperature depen-
dence of nucleation and growth rate is helpful as a starting point in the incorporation
of the effect of cooling rate in the description of graphene growth on these type of

surfaces.

Here, the rate of cooling is not considered. A discrete step of temperature change,
AT, is considered as a first approach to the problem and in order to simplify the

description. Future work should include the magnitude of the rate of cooling.

Figure 7-10 and 7-11 shows the effect of having a small (AT << T,,) and a large
degree of undercooling (AT < Tyat), respectively. Notice that both nucleation and
cooling rate behave similarly as a function of temperature. That is, both rates are low
close to the saturation temperature (small undercooling) and both of them increase
as the amount of undercooling increases. The fact that both, nucleation and growth
rate increase or decrease at the same time is expected to have a significant effect on

the amount of graphene layers growing close to the grain boundaries.

For small amounts of undercooling (Figure 7-10), the nucleation rate of graphene
islands growing on the Ni steps is small, therefore the mean distance between islands
increases. The growth rate should also be expected to be low. The combination of
both low nucleation and growth rate decreases the probability of having graphene is-
lands overlapping during growth at the grain boundaries. On the other hande, when
the amount of undercooling is increased and is closer to the maximum of nucleation
and growth rate (Figure 7-11), the combination of large nucleation and growth rates
increases the probability of having graphene islands overlapping during growth at

grain boundaries. This picture may guide future work on the explanation of the mor-
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Figure 7-10: Effect of nucleation and growth rate for AT << T},

Both nucleation and growth rate are small. The nucleation rate defines the number
of graphene islands and therefore, the mean distance between them. Assume at time
t = 0 islands that have been nucleated start growing. At time ¢ = ¢,, the islands have
grown a specific length corresponding to the growth rate at the given temperature.
Growth rate is expected to be small. The combined effect of decreased mean distance
between islands and low growth rates decreases the probability of graphene island
overlap and F-LG formation.

phology of the graphene films obtained with varying cooling rates. For the first case
described above, it can be expected that grain boundary saturation with multilayer

1s minimized while for the second case, it is enhanced.

The analysis here presented only represents a starting point towards future analy-
sis. Future research along this line would benefit significantly from in-situ techniques
that could help quantify nucleation and growth rate. However, as mentioned earlier,
this presents a challenge due to the fact that graphene growth in this work occurs in

ambient pressure.
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Figure 7-11: Effect of nucleation and growth rate for AT < Ty,.

Both nucleation and growth rate are larger compared to small undercoolings. The nu-
cleation rate defines the number of graphene islands and therefore, the mean distance
between them which also becomes larger. Assume at time £ = 0 islands that have
been nucleated start growing. At time t = t;, the islands have grown a specific length
corresponding to the growth rate at the given temperature. Growth rate is expected
to be also larger. The combined effect of an increased mean distance between islands
and low growth rates decreases the probability of graphene island overlap and F-LG
formation.
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7.5 Summary

The last four chapters focused on the growth of graphene on polycrystalline Ni and
single crystal Ni surfaces. The effect of the substrate and cooling rate in the process
was described. In the following chapter, the last one of this thesis, the structural char-
acterization of 2-LG and F-LG derived from the process presented will be described.

The characterization is carried using Raman spectroscopy and electron diffraction.
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Chapter 8

Structural Characterization:
Raman Spectroscopy and Electron

Diffraction

In the last four chapters, a process to produce F-L.G films and the effects of the
process parameters were discussed. In the present chapter, Raman spectroscopy and
electron diffraction are used as means to understand better the structure of the film.
Specifically, these techniques are used in order to determine the nature of the stacking
of the graphene layers in the film.

Characterizing the stacking order of the F-LG sections of the films is relevant
due to expected changes in the electronic structure of F-LG depending on the nature
of the layer stacking. For the case of 2-LG, the AB stacking or Bernal stacking of
the layers induces the inequivalence of both atoms of the unit cell of each graphene
layer. This inequivalence is reflected in the alteration of the electronic energy of the
7 orbitals of the carbon atoms, producing two conduction and two valence bands.
Furthermore, the electronic energy of the 7 bands of 2-LG are no longer linearly de-
pendent with the electron momentum k, decreasing the effective mass of the electrons
with respect to those in 1-LG. Deviations from AB stacking of 2-LG or changing the
orientation between the two graphene layers is expected to change significantly the

scenario described above. For example, in chapter 2 it was discussed that graphene
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layers growing on SiC are stacked in a way that each graphene is misoriented around
30° with each other. It is thought that such misorientation explains why samples with
multilayer graphene (5-10) layers show high mobilities with characteristics of highly
doped 1-LG [36]. The absence of AB stacking in F-LG brings back the equivalence
of the two carbon atoms of the unit cell of each graphene layer, therefore, making
each layer behave electronically as two independent 1-LG pieces. Therefore, in this
chapter, the structural characterization presented is devoted to determine the absence
or presence of AB stacking in our F-LG pieces. This is done by using Raman spec-
troscopy and electron diffraction. This structural characterization is expected to be
valuable to future device performance and characterization using this material.

In the first two sections, an overview of Raman spectroscopy in graphene is given.
In the last section, Raman and electron diffraction measurements on the F-LG films

are presented with a description of the behavior of the layer stacking in the films.

8.1 Raman Spectroscopy

Raman spectroscopy is a technique used to study vibrational and rotational modes
in crystals and molecules. Its discovery is attributed to Sir Chandrasekhara Venkata
Raman. It relies on the inelastic scattering of monochromatic light. In a solid, the
scattering occurs due to the interaction with vibrational modes of the crystalline
structure formed by the atoms. This interaction shifts the frequency of the scattered
light with respect to the incoming light. The Raman effect can be understood classi-
cally considering the polarization of the crystal by the local electric field created by

the light where [92]:

P=«-E, (8.1)

in which P is the polarization vector describing the displacement between positive
and negative charges due to the applied electric field, E and « is the polarizability
tensor of the atom in the crystal in question. E is the electric field and it has the

form of E = EO sinw,t. Under this classical description [92], the polarizability of the
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material is assumed to be modulated by the vibration of the lattice so that:

o= Q, + o sinw,t, (8.2)

where w, is the frequency of the atomic vibration coupled to the incoming light.

Therefore, the polarization induced in the crystal becomes:

—

P= E, (o + oy sinwgt)sinw,t = Eo (ao sin w,t + %al cos(w, — wy)t — %cos(wo + wq)t) .
(8.3)
This final expression of the polarization shows that light can be scattered both
elastically (first term in 8.3) and inelastically by a downshift (second term) and an
upshift (third term) in frequency. A downshift in frequency is referred to as the
Stokes Raman shift and an upshift in frequency as the Anti-Stokes Raman shift.
The former refers to the emission of a phonon and the latter to the absorption of
a phonon in the scattering process. Energy and momentum conservation gives the
following restrictions to the Raman process:

— —

E,=E;+E, and k, = k; + k, (8.4)

where FE and k are the energy and momentum, respectively, of the incident (i)
and scattered (s) light and the vibration or phonon mode (q) involved.

The order of the Raman process refers to the number of scattering events involved.
Processes involving one and two scattering events are first and second order, respec-
tively. For first-order processes, the momentum of the vibration mode is ¢ &~ 0. This
is because the momentum of the scattered and incident light (k = 27/)), typically in
the visible range, will be very small compared to the Brillouin zone of most materials
(27 /a, a =lattice constant). In second-order processes, it is possible to probe vibra-
tion energies with a finite momentum since it would be possible to accommodate the
scattering of two modes with equal momentum magnitudes but opposite sign in order

to comply with the restriction in equation 8.4. This type of second-order process
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will be described in more detail in the next section for the case of graphene. Raman
spectra are usually represented in an intensity vs. Raman shift plot. The latter is

included in wave number units of cm 1.

The classic description of Raman processes is helpful in understanding the fre-
quency shifts of the scattered light with respect to the incident light. However, in
low dimensional systems and graphene, the existence of discrete transition energies
for electrons enhances the scattered Raman signal since these transitions increase
the probability of the electron-phonon interactions. Resonance Raman processes re-
fer to those that occur when the energy of the incident and scattered light coincide
with an electronic transition in the material of interest. Under this picture one is
to consider a quantum view of the Raman process. This is relevant in the quantita-
tive Raman characterization of nanostructures such as nanotubes with well-defined
electronic transitions. A schematic representation of a first order Raman process is
depicted in Figure 8-1. The lines represent electronic states within a material system.
The incoming light excites electrons from the lower state to the one with a higher en-
ergy (incident resonance). The electron then loses energy and occupies 4 virtual state
due to the emission of a phonon (Stokes process). Finally, the electron recombines
with its initial state emitting a photon. The difference between the energies of the
incident and scattered photons correspond to the phonon involved in the scattering
process. The electronic transition can also occur between a real and virtual state
so that the emission of a phonon brings the electron to the upper real state before
recombining to its original state. In this case, the process is in resonance with the
scattered light (scattering resonance). Figure 8-2 describes first-order and second-
order Raman processes for incidence and scattering resonance. The crosses represent
the electronic energy levels on a energy vs. wave vector plot. Second-order processes
can be divided into two-phonon processes (two phonons with equal momentum mag-
nitude but opposite sign) and one-phonon processes. In the latter case, one of the
scattering events is elastic such as the interaction of an electronic state with a defect.
The quantification of the scattered Raman signal necessitates the consideration of

the interaction between the incident photon and electrons and between electrons and
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Figure 8-1: Representation of incident and scattered resonance Raman processes.
Only the Stokes case (emission of phonon) is shown.

phonons in the crystal lattice. These are described by the electron-light and electron-
phonon interaction Hamiltonians [92]. These considerations are beyond the scope of
the work presented here and will not be discussed in detail.

In the following section, the Raman processes for graphene are discussed. Em-
phasis will be given in the application of Raman spectroscopy in the identification of
number of graphene layers and the determination of the electronic structure of single-

and bi-layer graphene.

8.2 Raman Spectroscopy of Graphene

In this section, the Raman spectra of single- and few-layer graphene are discussed.
Before presenting the characteristics of the spectra of this material, it is necessary to
introduce the electronic structure of the system as well as its phonon dispersion. These
are relevant since the electronic and phonon properties will determine the behavior
of the Raman peaks observed.

Under a tight binding description of the graphene lattice with two atoms per unit
cell, A and B (see chapter 2), the electronic dispersion of the electrons occupying the

7 bands follows [94]:

3k, ! k
By (k) = itd 1+ 4cos (\/_2 a) cos (k‘é—a) + cos? (%a_) (8.9)
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Figure 8-2: First-order and second-order Raman processes in a momentum vs. energy
plot.

Incident and scattered resonance are shown. The order of the process refers to the
number of scattering processes occurring. Second-order processes can be divided in
one-phonon and two-phonon cases. One-phonon processes involve one elastic scat-
tering event (b1-b4) which is a defect scattering process, whereas two-phonon ones
involve two phonons with equal wave vector magnitude but opposite direction. From
ref [93]

where E, and E_ refer to the conduction and valence 7 bands of the electrons.
k is the wave vector, a the lattice constant and ¢ is the nearest neighbor overlap
energy. Figure 8-3 shows the two dimensional energy dispersion for the 7 electrons
in graphene in the first Brulluoin zone of the lattice. Figure 8-3(b) shows the first
Brilluoin zone identifying the I', M and K points of the reciprocal lattice. Near the
K point (k,=0 and k,=27/3a), the energy depends linearly on the momentum k.
Because the structure has two atoms in the base, for each K point, there is a K’
point with a similar electronic dispersion.

There are six types of vibration modes in the graphene structure (3N, N=number
of atoms in the unit cell). Three of them are acoustic (A) and three of them are
optical (O). Two of the modes are out-of-plane (o) while the rest are all in-plane
(i). Longitudinal phonons (L) are those in which the movement is directed along the
C-C bond of the structure. Transverse phonons (T) are those in which the atomic
movement is directed perpendicular to the C-C bond. Figure 8-4 shows the phonon

dispersion for each of the six branches [93](LA, oTA, iTA, LO, oTO, iTO).
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Figure 8-3: Electronic structure of graphene.
a)Electronic energy as a function of electron wavevector (k). The energy-k relation
is linear near the K point (inset). b)Reciprocal space of graphene showing the first
Brullouin zone with the symmetry points I', M and K. From ref [92]

Frequency (cm'1)

Figure 8-4: Dispersion of the six phonon branches in graphene.
L=longitudinal, T=Transverse, O=optical, A=Acoustic, o=out of plane and i=in
plane. From ref [93]

143



The Raman spectra of graphene related materials show three prominent peaks
(Figure 8-5; the G band at ~1580 cm™!, the D band at ~1350 cm ™! and the G’ at
~2700 cm~!. The G band is the only one arising from a first-order Raman process.
It involves the degenerate iTO and LO modes with ¢ =~ 0 at the I' point of the Brul-
louin zone. The D and G’ peak are second-order Raman processes. They involve two
scattering events. The D band occurs by the scattering of one iTO phonon and by
the elastic scattering with a defect (2nd order, one-phonon process in Figure 8-2),
therefore, occurs in defective graphene materials. The G’ band occurs by the scat-
tering of two iTO phonons with opposite directions of their wave vector (2nd order,
two phonon process in Figure 8-2). In both processes, two of the electronic states are
real and one is virtual. The intermediate state is always real giving rise to two pos-
sible resonant processes (incident and scattered) as discussed before. Because these
processes involve two real states and are resonant they are referred to as double reso-
nance Raman scattering (DRRS). The D and G’ bands show a frequency dependence
with the laser energy used for excitation. This is because the phonon wave vector
involved in the Raman process depends on the wave vector of the electrons which are
excited (¢ ~ 2k, Figure 8-2). The laser energy selects the electronic wave vector k
through the band structure of graphene near the K point. The disperson of the D
band is 50 cm~!/eV while that of the G band is nearly 100 cm!/eV. The double
resonance process, therefore, carries information about both the electronic structure
of graphene and the disperson of the phonons. Below, it will be shown that DRRS is
useful in identifying the number of graphene layers that are being probed and that it
provides information of the stacking order of the layers. In this chapter, a focus will be
given to the G band due to its importance in the characterization of graphene-related

materials.

The G’ band can be utilized to differentiate between 1-LG and 2-LG. In the case of
1-LG, the G’ band has a single Lorentzian peak [93]. In the case of 2-LG obtained from
natural graphite or HOPG, the AB stacking (Bernal) of the layers breaks the energy
symmetry of the carbon sublattices, therefore, generating two conduction bands and

two valence bands for the 7 electrons (Figure 8-6(a)) [95]. Two subset of atoms, one
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Figure 8-5: Raman spectrum of monolayer graphene.
Three peaks are observed. The G peak is a first-order process at 1580 cm~'. The D
peak at 1350 cm ™! is a one-phonon second-order process. It involves one iTO phonon
and the elastic scattering with a defect. The G" at 2700 cm ! is a two-phonon (iTO)
second-order process. The laser excitation wavelength is 532 nm.

- from the top layer and the other from the bottom one, lay aligned on top of each
other (A atoms in Figure 8-6(b)). The rest of the atoms lay at the center of the
hexagons formed by the adjacent layers (B atoms in Figure 8-6(b)). These are two
distinct states with different energies corresponding to the new 7 bands. Furthermore,
the bands are not linear but parabolic near the Dirac point [95]. The existence of
two bands results in eight possible double resonance Raman processes as shown in
Figure 8-7 [95].i7 represent the two conduction bands involved in the scattering event
(1 and 2 is used for the upper and lower band, respectively). Four pairs out of the
eight processes are degenerate, therefore, there are four different phonons with distinct
frequency defining the Raman G" band [95]. The lineshape of the G" band of 2-LG is
therefore changed compared to that of 1-LG (Figure 8-8(a)) allowing the distinction
between the two cases in a straightforward way. The 2-LG G’ lineshape is usually
fitted to four Lorentzian peaks corresponding to the four pairs of degenerate processes

mentioned above. The G band for AB stacked graphite is also shown in Figure 8

145



a) b)

M r
o K 1
20 ; @
15 ! ‘JT.,
10 / @
® A
[ ]
@ B

k (")

Figure 8-6: Electronic structure of 2-L.G graphene.

a) Electron energy vs. electron wavevector for bi-layer graphene around the K point.
The 7 electronic states are described by two conduction and two valence bands.
b) Top view of the arrangement of carbon atoms in an AB stacked bilayer. The
lattices of the first and second layer are denoted by black and gray lines, respectively.
Overlapping atomic positions are shown in blue (A atoms). Atomic positions falling
at the center of adjacent layers are shown in red (B atoms). Atomic positions within
one layer are no longer equivalent, giving rise to two distinct electronic bands.

8(a) for comparison. Figure 8-8(b) shows the same Raman peak for higher number of
layers. Notice that the G lineshape evolves towards that of graphite which is usually
described with two Lorentzian peaks [93](w11 and way). The two components of the
graphite G’ band correspond to the highest and lowest energy processes of the 2-LG
case (w11 and way, respectively) [95]. The role of the AB stacking in the behavior of
the G’ band is essential. Later it will be shown that the lineshape of the G’ band is

useful in quantifying the degree of AB stacking in F-LG.

In the following section, the characterization of the G’ band of F-LG films is pre-
sented. It is shown along with electron diffraction characterization that the stacking
order of the first few graphene layers of the film is turbostratic, while a higher num-
ber of layers shows some AB stacking order. These results are relevant in order to

understand the electronic properties of devices made with the produced material.
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Figure 8-7: Two-phonon double resonance processes in bilayer graphene.
The scattering between electronic states occurs between equivalent bands (1-1 or 2-2)
or non-equivalent bands (1-2, 2-1). s=scattered resonance, i=incidence resonance. A
total of eight processes are possible under this model. Four pairs of the eight cases
are degenerate. Therefore the G' band of bilayer graphene is typically fitted to four
peak components.
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Figure 8-8: The G’ band for graphene, F-LG and graphite.
a)The G’ band of 1-LG, 2-LG and HOPG. They are fitted to 1, 4 and 2 Lorentzian
peaks, respectively. The distinctive lineshapes are useful for the non-destructive iden-
tification of 1-LG and 2-LG. b) G’ spectra for 3-LG, 4-LG and graphite. The lineshape
continues to evolve to that of graphite. From ref [95, 93]
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8.3 Structural characteristics of F-LG films by Ra-
man spectroscopy and electron diffraction stud-
ies

Raman spectroscopy is a useful characterization technique to quantify the number of
layers of F-LG and to obtain information of the stacking order of the layers. Here,
Raman spectroscopy is used to characterize the stacking order of F-LG derived from
the CVD process described in the previous chapters. The observations made are
supported by electron diffraction data obtained from suspended regions of the F-LG
films. First, it is shown that the splitting of the G' peak in 2-LG does not occur
for the CVD case. This is due to the mis-orientation between layers in 2-LG which
breaks the inequivalence of the A and B atoms shown in Figure 8-8(b) because the
stacking is not well established and is not AB stacking. Furthermore, the evolution of
the G’ lineshape is analyzed with increasing number of layers. The analysis presented
suggests that AB order in the stacking of the layers increases with higher number of

layers.

8.3.1 The G  ( 2700 cm~') Raman peak

Representative G spectra of 1- and 2-LG from CVD deposited on SiOs-Si are shown
in Figure 8-9(a) and (b), respectively. Both peaks can be fitted to a single Lorentzian
suggesting no splitting of the electronic bands for the 2-LG case. Figure 8-9(c) and
(d) show the same peak for 1- and 2-LG from graphite acquired with the same ex-
perimental conditions used for the CVD case. The peak of 2-LG from graphite can
only be fitted to 3 or 4 processes in agreement with the current literature [74, 96].
The G’ linewidths for ensembles of the four cases above are plotted in Figure 8-9(e).
For CVD, the linewidths of both 1-LG and 2-LG are similar (43 cm™!) and com-
parable to those observed for turbostratic graphite (2D graphite) [97, 98]. There is
only a small increase in the spread of the measured linewidths for the 2-LG case.

For graphite, there is an increase of the linewidth from 25 cm™! (1 LG) to 54 cm™!
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(2 LG). The broadening of some of the CVD bilayers is consistent with reports of
the Raman spectra of randomly folded graphene layers [99, 100]. The absence of a
lineshape change and a broadening for the graphene bilayers is explained by the mis-
orientation between the two layers. Such rotation would result in the recovery of the
original electron energy states in 1-LG [93] as it happens in 2D graphite [97]. This is
confirmed by electron diffraction data of the bi-layers (see next section). Therefore,
the G’ band alone cannot be used to differentiate between 1 and 2 graphene layers
obtained by the fabrication method discussed. However, it is possible to use this

Raman peak to quantify the degree of stacking order in the samples.

The G’ lineshape of higher number of graphene layers shows changes suggesting
the splitting of the peak into different components. As the number of graphene layers
increases, the lineshape evolves to the one expected for graphite. This is shown in
Figure 8-10 where representative spectra from the F-LG films are displayed. The data
is fitted to a maximum of three Lorentzian peaks. Each G’ band is fitted by the least
squares method to the minimum of peak components necessary to obtain a coefficient
of determination above 0.99. For the case of 2-L.G, only one peak is sufficient to fit the
curve. For intermediate cases between 2-LG and graphite, 2 to 3 peaks are necessary.
Lastly, for 20 and above layers, only 2 peaks are sufficient. The choice of a maximum
of three peaks is based on the fact that the G" band of partially ordered graphite is
usually described by three peaks wap, wspa and wspp [98]. Under this treatment, it
is being assumed that the material being analyzed is composed by only a mixture of
turbostratic and AB stacked layers. That is, an ABC stacking order is being neglected.
In order to consider other types of stacking, it would be necessary to determine
how the G lineshape would be affected by them. Detailed considerations regarding
the band structure of F-LG would be necessary [101]. The first peak in the fitting
corresponds to the contribution of turbostatic layers, and the other two correspond to
the usual peaks observed in AB stacked graphite. Turbostratic layers lack electronic
interlayer interaction, therefore, their G is similar to that of a monolayer of graphene
but with a larger linewidth [98]. wsps and wspp are positioned below and above,

respectively, from wyp and they arise due to the electronic interaction between the
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Figure 8-9: The 1-LG and 2-LG G’ band for pieces from natural graphite and CVD.
The G" band for 1-LG (a) and 2-LG (b) in F-LG films by a CVD method. No splitting
is observed for 2-LLG (No AB stacking of layers). The same peak for 1-LG (c) and
2-LG (d) from natural graphite obtained with the same experimental condition used
for the CVD case is shown for comparison. The spectrum for 2-LG shows clearly the
separation into four peaks due to the AB stacking of the layers. ¢) Average linewidths
of an ensemble of peaks obtained from 1-LG and 2-LG from CVD (blue) and natural
graphite (red). The linewidths of 1-LG and 2-LG are similar for CVD whereas there
is a change of 30 em™! for natural graphite.
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layers. This scheme helps in the quantification of the degree of stacking order in
graphite materials as done by Cancado et al. [98]. The same approach is adopted
here in order to estimate the degree of stacking order in the graphene films grown
by CVD. Since the Raman signal is proportional to the volume exposed to the laser

signal [97, 98], the volume fraction of AB stacked graphite can be estimated by:

Iipp
Iipg + Iop

VAB = 3 (86)

where I;pp and I are the integrated intensities of the wspp and wop, respectively.
This is a relevant parameters since it allowed Cancado et al. [98] to build an empirical
relationship between V4p and the average interlayer spacing (c) and the coherence
length (L.) of graphite samples with turbostatic and AB stacked layers. Here, it is
also assumed that the volume fraction of AB stacked layers will be proportional to
the expression in equation 8.6. For a constant area of laser illumination, the number

of AB stacked layers is therefore:

Layers,p = n X

(8.7)

I;pp ’
b

Iipp + Irp
,» where N is the total number of layers. The assignment of each of the components
is done by taking the G' band of the turbostratic bilayers as wsp and the two peaks
found in the spectra of natural graphite as wspa and wypp . Figure 8-10(a) compares
the spectra of several F-LG graphene pieces against those of bilayer graphene (top
of the figure) and natural graphite (bottom of the figure). Figure 8-10(b) shows
the average frequency and integrated intensity of each component identified in an
ensamble of pieces for each sample thickness. Notice that the frequency of the fitted
components fall around the designated wsp, wspa and wspg. Deviations from the
expected frequency could be attributed to different factors such as doping [102, 103]
which can be expected due to the exposure to acids during transfer. Also, F-LG may
be more sensitive to differences of doping between the top layers and bottom layers
which may change the electronic structure of the stack [104]. Other effects include a

reduction in the Fermi velocity [105] and the creation of Van Hove singularities [106]
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expected for turbostratic graphene layers. Therefore a more detailed study is needed
in the future for the determination of the G band behavior in these samples. However,
the current assignment of peaks is used in order to estimate the number of AB stacked
layers by the model described above.

Figure 8-11 shows the estimated volume fraction and number of layers having AB
stacking obtained using equation 8.6. This is plotted against the thickness of the
samples probed. It is observed that with increasing thickness, the number of layers
stacked with AB sequence increases. Since no AB order is seen for 2 and 3 graphene
layers, it is hypothesized that the first 3 layers growing during carbon segregation
always grow misoriented between each other. However, as the growth proceeds, the
top layers become ordered with an AB sequence. Electron diffraction on sections
with 2 and 4 graphene layers supports this view and this is discussed in the following

subsection.

8.3.2 Electron Diffraction

Electron diffraction of the F-LG films is possible by implementing a transfer process
similar to the one described in chapter 3. A PMMA /graphene membrane after Ni
etching is laid on top of a Quantifoil TEM grid. The grid is made out of copper and
is covered by an amorphous carbon film (10 nm in thickness) with periodic circular
holes with a 2 pm in diameter. When the PMMA is removed, the F-LG film lays
on top of the amorphous carbon. Across the 2 pum holes, the F-LG is suspended
freely. Films with a high density of 2-LG, as those shown in chapter 5 (Figure 5.1
(d)), are used for this purpose. Figure 8-12 shows optical and SEM images of the
films utilized for electron diffraction measurements. The optcial image is from a film
on Si05-Si and is shown for comparison. The SEM image is from a film deposited
on a TEM grid. The regions between the graphite islands are composed mostly of
2-LG (40-60%). The circles correspond to the holes in the amorphous carbon support
layer.

Figure 8-13 shows the electron diffraction pattern obtained from a 2-LG domain.

The number of layers is confirmed by imaging the folding of a broken part of the 2-L.G
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Figure 8-10: Evolution of the G’ band with increasing number of graphene layers.
a) G’ band of F-LG. The lineshape evolves to the one expected for graphite with
increasing number of layers. The bands are fitted to up to 3 Lorentzian peaks. Each
fitted component is assigned to wypa, wapp or wap. The spectra for natural graphite
and turbostratic bilayers are included for comparison and are used as reference peaks
for wspa, wapp or wap . b) Mean frequency and integrated intensities of the compo-
nents fitted to the spectra obtained from various F-LG pieces. The mean frequencies
usually fall close to the wspa, wspp and wep values obtained from natural graphite
and 2-LG. The assignment of each component is used to quantify the degree of AB
ordering in the samples.
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Volume fraction (a) and number of layers (b) with AB ordering as a function of F-LG
thickness estimated from the integrated intensities of wspp and wap.

Graphite
-

Figure 8-12: F-LG films used for electron diffraction experiments.
Optical and SEM images are shown in a) and b), respectively. Isolated islands are
mostly graphite. Regions between the islands correspond to monolayer or bilayer
graphene.



section Figure 8-13(a). The electron diffraction pattern shows two sets of spots with
the symmetry corresponding to a graphitic lattice. The misorientation measured is
20.01° for the case shown. Other 2-LG sections show rotations between 10 and 20°.
All the bi-layers measured (=~20) show a rotation and none of them show evidence of
AB stacking. Therefore, it is thought that the second layer growing during the CVD

process always grows misoriented with respect to the first one.

Figure 8-13 also shows the diffraction pattern from a region with an estimated
number of graphene layers of ~4. The number of layers is estimated from direct
TEM imaging. Figure 8-13 (c¢) shows a low magnification TEM image of the =4 LG
piece region analyzed. Notice that the piece is adjacent to a region with 2 LG. The
diffraction pattern shows three sets of spots (Figure 8-13(d)). Two of them with equal
intensity are likely to be from the first two graphene layers of the stack. The third
and strongest set of diffraction must come from the rest of the graphene layers. Since
the diffraction of the rest of the layers fall into one pattern, they must be stacked in

an AB manner [107].

The electron diffraction data presented in Figure 8-13(c) supports the view that
the first 2 graphene layers of the F-L.G films fabricated grow with a misorientation
between them. The observation shown in Figure 8-13(d) supports the hypothesis that
sections with more than 3 graphene layers possess some degree of AB stacking order.
The stacking order is thought to become apparent for the top layers of the multilayer
stacks which are away from the Ni-graphene interface. The reason for this behavior
may be multiple. The stacking order may be affected by the interaction of the Ni
surface since the first graphene layer would be subject to a stronger binding than the
top layers [108]. Moreover, a stronger adhesion of the first layers to the Ni surface
may induce a decreased expansion of the first graphene layer with respect to the other
layers during cooling. A rotation between the top layers and the first one (attached
to Ni) could be induced by the wrinkle formation that occurs during cooling [55].
However, more detailed experiments with other characterization techniques would
be required to determine the cause of the selective misorientation between the first

graphene layers growing on the Ni surface.
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Figure 8-13: Electron diffraction results obtained from suspended F-LG films.

a) Low magnification image of a 2-L.G pieces suspended over one of the circular holes
of a TEM grid. b) Representative electron diffraction pattern of a suspended bilayer.
Two hexagonal sets of spots are visible demonstrating a rotation of 20° between the
two layers. ¢) Low magnification image of a 4-LG region adjacent to a 2-LG piece.
d) Electron diffraction pattern of the 4 LG piece shown in ¢). Three hexagonal sets
of spots are visible. Two of them with similar intensities likely correspond to two
graphene layers. The rest of the layers create the third set which is much higher in
intensity, suggesting their AB stacking order.
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8.3.3 Summary

It was shown that the Raman G’ band is helpful in quantifying the degree of AB
stacking in the samples fabricated. However, it cannot be used alone as a way to
identify the 1-LG and 2-LG of the APCVD process. This is due to a rotation between
graphene layers in 2-LG. Furthermore, it is observed that an AB stacking of layers
occurs for 4 or more graphene layers on the film. However the first 2 layers are
always misoriented. Because of the absence of AB stacking, the 2-L.G graphene thus
fabricated is expected to retain electronic properties similar to 1-LG or 2D graphite.
This information may be helpful in future device prototypes in which the electronic

properties of 2-L.G play a critical role.
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Chapter 9

Conclusions

In conclusion, the results presented demonstrate the possibility of using an ambient
pressure CVD process to grow graphene films by carbon segregation. This process is
expected to provide an alternative to UHV processes for large scale and throughput
fabrication of graphene films. Furthermore, it was demonstrated that the graphene
material so produced can be isolated from the Ni surfaces on which it is grown to
integrate it to other substrates such as dielectrics on which prototype devices can be
built.

Two types of Ni substrates were predominantly used. First, polycrystalline Ni
thin films with thickness rage between 200 and 500 nm were used. The graphene
films produced consist of domains with varying number of graphene layers. Domains
of 1 and 2 LG coexist with higher number of layers and graphite on the same film
structure. The film thickness uniformity can be altered by the Ni thin film grain size
and the rate of carbon segregation during cooling of the films. Films with only 1 LG
across their entire area are obtained by sing single crystalline Ni substrates with (111)
surface orientation. This is accomplished by using a well polished Ni(111) surface and
due to the thermodynamic stability of one graphene monolayer on Ni(111).

Due to the interest of 2 LG as another material for optoelectronic applications,
the structure of bilayer graphene derived from this CVD method was studied. It
was found that the produced bilayers are turbostratic, that is, the layers are mis-

oriented between each other. This was determined by electron diffraction and Raman
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spectra analysis. Furthermore, it was observed that the degree of AB stacking order
increased for domains with higher number of layers (> 4). These observations may
be of relevance if the material is to be used for electronic applications.

Future work in the graphene growth aspects of this project may include the follow-
ing. More insights in the growth mechanisms are necessary in order to guide future
research involving other metals, hydrocarbons and processing conditions. Many of
the assumptions presented in this thesis are based on previous graphene and graphite
growth in UHV conditions which may not necessarily be the best description for the
APCVD process presented here. In-situ experiments for ambient pressure may be
beneficial for these purposes, however, these are limited with respect to UHV in-situ
experimentation due to the working pressures.

Furthermore, structural characterization of the material produced is very limited.
Specifically, it will be valuable to determine the types of defects in the graphene pro-
duced. It is expected that in-plane grain boundaries and point defects are present on
the graphene layers, however, currently there is a lack of quantitative information of
grain size or point defect density. Because of the pressure range at which the process
takes place, the polymer spin coated on the graphene surface and the chemicals uti-
lized for transfer, it is possible that the graphene network is composed with functional
groups which may affect its performance as an electronic material. Chemical charac-
terization of possible functional groups is needed in depth for a better assessment of
the quality of the material.

An important aspect of the results obtained is the high density of 2 LG on the
F-LG films presented in chapter 5. Further exploration should be devoted towards the
growth of uniform bilayer graphene films. Optoelectronic properties and applications
of 2 LG may be distinct from those of 1 LG opening avenues for new prototype devices
and applications. Lastly, it is hoped that future work leads to further improvements
by exploring other growth substrates, processing and transferring conditions in order

to advance the possibilities of the large scale applications of graphene materials
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Appendix A

Identification of 1-LG and 2-LG

A.1 Calibration with the G channel value in RGB

images of HOPG-derived graphene samples

The color contrast generated by 1-LG, 2-L.G and 3-L.G derived from exfoliated HOPG
and deposited on 300 nm SiO2/Si is used as a calibration for the assignment of the
number of layers of the CVD graphene films (also on 300nm SiO,-Si) as described
below. Figure A-1 shows microcleaved graphene pieces on 300 nm SiO,-Si. The
number of layers can be determined by inspecting the G' band (2700 cm™1) of the
Raman spectra of the graphene pieces (Figure A-1 (b)). AFM can also assist in the
layer number assignment (Figure Slc). However, the RGB (Red Green Blue) color
model is a model used for displaying and representing optical images (Foley, J. D.,
Computer graphics: principles and practice. Addison-Wesley: Reading, Mass. 1996)
and is shown here to be useful for automated characterization of the layer number
assignment. In this model, each pixel of an image mixes red, green and blue light
to reproduce the color of a pixel. The color obtained for each pixel depends on the
intensities of the red, green and blue components that are mixed. Figure A-1(d)
shows the values corresponding to the green component G extracted from the optical
image along the line in Figure A-1(a). The Red, Green and Blue values of each pixel

of our images are expressed on a scale of 0-255 (8-bit per channel). A stepwise change
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Figure A-1: Determination of number of layers with AFM, Raman and the G value.
a) An optical image of microcleaved HOPG graphene (1-3 layers) on 300 nm SiO,-Si.
b) Raman spectra of the regions identified as 1, 2 or 3 graphene layers in (a). c)
Measured AFM cross sectional height vs. distance corresponding to the blue line in
a). d) G values extracted from the RGB values along the blue line shown in a). The
black line shows the calculated G values for 1, 2 and 3 graphene layers on SiO, and
the red points are experimental readings.

of G is observed (Figure A-1(d)) with respect to the value of G corresponding to the
pixels of the bare SiO,-Si substrate. Each step in Figure A-1(d) corresponds to the
addition of one graphene layer. In Figure A-1(d), the black line shows the calculated
G decrease with respect to the bare SiO; G value. This is obtained by calculating
the reflectivity of bare SiO,-Si and graphene on SiO,-Si at a wavelength of 532 nm
(see discussion below). The difference between the G number of graphene layers on
Si0,-Si and the G number of a bare SiO,-Si substrate is defined as AG (see Figure A-
1(d)). AG is used to determine automatically the number or layers in each optical

image as shown in Figure A-1(d).
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A.2 Modeling of G for graphene on SiO,-Si

To model G of graphene layers, perpendicular incident light is considered for which
the magnetic field is polarized in the z-direction. The light is incident to a system
with 3 different layers; graphene, SiO, and Si. In each layer the magnetic field can
be written as the sum of a forwards and backwards propagating wave (Figure A-2).
The amplitude of the incident wave is set to 1. The magnetic field can be expressed

as [109]:

Hy, = exp (—tkoyx) + Aexp (ikoyz) (A1)
H,, = Bexp (—ikyyz) + Cexp (ik1,z) (A.2)
H,, = Dexp (—tkyyx) + Fexp (ikoyx) (A.3)

H;, = Gexp (—iksyx), (A.4)

where A B,C,D,F and G are parameters, H;z is the magnetic field in z-direction and
ki, is the wavevector in the i'* layer, which can be calculated by:
27

kiy = Xo—nia (A~5)

where n; are the reflective indices, and \g is the wavelength of the incident light (532

nm). The boundary conditions are:

sz (_dj) = H(j+1)z (_d]) (AG)
and
1| 1 |dHyin- (A7)
€5 dy —dj €j+1 dy —dj
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Figure A-2: Schematic of light reflection and transmission in a graphene-SiO,-Si
system.

The thickness of graphene d is estimated as d =nx0.335 nm, where n is the number
of layers. The thickness of SiOj is d; and the Si substrate is considered as semi-infinite,
H;. therefore represents the magnetic field in the z-direction, —dj is the j th interface
and j is the dielectric function in the j** layer. For this calculation the following
refractive indices are used: ng=1, n;=2.6+1.3i, n,=1.46, and nz=4.15+0.044i for air,
graphite, SiO,, and Si at 532 nm, respectively.

The two boundary conditions together with the three interfaces result in six equa-
tions with six variables A,B,C,D,F and G and these equations are used to determine
the six variables. A is the reflectivity and proportional to the G value in our optical
images. To get the real G value of our experiment we have to multiply the reflec-
tivity with the G value of the bare SiO,-Si substrate, which is proportional to the
illumination intensity used in the microscope settings. Now we can calculate how this
value changes as a function of the number or graphene layers and the illumination

conditions.

In Figure A-3, we plot AG as a function of the number of layers (1-LG, 2-LG
and 3-LLG) and the illumination (G value of the bare SiO,-Si substrate at the same

microscope illumination). Points are experimental values and lines are calculations
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Figure A-3: Change in G for 1-LG, 2-LG and 3-LG as a function of the background
G intensity.

a)Empirical dependence of AG,, with Gygresio, for 1-LG, 2-LG and 3-LG. Calculation
results are shown as solid lines. b)Optical image of the regions used to acquire the
data for a). c) Examples of different illumination intensities which were used to
extract the data plotted in a).

derived from above. Changes in the illumination intensities can be monitored by the
G value of the bare SiO, background. The plot in Figure A-3(a) is a plot of AG for
1-LG, 2-LG and 3-LG vs. the G value of the bare SiO, next to them (proportional
to illumination). The effect of illumination was considered since on the same optical
image, the illumination can change depending on the pixel position (higher illumina-
tion at the center with respect to the corners). The same color scale settings are used

for every image in the software utilized for acquiring them.
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Figure A-4: Example of color contrast identification of 1-L.G and 2-LG.
a) Optical image of another CVD graphene region on 5i02-Si. (b) G values corre-
sponding to the dashed line shown in (a). AG values for these regions are extracted
from (b) and compared to the expected values for 1-2 LG as suggested by the fits in
Fig. S3a.

A.3 Quantification of the area covered by 1-LG
and 2-LG CVD graphene layers using optical

images

For illustration, Figure A-4 shows the determination of AG for a specific CVD
graphene region with a particular illumination. The observed values of AG closely
match the expected values for HOPG-derived 1-2 LG at the same illumination. These
assignments are also consistent with AFM height measurements.

To quantify ¢;_szc in large areas, we use optical images taken at 50x magnifica-
tion (field of view of 229x289 um?). The pixel to pixel distance is ~500 nm. The
distance between thickness variations in the regions composed of 1-2LG is usually
much larger than this spatial resolution (typically on the order of a few microns).

Therefore, images at this magnification and resolution are suitable for analyzing our
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Figure A-5: Identification of 1-LG and 2-LG regions in 50x optical images.
a)An optical image of a graphene film on 300 nm SiO,. b)The same optical image
as a) with pink regions in a) (1-2 LG) tagged with white in b). The film was broken
(shown by upward arrow) in order to expose part of the bare SiO2 substrate and to
test the algorithm. Images are 290x230 pum?

films. Although, lower magnification images could enable the quantification of 6, _src
across larger areas of the films on SiO,-Si, they were not used due to the increase in
pixel to pixel distance.

Identification of 1-LG and 2-LG from was done in the following way. The G
component of the optical images of clean SiO,-Si was used as a background which is
subtracted from the G component of the optical images of CVD graphene on SiO4-Si.
The background and CVD graphene images were taken at the same magnification
and illumination conditions. The AG values obtained at each pixel by the subtrac-
tion were compared with the AG values expected for 1-LG or 2-LG (shown in Figure
Figure A-3(a)) in order to label each pixel as 1-LG or 2-LG. This procedure was im-
plemented with MATLAB and applied to multiple optical images in order to calculate
the fraction of pixels corresponding to 1-LG and 2-LG in each image (0;_ar¢). Fig-
ure A-5 shows an example of the identification process. Notice that the pink regions
of the graphene film in Figure A-5(a) (1-2 LG) are identified effectively and tagged
by the algorithm (Figure A-5(b)).
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