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Resumo

Nanoporos sao orificios nanométricos numa membrana impermeavel utilizados como uma ferramenta
de sequenciagdo de ADN. A entrada e saida de ADN do poro causa picos na corrente iénica, pro-
duzindo um sinal a partir do qual a sequéncia de ADN podera potencialmente ser determinada. A
utilizacao de uma membrana de grafeno possibilita a detecgao de um nucleétido de cada vez, por pos-
suir espessura atomica. Grafeno obtido por deposicdo quimica de vapor apresenta a vantagem de
produzir uma monocamada continua. Para ser utilizado em membranas de nanoporos, o grafeno obtido
por deposi¢ao quimica de vapor tem de ser transferido do substrato de metal em que foi depositado para
o substrato pretendido. A transferéncia € usualmente realizada utilizando um suporte polimérico. No en-
tanto, este método frequentemente produz quebras e acumulagao de residuos poliméricos no grafeno.
A influéncia dos parametros da transferéncia na morfologia e estrutura do grafeno foi estudada. Ima-
gens obtidas com o microscépio dptico e microscopia de forga atdbmica mostraram que a adicdo de um
passo de cozimento apds o revestimento com PMMA, conduziu a melhorias na densidade de particulas
e dos parametros de rugosidade. Resultados semelhantes foram obtidos adicionando uma etapa de
cozimento apds o filme de grafeno/PMMA ser transferido para o substrato final. Um aumento do tempo
de permanéncia dos filmes em agua durante o passo de limpeza em acido hidrocloridrico levou uma
dimuicao de residuos de PMMA e melhorias na rugosidade. Exposigdo das amostras a temperaturas

elevadas reduz significativamente a densidade de residuos de PMMA.

Palavras-chave: nanoporos, grafeno, deposicio quimica de vapor, transferéncia com suporte

de PMMA, microscopia de forga atdbmica
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Abstract

Nanopores are nanometer scaled holes in an impermeable membrane and have been studied with the
purpose of sequencing DNA. DNA entering and exiting the pore causes dips in the ionic current, provid-
ing a signal from which the DNA sequence could potentially be obtained. A graphene membrane opens
up the possibility of single nucleotide detection, due to its single-atom thickness. CVD graphene has
been studied as an alternative to exfoliated graphene because of its large carbon monolayer which has
many advantages to the small graphene flakes obtained by exfoliation, which are difficult to produce. To
be used in nanopore membranes, CVD graphene has to be transferred from the metal substrate in which
it was grown to the desired substrate. This is frequently accomplished using a polymer support to trans-
fer the graphene to the measuring device. However, breaks and polymer residues are frequently found
in the membrane. The impact of transfer parameters on graphene morphology and structure was stud-
ied. Optical microscopy and atomic force microscopy showed that addition of a baking step after PMMA
spin coating lead to improvements in particle density and roughness parameters. Similar results were
obtained by addition of a baking step after graphene/PMMA films transfer to the final substrate. Longer
deionized water steps during hydrochloric acid cleaning also reduced particle density and roughness

was improved. Also, annealing the samples at high temperatures highly reduced PMMA residue density.

Keywords: nanopores, graphene, chemical vapor deposition, PMMA transfer method, atomic force

microscopy
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Chapter 1

Introduction

1.1 Nanopore devices for DNA sequencing

Knowledge of DNA sequences of different organisms contributed to significant advances in biological
research, leading to major breakthroughs in the fields of medicine and biotechnology [1]. The first meth-
ods for DNA sequencing emerged in the early 70s, with Sanger sequencing [2]. Since then, several
techniques have been developed, that require extensive amplification and labeling steps, such as mi-
croarrays [3, 4], in which the complementary of the DNA strand to be sequenced is immobilized on a
solid substrate, and the sequence is determined by nucleotide addition. In the last decade, nanopore
based devices have been subject of substantial research for the purpose of sequencing DNA, since they

do not require amplification or labeling [5, 6].

As presented in figure 1.1, the principle behind nanopores is that a nanoscale hole is made in an im-
permeable membrane [7]. Voltage application across the pore causes ion migration, leading to electric
current that will be measured. Transient changes in the ionic current can be associated with pore occu-
pation by a macromolecule, therefore, the translocation of a molecule through a pore can be sensed by

these changes [8, 9, 10].

In the last decade, considerable nanopore research has been pursued on different types of nanopores.
Biological nanopores are composed by a pore-forming protein in a membrane such as a lipid bilayer [11,
12]. Subsequently, solid-state nanopores emerged as an alternative to biological nanopores, since they
possess features such as mechanical robustness, well-defined and tunable geometry and compatibility

with measuring devices [13].
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Figure 1.1: Fundamentals of nanopore measurements. (a) Voltage application across a nanopore
causes ionic current. The current is proportional to the voltage. (b) Obstruction of the pore, in transloca-
tion events, results in pulses. Adapted from [8].

Silicon-based membranes have been studied as substrates due to their high chemical stability and low
mechanical stress[14]. However their use for DNA sequencing is not straight forward, since they are
relatively thick, typically around 30nm, which corresponds to 60 bases along a single stranded DNA
molecule [15]. This limitation can be surpassed with graphene nanopores. Graphene is a single atomic
layer of carbon atoms, arranged in a honeycomb-shaped lattice. Due to its notable electrical [16], chemi-
cal [17, 18] and mechanical [19, 20] properties such as high Young’s modulus, large specific surface area
and high electrical and thermal conductivity, graphene applications have been deeply studied [21, 22].
Being about 0,3 nm thick, it discloses the possibility of single base detection of DNA, as represented in

figure 1.2 [15].
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Figure 1.2: DNA translocation in a silicon nitride nanopore and in a graphene nanopore. Adapted from
[15].

Initially, graphene sheets were obtained by graphite exfoliation, either by rubbing small graphite crystals
against each other or simply using tape [23, 24, 25]. Despite the simplicity of the process, the main issue
with it was the difficulty in identifying suitable graphene sheets. Monolayer graphene flakes are quite rare
and small. Most of the of the formed flakes possess several layers of carbon [16]. A possible solution for
this obstacle is the production of CVD (chemical vapor deposited) graphene, by decomposing carbon

compounds in a metal surface. With CVD it is possible to produce large areas of monolayer graphene.



However, CVD graphene requires the removal of the metal and a transfer process, which may cause the

graphene to deteriorate [26].

1.2 Master project outline

The experimental part of this project was carried out in the Kavli Nanolab Delft facilities, under the su-
pervision of MSc. Stephanie Heerema and Prof. Dr. Cees Dekker from the Bionanoscience Department

of TU Delft.

In this project the transfer of CVD graphene by the PMMA method was studied. Various irregularities
such as wrinkles, breaks and polymer residues occur in this type of transfer, deteriorating graphene
quality. Various modification on the process were proposed in order to improve the quality of the transfer.

Thus, it was carried a transfer with a polymer-free method.

In the first chapter, the synthesis and transfer of graphene produced by CVD will be discussed. To
comprehend the influence of CVD synthesis on graphene quality, the kinetics of graphene growth and
other parameters will be empathized. Thus, the transfer is process greatly influences CVD graphene

quality, therefore different approaches to the transfer process are mentioned.

In the second chapter is presented a description of the materials, methods and equipments used during

this project. Also, the standard PMMA method transfer is fully described.

In the third chapter, an analysis is carried out on the resulting AFM images, obtained from CVD graphene
transfered with the standard PMMA methods and the modifications. Particle and roughness analysis

were performed on each image, and the obtained parameters will be discussed.






Chapter 2

Theory

2.1 Graphene synthesis by chemical vapor deposition

The principle behind chemical vapor deposition is that the substrate is exposed to gaseous precursors,
which when in contact with the substrate at high temperatures, will deposit on its surface, creating a thin
film [27]. The quality of the materials obtained by CVD is strongly dependent on the process parameters
such as gas temperature, pressure, and time duration. To achieve single layer graphene by CVD, with
quality similar to exfoliated graphene, these parameters have to be adjusted to the deposition process.
Also, the metal used as substrate will influence the global process. Transition metals such as copper,
nickel, platinum, ruthenium and iridium have been used to grow CVD graphene, however copper is more

commonly used for this specific purpose [28, 29, 30, 31].

2.1.1 Kinetics of graphene growth

The process of the CVD graphene film formation consists of four major steps: heating, annealing, growth
and cooling, as it is shown in figure 2.1. The process occurs inside a CVD chamber, and starts with sub-
strate heating to 1000 °C to boost the pyrolysis (thermochemical decomposition of an organic material
at elevated temperatures [32]) of the precursor hydrocarbons gas, usually methane or propane. After-
wards, the elevated temperature promotes the formation of larger grain sizes and smoother surfaces.
The third step consists of the pyrolysis of the precursor gas that is added into the chamber. Finally, the

gas supply is closed and the chamber is cooled down to room temperature [28].
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Figure 2.1: Flow of graphene growth by CVD. The process consists of heating, annealing growth and
cooling. Hydrogen flows throughout the entire process. In the growth phase hydrocarbon gas is supplied.
Adapted from [28].

The growth kinetics of graphene on a metal is determined, not only by chamber temperature and pres-
sure, but also by metal’s properties such as crystalline structure and carbon solubility on the metal. The
latter has a significant influence on the process, since, if the carbon has low solubility on the metal,
graphene formation will be limited to the metal surface. On the other hand, if carbon solubility in the
metal is high, two processes will occur simultaneously: diffusion of carbon into the metal film during

growth, and carbon precipitation upon cooling after synthesis. [33, 34].

As seen in figure 2.2, graphene growth on metal comprises 6 steps: (1) diffusion of the hydrocarbon gas
from the bulk layer to the surface; (2) adsorption of the molecules on the surface; (3) decomposition of
the molecules to form active carbon and hydrogen species; (4) formation of graphene lattice by surface
diffusion of the active species; (5) desorption of inactive hydrogen species and formation of hydrogen

gas; (6) diffusion of hydrogen gas from the surface to the bulk region [34].

CH, Bulk | |C885
6 1 Boundary layer: !
: - I Fl uxmass transport{MT)
H* + C*«23_ CH, Surface ! e
i 45 Catalyst ™|

Substrate 6 Fluxsurfacereacllon(SR)

Figure 2.2: (a) Graphene growth mechanism by CVD; (b) Mass transport and surface reaction fluxes in
steady-state. The boundary layer thickness is represented by ¢. Adapted from [34].

The process of graphene growth can be categorized in two different regimes: a mass transport regime
where the species diffuse through the boundary layer (1,6); and the surface reaction regime that com-

prises the reactions occurring in the surface region (2-5). Thus, two different regimes translate into two



different fluxes. Equations 2.1 and 2.2 define each of both fluxes involved in this process:

Fmass transport — hg(Cg - CS’) (21)

Esurfa,ce reaction — KS CS (22)

where Fiass transport @Nd Feyur face reaction @re the mass transport and the surface reaction fluxes (re-
spectively), h, is the mass transport coefficient, C, corresponds to the concentration of hydrocarbon
gas in the bulk region, Cs is the concentration of the active species in the surface region and Ky is the

surface reaction constant [34]. For steady-state conditions, the fluxes can be written in equation 2.3.

Ks hy

—_— 2.3
o (2.3)

Fiotal = Finass transport = Fsurface reaction = CS
Both fluxes occur simultaneously and the rate-limiting step of the process determines the speed of the

process [35]. Thus, the graphene growth process can occur in 3 different regimes:

e reaction is limited by mass transport if Kg > hg;
e reaction is limited by surface reaction if Kg < hg;

e mixed reaction if Kg ~ hy.

Graphene synthesis by CVD has been performed in atmospheric conditions (APCVD) and also in low
pressure (LPCVD) or high vacuum conditions (UHV) [36, 37]. From Fick’s Law of diffusion, h, can be
expressed as a function of the diffusion coefficient, D, and the boundary layer thickness, J, as described

in equation 2.4.

hy = -2 (2.4)

To obtain high quality CVD graphene it is necessary that graphene growth is self-limiting, and also that
it is grown in the surface reaction regime, to avoid the boundary layer effects. In this regime, the surface
reaction constant (k) is negligible if compared with mass transport coefficient (k,). From equation 2.4,
an higher h, translates into an higher diffusivity. Since at lower pressures the diffusivity coefficient is
higher, lower pressure conditions (LPCVD or UHV) favor the growth of uniform and defect free single
layer graphene. On the other hand, if graphene is grown under atmospheric conditions, graphene growth
is not self-limiting. The boundary layer thickness and the amount of active species diffusing from the

bulk region to the surface will variate, resulting in an non-uniform graphene growth [34].



2.1.2 Graphene nucleation

In section 2.1.1 are reported the effects of process parameters in kinetics of graphene growth. It is in
the first stages of growth that these parameters have a fundamental role on graphene structure. After
pyrolysis of the precursor gas, usually methane, carbon species aggregate in the metal surface forming
several carbon nuclei, that will grow with time, and eventually meet, forming boundaries. These bound-
aries are associated with structural defects, degrading significantly graphene quality. Defect density

decrease is obtained by producing graphene with bigger domains and less nuclei [38].

The effect of temperature (T), methane flow rate (Jas.)and methane partial pressure (Pys.) on nucleation

density and domain size of CVD-graphene grown on copper is described in figure 2.3.

Figure 2.3: SEM images of partially grown graphene flakes and process parameter effects on nucleation
and growth. From (a) to (b), the temperature was increased; from (b) to (c) the methane flow rate was
increased; from (c) to (d) methane pressure was decreased. Adapted from [39].

As described in reference [39], graphene growth on copper follows 5 sequential steps: (1) copper expo-
sure to hydrogen and methane, (2) decomposition of methane on copper surface by catalysis, (3) copper
surface is either undersaturated, saturated or supersaturated with hydrocarbon species, depending on
process parameters, (4) Formation of graphene nuclei and growth of graphene domains, (5) full copper
coverage. When copper surface is undersaturated, there are not enough hydrocarbon species for the
carbon to nucleate on copper surface, therefore graphene formation does not occur. If copper surface
is saturated, carbon nuclei are formed, but the amount of hydrocarbon species is not enough for the
graphene domains to grow and form boundaries. If copper surface is supersaturated, graphene islands

grow until they reach another island, due to methane availability.

To grow continuous graphene with larger domain size a two-step methodology has been pursued. First,



nuclei are formed in high temperatures at low methane flow rate and low methane parcial pressure.

Subsequently, methane flow rate and pressure is increased to obtain full coverage [39].

Temperature and copper surface morphology also have considerable influence on graphene nucleation
and growth. In a smooth surface, two different regimes of graphene growth have been reported. Below
870° C, nucleation rate is limited by capture of carbon adatoms (atoms that lie on a crystal surface) by a
nucleus. Above 870°C, nucleation is controlled by desorption. In both conditions, increasing temperature
leads to decreasing nucleation density. It has been observed that the nucleation density can be higher

in a uniform substrate than in the flat area of an substrate with both flat and rough regions [40].

2.1.3 Influence of metal substrate on graphene growth

To grow single layer graphene the most commonly used substrate is copper, due to its negligible carbon
solubility at growth temperature [41]. For this purpose, graphene is usually grown on a 25 um thick
polycrystalline copper foil with at least 99,8% purity [42]. Copper crystalline structure affects the mech-
anism of graphene growth, and its morphology. It has been observed that, copper grain boundary is not
usually a favored site for graphene nucleation, and that carbon atoms cross nuclei boundary lines [43].
Furthermore, copper impurities and defects are more favorable sites for nucleation. In order to improve
graphene quality by lowering graphene nucleation density, the frequency of these sites has to be dimin-
ished. To achieve high quality graphene, copper with higher purity (99,9995%) has been used, however
the cost of this material is high [44]. Another option is to perform pre-treatment on copper substrates.
Annealing copper substrate before deposition as shown to increase copper grain size and to decrease
defects, due to rearrangement of atoms on the surface [45]. Copper substrate is covered by oxides that
reduce its catalytic activity. To remove them, the copper surface has been annealed and also chemical

treatments with acetic acid have proved to be effective [46].

2.2 Graphene Transfer methods

To be used in electronics devices, graphene deposited in a metal substrate has to be transfered to
the desired substrate. Not only the growth process influences graphene quality, but also the transfer
methods, since graphene quality can deteriorate during the transfer. This process involves the use
of a support layer, such as PMMA or PDMS, leading to residue accumulation on the graphene layer.
Also, wet etchants, such as ferric chloride (FeCls), ferric nitrate (Fe(NOs)s) and ammonium persulfate

((N H4S205)), are used to remove the metal substrate such as nickel or copper, however besides leaving



residues on the graphene it can also break and ripple this layer [47].

2.2.1 Polymer supported transfer

A possible approach to graphene transfer requires the use of a supporting layer. Since graphene is a
single atomic layer of carbon atoms, a support would protect and strengthen it. A successful transfer
requires the use of a support layer that does not damage the graphene and that is resistant to the wet

etchant [47].

PDMS (polydimethylsiloxane)

PDMS is a polymer material widely used, not only in soft lithography, but also for graphene transfers.
This polymer is robust, moldable and resistant to a variety of etchants. It has a low surface adhesion
force, facilitating the PDMS detachment from graphene transfered to the desired substrate [48]. Since
PDMS is weakly bounded to the target substrate, but adheres strongly to graphene, it is suitable for the
transfer process. The graphene transfer starts with application of the graphene/metal stack to a PDMS
cast. This structure is then floated in a etchant bath, to selectively remove the metal. The PDMS acts
as a metal support to the graphene during the etching. After the metal is etched, the PDMS/graphene
structure is pulled out of the bath, rinsed and dried. Subsequently, the PDMS/graphene stack is brought
into contact with the substrate, and since PDMS-graphene bounds are weaker than those made with
the target substrate, the graphene is transferred and the PDMS is released. [33]. This PDMS transfer

process is described in figure 2.4.

Another technique performed to obtain patterned graphene for device making, requires the use of a
pre-patterned graphene PDMS mould. With this stamping method the risk of rupture is decreased, if
compared the pre-patterned metal technique. Thus, instead of growing graphene in a patterned metal,
PDMS was molded with the desired pattern in one of its surfaces. After metal etching, the remaining
graphene on PDMS graphene was stamped on the target substrate. In figure 2.5 is shown the schemat-
ics of micro-patterning using PDMS mould [49]. Since PDMS stamping using monolayer graphene
grown in a copper substrate has been challenging, due to breaking and rupturing of the membrane, it
has been suggested that this techniqgue may be more suitable for multilayer graphene. PDMS transfer is
not as widely used as PMMA transfer, nevertheless it is an frequent alternative for applications requiring

patterning for soft-lithography [28].
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Figure 2.4: Transfer of CVD graphene grown in a metal substrate using PDMS. (a) Synthesis of graphene
on a metal substrate; (b) Metal etching using ferric cholrid or acids and graphene transfer to substrate;
(c) Etching using buffered oxid etchant (BOE) or hydrogen fluoride (HF) solution and graphene transfer.
Adapted from [33].
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Figure 2.5: Transfer of CVD graphene grown films in a metal substrate using a PDMS stamp. Adapted
from [49].

PMMA (poly(methyl methacrylate))

PMMA is the most widely used polymer for CVD graphene transfer [29]. This polymer had already been
used in CNT’s transfer process [50]. PMMA covalently bounds to graphene, providing a better support
for the carbon layer, leading to less cracking and rippling than PDMS. However, since the bounds be-
tween PMMA and graphene are stronger, it is more difficult to remove the polymer layer [30]. In figure 2.6
is described the classic PMMA transfer process. First, PMMA is spin coated on to graphene grown in a
metal (or in Si02)[29]. Polymer thickness can be adjusted with the spinning rate and the PMMA concen-

tration. A similar procedure as also been carried out in HOPG (highly ordered pyrolytic graphite) flakes
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on Si0,/Si [51]. A baking step can be introduced to evaporate the solvent on the PMMA/graphene/metal
stack. If the graphene layer is grown by CVD, both sides of the copper foil will have graphene on it.
Therefore, a plasma etching step is required to remove the carbon layer in one of the metal sides, or
else graphene residues may deteorate the graphene. To remove the metal layer, the stack is placed
on a metal etchant, and after the metal is fully etched, the PMMA/graphene is scooped out, placed on
DI water and rinsed several times. Also, diluted hydrochloric acid (HCI) is often used to further remove
metal etchant residues. After these cleaning steps, the PMMA/graphene stack is scooped out and trans-
fered to the desired substrate (such as a SiO./Si wafer). The excess water may be removed with using
a nitrogen gun. The stack may dry in air for a few hours, or it can be baked to evaporate the remaing
water. To remove the remaining PMMA layer, the stack is placed in a acetone bath or it can be annealed

in vacuum or in a No, Ar, Ho, or a combination of those atmosphere.

- Graphene on G Cu fail
+ Post-treatment in
l— HCI diluted HEI solution
- &pin coating of PMBLA "
and baking : Carprassed H:_.
- Plasima etching of Trancatar onto & target
graphana on one sida L substrate after rinsing in
l Dl water bath again

: it
- Wat-atching ; by dipping the sample

of Cu foil Acelone i acelane Eath

- Can bo along with
annaaling in Hyiar
Rinaing PMMAIgraphens l- atmosphers

stack in N water bath .-

Translemed gaghens

Dl water on A subslrale

Figure 2.6: Transfer of CVD graphene grown films the classic PMMA supported transfer. Adapted from
[49].

To improve the quality of the PMMA transfer and avoid degradation, various adjustments and optimiza-
tion to the classic process have been carried. Although with PMMA is possible to obtain a graphene
layer with improved continuity, if compared to PDMS, some breaks and wrinkles still occur, specially in
monolayer graphene. It has been assumed that they are caused by wrinkles and other defects that ap-
peared in copper during the CVD growth process [52]. A second PMMA layer approach has also been
studied to reduce the breaking, rupturing and wrinkling of the graphene membrane. Improvements in

transfer quality have been reported by adding an additional PMMA layer to dissolute the first one [53].

Thus, graphene quality is also deteorated by PMMA residues that remained attached to the graphene af-
ter the acetone bath. These residues are difficult to remove since PMMA covalently bonded to graphene.
Combined with breaking and wrinkling, these residues remarkably deteriorate the electrical and physical

properties of graphene, decreasing carrier mobility [54]. Graphene annealing has been used after the
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acetone bath to address this issue. Improvements have been reported with graphene annealing per-
formed in UHV (ultra high vacuum) conditions and in vacuum furnace at 200-500 °C [55, 56, 57, 58].
However, if carried at very high temperatures it lead to degradation of graphene’s electrical properties

[59].

2.2.2 Large-scale continuous tranfer

Thermal release tape has been used as an alternative to polymers in the transfer of graphene grown
epitaxially on a silicon carbide (SiC) substrate. With a steel pressure plate, the tape is applied on
graphene and, by the force of the adhesive, graphene is pulled out from the substrate. To obtain the

graphene on the desired substrate, heat must applied to release the tape [60].

A promising application of thermal release tape is in the roll-to-roll transfer of CVD graphene to a flexible
substrate. While polymer use is convenient in wafer scale transfers, with roll-to-roll approach is possible
to transfer graphene with a 30 inch diagonal dimension. Because of its scalability, roll-to-roll transfer
is suitable for industrial processes. This type of transfer usually starts with CVD graphene adhesion to
the tape, followed by metal layer etching and finally, graphene is released and transfered to the desired
substrate [61, 62, 63]. In figure 2.7 is shown the schematics of the process. After graphene is grown by
CVD on a roll of copper foil inside a thermal reactor, the graphene film is attached to the thermal release
tape. Copper is etched in a bath with metal specific etchant. Graphene on the tape is moved across the
two rollers together with the desired substrate, and exposed to modest heating (around 120°C). The heat
removes the tape’s adhesiveness and promotes substrate adhesion to graphene. With this technique is

possible to transfer several layers of graphene, by repeating the process. [64].

Graphene on
polymer support Released
polymer support

/ Polymer support

Target substrate

Graphene on Cu foil

Cu etchant Graphene on target

Figure 2.7: Roll-to-roll transfer of graphene grown by CVD. Adapted from [64].

Roll-to-roll transfer is used in the transfer of graphene to flexible substrates. To transfer CVD graphene
to a rigid substrate, another method using also thermal release tape as been proposed: the hot press-
ing method. The process is similar to the roll-to-roll transfer, but a large hot plate is used instead

of the heated rollers. With this transfer there is no risk of ripping the graphene by shear stress.
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Thermal release tape is attached to the graphene film, followed by copper etchant bath. Finally, the
tape/graphene/substrate is placed in the hot press, causing the tape to lose adhesion force, finalizing

the transfer [65].

2.2.3 Transfer-free graphene growth & polymer-free transfer

CVD graphene transfer is usually carried out using the PMMA method. However, quality of the transfer
may be deteriorated due PMMA residues accumulation and membrane rupturing. To surpass these is-

sues, several approaches in which no polymer is used as a support for the transfer, have been proposed.

A possible approach is to grow graphene between a metal layer and the target substrate. During
graphene growth, carbon atoms travel through copper grain boundaries, and graphene is synthesized
underneath the metal layer. After graphene synthesis, the copper layer is removed with tape or using
copper etchants [66]. Graphene has also been grown on a Si/SiO, substrate, by heating vinyl polymers

under a metal substrate [67]. Both processes are described in figure 2.8.
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(a) CVD graphene synthesis by diffusion carbon atoms (b) CVD graphene synthesis by vinyl polymer pyrolysis and polymers
through copper boundary . used in the studies described in reference [67].

Figure 2.8: Graphene growth between a metal substrate and a Si/SiO, substrate. Adapted from [66, 67].

Graphene as also been grown in copper deposited on dielectric surfaces such as quartz. Instead of using
the typical metal etchant bath, copper is removed by dewetting and evaporation of the copper layer. The
graphene/copper/substrate was kept at high temperatures from 15 minutes to 7 hours. Despite the fact
that it takes more than 6 hours to evaporate the copper, it has been shown that graphene quality starts

deteorating after 2 hours [68].

In figure 2.9 is described a CVD graphene transfer without the use of any polymer as a support for the
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graphene membrane. Graphene grown on copper is placed with a thin graphite holder in a metal etchant
solution to remove the copper. The holder is used to prevent graphene from ripping apart due to surface
tension. After the copper is completely etched, the graphene should be floating in the etchant solution.
Using a pump system, the etchant is pumped out from the container while and IPA is pumped in. The
desired substrate is placed on the bottom of the container and the IPA solution is pumped out, lowering

the graphene to the substrate [69].

Graphene ——— &3

Graphene grown on Cu—a

Multi-Layer Graphite holder

%

Pump out solution and
lower graphene on substrate

Switching solvent

Substrate

Figure 2.9: Polymer-free transfer of CVD graphene to a target substrate. Adapted from [69].
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Chapter 3

Methods

3.1 Materials and equipments

3.1.1 Materials

The materials used to perform the transfers in this work were:

e CVD graphene
Copper thickness: 36 um;

Si/Si0, wafers;
PMMA A6 950K (6 % in anisole and molecular weight 950K);

Ferric chloride based copper etchants:
Copper etchant by Sigma Aldrich;
PC copper etchant -100 by Transene;

Hydrochloric acid by Sigma Aldrich ;

FastScan-A Bruker AFM probe.

3.1.2 Equipments & Software

The equipments used in this work transfers were:
e Spin coater Suss Microtec Delta 8;
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Hot plate

PVA TePla 300 Microwave Plasma System;

Optical microscope Leica INM20;

Bruker AFM (atomic force microscope);

Nominal radius of the tip: 5 nm;

NanoScope 1.5 analysis software.

3.2 CVD graphene transfer

3.2.1 Standard PMMA transfer

The standard PMMA transfer starts with spin coating of a A6 PMMA layer on a 5x5 mm graphene/copper/
graphene piece (4000 rpm, 1 min, for a 500 um thickness), followed by cleaning the backside of the
copper foil with a small amount of acetone in a cotton wipe, to remove PMMA residues accumulated
during spin coating. The PMMA cure was made at room temperature during 10 minutes. To remove
the graphene from this of the copper foil, the stack is plasma etched for 10 seconds (oxygen flow:
200ml/min, power: 50W). In order to etch the copper foil, the PMMA/graphene/ copper/graphene films
were immersed on Sigma Aldrich copper etchant for 5 hours or in Transcene CE-100 for 2 hours. After
the copper is completely removed, the PMMA/graphene films are transfered to a 1:10 mixed solution of
HCI during 20 minutes and then rinsed 3 times in DI (deionized) water, during 20 minutes each time.
After HCI cleaning, the films are transfered to a Si/SiO, wafer and dried in air for 2 hours. Finally, to
remove the PMMA, the PMMA/graphene/Si/SiO, stack is placed in a acetone bath for 10 minutes. The
Si/SiO, wafers were previously plasma cleaned in the Tepla 300 under an oxygen flow of 200 ml/min,

500W for 1 minute. Schematics of the process is represented in the figure from image 3.1.

3.3 CVD graphene characterization

3.3.1 Atomic Force Microscopy

Atomic force microscopy is a type of scanning probe microscopy, with nanometric resolution, and is used

to obtain topographic images of surfaces [70].
In figure 3.2 is represented the AFM configuration and its components. The AFM probes the sample
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Figure 3.1: Fundamental steps of CVD graphene transfer by the PMMA method.

surface with a nanometric tip which is attached to the end of the cantilever. The cantilver deflects when
the tip is brought close to the sample surface, due to the forces (such as Van der Walls or electrostatic
forces) caused by tip-surface interactions. The deflection is measured by a photodetector that reflects
an incident beam off the top of the cantilever. The direction of the laser beam is altered by changes in
cantilever deflection. The topographic images are obtained by scanning the probe tip over the sample
surface. Surface features (high and low point of the surface), cause alteration in tip-surface interaction

which can be interactions are measured by shifts in frequency, amplitude, phase and height [71].

AFM can be operated in different modes, depending on the tip motion. In the contact mode, the tip is
kept in close contact to the surface (around 10 angstroms from the surface) and the interatomic force
between surface and cantilever is repulsive. On the other hand in the non-contact mode the tip is kept at
a tens to thousands of angstroms from the surface and interatomic force between the cantilever and the
surface is attractive. Although in contact mode, the obtained images have higher resolution, the tip is

more susceptible of being damaged. A compromise between both modes is the tapping mode, in which
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Figure 3.2: AFM basic components. Adapted from [72].

the tip is oscillating up and down [73].

3.3.2 AFM Tapping mode

In tapping mode, also know as the intermittent contact mode, the probe scans the surface by gently
tapping the substrate surface. One of the great advantages of this mode is that the tip is not dragged
through the surface, avoiding problems caused by friction, adhesion and electrostatic forces. The can-
tilever is excited to oscillate near its resonance frequency. When the tip is not in contact with the surface,
the cantilever oscillates at higher frequencies. When it is brought closer to the surface, and reaches
it, the tip-surface interactions cause the cantilever frequency to decrease, as the surface is scanned.
The oscillation amplitude is dependent on tip-surface interaction forces. In tapping mode, the image is
produced by retrieving the data regarding the reduction in oscillation amplitude. A feedback loop keeps

the oscillation amplitude constant, and when an elevated (or lowered area) is scanned, the amplitude is

altered since the cantilever has more (or less) space to oscillate [74, 75, 76].

3.3.3 Processing and analysis of an AFM image

In this project, the Nanoscope software was used in image processing and analysis of AFM images.
Filters were applied to correct unwanted features fromt the images. Thus, to retrieve information about
surface properties of samples, images were analyzed not only to obtain a 2D and 3D image of the

scanned surface, but also data about depth and width, roughness, particles, electrochemestry, and

more.
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Image processing

Since the probe is moved over the surface in a curved motion the obtained AFM images had a bow or a
tilt. The flatten command was to remove these undesirable features from the scan lines. The software
fits each line individually to center data (Oth order) and remove tilt (1st order), or bow (2nd and 3rd
order). The software calculated a polynominal equation to fit each line, as described in table 3.1. By

subtracting the obtained polynomial to the bow or tilt, each line was flattened [77].

Order Polynomial Description
0 z=a Data is centered along each line
1 z=ax+b Data is centered and tilt is removed in each line.

Offset and slope are eliminated

2 z=azx?+br+c Data is centered and tilt and bow are removed along each line.

A second order equation is calculated to each line, and subtrated from it.

3 2z =ax®+bx® +cx+d Datais centered and tilt and bow are removed along each line.

A third order equation is calculated to each line, and subtrated from it.

Table 3.1: Polynomial equation to used to correct the bow, and tilts [77].

The Plane fit command was used in image correction, in a similar manner as the Flatten command,

however in can be used in both XY directions, to correct images with unwanted features.

The erase command was used to correct the image. With this function it is possible to replace areas

and lines with an interpolation from the adjacent lines.

Each of the obtained images has a scan size of 10um (area: 100 um?) and 2048 samples were obtained

per line. 2048 lines were obtained. The resolution of each image is around 5 nm.

Particle analysis

To be able to perform a comparative analysis on the amount of PMMA residues in each sample it was
necessary to run the Particle Analysis command, which was designed to identify isolated particules or
features. Data was sorted based on pixel data height and particles were treated as conjoined pixels

below or above a previously set threshold height.

Thus, particles can be sorted by size in a histogram, providing information about particle mean area,
total number of particles. The software provides information about the mean, maximum, minimum, and

standard deviation in each data set, of the following parameters:
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Total count of particles;

Density of particles;

Height of particles;

Area of particles;

Diameter of particles.

Roughness analysis

To determine the quality of the transfer, and to be able to measure the amount of irregularities in
graphene’s surface, such as wrinkles or ruptures, a roughness analysis was performed. With this anal-
ysis several roughness parameters can be obtained, from the entire image or from a specific region in
the sample surface. Data is obtained using the height of every pixel in the image. The typical roughness

parameters obtained are:

e Mean: mean value of the data retrived from the examined section;

e Z range: maximum vertical distance between the lowest and highest points in the examined sec-
tion, prior to the planefit;

e Surface Area: three-dimensional area of the section;

e Projected surface area: area of the studied section;

e Surface area difference: difference between the projected surface area and the surface area;

¢ Rq (roughness) : root mean square of height deviations retrieved from the mean image date plane;

¢ Ra (roughness average): arithmetic average of absolute values of height deviations from the mean
plane;

¢ Rmax: maximum vertical distance between the highest and lowest data points in the image after

the plane fit.

Thus, the software retrieves data about peaks and valleys in the image or in a chosen area:

e Peak/Valley count: number of peaks(valleys) above (below) the threshold;
e Max peak height/depth: highest/lowest data point in the image;
¢ Average maximum height/depth: Average distance between the mean data plane highest/lowest

data points.
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Chapter 4

Results and discussion

4.1 CVD graphene transfer by the PMMA method

To optimize CVD graphene transfer into a substrate, the effect of modifications in the standard process
described in section 3.2.1 and in image 3.1 was studied. Both particle and roughness analysis were
carried out, to understand the effect of the modifications in the amount of PMMA residues in the surface
and the amount of breaks and wrinkles. Particle analysis and roughness studies were conducted both
on the entire AFM images and on 1 x 1um? sections of those images. Also, optical microscope images
were obtained. The darkest grey area in the images corresponds to transfered graphene and the blue

spots/areas correspond to PMMA residues.

4.1.1 Standard PMMA transfer

A study was carried out on a standard PMMA CVD graphene transfer batch, which was obtained by the
process described on section 3.2.1 and in image 3.1. AFM and optical microscope images obtained
from these batches can be observed in figure 4.1 and 4.2. The success rate (rate of transfers in which

the graphene is not visibly damaged) of these transfers is around 50%.

4.1.2 Transfer with additional HCI cleaning steps

A study was carried out on a PMMA CVD graphene transfer batch similar to the standard PMMA transfer,

except in the HCI cleaning step. The cleaning steps were altered to 20 min in each beaker: 2 times (20
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Figure 4.1: AFM images of CVD graphene transfered by the standard PMMA method.
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Figure 4.2: Optical microscope images of CVD graphene transfered by the standard PMMA method,
with different magnifications.

min each time) in DI water and then one time in HCI and finally 3 times in DI water (20 min each time).
AFM and optical microscope images obtained from these batches can be observed in figure 4.3 and 4.4.

The success rate of these transfers was 30%.
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2.0 um

Figure 4.3: AFM images of CVD graphene transfer carried out with modified HCI cleaning step.

(a) Optical microscope image obtained with magnifica- (b) Optical microscope image obtained with magnifica-

tion 5x. tion 20x.

Figure 4.4: Optical microscope images of CVD graphene transfer carried out with modified HCI cleaning
step, with different magnifications.

4.1.3 Double PMMA layer transfer

A study was carried out on a PMMA CVD graphene transfer batch similar to the standard PMMA transfer,
except that, after the first A6 950 K PMMA layer was spin coated (and the polymer was cured in air for
10 minutes), a droplet of A3 950K PMMA was added and cured in air for 2 hours. AFM and optical
microscope images obtained from these batches can be seen in figure 4.5 and 4.6. The success rate of

these transfers was 30%.
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Figure 4.5: AFM images of CVD graphene transfer carried out with a double PMMA layer.

(a) Optical microscope image obtained with magnifica- (b) Optical microscope image obtained with magnifica-

tion 5x. tion 20x.

Figure 4.6: Optical microscope images of CVD graphene transfer carried out with a double PMMA layer,
with different magnifications.

4.1.4 Addition of a baking step after spin coating

A study was carried out on a PMMA CVD graphene transfer batch similar to the standard PMMA transfer,
except that, after spin coating, the samples graphene/PMMA films were baked for 5 min at 80°C and
then at 130°C for 20 min. AFM and optical microscope images obtained from these batches can be

observed in figure 4.7 and 4.8. The success rate of these transfers was 90%.
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Figure 4.7: AFM images of CVD graphene transfer with an additional baking step after spin coating.

(a) Optical microscope image obtained with magnifica- (b) Optical microscope image obtained with magnifica-

tion 5x. tion 20x.

Figure 4.8: Optical microscope images of CVD graphene transfer carried outwith an additional baking
step after spin coating, with different magnifications.

4.1.5 Addition of a baking step after transfer to substrate

A study was carried out on a PMMA CVD graphene transfer batch similar to the standard PMMA transfer,
except that, after HCI cleaning and transfer of PMMA/graphene/copper/substrate, the samples were
baked for 5 min at 80°C and then 20 min at 130°C. AFM and optical microscope images obtained from

these batches can be seen in figure 4.9 and 4.10. The success rate of these transfers was 90%.
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Figure 4.9: AFM images of CVD graphene transfer with a baking step after transfer to substrate.

(a) Optical microscope image obtained with magnifica- (b) Optical microscope image obtained with magnifica-

tion 5x. tion 20x.

Figure 4.10: Optical microscope images of CVD graphene transfer with a baking step after transfer to
substrate, with different magnifications.

4.1.6 Addition of a baking step after transfer to substrate and annealing

A study was carried out on a PMMA CVD graphene transfer batch, similar to the standard PMMA trans-
fer, except that, after HCI cleaning and transfer of PMMA/graphene/copper/substrate, the samples were
baked for 5 min at 80°C and then 20 min at 130°C. Thus, after the acetone bath the samples were an-
nealed for 2 hours at 500°C with a forming gas flow of hydrogen and argon. AFM and optical microscope
images obtained from these batches can be seen in figure 4.11 and 4.12. The success rate of these

transfers was 90%.
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Figure 4.11: AFM images of CVD graphene transfer with a baking step after transfer to substrate and
annealing after acetone bath.

(a) Optical microscope image obtained with magnifica- (b) Optical microscope image obtained with magnifica-

tion 5x. tion 20x.

Figure 4.12: Optical microscope images of CVD graphene transfer with a baking step after transfer to
substrate and annealing after acetone bath, with different magnifications.

4.1.7 Double layer transfer and annealing

A study was carried out on a PMMA CVD graphene transfer batch similar to the standard PMMA transfer,
except that, after the first A6 950 K PMMA layer was spin coated (and the polymer was cured in air for 10
minutes), a droplet of A3 950K PMMA was added and cured in air for 2 hours. Thus, after the acetone
bath the samples were annealed for 2 hours at 500°C with a forming gas flow of hydrogen and argon.
AFM and optical microscope images obtained from these batches can be seen in figure 4.13 and 4.14.

The success rate of these transfers was 30%.
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Figure 4.13: AFM images of CVD graphene transfer carried out with a double PMMA layer and annealing
after acetone bath.

(a) Optical microscope image obtained with magnifica- (b) Optical microscope image obtained with magnifica-

tion 5x. tion 20x.

Figure 4.14: Optical microscope images of CVD graphene transfer carried out with a double PMMA layer
and annealing after acetone bath, with different magnifications.

4.2 Particle and roughness analysis

4.2.1 AFM and optical images inspection

From the images in figures 4.1 and 4.2, the common irregularities associated with CVD graphene trans-
fers can be seen. The white dots shown in the left AFM image, are PMMA residues. The white lines
correspond to wrinkles, and can be observed in both images. In the optical microscope images, several
tears in the graphene membrane can be observed. Images obtained for the additional HCI cleaning
steps, shown in figures 4.3 and 4.4, show a reduction in the amount of wrinkles, PMMA residues and

breaks in the graphene membrane. On the other hand, addition of a second PMMA layer deteriorated
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graphene quality by increasing the amount of breaks and tears, as shown in image 4.6. In the images
from figures 4.7 and 4.8, that correspond to the experiments with an additional baking step after spin
coating, the presence of wrinkles and breaks in the graphene membrane can be observed, however in
a smaller quantity, if compared with the images obtained for the standard transfer. Also, it is visible a
reduction in the amount of PMMA residues. Addition of a baking step after the transfer lead to rupturing
of the graphene membrane, as shown in the images from figures 4.9 and 4.10. It can be observed an
accumulation of PMMA residues around ruptured area. Comparing images from figures 4.13 and 4.14,
it can be observed that addition of an annealing step after the acetone bath lead to a reduction of PMMA

residues in the sample surface.

4.2.2 Particle analysis

An analysis was conducted on the particles present in the AFM images, to study the effect of the im-
plemented modifications on PMMA residue density. Particle density for each AFM image was retrieved,
as shown in the tables from Appendix A. Also, particle density average and standard deviation were
obtained. In table 4.1 can be seen the particle density average for each of the modifications on the
standard process. Also, with the box plots shown in figure 4.15, data distribution and the reproducibility

of the conducted experiments can be assessed.

Particle density average (/um?) | Count

Standard 1,99 5

Extra HCI cleaning 0,44 1

Double layer 1,75 6

Baking after spin coating 1,07 6

Baking after transfer to substrate 0,71 5

Baking after transfer to substrate and annealing 0,23 5
Double layer and annealing 0,58 5

Table 4.1: Average values obtained for particle density of each image and the number of images used
to retrieve the data.

Compared with the standard transfer, the modified HCI cleaning decreased the average particle density
by 78%; the double layer transfer by 14%; the transfer with baking after spin coating by 46% and the
baking after transfer to substrate by 65 %. Also, after annealing the samples, the particle density in
the transfers with baking step after transfer to substrate, decreased by 78% and, in the double layer

transfers, it was reduced by 67%.
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Figure 4.15: Particle density measurements in AFM images obtained with the standard PMMA transfer
and with modifications.

Analyzing the plot from figure 4.15 and the figures obtained for particle density average, it can be ver-
ified that both the standard PMMA and the double layer transfer generate the images with the highest
density of particles, and produced the most disperse data. Although, with the double layer transfer,
particle density average has been reduced by 14%, the amount of micrometer sized tears and ripples
is evident, as shown in image 4.14. Also, since the data retrieved is quite disperse, the results of this
experiments are less reproducible, if compared to the experiments carried with other modifications. An
increase in PMMA particle density would be expected with the addition of another polymer layer to the
copper/graphene/PMMA stack. Baking the films after spin coating also caused a reduction of PMMA
residue density since it lead to hardening of the PMMA layer, decreasing the probability of it being de-
stroyed during sample handling while it was still not dry. An additional baking step after the transfer to
the substrate lead to a decrease on average particle density. However, it should be remarked that PMMA
residues tend to accumulate in irregular areas, suck as breaks or tears of the graphene membrane. For
this reason, increasing the duration of HCI cleaning steps lead to a significant decrease in residue den-
sity. An efficient removal of wet etchant lead to an improved contact between graphene and substrate,
reducing the probability of rupturing the graphene. Annealing the graphene caused the disintegration
of PMMA particles due to exposure to high temperatures, leading to a significant decrease in particle

density.

4.2.3 Roughness Analysis

A roughness analysis was conducted on the AFM images to study the effect of the implemented mod-

ifications on PMMA residue density. Roughness parameters for each AFM image, and for 1 x 1um?
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sections were retrieved, as shown in the tables from Appendix A. It was obtained the average and
standard deviation for both image and section maximum vertical range (Z range), roughness (Rq) and
roughness average (Ra). The average of the roughness parameters, for each of of the modifications is
shown in table 4.2. Also, with the box plots shown in figures 4.16, 4.17, 4.18, 4.19, 4.20 and 4.21, data

distribution and the reproducibility of the conducted experiments can be assessed.

Image Section

Zrange (hnm) Rg(nm) Ra(nm) Count | Zrange (hm) Rqg(nm) Ra(nm) Count

Standard 107,27 3,24 1,79 3 14,50 1,60 1,20
Extra HCI cleaning 58,80 1,45 0,84 1 9,18 0,90 0,70
Double layer 80,90 2,59 1,20 6 12,34 1,03 0,76
Baking after spin coating 25,97 0,91 0,50 6 5,86 0,44 0,31
Baking after transfer to 108,42 2,46 0,84 5 9,15 1,51 0,69
Substrate

Baking after transfer to 29,50 0,78 0,47 6 4,48 0,42 0,34

Substrate and annealing

Double layer and anneal- 58,44 1,46 0,87 5 8,90 0,92 0,67
ing

Table 4.2: Average values obtained for both image and section maximum vertical range (Z range),
roughness (Rq) and roughness average (Ra). Also, the number of samples used in each experiment of
this analysis is shown. These values were obtained from the tables shown in appendix A.
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Figure 4.16: Maximum vertical range measurements in AFM images obtained with the standard PMMA
transfer and the modifications.

Compared with the standard transfer, the modified HCI cleaning decreased image average maximum
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vertical range by 45%; the double layer transfer by 25%; the transfer with baking after spin coating by
75% and the baking after transfer had no effect on the vertical range. Also, after annealing the samples,
the maximum vertical range in the transfers with baking step after transfer to substrate decreased by

73% and in the double layer transfers it was reduced by 77%.
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Figure 4.17: Roughness (Rq) measurements in AFM images obtained with the standard PMMA transfer
and the modifications.

Compared with the standard transfer, the modified HCI cleaning decreased the average image rough-
ness (Rq) by 55%; the double layer transfer by 20%; the transfer with baking after spin coating by 70%
and the baking after transfer by 73%. Also, after annealing the samples, the maximum vertical range
in the transfers with baking step after transfer to substrate decreased by 70% and in the double layer

transfers it was reduced by 44%.
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Figure 4.18: Roughness average (Ra) measurements in AFM images obtained with the standard PMMA
transfer and the modifications.
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Compared with the standard transfer, the modified HCI cleaning decreased the average image rough-
ness (Ra) 53%; the double layer transfer by 34%; the transfer with baking after spin coating by 25% and
the baking after transfer by 72%. Also, after annealing the samples, the maximum vertical range in the
transfers with baking step after transfer to substrate decreased by 45% and in the double layer transfers

it was reduced by 52%.
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Figure 4.19: Maximum vertical range measurements in 1 x 1um?sections of AFM images obtained with
the standard PMMA transfer and the modifications.

Compared with the standard transfer, the modified HCI cleaning decreased the section average maxi-
mum vertical range by 37%; the double layer transfer by 15%; the transfer with baking after spin coating
by 60% and the baking after transfer by 37%. Also, after annealing the samples, the maximum vertical
range in the transfers with baking step after transfer to substrate decreased by 48% and in the double

layer transfers it was reduced by 28%.
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Figure 4.20: Roughness (Rg) measurements in 1 x 1um?sections of AFM images obtained with the
standard PMMA transfer and the modifications.
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Compared with the standard transfer, the modified HCI cleaning decreased the section average image
roughness (Rq) 44%; the double layer transfer by 35%; the transfer with baking after spin coating by
73% and the baking after transfer by 5%. Also, after annealing the samples, the maximum vertical range
in the transfers with baking step after transfer to substrate decreased by 73% and in the double layer

transfers it was reduced by 48%

Section roughness average (Ra)
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Figure 4.21: Roughness average (Ra) measurements in 1 x 1um?sections of AFM images obtained with
the standard PMMA transfer and the modifications.

Compared with the standard transfer, the modified HCI cleaning decreased the section average image
roughness (Ra) 42%; the double layer transfer by 37%; the transfer with baking after spin coating by
75% and the baking after transfer by 40%. Also, after annealing the samples, the maximum vertical
range in the transfers with baking step after transfer to substrate decreased by 50% and in the double

layer transfers, it was reduced by 12%.

To further understand the effect of the implemented modifications in roughness parameters, data from
the entire images (figures: 4.16, 4.17, 4.18) and from sections without PMMA residues or major irregu-
larities (figures: 4.19, 4.20 and 4.21) was retrieved, to assess data uniformity. Data uniformity is altered
by irregularities on the sample surface. The data obtained for the entire image varied in a wider range,
but is consistent with the values obtained for the selected sections. An experiment with extra cleaning
steps was carried out with the goal of improving the cleanliness of the graphene, by removing copper
etchant particles that remained attached to the graphene, promoting adhesion of the graphene to the
substrate. Although in this experiment the roughness parameters are improved (section parameter im-
provement varies from 37% to 44%), the success rate was 20% lower than in the standard transfer,
because graphene remained in the HCI bath for 20 min, which lead to graphene degradation. Thus,

longer DI water cleaning steps lead to improvements. The double layer experiment was carried with
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the goal of the second PMMA layer diluting the first layer, relaxing it and enhancing contact between
graphene and substrate. Although the roughness parameters improve (section parameter improvement
varies from 15% to 37%), the success rate was 20% lower than in the standard PMMA transfer.Also,
the optical microscope images from figures 4.6, show increased breaking and rippling of the graphene
membrane as shown in the images of figure 4.14. To harden the PMMA and provide a more efficient
graphene support, the PMMA was baked after spin coating. This modification lead to a 40% increase
in the success rate and to an 60% to 75% improvement in the section roughness parameters. Also,
an experiment was conducted in which the graphene/PMMA films were baked after being transfered, to
evaporate any trapped water between graphene and the substrate. If graphene is not properly attached
to the substrate, those regions will break, causing tears and ripples when the PMMA is removed. This
modification showed an 40% success rate increase and improvements from 5 % to 40 % in section
roughness parameters. AFM images from figure 4.9 and an elevated dispersion of the values obtained
for image parameters, as shown in the plots from figures 4.16 and 4.17, demonstrate that, despite the
improvements on roughness in the section paramenters, which correspond to areas where the graphene
appeared intact, this modification lead to breaking of the membrane. Annealing the samples, produced
overall improvements, specially on image roughness parameters due to PMMA residues removal, for

both experiments conducted.
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Chapter 5

Conclusions

5.1 Achievements

The effect of modifications to the CVD graphene transfer by the PMMA method was studied. Optical and
AFM images were retrieved to quantify the effects of the modifications implemented. Particle density

and roughness parameters were obtained and a comparative analysis of the data was performed.

Longer HCI cleaning steps enhance the removal of copper etchant residues of the graphene surface.
This modification lead to a decrease on residue accumulation and roughness. Optical microscope im-
ages showed improvements in rupturing and tearing of graphene membrane. However, only DI water

cleaning steps seemed to improve the transfer quality.

Also, the effect of adding a second PMMA layer was studied. Optical images show that the amount
of breaking and tearing is significant. However, improvements on PMMA residue accumulation and on

roughness parameters were achieved.

Furthermore, an experiment with an additional baking step after spin coating was carried, which showed
a significant increase in success rate, section roughness parameters and in particle density. Optical
microscope images also showed the formation of wrinkles. An additional baking step was included after
the graphene/PMMA films transfer to the substrate. This modification lead to improvements in particle

density section roughness parameters and success rate.

Annealing enhances the removal of PMMA residues in the graphene membrane, leading to improve-

ments on particle density and roughness parameters.
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5.2 Future Work

To improve CVD graphene transfer by the PMMA method, longer DI water cleaning steps should be
included in all the transfers, to prevent accumulation of copper etchant residues between the graphene
and the substrate. Addition of baking steps after transferring the graphene/PMMA stack to the substrate
will increase the time efficiency of the transfer process, since the 2 hours drying step, between the stack
transfer and acetone bath, would be eliminated. Optimization of this baking step should be considered,

in order to decrease rupturing of the graphene membrane.

To use CVD graphene transfered by the PMMA method, the effect of high temperature annealing on
electronic properties of graphene should be further studied. Experiments on the efficiency of PMMA

removal residues at lower temperatures should also be conducted.

A polymer-free transfer method would further decrease the amount of transferring steps in the process.
Performing a transfer with no polymer would eliminate the irregularities caused by the use of a polymer

support.
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Appendix A

Particle and roughness analysis tables

A.1 Standard PMMA transfer

A.1.1 Particle analysis

Average Standard Deviation
Particle density (um?) 1,88 2,24 1,72 228 1,84 1,992 0,252

Table A.1: Particle density data retrieved from AFM images from CVD graphene transfered by the stan-
dard PMMA method.

A.1.2 Roughness analysis

Image roughness parameters

Z Range Rq Ra

57,500 1,940 1,130
234,000 6,970 3,470
30,300 0,812 0,762

Average 107,267 3,241 1,787
o 90,299 2,677 1,199

Table A.2: Image roughness parametes retrieved from AFM images from CVD graphene transfered by
the standard PMMA method.
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Section roughness parameters

Zrange (nm) Rq(nm) Ra(nm)

10,200 1,370 0,996
19,200 1,190 0,751
13,400 1,350 0,967
8,250 0,813 0,627
8,730 0,989 0,736
22,500 2,800 2,210
19,600 2,720 2,110
20,100 2,810 2,120
26,200 2,820 2,090
28,300 2,850 2,090
8,400 0,812 0,636
10,700 0,910 0,676
7,090 0,796 0,624
7,670 0,849 0,654
7,230 0,870 0,683

Average 14,505 1,597 1,198
o 7,411 0,899 0,687

Table A.3: Section roughness parametes retrieved from AFM images from CVD graphene transfered by
the standard PMMA method.

A.2 Transfer with extra HCI cleaning steps

A.2.1 Particle analysis

Average Standard deviation
Particle density (um?) 0,48 0,4 0,44 0,04

Table A.4: Particle density data retrieved from AFM images from CVD graphene transfered by the PMMA
method, with a modified HCI cleaning.

A.2.2 Roughness analysis

Image roughness parameters

Z Range Rq Ra
58,800 1,450 0,843

Table A.5: Image roughness parameters data retrieved from AFM images from CVD graphene transfered
by the PMMA method, with a modified HCI cleaning.
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Section roughness parameters

Z range Rq Ra

8,670 0,974 0,787
13,400 1,010 0,720
6,620 0,771 0,614
10,400 0,992 0,781
6,800 0,769 0,613

Average 9,178 10,9032 0,703
o 2,521 0,109 0,077

Table A.6: Section roughness parameters data retrieved from AFM images from CVD graphene trans-
fered by the PMMA method, with a modified HCI cleaning.

A.3 Double layer transfer

A.3.1 Particle analysis

Average Standard deviation
Particle density (um?) 1,64 1,75 1,67 159 1,86 1,96 1,745 0,142

Table A.7: Particle density data retrieved from AFM images from CVD graphene transfered by the PMMA
method, with a polymer double layer.

A.3.2 Roughness analysis

Image roughness parameters

Z Range Rq Ra

50,200 1,760 1,060
39,600 1,260 0,837
69,100 1,980 1,180
52,700 1,600 0,920
81,800 1,630 0,832

Average 80,900 2,590 1,197
o 56,439 2,324 0,581

Table A.8: Image roughness parameters data retrieved from AFM images from CVD graphene transfered
with an additional PMMA layer.
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Section roughness parameters

Z range Rq Ra

10,800 1,130 0,879
15,000 1,130 0,851
20,600 1,350 0,871
8,760 1,040 0,829
11,400 1,120 0,820
11,600 1,010 0,788
10,600 0,979 0,775
8,750 0,960 0,766
12,500 1,150 0,838
16,400 1,180 0,859
13,400 1,190 0,871
34,300 2,020 1,060
12,500 1,020 0,801
12,500 1,050 0,819
10,100 0,973 0,750
9,900 0,990 0,779
9,450 0,772 0,595
7,560 0,787 0,595
12,700 0,920 0,665
13,100 1,030 0,784
12,700 0,920 0,662
6,850 0,809 0,626
11,500 0,838 0,606
8,310 0,751 0,568
7,990 0,764 0,584
11,600 0,846 0,636

Average 12,341 1,028 0,757
o 5,357 0,253 0,121

Table A.9: Section roughness parameters data retrieved from AFM images from CVD graphene trans-
fered with an additional PMMA layer.

A.4 Transfer with baking after spin coating

A.4.1 Particle analysis

Average Standard deviation
Particle density (um?) 0,72 1,34 0,96 1,15 1,27 0,96 1,067 0,231

Table A.10: Particle density data obtained from AFM images of CVD graphene transfered by the PMMA
method, with a baking step after spin coating.
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A.4.2 Roughness analysis

Image roughness parameters

Z Range Rq Ra

24,800 0,655 0,376
31,900 1,250 0,623
21,900 0,742 0,426
24,000 0,814 0,437
21,400 0,763 0,493
31,800 1,210 0,663

Average 25,967 0,906 0,503
o 4,730 0,257 0,115

Table A.11: Image roughness parameters data retrieved from AFM images from CVD graphene trans-
fered with a baking after spin coating.

Section roughness parameters

Z range Rq Ra

4,950 0,358 0,253
4,500 0,315 0,236
4,900 0,359 0,252
5340 0,476 0,312
11,100 0,676 0,386
4,800 0,376 0,271
5,800 0,394 0,270
5,660 0,416 0,283
6,790 0,501 0,311
8,160 0,497 0,278
6,540 0,399 0,254
5,410 0,407 0,289
5,050 0,412 0,313
4,230 0,391 0,301
3,930 0,374 0,293
6,180 0,432 0,308
5,420 0,592 0,442
4,670 0,396 0,303
11,300 0,654 0,514
5,070 0,393 0,303
5,600 0,392 0,289
5,350 0,422 0,308
4,220 0,425 0,322
5,770 0,454 0,317

Average 5,860 0,438 0,309
o 1,881 0,090 0,061

Table A.12: Section roughness parameters data retrieved from AFM images from CVD graphene trans-
fered with a baking after spin coating.
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A.5 Baking after transfer to substrate

A.5.1 Particle analysis

Average Standard deviation
Particle density (um?) 1,02 0,72 0,72 0,81 0,29 0,712 0,238

Table A.13: Particle density data obtained from AFM images of CVD graphene transfered by the PMMA
method, with baking step after films’ transfer to the final substrate.

A.5.2 Roughness analysis

Image roughness parameters

Z Range Rq Ra

50,000 1,360 0,636
50,200 1,640 0,889
61,900 1,570 0,789
186,000 4,120 0,983
194,000 3,590 0,910

Average 108,420 2,456 0,841
o 74,681 1295 0,134

Table A.14: Image roughness parameters data retrieved from AFM images from CVD graphene PMMA
method, with baking step after films’ transfer to the final substrate.
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Section roughness parameters

Z range Rq Ra

6,540 0,537 0,406
6,400 0,527 0,402
6,440 0,696 0,553
7,430 0,648 0,502
13,400 0,806 0,559
16,800 0,923 0,622
10,500 0,882 0,635
13,600 1,050 0,705
9,390 0,797 0,597
11,500 0,790 0,592
10,300 0,834 0,609
13,600 0,951 0,685
6,800 0,702 0,545
6,020 0,705 0,549
8,280 0,632 0,494
5,780 0,674 0,527
7,110 0,811 0,607
8,630 3,590 0,910
5,970 0,808 0,638
8,670 0,824 0,620

Average 9,153 1,508 0,694
o 3,178 1,388 0,145

Table A.15: Section roughness parameters data retrieved from AFM images from CVD graphene PMMA
method, with baking step after films’ transfer to the final substrate.

A.6 Baking after transfer to substrate and annealing

A.6.1 Particle analysis

Average Standard deviation
Particle density (um?) 0,19 0,21 0,26 0,37 0,11 0,228 0,096

Table A.16: Particle density data obtained from AFM images of CVD graphene transfered by the PMMA
method, with a baking step after films’ transfer to the final substrate and annealing after acetone bath.
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A.6.2 Roughness analysis

Image roughness parameters

Z range Rq Ra

31,600 1,040 0,560
42,400 0,772 0,453
20,000 0,529 0,336
21,900 0,731 0,435
30,500 0,806 0,506
30,600 0,786 0,500

Average 29,500 0,777 0,465
o 8,013 0,164 0,077

Table A.17: Section roughness parameters data retrieved from AFM images from CVD graphene PMMA
method, with baking step after films’ transfer to the final substrate and annealing.
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Section roughness parameters

Z range Rq Ra

10,200 0,455 0,328
8,170 0,508 0,334
6,140 0,491 0,337

14,800 0,615 0,329
5,670 0,421 0,317
6,210 0,519 0,380
6,460 0,552 0,402
6,990 0,461 0,310
8,090 0,528 0,356
8,620 0,441 0,284
9,870 0,396 0,263
4,320 0,338 0,250

14,300 0,553 0,310
7,560 0,434 0,288

10,700 0,449 0,290
5,610 0,446 0,321
9,250 0,517 0,360
7,810 0,379 0,263

13,400 0,560 0,350
7,140 0,444 0,298
7,630 0,534 0,373
8,090 0,579 0,386
7,240 0,584 0,391
7,930 0,632 0,444
8,140 0,652 0,442
9,770 0,584 0,390

Average 4,484 0,421 0,338
o 2,645 0,081 0,051

Table A.18: Image roughness parameters data retrieved from AFM images from CVD graphene PMMA
method, with baking step after films’ transfer to the final substrate and annealing.

A.7 Double layer transfer and annealing

A.7.1 Particle analysis

Average Standard deviation
Particle density (um?) 0,32 1,02 0,86 0,27 0,15 0,575 0,389

Table A.19: Particle density data obtained from AFM images of CVD graphene transfered by the PMMA
method, with a polymer double layer and annealing after acetone bath.
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A.7.2 Roughness analysis

Image roughness parameters

Z range Rq Ra

66,600 2,090 1,110
96,000 2,060 1,100
31,100 0,932 0,500
73,500 1,470 0,827
25,000 0,734 0,800

Average 58,440 1,457 0,867
o 26,720 0,559 0,225

Table A.20: Image roughness parameters data retrieved from AFM images from CVD graphene trans-
fered with an additional PMMA layer and an annealing step after the acetone bath.

Section roughness parameters

Z range Rq Ra

11,500 1,240 0,960
7,950 1,240 1,010
7,480 1,130 0,918
6,790 1,120 0,908
8,890 1,200 0,957
9,840 1,100 0,827
6,350 0,910 0,714
9,070 0,835 0,566
6,210 0,879 0,662
6,610 0,973 0,774
6,510 0,546 0,390
6,500 0,533 0,389
8,230 0,612 0,431

14,300 0,770 0,462

13,300 0,619 0,413

10,200 0,962 0,683
9,380 0,972 0,673
8,230 1,010 0,682

11,800 0,875 0,596
8,810 0,734 0,506
8,830 0,942 0,631
9,130 1,040 0,701
8,130 0,904 0,560
9,450 0,958 0,640

Average 8,895 0,921 0,669
Std Deviation 2,149 0,206 0,189

Table A.21: Section roughness parameters data retrieved from AFM images from CVD graphene trans-
fered with an additional PMMA layer and an annealing step after the acetone bath.
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