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Abstract

We demonstrate significant advances in the fundamental understanding and engineering of
scalable graphene diffusion barriers. Experimental studies have established that defect-free non-
scalable graphene is an excellent barrier material, however its scalable counterparts are still well
behind in terms of performance. The latter’s ability to perform as a barrier membrane is
compromised primarily by the presence of three major problems - high density of defects, self-
degradation in ambient environment and induced electrochemical oxidation of the underlying
material. First, we develop an in-depth understanding of how diffusion occurs through monolayer
graphene grown via chemical vapor deposition. It is shown that the atomic membrane is
impenetrable in the pristine regions, however it is easily penetrated by oxygen and water at grain
boundaries and intrinsic pinholes. Second, we study in detail the self-deterioration of graphene in
ambient and quantify the evolution, kinetics, and energetics of the degradation process both in the
pristine and intrinsically defective regions of graphene. It is also found that the degradation process
is accelerated in the presence of water vapor. Third, we find that the overall defect density of a
graphene membrane is primarily determined by the density of its intrinsic pinholes and grain
boundaries. We demonstrate that the density on intrinsic pinholes can be significantly reduced by
reducing the surface roughness of the growth substrate which is achieved by regulating the pre-
growth annealing time and temperature. The density of the grain boundaries can be altered by
varying the internucleation distance during the growth of the membrane. Fourth, when graphene
is used as a corrosion barrier for metals, we establish that the electrochemical corrosion of the
metal can be drastically reduced by adding an ultra-thin electrically insulating layer between the
graphene and the metal. In addition, the barrier performance is enhanced greatly by stacking more

layers of graphene top of the first layer. Finally, we combine all the results and knowledge from



these previous studies to design the best performing scalable graphene barrier until date. We expect
this study to serve as a foundation for engineering next-generation graphene barriers with

performance comparable to its pristine and theoretical counterparts.
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1.

Introduction

1.1. Graphene: Structure, Properties and Applications

Graphene is a 2-dimensional allotrope of carbon where the individual carbon atoms are
bonded together in a tightly packed sp? honeycombed structure with an extremely small C-C
bond distance of 1.42A.* Each carbon atom has four bonds, three single -bonds with each of
its in-plane neighbors and one out-of-plane ©n-bond. This structure not only allows graphene
to possess several extraordinary properties and but it also opens doors to numerous exciting
applications in diverse fields.2* Since its discovery in the year 2004, graphene has generated
an unprecedented amount of interest in both theoretical and experimental studies in almost
every area of science and engineering. It has even given rise to a new era of 2D Materials
which promises to revolutionize and replace the existing technology in several areas.® ’ Due
to its sheer enormity, it is beyond the scope of this thesis to include all the exciting properties
and applications of graphene and hence this sub-section is restricted to the discussion of a

selected few that are relevant to this study.

Electronic Properties and Applications

Due to its structure, graphene is a zero bandgap material and the valence band and the
conduction band of graphene meet at six Dirac points in the momentum space (Fig. 1.1).% In
addition to being a good electrical conductor, experimental studies have shown that
monolayer graphene has an extremely high charge carrier mobility at room temperature of
15,000 cm?V1s13 The mobility is weakly coupled with temperature and extremely high

values excess of 200,000 cm?V1s™ have been achieved on free-standing graphene by reducing



the defect and charged-impurity scattering.® ® Graphene by itself can’t be used in transistors
for high-performance integrated logic circuits as a channel material because of the absence of
a bandgap. However, quantum-confinement generated from nano-patterning the graphene
layer in the form of ribbons, anti-dots etc.!*® allow the material to have the much need
bandgap for transistor applications. In addition, the superior electronic properties in
combination with some of the other properties discussed later namely, transparency,
flexibility and impermeability, makes graphene an excellent choice transparent electrode
material for use in organic photovoltaic (OPV) and organic light emitting diodes (OLED)

devices. 1419

Mechanical Properties and Applications

Graphene currently holds the record of the strongest material ever to be tested.? It has an
intrinsic tensile strength of 130 GPa and a Young’s modulus of 1TPa. Graphene platelets
stacked together via flow-directed assembly to form a paper can have an extremely high
fracture strength of 120 MPa.2° The superior mechanical strength in combination with other
properties mentioned in this section (such as thermal and chemical stability and
impermeability) opens doors to use of graphene as a selective transport membrane for water

desalination, gas separation and controlled drug-delivery.?-2°

Transparency



The electronic band-structure of monolayer graphene allows the atomic membrane to
possess unique optical properties. One of the most notable among them is that graphene has
a high transparency of ~97.7% which is uniform over the visible range to the infra-red range
of the electromagnetic spectrum.?® 27 Also, the transmission and reflectivity of graphene are
not related to its material parameters. This makes the atomic membrane an excellent potential
choice to be used as a transparent conductor in organic semiconducting devices like OPVs

and OLEDs.

Thermal and Chemical Stability

It has been shown that free-standing graphene has an extraordinarily high thermal
conductivity of 5000 WmK-1.28 In addition, theoretical studies and experimental research on
defect-free suspended graphene has shown that graphene has remarkable thermal stability.
The sublimation temperature of graphites is as high as 4000 K.2% 30 Furthermore, in ultra-high
vacuum and inert conditions graphene monolayers have been shown to be stable up to 2600
K.3! Graphene is also noted for its superior chemical stability oxidative and corrosive
environments. In particular, the chemical stability of graphene allows it to be isolated from
the growth substrate after chemical vapor deposition and integrated with arbitrary substrates
without sustaining any chemical damage or modification from the process.?” 3234 The thermal
and chemical stability of the material make it an excellent choice for use in corrosion

preventive coatings, filtration and high temperature applications.

Impermeable Membrane



As a consequence of a tightly bound sp? honeycomb lattice and a small C-C bond distance
of 1.42 A, graphene is impenetrable to even species as small as atomic Helium (Fig. 1.2).%°
This remarkable property of graphene opens up its use in several important applications. It
allows it to be potentially used as a corrosion preventive layer to prevent oxidation of refined
metals by oxygen and water. In addition, it can also be used as a diffusion barrier for copper
interconnects in integrated circuits to prevent dielectric breakdown due to copper migration
into the gate-oxide layer.®® 3" Furthermore, it can be used as size selective transport membrane
for water desalination, gas separation and controlled drug-delivery. A more detailed

discussion on this property of graphene is included in section 1.4 later in the text.

Flexibility and Scalability

As a result of its structure and superior mechanical properties, graphene is an extremely
flexible material 24 16:17.27.38,39 The fracture strain of graphene is significantly better than ten
than Indium Tin Oxide which is the commercially used conductor for transparent displays.
Graphene monolayers, multilayers and films can be manufactured via several scalable
techniques such as chemical vapor deposition, solution-processing etc. can be
transferred/integrated onto substrates in large-areas. In particular graphene can be
manufactured in meter scale areas using chemical vapor deposition and transferred onto
flexible substrates via roll-to-roll processing techniques as depicted in figure 1.3. 2'These
make graphene an ideal choice for replacing an increasing expensive to process Indium Tin

Oxide as a transparent conductor in displays and photovoltaic devices. In combination with



its flexibility and impenetrability, the material has great potential in the areas of flexible

organic semiconductor device applications.

1.2. Synthesis methods of graphene and challenges
Mechanical Exfoliation

In this method flakes of graphite are cleaved using a scotch tape until there is a single
layer sheet of graphene remaining.> *° The method produces graphene sheets that are pristine
and almost defect free and are important for proof of principle studies of properties of
graphene. Most of the notable record breaking feats of graphene as a material that have been
experimentally achieved until date are using mechanically exfoliated graphene layers.
However, this manufacturing technique has severe drawbacks which are almost impossible to
overcome. The yield of monolayer and few layer graphene which are the materials of interest
for most research is extremely low. In addition, the monolayer regions are restricted to only a
few hundred um?. These make it impossible for the mechanical exfoliation technique to be

scalable.
Liquid phase exfoliation and graphene-oxide solution-processing

In this method graphite flakes are dispersed in a solvent where it favors an increase in total
surface area. The process can be aided by sonication and with increasing sonication time the
fraction of monolayer in the solvent also increases. This fraction can also be further improved
via sonication. A similar approach is also used for dispersing graphene oxide in aqueous
media. Graphite platelets are first oxidized to functionalized them with oxygen and then

exfoliated via sonication.** These exfoliated layers of graphene or graphene oxide can be



uniformly coated onto arbitrary substrates or can also be made into films or paper via flow-
directed assembly.** This manufacturing technique of few layered graphene, though easily
scalable, is limited in its performance by the size of the platelets and the high density of defects

in them.
SiC based synthesis

It has been shown that mono or few layers of graphene can be synthesized on either on
the silicon or carbon terminated surface of a SiC wafer by sublimating Si atoms, thereby
leaving a graphitized surface.*? The quality of graphene produced via this technique is pristine
and almost defect-free. However, the extremely high processing temperatures and high wafer

costs are big limiting factors when it comes to using this method for mass manufacture.
Chemical Vapor Deposition

Large-area mono and few-layer graphene sheets can be grown by catalyzing a carbon
precursor on refined transition metals or semiconductors at elevated temperature in the
presence of hydrogen.**? The graphene membranes manufactured via this technique is
polycrystalline and can be easily isolated from its growth substrate and transferred onto
arbitrary substrate in very large areas, thus making this method easily scalable (figure 1.4).%
The technique also offers great control over layer uniformity. The most commonly used
growth catalyst for chemical vapor deposition based monolayer graphene growth is copper.
Solubility of carbon in copper is extremely low even at high temperature making the graphene
growth a surface based process on the substrate. The vapor deposition process on Cu is also
self-limiting where the graphene growth stops after formation of a continuous single layer.>

All the above mentioned traits along with the make chemical vapor deposition the most



favored and commonly used method for synthesizing graphene for applications that require
scaling. This technique is used throughout this thesis for manufacturing continuous single
layers of graphene. More details about parameters used during the growth process are
discussed in the respective experimental methods section of each chapter. The graphene
manufactured via this technique is not defect-free and consists of grain-boundaries, vacancies,
point-defects etc. Though the density of these defects can be controlled and minimized to a
great extent as elaborated in following chapters in this thesis, however, until date it has been
impossible to completely eliminate them. More research is required on synthesis of graphene

using chemical vapor deposition to achieve this goal.
1.3. Defect characterization in graphene

As mentioned in section 1.2, graphene manufactured via chemical vapor deposition is not
free from defects. The polycrystalline nature of the growth generates grain boundaries in
graphene. In addition, the surface roughness and surface impurities of the growth catalysts
can create nanopores or holes in the graphene layer where the graphene growth is incomplete.
Furthermore, defects in graphene can be induced by extrinsic factors such as elevated
temperatures, oxidizing agents, ion bombardment, plasma etc.>>%° The ability to characterize
this defect allows us to understand and relate the limitations posed by them on the properties
of graphene. There are several techniques that can be used to visualize or quantify the defects

in the graphene layer and the ones relevant to this study are listed below.
Raman Spectroscopy

Raman spectroscopy is extremely useful technique to characterize not only graphene but

carbon nanomaterials in general.5> 2 Raman spectroscopy can be used not only to study



defects in graphene but can also be used to characterize mechanical strain, doping and
quantifying number of layers.?> 3% A typical Raman spectra of graphene as shown in figure
1.5 has three prominent features namely, the D-band (1345 cm™), G-band (1585 cm™) and the
2D-band (2670 cm™).”® The mechanism behind formation of these bands is very well studied
in literature.®* %% 717> |n this thesis we are interested in using Raman spectroscopy to relatively
quantify the density of defects in graphene. The D-band to G-band ratio is a quantity that
directly relates to the number of the defects in area scanned by the laser. For CVD-graphene
monolayer when excited with a 532 nm laser wavelength, a D-band to G-band ratio of <0.1
proves that the graphene is of superior quality and has low density of defects. More details on

this characterization tool can be found in the subsequent chapters of this thesis.
Scanning Electron Microscopy

It is important to point out at the very beginning that scanning electron microscopy cannot
be used to resolve the defects in a graphene monolayer directly. However, there are
approaches that can be used to visually emphasize the location of the defects in the graphene
layer and can be used visualize the defective regions indirectly. To visualize and quantify the
intrinsic holes present in monolayer graphene, it is immersed in a very dilute copper etching
solution.? The graphene layer is able to block out the copper etchant from reaching the copper
everywhere expect in the regions of incomplete growth or highly defective regions, referred
as intrinsic nanopores. In the nanopores, the etchant is able to diffuse through the graphene
layer to the copper underneath and form etch-pits in the copper. These etch-pits grow wider
and deeper with time and are easily visualized under the SEM after prescribed amount of
etching and quantified using image analysis software. More details on this technique can be

found in chapter 4 of this study. To visualize grain boundaries in a graphene monolayer under



the SEM, the graphene on an arbitrary substrate can be annealed at an elevated in ambient air.
This oxidizes the carbon atoms at the grain boundaries and edges and then gasifies them,
making the grain boundaries wider with time. The rate of etching is directly related to the
annealing time and temperature. Once etched the grain boundaries have different contrast
compared to the grain interiors can be easily.>® More details on this method is discussed in

chapter 3 of this work.

1.4. Graphene as a diffusion barrier

Theoretical and experimental studies on pristine and defect-free graphene have shown that
graphene has the ability to outperform the materials that are currently being used as diffusion
barriers. The densely-packed sp?-honeycombed structure makes the monolayer of atoms
impenetrable to even atomic He.® This when combined with graphene’s superior thermal
stability, chemical inertness, transparency and flexibility make it a great candidate for barrier
applications.1# 16:31.34 7679 However, graphene’s success as a barrier depends on the ability to
reproduce the results obtained from theoretical or pristine graphene using scalable
approaches.?® 24 8 |njtial research by Compton et al. has demonstrated that nanosheets of
graphene when used as a filler material in polymer films can significantly enhance its barrier
properties.8 A pioneering experimental study by Chen et al. has shown that large-area
monolayer graphene grown via chemical vapor deposition (CVD) can be used to reduce the
oxidation of refined metals even at elevated temperatures up to 200 ° C (Fig. 1.6).2? Kang et
al. have also shown similar results using reduced graphene oxide and Yu et al. have utilized
30-40 nm thick layers of self-assembled graphene oxide (GO)-polyethleneimine (PEI)
composites on PET to reduce the oxygen transmission rate to 0.05 cc.m2day.2% In addition,

Kirkland et al. have demonstrated that mixed-thickness CVD-graphene coatings on Ni and
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Cu can serve as barriers to electrochemical corrosion in aqueous media.®* Prasai et al. have
shown that multilayer graphene grown on Ni can act as a better diffusion barrier than a single
layer. However, while these demonstrations of scalable graphene barriers have served as an
important proof-of-principal, thus far, their performance has still been substantially below
their pristine and defect-free counterparts.®® Previous work by our group has shown that the
performance of CVD-graphene based barriers can greatly enhanced via increasing the
internucleation distance and stacking of multiple monolayers.” In addition, recent studies by
Zhou et al. and Schriver et al. have shown that monolayer graphene promotes extensive
electrochemical corrosion of underlying copper over a period of few months and few hours at
room and elevated temperatures (~473 K), respectively, thereby severely reducing its ability
to perform as a corrosion-inhibiting material 2% 87 Finally, a recent study by our group has also
shown that a graphene monolayer becomes discontinuous due to etching at intrinsic defects
and grain boundaries in a matter of few hours in ambient atmosphere at slightly elevated
temperatures (>473 C).>®

In summary, these studies indicate that the problem with using scalable graphene as a
barrier is three-fold — (i) high density of defects compared to pristine or theoretical graphene
providing spurious diffusion pathways, (ii) degradation and etching of the monolayer
graphene at the defective regions at elevated temperatures in ambient atmosphere and (iii)
enhanced oxidation of underlying metal in presence of graphene due to electrochemical
corrosion. Problem (i) has been and still is one of the most substantial for applications not
only pertaining to barriers but also to any application of graphene that requires scalability.**
48,88,89 Though there are a few ways to minimize the intrinsic defect concentration in scalable-

graphene, for example increasing the internucleation distance during the CVD process.’”®
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However, the graphene manufactured using these techniques is still far from its pristine or
defect-free state. Studies to reduce the defect density of scalable-graphene are being
constantly pursued by our group and other groups working on synthesis of graphene. In this
paper, we focus on addressing the problems (ii) and (iii) which are equally limiting when it
comes to ability of graphene to perform as a diffusion barrier. Problem (ii) occurs when the
defective regions in monolayer graphene are exposed to air and water. This leads to oxidation
of the graphene at the defects and subsequent gasification of the oxidized carbon atom in the
form of CO or COg, leading to formation holes in the graphene layer in the form of etched
pits and grain boundaries.®™ This effect is accelerated at elevated temperatures. The holes
formed from the etching process can act as spurious diffusion pathways when monolayer
graphene is being used as a barrier membrane. Problem (iii) arises when graphene is in
electrical contact with the material that needs protection from oxidation. Due to a difference
in the electrochemical potentials of graphene and the underlying material, an electrochemical
cell is created that promotes the corrosion of the material, as shown for the case of graphene
protecting copper in previous studies.®® 87

1.5. Scope of thesis

The experimental demonstration of impermeability of graphene to atomic Helium shown
by Bunch et al. has opened door to wide range of applications for graphene to be used as a
diffusion barrier.>® The most notable among them being, corrosion protection of refined
metals, encapsulation of organic semiconducting devices, water desalination, gas separation
and controlled drug-delivery etc.?* 25 70 9. 91 Thoyugh used of pristine, defect-free and non-
scalable form of graphene has shown its superior performance in each of these application

and potential to replace the existing technology, the performance using scalable techniques of
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manufacturing graphene have been below par. In particular, to use scalable graphene as a
corrosion preventing layer one needs to overcome three drawbacks mentioned in section 1.4:
(1) high density of defects compared to pristine or theoretical graphene providing spurious
diffusion pathways, (ii) degradation and etching of the monolayer graphene at the defective
regions at elevated temperatures in ambient atmosphere and (iii) enhanced oxidation of
underlying metal in presence of graphene due to electrochemical corrosion. In the following
chapters we focus on understanding and critically analyzing these problems in detail and along

the way develop novel and innovative techniques to minimize or overcome these problems.

In chapter 2, we show that defects in graphene can act as spurious diffusion pathways for
oxygen and water to reach the underlying metal and corrode it. In addition, we show that the
performance of graphene diffusion barriers can be enhanced by stacking multiple layers of
graphene and increasing grain size. We focus on understanding large-area barriers of
graphene grown by chemical vapor deposition in the context of passivating an underlying Cu
substrate from oxidation in air at 200 °C and use imaging Raman spectroscopy as a tool to

temporally and spatially map the barrier performance and to guide barrier design.

In chapter 3, the evolution, kinetics, and energetics of this degradation is quantified.
Specifically, the deterioration of graphene on SiO> is studied in grain interiors and at grain
boundaries in ambient air, dry air and nitrogen between 473 and 673 K, using spatially and
temporally resolved in situ Raman spectroscopy in addition to electron microscopy and charge
transport measurements. The results from this study can be used to quantitatively predict

graphene oxidation and gasification on SiO2 in different environments and temperature.
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In chapter 4, origin of intrinsic nanopores in graphene manufactured via chemical vapor
deposition is studied. It is found that copper foils that are most commonly used as a catalyst
for graphene growth, the degree of completeness of the growth is limited by the surface
roughness of the foil. The density of the nanopores decreases when the surface roughness of
the growth substrate is reduced by either increasing the pre-growth annealing temperature and
time. The hole density is significantly minimized when atomistically smooth epitaxial copper
is used as the growth substrate, in which case the degree of completeness of the growth is just

limited by the presence of surface irregularities of the catalyst.

In chapter 5, we show that the degree of electrochemical corrosion of the underlying metal
can be reduced by adding an electrically insulating layer between the graphene and the metal.
We combine this with our findings from chapter 2-4 and design high-performance
heterostructured scalable graphene barriers for corrosion protection. We set the foundation
for future studies and engineering of scalable diffusion barriers based on graphene for

corrosion protection.

In chapter 6, we explore another application that utilizes graphene’s ability to be
transparent, impenetrable, conductive and flexible material; use of graphene as a transparent
electrode in organic photovoltaics. Charge and energy transport in organic semiconductors is
highly anisotropic and dependent on crystalline ordering. Here, we demonstrate a novel
approach for ordering crystalline organic semiconductors, with orientations optimized for
optoelectronics applications, by using a single monolayer of graphene as a molecular
template. We show as a proof-of-principle, that large-area graphene can be integrated on
metals and oxides to modify their surface energies and used to template copper

phthalocyanine (CuPc), a prototypical organic semiconductor. On unmodified substrates,
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thermally evaporated films of CuPc are small-grained, and the molecules are in the “standing-
up” (100) orientation. On graphene modified substrates, CuPc is templated in favorable

“lying-down” (112) and (012) orientations with drastically larger crystal sizes.

Finally, in Chapter 7, we summarize the results and provide outlook for future directions

of research in this field.

Figures:

Figure 1.1. Band-structure of graphene depicting the six Dirac points in the momentum space

resulting in a zero band-gap. Reproduced from Castro Neto et al.*



15

Ap = -93 kPa

€|

Ap = Pint = Pext

50}

Pint

-100+

Height (nm)

-150

0 40 80§
Time (hqurs)

0 2 4 6 8

Length ‘Hm)

Figure 1.2. (a) Schematic of a graphene sealed microchamber with helium. (Inset) optical
image of a single atomic layer graphene drumhead on 440 nm of SiO,. The dimensions of the
microchamber are 4.75 pm x 4.75 pm X 380 nm. (b) Side view schematic of the graphene
sealed microchamber. (c) Tapping mode atomic force microscope (AFM) image of a ~ 9 nm
thick many layer graphene drumhead with Ap > 0. The dimensions of the square
microchamber are 4.75 pm x 4.75 um. The upward deflection at the center of the membrane
is 2 ) 90 nm. (d) AFM image of the graphene sealed microchamber of Figure 1a with Ap ) -
93 kPa across it. The minimum dip in the z direction is 175 nm. (e) AFM line traces taken
through the center of the graphene membrane of (a). The images were taken continuously
over aspan of 71.3 h and in ambient conditions. (Inset) deflection at the center of the graphene

membrane vs time. (Figure and caption reproduced from Bunch et al.). %
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Figure 1.3. Schematic depicting the roll-based production of graphene films grown on a

copper foil. Reproduced from Bae et al.?’
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Figure 1.4. Graphene grown via chemical vapor deposition and transferred onto arbitrary
substrates. (A) SEM image of graphene on a copper foil with a growth time of 30 min. (B)
High-resolution SEM image showing a Cu grain boundary and steps, two- and three-layer

graphene flakes, and graphene wrinkles. Inset in (B) shows TEM images of folded graphene

edges. 1L, one layer; 2L, two layers. (C and D) Graphene films transferred onto a SiO2/Si

substrate and a glass plate, respectively. Reproduced from Li et al.>
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Figure 1.5. Raman spectra of monolayer graphene highlighting the three prominent features: D-
band (1345 cm™), G-band (1585 cm™) and the 2D-band (2670 cm™) using a 532 nm laser

excitation wavelength. Reproduced from Singha Roy et al.”
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Figure 1.6. Proof-of principle experimental study using graphene synthesized via chemical vapor
deposition for corrosion prevention of refined metals. (a) Illustration depicting a graphene sheet

as a chemically inert diffusion barrier. (b) Photograph showing graphene coated (upper) and
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uncoated (lower) penny after H.O» treatment (30%, 2 min). (c) Photographs of Cu and Cu/ Ni foil
with and without graphene coating taken before and after annealing in air (200 °C, 4 h).

Reproduced from Chen et al.#2
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2. Understanding diffusion through graphene atomic membranes
This chapter was adopted from “Singha Roy, S.; Arnold, M., Improving Graphene Diffusion
Barriers via Stacking Multiple Layers and Grain Size Engineering. Advanced Functional
Materials 2013, 23, (29), 3638-3644.” SS performed all the experiments and analysis for the

study.

Abstract

We show that the performance of graphene diffusion barriers can be enhanced by stacking
multiple layers of graphene and increasing grain size. We focus on understanding large-area
barriers of graphene grown by chemical vapor deposition (CVD) in the context of passivating an
underlying Cu substrate from oxidation in air at 200 °C and use imaging Raman spectroscopy as
a tool to temporally and spatially map the barrier performance and to guide barrier design. At
200 °C in air, Cu oxidation proceeds in multiple regimes: first slowly via transport through
atomic-scale grain boundary defects inherent to CVD-graphene and then more rapidly as the
graphene itself degrades and new defects are formed. In the initial regime, the graphene
passivates better than previously reported, for example Cu oxidation after 120 minutes is reduced
by 41, 73, and >403 when passivated by 1, 2, and 4 stacked sheets of graphene, respectively, with
3 um grains, compared with bare Cu. The Raman maps and electron microscopy show that
whereas oxidation through single sheets primarily occurs through grain boundaries, oxidation
through multiple sheets is spatially confined to their intersection. Performance further increases
with grain-size; increasing grains from 3 to 14 pm decreases the oxidation rate by an additional

factor of 5 per sheet. The degradation of the graphene itself at 200 °C is evidenced by an increase
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in its D-band Raman mode, ultimately limiting high temperature but suggesting superior low
temperature barrier performance. This study is expected to improve the understanding of mass
transport through CVD-graphene materials and lead to improved large area graphene materials

for barrier applications.

2.1. Introduction

Recent experimental and theoretical work show that the one atom thick, densely packed
sp?-honeycomb network of graphene makes it nearly impenetrable to species even as small as
atomic He.® Graphene has been found to be thermally stable even over 2600 K in inert and
ultra-high vacuum environments,'®! and other experimental studies also suggest its extraordinary
durability at high temperatures.[> 87 7° 921 Additionally, research has shown that the atomic
membrane is electrochemically inert over a wide range of potentials when used as an electrode in
display devices.l'”- 71 Moreover, graphene can be transferred onto arbitrary substrates, is over
97% transparent, and can be scaled to areas as large as 30 inch (diagonal) via chemical vapor
deposition (CVD).[?" 33 %81 These attributes inherently make graphene and graphene based
materials appealing candidates for diffusion barriers in applications including the corrosion
inhibition of reactive/refined metals, lifetime enhancement of organic photovoltaic devices
(OPV), and ultrasensitive gas detection,[*4 82 85,91, 94-7]

Initial research by Compton et al. has demonstrated that nanosheets of graphene when
used as a filler material in polymer films can significantly enhance its barrier properties.[® A
recent pioneering experimental study by Chen et al. has shown that large-area CVVD-grown atomic
membranes of graphene can be used to reduce the oxidation of refined metals even at elevated

temperatures up to 200 °C.1®2 Kang et al. have also shown similar results using reduced graphene
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oxide %1 and Yu et al. have utilized 30 — 40 nm thick layers of self-assembled graphene oxide
(GO)-polyethleneimine (PEI) composites on PET to reduce the oxygen transmission rate (OTR)
to 0.05 cc/m?-day. In addition, Kirkland et al. have demonstrated that mixed-thickness CVD-
graphene coatings on Ni and Cu can serve as barriers to electrochemical corrosion in aqueous
media.[® 8 Furthermore, Prasai et al. have shown that multiple layers of CVD-graphene can
have a multiplicative effect and act as a better diffusion barrier than a single layer.[®® However,
while these demonstrations of large-area graphene barriers have served as an important proof-of-
principal, thus far, their performance has still been substantially below their theoretical limit.

The first practical challenge in implementing graphene as a large-area diffusion barrier is
that, because it is only one atomic layer, even a single defect has the possibility of providing a
spurious transport pathway for leakage across its thickness. CVD-graphene, while attractive for
its scalability, is known in particular to be punctuated by microscopic (tears and holes) and
atomic-scale (grain boundary) defects. In principal, it should be possible to eliminate tears and
holes by refining the purity and smoothness of the Cu growth substrates, processing in more
particulate-free environments, and developing better graphene transfer procedures. On the other
hand, grain boundaries will always be ubiquitous in polycrystalline CVD-graphene. It has been
theoretically shown by Topsakal et al. that grain boundary defects can act as spurious diffusion
pathways for oxygen transport.[*4l Chen et al. have imaged the oxidation of Cu through single
layers of graphene and shown that the Cu oxidizes in a pattern that appears to be related to the
grain boundaries of the graphene, but the correlation between grain boundaries and oxidation was
not explicitly confirmed.

A second practical challenge is stability. While graphene has excellent stability in inert

environments,* it is less stable under oxidizing conditions. Preliminary studies have shown that
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the interior of a grain of CVD-graphene will degrade rapidly at 400 °C in air.[®® % Degradation
in ambient at temperatures < 400 °C may be possible but has not been elucidated in detail. Grain
boundaries and defects are expected to further decrease stability. Xu et al. have shown via
modeling that the oxidative etching of graphene at a defect site is expected to be faster than at a
non-defect site.[!%! Duong et al. have experimentally shown that grain boundaries in CVD-
graphene on Cu can be probed when it is exposed to UV radiation in ambient because UV-
generated O and OH radicals will selectively react with and degrade the graphene grain
boundaries thereby providing an enhanced pathway for the oxidization of the underlying Cu
substrate.l*%t In general, if there is instability and degradation of graphene or its grain boundaries
under a particular set of conditions then this will further limit the applicability of graphene as a
diffusion barrier under these conditions.

Here, in order to gain more insight into these aspects, we have used imaging Raman
spectroscopy to conduct detailed measurements of the oxidation of Cu through single and multiple
layers of graphene, grown via CVD. We have used imaging Raman spectroscopy, in particular,
as a tool to map where the oxidation occurs and to also track how both the oxidation and stability

of the graphene evolve with time.

2.2 Results and Discussion

The graphene barriers for our studies were grown one layer at a time on Cu foils using
standard atmospheric pressure CVD commonly used to grow monolayer graphene.> %8 Here,
we refer to single layered graphene (SLG) on Cu by the abbreviation, SLGx1 _Cu. Two-layered
(SLGx2_Cu) and four-layered (SLGx4_Cu) samples were fabricated by mechanically transferring

additional layers of graphene onto the SLGx1 Cu with the help of a sacrificial layer of
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poly(methyl methacrylate), using a transfer approach derived from that of Li et al., Safron et al.,
and others for transferring graphene to arbitrary substrates.[4 341021 Al multi-layered samples
were fabricated using graphene with 3 um grains. The motivation behind independently growing
then post-synthetically stacking the layers was to ensure a misalignment of microscopic and
atomic-scale defects in each layer. The graphene on Cu samples (collective term for SLGx1_Cu,
SLGx2_Cu and SLGx4_Cu) and control Cu samples without graphene were heated on a hotplate
set to 200 'C in ambient atmosphere for up to 10 hours, in order to induce oxidation. A
temperature of 200 "C was used to ensure rapid Cu oxidation kinetics and to match the work of
Chen et al.[B2 After oxidation, the samples were imaged using Scanning Electron Microscopy
(SEM) and the oxidation of the Cu was quantified temporally and spatially using imaging Raman
spectroscopy. Cu20 was specifically mapped via its well established Raman mode at ~647 cmt
and grain boundaries and defects in graphene were mapped by the D-band Raman mode at ~1345
cmL,[64. 71, 1031051 g quantify oxidation for the kinetics studies, the Cu,O Raman intensity was
averaged spatially over a 20 x 20 pm? region for the 3 um grain size and a 30 x 30 pm? region for
14 pum sized grains. In order to independently confirm the Raman data, X-ray Photoelectron
Spectroscopy (XPS) and X-ray excited Auger Electron Spectroscopy (XAES) were performed on
a subset of samples, although the approaches only provide macroscopic averages of the degree of
Cu oxidation (see Figures A.S1-3 and Table 1 in the Supplementary Information).

Figures 2.1a-d show electron micrographs of annealed Cu foil without graphene and
SLGx1_Cu, SLGx2_Cu and SLGx4_Cu substrates, respectively, prior to oxidation. The bare
annealed Cu foil was polycrystalline and relatively smooth, and the morphology of the graphene

modified Cu substrates was similar. The regions of darker contrast in the images of the graphene
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modified Cu show the partial growth of additional layers. For example, the regions of darker
contrast in the SLGx1 image (Fig. 2.1b) correspond to partial 2" layers.

Figures 2.1e-h show electron micrographs of annealed Cu foil without graphene and
SLGx1_Cu, SLGx2_Cu and SLGx4_Cu substrates, respectively, after 240 minutes of annealing
in air. The surface of the Cu foil without graphene nearly completely oxidizes and becomes
considerably rougher. In contrast, there is significantly less oxidation or perturbation of the
graphene on Cu samples. Two features are observed in the SLGx1 _Cu samples: (i) an
interconnected network or grain boundary-like web of oxidation and (ii) oxidation along
horizontal striations. The former resembles the observations of Chen et al., which we later
confirm correspond to oxidation of the underlying Cu directly through graphene’s grain
boundaries, via Raman mapping. The latter occurs at macroscopic striations in the Cu foil that
result from the foil’s processing and manufacture that translate into defects/steps into the structure
of the graphene. In principal, these striations could be eliminated prior to CVD.

In comparison to the SLGx1_Cu samples, there is considerably less oxidation of the
SLGx2_Cusamples and SLGx4_Cu samples (Fig. 2.1g and 2.1h) where the oxidation furthermore
occurs in a different way. The Cu oxidation is limited to single points in SLGx2_Cu samples
whereas considerable oxidation is not observed at all in SLGx4_Cu samples. Qualitatively, the
improved barrier performance of the multi-layers makes sense as the microscopic and atomic-
scale defects in each layer will be incommensurate, which is discussed further later.

The degree of oxidation of each of these four samples is more quantitatively compared in
Figure 2.2a, using Raman spectra to assess copper oxide yield spatially averaged over a 20 x 20
um? region. The spectrum of the highly oxidized bare foil is dominated by an intense feature at

647 cm™ corresponding to Cu,O and smaller peaks at 500 cm™ and 800 cm™ for CuO and
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Cu(OH): respectively. In comparison, the Cu0 Raman feature is 41, 73, and > 403 times weaker
on the SLGx1_Cu, SLGx2_Cu, and SLGx4_Cu, respectively. In the SLGx4_Cu sample, the
graphene G- and 2D-band Raman features are visible at ~1585 cm™ and ~2670 cm™, respectively,
but the Cu20 Raman feature is immeasurable, below the noise. It should be noted that that the
2D/G ratio of the SLGx2_Cu and SLGx4_Cu spectra are decreased with respect to that of the
SLGx1_Cusample. This decrease is observed both before and after annealing at 200 °C and can
be attributed inter-layer interactions between domains of graphene that are randomly oriented. [
106, 107]

To better understand how the oxidation yield of each of these samples evolves, we
measured similar Raman spectra as a function of time at intervals up to 610 min of oxidation (Fig.
2.2). The kinetics plots show that the amplitude of the CuO Raman feature increases rapidly on
the bare Cu sample, saturating after only ~5 min (Fig. 2.2a). In contrast, the amplitude of the
Cu>0O Raman feature increases much more slowly on the graphene on Cu samples, although the
increase is not linear. For example, at first, the increase in amplitude of the Cu>O Raman feature
on the SLGx1_Cu substrate is 290x slower than the bare Cu substrate. But, after ~60 min, the
oxidation accelerates. Then, after ~240 min, the oxidation tends to saturate but at only ~10% of
the amplitude of the bare Cu substrates. The mechanisms responsible for these three regimes of
oxidation are discussed further later.

The kinetics plots for the SLGx2_Cu and SLGx4_Cu samples show that the rate of Cu
oxidation is increasingly suppressed with an increasing number of sheets. In particular, at any
given time, the overall degree of oxidation of the SLGx2_Cu and SLGx4_Cu samples is less than
that of SLGx1_Cu samples. Furthermore, the onset of the accelerated degradation is delayed.

For example, the first clearly measurable signature of oxidation of the SLGx4_Cu samples is not
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observed until 610 min. In all of the graphene on Cu samples, however, while the initial rate of
oxidation was slow, it accelerated with time. Figure 2.2b compares the Raman spectra after 240
min of oxidation for the bare copper and the graphene on Cu samples. It can be easily noted from
these spectra that the intensity of the Cu.O peak (647 cm™) is reduced as the number of graphene
layers on Cu is increased. The broad background / interference patterns between 400 — 1000 cm”
11200 — 1900 cm™* and 2500 — 3100 cm are from the substrate (Cu).

In order to better understand the pathways for oxidation through single and multiple sheets
of graphene, we collected Raman maps and electron micrographs of the samples at fixed oxidation
times. We first analyzed a SLGx1_Cu sample prior to oxidation (see Figures A.S4-5 in the
Supplementary Information). We then analyzed a SLGx1_Cu after 120 min of oxidation. A map
of the Cu2O Raman feature intensity at 647 cm™ and a corresponding optical micrograph of the
same region confirm that the web of topographical features observed optically and in the SEM
are indeed Cu.O (Fig. 2.3a and inset). The Raman mapping offers the possibility for not only
mapping the spatial distribution of Cu20 but for also mapping the spatial distribution of defects
in the graphene via its D-band, at the same time. Toward this end, we measured high resolution
Raman spectra at a number of points along a line intersecting one of the oxide features (Fig. 2.3b,
inset). The resulting two-dimensional Raman map (with color intensity normalized to the
graphene G-band) is shown in Figure 2.3b, whereas Figure 2.3c presents the intensity of the Cu,O
(647 cm™) and the D-band spectral features (normalized to the G peak) as function of position.
The data show that the Cu20 is commensurate with a concentration of defects in the graphene.
This data taken together with knowledge of the characteristic grain-size of the graphene (3 pm)
conclusively confirms that oxidation through single layers of graphene occurs primarily through

its grain boundaries, thereby resulting in oxide directly underneath them.
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It then follows that in multi-layered samples, these “line-of-sight” pathways would be
reduced primarily to a set of points where the defect/grain boundaries of all the stacked layers
coincide. For example, oxidation through two layers would be reduced to a set of points only
where the grain boundaries of the two stacked layers intersect. Oxidation through multiple layers
also has the possibility of proceeding via a second mechanism, which is via lateral-diffusion
pathways, where oxygen penetrates through the defect/grain boundary of the topmost layer and
laterally diffuses between two graphene layers until it finds a defect/grain boundary in the second
layer and so on until it reaches the surface of the Cu. Oxidation via the former can be easily
observed in Figure 2.1g, whereas oxidation via the latter can be seen as faint white dotted lines
(Fig. 2.3d) indicating Cu oxidation at the grain boundaries of the layer in contact with the Cu (as
seen through the overlying layer).

If the primary mode of oxygen transport through graphene is via its grain-boundaries, then
it should be possible to engineer improved graphene barriers by controlling grain-size, which we
demonstrate in Figure 2.4. We varied the grain-size of graphene by adjusting the growth
temperature and the carbon concentration during the CVD process. The average grain-sizes were
calculated by measuring the spatially averaged inter-nucleation distance from partial growths
under the same conditions. For this particular aspect of our study, we used SLGx1_Cu with grain
sizes (or inter-nucleation distances) of 3 um and 14 um (Fig. 2.4a and 2.4b, respectively). After
annealing for 240 minutes, one can observe the formation Cu20 on both of the SLGx1_Cu’s at
their respective grain boundaries (Fig. 2.4c and 2.4d, respectively). The average grain-size
observed by the formation of the Cu.O compares very well with our measurements of inter-
nucleation distance. Figure 2.4e depicts the oxidation kinetics as a function of grain-size. The

onset of oxidation occurs at roughly 90 min in both samples, but the oxidation saturates at roughly
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20% of the intensity in the SLGx1_Cu sample with 14 pm grains compared with the sample with
3 um grains. It can be inferred from the plot that the rate and degree of oxidation through a single
layer of graphene are both linearly related to its defect/grain boundary density.

The kinetics plots in Figure 2.2 and 2.3e all generally tell a similar story, in which the
oxidation evolves over time in three regimes, which are labeled in Figure 2.3e. At short times
(regime 1), the rate of oxidation is slowest. At moderate times (regime I1), the rate of oxidation
rapidly increases. Finally, at long times (regime Il1), the Cu20 peak intensity tends to saturate.
The latter saturation can be attributed to a self-passivation of the Cu under the graphene grain
boundaries by already-formed Cu-O, after it becomes sufficiently thick. What is not immediately
clear, however, is the mechanism for the acceleration of oxidation in regime Il. Our hypothesis
is that the graphene itself degrades at 200 °C, thereby introducing new defects that accumulate
with time, providing additional transport pathways through each sheet of graphene and
accelerating oxidation.

Previous experimental studies have shown that the defect density and doping of CVD
grown graphene increase with temperature and annealing time rapidly over 400 °C.[%8 91081 Tg
study the stability of the polycrystalline CVD-graphene at only 200 °C, by itself off of the Cu
substrate, we transferred a single layer of graphene onto a SiO»/Si substrate and annealed it for
240 min in air. The defect density was monitored using Raman Spectroscopy as a function of
time. The integrated D/G Raman ratio, spatially averaged over a 30 x 30 um? region, was initially
0.05, which is typical of CVD-graphene (Fig. 2.5a). After annealing for 120 min, the integrated
D/G Raman ratio increased marginally to 0.06. However, after 240 min, the ratio increased to
0.19, indicating the formation of new defects. The positions of the G and 2D peaks also up-

shifted with time during annealing (Fig. 2.5b). Previous work['%! has shown that this up-shift can
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be attributed to a change in doping arising from oxygen and moisture exposure or coupling of the
graphene layer to the substrate. Determining the exact mechanism for the decomposition of CVD-
graphene with increasing temperature will be the focus of a future study. Nonetheless, this
decomposition accounts for the accelerated Cu oxidation in regime Il and indicates that the
performance of polycrystalline graphene as a diffusion barrier at 200 °C is limited by its
instability.

Thus, overall, we believe that in regime I, the oxidation primarily occurs via the defects
and grain boundaries that existed in the (as-grown) graphene prior to the 200 °C annealing, or in
other words, via the defects inherent to CVD-graphene. With time, these defects and grain
boundaries themselves degrade and new defects are formed, further enhancing mass transport
through the graphene layers — which result in a rapid increase in the Cu,O peak intensity with
annealing time in regime Il. Eventually, in regime 11, the Cu oxidation becomes limited not by
transport through the graphene barrier layers but rather by slow transport through the existing
Cu20, itself. Perhaps the most interesting aspect is regime | because it suggests that if the stability
of the CVD-graphene can be maintained (for example, possibly at lower temperature) then
substantially superior barrier performance may be achievable. In fact, in this case, the ultimate
barrier performance may be even better than what we observe in regime I, here, because it is
likely that in reality there is not a sharp transition between regime | and 11 but rather a continuous
build-up of defects with time, starting as soon as at t=0. More detailed studies of the stability of
polycrystalline CVD-graphene and the mechanisms for its degradation as a function of

temperature are needed to confirm these hypotheses.
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2.3. Conclusion

We have utilized imaging Raman spectroscopy in conjunction with electron microscopy
to better understand how the oxidation of Cu passivated by single and multiple layers of graphene,
grown by chemical vapor deposition (CVD), evolves temporally and spatially. At 200 °C in air,
Cu oxidation proceeds in 3 regimes: first slowly via transport through atomic-scale grain
boundary defects inherent to CVVD-graphene; secondly more rapidly as the graphene itself
degrades and new defects are formed; and finally the oxidation saturates after the Cu>O reaches
a sufficient thickness to limit transport. The degradation limits high temperature barrier
applications; however, initially, the graphene passivates substantially better than previously
reported, suggesting better low temperature performance. The Raman maps establish that
oxidation through single sheets occurs through graphene’s grain boundaries, whereas oxidation
through multiple sheets occurs via first at their intersection and then more slowly via lateral-
diffusion between layers. Performance further increases with grain-size; for example, increasing
grains from 3 um to 14 pm decreases the oxidation rate by an additional factor of ~5 per sheet,
suggesting additional gains in performance will be possible with improved graphene crystal
growth. Overall, this study is expected to improve the understanding of transport through CVD-

graphene and lead to improved large area graphene materials for barrier applications.

2.4. Experimental

Preparation: The graphene barriers for our studies were grown one layer at a time on Cu
foils using standard atmospheric pressure chemical vapor deposition (CVD) commonly used to
grow monolayer graphene. [* %] Prior to CVD, the Cu foils (Alfa Aesar 99.8% Lot # 13382)

were annealed in a reducing forming gas environment (17 sccm Hz, 320 sccm Ar) at their
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respective growth temperatures for 30 min. The growth of graphene with 3 pm grains was
achieved by adding a 0.360 sccm CHa flow for 240 min at 972 °C. The growth of graphene with
14 pum grains was initiated by adding a 0.250 sccm CH4 flow for 240 min at 1030 °C. Control
bare Cu samples without graphene were produced by annealing in forming gas at 972 °C for 270
min but never introducing methane. Two-layered (SLGx2_Cu) and four-layered (SLGx4_Cu)
samples were fabricated by mechanically transferring additional layers of graphene onto the
SLGx1_Cu with the help of a sacrificial layer of poly(methyl methacrylate), using a transfer
approach derived from that of Li et al., Safron et al., and others for transferring graphene to
arbitrary substrates.[** 192] Oxidation was carried out on a hot-plate set to 200 °C in air. The
ambient temperature = 23.5 °C and the relative humidity was 32 — 37%.

Characterization: After oxidation, the samples were imaged using Scanning Electron
Microscopy (SEM LEO 1530, 3 keV) and optical microscopy. The oxidation of the Cu was
quantified temporally and spatially using imaging Raman spectroscopy (DXR Raman Thermo
Fisher Scientific, excitation A = 532 nm, 1 mW). The step size of the scans was 1 um and the
laser spot size was also ~1 um. The laser power and exposure time were sufficiently low that the
Raman laser did not induce oxidation of the Cu during measurement. The amplitude of the Cu20
component of each Raman spectrum was determined by fitting. Each spectrum was fit from 450
— 850 cm* using the Raman spectrum of the oxidized bare Cu sample as a reference spectrum for
Cu20 and a sixth order polynomial to account for the broad background and interference effects.
The full-width at half-maximum of the main Cu2O peak at 647 cm™ was only 50 cm™ and could
not be reproduced by the polynomial background, which was forced to fit over the entire 450 —
850 cm™ range. Thus, this fitting protocol successfully was able to extract the Cu,O component

of each spectrum. X-ray Photoelectron Spectroscopy (XPS) and X-ray excited Auger Electron
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Spectroscopy (XAES) studies were performed using Perkin Elmer 5400 XPS (ESCA- electron

spectroscopy for chemical analysis) with a Mg X-ray source (15 kV, 300 W).
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Figures and Captions

Figure 2.1. SEM images comparing bare Cu, SLGx1_Cu, SLGx2_Cu and SLGx4_Cu before oxidation
(a-d, respectively) and after 240 min in air at 200 °C (e-h, respectively). Scalebars = 10 um. Insets in ()

and (e) depict SEM images of wider areas. Scalebars =1 pm.
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Figure 2.2. (a) Raman spectra of bare Cu, SLGx1_Cu, SLGx2_Cu, and SLGx4_Cu after 240 min
in air at 200 °C, offset from bottom to top, respectively. (Legend for bare Cu spectra: 1 — 500 cm’
1 (Cu0), 2 — 647 cm (Cuz0), 3 — 800 cm™}(Cu(OH)2) (b) Kinetic evolution of the Cu,O Raman
feature at 647 cm™ for bare Cu (black squares), SLGx1_Cu (red circles), SLGx2_Cu (blue
triangles) and SLGx4_Cu (inverted triangles). Error bars depict £ one standard deviation in fitting

certainty of the amplitude of the Cu,O Raman feature.
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\Figure 2.3. (a) Optical micrograph highlighting the Cu oxide features on SLGx1 Cu after 120
min (scalebar = 10 um). Inset maps the Cu2O Raman intensity in the region of part (a) highlighted
red (scalebar =3 um). (b) Raman line-scan across a Cu oxide feature (inset — red line), normalized
to the intensity of the G-band at each point along the line-scan. (c) Cu20 peak intensity (black
squares, right-axis) and integrated D/G ratio (left-axis) as a function of position, extracted from
the Raman line-scan in part (b). The Cu.O peak intensity was extracted from the Raman
scattering signal at 647 cm™ from the line-scan from part (b) and the integrated D/G ratio was
extractetd by integrating the Raman signal due to the D-peak at 1345 cm™ and dividing by the
integrated Raman signal due to the G-peak at 1585 cm™ from the line-scan from part (b). (d)
SEM of oxidized SLGx2_Cu sample. The faint white lines are Cu oxide resulting from lateral
diffusion between the two graphene layers and the subsequent oxidation of the Cu at the grain-

boundaries of the graphene layer immediately in contact with the Cu (scalebar = 10 um).
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Figure 2.4. (a) and (b): SEM images showing the nucleation density for partially grown graphene
monolayers at 972 °C and 1030 °C, respectively (scalebars =5 um). (c) and (d): SEM images of
fully grown graphene layers at 972 °C and 1030 °C after 240 min of annealing on Cu at 200 °C
in air. The underlying Cu locally oxidizes underneath grain boundaries in the overlying graphene
indicated by the white features in the image. (e) Grain size or defect density dependence of
transport through a single layer of graphene: Black-squares and red-circles represent the oxidation
kinetics of SLGx1_Cu with 3 um grains and SLGx1_Cu with 14 um grains, respectively. Error
bars depict + one standard deviation in fitting certainty of the amplitude of the Cu,O Raman

feature.
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Figure 2.5. (a) Raman spectra of CVD-graphene (normalized to G-band) on SiO2/Si after 0
(bottom), 120 (middle) and 240 min (top) of annealing in air at 200 °C. (b) Spectral shift of the

G and the 2D Raman modes with annealing time, indicating an increase in doping with time.
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3. Quantifying degradation of graphene in ambient

This chapter was adopted from “Singha Roy. S.; Safron, N. S.; Wu, M.-Y.; Arnold, M. S,
Evolution, Kinetics, energetics, and environmental factors of graphene degradation on silicon
dioxide. Nanoscale 2015, 7, (14), 6093-6103.” SS synthesized and transferred graphene,
performed all the oxidation tests, Raman studies and SEM imaging, fabricated FETs and analyzed
all the data for this study. NSS performed the FET based charge carrier concentration and mobility
measurements. MYW wrote the code for analyzing the images for the grain boundary etching

study.

Abstract

Recent studies have qualitatively shown that the oxidative stability of monolayer graphene
integrated on oxides is relatively poor. Here, the evolution, Kinetics, and energetics of this
degradation is quantified. Specifically, the deterioration of graphene on SiO: is studied in grain
interiors and at grain boundaries in ambient air, dry air and nitrogen between 473 and 673 K,
using spatially and temporally resolved in situ Raman spectroscopy in addition to electron
microscopy and charge transport measurements. The grain interiors of chemical vapor deposition
(CVD) grown graphene monolayers oxidize with an activation energy of 0.63 £ 0.05 eV in
ambient (15,000 ppm H20). This energy increases to 1.85 + 0.17 eV in dry air, whereas
degradation is immeasurable in nitrogen and for multilayers even in ambient. Gasification at grain
boundaries in CVD monolayer proceeds at a rate of (1.08 + 0.02) x 10 nm s at 673 K with an
activation energy Ea = 1.14 + 0.10 eV in ambient. The more facile degradation of the monolayer
grain interiors in ambient indicates the role of the substrate in decreasing stability against

oxidation. Electrical transport mobility decays with an activation rate similar to that of grain
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interiors. These results can be used to quantitatively predict graphene oxidation and gasification

on SiO> in different environments and temperature.

3.1 Introduction

The integration and support of graphene on a substrate is a necessary aspect of exploiting this
two-dimensional material with exceptional properties in next generation electronic and
optoelectronic applications. A majority portion of the device architectures that have already been
proposed and demonstrated specifically use glass, SiO2, or other oxides as supporting
substrates. % 91. 108, 110-114 e potential challenge with using oxides as substrates, however, is that
the chemical stability of single layers of graphene integrated on them is relatively poor.}*>-118 For
example, it has been qualitatively observed that single layers of graphene degrade faster and at
lower temperature on SiO>/Si substrates than graphene on non-polar substrates or graphene that
is suspended.'® Sharma et al. have previously shown that on SiO-/Si, a single layer graphene is
chemically more reactive to aryl diazonium reactants than bi-layer graphene.'® In a recent study,
Yamamoto et al. qualitatively observed that charge inhomogeneity on the supporting substrate’s
surface enhances the oxidation of a mechanically exfoliated graphene monolayer and reported
that single layers of graphene on SiO- also oxidize faster than multiple layers of graphene.'’
Furthermore, they observed an increased sensitivity of graphene monolayers to oxidation on a
rougher SiO2 nanoparticle film compared to on a smoother thermally grown SiO2/Si film,
suggesting that an increased substrate surface roughness can also increase the rate of oxidation.
While these qualitative studies serve as an important proof-of-principle, a better quantitative

understanding of this relatively poor oxidative stability of monolayer graphene on SiO, and
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similar oxide and polar substrates is needed to guide the engineering of future graphene based
devices.

Here, we quantify the degradation (i.e. oxidation and gasification) of single layers of graphene
on SiO2/Si substrates in order to learn more about this instability. SiO2/Si substrates are used as
representative oxide substrates because they have been used extensively in the past in graphene
and graphene-based field-effect transistors (FETs) and other electronic/optoelectronic devices. !
113 As shown in Figure 3.1, multiple mechanisms contribute to the degradation. In order to
differentiate among them, we study the degradation using several techniques. We (i) quantify the
rates and kinetics of degradation, (ii) spatially map where the degradation occurs, (iii) determine
environmental factors favoring degradation, and (iv) quantify effective activation energies.

In Section 3.2.1, we employ temporally-resolved and spatially-averaged in situ Raman
spectroscopy to compare the oxidation Kinetics of single layers of graphene produced by two
different methods: chemical vapor deposition (CVD) and mechanical exfoliation. This oxidation
is studied under the influence of different atmospheric conditions between 473 and 673 K. It has
been previously shown that (a) Oz plays an important role in the deterioration of sp?-bonded
carbon materials and (b) H2O vapor accelerates the degradation process,®® 11912 hence we
investigate the role of each of these species. Specifically, we vary the in situ atmospheric
environment from (i) humid air to (ii) desiccated-dry air to (iii) nitrogen (N2). In Section 3.2.2, in
order to map where the oxidation and gasification take place, we use ex situ spatially-resolved
imaging Raman spectroscopy (IRS). With the help of these techniques we show that the activation
energy measured in Section 3.2.1 corresponds to intra-grain oxidation (i.e. the process depicted

in Fig. 3.1i). In Section 3.2.3, we quantify the temperature dependence of the etch rate at grain
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boundaries (i.e. the process depicted in Fig. 3.1iii-iv) using time resolved scanning electron
microscopy to determine the activation energy for gasification at receding grain edges.

Finally (Section 3.2.4), to relate the deterioration to the electronic properties of single
layers of graphene, we quantify charge transport mobility and carrier concentration using in situ,
temperature-dependent, field-effect transport measurements. Overall, this study will help in (i)
understanding how environmental factors affect the integrity and properties of graphene, (ii)
discerning the effect of the substrate on inducing defects in graphene, (iii) learning the limitations
of graphene for applications which operate under either elevated temperature or in ambient
conditions such as gas-sensors, electrodes, or diffusion barriers, and (iv) overcoming these

limitations.
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Figure 3.1: Schematic of degradation processes. Top: As-manufactured graphene with grain
boundaries highlighted in yellow. Bottom: Graphene following degradation. Red represents oxygen
atoms. Two modes of degradation are observed in this paper. One occurs in the grain interiors via
oxidation (i) and gasification (ii). The second occurs at the grain boundaries and edges via oxidation
(iii) and gasification (iv). Several different forms of oxygen functionalization are possible, with either

CO or CO; as gasification byproducts.

3.2 Results
3.2.1. Temporally-resolved and spatially-averaged in situ Raman spectroscopy

Here, we use in situ Raman spectroscopy to quantify the accumulation of defects in
graphene as it oxidizes with time (Fig. 3.1i), as a function of temperature between 473 and 673
K, in humid air, desiccated-dry air, and nitrogen. We quantify the defect density by measuring
the ratio of the integrated Raman scattering intensity of the D-band (~1345 cm™ at 532 nm
excitation) mode of graphene to the integrated Raman scattering intensity of the G-band mode
(~1590 cm at 532 nm excitation), In/lc. At low defect density with an inter-defect separation,
Lg, that is >> 4 nm, Ip/lg is linearly proportional to the defect density and thus can be used to
compare defect densities as a function of time and conditions and between different samples. In
contrast at high defect density, as L4 decreases and becomes comparable to 4 nm, Ip/lg increases
and then saturates at a maximum of 3 (for a Raman excitation wavelength of 514.5 nm).%% %" To
assure that we are confined to or near the linear regime, our time-resolved degradation
experiments are terminated before an Ip/lg of 2 is reached. The spatial resolution of the technique
is determined by the laser spot-size, which is ~700 nm. Substrate-induced topological features
and charge inhomogeneity are expected to vary on a much finer lateral length scale of ~ 10 nm.*>

117,128 It js also important to point out that Io/lc does not depend on the nature or the geometry of
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the defect (within the Raman spectrometer resolution) but only depends on the overall density, as
previously shown by Eckmann et al.,”® thus giving us an ideal way to quantify the density without
having to separately account for contributions due to each type of defect. An in situ Raman
heated-stage enclosure (Linkam THMS 600) is used to control the temperature of the sample and
the atmosphere around it. To regulate the atmosphere, two different in situ experimental setups
are used: (i) an open-lid setup is used to characterize degradation in humid air in which the sample
is exposed to ambient humid air while being heated and (ii) a closed-lid set-up is used to confine
the sample’s ambient to desiccated-dry air and nitrogen. The Raman spectra are spatially averaged
over a 100 x 100 pm? area.

We first study the oxidation (Fig. 3.1i) of graphene grown by atmospheric pressure CVD.
The graphene is grown on Cu from CH4 and transferred to SiO>/Si via a standard sacrificial
polymer approach using a thin film of poly(methyl methacrylate) to support the graphene during
the removal of the Cu growth substrate/catalyst in ammonium persulfate (25% Transene
company, Inc. APS-100 + 75% DI water) Cu etchant.3* %2 After transfer to SiO./Si, the
poly(methyl methacrylate) is removed in acetone followed by rinsing in isopropyl alcohol and
subsequently air-drying. The graphene on SiO2/Si is then transferred to the Raman instrument and
characterized.
Figure 3.2a shows the Raman spectra of monolayer graphene on SiO: spatially averaged over a
100 x 100 pm? area and normalized to the G-band intensity. The average Ip/lc is measured for
the area is 0.05. When the sample is annealed in ambient air at 573 K, the Ip/lg starts increasing
with time. Figure 3.2b and ¢ show representative Raman spectra of the sample after 5k seconds
and 10k seconds of annealing, respectively. The average Ip/lg of the same area increases to 0.26

and 0.48 after 5k and 10k seconds, respectively.
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Figure 3.2: Evolution of spatially-averaged Raman spectra of the monolayer graphene normalized to
the intensity of the G-band annealed at 573 K in ambient air. The Ip/ls ratio increases from an initial

value of 0.05 (a) to 0.26 (b) after being annealed for 5k seconds and then to 0.48 (c) after 10k seconds.

The evolution of Ip/lg versus time is shown in Fig. 3.3a for CVD-grown graphene on Si/SiO2 in
humid air at a water vapor concentration of 15,000 ppm at 473, 573, and 673 K. At each
temperature, Ip/lg increases linearly with time, indicating that the defect density increases linearly
with time.*?® The rate of increase becomes faster with increasing temperature. It is important to
keep in mind that the contribution to Ip arises primarily from the grain interiors (Fig. 3.1i) as
opposed to at grain boundaries (Fig. 3.1iii), as we show later in Section 3.2.2. An initial lag in the
onset of the linear increase in Ip/lc with time is observed (Fig. 3.3a inset) and potentially can be
attributed to desorption of residual surface adsorbents and contaminants that might have
originated from the transfer process. As shown in Fig. 3.3b, the rate of change, R, in the linear
regime has an Arrhenius dependence with temperature, T, such that, R = (8/dt)(Ip/I;) =
Re73exp[(—E,/kg)(1/T — 1/673)] where Re73 is a pre-exponential factor specifying the

degradation rate at T = 673 K and Ea is the activation energy. The fit Re7s = (3.7 £ 0.7) x 10% st
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and the fit Ea = 0.63 £ 0.05 eV, over the range of 473 to 673 K, where the error bars denote two
standard deviations of certainty.

The above experiment is also performed for mechanically exfoliated graphene transferred
onto SiO2/Si to examine if the initial “quality” of the graphene affects the kinetics or energetics
of oxidation (Fig. 3.1i). Unlike the mechanically exfoliated graphene, the CVD graphene is
stitched together via defective grain boundaries. In addition, the superior transport characteristics
of exfoliated graphene 3% 13! suggest that the initial concentration of defects is lower in exfoliated
graphene than in CVD graphene grown on Cu foils under the conditions used here. Moreover,
mechanically exfoliated graphene is also flatter and single crystalline whereas the topology of
CVD-grown graphene contains wrinkles and maintains the memory of the “rough” Cu foil
catalyst substrates and is polycrystalline (average grain size here is ~14 um). The Ip/lc for
mechanically exfoliated monolayer graphene is measured over a smaller area of 2 x 2 pm? away
from the edges of the flakes because of their limited size, in humid air at a water vapor
concentration of ~12,000 ppm. The fit Reg73 = (3.2 £ 0.1) x 103 s and Ea = 0.79 + 0.01 eV (Fig.
3c). While the small 20% difference in water vapor concentration between the experiments on
CVD-graphene and mechanically exfoliated graphene preclude precise quantitative comparison,
the relatively low Ea for both cases (compared with the much higher Ea measured in dry air,
below), indicates that the “quality” of the graphene and intrinsic defects do not substantially lower
the effective Ea in humid air on SiO»/Si substrates. Rather, these data indicate the importance of

extrinsic factors, for example graphene-substrate interactions, in driving the degradation.
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Figure 3.3: Rate and kinetics of degradation of monolayer CVD-graphene on SiO,/Si. (a) Red-triangles,
blue-circles and black-squares represent the evolution of Ip/ls versus time in humid air (15,000 ppm
H,0) at 473 K, 573 K and 673 K, respectively. Inset: Initial lag in the onset of the linear increase in Ip/ls

with time. (b) Arrhenius dependence of degradation rate (8(/o/l)/6t) with temperature (Re73 = (3.7 +
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0.7) x 10* s, E4 = 0.63 + 0.05 eV) for CVD-graphene in humid air (15,000 ppm H,0). (c) Arrhenius
dependence of degradation rate (8(/p//5)/5t) with temperature (Rs7s= (3.2 +0.1) x 103 s, E4=0.79 *
0.01 eV) for mechanically exfoliated graphene in humid air (12,000 ppm H,0). Inset: Comparison of
the evolution of Ip/ls versus time for single (red) and multiple layers of mechanically exfoliated

graphene (black) on SiO,/Si at 623 K.

In contrast with single layer graphene, mechanically exfoliated few (1<n<4) layer
graphene transferred to SiO2/Si is much more stable in humid air. The inset in Fig. 3.3c compares
the evolution of Ip/lg versus time for single and multiple layers of graphene on SiO,/Si at 623 K.
Whereas Ip/lg for the single layer increases rapidly with time, Ip/lg for multiple layers does not
measurably increase even after 3 hours. In both cases, the top layer of graphene is hot and exposed
to the humid air. However, in the few layer sample, the top layer that is exposed to the humid air
is isolated from the SiO» substrate by the underlying layers, which themselves are not directly
exposed to the ambient environment. Thus, graphene isolated from the SiO2 substrate oxidizes
and gasifies very slowly even in humid air. These results suggest that substrate interactions play
important roles in the degradation of single layers of graphene. While we cannot preclude the
possibility that bi- or multi-layer graphene might be less reactive than single layer graphene, even
in the absence of substrate-effects, it is well known that the different layers are coupled via a weak
van dar Waals interaction with only minor electronic perturbation. Taking this argument into
account, the most likely explanation for the decreased reactivity of the topmost layer of the multi-
layer graphene is the isolation from the substrate. This explanation is further supported by the

qualitative study of the chemical reactivity of graphene on various substrates by Yamamoto et

a|_117
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It has been theoretically shown by Patra et al. that water can act as a catalytic element that
initiates rapid conformational changes in single layers of graphene.'? Also, experimental studies
indicate that water has the ability to intercalate at the graphene-SiO> interface and deform the
surface of the atomic membrane.?* 126 These effects distort the graphene on the atomic scale
creating deformation or curvature causing strain-induced pyramidalization, which is known to
increase chemical reactivity.'*? Therefore cumulatively, it can be hypothesized that the critical
role of water on oxides may be to strain and deform single layers of graphene thereby decreasing
the activation energy for oxidation (Fig. 3.1i).

To probe the effect of water vapor further, we next study the effect of reducing its
concentration on degradation rate and activation energy. In this case, we use the closed-lid setup
and dry the wet ambient air using desiccants. The use of desiccants has the advantage of ensuring
that the composition of the ambient air remains constant except for water vapor, which is reduced
by the desiccants (as opposed to creating mixtures of dry N2 and O> that are missing the other
relevant components of ambient atmosphere like CO and CO,). In the closed-lid setup, the humid
ambient air is drawn through 3 cascaded drying tubes of desiccants (1x silica gel, Fisher Chemical
product # S161-500 and 2x drierite, W.A. Hammond Drierite Indicating Drying Tube 8"L x %"
0.D.) and then through the sample chamber by pulling a vacuum on the outlet port of the sample
chamber. This approach reduces the water vapor concentration below the sensitivity of our
hygrometer to < 2,000 ppm. We also conduct a control experiment in the closed-lid setup using
humid air without desiccants to test if the flow of the gas over the substrate used in this closed-
lid setup leads to differences in degradation compared to the open-lid setup used previously in

which there was no forced flow. The humid air (water vapor concentration ~15,000 ppm) in the
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closed-lid setup yields a Re73 = (7.8 + 1.0) x 10 s'*and an Ea = 0.71 + 0.06 eV (Fig. 3.4a), which
is similar to the Ea of 0.63 + 0.05 determined previously in the open-lid setup.

The degradation rate is substantially slower in dry air. At 623 K, it is 100 times slower.
The activation energy increases to Ea = 1.85 + 0.17 eV (Fig. 3.4a) with Re7s = (3.6 + 0.4) x 10°
s1, which is ~3 times Ea in humid air. Both the above observations with the dry air indicate that
water vapor present in the air plays a vital role in the degradation process on SiO. which is
consistent with the theoretical studies and qualitative observations made regarding
conformational changes in the graphene on SiO; in humid but not dry air by other groups.®® 12+
126 previous study has shown that water vapor can independently abstract C atoms from basal
plane of graphite thereby creating new defects on the surface between 673 to 1573 K 13; however,
this effect seems to be secondary to substrate effects as evidenced by immeasurably slow
degradation of the few layered graphene samples on SiOz in humid air (Inset Fig. 3.3c).

To further investigate the thermal stability of single layers of graphene on SiO2, we
measure the evolution of Ip/lg in a nitrogen atmosphere (99.999% N, < 1 ppm O, < 1 ppm water
vapor). As shown in Fig. 3.4b, no measurable degradation is observed at 623 K even after 7 hours
of annealing, indicating that the quality of the graphene is unaffected even at elevated

temperatures under inert conditions similar to previously reported by several groups.3!: 42 67,92, 134,

135
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Figure 3.4: (a) Arrhenius dependence of degradation rate ((8(/p//s)/6t) with temperature of monolayer
CVD-graphene on SiO,/Si in humid air (blue-squares) and in desiccated-dry air (red-circles). Es=0.71 %
0.06 eV and E, = 1.85 + 0.17 eV for CVD-graphene in humid air and desiccated-dry air, respectively.

b) Represents the evolution of /p/ls versus time in nitrogen (99.999%) for monolayer CVD-graphene
(b) Rep p g y grap

on SiO,/Si at 623 K.

3.2.2. Ex situ spatially-resolved imaging Raman spectroscopy (IRS)
Now that the rate and the activation energy for the oxidation of single layers of graphene on SiO;

are known, we next investigate and visualize the degradation using imaging Raman spectroscopy

49
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(IRS) microscopy. To compare the contribution to Ip/lc from grain boundaries versus grain
interiors, we imaged its spatial distribution using IRS at different times at 623 K in humid air.
Figure 3.5a and b (insets) show optical images of the regions of graphene on SiO2/Si scanned
after annealing for 45 and 110 minutes, respectively. Etching and gasification along grain
boundaries and smaller circular features (etch pits) are evident from the optical images. The IRS
maps of these same areas are shown in Figs. 3.5a,b. After 45 minutes (Fig. 3.5a), the Ip/lg is most
intense at the grain boundaries. The graphene that has been etched and gasified at the grain
boundaries (Fig. 3.liii-iv) no longer contributes to this Ip/lc because this carbon has been
removed as CO and CO., but rather the carbon remaining at the edges of the graphene grains
gives rise to the intense Ip/lg signal. More importantly, substantial oxidation (Fig 3.1i) has also
occurred within the grains. The average Ip/lg at the grain boundaries (determined by averaging
In/lc = 0.4 um along each grain boundary) is 0.80 whereas the average Ip/lg in the remaining
grain interiors is 0.23. Even though Ip/lg at the grain edges is higher, the area occupied by the
grain interiors is much larger; therefore, the Ip/lg spatially averaged over the entire image (=0.4)
is actually dominated by the grain interiors. For example, spatially weighing, we find that 70% of
the overall Ip/lc comes from the interiors whereas only 30% of the Ip/lc comes from the grain
boundaries. Moreover, the Ip/l at the grain edges should remain invariant with time because new
oxidation at the grain edges is accompanied by new gasification, as discussed in Section 3.2.3,
below. Thus, the spatially averaged data and activation energies presented in Section 3.2.1 are
indicative of the oxidation (Fig 3.1i) that occurs within the grains. After 110 minutes (Fig. 3.5b),
the Ip/lg at the grain interiors and the grain edges become indistinguishable and the integrated
average of the ratio becomes ~1.0. The above results again highlight that the deterioration

proceeds via two different processes that occur with different kinetics: (a) the oxidation of the
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grain interiors (Fig. 3.1i) and (b) oxidation and gasification at grain boundaries and edges (Fig.
3.1iii-iv). Whereas the kinetics of the oxidation of the grain interiors are quantified via Raman
spectroscopy, above, the kinetics of the oxidation and gasification of grain edges are quantified

in Section 3.2.3, below.
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Figure 3.5: Temporally resolved imaging Raman spectroscopy depicting the progression of the
degradation process. (a) Depicts the spatial distribution of /p/Is over regions of visibly etched grain
boundaries (as seen in the inset) after a 45 min anneal in humid air (15,000 ppm H,0) at 623 K and
(b) depicts the same after 110 minutes of anneal (inset scalebars = 5 um). (c) Represents the
evolution of Ip/ls versus time in humid air (15,000 ppm H>0) 623 K, where dotted-circles ‘a’ and ‘b’

denote the instances corresponding to (a) and (b) above.
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Figure 3.6: Evolution of etching of monolayer CVD-graphene on SiOy/Si: (a), (b), (c) and (d)
represent 15, 30, 45 and 60 minute etch periods in humid air (15,000 ppm H,0) at 673 K (white
scalebars = 10 um and black scalebars =1 um). Contrast of the etched grain boundaries is reversed
in the insets due to charging and deposition of carbon on the SiO; substrate which is commonly
observed during high magnification imaging in the scanning electron microscope. (b) also shows
the first visually obvious signatures of etching at (i) grain boundaries in the graphene (orange
dashed lines), (ii) linear striations in the graphene (black dashed lines), which are spatially
commensurate with rough, linear striations in the Cu foil, and (iii) random spots (yellow encircled
feature) in the graphene grain interiors presumably from point/other surface defects that are

present in the as-grown graphene.

3.2.3. Temperature dependence of the grain boundary etch rate

53



54

We next use time-resolved scanning electron microscopy (SEM) to quantify and image
the gasification process at the grain edges. A single layer of C\VD-grown graphene is transferred
to SiO2/Si and split into several smaller pieces. The samples are maintained at a constant
temperature (673 K) in humid air (water vapor = 15,000 ppm) in the open-lid Raman chamber
and removed at intervals of 15 minutes and then imaged in the SEM as shown in Fig. 3.6. The
first visually obvious signatures of etching are at (i) grain-boundaries in the graphene (orange
dashed lines), (ii) linear striations in the graphene (black dashed lines), which are spatially
commensurate with rough, linear striations in the Cu foil growth substrate that arise from its
manufacture, and (iii) random spots (yellow encircled feature) in the graphene grain interiors
presumably from point/other surface defects that are present in the as-grown graphene. With time
(Fig. 3.6) these etch pits and lines grow wider. Our observations are consistent with previous
experimental and theoretical studies where it has been shown that graphitic materials selectively
etch or oxidize at intrinsic and induced defects.” 136138 The dark lines in Fig. 3.6 are wrinkles or
folds in the graphene layer which originate from a mismatch between the thermal expansion
coefficient of the atomic membrane and the Cu substrate.**® It can be noted that these folds etch
relatively slowly and are more stable (Fig 3.6a-d), presumably because they are elevated off of
the SiO2 substrate.® It is important to note that the scale of these wrinkles and folds is much larger
than the atomic-scale deformation induced by water-mediated interactions with the substrate.
While the latter deformation occurs over a few lattice constants of graphene leading to an
increased reactivity, the former deformation via wrinkling and folding occurs over a much longer
length scale and elevates the graphene off of the substrate thereby increasing its oxidative

stability.
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We capture electron micrographs as a function of time and temperature and calculate the
average etch-width of the grain boundaries over a cumulative-length of > 200 um using an image
analysis algorithm. From these data, we are able to calculate the etch rate at a grain boundary
edge at given temperature and also the temperature dependence of this rate and the activation
energy. The histograms in Figs. 3.7a-c show the frequency distribution of the grain boundary
widths after 240, 105, and 45 minutes of etching at 573, 623, and 673 K, respectively. From the
mode of these distributions fit to log-normal distributions, we find that the grain edges etch with
a mode velocity of 3.6x103, 2.3x107, and 1.1x10" nm s at 573, 623, and 673 K, respectively.
The temperature dependence of the mode velocity can be represented by v =
vg73exp[(— E4/kg)(1/T — 1/673)] with vg,53 = (1.08 + 0.02) x 10 nm st and Ea = 1.14 +
0.10 eV. Several previous studies have investigated the analogous gasification of graphite from
crystal edges, reporting large variation in the measured Ea from 0.7 to 2.0 e\ 119 133 140-142
However, differences in the experimental O and H20O concentrations and the temperature range
between our study and these past studies of graphite make direct comparison difficult. Whereas
the Ea of 0.63 + 0.05 eV measured in Section 3.2.1 quantifies the activation energy for the
oxidation (Fig. 3.1i) of the grain interiors, the Ea of 1.14 + 0.10 eV measured in this section

quantifies the activation energy for the gasification of the grain edges (Fig. 3.1iv).
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K, respectively, fit to a log-normal curve. The fits from (a), (b) and (c) are used to determine the etch rates
at the respective temperatures and (d) depicts the Arrhenius dependence of these rates with temperature.

(Ea=1.14 £ 0.10 eV).

Sections 3.2.1-3.2.3, combined, allow us to paint a more detailed picture of the degradation of
graphene monolayers, which occurs via a two-step process: oxidation followed by gasification as
CO or COz. Our data show that the barrier for the oxidation of pristine grain interiors (Fig. 3.1i)
is lowered to 0.63 £ 0.05 eV in humid air on SiO> substrates. Theory has also shown that pre-
existing point (e.g. vacancy) and graphene edges (Fig. 3.1iii) will oxidize in air in a barrierless
process.'t® Thus, pre-existing defects and the pristine grain interiors will oxidize, with either no
barrier or a small 0.63 eV barrier, respectively, relatively rapidly even at modest temperature. It
is thought that adsorbed oxygen molecules will dissociate to form oxygen based stationary
functional groups like -C=0,-C-0O, -O-C=0 etc. and sometimes mobile/floating functional groups
like C-O-C.121-123,143-145 The gasification of oxidized carbon atoms can next occur in the form of
CO or CO2 gas through several probable reaction pathways depending on the stationary functional
group of the carbon atom and its proximity to mobile functional groups.tl® 121-123 143, 146
Gasification leads to widening/etching of the grain edges and boundaries (Fig 3.1iv), as seen
previously in the SEM images (Fig. 3.6), with an Ea of 1.14 £ 0.10 eV. The Raman Ip/lg data
indicate the density of oxidized carbon atoms increases with time within the grain interiors;
however, our measurements do not directly tell us the activation energy for the gasification (Fig.
3.1i1) of these oxidized carbon atoms. With this said, gasification from within the grain interiors
will eventually lead to the formation of small etch pits, and gasification from the edges of these

etch pits will also be dictated by an Ex of 1.14 £ 0.10 eV.
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It is likely that the barrier to the oxidation of pristine grain interiors is lowered in humid
air on SiO; substrates because the roughness of the SiO2 substrate introduces local deviations in
the sp? structure (as observed in previous AFM studies)!™ 7 and because of charge
inhomogeneity!'”: 128 on the SiO, substrate. This hypothesis can be further verified qualitatively
from bilayer experiment in Figure 3.3c, where the topmost graphene layer is isolated from the
substrate, resulting in a significantly slower degradation. The lower activation energy calculated
for the interior oxidation (Fig. 3.3) compared to the one calculated for grain boundary etching
(Fig. 3.7) indicates that the build-up of defects is faster (Fig. 3.1i) than removal of carbon atoms
via gasification (Fig. 3.1iv), which is why the graphene grains appear to disappear from the inside

out in Fig. 3.6d.

3.2.4 In situ temperature-dependent field-effect transport measurements

Finally, in order to assess the effects of degradation on the electronic properties of
graphene on SiO2, we use field effect transistor measurements to quantify both the doping
concentration and charge carrier mobility of single layers of CVD-grown graphene in situ during
degradation between 473 K and 673 K in humid air (water vapor = 15,000 ppm). Prior to
annealing, the CVD-grown graphene is p-type doped with a carrier concentration of 2.4 x 101
cm? and a field-effect mobility, g, of 500 cm?V-is? at room temperature. The carrier
concentration is determined by extrapolating the linear portion of the source-drain current versus
gate bias transfer curve to zero-current to determine the charge neutrality gate bias, and p is
determined from the transconductance, using a standard parallel-plate capacitor model. These fit
parameters are typical of graphene grown by CVD on Cu and transferred to SiO>/Si using similar

conditions 13,102, 131, 147
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Figure 3.8: Sheet conductance vs gate voltage characteristics of monolayer graphene on SiO; at 523 K
vs. time. Top to bottom represents the transconductance characteristics at (i) t = 0 s (black), (ii) 300 s

(red), (iii) 3500 s (blue) and (iv) 6200 s (pink)

Figure 3.8 shows the evolution of the transconductance characteristics of monolayer graphene on
SiO2 at 523 K in ambient with time. The mobility, determined from the slope of the curve,
increases rapidly to a maximum value and then starts decreasing back again with time. During
the very beginning stages of annealing, the doping concentration rapidly decreases while p
increases as shown for 523 K in Fig. 3.9a and b, respectively. These changes can be attributed to
the desorption of surface contaminants, which act as charge transfer dopants and charge scattering
sites. Following this desorption, the graphene begins to degrade leading to a doping concentration
that increases approximately linearly and p that decreases with time. Our hypothesis is that p
decays mostly due to interior grain oxidation (Fig. 3.1i), which is based on the observation that
the grains oxidize most rapidly from the interior (Section 3.2.2) and the activation energy for this
degradation (Section 3.2.1) is lower than that of grain boundary gasification (Section 3.2.3).

Previous experiments have shown that the mobility of exfoliated monolayer graphene decays
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inversely with point defect density.%® 12 Accordingly, we fit our p decay data to the following
form p=! = puy™t + A(t — ¢t,), where p, is the mobility prior to degradation, t, is the time at
which the degradation begins, and 4 is the decay constant, which will be proportional to the point
defect generation rate (Fig. 3.9b). 2 is computed by calculating the slope of the p vs. annealing
time plot (Fig. 3.9b) at 4 =500 cm?Vs™, which is around the center of the range where p exhibits
an almost linear behavior. The fit decay constant A increases with temperature as shown in Fig.
3.9¢, varying as A = Ag73exp[(— E4/kg)(1/T — 1/673)] with temperature where As73 = (1.1 £
0.3) x 10°cm™V and Ea = 0.66 *+ 0.08 eV (Fig. 3.9c). The mobility dependent decay time can be
defined as t(u) = 1/(Aw). In particular, at 523 K, the mobility dependent decay time at u =500
cm?Vs?is 7 = 3.6k s. It can be noted that the u~* does not have an exact linear dependence with
time. The non-linearity can be attributed to other mechanisms, for example the opening of grain

boundaries.



%= 3.0x10"

13

N
4
=)

2.5x10" a L

1.5x10" Vo

/"
1.0x10"

—

]

2

o_n.
»n

Charge concentration (cm

Annealing time (s)

0.0 20k 4.0k 6.0k 8.0k

0.004
b /
0.003
@ /
& /
‘€ 0.002
) ;_ /
Tl A
« 0.001{ &
[V amtl /
0.000 A
0.0 2.0k 4.0k 6.0k 8.0k
Annealing time (s)
10—4 ] 1 I I !
= :
5
E’ " .\
e ]
8 100
2 10
[ ]
Q
> 107
P E
3
Q ]
-g' 1()-B T T T T T T
14 1.6 1.8 2.0 22

1000/T (1/K)

60

Figure 3.9: Effect of degradation on transport properties of graphene: (a) and (b) represent the

evolution of charge concentration and carrier mobility, respectively, with time at 523 K for the CVD-

graphene based FET devices on SiO,/Si. Mobility vs. time plots for different temperatures are

independently fit to compute the decay constants for each temperature. (c) Depicts the Arrhenius
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dependence of the decay constant, A, determined from the exponential decay with temperature,
where 1 = Ag73exp[(—E,/kg)(1/T —1/673)] and where As73 = (1.1 £ 0.3) x 10° cm™®V and Ex =

0.66 £ 0.08 eV.

3.3 Implications and conclusions

Successful integration and support of monolayer graphene on substrates, especially
oxides, is an integral part of realizing electronic and optoelectronic devices with the atomic
membrane. We find that the grain interiors of monolayer graphene oxidize at a rate
(@/0t)(Up/1;) = Rgyzexp[(—E4/kg)(1/T —1/673)] . In humid ambient air (15,000 ppm
H,0), CVD-graphene has a Re7s = (3.7 £ 0.7) x 10 s and an Ea = 0.63 + 0.05 eV, whereas in
dry air Re7z = (3.6 + 0.4) x 10° st and Ea = 1.85 + 0.17 eV. Mechanically exfoliated monolayer
graphene oxidizes with similar kinetics as CVD-grown monolayer graphene. The degradation is
immeasurable for exfoliated multilayers in ambient and for CVD-monolayers in nitrogen. Etching
at the grain boundaries for monolayers proceeds with a mode velocity V=
Ver3exp[(— E4/kp){(1/T) — (1/673)}] with vg,3 =(1.08 £0.02) x 10 nms'and Ea=1.14
+ 0.10 eV. At a given temperature, the charge carrier mobility decay rate is given by u=1 =
uo~t+ A(t — t,), and the decay constant varies as A = Ag;zexp[(— Ex/kg)(1/T — 1/673)]
where 4673 = (1.1 £ 0.3) x 10°cm™2V and Ea = 0.66 + 0.08 eV.

These measurements are useful for two important reasons. Firstly, these measurements

can be used to quantitatively predict the oxidative stability of monolayer graphene on SiO2 under
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different conditions. For example, at 298 K in humid (15,000 ppm H20) ambient, (8/dt) (I, /1),
v, and 7(500 cm?V-s1)can be extrapolated to 4.5 x 10° s, 7.3 x 10° nm yr?! and 8.4 yr,
respectively. Thus, the mobility of graphene exposed to humid ambient on SiO: is expected to be
stable at room temperature for only a duration of several years. At an elevated temperature of 380
K the same parameters become 4.49 x 108 s, 1 nm yr?, and 12.4 days, respectively. At this
condition, mobility decay is much faster and the grain boundaries will etch leaving discontinuous
graphene after roughly one year.

Secondly, these data are useful as they clearly show how graphene’s stability on SiO2 can be
increased. Most importantly, graphene’s stability on SiO2 in ambient can be improved by limiting
its exposure to water vapor. Furthermore, degradation at grain boundaries or striations can be
reduced by growing graphene with larger grains and using high quality, flatter metal catalyst
substrates, respectively. Ultimately, this study is expected to serve as a foundation for overcoming
the limitations posed by ambient on graphene and help engineer graphene materials with superior

properties for demanding applications.

3.4 Experimental details
A. CVD-graphene growth

Monolayers of graphene were grown on Cu foils (Alfa Aesar product# 13382, lot#
B03Y027) as the growth catalyst. The foils were pre-cleaned with acetic acid (Fisher) for 15
minutes to remove contaminants and native oxides then rinsed in DI water (x3) before being dried
with an air-gun. The cleaned Cu foils were then annealed for 30 minutes at 1030 °C in 95% argon

+ 5% hydrogen (340 sccm flowrate) to remove trace surface contaminants and also to reduce the
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surface roughness of the foil before initiating the growth process. The growth was conducted at
1030 °C with 95% argon + 5% methane (0.300 sccm) and 95% argon + 5% hydrogen (340 sccm)
for 3 hours. The manufactured graphene on Cu foils were stored in a N2 glovebox to prevent the
oxidation of the graphene and the copper surfaces. All the graphene monolayers used for the
experiments were manufactured from the same batch for consistency and the initial Io/lc varied

as 0.06 + 0.025 for the entire batch used for this study

B. Transfer of CVD-graphene on to SiO>/Si and mechanical exfoliation of graphene

Graphene monolayers grown via CVD were transferred on to Si substrates with an 89 nm
thick thermally-grown SiO> layer. The transfer was completed using a commonly employed
sacrificial polymer (PMMA — poly methyl methacrylate) method, similar to previously
reported.>® °* CVD-graphene on copper was over-coated with PMMA (M.W. = 950k, 2% in
chlorobenzene) by spin-coating at 2000 rpm. The samples were placed in copper etchant
ammonium persulfate (25% Transene company, Inc. APS-100 + 75% DI water) and then bath-
ultrasonicated for 15 minutes to remove the bottom-facing graphene layer. The samples were left
overnight (~10 hr) in the etchant for the copper to completely etch. Post-etch, the floating PMMA
on graphene was scooped out from the APS solution and re-floated in DI water (x3) to rinse any
residual copper etchant. The samples were then dispersed in 5% HF in DI water for 60 minutes
to remove trace silica particles that might have deposited from the CVD system during the growth,
following which they were rinsed in DI water (x3). From the final DI water bath, the samples
were scooped on to SiO2/Si and spin-dried at 8000 rpm for 2 minutes to remove water trapped
between the graphene sheet and the substrate. To remove the PMMA layer, the samples were

placed in room-temperature acetone baths (x2) for 20 minutes after which they were rinsed in
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isopropanol for 2 minutes to wash away any residual acetone. Finally, they were dried using an
air-gun before being cut into several pieces for further analysis.

Mechanical exfoliation of monolayer graphene on SiO, was done from small flakes of
HOPG using the scotch-tape method that has been previous used in several other studies, and they
were identified on the substrate using optical microscopy and further confirmed via Raman
spectroscopy.148 4% The thickness of the silicon dioxide, 89 nm, used in the experiments creates
enough contrast between the graphene and the substrate to make the graphene visible under white
light in an optical microscope. In particular, the lowest contrast features indicate the presence of
a single graphene layer and addition of subsequent layers increases this contrast and makes it
appear darker, progressively. In the Raman spectra for an intrinsically doped monolayer graphene
on SiO,/Si, (i) the 2D-band to G-band ratio is always >1 under a 532 nm excitation wavelength
and (i) the 2D peak can be fit to a single Lorentzian function. For a bi-layer graphene the 2D to

G band ratio is <1 and the 2D peak can be fit two Lorentzian functions.” ™

C. Characterization and analysis techniques

(1) In-situ Raman spectroscopy: Labram Aramis by Horiba was used for the in situ Raman studies.
An enclosed heating stage (Linkam THMS 600) was integrated with an automated X-Y stage to
control the temperature of the sample and atmosphere around it. A 532 nm laser with power = 1
mW power and exposure time = 1 second/spot were used for all the scans to avoid substrate
heating effects. Maps were collected across a fixed 100 pm X 100 um region (with a pixel size of
10 um x 10 um) at intervals of 150 seconds during the annealing period. A temperature controller
was used to control the initial ramp-rate (100 K min) and final hold-temperature of the stage.

Gas inlets in Linkam THMS 600 were used to pump or purge the sample chamber to control the
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atmosphere. The heating rate used for all the measurements was 100 °C/min and the
measurements of relative humidity and Raman spectra were initiated after the stage had reached
the set annealing temperature.

(i) Imaging Raman spectroscopy: MicroRaman DXR by Thermofisher was used for all the
spatially-resolved Raman imaging studies. A 532 nm laser with power = 1 mW power and
exposure time = 3 second / spot were used for all the scans to avoid substrate heating effects. The
laser spot size was focused to ~700 nm, and a mapping pixel size of 200 nm x 200 nm was used.
(iii) Scanning electron microscopy: SEM LEO 1530 was used to image the graphene on SiO2/Si
samples. The electron gun energy used was 3 keV.

(iv) Image analysis: The scanning electron micrographs were analyzed via an image analysis
algorithm developed using MATLAB to compute the average grain boundary width.

(v) Charge carrier mobility measurements: Graphene based field-effect transistors were made
with 89 nm SiO; as the gate dielectric on a Si gate. 75 nm of Au was thermally evaporated through
a shadow mask to form the source and drain contacts. The channel width and length were 5 mm
and 1 mm, respectively. The temperature was controlled using Linkam THMS 600 during the
measurements. The heating rate used for all the measurements was 100 °C/min and the
transconductance measurements were initiated after the stage had reached the set annealing

temperature.
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Abstract

Presence of defects in the form of pinholes and edges can fatally affect graphene’s
properties and its ability to perform in numerous applications. It is demonstrated that graphene,
synthesized via chemical vapor deposition on scalable copper substrates, that appears complete
in scanning electron microscopy, consists of high density of regions where the growth is still
incomplete. On copper foils, typically used in scalable applications of graphene, the intrinsic
pinholes or nanopores primarily coincide with the regions of high surface roughness on the growth
substrate. The surface roughness of the copper foil and in-turn the nanopore density in the
graphene membrane can by regulating the pre-growth annealing temperature and time. Nanopore
density is reduced by a factor of 42 when pre-growth conditions are changed from 1223 K/ 0.5 h
to 1323 K/ 16 h. On atomistically flat epitaxial Cu (111) growth substrate, the nanopore density
is 200x less under the exact same conditions compared to the copper foil. The degree of
completion of growth on the Cu (111) is further enhanced by increasing the duration of growth
and is limited by presence of surface irregularities in the form of impurities or surface roughness.
This study is expected to serve as a foundation for engineering graphene membranes of superior

quality with ultra-low density of intrinsic nanopores for demanding applications.
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4.1 Introduction

Despite its atomic thickness of ~ 3.4 A, monolayer graphene is impermeable to species as
small as helium.®* Graphene also has high thermal stability, mechanical strength, optical
transparency, and chemical inertness.'4 16 17, 20, 26,27, 31, 34,76, 78, 79 Consequently, graphene is a
promising candidate material for diffusion barriers in applications such as corrosion prevention
and device encapsulation.’® 828594 Moreover, fabricating nanopores with tailored size, density,
and functionalization into the graphene lattice can improve the efficiency and functionality of gas
separation and water desalination. For example, theoretical calculations performed by Cohen-
Tanugi et al. and Jiang et al.> *®° revealed that graphene films with precisely engineered nanopores
can outperform state-of-the-art membranes in gas-phase and liquid-phase separation, increasing
the permeability and selectivity by orders of magnitude. While these studies have provided proof-
of-principle demonstrations of graphene’s ability to outperform existing technology, scalable

graphene synthesis techniques are required to develop commercial products.

Chemical vapor deposition is among the most promising methods to produce graphene on an
industrial scale because of its ability to yield continuous sheets over large areas on relatively
inexpensive catalysts, such as copper.3® 45 4751, 78,80, 93,147,150 However, graphene samples made
using CVD contain a variety of point and line defects, such as vacancies, impurities, and grain
boundaries. Presence of defects in general of any form can fatally affect graphene’s mechanical,
electronic and barrier properties and its ability to perform in numerous applications.¢: 70 88,91, 151
In particular, these types holes or edges in the atomic membrane can drastically affect its ability
to perform as a barrier by providing spurious pathways for species diffusion and inhibiting

graphene’s use as a diffusion barrier.’® 10
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Consequently, attempts to use graphene synthesized via CVD for diffusion barrier
applications have greatly underperformed compared to the benchmarks set by the theoretical and
non-scalable counterparts. For example, O’Hern et al. showed that graphene monolayers that look
visually-complete with scanning electron microscopy can still have a high density of intrinsic
nanopores of diameters ranging between 1 and 10 nm.? These pores are sufficiently large to allow
permeation of oxygen and water through the membrane. The presence of these random holes or
regions of incomplete growth in the membrane with such high density drastically hinders its
performance as a corrosion barrier by providing numerous barrierless pathways for oxygen and
water diffusion. In addition, these defects and incomplete growth areas also limit its performance
for filtration, where it is critical to have pores of a particular diameter that are rationally
incorporated and distributed in a controlled fashion over the entire membrane. Hence, in order to
develop high performance barriers and filters using graphene membranes, it is crucial to

understand the origin of the nanopores and develop methods to reduce or eliminate the nanopores.

In this work, we investigate the origin of these intrinsic nanopores and engineer methods to
control their density and to produce high-quality graphene films with ultra-low pore density. The
completeness of graphene layers grown on Cu catalysts via CVD is characterized. These
monolayer graphene films cover nearly 100 % of the Cu surface, except for sub-10 nm point-like
holes or pores. On commercially-available Cu foils, the degree of completion of graphene
monolayer growth is limited by surface roughness. The majority of the nanopores in the
monolayer graphene coincide with regions of high roughness, which are primarily periodic
parallel striations introduced during production. The Cu foil surface roughness can be reduced by
increasing the pre-growth annealing temperature and time, resulting in a decrease in the nanopore

density of over two orders of magnitude. On smooth epitaxial Cu thin films, the degree of
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completeness of growth is significantly improved compared to the rough foils and is no longer
limited by surface roughness. The degree of completeness on the epitaxial Cu (111) is found to
be enhanced even further by increasing the growth duration which is hypothesized to reduce the
trace surface irregularities originating from contaminants and surface roughness. We believe this
study will serve as a foundation for (i) developing better scalable growth substrates for CVD
graphene, (ii) synthesizing graphene with ultra-low nanopore density and (iii) engineering high

performance samples for diffusion barriers, filters, and electronics.

4.2 Results and Discussion

We explore the effects of surface roughness, annealing temperature, and annealing time on
the degree of completion in monolayer graphene films grown via CVD. The graphene films are
synthesized on Cu foils and on epitaxial Cu (111) thin films at atmospheric pressure as described
in the supporting information. Large regions with incomplete graphene growth can typically be
identified by contrast differences in scanning electron microscopy (SEM) imaging or by an
increase in the D:G ratio in Raman spectroscopy.®® The graphene films studied here cover nearly
100 % of the Cu surface, except for sub-10 nm point-like defects. Thus, these films are referred
to as visually-complete graphene monolayers (VCMG). However, sub-10 nm defects and holes
are below the spatial resolution of these techniques. Such small regions with incomplete growth
have been studied with scanning tunneling microscopy and transmission electron microscopy.?
However, these techniques have low throughput and it is difficult to gain ensemble information
over large areas. Therefore, in order to visualize and quantify the intrinsic nanopores in the
VCMG, we adapt a procedure introduced by O’Hern et al. in which Cu etchant diffuses through

regions of incomplete growth or defective graphene regions, referred as intrinsic nanopores,
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resulting in the formation of etch pits that are localized underneath the nanopores.?® The Cu
etchant cannot diffuse through regions containing pristine graphene, and the underlying Cu does
not form etch pits. In our procedure, the monolayer graphene films grown on Cu are immersed
into a dilute Cu etchant (0.08 mM FeClz + 0.08 mM HCI), rinsed in deionized water, and dried
with air. These etch pits grow wider and deeper with time. After etching for 10 minutes, the etch
pits are easily visualized with SEM and, consequently, the density of the nanopores can be easily

quantified.

4.2.1 Surface-roughness limited regime

First, the completeness of coverage is investigated on monolayer graphene films
synthesized on commercially-available Cu foils, which are the most commonly used substrates
for graphene growth. Fig. 4.1a shows an SEM image of a representative VCMG synthesized at
1323 K for 2 h and 0.500 sccm of CH4. The darker lines in Fig. 4.1a are wrinkles and folds in the
monolayer graphene, which originate from thermal expansion mismatch between graphene and
Cu. Using SEM imaging, the graphene layer looks complete without any holes. In addition, the
spatially-resolved Raman spectrum of the VCMG has a low ratio of the Raman D band to the
Raman G band of 0.03 (Fig. 4.1b), indicating a low defect density. However, after exposing the
sample to the etching solution, etch pits can be easily visualized with SEM, as shown in Fig. 4.1c.
Unlike Fig. 4.1a, Fig. 4.1c is imaged using the secondary electron detector of the SEM, which
gives a better depth perception over surface contrast. This indicates that even though the graphene
layer appears to be complete with a low defect-density at the resolution of the SEM and the
Raman, it actually consists of a high number of regions where the growth of the monolayer is

incomplete or highly defective.
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These regions of high nanopore density primarily coincide with the rough elevated parallel
striations of the as-manufactured Cu foil as seen in Fig. 4.1d. This indicates that graphene is
unable to grow over these rough features present on the Cu foil, resulting in the formation of
holes. The nanopore density on then smoother regions of the Cu foil are significantly reduced
compared to these striations. These nanopores are primarily situated in the regions of high
roughness on the Cu foil and do not coincide with the grain boundaries of the graphene as

discussed later in section 2.2.

The morphology of the growth substrate is modified by varying the pre-growth annealing
conditions in a flow of 95% Ar and 5% H> to study the effect of surface roughness on growth
completion. The topography of the Cu foils after growth is characterized optical interferometry,
as shown in Supporting Information Fig. B.S2. Before growth, these surfaces have an as-
manufactured surface roughness of ~ 500 nm. When the pre-growth annealing time is 0.5 h, the
surface roughness at 1223 K, 1273 K and 1323 K is 246 £ 12 nm, 225 £ 12 nm and 204 + 15 nm
(Fig. 4.2), respectively, indicating that the surface of the foil becomes smoother as the pre-anneal
temperature increases. With 0.5 h annealing time, the nanopore density is significantly reduced
when the annealing temperature is varied from 1223 K to 1323 K, Fig. 4.3a-c. The nanopore
density at 0.5 h anneal reduces from 1.27 + 0.04 um=2 to (8.82 + 0.12) x 10" um2 when

temperature is increased from 1223 K to 1323 K (Fig. 4.4).

The decrease in roughness with temperature becomes larger when the pre-growth
annealing time is increased to 16 h. The roughness for 1223 K, 1273 K and 1323 K is 231 + 11
nm, 189 + 12 nm and 143 = 11 nm, respectively. Using the same pre-growth annealing
temperature reduces the roughness for longer annealing times. For example, at 1323 K, the

roughness is reduced to 143 + 11 nm from 204 + 15 nm when the pre-growth annealing time is
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increased from 0.5 h to 16 h. Similar to the 0.5 h anneal, with the 16 h anneal, the nanopore
density is significantly reduced when the annealing temperature is varied from 1223 K to 1323
K, Fig. 4.3d-f. The nanopore density at 16 h anneal reduces from (4.84 + 0.09) x 10 um?2 to

(3.00 + 0.05) x 102 um2when temperature is increased from 1223 K to 1323 K (Fig. 4.4).

The trends in the nanopore density correlate with those observed for the surface roughness
(Fig. 4.2), confirming that the surface morphology of the growth substrate plays a crucial role in
determining the degree of completeness of the graphene layer. Overall, a reduction of 42 times is
achieved when the pre-growth annealing conditions are modified from 1223 K/ 0.5 hto 1323 K
/ 16 h. However, even though the density of rough areas in the Cu foils are reduced significantly
by altering the pre-growth annealing conditions, it is difficult to eliminate these regions
completely. Hence, to explore the growth completeness of the VCMG in a regime where the
growth is not limited by the surface roughness of the substrate, the surface must be atomically

flat.

4.2.2 Beyond surface-roughness limited regime

In order to further reduce the surface roughness of the substrate, smooth epitaxial Cu(111)
thin films are used to catalyze growth instead of the rough polycrystalline Cu foils. Cu(111) thin
films 500 nm in thickness are sputtered on c-plane sapphire. The resulting Cu(111) surface
roughness is ~1 nm across a 10 um x 10 pm area, as measured by Jacobberger et al.’®2 VCMG
was synthesized simultaneously on Cu foils and Cu(111) thin films under the same growth
conditions as were used in Fig. 4.3c to compare the intrinsic nanopore density. The nanopore
density is reduced by a factor of ~200 on the Cu(111) thin films (4.61 + 0.56) x 10 pm™

compared to the Cu foils (8.82 + 0.12) x 10! um™ (Fig. 4.5a-b).
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The duration of the growth was varied while the other parameters were set similar to that
in Fig. 4.5 to further investigate the degree of completeness. Previous studies have suggested that
the growth rates of graphene is greatly reduced once it is nears completion.*® 03 As the growth
time increases from 0.25 h to 2 h, the nanopore density in the VCMG reduces exponentially. The
nanopore density saturates after 1.5 h (Fig. 4.6a-d). The density of the holes reduces from (2.93
+ 0.30) x 102 um for the 0.25 h growth to (4.61 + 0.56) x 10 um for the 2 h growth (Fig.

4.6d). These results show that the completion of the VCMG is increased by longer growth times.

Partial graphene growths were conducted to determine if nanopores in the graphene layers
originate from un-stitched grain boundaries. Partially grown graphene monolayer with > 70 %
coverage was synthesized and tested for nanopores which allowed a direct correlation between
the spatial distribution of the grain boundaries and the nanopores. Figure 4.7a shows an unstitched
grain boundary, where two growth fronts are about to merge and form a grain boundary. The etch
pits align along the intersection of the two fronts. As the grain boundary stitches together, the
number of etch pits along the line of intersection is reduced (Fig. 4.7b) and eventually almost
disappears (Fig. 4.7c). As the grain-boundaries approach visual-completion, the nanopores start
to disappear at the grain boundary lines; however they still exist at random spots in the visually-
complete grain interiors, indicating the nanopores do not predominately originate from un-

stitched grain boundaries (Fig. 4.7a-c).

It is possible that the incomplete or defective spots are irregularities on the surface of the
copper film. These could either be trace contaminants like SiO2 from the furnace environment or
a rough feature intrinsic to the film, both of which have a chance of getting removed during the
course of the growth due to the reducing environment and high temperature anneal, respectively.

As observed in figure 4.6, these irregularities on the surfaces of the epitaxial thin films are



75

removed to some extent via annealing at increased growth temperature or growth time, suggesting
that they could be some surface contaminants that are neutralized during the growth either by the

effect of the precursor gases (H2/CHa) or by the thermal annealing.

4.3 Conclusion

In order to take advantage of graphene’s extraordinary ability to act as an impenetrable barrier
in commercial applications such as corrosion prevention, device encapsulation, water desalination
and gas separation, it crucial to achieve atomically-continuous graphene films using scalable
synthesis techniques. However, CVD on Cu foils results in a graphene that appears visually-
complete, but actually contains a high density of intrinsic holes that hinder their ability to
selectively prevent diffusion. These intrinsic nanopores are due to the roughness and morphology
of the underlying Cu foil used for growth, such as striations introduced during Cu foil production.
Pre-growth annealing can be used to reduce the roughness of the Cu foil surface, resulting in a
higher degrees of growth completion. In particular, when pre-growth annealing temperature is
increased from 1223 K to 1323 K for a given annealing time of 16 h, the nanopore density in the
VCMG reduces from (4.84 + 0.09) x 10" pm to (3.00 + 0.05) x 102 um2. Also, at an annealing
temperature of 1323 K, the nanopore density is reduce by a factor of ~30 when the duration of
the pre-growth anneal is increased from 0.5 h to 16 h. Therefore, on the commercially available
Cu foils that are typically used for synthesis, the degree of completion of monolayer graphene is
limited by the surface roughness of the Cu substrate. On smooth epitaxial Cu(111), the nanopore
density is reduced by a factor of ~200 using the same conditions when compared to the Cu foil.
On the epitaxial films, where the nanopore density is not limited by surface roughness of the
growth substrate, the degree of completion of the VCMG can be altered by varying the growth

conditions during CVD. For example, the hole density is increased by a factor of ~6 when the
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growth time is increased from 0.25 h to 2 h for a constant growth temperature of 1323 K. The
holes do not coincide with graphene grain boundaries, but instead occur at random locations
primarily in the grain interiors. This study is expected to serve as a foundation for (i) developing
high quality substrates for scalable graphene synthesis, (ii) synthesizing graphene with ultra-low
nanopore density and ultimately (iii) is expected to serve as a foundation for engineering graphene

membranes of superior quality for demanding applications.

4.4 Experimental details
A. Graphene growth via CVD

Monolayer graphene was grown on Cu foils (Alfa Aesar product # 13382, lot # B03Y027)
and epitaxial Cu(111) thin films. The foils were pre-cleaned with acetic acid (Fisher) for 15
minutes to remove contaminants and the native oxide. The substrates were then rinsed in three
deionized water baths before being dried with compressed air. The Cu foils and Cu thin films
were then pre-annealed at their respective growth temperature (described in Fig. B.S1) between
1223 K and 1323 K in 95% Ar and 5% H> (340 sccm total flowrate) to remove trace surface
contaminants and oxides and also to reduce the surface roughness of the foil before growth. 95%
Ar and 5% CHa (0.500 sccm) was added to the flow to begin the graphene growth. The graphene
on Cu was stored in N2 to prevent oxidation of the graphene and the Cu surfaces. More details of

the CVD process are provided in Fig. B.S1 of the supporting information.

B. Characterization and analysis techniques
(i) Raman spectroscopy: MicroRaman DXR by Thermofisher was used to obtain spatially-

averaged Raman spectra over a 100 um x 100 um area. A 532 nm laser with power of 1 mW and
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exposure time of 3 seconds / spot was used for each scan to avoid substrate heating effects. The
laser spot size was ~700 nm, and the mapping pixel size was 500 nm x 500.

(if) Scanning electron microscopy: SEM LEO 1530 was used to image the graphene on Cu
samples. The electron energy was 3 keV. The secondary electron detector was used to better
visualize the variations in depth along the surface and the in-lens detector was used to better study
the contrast between different features on the surface.

(ii1) Image analysis: The SEM images were analyzed via ImageJ and via an image analysis
algorithm developed using MATLAB to determine the nanopore density.

(iv) Surface roughness: The surface morphology of Cu foils after graphene synthesis was
characterized using a Zygo NewView 6K white light interferometer over areas of 180 pum x 130

um. More details are provided in the supporting information (Fig. B.S2).
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Figure 4.1. Nanopores in visually complete monolayer graphene: (a) A representative image of
visually-complete graphene monolayer (VCMG) on copper in SEM synthesized at 1323 K for 2
h and 0.500 sccm of CHa., darker lines depict wrinkles or folds in the graphene layer. (b) Spatially-
averaged Raman spectra of (a) over a 100 um x 100 um area. (c) Depicts the SEM image of (a)
after exposure to copper etchant - the darker spots indicate etch pits in the copper that coincide
with regions of incomplete growth in the graphene monolayer primarily occurring in parallel lines
(between orange-dashed lines). (d) SEM image of as-manufactured copper foil showing parallel
striations (black-dashed lines) which end up as regions of incomplete growth after CVD.

(Scalebars = 10 um)
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Figure 4.2. Surface roughness variation with pre-growth anneal duration and temperature - 0.5
hour pre-anneal duration (black-squares) yields a spatially averaged (180 pum x 130 pum) rms
roughness of 246 + 12 nm, 225 £ 12 nm and 204 = 15 nm at 1223 K, 1273 K and 1323 K,
respectively. The rms roughness after 16 hour annealing (red-circles) for 1223 K, 1273 K and

1323 Kis 231 £ 11 nm, 189 + 12 nm and 143 + 11 nm, respectively
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Figure 4.3. Qualitative representation of nanopore density variation in VCMG with repect of

pre-growth annealing duration and temperature. Top row: SEM images depicting the nanopores
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when pre-growth annealing temperature is (a) 1223 K, (b) 1273 K and (c) 1323 K, respectively
at a constant annealing time of 0.5 hours. Bottom row: SEM images depicting the nanopores when
pre-growth annealing temperature is (d) 1223 K, (e) 1273 K and (f) 1323 K, respectively at a

constant annealing time of 16 hours. (Scalebars =5 um)
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Figure 4.4. Nanopore density variation with pre-growth annealing temperature and duration. At
0.5 h annealing time (black squares) nanopore density from 1.27 + 0.04 um= to (8.82 + 0.12) x
101 um when temperature is increased from 1223 K to 1323 K. At 16 h annealing time (red-
circles) nanopore density reduces from (4.84 + 0.09) x 10"t um to (3.00 + 0.05) x 102 pm2when

temperature is increased from 1223 K to 1323 K
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Figure 4.5. Nanopore density compared via SEM between copper foil (a) and epitaxial Cu (111)

film (b) synthesized at 1323 K for 2 hours with 0.500 sccm CHg flowrate. The nanopore density
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Figure 4.6. Nanopore density variation with growth duration on epitaxial Cu (111) films. (a), (b)
and (c) denote SEM images of VCMG grown at 1323 K at 0.500 sccm CHg4 for 0.5 hours, 1 hour
and 1.5 hours, respectively, after being exposed to copper etchant to visualize the nanopores . (d)
Represents the variation of nanopore density with growth time. The density of the nanopores

reduces from (2.93 + 0.30) x 102 um for the 0.25 h growth to (4.61 + 0.56) x 10-3 um for the

2 h. (Scalebars = 10 um)
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Figure 4.7. Nanopores at grain boundaries via SEM (Growth conditions: 1323 K for 0.25 hours
at 0.500 sccm CHg4 flowrate). Dashed lines in (a), (b) and (c) depict the regions when two distinct
graphene crystals merge to form a grain boundary. (a) Represents an unstitched grain boundary
with a large density of nanopores. (b) and (c) shows the nanopore density across a partially
stitched and a fully stitched grain boundary, respectively. Nanopore density in the grain boundary
regions of (b) and (c) are significantly lower than (a) indicating that stitched grain boundaries in

complete growth rarely contribute to nanopores. (Scalebars = 5 um)
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5. Engineering scalable graphene diffusion barriers

Susmit Singha Roy, Zhaodong Li, Xudong Wang, Michael S. Arnold*

Department of Materials Science and Engineering, University of Wisconsin Madison
SS performed the all the experiments and calculations for this study.

ZL deposited Al,Os for the heterostructured barriers using atomic layer deposition for this study.

Abstract

Experimental studies have established that defect-free non-scalable graphene is an
excellent barrier material, however its scalable counterparts are still well behind in terms of
performance. The latter’s ability to perform as a corrosion preventing membrane is compromised
by the presence of high density of defects, degradation in ambient environment and induced
electrochemical corrosion of the underlying metal due the presence of graphene. It is
demonstrated here that the electrochemical corrosion can be suppressed by adding an ultra-thin
layer of electrical insulator Al,O3 between the metal and graphene. The hybrid structure performs
27 times better compared to the graphene on metal control after 24 hours of annealing in humid
environment at 473 K. In addition, stacking multiple layers of graphene progressively improves
the barrier performance by protecting the underlying graphene layers from deterioration. A four
monolayer stack of graphene on Al>Oz keeps the underlying metal corrosion-free at 473 K for 55

hours and 72 hours in humid and dry air, respectively. Oxidation follows a three-regime kinetics
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and the oxidation rate in the linear-regime, controlled by diffusion of Cu*, is activated with an
energy of 0.60 eV. In dry air the oxidation is slower by a factor of 2 and 3 for structures without
and with Al>Os inter-layer. The study is expected to serve as a foundation for engineering high-

performing scalable diffusion barrier with graphene membranes.

5.1 Introduction

Theoretical and experimental studies on pristine and defect-free graphene have shown that
graphene has the ability to outperform the materials that are currently being used as diffusion
barriers. The densely-packed sp?-honeycombed structure makes the monolayer of atoms
impenetrable to even atomic He.*® This when combined with graphene’s superior thermal
stability, chemical inertness, transparency and flexibility make it a great candidate for barrier
applications.# 16 3L 34 7679 However, graphene’s success as a barrier depends on the ability to
reproduce the results obtained from theoretical or pristine graphene using scalable approaches.?
24,80 Initial research by Compton et al. has demonstrated that nanosheets of graphene when used
as a filler material in polymer films can significantly enhance its barrier properties.8* A pioneering
experimental study by Chen et al. has shown that large-area monolayer graphene grown via
chemical vapor deposition (CVD) can be used to reduce the oxidation of refined metals even at
elevated temperatures up to 200 ° C.22 Kang et al. have also shown similar results using reduced
graphene oxide and Yu et al. have utilized 30-40 nm thick layers of self-assembled graphene
oxide (GO)-polyethleneimine (PEI) composites on PET to reduce the oxygen transmission rate
to 0.05 cc.m2day2.2% In addition, Kirkland et al. have demonstrated that mixed-thickness CVD-
graphene coatings on Ni and Cu can serve as barriers to electrochemical corrosion in agueous
media.®* Prasai et al. have shown that multilayer graphene grown on Ni can act as a better

diffusion barrier than a single layer. However, while these demonstrations of scalable graphene
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barriers have served as an important proof-of-principal, thus far, their performance has still been
substantially below their pristine and defect-free counterparts.®® Previous work by our group has
shown that the performance of CVD-graphene based barriers can greatly enhanced via increasing
the internucleation distance and stacking of multiple monolayers.” In addition, recent studies by
Zhou et al. and Schriver et al. have shown that monolayer graphene promotes extensive
electrochemical corrosion of underlying copper over a period of few months and few hours at
room and elevated temperatures (~473 K), respectively, thereby severely reducing its ability to
perform as a corrosion-inhibiting material.2® 87 Finally, a recent study by our group has also
shown that a graphene monolayer becomes discontinuous due to etching at intrinsic defects and
grain boundaries in a matter of few hours in ambient atmosphere at slightly elevated temperatures

(>473 C).55

In summary, these studies indicate that the problem with using scalable graphene as a
barrier is three-fold — (i) high density of defects compared to pristine or theoretical graphene
providing spurious diffusion pathways, (ii) degradation and etching of the monolayer graphene at
the defective regions at elevated temperatures in ambient atmosphere and (iii) enhanced oxidation
of underlying metal in presence of graphene due to electrochemical corrosion. Problem (i) has
been and still is one of the most substantial for applications not only pertaining to barriers but
also to any application of graphene that requires scalability.*> 4¢-8.8% Though there are a few ways
to minimize the intrinsic defect concentration in scalable-graphene, for example increasing the
internucleation distance during the CVD process.”® However, the graphene manufactured using
these techniques is still far from its pristine or defect-free state. Studies to reduce the defect
density of scalable-graphene are being constantly pursued by our group and other groups working

on synthesis of graphene. In this paper, we focus on addressing the problems (ii) and (iii) which
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are equally limiting when it comes to ability of graphene to perform as a diffusion barrier.
Problem (ii) occurs when the defective regions in monolayer graphene are exposed to air and
water. This leads to oxidation of the graphene at the defects and subsequent gasification of the
oxidized carbon atom in the form of CO or CO, leading to formation holes in the graphene layer
in the form of etched pits and grain boundaries.®® This effect is accelerated at elevated
temperatures. The holes formed from the etching process can act as spurious diffusion pathways
when monolayer graphene is being used as a barrier membrane. Problem (iii) arises when
graphene is in electrical contact with the material that needs protection from oxidation. Due to a
difference in the electrochemical potentials of graphene and the underlying material, an
electrochemical cell is created that promotes the corrosion of the material, as shown for the case

of graphene protecting copper in previous studies.® &

In order to limit the effect of (iii), we use an ultra-thin layers (~3 nm) of electrically
insulating material (Al2O3) between the monolayer graphene and the underlying material
requiring corrosion protection (Cu). To reduce the effect of (ii), we transfer and stack more
monolayers of graphene over the first monolayer, where the subsequent layers of graphene protect
the first layer from exposure to air and water. The Kinetics, energetics and spatial
distribution different barrier structures were studied using temporally-resolved Raman
spectroscopy and scanning electron microscopy (SEM). The barriers structures were
characterized both quantitatively (Raman) and qualitatively (SEM) by monitoring the degree of
oxidation of the underlying bare Cu on which they were stacked or grown to create a protective
barrier. In the following section the effects of electrochemical corrosion (5.2.1), number of
graphene monolayers (5.2.2), annealing temperature (5.2.3) and water vapor concentration (5.2.4)

are critically analyzed. First, in section 5.2.1, we show that using just a 3 nm thick electrically
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insulating Al2Os interlayer between the graphene and the copper, the degree of oxidation can be
significantly reduced by limiting the electrochemical corrosion of copper. In section 5.2.2, we
show that transferring multiple layers has a multiplicative effect on the barrier performance.
Furthermore, in section 5.2.3, we show that the kinetics of oxidation of the underlying copper foil
with the barriers has multiple regimes with annealing time. In particular, in the samples with more
than one layer of graphene the oxidation rate increases very slowly at first, which is followed by
a linear regime and then a saturation. In addition, the oxidation rate of the linear regime trend has
an Arrhenius dependence with temperature with activation energies equaling 0.56 = 0.06 eV and
0.60 = 0.06 eV for monolayer graphene barrier w/o and w/ an Al,Oz inter-layer, respectively.
Finally, in section 5.2.4, we show that the degree of oxidation is directly affected by the presence

of water vapor in the atmosphere which accelerates the degradation of the graphene.

5.2 Results and Discussion

The following structures were explored in this barrier study - (i) bare pre-annealed Cu
(Cu), (ii) single layer of graphene grown on Cu (gGx1), (iii) single layer of graphene transferred
onto gGx1 (tGx1+ gGx1), (iv) three single layers transferred (tGx3+gGx1), (v) single layer of
graphene transferred onto Cu (tGx1), (vi) two single layers transferred onto Cu (tGx2), (vii) four
single layers transferred onto Cu (tGx4), (viii) 3nm of Al,Os on Cu (AO), (ix) single layer
transferred onto AO (tGx1+AO0), (x) two single layers transferred onto AO (tGx2+AO0) and (x)
four single layers transferred onto AO (tGx4+AOQ). The tests were performed between 298 K and
513 K in a humidity controlled environment and the relative degree of oxidation was quantified
using the intensity Raman peak for Cu20 (647 cm-1) vs. annealing time for the different barrier
structures, as previously used in literature. The samples were also simultaneously visualized in

SEM to monitor the evolution of oxidation qualitatively.
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5.2.1 Electrochemical corrosion

Previous studies by Zhou et al. and Schriver et al. have recently established that graphene
has the ability to electrochemically corrode the underlying metal requiring protection due to their
difference in electrochemical potentials.®® 8" In fact the rate of oxidation of underlying metal in
the areas where the graphene is defective is hypothesized to be faster compared to even bare
copper surface. The reason for this being the fact that graphene provides a much faster route for
electron migration to the surface of the copper oxide,®” a crucial step in the oxide formation
process, compared to the alternative on bare copper when the electron has to migrate through an
already formed oxide layer to reach its surface.'®® The accelerated electron migration leads to an
enhanced production of O% ions which in turn increases the overall oxidation rate of the copper
metal. Figure 5.1a-c shows the SEM micrographs of this electrochemical oxidation process of
gGx1 at different times, 0 hours, 5 hours and 20 hours, when the samples were being annealed at
473 K in air with 20,000 ppmv of water vapor. It is clearly seen that the oxidation of the copper
surface, indicated by white grain-like features in the images increases with time and eventually
by the 20 hour mark covers almost the entire surface (Fig 5.1c). In particular, as seen in previous
studies, the oxidation of the copper surface originates at the grain-boundaries and defects in the
graphene layer, and then spreads over the entire surface with time.”® 82 1% |n summary, though
the graphene itself is a good diffusion barrier, the accelerated oxide formation underneath it leads
to its deterioration and eventual disappearance from the surface of the copper. To prevent
graphene for acting as an electrochemical catalyst to the corrosion of underlying metal, in this
case copper, it is essential minimize the electrical conductivity between the two to slow down
the migration electrons to the surface of the copper oxide layer. To achieve this a very thin layer

of aluminum oxide ~3nm is deposited via atomic layer deposition on the surface of the copper
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before transferring a layer of graphene on top forming the tGx1+AO hetero-barrier stack. When
exposed to the same conditions as gGx1 in figure 5.1a-c the tGx1+AO structure performs
significantly better as can be seen in figure 5.1d-f. It can be easily observed that isolating the
graphene layer from the surface of the copper using an electrically insulating layer drastically
reduces the rate of electrochemical corrosion of the copper surface. It is important to point out
here that though it is well known that aluminum oxide itself can act as an excellent diffusion
barrier as noted by several previous studies, however the minimum thickness of the oxide layer
to perform well as a barrier is >200 nm.*>*17 In this study the thickness of the aluminum oxide
layer is only 3 nm and at this thickness the oxide layer doesn’t perform well as a barrier layer as

seen later in figure 5.2.

To relatively quantify the temporal evolution and degree of oxidation of copper under the
different types of barrier stacks, gGx1, tGx1, tGx1+AO and AO, spatially averaged Raman
spectroscopy of Cu20 (647 cm™) is used. Figure 5.2 shows the kinetics of oxidation of the
different structures, bare copper Cu (black-squares) and AO (red-circles) oxidize very rapidly
when exposed to air (20,000 ppmv water vapor) at 473 K and saturates at a very high value after
a 5 hours and 20 hours for Cu and AO, respectively, which can be hypothesized to be limited by
the penetration depth of the Raman excitation laser. The oxidation of gGx1(blue-triangles)
progresses linearly and eventually also saturates after 24 hours when the surface of the copper is
completely oxidized. tGx1 (pink-inverted triangle) behaves very similar to gGx1 sample but the
rate of oxidation is marginally lower than gGx1. The electrochemical corrosion is promoted by
contact between the graphene and the copper surface and it can be hypothesized the number of
contact points between graphene monolayer and the copper surface is less on the transferred layer

compared to the layer that was grown resulting in the difference in the oxidation rates. In
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tGx1+AO (green-diamonds) the oxidation proceeds at a significantly slower rate compared to all
the other structures. In particular, the degree of oxidation of the copper surface in tGx1+AO is
reduced by at least 38 times and 27 times compared to Cu and gGx1 even after 24 hours of

annealing.

5.2.2 Effect of number of layers of graphene

Recent studies by Prasai et al. and Singha Roy et al. have shown that stacking multiple layer of
graphene has a multiplicative effect on the overall barrier performance.”® & Another study by
Singha Roy et al. has demonstrated that the graphene deteriorates an order of magnitude faster
with a 3x reduced activation energy in air when the water vapor concentration in air increased
from <2000 ppmv to 15,000 ppmv.*® Stacking layers of graphene on top of the first layer serves
a dual purpose. First, it provides additional barrier layers and reduces degree of oxidation of the
copper surface. Second, being hydrophobic in nature, it protects the underlying layers of graphene
from exposure to water vapor, thereby minimizing their deterioration and improving their barrier
performance. SEM images in figure 5.3a-f show qualitatively the degree of oxidation of the
copper surface after 24 hours of annealing in air (20,000 ppmv water vapor) at 473 K. As expected
and seen previously in literature, addition of layers on the copper surface progressively decreases
it degree of oxidation (Fig. 5.3a-c). However, it clearly seen that the gGx1 (Fig. 5.3b) is
completely oxidized to the extent of just Cu (Fig. 5.3a) due to electrochemical corrosion of the
copper surface. The oxidation of the surface of copper is reduced by adding a second layer of
graphene on top as shown in figure 5.3c (tGx1+gGx1). Adding an aluminum oxide buffer layer
reduces this effect as is clearly observed in figures 5.3d-f. In particular, gGx1 (Fig. 5.3b) is
completely oxidized after the 24 hour anneal however tGx1+AO (Fig. 5.3e) is only oxidized at

the grain boundaries and intrinsic defects of the graphene layer. Figure 5.3g-h compares the
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degree of oxidation between the tGx3+gGx1 and tGx4+AO after 72 hours of annealing in the
same condition. It is clearly observed that tGx4+AO performs better than its counterpart without

the aluminum oxide layer.

Furthermore, to relatively quantify the kinetics of the oxidation process, temporally-resolved and
spatially averaged Raman spectroscopy is used. It is observed that the Cu2O Raman peak intensity
decreases progressively with the addition of layers on the top of gGx1 (Fig. 5.4). In particular the
oxidation of the copper surface is reduced by a factor of at least 1.5, 18 and 40 after 24 hours at
473 K in air (20,000 ppmv water vapor) with addition of one (gGx1), two (tGx1+gGx1) and four
layers (tGx3+gGx1) of graphene. These effect is more pronounced with the addition of the
aluminum oxide as the intermediate electrically insulating layer. The same ratio is further reduced
to 38 for one (tGx1+AO). For two (tGx2+AO0) layer and the four layer stacked sample
(tGx4+A0), the oxidation is below the equipment’s resolution and immeasurable until 30 and 55
hours of annealing, respectively. In particular, even after 72 hours the degree of oxidation in the
tGx4+AO sample is reduced by a factor of at least 71 compared to bare Cu and by factor of 7
compared to the tGx3+gGx1 structure which also consists of four graphene layers. It is clearly
seen the tGx4+AO combines the effect of AO buffer layer and the graphene stack and is by far

the best performing barrier structure.

Furthermore it is also seen that the kinetics of the oxidation process follows consistent
trend. Initially the Cu2O proceeds very slowly, then accelerates to form a linear trend with time
and finally it saturates. It can be seen that the onset of this linear regime varies with the number
of layers in the graphene stack. With increase in the number of graphene layers, the onset is
delayed further. The kinetics and mechanism of oxidation of copper is well understood in

literature.'>® The steps involved in the process are follows: (a) Cu+ diffusion from the Cu/Cu.0
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interface to the surface of Cu.0O, (b) e diffusion from the Cu/Cu.O interface to the surface of
Cu0, (c) O diffusion through the graphene layers to the Cu,O surface, (d) Formation of O? and
(e) Reaction of Cu* and OZ. Step (b) occurs extremely fast for reasons mentioned in section 5.2.1.
Also Steps (d) and (e) occur considerably faster compared to steps (a) and (c), making steps (a)
and (c) the rate limiting steps. From this, it can be hypothesized that the initial slow increase in
the Cu20 intensity (Fig. 5.4) occurs when the rate limiting step in the oxidation process is step
(c). This is further supported by the fact that with addition of number of layers of graphene the
time period of this regime increases. The linear regime can be hypothesized to occur when the
oxidation process is limited by step (a). This is further supported by the fact that the slope of this
linear trend is independent of the number of layers of graphene (Fig. 5.4), suggesting that once
there is enough O% available at the interface the rate of oxidation is limited by the diffusion of
Cu" ions through the growing oxide layer. The saturation of the intensity at constant level after
certain degree of oxidation can be hypothesized to be occurring due to a limitation created by the

penetration depth of the Raman laser.

5.2.3 Effect of temperature

In order to study the energetics of the oxidation process, a temperature dependence study is
performed in the same environment (air with 20,000 ppmv water vapor). The Kinetics of
oxidation was studied at three temperatures, 433 K, 473 K and 513 K. Figures 5.5a-c shows the
SEM images of gGx1 samples after 24 hours of annealing at 433 K, 473 K and 513 K,
respectively, whereas figures 5.5d-f depict the degree of oxidation for the tGx1+AO sample
under the same conditions, respectively. As expected, less oxidation is observed in the later

samples due a suppressed electrochemical corrosion effect. In order to relatively quantify the
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dependence on temperature of the oxidation process temporally-resolved and spatially-averaged

Raman spectroscopy is used.

Figure 5.6a depicts the kinetics of the Cu2O Raman peak intensity for gGx1 and tGx1+AO
at the above mentioned temperatures. It is observed that the oxidation kinetics follow a similar
trend where first there is a linear increase followed by a saturation. The dashed lines show this
linear trend for the gGx1 samples are 433 K (red-circles), 473 K (black-squares) and 513 K (blue-
triangles). In this regime, the rate of oxidation (R) varies with temperature and has an Arrhenius
dependence with temperature, R = Ro exp (-Ea/KT) as shown in figure 5.6b, where Ea = activation
energy (eV), Ro = pre-factor (s?), T = temperature (K) and k = Boltzmann constant (eV K*). Ea
is calculated to be 0.56 + 0.06 eV and 0.60 + 0.06 eV for the samples without and with the
aluminum oxide layer, respectively, whereas Ry is calculated to be (3.71 + 0.56) x 108 h'! and
(1.30 + 0.25) x 108 h'%, respectively. The similar values of Ea suggests that the rate limiting step
in the linear oxidation regime is the same for both the types of sample and is the migration of
Cu* ions to the Cu20 surface. The difference in the overall oxidation rates between the samples
with and without the aluminum oxide layer is caused by the difference in the prefactor (Ro). The
relative oxidation rate or the rate of increase of the Cu,O Raman peak intensity (R) at room
temperature can be extrapolated to be 0.142 h* and 0.0091 h'* without and with the Al,Os layer,
respectively. This suggests that the oxidation of the copper surface is appreciable in a matter of
few months at room temperature for gGx1 similar to previous observations made in literature.
However, the corrosion is negligible when an intermediate aluminum oxide layer is added

between the graphene and the copper surface (tGx1+AO) after the same amount of time.

5.2.4 Effect of water vapor
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It has been previously shown by Singha Roy et al. that the graphene itself degrades at elevated
temperature (~473 K) and this degradation creates new defects that can act as new spurious
diffusion pathways for oxygen to reach the underlying copper and oxidize it.>> ™ In addition the
same group has also shown that the reducing the amount the water vapor content in air reduces
slows down the degradation process of graphene on SiO>. In order to explore the effect of water
vapor in the barrier performance of the heterostructures the samples were exposed to two
different environments at 473 K - (i) humid air (20,000 ppmv water vapor) and (ii) dry air (<7
ppmv water vapor) and the kinetics of oxidation of the copper surface was studied using Raman
spectroscopy. Figures 5.7a and 7b depict the SEM micrographs of the gGx1 structure that were
annealed for 24 hours in humid and dry air environment, respectively. It is clearly seen that the
degree of oxidation is less for the sample exposed to dry air compared to the one exposed to the
humid air environment. Similar effect is seen for the samples with aluminum oxide layer
(tGx1+AO0) as shown in figures 5.7c and 7d, however, the overall degree of oxidation is reduced

compared to gGx1 in both cases (humid and dry environment).

To relatively quantify and compare the kinetics of oxidation for both dry and humid air,
Raman spectroscopy was used. In particular, degree of oxidation after 24 hours of annealing at
473 K, is reduced by a factor of 2 and 3 for gGx1 and tGx1+AO, respectively going from humid
to dry environment (Fig. 5.8). Furthermore, the oxidation was limited to the equipment resolution
for tGx4+AO0 sample even after 72 hours of annealing dry air. The above results suggest that
water vapor plays an important role in accelerating the diffusion process through the graphene
barriers by creating new defects in them with time. It is also important to mention that the water

vapor has been known to accelerate the corrosion itself and it can be hypothesized that
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eliminating or reducing water vapor in air can serve a dual purpose, namely slowing down the

corrosion of the copper itself and also improving the oxidative stability of the graphene layers.

5.3 Implications and conclusions

Experimental and theoretical studies on pristine and non-scalable graphene have shown that
graphene is an excellent choice when it comes to barrier material. However, recent experimental
studies with scalable forms of graphene haven’t been able to match the expectations and
predictions of their pristine counterparts. In summary, previous studies indicate that the problem
with using scalable graphene as a barrier is three-fold — (i) high density of defects compared to
pristine or theoretical graphene providing spurious diffusion pathways, (ii) degradation and
etching of the monolayer graphene at the defective regions at elevated temperatures in ambient
atmosphere and (iii) enhanced oxidation of underlying metal in presence of graphene due to
electrochemical corrosion. This work focuses on addressing problems (ii) and (iii). In order to
limit the effect of (iii), an ultra-thin layers (~3 nm) of electrically insulating material (Al>O3) is
added between the monolayer graphene and the underlying material requiring corrosion
protection (Cu). To reduce the effect of (ii), more monolayers of graphene are transferred and
stacked over the first monolayer, where the subsequent layers of graphene protect the first layer

from exposure to air and water.

It is found that adding an ultra-thin layer of electrically insulating material between graphene
and copper the degree of oxidation is reduce by at least by a factor of 38 and 27 compared to bare
Cu and gGx1, repectively, after 24 hours of oxidation by suppressing the effect of electrochemical
corrosion of the copper surface. Furthermore, stacking additional layers of graphene over the first

layer improves the barrier performance progressively. Additional layers of graphene are not only
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able to serve independently as barriers themselves but also protect the underlying graphene layers
from water vapor and oxygen which enhance their degradation. When combined with the
suppressed electrochemical corrosion due to the addition of aluminum oxide buffer layer superior
barrier performances can be achieved. In particular, tGx4+AO sample has no detectable oxidation
until 55 hours of annealing in humid air at 473 K. For the multilayer graphene stacked
heterostructure barriers, the oxidation kinetics has three distinct regimes, (i) very slow gradual
increase, followed by a (ii) linear regime and finally a (iii) saturation regime. It is hypothesized
that during regime (i) oxidation is limited by O diffusion through the graphene layers, in regime
(i) it is limited by the diffusion of Cu+ ions through the growing oxide layer and the saturation
in regime (iii) is reached when the thickness of the Cu.O is more than what the Raman laser can
penetrate. The oxidation kinetics is also dependent on the ambient temperature and oxidation rate
is proportional to R = Ro exp (Ea/KT), where Ea is calculated to be 0.56 + 0.06 eV and 0.60 *
0.06 eV for the samples without and with the aluminum oxide layer, respectively, whereas Ro is
calculated to be (3.71 + 0.56) x 108 ht and (1.30 + 0.25) x 108 h*?, respectively. This suggests that
the oxidation of the copper surface is appreciable in a matter of few months at room temperature,
however, the corrosion is negligible in the same amount of time when an intermediate aluminum
oxide layer is added between the graphene and the copper surface. It is finally found that removing
water vapor from ambient air improves the barrier performance by 2 and 3 times for gGx1 and
tGx1+AO, respectively after 24 hours of annealing at 473 K. Also, the oxidation is immeasurable

for tGx4+AO sample even after 72 hours of annealing in dry air.

In summary, this study will help developing a deeper understanding of how environmental
factors negatively affect the use CVD-graphene as corrosion protecting layer for refined metals.

Furthermore, results from this study can be used to relatively quantify the kinetics of oxidation
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for similar barrier structures at any given temperature. Finally, this study is expected open new
doors and lay the foundation for engineering scalable barriers with graphene that can match its

pristine and non-scalable counterparts.

5.4 Experimental Methods

Sample preparation: The graphene barriers for our studies were grown one layer at a time on
Cu foils using standard atmospheric pressure chemical vapor deposition (CVD) commonly used
to grow monolayer graphene. Prior to CVD, the Cu foils (Alfa Aesar 99.8% Lot # 13382) were
annealed in a reducing forming gas environment (17 sccm Ha, 320 sccm Ar) at 1030 °C for 8
hours. The growth of graphene was achieved by adding a 0.250 sccm CH4 flow for 180 min at
1030 °C. Bare Cu samples without graphene were produced by annealing in forming gas at
1030°C for 11 hours but never introducing methane. Al>O3 layer was deposited using atomic layer
deposition which was achieved by 500 ms H20 pulsing + 60 s N2 purging + 500 ms
Trimethylaluminum (TMA) pulsing + 60 s N2 purging at 300 °C. A growth rate is ~ 0.1 nm/cycle
was achieved using this technique and 30 cycles were performed to achieve the 3 nm thickness.
Stacked barrier structures were fabricated by mechanically transferring additional layers with the
help of a sacrificial layer of poly(methyl methacrylate), using a transfer approach derived from
that of Singha Roy et al., Safron et al., and others for transferring graphene to arbitrary
substrates.3* %% 192 Oxidation was carried out in three heating zone closed furnace tube. Water
vapor concentration inside the furnace was controlled via regulating the flow of the carrier gas
(Dry air <7 ppmv water vapor) through a water-bubbler. The concentration of water vapor was

monitored via an in-situ hygrometer and thermometer.

Characterization: After oxidation, the samples were imaged using Scanning Electron

Microscopy (SEM LEO 1530, 3 keV) and optical microscopy. The oxidation of the Cu was
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quantified temporally and spatially using imaging Raman spectroscopy (DXRxi MicroRaman
Thermo Fisher Scientific, excitation A = 532 nm, 4 mW). The pixel size of the scans was 0.5 pm
x 0.5 um and the laser spot size was also ~1 um. The laser power and exposure time were
sufficiently low that the Raman laser did not induce oxidation of the Cu during measurement,
combined with high-frequncy raster scanning technique of the equipment, the effect of the laser
on the substrates temperature is negligible. The amplitude of the Cu,O component of each Raman
spectrum was determined by fitting. Each spectrum was fit from 450 — 850 cm™ using the Raman
spectrum of the oxidized bare Cu sample as a reference spectrum for Cu.O and a sixth order
polynomial to account for the broad background and interference effects. The full-width at half-
maximum of the main Cu.O peak at 647 cm™ was only 50 cm™ and could not be reproduced by
the polynomial background, which was forced to fit over the entire 450 — 850 cm™ range. Thus,

this fitting protocol successfully was able to extract the Cu2O component of each spectrum.
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Figure 5.1. Electrochemical corrosion of copper from single layer of graphene: (2), (b) and (c) represent
SEM images of gGx1 after 0 hour, 5 hour and 20 hour annealing, respectively in humid air (20,000 ppmv)
at 473 K. (d), (e) and (f) show SEM images of tGx1+AQ after 0 hour, 5 hour and 20 hour annealing,
respectively under the same conditions. Electrochemical corrosion of copper by the graphene layer is

suppressed in the later case due to the presence of Al.Os. (white scalebars = 2 um and black scalebars = 5
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Figure 5.2. Oxidation Kinetics of barrier structures with single layer of graphene in humid air (20,000

ppmv water vapor) at 473 K. Cu, AO, gGx1, tGx1 and tGx1+AO represented by black-squares, red-circles,

blue-triangles, pink-inverted triangles and green-diamonds, respectively.

Figure 5.3. Layer dependence of oxidation without and with Al,O3 buffer layer: (a), (b) and (c) show
SEM images of samples Cu, gGx1 and tGx1+gGx1, respectively after 24 hours of annealing in humid air
(20,000 ppmv water vapor) at 473 K. (d), (e) and (f) show SEM images of samples AO, tGx1+AO and
tGx2+A0, respectively after 24 hours of annealing in humid air (20,000 ppmv water vapor) at 473 K. (g)
and (h) SEM image of tGx3+gGx1 and tGx4+AO, respectively after 72 hours of annealing in the same
conditions as (a)-(f). (white scalebars = 2 um, black scalebars in (c, e and f) = 20 um, black scalebars in

(g and h) =10 pm)
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Figure 5.4. Oxidation Kinetics of stacked barrier structures in humid air (20,000 ppmv water vapor) at 473
K. gGx1, tGx1+gGx1, tGx3+gGx1, tGx1+AO, tGx2+A0 and tGx4+AO represented by black-squares,

red-circles, green-diamonds, blue-triangles, pink-inverted triangles and navy tilted triangles, respectively.

Figure 5.5. Temperature dependence of oxidation for single layer of graphene without or with Al,O3 buffer
layer: (a), (b) and (c) represent SEM images of gGx1 after 24 hours of annealing in humid air (20,000

ppmv) at 433 K, 473 K and 513 K, respectively. (d), (e) and (f) represent SEM images of tGx1+AO after



102

24 hours of annealing in humid air (20,000 ppmv) at 433 K, 473 K and 513 K, respectively. (white

scalebars = 2 um and black scalebars = 5 um)
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Figure 5.6 (a) Temperature dependence of oxidation kinetics in without and with Al.O3; buffer layer in

humid air (20,000 ppmv water vapor). Red-circles, black-squares and blue-triangles represent oxidation

of gGx1 at 433 K, 473 K and 513 K, respectively. Green-diamonds, pink-inverted triangles and navy tilted

triangles represent oxidation of tGx1+AO at 433K, 473 K and 513 K, respectively. Dashed lines show the

initial linear trend in the oxidation for the gGx1 samples and are used to compute the respective oxidation

rates. (b) Energetics of oxidation in the linear regime for gGx1 and tGx1+AO in humid air (20,000 ppmv
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water vapor): Black-squares and red-circles show the Arrhenius dependence of gGx1 (Ea = 0.55 £ 0.06

eV) and tGx1+AO (Ea = 0.60 + 0.06 eV), respectively.

Figure 5.7. Effect of water vapor concentration on oxidation without and with the Al.Os; buffer layer
annealed at 473 K for 24 hours: (a) and (b) depict SEM images of gGx1 in humid (20,000 ppmv water
vapor) and dry air (<7 ppm water vapor). (c) and (d) represent SEM images of tGx1+AQ in humid (20,000

ppmv water vapor) and dry air (<7 ppm water vapor). (white scalebars = 2 um and black scalebars = 5
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Figure 5.8. Effect of water vapor concentration in air on the oxidation kinetics of gGx1 and tGx1+AO
annealed at 473 K: Black-squares and red-circles represent the kinetics of gGx1 in humid (20,000 ppmv
water vapor) and dry air (< 7 ppmv water vapor), respectively. Blue-triangles and pink-inverted triangles

represent the kinetics of tGx1+AO in humid (20,000 ppmv water vapor) and dry air (< 7 ppmv water
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vapor), respectively. Green-diamonds, represent kinetics of tGx4+AO in dry air and is immeasurable until

at least 72 hours.

6. Graphene in organic photovoltaics

This chapter is adapted from “Singha Roy. S.; Bindl, D. J.; Arnold, M. S., Templating Highly
Crystalline Organic Semiconductors Using Atomic Membranes of Graphene at the
Anode/Organic Interface. Journal of Physical Chemistry Letters 2012, 3, (7).” SS synthesized
and transferred graphene, deposited organic film, performed X-ray diffraction analysis, Raman
spectroscopy scanning electron microscopy and analyzed data. DJB performed the optical

characterization.

Abstract

Charge and energy transport in organic semiconductors is highly anisotropic and
dependent on crystalline ordering.  Here, we demonstrate a novel approach for ordering
crystalline organic semiconductors, with orientations optimized for optoelectronics applications,
by using a single monolayer of graphene as a molecular template. We show, in particular, that
large-area graphene can be integrated on metals and oxides to modify their surface energies and
used to template copper phthalocyanine (CuPc), a prototypical organic semiconductor. On
unmodified substrates, thermally evaporated films of CuPc are small-grained and the molecules
are in the “standing-up” (100) orientation. On graphene modified substrates, CuPc is templated

in favorable “lying-down” (11-2) and (01-2) orientations with drastically larger crystal sizes. This
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results in an 86% increase in the absorption coefficient at 700 nm and should furthermore result
in enhanced energy and charge transport. The use of highly conductive and transparent (> 95%)
graphene membranes as templates is expected to be a foundation for developing future planar and

nanostructured OLEDs and OPVs with improved performance.

Small molecule organic semiconductors are attractive materials for applications in light
emitting diodes (OLEDSs), photovoltaic solar cells (OPVs), photodetectors, thin-film field-effect
transistors (FETS), and other electronic/optoelectronic devices, because of their potential for low-
temperature processability, strong and broadband optical absorptivity, efficient light emission,
and tunable chemical structures and properties.'>® The charge and energy transport characteristics
of organic semiconductors are typically highly anisotropic and are strongly dependent on
crystalline ordering and molecular orientation.’®**61  Thus, learning how to control these
parameters is an important aspect of improving their performance in applications.

While there has been substantial success in controlling the ordering of monolayers or few-
layers of organic semiconductors and to optimize the transverse charge transport mobility of
organic field effect transistors (FETs),'62168 there has been relatively less progress in controlling
the ordering and orientation of organic films for OLEDs and OPVs. Films in these devices must
be considerably thicker (100’s of A) and charge and energy (exciton) transport in them must be
optimized normal to the growth substrate and the device stack, in the direction of charge injection
or extraction. For approximately planar molecules, optimized transfer is generally in the direction
of n-m stacking. Thus, for organic FETs, a “standing-up” molecular orientation is typically

desired, whereas in OLEDs and OPVs, a “lying-down” orientation is more optimal.
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A “lying-down” morphology can be driven in the first monolayer by a strong molecule-
substrate interaction.'®® 1 However, in most cases the lattice parameters of the organic
semiconductor do not match the substrate, resulting in a strain energy that builds with increasing
film thickness beyond a few monolayers, ultimately resulting in disorder.1’% "2 In order to achieve
a “lying-down” morphology that is sustained beyond several molecular layers, the molecule-
substrate interaction must be weaker, more comparable to the inter-molecular interaction
energy,'®® to accommodate the relaxation of the strain in the first monolayer, but still strong
enough to orient the organic film.

Previously, several studies have identified substrates that have the proper molecule-
substrate interactions to induce this “lying-down” morphology for thick, oriented films of
polyacenes, perylene-derivatives, and phthalocyanines. The substrates include graphite
(HOPG)!"®, MoS; 2, copper iodide 1™, alkali metal halides 1", and even other organic molecules
such as perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride (PTDCA) 1’%1"8and pentacene.!”®
One problem however is that the integration of films grown on these templates into optoelectronic
devices has proved to be challenging because these templates are either partially or completely
opaque or poorly conducting. Furthermore, the transfer of oriented films from these templates
into separate device stacks is not straightforward.

Here, we demonstrate a novel approach for overcoming these challenges by implementing
a template based on a monolayer of graphene. The graphene template is only a single atomic
layer < 0.5 nm in thickness, > 95% transparent and highly conductive . Aside from templating,
the exceptional properties of graphene make it an excellent transparent conductor for
optoelectronics, either on insulators or to modify the surface of transparent conductors such as

indium tin oxide (ITO). ** 8 At the same time, graphene’s conjugated aromatic structure makes
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it an ideal template for growing oriented and crystalline films of organic semiconductors.
Graphene can be integrated onto arbitrary substrates, thereby modifying the substrates to give
them an interfacial surface energy comparable to that of HOPG. Although graphene has been
previously utilized as a transparent conductor in both OLEDs and OPVs 8, it has typically been
over-coated by a layer of PEDOT:PSS prior to the deposition of the active organic layers, and
therefore graphene has not yet been fully exploited as a template to orient the growth of films for
these optoelectronics applications. Other groups have started taking the first steps toward
examining the assembly of molecules on graphene. For example, Ling et al. have studied Raman
scattering from sub-monolayers assembled on graphene.'®! Furthermore, Mao et al. have recently
employed NEXFAS to characterize n-x stacking (perpendicular to the substrate) of a few layers
of chloroaluminum phthalocyanine on graphene on ITO and have used UPS to study its interface
electronic structure.*® Here, we demonstrate that graphene can be employed to modify the surface
energy of both metals and oxides, allowing these substrates to template of highly crystalline films
of substantial thickness > 320 nm of organic semiconductors of controlled orientation. The
oriented and unoriented films are strikingly different, even by eye. We gain unique insight into
the templating using x-ray diffraction, electron microscopy, and optical transmission
spectroscopy and have specifically examined a prototypical organic semiconductor, copper
phthalocyanine (CuPc), commonly used in OPVs as a light absorbing and hole transporting
material and as well as in OLEDs as a hole-injection layer, as a proof-of-principal. 2> 182-185 On
unmodified metal and oxide surfaces, thermally evaporated films of CuPc are small-grained and
the CuPc molecules are undesirably in the “standing-up” orientation. However, by modifying

these substrates with a single atomic layer of graphene < 0.5 nm in thickness, we show that the
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CuPc can be driven to “lie-down” and that this orientation can be maintained through 100’s of nm
in CuPc film thickness, with drastically larger lateral crystal sizes.

In order to create graphene modified metal and oxide surfaces, we first grew monolayered
graphene via atmospheric pressure chemical vapor deposition on Cu foils that has been previously
demonstrated by Ruoff and coworkers.*® %3 18 |n some instances, we left the graphene directly
on the Cu foils (defined as graphene modified copper, GMC), and in other instances we
transferred the graphene onto glass (defined as graphene modified glass, GMG) with the help of
a polymer support using processes similar to those that have been reported in literature for
transferring graphene to a wide range of substrates.*® The process-flow is depicted in Figure 6.1.
Clean copper foils (6 cm x 4 cm x 0.025 mm) were used as the substrate to grow monolayered
graphene by Atmospheric Pressure Chemical Vapor Deposition (AP-CVD). To start, the
substrates were annealed in forming gas (95% Ar + 5% H>) (flow-rate = 340 sccm) at 1050 °C
for 30 min. Upon completion of the annealing, the temperature was reduced to 1030 °C.
Following, methane was introduced at 31 ppm, for 4 hours, to grow the graphene. After the
growth, the furnace was cooled rapidly at 15 °C min™* to 150 °C. Copper foils with graphene,
denoted here as Graphene Modified Copper (GMC), were then spin-coated with 1500 A of
poly(methyl methacrylate) (PMMA - 2 % wt.) in chlorobenzene, as a sacrificial support. The
graphene on the bottom-side of copper was removed by a 4 minute sonication using a bath-
sonicator. The copper was then removed using an etchant comprised of a mixture of 0.2 M FeCls
and 0.2 M HCI. Residual copper was removed in 1% HF. The graphene supported by the PMMA
was then transferred to arbitrary substrates such as glass, ITO, and SiO and the layer of PMMA
was removed via a series of heated solvent baths comprising of acetone (x2), dichloromethane

(x2) and isopropanol (x2), followed by a two hour anneal in forming gas (95% Ar + 5% H») at
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500 °C to remove any residual PMMA. We found the forming gas anneal very critical to our
process-flow, resulting in more atomically pristine graphene surfaces more analogous to freshly
cleaved HOPG. Graphene transferred to a SiO2 substrate was used for the Raman spectroscopy
measurement.

The above mentioned process can be easily scaled to any substrate size with the utilization
of larger growth substrates. In our process, the graphene atomic layer was intentionally made to
cover only part of the substrate in-order to have a side-by-side comparison of the templated and
the non-templated regions.

Different thicknesses of CuPc (sublimed grade, 99.9%, Sigma-Aldrich) were thermally
evaporated at 0.3 A s in high vacuum (2x10° torr). We characterized the crystallinity and
orientation by performing a 6-20 scan of the CuPc films using a STOE X-ray Diffractometer
operating at 40.0 kV and 25.0 mA with Cu-Ka (wavelength =1.542 A). A quartz tungsten halogen

lamp coupled to a monochromator was used to measure absorption spectra.

After graphene growth and transfer, we employed Raman spectroscopy to characterize the
structure, number of layers, and quality of the resulting graphene (Figure 6.2a). A typical Raman
spectrum is plotted in Figure 6.2a, which shows a characteristic G and the 2D peak at ~1580 cm"
Land ~2640 cm™, respectively. The 2D peak can be fit by a single Lorenztian and the ratio of the
amplitude of the 2D peak to the G peak was 3.3, indicating that the graphene predominantly
consists of a single layer.%* The absence of a defect D-band Raman peak at ~1350 cm™ signifies
that the graphene is of high-quality with minimal defects. To explore templating, CuPc was
thermally evaporated at high vacuum (2x10° torr) on these bare and graphene modified

substrates.
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Figure 6.1. Process-flow. (i) Graphene on copper (GMC) grown by AP-CVD; (ii) PMMA-
support spin-coated on graphene on copper; (iii) PMMA-supported graphene transferred to glass
after removal of copper; (iv) Graphene on a glass (GMG) after removal of PMMA-support; (v)

CuPc thermally evaporated on graphene template.

An optical image of graphene modified glass (GMG) is shown in Figure 6.2b-c. The
graphene uniformly and continuously covers the middle of the substrate and is highly transparent.
After the deposition of an 80 nm film of CuPc, there is a difference in appearance of the CuPc
film on the graphene (Figure 6.2c). At normal incidence, the CuPc film on bare glass is blue
whereas the film on the GMG is reddish-purple. To further characterize this difference, we
spectrally resolved optical transmission. The transmission losses due to the graphene layer, alone,
were < 5% across the entire spectrum and only 2.7% from 800-1500 nm, consistent with that of
a single layer of graphene (Figure 6.2d). The CuPc absorption is identified by a pair of peaks at
620 nm and 700 nm. The optical absorptivity of CuPc on the GMG is stronger than its absorptivity
on bare glass, across the entire spectrum, for example, with an absorption coefficient that is 50%

higher at 664 nm (Figure 6.2d). Furthermore, the Q-band region (~ 700 nm) of CuPc on the GMG
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is particularly enhanced. It is well known that the morphology and molecular orientation of a
film can affect its optical properties and has been previous reported by Sullivan et al.}’® We next

utilized scanning electron microscopy (SEM) to characterize the morphology of these films in

more detail.
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Figure 6.2. (a) Raman spectrum of a single monolayer of graphene (on SiO2 on Si). (b-c) Optical
images of GMG (left) and CuPc on GMG (right). (d) Optical transmission through GMG

(dotted/grey), CuPc on GMG (solid line/pink), and CuPc on bare glass (dashed/blue), at normal

incidence.

To investigate further, we looked at the above samples in the SEM. On both the bare Cu
and bare glass substrates, the CuPc formed small domains of 38 nm and 34 nm respectively in
lateral extent (Figure 6.3). In contrast, the film morphology drastically changed when it was
deposited on a single layer of graphene that modifies these substrates. On the GMC and GMG we
observed significantly larger domain sizes, but it was difficult to quantify them as we couldn’t
observe distinct grains. However, the average distance between the consecutive holes on GMC

and GMG were measured to be 241 nm and 125 nm respectively, providing a lower limit to the
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grain sizes on them. We believe the factors limiting the lateral domain size were non-uniformities
in the underlying substrate. The difference in lateral domain sizes of GMC and GMG might be
caused by increased surface roughness after the graphene is transferred to glass due to (i)
occurrence of folds during the transfer process and/or (ii) the presence of small amount of residual
PMMA left even after the forming gas anneal, which could affect the surface energy of the
graphene and hence interfere with the templating (making the domain sizes slightly smaller). Near
the edges of the substrate, where the graphene membrane abruptly ends and the bare substrate is
exposed (Figure 6.2b-c), the transition between the different morphologies was sharp, as observed
in Figure 6.3, in which the morphology changes from ordered to disordered. The morphology of

the CuPc on the graphene modified substrates was invariant for the thicknesses explored, from

20 nm to 320 nm.

Figure 6.3. Scanning electron micrographs of 80 nm film of CuPc thermally evaporated on (i)

bare copper, (ii) GMC, (iii) bare glass, and (iv) GMG. Scalebars = 300 nm.

We employed x-ray diffraction in order to further investigate differences in morphology
and crystalline orientation, using the refined crystal structure of a-CuPc recently reported by

Hoshino et al. 8 to interpret our data. The films of CuPc on bare glass and bare Cu were
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dominated by a Bragg peak at 20 = 6.83° (Figure 6.4b and 6.4¢). In contrast, on GMC and GMG,
this peak nearly completely disappeared and two new Bragg peaks at 20 = 26.6° and 26 = 27.7°
emerged (Figure 6.4c and 6.4f). The humps between 20° to 30° in Figure 6.4a and 6.4b and 5° to
10° in Figure 6.4d and 6.4e are attributed to background scattering from glass and copper,
respectively. These diffraction data tell us that the (100) plane of a-CuPc satisfies the Bragg’s
condition on bare substrates, which corresponds to the molecules “standing-up” on the surfaces,
as depicted in Figure 6.5a and 6.5c. In contrast, the 20 = 26.6° and 20 = 27.7° indicate stacking
in the direction of the (11-2) and (01-2) Bragg planes, corresponding to a nearly “lying-down”
conformation, in which the molecules form stacked columns as depicted in Figure 6.5b and 6.5d.
These observations are similar to those reported by Wang et al. on HOPG 73 and by Lassiter et
al. on PTDCA templates 7. However, here, the orientation has been driven, remarkably, only
by a single layer of atoms, which is conductive, highly transparent, and directly integrable onto a

wide variety of substrates.
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Figure 6.4. X-ray diffraction of (a) glass, (b) 80 nm of CuPc on bare glass, (c) 80 nm of CuPc on
GMG, (d) bare copper, () 80 nm CuPc on bare copper, and (f) 80 nm of CuPc on GMC. Peaks
at 20 = 6.8° correspond to diffraction from the a-CuPc (100) Bragg plane, corresponding to the
“standing-up” molecular orientation depicted in Fig. 6.4a,c. Peaks at 20 = 26.6° and 27.7°
correspond to diffraction from the a-CuPc (01-2) and (11-2) Bragg planes, respectively. The (11-

2) molecular orientation is depicted in Fig. 6.4b,d.
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Figure 6.5. A graphical representation of the orientation of CuPc on bare glass and GMG. (a) and
(c) depict the “standing-up” orientation of the CuPc molecules on glass with the a-CuPc (100)
plane normal to the substrate. (b) and (d) depict “lying-down” orientation of the CuPc molecules

on GMG with the a-CuPc (11-2) Bragg plane normal to the substrate. The arrows on (b) and (c)
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indicate the n-m overlap and in-turn the favored direction of charge and energy transport for

optoelectronics and transistor applications.

Also, the peaks positions and widths of the XRD spectra were independent of film
thickness over the explored range of 20 nm to 320 nm, indicating that the orientation of the CuPc
was invariant over this range (Figure C.S1 of the Supporting Information). Taken together, the
contrast between the SEM images and XRD spectra on bare surfaces and graphene modified
surfaces is striking and convincingly shows that a single layer of carbon atoms can drive the
orientation and crystallization of an organic layer on both metallic and oxide substrates, masking

the molecule-substrate interactions that would normally be expected on their native surfaces.

The preferred orientation of CuPc on HOPG has previously been predicted by comparing
the energetics of inter-molecular CuPc interactions and the interactions of CuPc with HOPG. The
edge-on inter-CuPc interaction energy, the inter-CuPc n-n stacking energy, and the adsorption
energy of CuPc “lying-down” on HOPG have been estimated by Yin et al. as -0.087, -1.09, and -
2.65 eV molecule™, respectively.1® 87 The lateral corrugation barrier for CuPc on HOPG is as
low as 8.7 meV molecule™, thereby facilitating efficient lateral diffusion of the molecules over
the surface and the creation of a uniform monolayer. Thus, on HOPG, a “lying-down” orientation
of CuPc is preferred over “standing-up” stacking. Although the adsorption energetics likely
change for CuPc molecules on a single monolayer of graphene compared with HOPG, due to
incomplete screening of the underlying substrate by graphene, we believe that the surface energies
are nonetheless similar. This conclusion is supported by the fact that the CuPc film orientation

and crystallinity that we report here is similar to that previously reported on HOPG.
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The benefits of templating CuPc in the “lying-down” conformation in OPV devices are
potentially threefold: (i) increased optical absorption and shorter absorption length (La), (ii) faster
exciton migration and increased exciton diffusion length (Lp), and (iii) enhanced charge transport
mobility («). These effects all stand to increase the power conversion efficiency of planar and
planar-nanostructured small molecule OPVs, which are currently limited in efficiency by the poor
mismatch of La to Lp. From Figure 6.2, it is evident that the optical absorptivity of the CuPc
films, for light propagating normal to the substrate, is increased by templating. Optical
absorptivity is proportional to the square of the scalar product of the transition dipole moment
and optical polarization. It is known that the transition moment of porphyrins and
phthalocyanines lies in the plane of the molecules 8 and coincides with the N-Cu-N axis of
CuPc.'® Considering this transition dipole moment and the observed molecular orientations, we
would therefore expect a 77% increase in absorption coefficient for CuPc on GMG compared
with on bare glass, which is consistent with the experimentally observed increase of 63%, 51%
and 86% at 620 nm, 664 nm and 700 nm respectively. A 77% increase in optical absorptivity
should result in a 45 % decrease in La.

At the same time, we expect the exciton diffusion length (Lp) to be improved by using
graphene to template CuPc in the “lying-down” morphology. It has been both theoretically >
and experimentally 1%° shown that Lp is strongly affected by crystallinity and molecular ordering.
Singlet exciton diffusion mainly occurs via Forster energy transfer by dipole-dipole coupling
between neighboring molecules (namely the donor and the acceptor).?®® The coupling depends
on: (a) the angle between the transition dipole moments of the donor and acceptor, (b) the
fluorescence quantum yield of the donor and (c) the spectral/energy overlap between the

emissivity of the donor and the absorptivity of the acceptor. Disorder is known to decrease Lp
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due to inter-molecular misalignment, reduced fluorescence quantum yield, and decreased spectral
overlap due to energetic disorder resulting from local heterogeneity. Athanasopoulos et al. have
recently employed Monte Carlo non-equilibrium hopping models to shown that Lp can indeed
decrease by more than an order of magnitude as a result of energetic and molecular disorder.>®
Furthermore, it has been experimentally demonstrated in other molecular systems such as
PTCDA, that Lp can increase up to four times by increasing the spatial extent of crystalline
order.2%® Future work will be needed to quantify the Lp of the ordered and oriented CuPc films
realized here. However, similar gains in Lp are expected.

A single monolayer of graphene that is < 0.5 nm in thickness, > 95% transparent and
highly conductive was used as a template to control and modify the orientation of CuPc films of
80-320 nm in thickness, on both oxide and metal substrates. Specifically, the lateral CuPc crystal
size increased from 38nm to >125nm by functionalizing bare glass and copper surfaces with
graphene. The CuPc was oriented in the (100) crystallographic direction on the bare substrates,
corresponding to a “standing-up” molecular orientation, whereas the CuPc was oriented in the
(11-2) and (01-2) directions on the graphene modified substrates, corresponding to a nearly
“lying-down” conformation of the molecules on the substrate, in which the molecules form
stacked columns. This “lying-down” conformation is expected to be ideal for planar and planar
nanostructured OPV solar cells. We have shown already that the absorption coefficient of the
CuPc films is increased by 86% at 700 nm by templating the films using graphene. Further
enhancements in exciton diffusion length and charge transport mobility are expected.

We anticipate that the strategy presented here for templating CuPc on graphene will be
extendable to many other semiconducting molecules which have aromatic bases. Furthermore,

recent advances in the scalable synthesis of graphene via chemical vapor deposition beyond the
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3000 cm? scale’” should ultimately make it possible to integrate single monolayers of graphene
over large area substrates of glass, plastic, or metal. Thus this method is expected to serve as a

foundation for developing future, OLEDs and OPVs with improved performance.
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7. Summary and Outlook

We have demonstrate significant advances in the fundamental understanding and engineering
of scalable graphene diffusion barriers. Previous experimental studies have established that
defect-free non-scalable graphene is an excellent barrier material, however its scalable
counterparts are still well behind in terms of performance. Studies by our group and others have
shown that the latter’s ability to perform as a barrier membrane is compromised primarily by the
presence of three major problems - (i) high density of defects, (ii) self-degradation in ambient
environment and (iii) induced electrochemical oxidation of the underlying material. We have
developed an in-depth understanding of how diffusion occurs through monolayer graphene grown
via chemical vapor deposition. It is observed that the atomic membrane is impenetrable in the
pristine regions, however it is easily penetrated by oxygen and water at grain boundaries and other
intrinsic defects like nanopores. To understand and address problem (ii), we studied in detail the
self-deterioration of graphene in ambient and quantify the evolution, kinetics, and energetics of
the degradation process both in the pristine and intrinsically defective regions of graphene. We

also found that the degradation process is accelerated in the presence of water vapor. The overall
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defect density of a graphene membrane is primarily determined by the density of its intrinsic
nanopores and grain boundaries. In order to tackle problem (i), we demonstrated that the density
on intrinsic nanopores can be significantly reduced by reducing the surface roughness of the
growth substrate which is achieved by regulating the pre-growth annealing time and temperature.
Also, the density of the grain boundaries can be altered by varying the internucleation distance
during the growth of the membrane. For using graphene is used as a corrosion barrier for metals
and preventing problem (iii), we established that the electrochemical corrosion of the metal is
drastically reduced by adding an ultra-thin electrically insulating layer between the graphene and
the metal. In addition, the barrier performance is enhanced greatly by stacking more layers of
graphene top of the first layer. Finally, we combined all we learnt and developed from these
previous studies and design high performance scalable graphene barriers and the best until date.
We expect this study to serve as a foundation for engineering next-generation graphene barriers
with performance comparable to its pristine and theoretical counterparts. There are several
opportunities to extend this work and realize near-theoretical graphene barriers. A few research

directions to address each of three major problems are listed, below:

7.1 Reducing defects

Defects are a major cause of concern in all forms of graphene manufactured through
scalable methods and has been the primary focus of a lot of research groups around the world,
including ours. Presence of defects in the form of holes, pores, grain boundaries, contaminants
and tears from transfer etc. can fatally affect the properties of graphene as observed in this study.
However, there are several approaches through which the defect density can be minimized. In
particular, for graphene grown via CVD, an atomistically flat substrate, free from irregularities

can eliminate the presence of nanopores or holes in the graphene layer. More research need to be
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done on developing such substrates that are scalable. Similarly, work needs to be done to develop
better techniques to transfer large area graphene with introducing additional tears, holes, wrinkles
or contaminants. Methods to obtain high internucleation distance to reduce the grain boundary

density are also critical for manufacturing high quality graphene layers.

7.2 Reducing degradation in ambient

Degradation of graphene is also a problem for applications of graphene involving ambient
atmosphere, especially at slightly elevated temperatures. We have demonstrated that the presence
of water vapor in the atmosphere can be particularly devastating for the graphene’s oxidative
stability. One way to minimize this damage is by adding a hydrophobic layer to protect the atomic
membrane. We saw the proof-of-principle demonstration of this approach in the stacked graphene
layer approach in chapters 2 and 5, where the underlying layer of graphene was protected by the
graphene layer(s) on the top of the stack resulting in a superior barrier performance. Substrate
induced defects are also a major cause of concern for a lot of applications of graphene involving
polar or rough substrates. It is essential that the graphene is de-coupled from the surface roughness
and charge-inhomogeneity of the underlying substrate to improve its oxidative stability in
ambient. More research needs pursued to identify substrates that can be used to reduce these

effects.

7.3 Reducing electrochemical corrosion

For using graphene as a corrosion protecting layer for refined metals like copper. It is
essential to completely eliminate electrical contact between the two. In this study, we have
demonstrated as a proof-of-principle that ultra-thin Al.Oz layers can be used for the above

purpose. It can be hypothesized that polymers that are electrically insulating and thermally stable
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can be used to insulate the graphene layer from the underlying metal. The use of polymers can
also expand the reach of graphene based barriers to flexible and stretchable applications which

are currently unattainable due to the presence of a brittle Al2O3 layer.

Designing barriers with superior performance closer to its theoretical limits has its utility
in several demanding application which currently possess either no technology or very expensive
ones, for example encapsulation of organic semiconductor based devices, membranes for water
desalination and gas separation, controlled drug delivery etc. Overcoming the above listed

problems can establish graphene as a material for next generation diffusion barrier.
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Appendix A: Supporting information for chapter 2

This appendix was adopted from the supporting information of “Singha Roy, S.; Arnold, M.,
Improving Graphene Diffusion Barriers via Stacking Multiple Layers and Grain Size
Engineering. Advanced Functional Materials 2013, 23, (29), 3638-3644.” SS performed all

the experiments and analysis for the study.

XPS Analysis:

X-ray Photoelectron Spectroscopy (XPS) and X-ray excited Auger Electron Spectroscopy
(XAES) were performed on a subset of samples to confirm the trend of increasing diffusion
barrier performance with increasing layer number, identified in Figures 2.1 and 2.2. XPS and
XAES were specifically used to estimate the relative abundance of unoxidized and oxidized Cu
on bare Cu, SLGx1_Cu, SLGx2_Cuand SLGx4_Cu substrates annealed at 200 °C for 240 minutes

in air.

The XPS and XAES data were taken with a ~3.5 x 1 mm? spot size and, therefore, do not
have sufficient resolution to map the Cu oxidation. Unlike Raman mapping, as a result of the
large spot size, XPS and XAES quantify oxygen permeation through features both (i) extrinsic
(macroscopic defects and tears due to non-optimized processing) and (ii) intrinsic to CVD
graphene (grain-boundaries and point-defects). In contrast, using Raman mapping, we can
exclusively study the latter. It should be noted that determining the relative abundance of
unoxidized and oxidized Cu using XPS and XAES is furthermore complicated by spectral

congestion but can be estimated by examining features in both spectra. Furthermore, the
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sensitivity of the XPS is optimal only to depths of a few nanometers thereby making it harder
analyze the copper in the stacked multilayer samples, whereas the Raman laser has a higher

penetration depth and can get through the transparent graphene and copper oxide layers.

First, we characterized an unannealed, bare Cu substrate (Fig. A.S1a-c). The native oxide
was mostly removed from the sample via in situ Ar sputtering in order to obtain a baseline
spectrum. In the XPS spectrum, unoxidized Cu is identified by Cu 2ps; and Cu 2p1. peaks at
932.6 eV and 952.6 eV, respectively, (Fig. A.S1a).)®" %2 The O 1s and C 1s peaks are
substantially weaker (Figs. A.S1b and A.S1c, respectively). The shape of Auger L3VV spectrum
(denoting Auger electron emission from the valence band) can be used to determine the oxidation

state of the Cu and indicates (Fig. A.S2a) that the Cu is in the ground state — Cu(0).

Next, we characterized a SLGx1_Cu sample, prior to annealing in air. The XPS (Fig.
A.S1d-f) and XAES (Fig. A.S2b) spectra are similar to that of the unannealed, bare Cu substrate,
indicating that the underlying Cu in the SLGx1_Cu sample prior to annealing is unoxidized, as
expected. Similar measurements for unannealed SLGx2_Cu and SLGx4_Cu were not performed

as we would expect to get similar results without annealing.

The Cu, SLGx1_Cu, SLGx2_Cu, and SLGx4_Cu samples were then annealed at 200 °C
for 240 min. in air and their spectra were (re-)measured. The XPS and XAES spectra of the
oxidized bare Cu sample (Figs. A.S1g-i and Fig. 2.2c) are different following oxidation. In the
Cu 2p spectrum, (a) the Cu 2pazr and Cu 2py shift to 933.6 eV and 952.8 eV, respectively, and
two new satellite peaks at 942.6 eV and 962.3 eV arise, (b) a highly intense O 1s twin-peak at
529.3 eV (CuO) and 530.3 eV (Cu20) evolve, (c) there is a drastic increase in the oxygen atomic

concentration (as quantified in Table A.1), (d) there a significant change in the Auger L3VV
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spectra (Fig. A.S2c). All of these features are consistent with that expected for oxidized Cu'%:
192" confirming that, as expected, after 240 min. of annealing at 200 °C, the surface of the bare Cu

substrate is nearly fully oxidized.

These spectroscopic signatures of oxidation diminish, even after annealing at 200 °C for
240 min. in air, as the Cu surface is passivated with increasing layers of graphene. The XPS and
XAES data for the annealed SLGx1 Cu sample are shown in Fig. A.S1j-l and Fig. A.S2d,
respectively. The XPS and XAES data for the annealed SLGx2_Cu sample are shown in Fig.
A.S1m-o0 and Fig. A.S2e, respectively. The XPS and XAES data for the annealed SLGx4 Cu

sample are shown in Fig. A.S1p-r and Fig. A.S2f, respectively.

The Cu signatures in the spectra of the annealed SLGx4_Cu sample are nearly identical
to that of the unoxidized, bare Cu sample, indicating that the 4 layers of graphene nearly perfectly
passivates the underlying Cu from oxidation within the 240 minutes, consistent with the findings
from SEM in Figure 2.1 and via Raman spectroscopy in Figure 2.2. It should be noted that there
is an O 1s signature in the annealed SLGx4_Cu sample (Fig. A.S1q), however, the peak shifts to
532.2 eV and is attributable to an oxidized form of C (rather than Cu oxide). The oxidized C may
arise from the residual PMMA (used during layer transfer) or possibly from the oxidation of the

graphene, itself.

In order to quantify the degree of Cu and C oxidation, we fit the O 1s spectra at 529.3 eV
(Cu0), 530.3 (Cu20) and 532.2 (oxygen bonded with carbon) as shown in Figure A.S3. The
atomic concentrations (%) were calculated by comparing the areas under the peaks and using

appropriate relative scaling factors. The fraction of oxidized copper decreases from 0.74 to 0.29
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to 0.053 to < 0.045 for the bare Cu, SLGx1_Cu, SLGx2_Cu, and SLGx4 Cu samples,

respectively. Quantification of the ratio for the SLGx4_Cu sample is limited by noise.
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Figure A.S1: XPS spectra of Cu 2p, O 1s and C 1s.
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Figure A.S2: XAES spectra of Cu Auger L3VV: (a) Unannealed Cu, (b) Unannealed SLGx1_Cu,

(c) Annealed Cu, (d) Annealed SLGx1 Cu, (e) Annealed SLGx2 Cu, and (f) Annealed

SLGx4 _Cu.
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Figure A.S3: O1s XPS spectra with curve fits for samples annealed for 4 hours at 200 °C in air.
(@) Annealed bare Cu, (b) Annealed SLGx1 Cu, (c) Annealed SLGx2_Cu, and (d) Annealed

SLGx4_Cu.
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Table A.1: O1s peak analysis for unannealed and annealed samples quantifying the fraction of

Cu oxidized.

Oxygen | Oxygen
Atomic bonded | bonded Atomic
concentration to to concentration | Fraction of
Sample Identity of Copper Copper | Carbon of Carbon oxidized
IXPS (%) (%) (%) (%) Copper
Bare Cu
(unannealed) 90.2 3.6 - 6.2 0.04
SLGx1 Cu
(unannealed) 57 2.4 2.9 37.7 0.042
Bare Cu
(annealed) 48.5 35.8 5.4 10.3 0.74
SLGx1 Cu
(annealed) 53.4 155 4.3 26.8 0.29
SLGx2 Cu
(annealed) 22.7 1.2 6.2 69.9 0.053
SLGx4 Cu
(annealed) 6.7 <0.3 7 86.3 < 0.045
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Pre-anneal Raman analysis:

In an attempt to map grain boundaries in graphene on Cu, prior to oxidation, we performed
Imaging Raman Spectroscopy on ~ 20 um x 20 um area of a SLGx1 Cu sample with 14 um
graphene grain size. The results are shown in Figure A.S4. We were not able to image the grain
boundaries by analyzing the D/G ratio due to insufficient signal to noise, even after imaging after
24 hours, due to degradation of the signal to noise on the Cu substrates. The spatial variation of
the D-band and G-band are depicted in the parts (c) and (d), respectively, and it can be noted that
there is not much change in the intensities of both the bands except in a few spots (encircled in
red). The averaged spectrum of the whole scanned area is shown at the bottom (in blue in Figure
A.S4d) along with a normal spot (top and black) and a defective spot (middle and red). The
respective locations of the spots on the map have been highlighted with hollow circles in Figure

A.S4b.

It should be pointed out that there have been several studies that have included Raman
maps of as-manufactured CVD-graphene,*> 46 52, 75,80, 193201 hawever only a very few of them
have been able to successfully image grain boundaries without external treatment. These
successful studies have been done using a partially or fully grown graphene layer transferred onto
a SiO/Si substrate, which drastically improves the signal to noise ratio of the Raman spectra
(enabling resolution of D/G ratios down to 0.01 or even less).*6 8. 193.200 Tynjca| the D/G ratios
are ~ 0.04 in the grain interiors, ~ 0.08 — 0.14 at the grain boundaries, and ~ 0.25 at point defects
and/or nucleation sites. However, in case of as-manufactured CVD-graphene on a Cu substrate
we are severely limited by the signal to noise of the Raman spectra (even after 24-hour long scans)
thereby restricting our ability to measure the weakest peak (D-band) to a great extent. Hence, in

our spatial maps of D and G band intensities, we are unable to see the grain boundary patterns
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prior to annealing as our noise level even after a 24 hour scan is still about = 3 a.u. With this
error, the minimum D/G ratio that can be measured is ~ 0.16 (where I ~ 37 a.u.) thereby limiting
the sensitivity of the scan to detection of point defects and/or nucleation sites. One such feature
has been encircled in red in Figure A.S4b and the corresponding Raman spectra has been shown

in Figure A.S4d (middle-red)

However, the fact that the oxidation of Cu takes place at the grain boundaries of graphene
can be further verified with the help of the inter-nucleation distance observed during the partial
growth of SLGx1_Cu. The inter-nucleation distance is the parameter that determines the average
grain size, hence if the growth from the nucleation sites (as shown in Figure A.S5a) are
extrapolated, one can predict the average grain-size of the graphene. When this extrapolation is
compared with the oxidized SLGx1_Cu (in this case a fully grown monolayer) in Figure A.S5b it
can be seen that the web-like pattern of oxidation of the Cu matches the grain boundary network
of the graphene, additionally confirming that transport through SLGx1_Cu occurs through the

grain boundaries.



157

w] (d)

100

A
N

I+
w

Intensity (A.U.)

AR

404

Figure A.S4: Pre-anneal Imaging Raman Spectra of as-manufactured CVD-graphene on Cu with
14 pum graphene grain size: (a) Optical image of the scanned area highlighted with a red square
outline, (b) Spatial variation of the intensity of the D-band at 1345 cm™, (c) Spatial variation of
the intensity of the G-band at 1585 cm®, and (d) Bottom (blue): Spatially averaged spectrum of
the scanned area, Top (black): spectrum of the black encircled spot from (b) — depicting a normal

spot, Middle (red): spectrum of the red encircled spot from (b) — depicting defective spot.
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Figure A.S5: Schematic predicting the oxidation of Cu at the grain boundaries of graphene: (a)
Partially grown SLGx1_Cu with average inter-nucleation distance equaling 14 um, extrapolation

and merging of growth-fronts from the nucleation site are depicted by dotted white lines. (b) An

oxidized fully grown SLGx1_Cu with 14 um grain-Size.
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This appendix is adapted from “Singha Roy. S.; Bindl, D. J.; Arnold, M. S., Templating

Highly Crystalline Organic Semiconductors Using Atomic Membranes of Graphene at the

Anode/Organic Interface. Journal of Physical Chemistry Letters 2012, 3, (7).” SS

synthesized and transferred graphene, deposited organic film, performed X-ray diffraction

analysis, Raman spectroscopy scanning electron microscopy and analyzed data. DJB

performed the optical characterization.

The peaks positions and widths of the XRD spectra were independent of film thickness over the

explored range of 20 nm to 320 nm (as shown in Figure S1), indicating that the orientation of the CuPc

was invariant over this range.
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Figure B.S1. X-ray diffraction of CuPc on GMG for CuPc film thicknesses of 20 nm (solid/black) 5x

magnification, 80 nm (dot-dashed/red), 160 nm (dashed/blue) and 320 nm (dotted/green)
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Appendix C: Supporting information for chapter 6

Graphene synthesis via atmospheric pressure CVD

The copper foils and the epitaxial copper thin-films are introduced into the furnace in a
95% Argon + 5% Hydrogen environment at the annealing temperature Ta (Fig. C.S1). The furnace
is maintained at this state for a period of ta, defined as the pre-growth annealing period. This
period plays a crucial part in determining the surface morphology of the growth substrate when
copper foil is used as the substrate for growth. After the annealing period, if necessary, the
temperature is quickly modified to the growth temperature Tc. However, in all the growths
performed during this study Ta = Tg, unless specified in the text. Once the furnace attains the
temperature Tg, 95% Argon + 5% Methane is introduced at 0.500 sccm to initiate the growth
process. The furnace is then maintained at this state for a time period of Tg, the growth duration
tc. All the growths performed on the copper foils had a te = 2 hours, unless specified. Following
this the samples are rapidly cooled by introducing them to room temperature in the same
environment. The samples are cooled until they attain the room temperature following which they

are removed and stored in a N2 environment in a glovebox.
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Figure C.S1: Schematic representing a typical process-flow involved in the manufacture of

graphene via chemical vapor deposition.

Characterizing surface roughness of copper foils:

Post-synthesis of VCMG, the surface roughness was characterized using a white light

interferometry. A typical measurement is shown in figure C.S2. Figure C.S2 shows the surface

morphology of the copper foils after graphene synthesis.
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Figure C.S2: Surface morphology of copper foils after graphene synthesis using white light
interferometry. Top to bottom: represent surface morphology at 1223 K, 1273 K and 1323 K,
respectively with an pre-growth annealing period of 0.5 hours and growth duration of 2 hours.
The tables in the bottom of the figures show the calculated rms roughness and the scan dimensions

of the respective figures.



