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Abstract

This thesis presents a systematic study of the fabrication and optimisation of graphene films as
an alternative electrode for large area organic photovoltaics (OPVs). It is mainly focused on
the growth of graphene layers at low temperatures (below 700 °C) using chemical vapour
deposition (CVD) method. A routine procedure was developed to produce large-area graphene

films of centimetre size.

Firstly, we demonstrated that we could fabricate multi-layers of graphene films utilising
organic solvent residual in a polymer film matrix as the carbon source. The polymer matrix is
poly (methyl methacrylate) (PMMA), which can be dissolved in a polar solvent, such as,
chlorobenzene. When PMMA is dissolved in chlorobenzene and drop-cast as a film into a
quartz slide, a small amount of chlorobenzene is trapped in the PMMA. When heating up the
quartz slide to 180 °C, chlorobenzene molecules evaporate and land on copper foils, which is
maintained at much high temperature in the growth zone in the CVD system. Copper (Cu)
catalytically promotes chlorobenzene dissociation and formation of micron-sized graphene
domains at the different growth temperature. After a parametric study, we found that at 75 sccm
(standard cubic centimeters per minute) of H> flow during the growth while maintaining the
Cu foil at 600 °C, produced the optimal graphene growth conditions.

We also compared PMMA dissolved in other organic solvents and as carbon sources at low-
temperature growth ~450 °C for deposition of the graphene layers onto a Cu catalyst. An
optimisation process was carried out to see the effects of other carbon sources on the quality
of graphene films. The carbon sources studied were both aliphatic solvents (dichloromethane,
chloroform, acetone) and aromatic solvents (p-xylene, toluene, o-xylene, chlorobenzene,
dichlorobenzene), to probe the growth mechanism of graphene formation. However, none of

the other solvents produced a better quality of graphene than chlorobenzene.

Lastly, graphene films were used to replace indium tin oxide (ITO) in the OPV device
fabrication. The results showed that working devices were successfully made for both small

and large areas OPVs.
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Figure 1.11: Transmission electron microscopy images of graphene on transition metal
substrates depicting the edges of film regions consisting of one (a), three (b) and four (c)
graphene layers during the growth process of the CVD. Reproduced from Ref.,*® with
permission from American Chemical SOCIELY. ......c.cccvieriiiiiiiriieiierie e 16

Figure 1.12: SEM images of (a) carbon nanotube (b) diamond on Cu (111) and (c¢) photographs
of Cu foils are covered with fully grown graphene Cu/Gr. Reproduced from Ref.!!*1%? with
permission from Elsevier Science, Scientific Reports and American Chemical Society. ....... 17

Figure 1.13: (a) Schematic depicting a CVD system for graphene synthesis, (b) timing protocol
demonstrating the key steps in CVD graphene synthesis. Typically, the thermal annealing and
growth temperature was 950 °C with continuous H> flow (10 sccm for the whole process), 50
sccm CHs was introduced for 15 min during growth stage. Reproduced from Ref.,'*® with
permission from Springer and IOP Publishing. ..........c.cccoeeiiiiiiniiiiniiniiceececeeen 21

Figure 1.14: Schematic diagram of thermal CVD process in the case of graphene growth from
CH4/H, mixtures. Reproduced from Ref,,'** with permission from WILEY-VCH Verlag
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Figure 1.15: (a) SEM image of hexagonal graphene grains grown on Cu substrate, and (b)
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space during growth of CVD graphene, Reproduced from Ref.,!%!* with permission from
Macmillan publishers limited and WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. ..25
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Figure 1.20: Schematic of bulk heterojunction solar cells demonstrating the working principle:
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1. Chapter one: Introduction to graphene

1.1 Overview

This chapter establishes a necessary explanation of graphene as a single sheet of carbon. Then
increases the detail, describing the properties of graphene when viewed as a two dimensional
material with excellent potential to be a transparent electrode for organic photovoltaics (OPVs).
A brief overview of modern graphene applications in organic electronics is provided. The
methods and mechanisms of graphene growth have been carefully summarised to contextualise
the research plan with the goal of achieving low temperature graphene electrodes for large area

OPVs.

1.2 Defining graphene

Graphene is a pure carbon compound formed by a single, ideally flat atomic layer which is
infinite in extent, with sp?>-bonded carbon atoms. These arranged into a hexagonal honeycomb
crystal lattice. As such, graphene is now recognised widely as a nanocarbon material." The
hexagonal array can fold upon itself and close into three-dimensional crystalline nanomaterials
such as “spherical” Buckminsterfullerene “buckyballs” (or elongated larger allotropes), as well
as into carbon nanotubes of a wide variety of size and arrangement. All these carbon allotropes
feature the same identifiable hexagonal basis unit shown in Figure 1.1.1* Figure 1.1
demonstrates how carbon nanotubes may form from subsets of the infinite hexagonal array. It
also shows how the more jagged subgroups of the range may develop into the spherical and
elongated ball structures. Relatively weak Van-der-Waals forces connect graphene layers
between adjacent layers meaning that it is possible to extract graphene through exfoliation of

graphite.



Figure 1.1: Single layer graphene. Bottom from left to right: a nanometer size jagged graphene
fragment self-forming into Buckminsterfullerene (Ceo), cylinders forming from defined
sections of graphene to create a carbon nanotube, and a stack of graphene layers forming

graphite. Reproduced from Ref.,! with permission from Nature publishing group.

In the atomic structure of carbon, four valence electrons occupy three hybridised sp? orbitals
and one P; orbital for each single carbon atom with an electronic ground state shell of [He]
2s?2p?. For graphene, the carbon-carbon bonds are created from the hybridised orbitals. It
generated by the superposition of the 2s orbital with the 2px and 2py orbitals. Three in-plane
covalent 6-bonds correspond with the deep filled valence band, organised by three sp? orbitals.
By contrast, the m-bonding and n*-antibonding states remain perpendicular to the plane formed
by the c-bonds; these are created by the remaining P orbital. Furthermore, bonding and
antibonding states contribute to the highest occupied valence band and the lowest unoccupied
conduction band. Figure 1.2a shows the three in-plane c-bonds per atom and m orbitals
perpendicular to the plane. In the structure, the interaction between different graphene layers
is controlled via the out of plane n-bonds.>* In the Brillouin zone, at the k-point (centre of
edge), the graphene valence and conduction bands touch each other as shown in Figure 1.2b.>
The energy of the electrons is equal to the Fermi energy (Er). The touching point between
valence and conduction bands is called the Dirac point. In the energy regions near zero, the
dispersion curve is linear and, in this zone, the effective mass of electrons and holes in graphene

is zero, leading to exceptional conductivity properties.



® sbond wbond ©®

Figure 1.2: (a) Schematic of the in-plane c-bonds and = orbitals perpendicular to the plane of
the graphene sheets, and (b) electronic band structure of single layer graphene showing the
energy dispersion curve, upper and lower surface covalent and valence bands respectively
while the K«- and Ky-axes denote wave vectors in respective x and y directions . Reproduced

from Ref.,*"> with permission from IOP publishing and the Royal Society of Chemistry.

The structure of graphene is a 2D atomic crystal. Before the discovery of graphene, the majority
of scientists believed no long-range ordering 2D structure could be stable at any finite
temperatures. Novoselov and Geim disproved this hypothesis through the process of repeatedly
sticking and tearing graphite with Scotch tape.® When each action occurred, the graphite was
exfoliated, and the sheets of graphite became thinner and thinner. This process ended with one

single layer of graphite, graphene, as illustrated in Figure 1.3.”*

Multilayer graphene

Graphite Graphene
AB stacking

R,

=222

ABC stacking

Figure 1.3: Schematics of graphene structure. Reproduced from Ref.,”® with permission from

Nature publishing group.



The distinction between a graphene film and graphite can be loosely made at around 8 to 10
layers. However, the behaviour observed in graphene films shows significant changes by even
the formation of a bi-layer.” Different types of multi-layer graphene materials can be defined
by the number of layers and the terminology ascribed to the different thickness and numbers

of layers is listed in Table 1-1.

Table 1-1: Graphene material thickness associated with the number of layers '°.

Thickness Number of Layers (N)
multi-layer N>1
bi-layer 2
tri-layer 3
few-layer 4<N<10

1.3 Properties of graphene

The extraordinary physical structure of graphene has been attracting extensive study since
2004. Graphene has been found to display; remarkable electronic and thermal properties;
unique optical properties and; mechanical strength.> % 11"14 Deservedly, the 2010 Noble Prize
in Physics was awarded to A. Geim and K. Novoselov !° for their groundbreaking work on
graphene and the exfoliation technique. The exfoliation technique has been used extensively
for the production of two dimensional atomic layers containing not only graphene but also
other 2D materials, such as molybdenum di-sulphide (MoS,) and boron nitride (BN).> !¢ The
properties of graphene make it highly suited to being an electrode for organic solar cells
because of the advantages of the materials high hole transport mobility, low resistivity,
excellent optical transmittance and high mechanical strength. Graphene would also be an
excellent replacement for flexible transport conductors in touch screens, flexible displays,

solid-state lighting and printable electronics.!”



1.3.1 Electronic properties

Graphene has a carbon-carbon bond length of 0.142 nm. It has a layer thickness of ~ 0.35 nm, "8
parameters that give it electrical properties which make it considered to be a semi-metal or
zero-bandgap semiconductor. Specifically, the charge carriers in single layer graphene maybe
tuned continuously between electron and holes in concentrations of 10'3/cm? with an ambipolar
electric field.% 2% The carrier mobility of graphene can be up to 200,000 cm? V' s™! when it is
transferred onto a clean surface, which is desirable for optoelectronics and ultrafast
electronics.?! Results from transport measurements of graphene detail its high electron mobility
at room temperature.' Novoselov et al. reported values over 15,000 cm? V-!'s™!, with a close to
identical mobility for electrons and holes.! However, in reality, the movement within graphene
can be limited to 2,000-15,000 cm? V! s”! by defects in the crystal lattice, scattering, and the

presence of tiny ripples.! 22

A low defect density in the graphene crystal lattice will increase its conductivity as defects in
the lattice structure work as scattering sites and block charge transport by limiting the mean
free path of electrons. The conductivity of pristine graphene is affected by several intrinsic
factors that arise from the valance and conduction bands intersecting at the two-inequivalent
points k and k’. The energies of the group are degenerate and form zero energy bandgap (see
Figure 1.4b). This band overlap is why graphene is considered a key material for the future
generations of electronic devices. However, the zero bandgaps is a disadvantage of graphene
when it is used as electronic material in logic applications that require frequent on/off
switching. The quantum Hall effect has been shown in graphene even at room temperature
because of the high charge mobility and the unique behaviour of its charge carriers as massless
relativistic particles (Dirac fermions).?*>* The band structure of single-layer graphene and

bilayer graphene are shown in Figure 1.4.%
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Figure 1.4: Illustration of the band gap in graphene and schematic diagrams of the lattice
structures (a) monolayer and (b) bilayer of graphene. Reproduced from Ref.,?* with permission

from Nature publishing group.

1.3.2 Optical properties

Graphene has characteristic high transparency which one the reason for its demand in multiple
applications, particularly photonic devices that require conductive and transparent thin films.
The absorption of graphene over the visible spectrum averages to 2.3 % and the transmittance

linearly reduces with increasing numbers of graphene layers (see Figure 1.5a,b).'*
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Figure 1.5: (a) UV-Vis transmittance of single layer and multi-layer graphene, (b) optical
micrograph of graphene (single layer and bilayer). Reproduced from Ref.,'* with permission

from American Association for the Advancement of Science.



Graphene has a high-frequency conductivity of Dirac fermions in the infrared to the visible

range of the electromagnetic spectrum that is constant and given by: 2627

§ =me?/2h (1.1)

The optical transmittance (T) and reflectance (R) in normal incidence light are given by: '*

T =(1+ na)™ (1.2)
R= %nzazT (1.3)
Where:

a = 2me?/hc =~ 1/137 (1.4)

e is the electron charge, c the light speed and h is Planck’s constant. Combining equations
(1.2) and (1.4) allows determination of the opacity of graphene: '*

1-T)=mna=23% (1.5)

Thus, for chemical vapour deposition (CVD)-grown graphene, the optical transmittance
decreases by ~2.3 % for each additional layer, as shown in Figure 1.6a.%% In this figure, the peak
at ~250 nm (UV region) belongs to the inter-band electronic transition from unoccupied -
states.?® Optical microscopy enhanced by interference contrast has allowed monolayer
graphene to be imaged on SiO2 where the distinction is based on the thickness of the SiO2 on
a Si substrate, the wavelength of light used % and the angle of illumination.>® Panels b and ¢ in
Figure 1.6 illustrate optical micrographs of increased layer numbers of CVD graphene on the
SiO» substrate with point reflection intensity analysis in Figure 1.6c.! The transparency of
graphene layers in comparison to indium-tin-oxide (ITO) coated glass has been studied by
Kalita et al. (2010).>? Graphene was transparent in the range 250 nm to 2000 nm while ITO
glass is transparent from 300 nm — 1100 nm (see Figure 1.6d).>? Additionally, ion diffusion of
ITO into the polymer layers of organic solar cells, the intrinsic chemical degradation of ITO
under acid/base conditions and the poor transparency of ITO films in near-infrared regions is

increasingly problematic for its utility, especially considering future uses in electronics.**34
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Figure 1.6: (a) Transmittance spectra of graphene films roll-to-roll layer-by-layer transferred
onto quartz substrates. (b) Optical image of graphene film with one, two, three, and four layers
on SiOy/Si substrate. (c) Contrast optical micrograph of CVD graphene transferred to SiO»
substrate and histograms of reflected light intensity from marked regions of optical image. (d)
UV-spectra of large area graphene sheets fabricated using different amount of camphor and

transferred onto glass. Reproduced from Ref.?’-!

with permission from Macmillan Publishers
Limited, American Chemical Society, American Institute of Physics and American Chemical

Society.

1.3.3 Thermal properties

High performance and reliability of future electronic components depend on heat transfer and
extraction from the active devices. Carbon allotropes such as graphite, diamond and carbon
nanotubes with strong covalent bonds exhibit phonon scattering and have lower thermal

conductivities as a result.?*

Little or no phonon scattering occurs in two-dimensional graphene
and, in general, heat transfer occurs via the low energy phonons. Transport properties of
phonons, such as scattering rates and energy dispersion, were shown to be substantially

different in graphene compared to 3D graphite in both theory and experiment.*> According to



the Wiedemann-Franz law, electron contribution is negligible in thermal conductivity due to a
relativity low carrier density in pristine graphene.>® In few-layer graphene, the primary heat
carriers are acoustic phonons at room temperature.’> >’ The thermal conductivity of single-wall
carbon nanotube (SWCNT) and multiwall carbon nanotube (MWCNT) have values of about
3500W/mK and 3000 W/mK respectively at room temperature.?* *-40 However, the highest
intrinsic thermal conductivity that has ever been found in any material has been in a single
layer of graphene. Balandin et al. investigated the first measurement of graphene thermal
conductivity at room temperature. It was found to be as high as 5300 W/mK for a single layer
of graphene.'> CVD-graphene has a lower thermal conductivity of about 2500 W/mK.*' The
number of layers present in the graphene and the type of structure, such as AA or AB type, can
control its thermal conductivity. The highest in-plane thermal conductivity in any known
material about 2000-4000 W/mK is few-layers graphene for freely suspended samples at room

temperature. It is lower than the single layer (see Figure 1.7a,b).!7- 4>
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Figure 1.7: (a) Thermal conductivity as a function of temperature and (b) thermal
conductivity (at room temperature ranges) of diamond, graphite, carbon nanotubes (CNTs),
graphene and graphene nanoribbons (GNRs). Reproduced from Ref. !4 with permission

from American Chemical Society and Nature publishing group.



1.3.4 Mechanical properties

The lifetime and performance of electronic devices can be negatively affected by unwanted
strain. Generally, the application of external stress will induce changes in the material
interatomic distances. This cause a redistribution of local electronic charge, which
subsequently alters the electron transport properties by the generation of a bandgap in the
electronic structure. Graphene has strong mechanical properties while remaining very flexible,
attributed to the high strength of the carbon-carbon bond. The elastic properties and intrinsic
breaking strength of monolayer graphene are measured by nano-indentation using atomic-force
microscopy (Figure 1.8 a and b). This experiment has established the graphene as the highest

elastic modulus and strength material that have been reported.*

Young’s modulus has been measured for a single layer, defect-free graphene at 1 TPa with an
intrinsic fracture strength of 130 GPa. The presence of defects and wrinkles, the chirality and
edge functionalization all affect Young’s modulus of graphene.***® Graphene oxide has also
been studied. In this experiment, the highest fracture strength obtained and the average elastic
modulus was approximately 120 MPa and 32 GPa for graphene oxide and graphene,
respectively.*” The overall reduction of Young’s modulus is caused by the defects produced
during the chemical reaction.*® This chemical reaction was achieved by a modified Hummers

method using the natural graphite powder.

Tmo Tsam

Figure 1.8: (a) SEM image of a graphene sheet spanning an array of circular holes (scale bar =
3mm). (b) Schematic of nano-indentation on suspended graphene. Reproduced from Ref.,!

with permission from American Association for the Advancement of Science.
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1.4 Synthesis methods of graphene

Several ways exist for the preparation of graphene thin films and their transfer to rigid or
flexible substrates before use in devices. The first method for the production of graphene was
developed by Geim and Novoselov in 2004 when they used micromechanical exfoliation of
graphite to produce graphene sheets.® Following this, there have been further methods of
exfoliating graphite established and, several ways of linear graphene growth, including the
epitaxial growth on SiC, chemical synthesis and chemical vapour deposition (CVD).!: 22 49-52

These methods have improved the production and quality of mono-, bi- and tri-layer graphene.

1.4.1 Mechanical cleavage

Mechanical cleavage is considered the first recognised technique and associated with graphene
synthesis and is a top-down technique in nanotechnology. The small lattice spacing and strong
bonding in the hexagonal lattice plane compared to the large lattice spacing in the perpendicular
direction. Weak bonding allows graphene sheets to be exfoliated from graphite. This method
is the most commonly used to achieve few-layer graphene on the desired substrate for
production. The technique is also the cheapest for producing high-quality graphene. However,
it is not suitable for large-scale production of graphene because, in the process of industrial

application, small flakes will be scattered randomly on the substrate.

Mechanical exfoliation was used for the first time by the Ruoff group in 1999. They were able
to peel the graphene planes from graphite by using an atomic force microscopy (AFM) tip, and
small pillars patterned into highly ordered pyrolytic graphite (HOPG) (by plasma etching) as
illustrated in Figure 1.9a.°* Geim and co-workers made the first report of isolated graphene on
Si0O2 substrates by mechanical exfoliation in 2004. Geim and Novoselov prepared the single
layer of graphene (SG) in this method from HOPG (Figure 1.9b).% In 2005, Kim and co-workers

used a similar technique and reported electrical properties.**
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Figure 1.9: (a) SEM depicting graphene generated from early attempts at mechanical
exfoliation using graphite pillars by Ruoff’s peeled away layer with AFM tip, and (b) AFM
image of single layer graphene. Reproduced from Ref.,>? with permission from American

Association for the Advancement of Science and IOP publishing.

1.4.2 Epitaxial growth

Epitaxial growth of graphene on silicon carbide (SiC) substrate via vacuum graphitisation is
another promising method of graphene production. It is an effective bottom-up technique to
prepare carbon-based electrodes and output is possible on a wafer scale.”® High-quality
graphene and with a very high carrier mobility (~10000 cm?/Vs) are viable by epitaxial growth
of graphene on SiC.>" 3*3% Graphene production using this method requires the thermal
decomposition of SiC at high temperatures, between 1200 °C and 2000 °C. Here, growth
temperature, growth time and other parameters of the growth process affect the number of
graphene layers formed.>’>® The growth of ultrathin graphite or a few layers of graphene on
the Si-terminated surface may be obtained by thermally annealing single crystal SiC under
ultrahigh vacuum. The layer thickness is determined by the annealing temperature.>*-*° Thermal
desorption of Si produces SG films on a Si-terminated (0001) face of single crystal 6H-SiC.>%
61-62 Bostwick et al. (2009) achieved the growth of both graphene and bilayer graphene on
SiC.% In particular, epitaxial graphene on SiC has been used for high-performance devices
such as field-effect transistors,®* photodetectors  and chemical sensors.®® The C-terminated
and Si-terminated (0001) surfaces are suitable catalysts for epitaxial growth of graphene, with

the graphene films prepared much faster on the carbon face.®’ The strong and weak coupling
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of both the substrate and successive graphene layers are the main difference between graphene
formed on the C-terminated and the Si-terminated surfaces.* Moreover, patterned caps are used
to select the synthesis of epitaxial graphene on a template substrate.®® However, transferring
graphene films on SiC onto other substrates is difficult. Consequently, the high cost of single-

crystal SiC wafers limits the industrial scalability of graphene growth on SiC.

1.4.3 Chemical synthesis

Top-down, indirect graphene synthesis was the first method to demonstrate graphene
production by a chemical route. Single-layer graphene was produced by Ruoff and coworkers
using a solution-assisted process.’? The initial graphite feedstock was chemically modified to
obtain a water-dispersible graphitic intermediate in this experiment. Layered stacks of
puckered sheets form from the graphitic oxide, and these sheets are entirely exfoliated on the
addition of mechanical energy.® This shedding is facilitated by the strength of interactions
between the oxygen-containing (hydroxyl and epoxide) functionalities and water present in the
basal plane through oxidation. The sheets disperse as individual units due to their hydrophilic
nature which allows water to intercalate between them readily. Ruoff et al. showed that
hydrazine hydrate was the best reagent to eliminate oxidation during the removal and formation
of epoxide complexes.>? Low cost and massive scalability are the most exciting advantages of
the chemical synthesis method. For example, graphite as a pure material can be used in the
chemical synthesis to prepare a large amount of chemically derived graphene dispersed in a
liquid.*”> " Furthermore, graphene oxide (GO) is also considered a suitable material to produce
graphene via the reduction of the graphene oxide. GO reduced in solution, or after film
deposition on a substrate, can lead to increased electrical conductivity of graphene, as shown

in Figure 1.10.2%52 71
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Figure 1.10: Oxidation of graphite to GO and reduction to reduce GO. Reproduced from Ref.,?*

with permission from Elsevier.

Several different reduction methods have been used, including sodium borohydride (NaBH4),”?
hydrogen iodine (IH),”® hydroquinone,” dimethylhydrazines 7° and hydrazine.?* The removal
of oxygenated groups from GO creates sheets with less hydrophilicity and these instantly
aggregate in the solution. As mentioned previously hydrazine hydrate is the best process to
prepare fragile and delicate graphite sheets. The removal of oxygen atoms leads to a reduction
in hydrophilicity in GO, and the reaction pathway could contribute to the re-establishment of
the conjugated graphene network (see Figure 1.10).>* 3> However, hydrazine is considered

highly toxic and potentially explosive, so caution must be exercised when using it.

1.4.4 Chemical vapour deposition (CVD)

Chemical vapour deposition (CVD) is the most popular method for the filing of high-quality
graphene onto transition metal catalysts such as Ni,”*7® Pd,” Ir,3° Co®! or Cu** 82%* films/foils.
This promising, low cost and readily accessible approach have been used to produce large areas
of graphene thin film.% In particular, the metal substrate, which is most widely used in CVD

is copper (Cu) foil. This preference is because of copper’s low carbon solubility, inexpensive
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processing cost, the absence of copper carbide (C2Cuy) and its surficial self-limiting regime
when used for graphene synthesis.?** In 2009, Li et al. were the first to use CVD growth over
a large area using polycrystalline Cu foil as a catalyst. High-quality centimetre-size graphene
films of predominantly monolayers (~95 %) were produced, showing carrier mobility of up to
4050 cm? V''s71.4 Li et al. also demonstrated a sheet resistance of a four-layer graphene film
of 350 Q/o with relatively high transmittance of about 90 %.%° Cai et al. report that the sheet
resistance of a few layers of graphene has measurements as low as 200 /0 with a transmittance
of 85 %.” Furthermore, the range of typical sheet resistance for as-grown graphene film by
CVD is 100-300 ©/o-cm which were obtained by Anchal et al. in 2010.°! Hussain et al. have
demonstrated different conditions for H> flow in CVD with variations in the value of charge
carrier densities and the resistivity of graphene thin films, also showing the transmittance
values at 550 nm for a monolayer graphene (~97.1 %).%* In the last few years, many reports
have demonstrated large area, high-quality graphene thin film growth by CVD. These reports
show the suitability of the graphene as a transparent electrode for organic solar cells is
dependent on the sheet resistance. The transmittance is influenced by the number of layers and
the thickness of the thin film. Despite these successful reports, there are still many problems to
be solved. It is always a significant challenge for researchers to investigate the graphene growth

mechanism and its compatibility with organic solar cell device fabrication.

1.4.4.1 Thermal CVD on copper

Thermal chemical vapour deposition (CVD) is one of the most promising techniques for
graphene growth and has proven to be one of the best processes for large scale graphene
fabrication. In CVD, the thickness, size and the quality of graphene can be controlled by the
experimental parameters, such as catalyst, carbon source, gas flow rate, pressure, growth
temperature, growth duration, cooling rate, etc.*>°? This process relies on carbon saturation of
a transition metal with exposure to a hydrocarbon gas at a very high temperature. It was
pioneered by researchers at the Massachusetts Institute of Technology (MIT) and Samsung
Advanced Institute of Technology.”®”” The solubility of carbon in the transition metal reduces
while the substrate is cooling, resulting in a thin film of carbon precipitate on the metal surface.
Hydrocarbon sources such as ethylene, acetylene, methane and benzene have been
investigated, and these materials decompose on different transition metal substrates such as Ni,

Cu. Co and Au 49, 76-78, 81-82
. .
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The thermal CVD approach uses thin foils of Ni or Cu as catalysts for the decomposition of
organic compounds at high temperature. Forming a large area of graphene film, the atoms of
carbon form layers on the catalysts surface; this process leads to bonding together in a
hexagonal lattice which produces the graphene film.*’ Several research groups have described

49-50,93-95 and the technique

methods where CVD deposits graphene on a Cu catalyst surface
has a unique attraction for extensive area synthesis. The promising feature of Cu is the relative
solubility of carbon in Cu which is critical to facilitate uniform growth of a single layer and a
large area of graphene.”*?% %6101 At high temperature (>900 °C), Cu reveals relatively low
carbon solubility (0.04 %) compared to Ni (2.7 %), and the solubility of carbon reduces as the
temperature decreases.'% The attractive interaction between carbon (C) adatoms on the flat Cu
surface during the adsorption process allows for fast growth of graphene from initial islands. '
105 Previous research has provided evidence that the CVD growth of graphene results in larger
sizes and good quality single-layer graphene, even on polycrystalline Cu.?® %197 Through the
thermal CVD growth, the carbon atoms are influenced by the surface structure and bond more
readily at the Cu grain boundary (as this region supports grain boundary defects).!93-104 108 A frer
rapid cooling, the diffusion of carbon atoms occurs on the surface during a segregation and

precipitation mechanism resulting in the formation of mono-or few-layer graphene; a process

) 49,717,109

that is dependent upon the cooling rate (see Figure 1.11

@0

Figure 1.11: Transmission electron microscopy images of graphene on transition metal
substrates depicting the edges of film regions consisting of one (a), three (b) and four (c)
graphene layers during the growth process of the CVD. Reproduced from Ref.,* with

permission from American Chemical Society.
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A range of different growth mechanisms has described the graphene growth process. Hot
filament thermal chemical vapour deposition on a Cu substrate has been demonstrated by Singh

1 110

et al.""” Kim et al. have produced films of graphene on Cu substrates for use as transparent

electrodes in stretchable, flexible and foldable electronics.?® The most common CVD growth

-2 apnd Ni 77 13-114 gubstrates. The growth of large areas of

of graphene has been on Cu
graphene was first attempted using a Ni substrate.”®”” 113 Because of the slow cooling rate, the
carbon atoms have sufficient time for diffusion through the bulk Ni without segregation on the
surface. At this higher rate, the carbon atoms are segregated out of the Ni, forming a defective
graphitic structure. However, the segregation of carbon atoms and graphene formation are
achieving at a moderate cooling rate.!” Reina et al. (2009) report that the thickness and quality
of graphene on polycrystalline Ni surfaces is affected by the cooling rate.''> While Ni
segregation contributes to the growth of graphene films, the relatively low carbon solubility
found in Cu leads to improved graphene formation. The mechanism of graphene growth on Cu
substrates is different from that of Ni. The concentration of carbon atoms primarily affects the
growth of graphene on Cu, which predominantly depends on the vapour pressure in the thermal
CVD. The Cu substrate has the potential for carbon growth in almost all forms, such as
diamond,'!'® carbon nanotubes,!!” graphite ''® and most recently graphene ''° as illustrated in

Figure 1.12. At high temperatures (~900 °C), multi-layer and initially single-layer graphene
have been prepared on varied (100), (110), (111) and (210) copper surfaces by out-diffusion of

120-123

carbon dissolution in the precipitation mechanism.

\n}ﬁ

Q&{l’ m |

raamne

Figure 1.12: SEM images of (a) carbon nanotube (b) diamond on Cu (111) and (c) photographs
of Cu foils are covered with fully grown graphene Cu/Gr. Reproduced from Ref.!!12? with

permission from Elsevier Science, Scientific Reports and American Chemical Society.
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The fabrication of monolayer and large area graphene has been achieved by a roll-to-roll
method.?® This process was implemented using CVD on Cu foil. Bea et al. described this
method in 2010 2® following an earlier report by Li et al.¥ In the thermal CVD reactor, the foil
becomes roll-on cylindrical quartz, allowing the formation of large-area graphene within a tube
reactor. Bea et al. prepared the deposition of graphene on a roll of Cu with dimensions of up to
30 inches. The resultant uniformly high quality and large area graphene showed high mobility
up to 7350 cm? V' s71.28 In low-temperature growth, large-area monolayers graphene film has

measured the hole and electron mobility which are 811 and 190 cm?/V.s, respectively.!*

To achieve high-quality graphene films, Borysiak '** and Li et al.***° focused on preparing a
monolayer of graphene on a 25 pum thick Cu substrate. Evidence that higher preparation
temperature leads to increased growth rate with generally more top quality graphene
morphology was demonstrated. The mechanism of graphene growth was shown to depend on
C adsorption at the surface. In 2013, Kobayashi T. et al. fabricated a high quality, 100 m length
of graphene with a low sheet resistance of 150 Q/o by using the roll-to-roll method on Cu foil,
followed by a transfer process.!?® However, these examples are exceptions and in general,
fabricating large-area graphene via a simple process, with high stability is still proving to be
complicated. Table 1-2 shows a summary of the relative advantages and disadvantages of the

synthesis methods discussed.
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Table 1-2: Comparison of graphene fabrication methods. Permission from American
Association for the Advancement of Science, Nature publishing group and Macmillan

publishers limited.

Method Images Advantage Disadvantage References
Mechanical Not suitable for
Fewer defects ‘ 6,16
exfoliation mass production
20 um
Epitaxial No defects for . .
every single Discontinuous 127
growth .
graphene island
Chemical Large scale Low quality of s
Svnthesis production at low caphene
y cost grap
High quality and | Complex transfer
CVD significant area of =~ Process for thin 76
film graphene film

1.4.4.2 Growth mechanism of graphene in the CVD method

One of the significant modes of film deposition for the semiconductor industry is CVD as it
can produce a high throughput of high-quality film at a relatively low cost. In the CVD process,
volatile precursors inside a reactor chamber are transferred into the vapour phase for
decomposition on a heated substrate. During this process, several reaction steps, phase changes
and material transportations coincide. The thermodynamic process contributing to the structure
quality of the final film is very complex, involving the surface adsorption of carbon on a
transition metal substrate. Graphene growth can occur on a metal surface by carbon segregation
on the surface of hydrocarbon decomposition at raised temperatures. The epitaxial graphene

metallic single crystal is similar to this process, but CVD grown graphene on metal requires
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relatively higher growth pressure than epitaxially grown graphene and also requires a high
temperature, typically 1000 °C.?% 4950 129 Growth at low temperature is highly desirable

because it is more convenient, economical and feasible for industrial application.

Recently, the growth of graphene has been demonstrated by coating polymethylmethacrylate
(PMMA) or other stable hydrocarbon sources on Cu or Ni substrates and subsequently
annealing above 800 °C.!** Nevertheless, the growth of graphene at significantly lower
temperatures is a challenge. PMMA was used as a carbon source because of its low thermal
decomposition temperature.'*! Previous reporters have studied PMMA degradation at low
temperature.'3>13* Kashiwagi et al. first observed that the PMMA weight loss was initiated by
scissions of the head to head linkages (H-H) around 165 °C.!*° Using solid PMMA or
polystyrene as a carbon source centimetre scale of monolayer graphene of excellent quality has
been achieved at growth temperatures above 800 °C.!3% 136-137 Graphene can be produced even
when the temperature growth is decreased to below 400 °C. However, the quality of the
graphene film is low. The growth of graphene at a temperature as low as 300 °C requires
benzene or toluene as the hydrocarbon source; these procedures obtain high-quality monolayer
graphene as small flakes.!?* 136138 Graphene can also be deposited from different carbonaceous
gases such as acetylene (C2Hz) '*° and ethylene (CoHi)"**1%0) but the preferable carbon

precursor is methane (CHa).

Figure 1.13a, the diagram shows a standard setup for the CVD system for graphene growth on
Cu foils. It is provided by three heating coil zones, a quartz tube, a mass flow controller and
three ultra-high purity gases including CHa, hydrogen (H2) and argon (Ar). The initial step of
this synthesis process is heating the substrates under a H, and Ar atmosphere to achieve
annealing, which allows for temperature stabilisation and metal grain growth. The procedure
of graphene growth on Cu foil (25 um in thickness and 2x2 ¢cm? in size) is described as follows:
the sample is positioned in the middle of a quartz tube. Then the pumping system is started to
evacuate the machine and then fill it with Ar gas until it reaches atmospheric pressure. The
temperature of the Cu foil is increased in the furnace to 850-1000 °C with the addition of Ar
and H> under pressure. This process reductively cleans the Cu foil and is followed by the
addition of CH4 for the graphene growth. The ratio between H, and CHa is chosen to be ~1:17.%
At the end of this process, both H> and CH4 flows are shut down, and the substrate is cooled

93, 141-143

down to room temperature. Research groups have adopted this process and mass

1.28

production of monolayer graphene films have been scaled up to the industrial level.”® Figure

1.13b shows a typical schematic of the process of graphene deposition in which growth
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parameters have been optimised factors by systematically observing their influence on
graphene quality. These parameters include the thermal annealing and growth temperature
(900-1000 °C), annealing time (15-60 min), the ratio between Ho/CH4 (0-10) during growth,
growth time (2-30 min) and the gas phase composition during the cooling stage (with or without

Ha). 144

(a) ®

Temperature
Cu foil

Furnace Q \*
+ Quartz
900 ~ 1000°C TN

i Stage | | Stage 2
‘Annealing] Growth;

Stage 3: Cooling
~20°C/min at first 30
min

Mass flow controller

CH, flow
—

Pump H,, Ar or nothing

>
Gas inlet

Hzi flow

Room
Substrate with catalyst film Temp.

30 15~30  5~15 > 180 Time (minute)

Figure 1.13: (a) Schematic depicting a CVD system for graphene synthesis, (b) timing protocol
demonstrating the key steps in CVD graphene synthesis. Typically, the thermal annealing and
growth temperature was 950 °C with continuous H»> flow (10 sccm for the whole process), 50
sccm CHs was introduced for 15 min during growth stage. Reproduced from Ref.,!'*? with

permission from Springer and IOP Publishing.

Of the hydrocarbon-based reactants, CH4 is the most common carbon (C) source because of
the strong C-H bonds in methane molecules (440 kJ/mol). The mechanism of graphene growth
from the Ho/CH4 mixture starts with the transportation of reactants by forced convection, as
shown in Figure 1.14.'%° After this step, thermal activation and homogeneous gas reactions can
occur within the diffusing gas stream as controlled by the kinetic parameters. The third step is
the transportation of the reactants from the main gas stream, through the boundary layer, and
then the adsorption of reactants occurs on the substrate surface. After that, dissolution and bulk
diffusion occur on and in the metal, substrate as dictated by the solubility and physical
properties of the substrate. The sixth stage in this reaction is the thermal activation of surface
chemical decomposition of the reactants and to the atomic growth of the graphene film. The

seventh step is desorption of by-products from the surface, then the transport of these by-
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products by diffusion through the boundary layer and back to the main gas stream. Finally,

these materials are transported by forced convection away from the deposition region.
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Figure 1.14: Schematic diagram of thermal CVD process in the case of graphene growth from
CH4/H> mixtures. Reproduced from Ref.,'* with permission from WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Yu et al. demonstrated the growth of few-layer graphene sheets on polycrystalline Ni foils.
These foils were annealed in hydrogen and then exposed to a CHs-Ar-H> environment at a
temperature of 1000 °C under atmospheric pressure for 20 min. The foils were then cooled at
different rates of between 20 °C/s and 0.1 °C/s. The cooling speed is affected by the thickness
of graphene layers, and few-layer graphene (3-4 layers) start forming with a cooling rate of 10
°C/s.!% Li et al. also used a similar process to fabricate large scale monolayer graphene on
copper foils. The 25 pum foil was first heated to 1000 °C in a flow of 2 sccm (standard cubic
centimetres per minute) of hydrogen at low pressure and then introduced to a methane flow of
35 scem at a pressure of 500 mTorr. Scanning electron microscopy (SEM) imaging and Raman
spectroscopy were used to confirm the graphene film to be primarily monolayer and monolayer
formation that was shown to be independent of growth time.*’ These and other studies for

specific growth parameters on (Cu, Ni) substrates by CVD are provided in Table 1-3.
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Table 1-3 shows the summary of CVD conditions for deposition of graphene films.

Pre-annealing Conditions

Growth Conditions

Substrate Gas Source TA';neali“g Carbon Source Tcimwm References
(°C) O
. Polystyrene +
Cufoil | | O‘f‘lrfjm) 1050 halogen lamp- | 950-1050 137
) (Ar:H)
Cu (foil Ar:H» CHa4:Hz:Ar 96,98, 100, 106-
film) > (~200-940:10- | 800-1100 (~0.025-300:1- 950-1075 107,120, 142,
100sccm) 100:30-860 sccm) 146-148
. HoN2[10 H>N»:CH4 95
Sl scem] 1025 [10 sccm: 40 scem] 1025
28,49-50, 93-94,
: CHa:Hz 97,99, 101, 111
Cu (foil, H» 5 . ) .99, 101, 111,
film) (~2-500scem) 800-1070 (~0.15-70:2 900-1070 | 155,129, 141,
100sccm) 144, 149-151
PMMA 4% in
. Dried film in anisole 130
Cu foil Vacuum 70 _Ar-H, 800-1000
(500:50sccm)
. Ar/Ha: Heating up Hexane(CeHi14) 01
s 400sccm 0950 | (4mL/h)-(Ar/Ha) 930
. . C2Ha:Ha 121
Cu foil Ar: H> 1000 (20:50scem) 700
CH4:Ha:Ar
. Ar:H» (10:20-50:80sccm) 110
Cufoll ' g5.505cem) 800 “Hot Filament 600
Thermal
PMMA in
. Ar:H» chlorobenzene- 131
Cufoil (100:50sccm) 200 Ar:H» 450
(100:50sccm)
ionitin (CH4:Ha: No)+
Cu foil low-pressure eg las Ii . Plasma Power ~425 152
P (40W)
Cufoil = H>:100scem 1000  Denzene PMMA 500 1000 | 13oss
polystyrene
Ni (foil CH4:Ha:Ar
tl“l(n(l))l ’ Ar,H> 900-1000 (~15-550:50- 900-1000 | 76109114
! 100:200sccm)
Ar:H; .
Nifilm | (500-600:400- = 900-1000 CHa:Ho 900-1000 = 7115143
(5-25:1500sccm)
500sccm)
Ni film Ar:H» 750 CoHy(1scem),Ho:Ar 750 13

(150:50sccm)

(50:150 sccm)
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1.5 Large single-crystal monolayer and bilayer graphene

Being able to control the number of layers grown during the fabrication of graphene is critical
to the application of graphene as a large-scale electrode. Specifically, integrated graphene
devices require the availability of ultra-large graphene single crystals. The availability of these
materials is paving the way to scalable photonic and electronic devices that utilise graphene
materials. As demonstrated previously, large area mono- or bi-layer graphene can be achieved
using the CVD process on catalyst substrates, for example, Cu or Ni. Indeed, production of
continuous mono- or few-layer graphene with sizes measured of square meters has been
obtained by using the CVD approach.?® As such, controlling the growth and nucleation of
graphene during CVD processes have produced large, high-quality single crystals. However,
the quality of CVD graphene is still not as high as those exfoliated from graphite, due to the
smaller grain size. This smaller grain size results in the production of increased grain
boundaries and defects. Reducing the number of nucleation sites has improved the number of
graphene domains via preparation of Cu surface since the Cu grain boundaries, impurities and
surface roughness associated with the nucleation sites.!>®> Therefore, the critical method to
enhance the quality of polycrystalline CVD graphene is increasing the grain size of graphene

domains. The size of graphene domains has improved due to electro-polishing of Cu foils.”

In 2011, Yu et al. prepared hexagonal monolayer graphene single crystals on Cu with a grain
size of ~15 pm, utilising Ar-diluted CH4 as the carbon source (see Figure 1.15a).!% The well-
defined zigzag edges produced the hexagonal crystallite shape of the graphene grains, which
showed interesting electronic properties.'>* The physical and chemical properties of graphene
are reduced with a higher density of grain boundaries. Thus, to minimise the impact of defects
that are found at grain boundaries, a tremendous single-crystal metal catalyst was prepared.
Previously researchers have achieved millimetre size single-crystal graphene on noble metals
such as Pt '3 of Ru(0001),*® or Ni(111)."” For industrial-scale implementation; a cost-
effective method must be used. Sub-millimetre size (~0.5 mm) single-crystal graphene
deposited on polycrystalline Cu has been reported by a few researchers and can be obtained by

low-pressure CVD in a Cu enclosure **

or by ambient pressure CVD and suppressing
nucleation through annealing.'*’” By using Polystyrene as a carbon source to trigger the growth,
Wu et al. have fabricated ~1.2 mm sized hexagonal monolayer graphene grains on
mechanically, electrically polished and atmospherically annealed Cu foils.!*” The Ruoff group
presented an improved method that can be used for the growth of large single-crystal graphene.

In this case, they reported the growth of ~2 mm single crystal monolayer graphene grains inside

24



of a Cu tube (Figure 1.15b).!%° Before being rolled in the CVD tube the Cu foil was
electrochemically polished. The authors explored the suppression of graphene nucleation on
the inside of Cu tube substrate, which was helping the Cu inner surface remain flat with
nucleation on inner surface which led to the formation of millimetre-sized graphene single
crystals. A method of two-step processing in which Cu is melted and solidified as the substrate

and then ~1 mm sized hexagonal monolayer graphene grains were successfully grown was

1 148

demonstrated by Mohsin et a
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Figure 1.15: (a) SEM image of hexagonal graphene grains grown on Cu substrate, and (b)
schematic of Cu tube, suppression of loss of Cu by evaporation and redeposition in a confined
space during growth of CVD graphene, Reproduced from Ref,'%>!%° with permission from

Macmillan publishers limited and WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

A different pathway to producing millimetre-sized single-crystal graphene grains has been
reported by Duan et al.'>!. The authors annealed Cu foils in a non-reducing gas (Ar) to maintain
a catalytically inactive copper oxide (Cu20) layer. The authors then were able to synthesise ~5
mm sized hexagonal monolayer graphene grains with straight edges after 48 h of growth. After
that, the Luo '*® and Ruoff '>° laboratories also have reported the suppression of graphene
nucleation by oxygen-rich Cu. The Ruoff group prepared centimetre scale single-crystal

graphene grains from thorough oxygen treatment of the Cu foil before graphene growth.!>
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1.6 Graphene device applications

The substantial increase in literature on graphene is primarily driven by the prospect of
graphene’s many possible electronic applications. ITO has been widely used as a transparent
conductive electrode for flat panel displays, liquid crystal displays (LCD), touch panels and
solar cells. However, limited supply, high cost and the brittle nature of the mixed indium oxide,
limits its use in flexible substrate applications. These limitations have encouraged research into
high conductivity and high transparency thin-film alternatives. The extraordinary mechanical,
thermal and chemical stability of graphene coupled with its high transparency and thin-film
nature make graphene a promising candidate for transparent conducting electrode applications.
Consequently, graphene is expected to become one of the most sought-after materials for
transparent electrodes in optoelectronic devices such as LCDs and solar cells.?* 76 160 Also,
graphene is also one of the most promising materials for flexible and reliable electronic
applications.?® 76 161-164 Ag quch, the next generation of transparent conductive material is

considered to be graphene.

Several reports are demonstrating the use of graphene as a flexible, transparent electrode in

165-167 and also using graphene in the device photoactive layer.!®®

organic photovoltaics
Graphene has been used as a transparent electrode material in multiple types of inorganic,
organic and dye-sensitized solar cells (DSSCs), and can also be used as a counter electrode in
DSSCs, as illustrated in Figure 1.16.1® The light absorber in a quantum dot sensitized solar
cell (QDSSC) and a network of graphene.”®”” Wang et al. have also reported the application of
graphene as a transparent electrode for DSSCs;* the DSSC had an open-circuit voltage (Voc)
of 0.7 V, short-circuit photocurrent density (Jsc) of 1.01 mA/cm? and calculated filling factor
(FF) of 0.36 with the overall power conversion efficiency (PCE) is 0.26 %. This low efficiency
for a DSSC was attributed to the low quality of graphene film. Graphene has also been used as
a counter electrode with Poly(3,4-, ethylene dioxythiophene): poly(styrene sulfonate)
(PEDOT-PSS), yielding a high transmittance (>80 %) with high electro-catalytic activity. In

this case a device, the efficiency was of 4.5 % was achieved.!”
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Figure 1.16: Schematic depicting various types of graphene film based solar cells: (a)
inorganic, (b) organic and (c) dye-sensitized solar cells (DSSCs). Reproduced from Ref.,'®

with permission from Macmillan publishers limited.

An option for improving the efficiency of graphene-based organic photovoltaics is to control
the morphology of the graphene sheet and functionalize the graphene.!”! Functionalized
graphene has been combined with various organic and inorganic materials including Gold
chloride (AuCls)!”? butylamines,'”® pyrenebutyrate,'”! poly(3-hexylthiophene) (P3HT)!"
before using it as an electrode of BHJ solar cells. Highly doped multilayer CVD graphene as
an anode has been described in recent reports using P3HT: PCBM as the active layer in flexible

OPVs. These provide a maximum of PCE of 3.2 % with excellent bending stability.!7>-17

Another potential application of graphene is as a transparent conductive layer for the touch
screens that have been adopted in different electronic devices such as cell phones and e-books.
Typically, an electric short between the top and bottom transparent conducting films is used in
this type of touch screen. Films were required with a sheet resistance of up to 550 /o and an
optical transmittance of over 90 % at a 550 nm wavelength. Graphene films for resistive touch

screens can be formed on flexible polyethylene terephthalate (PET) substrates.”® Graphene
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films are also an attractive material for use as a transparent conductive electrode in organic
light-emitting diodes (OLEDs) because of their electrical conductivity, controllable
transparency and tunable work function. Several OLEDs based on CVD graphene films have
been reported. !"”!7® These devices utilising graphene films from copper foil have incredibly
high performance compared with devices based on ITO. Han et al. modified the work function
and sheet resistance of graphene to describe a promising method for improving the performance
of flexible OLEDs.!” A four-layered graphene film was produced with a sheet resistance of 40
Q/o and a transmittance of 90 % by applying a conducting polymer with a gradient work
function. This device showed a high current efficiency (30.2 and 98.1 cd/A) and luminous

efficiency (37.2 and 102.7 Im/W).

Graphene anodes could replace ITO in the production of high performance flexible organic
optoelectronic devices. Graphene is suitable for photodetectors which respond rapidly across a
broad visible spectrum to the infrared region. Flexible photodetectors that obtain photo-
responsivities of the order of 10" A/W with excellent bending stability have been fabricated
using CVD-grown graphene and PbS quantum dots.'® In transistors, graphene films that are
synthesised by CVD or other methods can provide excellent continuity to the alignment of
channel material over the electrodes and become a bottom gate structure for a polymer-based
transistor.'8!"184 Field-effect transistors (FET) have also been fabricated using graphene. The
first reported FET using graphene was created by Novoselov et al. in 2004. In this report, they
show that graphene-based FETs have ambipolar characteristics with mobility up to ~ 10000
cm? Vs and an electron and hole concentrations of 3x10'3/cm? at room temperature.® It is

promising results for using graphene film in electronic applications.

1.7 Graphene electrodes in OPV devices

Organic photovoltaics (OPV) has many advantages and high potential as a renewable energy
source. Specifically, OPV has attracted immense attention in the last few years due to their low
material cost, low weight and flexibility. Device cost is one of the essential criteria for the
commercialisation of OPV. As a result, improvements must be made not only to the power
conversion efficiency (PCE) but also the fabrication cost of the device. ITO is one of the most
expensive components in organic photovoltaics because indium is a rare material. It is not an
ideal choice for an optically transparent electrode in these devices. However, many electronic

applications including LCDs, touch screens and organic photovoltaics have used this rare
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material due to its low resistance (<100 /o), high mobility and high transparency (visible
transmittance of >80 %). The replacement of ITO is a considerable challenge, but the
development of low-cost graphene films could meet this challenge. In organic photovoltaics,
the great interest for future applications in graphene films because of its high three-dimensional
aspect ratio, remarkable optical transmittance, extraordinary thermal resilience, large specific
surface area, superior mechanical stiffness, excellent electron/hole transport properties and
flexibility. Graphene can be used as an interfacial layer and a transparent window/counter

electrode in an OPV.

Many research groups have used graphene films as transparent electrodes for both organic and
dye-sensitised solar cells.!®*1 The performance has to date been inferior to that of devices
with ITO electrodes since the conductivity of graphene electrodes once incorporated into a
device is relatively low. Arco et al. reported a 75 mm? flexible organic solar cell with a
graphene electrode with a PCE up to 1.3 %.!%* Park et al. also reported organic solar cells with
Au-doped graphene electrodes (1.21 mm?) that showed a maximum PCE of 1.63 %.!”? Another
organic solar cell that used a graphene electrode anode (4 mm?), reported by Wang et al. in
2011, reached a PCE of 2.5 %.!% Hsu et al. demonstrated a maximum PCE of 2.58 % in
organic photovoltaics (area: 10 mm?) with sandwiched graphene/tetracyanoquinodimethane
(TCNQ)/graphene stacked films as transparent electrodes, as shown in Figure 1.17.!86
Recently, PCEs of 2.7 % in semitransparent OPVs with highly doped single-layer graphene
electrodes have been reported by Liu et al.'® Liu also fabricated flexible OPVs on polyimide
(PI) substrates with P3HT: PCBM as the active layer and highly doped multilayer CVD
graphene. The top transparent electrodes (anode); these devices showed a maximum PCE of
3.2 % under AM1.5 conditions.!”® These reports have demonstrated gradually improved device
performance by using chemically doped graphene films or stacked multilayer graphene. This
trend demonstrates that graphene is a promising material for transparent electrodes in organic

solar cells.
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Figure 1.17: Schematic depicting graphene-containing OPV device architecture and band

structure. It is reproduced from Ref.,!%5 with permission from American Chemical Society.

1.8 Basics of organic photovoltaics (OPVs)

1.8.1 OPV architecture

Organic photovoltaics (OPVs) are usually classified according to the type of donor-acceptor
materials employed and the layer structure: single layer, bilayer and bulk-heterojunction. A
typical OPV architecture is depicted in Figure 1.18 with five layers. The substrate in this device
which is the first layer in its construction is made of materials such as quartz, glass, polyester,
PET. The second layer in this structure is ITO that is deposited on the substrate and patterned,
producing the anode (in a conventional device architecture). A hole transport material, such as
poly (3, 4-ethylene dioxythiophene)-poly (styrene sulfonate) (PEDOT:PSS), is deposited on
ITO as the third layer. The active layer which is commonly a binary blend of electron donor
material and electron acceptor material, such as poly (3-hexylthiophene) (P3HT) and phenyl-
C61-butyric acid methyl ester (PCBM)), is then deposited as the fourth layer. The fifth layer in
this conventional architecture device is then a conductive metal cathode of aluminium (Al),
silver (Ag), or gold (Au). ITO and Al in this device are used to collect holes and electrons

respectively as shown in Figure 1.18.'%7-18
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Figure 1.18: Device architecture of a bulk heterojunction organic photovoltaic with spin-coated

PEDOT: PSS and P3HT-PCBM layers and thermally evaporated aluminium.

1.8.2 Bulk heterojunction OPYV operation principles

In organic photovoltaics (OPVs), free charge carriers are generated from sunlight by organic
semiconductor materials. Single component photoactive layer organic photovoltaics are
unsuitable candidates for future applications due to their high recombination of free charges
and, therefore, low efficiencies. However, a new era emerged for organic photovoltaic cells
after the discovery of the bulk heterojunction architecture in 1995 by Yu et al.'®®. The
improvement was in energy conversion efficiency (ne) and the carrier collection efficiency (1)
as a consequence of the new architecture produced by mixing the semiconducting polymer with
Coeo or its functionalized derivatives. The efficient charge separation arises from photoinduced
electron transfer from poly (2-methoxy-5-(2'-ethyl-hexyloxy)- 1,4-phenylene vinylene) (MEH-

PPV) (as a donor) to Ceo (as acceptor).!”

Generally, the free charge carriers at interfaces in OPVs are generated by the dissociation of
excitons into holes and electrons. The recombination rate is lower for bulk heterojunction solar
cells when compared with single-component solar cells because domains of both electron-
donating and electron-accepting materials exist in the active layer, which facilitates charge
transport. The organic semiconductor has a band structure similar to an inorganic
semiconductor. In this structure, the conduction band is ordinarily free of electrons, but the

group that is typically filled with electrons in the valence band. Thus, the lowest unoccupied
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molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) on organic

devices are analogues to the conduction band and valence band respectively.!!-19?

An exciton (bound electron-hole pair) is generated when an organic semiconductor absorbs
light, and an electron is promoted from the HOMO to the LUMO, as depicted in Figure 1.19.
The second process is exciton diffusion, and this process is limited by the exciton diffusion
length in the selected semiconductors. Exciton dissociation occurs at donor-acceptor interfaces
in the bulk heterojunction photoactive layer generating a hole in the donor material and an
electron in the acceptor material. Thus, free charges are produced when the lifetime of the
exciton is sufficient to reach an interface between the electron donor material and the electron
acceptor material. The energy level offset of the two elements at the interface drives the dissociation
of a free electron and hole. Finally, charge transport occurs within the active layer and, when
charges reach the appropriate electrode, charge collection occurs, as illustrated in Figure

1.19.193-195
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Figure 1.19: Energy level diagram of an organic solar cell depicting the steps of exciton
generation with a donor-acceptor interface: (1) exciton generation, (2) exciton diffusion, (3)

exciton dissociation, (4) charge transport.'**
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The working principle for bulk heterojunction solar cells is depicted in Figure 1.20. The
morphology of the donor material and acceptor material of the bulk heterojunction layer
sandwiched between the two electrodes is drawn as a typical example in this figure. The
separation of charge occurs at the interface of donor and acceptor material domains.
Transportation of charge occurs via conduction paths (represented by red and green lines)

which are formed within the respective material phases to their electrodes.!*°

[Cathode Q 5 ]

hv

Figure 1.20: Schematic of bulk heterojunction solar cells demonstrating the working principle:
(1) generating an exciton by light absorption, (2) diffusion of the exciton to an interface of the
donor (blue) and acceptor (yellow) material, (3) dissociation of the exciton, (4) free carrier
charge transport to the cathode and anode, (5) charge collection at the cathode and anode.

Permission from the Annual Review of Chemical and Biomolecular Engineering.'®

1.8.3 The efficiency of OPV

Organic photovoltaics (OPVs) are typically characterised under AM 1.5 solar spectrum with
1000 W/m? light.'” In solar cells, the extent of the energy conversion efficiency depends on
the thermodynamical losses. Energy conversion is generated by the absorption of photons,
which have energy more massive than the bandgap of the photovoltaic material. Another
contribution of photons power is the thermalising of the charge carriers. Frenkel excitons
control the absorption in organic materials; the banding energy in these excitons is about 0.3
eV. According to the fundamental investigation of Shockley and Queisser, which considered

spectral losses alone, a solar cell for materials with an energy gap around 1.1 eV has a peak
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theoretical efficiency of 48 %.!%® In single junction organic photovoltaics, an efficiency of
approximately 11 % is expected based on a donor having bandgap energy of 1.5 eV with 0.6
eV loss in the open-circuit voltage (Voc). The internal quantum efficiency (IQE) is limitation
assuming (external quantum efficiency (EQE) = 65 %).'”” In 2011, Mitsubishi Chemical
certified by Newport had recorded a new efficiency of ~10 % from solutions of small
molecules.”” Zhang S. et al. reported that OPV efficiency had reached over 14 % for a polymer

1 Figure 1.21 shows the historical trend

solar cell enabled via a chlorinated polymer donor.?
for PV efficiency, highlighting the significant performance gap between organic photovoltaic

and competitive thin-film photovoltaic (PV) technologies.?*?
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Figure 1.21: Comparison of the world reports between OPVs and thin film PV technologies of

a-Si from 1985 to present.?’!
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2. Chapter two: Fabrication and characterisation of graphene
electrodes

2.1 Overview

This chapter details the procedure for the growth of graphene via chemical vapour deposition
(CVD), the post-growth transfer process, characterisation of graphene films and fabrication of
organic photovoltaic devices (OPVs) incorporating graphene. For the CVD growth of
graphene, selecting the catalyst based on its physical and chemical properties is the critical first
step. Cleaning of the catalyst surface to remove surface contamination is also then essential in
obtaining high-quality graphene. The purity of the catalyst was tested using X-ray
photoelectron spectroscopy (XPS) before the growth of graphene. Raman spectroscopy was
utilised before transferring the grown graphene to determine the quality of the graphene while
still on the copper (Cu) catalyst. Further characterisations of transferred graphene then included
a conductivity measurement via four-point probe, UV-Visible spectroscopy and UV

photoelectron spectroscopy before utilisation of the graphene as a window electrode in an OPV.

2.2 Fabrication of graphene film

The fabrication of CVD graphene on a Cu foil catalyst is a promising method for preparing a
high-quality transparent electrode as discussed in Chapter 1.3 Furthermore, producing low-
cost CVD grown graphene at low temperature using a liquid carbon source has significant
potential applications in the electronics industry. However, low temperature graphene growth
is a complicated method with further work to be completed in understanding the growth
mechanism. The aim of this project is low temperature CVD fabrication and assessment of a

transparent graphene electrode for OPV.

2.2.1 Catalyst

An essential factor in the preparation of graphene using CVD is the catalyst. Cu foil (Sigma-
Aldrich, 349208 Aldrich, 99.98 % purity, 1.673 Q cm, 20 °C resistivity, 25 pm thickness and
density 8.94 g/mL at 25 C) was utilised as a catalyst in this procedure.
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The as-received Cu foil substrate has a native oxide layer from reaction with air. In addition,
the surface can contain some level of contamination and surface deformation from fabrication,
storage and handling. Surface defects and non-uniform surface morphology can exist due to
the cold rolling of the Cu to foil thickness during manufacture. Before removing the native
oxide layer by thermal annealing in the CVD system, the surface of the Cu foil must be cleaned
and a low-roughness, flat surface prepared. The cleaning procedures below were performed for

each CVD growth attempt to achieve the highest quality of graphene.

2.2.1.1 Washing of Cu foil

After cutting, the Cu foil was washed to remove surface contaminants originating from storage.
The first solvent used to clean the surface of the catalyst was acetone. The foil substrates were
submerged in acetone for 5 min, followed by a slow rinse in isopropanol (IPA). Deionised (DI)
water was then used to removing any organic solvent remaining on the surface of the catalyst.
Finally, the catalyst surface was dried with a stream of nitrogen (N2) gas. This procedure was
adequate for removing the majority of surface contaminants on the Cu foil originating from the

rolling process during manufacture.

2.2.1.2 The electropolishing of Cu foil

Electropolishing was used to further smooth and clean the Cu Surface. An electrochemical cell
was set up with Cu foil (25 pum thick) as the anode and a large Cu plate as the cathode, as
illustrated in Figure 2.1. The electropolishing electrolyte solution consisted of 600 mL water,
300 mL ethanol, 60 mL isopropyl alcohol, 300 mL ortho-phosphoric acid, and 6 g urea. The
electrodes of the electrochemical cell were inserted into the solution, and a DC power supply
was used to apply a constant voltage. A range of voltages between 3 V and 6 V was supplied
for different periods of times (10 to 120 s) to optimise polishing. Subsequently, the condition

was used at 3V for 30 s as minimised the surface roughness of the sample.
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Figure 2.1: Schematic depicting the electrochemical polishing of Cu foil.

The chemical reactions for the electro-polishing of Cu foil in ortho-phosphoric acid are as

follows: 2%

Cu—- Cu*+ e~ (2.1)
2Cu+ 20H™ - Cuy(OH), + 2e” (2.2)
Cut +20H™ - CuO + H,0 + e~

3Cu,(OH) + H3P0, — 2Cu(OH)3P0, + 4Cu® + 3H* + 3e~ (2.3)
3Cu0 + 2H3;P0, — Cu3(P0,),.3H,0

Cu(OH)3P0, + 3Cu® + H,PO; — Cu3(P0,),Cu(OH), + H;0* + 2e~ (2.4)
The reaction of oxygen evolution:

20H™ - 20, + Hy0 + 2~ 2.5)

Ultimately, the technique cleans and smooths the Cu Surface and reduces the oxide layer
thickness. At the end of the process, the Cu foil was washed with deionised water (DI) followed

by ethanol, then dried with nitrogen (N) gas.
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2.2.1.3 Thermal annealing of Cu foil
The chemical vapour deposition (CVD) system used for the preparation of graphene on Cu
foils was an Automate CVD system. The system also has a coil heater element of NiCr, which

allows temperatures of up to 1100 °C as may be seen in Figure 2.2.

N L

S m--‘wm.«uummwm

Figure 2.2: Atomate CVD system for the growth of graphene films.

After electropolishing the Cu catalysts, thermal annealing CVD was performed for three
essential purposes. Firstly, a high-temperature treatment of the catalyst in the CVD system
under an H> and Ar atmosphere is a proper technique for completely removing any oxide layer
on the surface. The Cu foils were annealed at different temperatures. The mixture of gases in
the CVD system was optimised to find the best overall conditions for achieving a high quality
of graphene (as shown in Chapter 3). Optimal oxide removal occurred when foils were
annealed at 900 °C for 1 hour under H> 50 sccm, Ar 0.1 SLM (standard litre per minute) and a
system pressure ~ 0.5 Torr. °® Secondly, the most significant factor affecting the roughness of
the catalyst is the grain size of Cu. A high temperature ~ 900 °C anneal of the Cu foil leads to

increased grain size, reducing the number of defects in the substrate. *% 3

Finally, thermal annealing can also increase the purity of the Cu foil via the removal of any
contamination remaining from the cleaning process. Hence, thermal annealing is considered
the final stage of cleaning before graphene growth. Furthermore, since the annealing takes
place inside the CVD system, the possibility of reoxidation and contamination of the Cu surface

1s limited.
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2.2.2 Carbon source

Different types of carbon sources have been utilised for the growth of graphene, including
gases, liquids and solids (such as polymers).'* The nature of the carbon source is a critical
parameter in graphene growth due to the energy required for bond-breaking and the deposition
of suitable carbon moieties onto the catalyst. Utilising the low C-H bond energy of the carbon
source could be a possible route to reduce the energy required for the synthesis of graphene.
Organic solvents entrapped in a PMMA matrix were used as a carbon source in this project.
PMMA can be used as a stable carbon source with the decomposition of the polymer back into
monomer units providing the mobile carbon. Alternatively, solvents trapped within the PMMA
film may act as the carbon source. The structure of PMMA and the MMA (methyl
methacrylate) monomer are shown in Figure 2.3.2% PMMA is an amorphous polymer, with

the methyl side groups restricting the ability of the polymer to pack in an ordered dense array.

(|:H3 H CHs
HyC=C +-¢—ct
<|:=o H c::=o
Cl)CH3 OCH3
MMA Monomer PMMA Polymer

Figure 2.3: The chemical structure of MMA and PMMA 2%

PMMA has as glass transition temperature (T,) range of 110 to 120 °C, a density of 1.18 g/cm?
at room temperature, and a melting point of 220-240 °C.2**2%5 The thermal decomposition
temperature of PMMA ranges over 300-400 °C. The annealed Cu foils were located in Zone 3
of the CVD tube, (See Figure 2.4 below) which was heated to 300-800 °C inside the 2-inch
diameter CVD system quartz tube furnace. PMMA dissolved in various organic solvents with
concentration (100 mg/ml) was drop-cast as a film onto a glass substrate that was loaded into
Zone 1 as the carbon source. This zone was then heated to 180 ° C. Zone 2 was left at room

temperature to minimise heat leak from Zone 3 to Zone 1.
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2.2.3 Graphene growth
The CVD system has three heating zones with individual temperature control. In the procedure
developed, Zone 1 was used as the carbon source heating zone with Tsource = 180 °C. Zone 3

was used as the growth area and contained the catalyst substrate, as shown in Figure 2.4 with

typically, Tgrowth = 450 °C or 600 °C.

ZONE1 ZONE3

®
C o °
@H; Source temperature

uW\--o-. onel Y BEkE

Carbon source: PMMA/Organic solvent Catalyst: Cu foil

Growth temperature

Figure 2.4: Schematic of CVD tube showing heater zones in the system. The carbon source is

a drop cast film of PMMA dissolved in organic solvent.

H:> gas was used to exclude oxygen (O2) from the growth zone to reduce amorphous carbon
formation. 4? The set growth time was short, 1 min, to minimise the number of graphene layers
grown. Graphene on the Cu foil was identified via Raman spectroscopy before the transfer
process, with measurements conducted on a Renishaw inVia Raman spectrometer. Graphene
layers were then transferred from Cu foil onto a target substrate via a wet transfer method, as

reported elsewhere. 3 Section 2.2.4 describes this transfer process in full.

Three heating coil zones with 8 inches distance between each zone surrounded the CVD tube.
Quartz boat holders inside the tube furnace were used for holding the catalyst and carbon
source. Full software computer controlling is available with many variables controlled such as

heating profiles for each zone, gas flow rates and overall system pressure.
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2.2.4 Transfer process for graphene film

Graphene layers were transferred from Cu foil to target substrates via a wet transfer method
(see Figure 2.5). Etching of the Cu substrate in this method was utilised to leave a graphene
film floating on DI water surface. This process required mechanical support of the graphene

layer from a polymer film/membrane.

l PMMA spin coating
Ta;getV/

Cu etching: aqueous Iron
nitrate solution (0.05g/ml -
" ution ( g/ml) Dissolving PMMA
v (Acetone, Isopropanol)

3

Tar, strate

Washing DI water

=

Figure 2.5: Schematic depicting the wet transfer method of graphene films.

To create mechanical support for the graphene films, PMMA was dissolved in chlorobenzene
(50 mg/ml) and was spin-coated (4000 rpm for 1 min) onto the graphene: Cu foil surface.
Following this step the PMMA adheres firmly to the graphene film, enabling the etching away
of the Cu foil without impacting the morphology of the graphene layers due to the polymer
support. An aqueous iron nitrate (Fe (NOz3)3) solution (0.05 g/ml) was used as the etching
solution to separate the sandwich of PMMA/graphene from the Cu foil over a period over 48
hours. Washing the released PMMA/graphene film in a petri dish with DI water removed any
iron solution left on the surface. The PMMA/graphene film was left floating on DI water until

transfer onto the desired substrate by lifting it from the water surface. Three rinses removed
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the polymer film with acetone and isopropanol. It followed by an overnight soaking of the
graphene film in a chloroform solvent bath to remove any contamination from the transfer

method. The graphene film on the target substrate was then dried using a stream of N gas.

2.3 Fabrication of OPYV based on graphene electrode

Graphene films were picked up from the water surface by glass substrates after etching away
the Cu catalyst. According to AFM measurements discussed in chapter 5, the graphene
electrode was ~ 1 to 2 nm in thickness, indicative of a single layer of carbon. A thin film of
PEDOT:PSS (~30 nm) was spin-coated onto the graphene-coated glass substrate at 4000 rpm
for 1 min. This material is available commercially as an aqueous dispersion (low conductivity
poly(3,4-ethylene dioxythiophene-poly(styrene sulfonate)) (PVP AI4083 (purchased from
Heraeus)). The PEDOT:PSS film was dried at 140 °C for 30 min to remove water. The
glass/graphene/PEDOT:PSS substrate was then directly moved into a N> atmosphere for
photoactive layer film deposition. A blend solution of poly(3-hexylthiophene-2,5-
diyl):(phenyl-Csi-butyric acid methyl ester) (P3HT:PCBM) was prepared at a concentration
ratio of 1:0.8 (20 mg: 16 mg) by dissolving in 1057 uL of anhydrous 1,2-dichlorobenzene. This
polymer-fullerene solution was sonicated at room temperature for 1 hour, followed by stirring
overnight for complete dissolution. The P3HT:PCBM active layer was spin-coated onto the
PEDOT:PSS layer at 900 rpm for 1 min (thickness ~ 200 nm) under a nitrogen (N>) atmosphere.
Pre-annealing (before cathode deposition) of the active layer was conducted on a hot plate
under a N> atmosphere at 140 °C for 4 min. An interfacial layer of calcium (Ca) (~30 nm) was
thermally evaporated onto this active layer. It followed by thermally evaporating a metal
cathode of aluminium (Al) (120 nm) utilising an Angstrom Engineering evaporator under
vacuum to 107 bar pressure. Devices were then transferred to a N» glovebox to measure
photoresponse J-V curves by a Keithley 2400 meter. The devices were illuminated under an

AM1.5 Newport class A solar simulator calibrated via a Si photodiode.
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2.4 Characterisation of graphene film

Graphene films were analysed by Raman spectroscopy to evaluate their quality. Atomic force
microscopy (AFM) and optical microscopy were utilised to investigate the efficiency of the
transfer method. Graphene films were also characterised following the transfer onto target
substrates by ultraviolet-visible (UV-Vis) spectroscopy, four-point probe, transmission
electron microscopy (TEM), scanning electron microscopy (SEM) and photo-electron
spectrometry. The graphene-based OPV device performance was determined by J-V

measurement.

2.4.1 Optical microscopy

Optical microscopy is a valuable tool for analysing the morphology and topography of samples.
The surface morphology of graphene films and Cu foil catalyst were examined using a Carl
Zeiss West Germany (467085, NT 6V/10W stab) optical microscope, with images recorded in

transmission mode.

2.4.2 Atomic force microscopy (AFM)

AFM has been widely used since its discovery in 1986 by Binning et al. 2% for the investigation
of the morphology of material surfaces at the nano-scale in many fields of science. In this
thesis, an Asylum Research Cypher AFM was utilised to analyse the surface topography of
graphene layers. Also, AFM was used to determine the thickness of graphene samples, as well
as the roughness of the Cu catalyst surface following the cleaning process. AFM operates via
measuring the forces acting between a sharp tip and a sample surface. An excellent tip is
connected to a cantilever, which is raster scanned across the sample surface to generate a 3D
image. According to Hooke’s law, repulsive and attractive forces originating from the
interaction between the tip and the sample surface when the tip is very close to the surface
(within a few nanometres) cause the cantilever to bend. This force will generate a positive or
negative bending of the cantilever, which is monitored by directing a laser spot onto the

cantilever and detecting the reflected light with a photodiode array as depicted in Figure 2.6.
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Figure 2.6: Schematic of AFM system used for the characterisation of thin films.

2.4.3 X-Ray diffraction (XRD)

The crystallographic structure of a material can be probed via X-ray diffraction. This technique
was utilised to study the crystalline domain formation of the Cu catalyst, with measurements
of both unannealed and annealed catalysts being performed. X-ray diffraction was performed
using a Philips X'Pert MPD XRD (Figure 2.7a). XRD measurements were made with the
sample tilted at 45° and the source emitting Cu Ka radiation at 1.5405 A. A diffraction pattern
can be measured following X-ray scattering from regular planes in the sample crystal lattice.
Max von Laue described this diffraction pattern in 1912, and then in 1913 William L. Bragg

and his father William H. Bragg assumed Bragg’s law to explain the patterns: 27
nA = 2dsinf (2.6)

Where n is an integer, A represents the wavelength of the incident light, d describes the spacing
between the planes in the atomic lattice and 0 is the angle between the incident X-rays and the
scattering planes (Figure 2.7b). Information relating to the atomic-level structure of materials

is provided by analysis of X-ray diffraction patterns.
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(a)

Figure 2.7: (a) Philips X’Pert MPD XRD equipment, (b) schematic depicting the X-ray

diffraction principle.

2.4.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is an excellent technique for studying chemical
compositions at the surface of a wide range of materials. Samples are irradiated with a non-
monochromatic X-ray beam and photoelectrons emitted are detected and analysed. The
photoelectron production results from electrons initially bound to an atom at its core levels (see

Figure 2.8). The kinetic energy of the emitted electrons is given by: 20
KE = hv — BE — @, @.7)

Where hv represents the energy of the X-ray photons, BE is the binding energy of the atomic
orbital and @ is the spectrometer work function. Based on the binding energy of electrons, it
is unique to each element in a specific shell of an atom. Components can be identified, and the
relative composition of elements based on their chemical shifts at the material surface can be
probed (other than hydrogen (Hz) and helium (He)). Spectral lines of XPS are identified via the

electron emission from the core elemental shells (1s, 2s, 2p, 3s, 3p, 3d, etc.).
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Figure 2.8: A schematic depicting electrons absorbing X-rays and being ejected from their

orbitals.

A non-monochromatic X-ray source (Omnivac) using Al Ka (1486.6 eV) was used for this
thesis, and the photoemission was collected by a SES2002 analyser (Scienta). XPS surface
analysis was utilised to gain information on the chemical states and the elemental compositions
of samples. The hemispherical analyser is used to determine the kinetic energies of
photoelectrons in most modern XPS instruments, as shown in Figure 2.9. XPS is known to be
a surface-sensitive technique, probing the top ~10 nm of film surfaces. In XPS, the yield of
electrons produced as a function of the impacting photon energy enables the measurement of

the quantitative chemical composition of the sample surface.
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Figure 2.9: Schematic of XPS system.
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2.4.5 Raman spectroscopy

Characterisation of sp? hybridised carbon systems ranging from graphene to carbon nanotubes
has been widely achieved via Raman spectroscopy. The Raman spectral features of material
can identify changes in the Fermi level and breaks in lattice symmetry. Raman spectroscopy
can be used to characterise graphene layers due to changes in vibrational energy bands which

are representative of film quality.?%

Raman spectroscopy is a non-linear scattering
phenomenon where the incident photon scatters from a virtual state to a vibrational level of the
molecule under study or the phonon manifold of bulk material.?!® A Renishaw inVia Raman
spectrometer was used in this thesis (Figure 2.10). This spectrometer was equipped with several
lasers, including 325 nm (Helium-Cadmium), 514 nm (Argon-lon) and 633 nm (Helium-

Neon).

~

Engmgmw.-

Figure 2.10: The Renishaw inVia Raman spectrometer.

The interaction between an incident laser and the sample produces predominantly Rayleigh
scatter, and a much weaker Raman scatter signal. The combined scatter is then filtered, via a
notch filter, to remove the Rayleigh component. The weak Raman signal is dispersed in a
grating spectrometer to measure its constituent wavelengths as shown in Figure 2.11. For
Raman mapping, an XploRA PLUS Raman microscope from HORIBA Scientific was used to
identify the quality of graphene layers up to 100x100 um in dimension. This instrument has a
high-performance atomic force microscope (AFM) functionality with laser wavelength 532 nm

(green), power 20 mW, N NA 0.7 lens, spot size 400 nm and step size 1 nm.

47



Diffraction grating

CCD camera

Rayleigh Filter

Microscope

ND Filter Laser

Spatial filter

Sample - .
I

Figure 2.11: A schematic of the Raman spectrometer light path.

2.4.6 UV-Vis spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is the measurement of the photon energies absorbed
by a molecule arising from electron transitions from the ground states of the molecules to
excited states of the molecule. >!' UV-Vis spectroscopy was used to determine the transmission
of graphene films at selected wavelengths from 200 to 900 nm. Beer-Lambert’s law represents

the absorbance (A) of incident light: 2!2
1
A= —log (E) (2.8)

Where the transmittance is described as the ratio between the intensity of transmitted light and

the intensity of incident light (I/1o).

A Varian Cary 60001 UV-Vis-NIR spectrophotometer was utilised to measure the transmittance
of graphene films on glass substrates (Figure 2.12). The most critical component of the UV-
Vis spectrometer is the light source. The source must allow measurement of a complete
absorption spectrum in the UV-Vis range of 175 to 1800 nm. The Varian Cary 6000i instrument
has two light sources covering this entire UV-Vis region. The first source is a deuterium lamp
covering the UV spectrum from 175 to 350 nm. The second source is a quartz tungsten halogen

bulb emitting the higher wavelengths.
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Figure 2.12: UV-Vis spectrophotometer.

2.4.7 Four-point probe conductivity

The four-point probe method is widely used to determine the resistivity of semiconductor and
conductor material films. The measurement of resistance between probe tips in contact with a
film is based on applying a constant current (I) between two outer probes and measuring the
potential difference (V) using two inner probes (Figure 2.13a). A two-point probe electrical
setup is usually used for general purpose resistance and current-voltage measurements.
However, for more accurate analysis, the four-point probe method is used as it avoids contact
resistances between the probe and material surface. This equipment (Figure 2.13b) has four
tungsten pins, which contact the graphene film with 2 mm spacing and 100 pm radii. High
flexibility springs hold the tungsten pins for limiting sample destruction through probing. The
low resistivity of graphene requires a high current in external probes to achieve a suitable

voltage recording.
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(a)

(b) —@7

Sample

Figure 2.13: (a) Four-point probe sheet resistance equipment, (b) schematic of four-point probe

measurement for thin film.

In this analysis, the sheet resistance is given by the equation:

=t =

Where R; is the sheet resistivity, a length of the film, d width of the film, and s the distance

between two neighbouring tungsten pins (2 mm).

dy . . . . .
C (3 ; ;) is the correction factor based on a, d and s values. This factor is determined based on

values in Table 2-1. 213
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Table 2-1: Correction factor for the measurement of sheet resistance with the four-point
probe method.

Circle
d/s a/d=1 a/d=2 | a/d=3 a/d>4
diam d/s
1 0.9988 1 0.9994
1.25 1.2467  1.2248
1.5 1.4788 | 1.4893 | 1.4893
1.75 1.7196 | 1.7238 | 1.7238
2 1.9454 | 1.9475 | 1.9475
2.5 2.3532 | 2.3541 | 2.3541

3 2.2662 | 2.4575 | 2.7000 | 2.7005 2.7005
4 29289 | 3.1137 | 3.2246 | 3.2248 | 3.2248
5 3.3625 | 3.5098 @ 3.5749 | 3.5750  3.5750
7.5 | 39273 | 4.0095 4.0361 4.0362 4.0362
10 4.1710 | 4.2209 | 4.2357  4.2357 | 4.2357
15 43646 | 43882 | 4.3947 | 4.3947 4.3947
20 4.4364 | 4.4516 @ 4.4553 | 4.4553  4.4553
40 4.5076 | 4.5120 | 4.5129  4.5120  4.5129
0 4.5324 | 4.5324 | 4.5324 | 4.5325 4.5324

For large area sample measurements, a custom-built four-point probe setup with soft
conductive rubber connections was used (Figure 2.14). This system had a measurement error

of £ 1 QM.
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Conductive robberr

Figure 2.14: Four-point probe of large area graphene (custom built).

2.4.8 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is considered to be one of the most useful techniques for
the imaging and analysis of microstructural characteristics of solid films. The high resolution
of SEM (sub-nanometre) is a primary reason for the frequent use of SEM in the field of
nanotechnology. In SEM, an electron beam is incident upon a sample surface and produces
several modes for imaging including X-ray, Auger electron, cathode luminescence,
backscattered electron (BSE) and secondary electron (SE). Generating images in SEM is via
the selective collection of these signals with an array of detectors. In our work, graphene films
were transferred onto conductive silicon (S1) substrates to assess film morphology via SEM on
a Zeiss Sigma VP SEM (Figure 2.15). The resolution of this SEM is 1.3, 1.5 and 2.8 nm at
operating voltages of 20, 15 and 1 kV, respectively. The electron beam passes through magnetic

lenses and scanning coils that focus and raster the shaft on the sample surface.
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Figure 2.15: Schematic of the SEM electron gun and optics.

2.4.9 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was utilised to image the structural shape of
graphene and the number of layers. High-resolution TEM has a resolution limit 0of 0.1 - 0.2 nm,
making it a handy tool for measuring nanomaterials such as graphene. Single area electron
diffraction (SAED) was utilised to collect diffraction patterns on selected graphene areas. In
this project, TEM was performed on a Jeol 2100 with an operating voltage of 80 - 200 kV and
varying magnification ranges (10,000 to 100,000 x) (Figure 2.16). Graphene layers were
suspended on copper (Cu) grid substrates (GCul00, Pro Sci-Tech, 100 mesh square) following
the PMMA transfer method.
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Figure 2.16: TEM performed on a Jeol 2100.

2.4.10 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) characterises the change in mass of a material as a function
of time and temperature. TGA can give information on endothermic and exothermic phase
transitions, including those that involve the absorption or evolution of gases from the sample.
The mass resolution of TGA is at one pg. 2'* In this thesis, a Perkin-Elmer Diamond TG/DTA
(Figure 2.17) was used for characterisation of the decomposition of, and gas evolution from,
PMMA-solvent matrices. PMMA-solvent matrices were heated to 600 °C with a heating rate
of 10 °C/min under a nitrogen (N2) atmosphere. Primarily, this instrument includes a

microbalance covered via a furnace; the mass gains or losses are recorded over time.
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Figure 2.17: Perkin-Elmer Diamond TG/DTA used for characterising the thermal evolution of

solvents in PMMA matrix.

2.4.11 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is an analytical chemistry technique for
measuring the intensity of infrared absorption as a function of wavenumber. The IR spectrum
is divided into three wavelength regions: near-infrared (NIR: 750-2500 nm), mid-infrared
(MIR: 2500-25000 nm) and far-infrared (25-1000 um). FTIR spectroscopy probes vibrational
modes of atoms in organic molecule functional groups and is very important in identifying the
functional groups present in organic molecules. In our analysis, PMMA polymer dissolved via
organic solvents (film, liquid) as samples. These were characterised using a Perkin Elmer
Spectrum Two with a total range of 8300 to 350 cm™! at a best resolution of 0.5 cm™ (see Figure

2.18).
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Figure 2.18: Perkin Elmer Spectrum Two FTIR spectrometer.

2.4.12 UV photoelectron spectroscopy (UPS)

The work function of graphene films was measured via UPS on a Photoelectron Spectrometer
model AC-2 (manufactured by Riken Keiki) (see Figure 2.19). This model has a UV source
with a unique electron detector that can operate at atmospheric pressure. The AC-2 model
instrument can measure work function, ionisation potential and density of states. The excitation

energy by a UV source in this analysis is of 3.40-6.20 eV.

Figure 2.19: Photoelectron Spectrometer model AC-2, manufactured by Riken Keiki.
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2.4.13 Profilometer

Thickness of all films in the thesis was measured using a Stylus Profilometer (Bruker Dektak
XT). All films were spin-coated onto glass substrates. This profilometer uses a diamond tip

stylus for contacting the sample surface.

2.4.14 OPV device characterisation

Power conversion efficiency (PCE) is considered to be the key performance indicator of solar
cells. The current-voltage characteristics of a solar cell determines the PCE, which can be
calculated using equation 2.11. The curves shown in Figure 2.20 represent the dark and

illuminated current density-voltage (J-V) characteristics of a solar cell. !
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Figure 2.20: Current density-voltage (J-V) curve for an organic solar cell under dark (black)

and illumination (red).?'*

This J-V curve demonstrates a diodic behaviour in the dark and under illumination solar cell.
Three keys figures characterise the illuminated J-V curve are short circuit current, open-circuit
voltage and maximum powerpoint. The short circuit current (Isc) is defined as the current at
zero applied voltage. It represents the number of charge carriers that are generated and collected
per unit time by the electrodes under short circuit conditions. The open-circuit voltage (Voc)
is the maximum photo-voltage which can be produced by a solar cell when the current under
illumination becomes zero in the cell. In organic solar cells, Voc is linearly dependent on

different between the HOMO level of the donor and LUMO level of the acceptor. 2!
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The maximum point of the electrical power that represents the value of maximum power to an
external load in the solar cell is called the maximum power point in Figure 2.20. The ratio
between the maximum electrical power Pmax and the product of the open-circuit voltage (Voc)

and short circuit current (Isc) is defined as the fill factor (FF): 2!7

FF = VmiIm (2.10)

VOC ISC

Ideally, the fill factor would be 1, but losses from recombination and transport result in values
between 0.2-0.7 for organic photovoltaics. The solar cell power conversion efficiency (1) can
be calculated for a given incident power of light according to: 2'8

PCE (%) = n=%=PZ‘;—I:;lFF 2.11)
Pin is the power density of the incident light. Light with an intensity of 1000 W/m? and spectral
intensity distribution is called an AM 1.5 spectrum, and the spectral intensity matches that of
the sun on the earth’s surface at an incident angle of 48.2°. 2!° This light spectrum has been
used as standard for OPV characterisation. Two other valuable figures of merit to assess OPV
performance are external quantum efficiency (EQE) and internal quantum efficiency (IQE).
The EQE, also known as the incident photon to current efficiency (IPCE), represents the
spectral quantity as a ratio between the number of extracted electrons and the number of
incident photons. The IQE is a quantum efficiency that deals only with processes of the
absorbed photons within the active photovoltaic layer and ignores any losses from transmission
and reflection. A tungsten halogen lamp passed through an Oriel Cornerstone 130
monochromator was utilised to measure the efficiency of OPV devices as a function of the
wavelength of light to reveal EQE of OPV. A homemade photomask was used to define the
photo active area of devices. In addition, in this study the effect of conductive substrate
electrodes, the dark Nyquist plots of the devices based on ITO and prepared graphene

electrodes were analysed by an LCR meter (Keysight E4980A) within the frequency range of
20-106 Hz under dark.
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3. Chapter three: Low temperature CVD growth of multi-layered
graphene using chlorobenzene-PMMA film as the carbon
source

3.1 Overview

The growth of high-quality graphene in a CVD instrument requires a careful interplay of a
range of materials and processes. The materials include a carbon source, a carrier gas (to
transport the active carbon to the substrate surface) and a catalytic growth substrate. The CVD
is comprised of a thermally controlled zone for introducing the carbon source, a system for
controlling the flow rate and pressure of the carrier gas and a thermally controlled growth zone;
allowing for thermal annealing of the substrate and heating during graphene growth. This
chapter describes the synthesis and growth of graphene via low temperature CVD. An
optimisation study has been completed to show the influence of each parameter, such as growth
temperature (Tgown) and Hz gas flow rate. The goal of this study is to determine a parameter
set providing improved graphene quality when utilising low temperature growth from a liquid

carbon source entrapped in a polymer matrix.

3.2 Introduction

Several types of precursors can be used to prepare graphene, including gas, liquid and solid
sources. Available carbon sources to grow graphene are usually hydrocarbon gases due to their
high purity as compared to solid and liquid sources.?*° In recent years, there has been a growing
interest in liquid carbon sources due to their ease of handling and low-cost in comparison with
gaseous carbon sources.??!??> The decomposition temperature of the carbon source can be
selected based on the C-X bond energy in the source molecule. For example, the growth of
graphene using a methane (CH4) carbon source occurs at a high temperature of ~ 1000 °C due
to the high C-H bond energy (440 kJ mol™!).!*5 However, using other solid and liquid
hydrocarbon sources such as polymethylmethacrylate (PMMA), benzene and, PMMA with
entrapped chlorobenzene has proven to be a successful means of growing graphene, potentially
at low temperatures.'*% 2> However, graphene grown with reduced temperature CVD has been
shown to have an increased number of defects, affecting the physical properties of the
graphene.!3% 13 224 The use of metallic catalytic substrates in the CVD growth process is

thought to enable a lowered growth temperature.??’
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The carbon solubility of metals is essential when making the selection of an appropriate catalyst
for graphene synthesis, with a low carbon solubility ideal. Different substrate metals including
Cu, Ni, Co, Fe, Ir and Ru 22 have been tested for low solubility. The most promising of these
catalytic substrates for growing large areas of graphene at relatively low cost are Co, Fe, Cu
and Ni. Although Co, Ni and Fe are considered to be sufficiently strong catalysts for graphene
growth, these substrates have been proven in the past unsuitable due to a difficulty in
controlling the thickness of the growing film.>*! For example, graphite films several
micrometres thick have been created due to the saturation of 50 um nickel foils by carbon at
1000 °C.”” A Cu catalyst, however, exhibits weak catalytic action for methane (CHs) and a low
carbon solubility for growth of few-layer graphene films and has emerged as the most
promising substrate for growing thin films of graphene. In this work, Cu foil has been used as

the catalyst to synthesise graphene.

3.3 Carbon sources for graphene growth

Previous work in this laboratory has shown that a chlorobenzene-PMMA matrix can act as a
suitable graphene growth carbon source with a low decomposition temperature; revealing an
interplay between the source C-X bond energy and the molecular structure. In addition, the
growth temperature used in graphene fabrication is known to produce a variation in the
dissociation and deposition mechanisms.!'* For example, Nandamuri et al. used ethylene and
acetylene as gaseous carbon sources, instead of CHy, for low-temperature graphene growth due

to their lower C-C pyrolysis temperature compared to CH4.??’

Both graphene and benzene possess an aromatic hexagonal arrangement of carbon atoms in
their atomic structure. Due to benzene’s low activation energy, and for small scales of
fabrication, benzene has been used to synthesise graphene layers at a growth temperature of
~300 °C. However, this process produced poorly conducting films.'% 3¢ Large area,
monolayer graphene films have been grown continuously on Cu foil using benzene as the
carbon source in CVD at 100-300 °C and ambient pressure.'*® In our previous work, multilayer
graphene was grown using chlorobenzene in PMMA matrix, and the selected range temperature
of growth was 300-500 °C.??* The focus of this work was to further understand the low-

temperature growth process and hence produce optimised better quality graphene layers.
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3.3.1 Thermal degradation of PMMA
PMMA polymer films were used in this procedure for two purposes. Firstly, the PMMA

polymer film formed a matrix to retain and slowly release solvent molecules as a carbon source.
Secondly, the polymer itself could constitute a carbon source at higher source temperatures
when Tsource €xceeded the polymer decomposition temperature. A thermal decomposition study
of pure PMMA powder was carried out using TGA, with thermal pyrolysis was conducted over
a temperature range from 30 to 520 °C. Figure 3.1 shows the thermal decomposition profile of

pure PMMA powder under a nitrogen (N2) atmosphere.
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Figure 3.1: TGA curve of pure PMMA powder.

In Figure 3.1, PMMA initially starts to lose mass at ~219.5 °C, with a reduction to 98.93 % of
the starting mass. Scission commences at unsaturated ends, which result from termination by
deprotonation. The random scission of the polymer chain is the last step of degradation starting
at ~350 °C.??® The phase of thermal degradation in PMMA at around 350 — 400 °C was thought
to be dominated by scission of a methoxycarbonyl side group rather than through random
scission of the main chain.??® More recently, the degradation process at 350 — 400 °C is thought
to consist of two separate phases related to simultaneous scissions of end groups with the

random breaking of chains.?*°
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3.3.2 Thermal degradation of chlorobenzene-PMMA

TGA was used to characterise the degradation of PMMA films drop cast from a chlorobenzene

solution, under N> gas atmosphere, with the results presented in Figure 3.2.
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Figure 3.2: TGA curves of chlorobenzene-PMMA films. The curves represent 180 °C dried,

air-dried and, drop cast wet film.

Drop cast PMMA films were prepared under three conditions for thermal analysis, (1) dried at
180 °C, (2) air dried, and (3) no drying (drop cast). Thermal pyrolysis was then conducted over
a temperature range from 30 to 520 °C. Different degradation behaviour was observed between
pure PMMA and drop cast PMMA films, with the onset of mass loss beginning at various
temperatures. The sample conditions of 180 °C dried, air-dried and drop cast were selected as
representative of the carbon source state during insertion into the CVD tube furnace. For the
180 °C dried sample, the content of chlorobenzene molecules residing in the polymer film was
high, which is shown by the sharp drop of the TGA profile leading up to the 130 °C boiling
point of chlorobenzene. The majority of this mass loss was below 130 °C as the vapour pressure
of the solvent is high, and the N> flow rate in the TGA system causes the solution to vaporise
continually. The carbon source after a 180 °C drying treatment revealed a pure PMMA
decomposition behaviour around ~350 °C (Figure 3.1). As discussed, there is a random scission
degradation of PMMA released by homolytic scission of a methoxycarbonyl side group, then
B scission at about 350-400 °C.?*° However, the properties of the polymer film incorporating
the organic solvent could differ from the original bulk polymer since solvent molecules tend to
be trapped between the polymer chains; resulting in a reduction of the a relaxation due to the

influence of plasticising.??8
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3.4 Catalyst preparation

Cu foil was chosen as a catalyst to prepare graphene films before transfer to the target substrate.
Cu is a promising catalyst for making CVD graphene due to its low carbon solubility, low cost

and a high-degree of self-limited growth regime of Cu foil when used for graphene synthesis.”

3.4.1 The morphology of Cu foil

The washed Cu surface shows a high roughness under atomic force microscopy (AFM) (Figure
3.3). Micron-sized bumps and depressions are evident from microscopy analysis, which would
prove detrimental to graphene growth. To improve the smoothness of the Cu surface, several
nanometres of Cu was removed by electropolishing, which was shown to be a suitable method
for achieving smooth and clean metal surfaces (Figure 3.3). This work was performed in a

custom-built electro-polishing cell for the Cu foil.

Figure 3.3: AFM images of copper foil (a) before and (b) after polishing at 3 V for 60 sec.

Optical microscopy was used to investigate the morphology further and optical micrographs of
the Cu foil after the various stages in the cleaning process are shown in Figure 3.4. Lines on
the surface from the production rolling mill are evident and reducing the catalytic surface
roughness is required (Figure 3.4a). Mechanical surface polishing, followed by electrochemical

polishing, decreased the severity and achieved a smoother topographical surface (Figure 3.4b).
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Thermal annealing plays another role in achieving a smoother Cu foil surface. This process
removes most of the defects on the surface by growing domains of crystalline Cu on the foil,
as shown in Figure 3.4. The line boundaries and domains on the Cu foil are more explicit after
these cleaning steps demonstrating a flatter and smoother surface when compared to the raw

sample.

Figure 3.4: Images of Cu foil after staged cleaning of the surface (a) new sample surface of
raw Cu foil, (b) Cu foil surface after electro-polishing process and (c) Cu foil surface after

thermal annealing inside CVD furnace tube, images at magnification scale of 700x1000 pum.

3.4.2 The purification of Cu foil

The purity of the Cu foil surface was influenced by both oxidation and contamination from the
rolling factory. The Cu foil was annealed at 900 °C for 1 hour under a gas mixture of H> and
Ar. This thermal treatment with a high purity gas atmosphere was aimed at reducing the

oxidation level on the surface of the Cu catalyst, which was probed with XPS (Figure 3.5).
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Figure 3.5: XPS spectrum of the Cu foil (a) unannealed and (b) annealed.

Figure 3.5 shows the XPS spectra of both annealed and raw Cu foil, featuring peaks at binding
energies ~284.4, 537 and 75.4 eV representative of C 1s, O 1s and Cu 3p, respectively. After
thermal annealing, the C 1s peak shifts 1.1 eV in comparison to as-received Cu foil, and the
peak intensity reduces due to a reduction into the level of amorphous carbon. Under the same
conditions, the height of the O 1s peak is decreased after treatment, and the peak position
shifted by 2.9 eV relative to the standard sample. This analysis provides good evidence for the
success of the thermal annealing step in the Cu foil cleaning process. Figure 3.6 shows a
focused area XPS scan for the O s peak to investigate the change in the level of oxygen in the
Cu surface with thermal annealing. After thermal annealing, the height of oxygen level

decreased (by 76.48 %) as shown in Figure 3.6.
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Figure 3.6: XPS spectra of the O 1s peak on the surface of the Cu foil before and after thermal
annealing at 900 °C for 1 hour in the CVD under H>.

3.4.3 The structure of Cu foil as a function of annealing temperature

The thermal annealing of Cu in a reducing atmosphere of Hz and Ar gases is ideal for removing
the oxide layer from the catalyst surface. The grain size of Cu increased during annealing,
which results in a corresponding decrease in grain boundaries, as shown by X-ray diffraction
(XRD) analysis (Figure 3.7). The process reduces the defect density on the surface and lowers
the amount of oxygen present in the Cu surface. This purification process is critical in preparing

a surface catalyst for graphene growth.

XRD has investigated the crystal structure of Cu foil after annealing at four different
temperatures from 600 — 900 °C. Figure 3.7 clearly shows an increase in Cu crystallinity after
annealing (as indicated by the rise in diffraction peaks due to the (200) plane). The annealing
at higher temperatures seems to result in greater crystallinity. The relative intensities follow
the trend; 900 °C = 800 °C > 700 °C > 600 °C, which in turn should promote high-quality
graphene growth. It could be concluded that the grain size of Cu foil increases with annealing

temperature for the (200) orientation. 1232
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Figure 3.7: XRD patterns of the Cu foil samples annealed at different temperatures for 1 h.

The diffraction peaks of the (111), (100) and (022) planes have a much lower intensity
compared to the significantly stronger (200) diffraction peak,?*? as illustrated in Figure 3.8,
indicating that the (200) plane crystal orientation is more prevalent. After annealing at 900 °C,
the (200) plane intensity is more prevalent, ascribed to re-crystallisation, with a much larger
grain size within the Cu foil. The (022) peak demonstrated the opposite behaviour with
increasing annealing temperature due to the crystallisation altering the orientation planes. It is
expected that the phase growth of crystalline planes in the Cu foil will reduce the number of
grain boundaries and adequately prepare a catalyst surface with fewer defects. Since there is
evidence of systematically increasing Cu crystallinity as a function of annealing temperature,

an annealing temperature of 900 °C was chosen as optimal for subsequent experiments.
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Figure 3.8: XRD patterns of the annealed Cu foil samples.

3.5 Graphene growth optimisation

3.5.1 The effect of Tgrowtn 0N graphene growth

Graphene layers were deposited on cleaned Cu foil, annealed at 900 °C at a variety of growth
temperatures, Tgrowth 400 to 800 °C. An H» flow rate of 50 sccm and the carbon source heated
to 180 °C (Tsource).?> These conditions were optimised based on our previous work and other
reviews.!*223 The quality of the graphene synthesised was established by Raman spectroscopy
before the wet transfer method was used to lift the films from the substrate. This qualitative

233 which are the most

analysis is based on the intensity ratio of between two peaks Ig/Iop
significant features in the Raman spectrum of graphene shown in Figure 3.9. The G peak is
located at ~1580 cm™! (assigned to 1582 cm™), and the 2D peak (assigned to 2690 cm™) is
situated at ~2700 cm™. It is also a powerful technique to determine the number of layers of
graphene (n GL) on the catalyst.'*® The Raman spectrum and mapping of CVD multilayered
graphene identifies the presence and quality of graphene layers on the Cu foil before film
transfer onto the target substrate. From Raman characterisation, G and 2D bands were

identified at ~ 1582 cm™ and 2690 cm’!, respectively. Additionally, the Raman spectrum D
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band located at ~1350 cm™ is a measure of the defects, such as domain boundaries in graphene,

and hence is an additional indicator of material quality. Notably, in Figure 3.9, the D peak

intensity is weak compared to other peaks for all temperatures. Table 3-1 shows that the highest

quality graphene, i.e. which has the lowest G to the 2D ratio of 0.50, obtained with a Tgrowth of

600 °C, while both more upper and more moderate temperatures increased the rate.
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Figure 3.9: Raman spectra of graphene thin films grown with varied Tgrowth.

Table 3-1: Characteristic values of the Raman spectra G and 2D band positions, the intensity

ratio between them, and, the 2D peak width, 2Drwnm.

233-234

Tgrowth (OC) G (Pi::lsll_f;on ZD(IC):;S_]]t)lOD Ic/I2p 2(Dc];::j?)M n GL~
400 1591.76 2724.25 1.12 47.02 14
500 1591.76 2724.25 0.94 49.31 7
600 1585.78 2712.6 0.50 49.85 3
700 1585.78 2716.48 1.70 73.04 26
800 1587.27 2717.78 1.05 48.47 11
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The dehydrogenation of benzene molecules from PMMA-chlorobenzene requires low
activation energy on Cu (111) of ~ 1.47 eV for the growth of graphene domains.?**> However,
it has been reported that using benzene as the graphene layer carbon source does not lead to
large graphene domains and continuous graphene films.!% 3¢ A Tgrouim of 600 °C will provide
sufficient thermal energy to enable dehydrogenation of benzene molecules and C-C bond
formation as required for graphene growth. Li et al. showed that the quality and domains of
graphene were improved at a growth temperature of ~500 °C rather than at lower
temperatures.'3® This observation was believed to be due to the reduced activation of benzene
at low temperature. The elementary reactions for the combination of CH groups and the
incorporation of atomic carbon into the graphene structure have activation energies between 1
— 2 V.22 Thus, at temperatures of 500 — 600 °C, sufficient thermal energy is present for
the deposition of carbon atoms on a catalyst.?*® This hypothesis is supported by the fact that it
has been shown that most carbon atom sources start depositing, and form soft bonds with a Cu
catalyst, at temperatures around 600 °C.?* This conclusion is supported by the data in Figure
3.10 that shows that the intensity ratio of Ig/Ip was somewhat variable across the temperature
range examined, but that graphene growth is observed at all temperatures and is optimal at

600°C.
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Figure 3.10: Io/Iop ratio as a function of growth temperature. Error bar (0.1).
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3.5.2 The effect of H: flow rate on graphene growth

Hydrogen (H2) gas flow rate has proven to be a significant parameter in the synthesis of
graphene via CVD.!'* After the Terowtn Optimisation study, the influence of H, flow rate was
studied to improve the graphene quality. Graphene films were deposited on Cu foil at a Tgrowth
of 600 °C with a range of H» flow rates from 25 to 100 sccm. Raman spectra of the resultant
graphene growth are shown in Figure 3.11. The full peak width at half maximum (FWHM) of
the 2D band of 53.37 cm™! indicates a good quality of graphene at Terowth of 600 °C with an H,
flow rate of 75 sccm. Compared to other conditions of Ha flow rate, the relative intensity ratio
of G to the 2D band is an excellent 0.21. It indicates a few layers of graphene for this growth
condition (n GL~2).!%% 23 The intensity ratio of D to G band was also 0.21. This ratio is used
in typical CVD-derived graphene samples to quantify defects such as domain boundaries,

where the lower the ratio, the fewer defects in the graphene layer.”’
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Figure 3.11: Raman spectra of graphene grown at different H, flow rates and Tgrowtn of 600 °C.

The H: flow rate thermodynamically affects the graphene growth rate through nucleation,

30.239 and has been identified to have an essential role

influences the number of graphene layers,
in the estimated graphene domain size.'*> The above result is significant and indicates that
control of the graphene growth rate through H> flow rate is possible. It has been reported that
the density of wrinkles in the graphene layers increases with increasing Hz flow rate up to

300sccm, which affected the quality of graphene film.?*’
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In this work, the number of graphene layers increased at an H» flow rate of 50 sccm, and the
variety and quantity of graphene layers exhibited a visible improvement when the H> flow was
increased to 75 sccm. (Table 3-2 23323%) The 75 sccm H, flow rate provided the optimum low-

temperature graphene growth conditions (Figure 3.12).

Table 3-2 Raman characterisation of graphene at Tgrowtn 600 °C for four Hy flow rates.?33-2%4

H: flow rate G position | 2D position 2Drwam
(scem) (ecm™) (em™) Ic/Iz (cm™) DL
25 1579 2694 1.16 64.56 15
50 1581 2707 1.5 71.7 25
75 1581 2685 0.21 53.37 2
100 1584 2711 2.11 80.71 28
2.5 1
®
2 A I
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Figure 3.12: Ig/Izp ratio as a function of H» flow rate. Error bar (0.1).

For large scale graphene (grown on Cu foil, at 600 °C under 75 sccm Hz flow), the film quality
was further characterised by Raman mapping, as illustrated in Figure 3.13a, where the Raman
G/2D peak ratio is mapped over the surface.!*” This map shows the multi-layered graphene
flake is micron-sized, as is evident in the associated optical image (Figure 3.13b) and covers

~60 % of the Cu foil surface.

Equally, it is clear that 40 % of the surface does not have graphene on it, and the Raman map
reveals amorphous carbon on the surface. Further investigation into the presence and location

of amorphous carbon are the subject of the next section.
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Figure 3.13: (a) Spatial map of graphene film Raman G/2D peak ratio over a 100x100 um area

(Tgrowtn: 600 °C, H» flow rate 75 scem), and (b) associated optical image of mapped area.

3.6 Factors affecting graphene deposition

The growth and film quality of single-layer graphene can be affected by oxygen (O2), present
in the reaction chamber of CVD or residual O, on the catalyst surface after cleaning or

incorporated into the carbon source.!3% 142

We have shown that H> flow rate is a prime factor in controlling the quality of graphene layers
during the growth process. In particular, to combat defects due to the presence of Oz, H> flow
is used to remove it from the growth chamber. Catalyst surface and H» consequently influences
the graphene morphology grown on catalyst via the CVD method.?*° It is also used to contribute

to the edge structure and shape structure of graphene domains at low-pressure CVD growth.!'*

Figure 3.14 shows multi-layer graphene grown on Cu foil by low temperature growth at 600°C,
using the CVD system. Two distinct regions are observed, with bright and dark areas present
on the Cu foil which overlay the visible Cu domains. These different graphene regions
correspond to the thickness of the grown graphene films. According to this explanation, bright
areas correspond to the graphene thin film (monolayer graphene) while dark regions relate to

a thicker growth of graphene film (multi-layers).?4!-242
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(b)

Figure 3.14: (a) and (b) show optical images of graphene films on Cu foil.

For confirmation, Raman spectra from the two different regions are shown in Figure 3.15. In
general, the bright area regions exhibit smaller carbon signals compared to the dark region. By
contrast, the dark region shows a high-intensity 2D band (~2700 cm™") which indicates more
graphene layers. In addition, the number of defects increases with the number of layers based
on the size of the D band at around 1350 cm™!. The intensity of the G band is located at a higher
value than usual at about 1600 cm™'. This behaviour indicates an appreciable coupling between
the catalyst substrate and the graphene layers.?** The sharper increased 2D band peak in the
dark region could be due to the formation of multi-layer graphene having typical Bernal

stacking 2** or a turbostratic multilayer.’!
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Figure 3.15: Raman spectra of Graphene films growth at 600 °C for 1 minute with H>=75 sccm.

3.7 Highly oriented pyrolytic graphite (HOPG)

HOPG is an artificially grown graphite with an almost perfect alignment perpendicular to the
carbon planes.”* For characterisation, HOPG (HOPG grade ZYH 434HP-AB from SPI
supplies) was used as a control sample to compare with the Raman spectra of CVD grown
graphene samples. Small flecks of graphene were prepared by mechanical exfoliation from the
HOPG bulk material and subsequently transferred to a SiO, substrate for Raman analysis
(located at the cross symbol in the optical images shown in Figure 3.16). The Raman spectra
2D band intensities were consistent with multi-layered graphene on SiO». The G/2D ratio of
HOPG Raman spectra is shown in the figure. Comparative analysis between the best samples
in Section 3.5 and the HOPG samples reveals that the quality of graphene films grown at low
temperature (~600 °C) is better than graphene peeled from the HOPG; in part, due to the

difficulty in obtaining single-layer graphene via exfoliation.
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Figure 3.16: Raman specters of HOPG flecks on SiO; with their optical images including G/2D

ratio of Raman specters.

3.8 The honeycomb structure of graphene

Graphene layers were transferred onto Cu grid substrates after being etched off of their Cu foil
growth substrate for imaging with TEM. Figure 3.17a shows a TEM image of patterned
graphene layers collected at an accelerating voltage of 200 kV using a Jeol 2100 TEM. From
this TEM image, there is a bright contrast for the carbon atoms in front of the focal plane and
dark contrast for the carbon atoms behind the focal plane. The topological defects in graphene
layers frequently come from the mechanical transfer method. It can be challenging to remove
the PMMA mechanical support film from graphene layers altogether. Consequently, these

defects and the residual PMMA are visible when imaging graphene at the atomic scale.?*® The
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(a)

nuclear resolution of TEM reveals the honeycomb structure of graphene.?*’ The electron
diffraction (ED) accompanying the TEM was used to probe the atomic arrangement of
graphene and is shown in Figure 3.17b. This image exhibits a six-fold symmetry as expected
from graphene.?*® The diffraction pattern relates directly to the Miller-Bravais (4 k i [) indices,

showing this graphene sheet to be a single layer.

(®)

Figure 3.17: (a) TEM image of graphene layers suspended on Cu grid and (b) the electron

diffraction pattern of the carbon atoms of graphene.

Inspection of the TEM images revealed an area between two distinct graphene flakes, as
illustrated in Figure 3.18. Measuring the interatomic distance in this region gave a range of
0.26 nm at the edge of the graphene layer (see Figure 3.18a). The graphene flakes were
somewhat disordered and wrinkled by the wet transfer method and did not show the classic
hexagonal diffraction pattern expected for graphene. The image shows superimposed
diffraction patterns due to multi-layering of the graphene sheets and variation from the
hexagonal, which is often observed with the presence of defects and amorphous carbon on the

graphene films (Figure 3.18b).

77



(b)

Figure 3.18: (a) TEM image of graphene multi-layers on the edge of film and, (b) the pattern

of electronic diffraction of graphene layers suspended on Cu grid.

3.9 Identifying single-layer graphene

The topography of graphene films is affected by the growth mechanism and transfer technique
used and can affect their viability for use in OPV and other electronic applications.
Furthermore, the thickness of the graphene film is a significant factor when considering its
application as a transparent electrode for OPV. The growth conditions in CVD, namely
deposition time, H> flow rate and Tgrowth directly affect this parameter. The surface morphology
and thickness of graphene films (~1 nm per layer of graphene) can be measured by AFM, as
shown in Figure 3.19. The presence of several circular features which are significantly higher
than the substrate is apparent. These features are ascribed to residual contamination of the
PMMA used to support the graphene film during the transfer process mechanically. PMMA
was removed in an acetone solution, but some residue of PMMA remains on the graphene film
and can influence the optical and electrical properties of graphene.?** However, it is clear from
the thickness measurement taken across the edge of the graphene flake (marked by the dotted

line) that single-layer graphene is also present.
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Figure 3.19: AFM image of CVD graphene grown at 600 °C with H> flow rate of 75 sccm.

Other measurements at graphene edges showed that the presence of single-layer graphene is
not uniform and that there is bilayer and higher layer graphene present, as illustrated in Figure
3.20. Contamination from the transfer method left on the surface of the graphene increases the
roughness of the film surface and potentially may cause defects in the graphene layers. The
measured thickness was more than 2 nm with a rough topography of the graphene film which
had been transferred onto a clean atomically flat Si substrate. Reducing the roughness of the

graphene film surface is one of the enormous challenges following the wet transfer method.
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Figure 3.20: AFM image spanning the edge of a graphene film transferred onto a Si substrate
by the wet transfer method.
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3.10 Conclusion

In this work, graphene was synthesised at low temperature over a Cu foil catalyst using
chemical vapour deposition (CVD). The flow rate of H> gas and the Tgown optimised to
improve the quality of graphene. The selected carbon source, PMMA -chlorobenzene, showed
a differing decomposition behaviour at 180 °C compared to bulk pristine PMMA or
chlorobenzene solvent. It was the slow release of chlorobenzene vapour from the PMMA-
chlorobenzene that formed the carbon source. Low Tgrowmn of 600 °C has proven to provide
sufficient thermal energy for breaking bonds in the aromatic carbon source and allowed for
deposition of carbon atoms onto the catalyst surface. Graphene domains possess a honeycomb
structure, often surrounded and covered by amorphous carbon, as evidenced by Raman
mapping. Increasing the size of these domains is a promising but necessary path to improving

the electrical properties of graphene films.
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4. Chapter four: Low temperature CVD graphene growth via
organic solvent retention in PMMA film

4.1 Overview

In this chapter, a range of organic solvents was utilised as the carbon sources for graphene films
grown on Cu foil via the CVD method, where these solvents had been incorporated within a
matrix polymer poly (methyl methacrylate) (PMMA). The carbon sources studied were p-
xylene, toluene, o-xylene, chlorobenzene, dichlorobenzene, dichloromethane, chloroform and
acetone. Besides, two more carbon sources were included in this study to probe the effect of
incorporating heteroatoms into the carbon source structure; pyridine and methanol. This study
is designed to investigate the mechanism of low temperature graphene growth on Cu and, once
this understanding is achieved, allow a full optimisation of growth carbon source and

conditions to produce high-quality graphene.

Using organic solvents for decreasing the decomposition temperature, it has been shown a
sufficient formation growth of graphene layers via the heterogeneous source of PMMA film as
matrix polymer containing aromatic and aliphatic carbon sources. In this chapter, we report the
growth of graphene from different carbon sources using a low temperature procedure, Tgrowth =
450 °C and Tsource = 180 °C. PMMA served as a matrix polymer to hold a variety of organic
solvents, the solvents forming the carbon source for CVD graphene synthesis. The carbon
sources studied were both aliphatic solvents (dichloromethane, chloroform, acetone) and
aromatic solvents (p-xylene, toluene, o-xylene, chlorobenzene, dichlorobenzene), to probe the
mechanism of graphene formation. This is a comparing analysis of carbon source based on the
quality of graphene films. It was a clear point of the influence of benzene ring structure in
carbon molecules for depositing a better quality of graphene layers on Cu foil. To confirm that
the solvent was indeed acting as the carbon source, FTIR was used to identify solvent
fingerprint peaks in the drop cast films, and the Tsouce Was held below the decomposition
temperature of the PMMA matrix. The quality of the deposited graphene, as gauged by the
Raman spectrum G/2D intensity ratio, four-point probe, UV-vis spectroscopy and TEM, does

differ with the carbon system source and these results are characterised and discussed below.
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4.2 Introduction

Utilising different carbon sources for graphene synthesis by CVD allows determination of
graphene quality as a function of the thermal energy of hydrocarbon decomposition required
for the particular carbon source used.?*> 2> Molecules with low C-H bond energy, including
sucrose (C12H22011), fluorene (Ci13Hio) and polystyrene have been used to prepare high-quality
graphene films.!3% 136137 Gadipelli and coworkers used benzene and methanol liquids as carbon
sources to develop good quality graphene via CVD onto Cu foil. 2°! These molecules are readily
available and economical carbon sources and provide the potential for an inexpensive and
straightforward method of graphene fabrication. Methanol was also observed to inhibit
amorphous carbon growth.>>! Monolayer graphene was also produced from a range of other
alcohols; ethanol, propanol and methanol in CVD as well as from methane gas. 2>? In this
report, the authors show that monolayer and bi-layer graphene flakes can be grown from
organic solvent molecules adsorbed onto a clean Cu surface at a reaction temperature of 850
°C. The quality of this graphene was measured to be equivalent to graphene grown using

methane (CH4) gas as a carbon source.

Ethanol is now one of the most common liquid carbon sources used in CVD due to an observed
faster graphene growth rate and full growth coverage of the whole catalyst surface by
monolayer graphene.?”® >>* A lower graphene growth reaction temperature of 300 °C, was
shown to be possible with benzene liquid as the carbon source.!*® Subsequent work has
identified that organic solutions can act as a carbon source in CVD when using a catalytic

surface at the low growth temperature.??

4.3 Using organic solvents as carbon sources

With the goal of developing carbon sources with low C-H bond energy, '*>* PMMA dissolved
in, and deposited from, a variety of organic solvents (p-xylene, toluene, o-xylene,
chlorobenzene, dichlorobenzene, dichloromethane, chloroform and acetone) was examined
and assessed as carbon providers for CVD growth. The CVD system available has three heating
zones with separately controllable temperatures. The first zone, zone 1, was used to host the
carbon source. Zone 3 was used as the carbon deposition and graphene growth section and

contained the catalytic substrate on which the graphene forms (Figure 2.4).
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The carbon source material (consisting of PMMA dissolved in the selected solvent) was drop-
cast onto a quartz slide which was inserted in zone 1. The cleaned Cu foil was placed in zone
3 in a quartz boat. Zone 2 is where the CVD gas mixture (Hz, Ar) flows into the chamber
before entering the heated deposition tube which is maintained at a pressure of ~ 0.5 Torr

during both the ramp-up to temperature phase and the graphene growth phase.

As areducing gas, H» gas can scavenge atomic and molecular oxygen from the growth region
as it is released from the oxide layer on the Cu foil, helping to reduce the amorphous carbon
surface content and thus improve the quality of grown graphene film.!*? Ar gas assists with the
bombardment of the oxide layer and the overall cleaning of the Cu surface during the ramp-up
to the growth temperature desired and provides an inert carrier for the carbon source. As the
end goal is monolayer graphene, the time required for growth was limited to ~1 min. More
extended periods deposit excess carbon on the surface and may result in multiple layers of
graphene. The cool-down time was ~2 hours, allowing for the reactor vessel to cool and for the
rearrangement of the surface carbon into graphene on the catalyst surface. The graphene on the
Cu foil was characterised via Raman spectroscopy before the wet transfer method® was

performed.

Samples of the PMMA dissolved in each different organic solvent were studied to determine
the presence and amount of entrenched solvent. PMMA deposited from p-xylene, toluene, o-
xylene, chlorobenzene, dichlorobenzene, dichloromethane, chloroform and acetone were
deposited onto a quartz slide and placed in a Fourier transform infrared (FTIR) spectrometer
(PerkinElmer Spectrum Two). The spectra of both the liquid solution (in cuvette) and drop-
cast films were recorded. The purpose of the FTIR study was to provide evidence for the
existence of residual solvent in the PMMA film to act as the carbon source, as evidenced by
both the presence of solvent peaks and also shifts in the PMMA peaks due to solvent-matrix

interactions.

4.4 Residual organic solvents within the PMMA film

The FTIR characterisation of films of PMMA deposited from organic solution is presented in
Figure 4.1 and Figure 4.2. The discussion of this analysis will be based on each type of organic
solvent individually. The FTIR analysis aimed to confirm the presence of residual solvent as

the carbon source for graphene growth via CVD at low temperatures. Using different organic
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solvents within PMMA as a carbon source in CVD at a low temperature then may provide a

further understanding of the mechanism of growth of graphene layers. The first organic solvent

studied was p-xylene, FTIR analysis of a drop-cast p-xylene-PMMA film shows there are no

solvent fingerprint peaks or shifting in PMMA peaks (Figure 4.1a). However, for the solvent

toluene, a fingerprint peak attributed to C=C was identified at 1605 cm™ (Figure 4.1b), but no

peak shifts were observed for PMMA. The procedure with o-xylene as solvent found that the

C=C (1605 cm™") fingerprint peak evident was in the FTIR analysis of the drop-cast film (Figure

4.1c). However, no shift in the PMMA peaks was observed for the o-xylene-PMMA drop-cast

film. FTIR analysis of PMMA dissolved via chlorobenzene showed clear fingerprint peaks for

chlorobenzene retained in the drop cast film. Two fingerprint peaks were identified; the first

peak attributed to C=C was located at 1584 cm', the second peak associated with C-Cl was
located at 469 cm! (Figure 4.1d).
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Figure 4.1: FTIR spectra of PMMA dissolved by (a) p-xylene, (b) toluene, (c) o-xylene and (d)

chlorobenzene. Insets depict magnified regions of interest. The spectrum of PMMA powder is

also provided in a-d for comparative purposes.
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Fingerprint peaks for C=C and C-Cl at 1574 and 484 cm™!, respectively (Figure 4.2a) were also
observed in the analysis with dichlorobenzene as the solvent. The dichloromethane drop-cast
film spectra in Figure 4.2b showed no solvent fingerprint peak or peak shift for PMMA. This
absence may be related to the low solvent boiling point temperature similar to the acetone

solvent,”>* discussed below.

For chloroform, the FTIR spectrum for the chloroform-PMMA drop-cast film in Figure 4.2¢
contains the fingerprint peak for C-Cl at 667 cm’!, but no PMMA peak shifts. Acetone,
(CH3)2CO is an organic solvent which has bands for C=0, C-C and C-H, overlapping with the
PMMA bands of C=0, C-O, C-C and C-H. The lack of an acetone fingerprint peak in Figure
4.2d may be due to the low ~ 56 °C boiling point of acetone and thus the higher likelihood of
solvent release from the film at room temperature. In PMMA, the C-H stretch peak is at 2951
cm’!, in liquid acetone the C-H stretch peak is located at 3006 cm™'. The dissolved solution of
PMMA in acetone, as a liquid, shifts the C-H stretch peak location to 2999 cm™ and a drop cast
film turns the C-H stretch band to 2915 cm™. The drop cast film has a small peak appearing at
2849 cm™! also associated with the C-H stretch. Table 4-1 shows the fingerprint and shift peaks

of FTIR analysis for the different organic solvent-PMMA matrix combinations.
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Figure 4.2: FTIR of PMMA dissolved via (a) dichlorobenzene, (b) dichloromethane, (c)

chloroform and (c) acetone. Insets depict magnified regions of interest. The spectrum of

PMMA powder is also provided in a-d for comparative purposes.

The results presented show that the residual solvent is retained in the PMMA matrix for all

solutions except dichloromethane and p-xylene. The dichloromethane result is, perhaps, not

surprising owing to the low boiling point of the solvent. However, it is unclear why no residual

p-xylene is observed using this technique. To further determine solvent presence thermal

analysis of the drop-cast films were conducted to detect mass loss at temperatures associated

with each solvent, Section 4.6.
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Table 4-1: FTIR analysis is shown of fingerprint and shift peaks for organic solvents-PMMA.

Solvent-PMMA Fingerprint Peak location . Peak location
. 1 Peak shift 1
matrix peak (cm™) (cm™)

Original = Shifted

p-xylene N/A N/A N/A N/A N/A
Toluene Cc=C 1605 N/A N/A N/A
o-xylene C=C 1605 N/A N/A N/A
Chlorobenzene  C=C and C-Cl 1584 & 687 N/A N/A N/A
Dichlorobenzene | C=C and C-CI 1574 & 659 N/A N/A N/A
Dichloromethane N/A N/A N/A N/A N/A
Chloroform C-Cl 667 N/A N/A N/A
Acetone N/A N/A C-H stretch 2999 2915

4.5 Quantification of residual organic solvents within the PMMA film

Further to the investigation above, a study of PMMA concentration in a chlorobenzene solution
(100 mg/ml to 500 mg/ml) was undertaken to be able to quantify solvent retention via FTIR.
The residual organic solvent is predicted to interact with the PMMA matrix through weak
bonding interactions such as H-bonding, Van der Waal’s or m-interactions.?>> It would be a
significant point to establish the molecular bonding of the solvent component inside the
polymer matrix as part of a quantification study.>>® To gain more information on the solvent
retention, the intensity of critical peaks in their dichlorobenzene and PMMA FTIR spectra were

determined as a function of the concentration of PMMA in the solvent.

Figure 4.3 shows the C=0O and C=C FTIR peak transmittance for the different solution
concentrations of PMMA in dichlorobenzene (DCB) solvent. The C=0O peak is attributed to
PMMA polymer while the C=C spike is attributed to the DCB solvent.?*’>>® There is an
apparent decrease in transmittance of IR light at ~1730 cm™!, assigned to the C=0 peak, with
increasing PMMA concentration. The C=C bond located at ~1574 cm™ also shows a

corresponding increase in transmittance with increasing PMMA concentration; with this
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feature associated with the presence of the DCB solvent. This data can be used for calibration

purposes for identifying the amount of the carbon source inside the polymer matrix.
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Figure 4.3: C=0 and C=C FTIR spectra (transmittance) for different concentrations of PMMA
dissolved in DCB solvent.

Figure 4.4 replots the data in Figure 4.3 to compare the intensity and area of the FTIR C=0
PMMA and C=C DCB peaks of interest. The percentage ratio allows a measure of the retention
of DCB inside a drop-cast PMMA film. The percentage of solvent per solution mass shows a
negative slope with increasing PMMA concentration, as expected and is plotted to provide a
reference point. For the C=C/C=O0 ratio of the intensity of FTIR transmission peaks, we observe
a positive slope with increasing PMMA concentration (Figure 4.4a). For the C=C/C=O0 ratio of
FTIR peak area, a negative slope is found, representing the reduction in the solvent with the
increase in PMMA solution concentration (Figure 4.4b). Based on the observed trends, this
method can be a useful path for determining the amount of the carbon source trapped inside

the polymer matrix.
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Figure 4.4: (a) The intensity transmission, and (b) the area ratio of C=C/C=0 peak FTIR with
a percentage of solvent per mass solution as a function of PMMA concentration for the DCB:

PMMA matrix combination.

4.6 The thermal analysis of organic solvents retained in PMMA matrices

The thermal profile of drop-cast PMMA films prepared from the selected range of organic
solvents was studied by thermogravimetric analysis (TGA). The TGA curves of PMMA
dissolved in the different organic solvents (at a concentration of 100 mg/ml) that is drop-cast
films are presented in Figure 4.5, and this data was used to determine the source temperature
(Tsource) for graphene growth using each organic solvent. The TGA data provides conclusive
evidence for solvent retention in the drop-cast PMMA films and implies that if the source
temperature is kept between the temperatures for solvent release and PMMA decomposition of
the films then these solvent molecules must be the carbon source responsible for the low-
temperature formation of graphene layers. The TGA data also indicates a possible shift in
evaporation temperature for these molecules inside the PMMA film compared to the boiling
{259

point™” of each pure organic solvent as listed in Table 4-2.

The thermal decomposition of PMMA occurs at ~ 350 °C .2°* However, the PMMA side-chain
bonds may degrade at a lower temperature via the chain transfer process that determined the

initiate thermal degradation of polymer based on observed results,?®! being one of the two main
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decomposition processes occurring above 220 °C. The second process, C-C scission in the
polymer backbone, occurs around 300 °C.??% 262 Because of the strong interactions between the

PMMA macromolecules and Cl atoms in some organic solvents,?3

evaporation temperatures
are often shifted higher, as observed for chloroform and dichloromethane in Table 4-2.
Furthermore, this interaction was shown in FTIR data, as illustrated in Figure 4.1 and Figure

4.2.

Table 4-2: Thermal analysis shows of organic solvents inside the PMMA matrix.

Solvent-PMMA matrix Boiling point (°C) Evaporation temperature

measured with TGA (°C)

p-xylene 138 135
Toluene 111 111

o-xylene 144 142

Chlorobenzene 132 128

Dichlorobenzene 181 174
Dichloromethane 40 65

Chloroform 61 117
Acetone 56 60

The TGA data provides clear evidence of residual solvents inside the PMMA matrix, which
can be contrasted to TGA data of pure PMMA in chapter 3, as shown in Figure 3.1. Patra et al.
reported that the polymer backbone and conformational structure have a substantial effect on
the molecular motion of solvents trapped within the film due to bond formation, including H-
bonding, between solvent and polymer. 2% For example, chlorobenzene exists in PMMA in a
distinct state with different rotational freedom dynamics.?** The chlorobenzene molecules can
exist as clusters or pools in the PMMA matrix, with a distinct boiling point different from a
pure organic solvent.??>2%° The thermomechanical properties of the solvent molecules are thus

strongly influenced by the polymer matrix.
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Figure 4.5: TGA profiles of different organic solvents inside the PMMA matrix.

4.7 Graphene quality dependence on carbon source

Having established that the organic solvents are retained in the PMMA matrix and can be
selected as the carbon source by accurate selection of the source temperature, low temperature
graphene films were grown at low temperature (Tgrowth = 450 °C and Tsource = 180 °C) on Cu
catalysts and analysed using Raman spectroscopy. Raman spectroscopy is a quick and precise
technique for identifying the quality and number of graphene layers and has been used as a
qualitative measure of graphene films grown from these carbon sources. It allows
determination of the graphene signature peaks at G (~1580 cm™) and 2D (~2700 cm™). An
excitation wavelength of 514 nm was used for Raman measurements on a Renishaw inVia

Raman spectrometer.

It has been previously demonstrated that the number of graphene layers can be quantified based
on the ratio of the critical peak intensities, Ic/Ip, and the shape of the 2D band.?*® Also, the
enhancement of the D band (~1350 cm™) indicates defects created through the growth and

transfer process. Figure 4.6 shows the Raman spectra of graphene grown from the various

91



carbon sources, where, for the most part, an influential G band at 1580 cm™ is observed,
indicating that the graphene film consists of multiple carbon layers. Using the full width at
half-maximum (FWHM) of the 2D band, and the peak height ratio, the graphene film quality

from different carbon sources may be quantified, as shown in Table 4-3.
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Figure 4.6: Raman spectra of graphene films on Cu foil grown at Tgrowtn of 450 °C with an H»

flow rate of 50 sccm using different carbon sources.

Table 4-3: Characteristic values from Raman analysis, G and 2D position, the intensity ratio

between them, and the 2Drwrm are shown. 3323

Carbon source = {)c(:lslljl)on 2b ([c)gls_llt)wn Ic/I:p | n GL~ 2(11::{{)“4
p-xylene-PMMA 1581.35 2716.54 2.53 28 83.57
Toluene-PMMA 1584.34 2697.08 1.48 14 56.8
o-xylene-PMMA 1585.84 2676.27 0.99 8 65.55

Chlorobenzene-PMMA 1585.84 2691.88 0.19 2 50.98
Dichlorobenzene-PMMA 1584.34 2708.76 1.62 16 81.74
Dichloromethane-PMMA 1587.33 2700.98 1.66 18 70.86

Chloroform-PMMA 1581.35 2697.08 1.04 10 72.24
Acetone-PMMA 1588.83 2700.98 4.98 48 76.11
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The 50.98 cm™ graphene 2D peak FWHM at 2691.88 cm™! grown from the chlorobenzene-
PMMA source with an Ic/Iop intensity ratio of ~ 0.19 with n GL~ 2 layers (Table 4-3), is the
best quality graphene measured from the sources due to a bilayer of graphene. The spectra
identify the presence of a “bilayer” graphene deposition from chlorobenzene-PMMA source at
the low growth temperature.?** Compared with the chlorobenzene-PMMA source, the next best
graphene film (prepared via the o-xylene-PMMA source) was of lower quality; corresponding
to a higher number of graphene layers instead of monolayer/bilayer growth. The FWHM of the
2D peak is ~65.55 cm™! with an Is/Iop intensity ratio of ~ 0.99 for the o-xylene-PMMA source.
By comparison, there are a few layers of graphene deposited on Cu foil from the chloroform-
PMMA source. The intensity of the Ic/Lop ratio is ~ 1.04 in this growth condition. Chloroform
is, therefore, another possible carbon source for the growth of more than single graphene layers.
Other carbon sources that gave an Ig/Iop ratio of more than one are typically considered to be
multilayers of graphene.?®* Further investigation of the morphology of the flakes of graphene
created from these differing low-temperature carbon CVD sources is continued using TEM in

Section 4.9.

The quality of the graphene layers is clearly shown by the ratio intensity of Ic/Iop in these
spectra (see Figure 4.7 and Table 4-3). The ratio changes massively depending on the carbon
source. Therefore, these results clearly show that, under the experimental conditions used, the
carbon source for graphene growth is a major influencing factor in this work. The number of
graphene layers varies from bilayers to multi-layers of atomic carbon based on the source
condition. Chlorobenzene produces a bilayers to a few layers of graphene. However, by
contrast, multilayered graphene is formed using an acetone source. This analysis demonstrates

that chlorobenzene is the best source for low-temperature growth graphene in this work.
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Figure 4.7: Variation of the Raman Is/I2p peak ratio as a function of the carbon source material.
The error bars of each ratio from p-xylene to acetone are 0.33,0.12, 0.09, 0.14, 0.08, 0.11, 0.09
and 0.8, respectively. The number of graphene layers (n GL) referred by black points in the

figure.

4.8 The growth mechanism of graphene via aromatic and aliphatic sources

There are two parameters which have been shown to affect the quality of graphene in this work.
Firstly, each carbon source has different bond energies within the molecules which require
different amounts of activation energy to decompose to give suitable carbon moieties in the
growth region.”> Secondly, the interaction between the liquid source and polymer matrix
controls the release of molecules of solvent as the carbon source for CVD growth. Investigation
of low temperature graphene growth and the quality of the resulting graphene is a promising
path for understanding the mechanism of growth with different sources and may allow
optimisation of low temperature graphene. An example in point is the quality of graphene
growth based on chlorobenzene-PMMA and dichlorobenzene-PMMA as carbon sources.
Lower quality of graphene films is observed for dichlorobenzene-PMMA. This observation
must be related to the characteristics of the organic solvent. In particular, the boiling point of
dichlorobenzene is higher than chlorobenzene.?%” This difference is demonstrated in Figure 4.5,
where the release of the dichlorobenzene occurs at a higher temperature, thus requiring more
energy. Furthermore, chlorobenzene generates an aromatic benzene fragment on the catalyst in

a more straightforward manner than dichlorobenzene, which must pass through a
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chlorobenzene moiety or undergo a direct production of benzene fragments.?*® Moreover, the
dehydrogenation of the adsorbed carbon source molecules at the catalyst surface is dependent

on the potential energy barrier specific to the carbon source.*

Figure 4.8 shows a schematic of the mechanical process of graphene flakes grown from
chlorobenzene-PMMA as the carbon source. Firstly, the growth phase starts with heating the
carbon source to move the chlorobenzene molecules to the growth zone and the Cu catalyst.
Secondly, based on the bonding dissociation energy of molecules, the first bond broken is C-
H due to having the lowest activation energy of 337.2 kJ/mol. ®® Then at the third phase, the
C-Cl bond is broken with a bond energy of 397 kJ/mol. However, the C-C bond with an energy
of 607 kJ/mol for benzene rings is retained and thus performed C¢ benzene fragments
contribute to the growth of the graphene domains.?®® Model simulations of liquid
chlorobenzene as a carbon source shows significant interaction of the six-member aromatic
rings at ~25 °C. This interaction leads to an agglomeration of molecules of chlorobenzene
acting as an early step in graphene formation.?’® The next stage involves the reaction of the Cu
catalyst to produce cuprous chloride (CuCl) on the surface.?’! Consequently, at this stage, as
shown in Figure 4.8, the chlorobenzene source more readily provides a ‘naked’ benzene
fragment compared with a dichlorobenzene source that must lose two Cl atoms. This
requirement could result in smaller graphene domains using dichlorobenzene source. As a
result of the weakening of the C-H bonds that occurs upon interaction with the catalyst surface,
benzene ring degradation is governed by a low potential energy barrier of only 145.69 kJ/mol;
facilitating graphene growth at low temperature.'® Then the metal copper atoms on the surface
interact with the m-system of the benzene rings,”’> weakening the C-H and C-Cl bonds,

facilitating the breaking of these bonds and releasing free H and CI atoms on the surface.

Consequently, we might expect graphene growth to be more facile for non-halogenated
benzene rings and for growth to become less facile as additional Cl atoms are introduced. Thus,
chlorobenzene behaves better than dichlorobenzene as a carbon source. Furthermore, since
preformed Cs moieties are formed on the catalyst surface, aromatic carbon sources might be
expected to perform better than aliphatic sources where moiety growth is required (see Figure
4.9). In the case of acetone, which contains C=0 bond with a very high bond strength of 749
kJ/mol,?® the oxygen is likely retained in the graphene structure, causing defects. Indeed, these
oxygen atoms do cause more amorphous carbon'*® in graphene layers as is clear from the

relatively large G peak in the Raman spectrum (Figure 4.6).
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Figure 4.8 Molecular structure of chlorobenzene with schematic representation the mechanism
of graphene growth: (1) moving of the chlorobenzene molecules, (2) bonding dissociation
energy of molecules; bond broken of C-H, (3) bond broken of C-CI and produce cuprous
chloride (CuCl), (4) the surface interact of Cu with the n-system of the benzene rings for the

growth of the graphene domains.

C-C bonds typically have a bond strength weaker than C-H bonds in aromatic structures. 2’3
However, we would expect aliphatic substituted aromatic rings such as, toluene and xylenes to
produce poorer quality graphene than the chlorinated aromatics since, whether the C-C bond
is broken to form a C¢ moiety (and free C atoms) or remains attached, it seems reasonable to
speculate that the aliphatic carbons will provide a source of defects in the hexagonal structure.
Indeed, the results in Table 4-3 and Figure 4.7 support this hypothesis. According to the Raman
spectra (Figure 4.6), organic solvents, which have high boiling point temperatures, close to
source temperature and which have a benzene ring in their chemical structure (aromatic
sources), give a better quality of graphene at low-temperature growth.>>3? The preforming of
Ces moieties, the weakness of the C-Cl bonds associated with aromatic chlorocarbon sources

explain the relative quality of graphene films grown at low temperatures.
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450°C

Figure 4.9: Schematic diagram shows the mechanism growth of graphene using
dichloromethane-PMMA as carbon source. The mechanism: (1) moving of the carbon source
molecules, (2) C-H bond broken, (3) C-Cl bond broken and produce free atoms, (4) C atoms
calibrate for ring structure to contribute in graphene growth, (5) C fragment is bonding for

graphene domains.

4.9 Transmission electron microscopy of the graphene flakes

To provide information about the graphene quality down at the atomic level, TEM imaging of
graphene films grown at low temperature was recorded at and electron beam energy of 200 kV.

This energy was required to minimise radiation damage to the sample,?’*

especially crucial for
specimens consisting of light elements such as carbon.?’>?’® In this work, TEM was performed
on a Jeol 2100 instrument with an operating voltage of 200 kV and varying magnification from
10,000 times to 100,000 times. Graphene layers were transferred onto a 100-mesh square
copper grid (GCul00, ProSciTech). Figure 4.10 shows the TEM images of graphene flakes for
three carbon sources: acetone, chlorobenzene and chloroform. The high-resolution TEM could
image the typical honeycomb lattice of small domains of graphene in these samples. The
graphene layers in Figure 4.10a provide clear evidence of a graphene hexagonal structure in
the domain measured, as well as the presence of amorphous carbon. As is evident, the graphene
films grown under these conditions are not one continuous layer of carbon atoms, but they
consist of small domains of graphene connecting through zones of amorphous carbon. It
appears that factors such as the mechanical transfer method have caused numerous defects and
contamination on the surface of the graphene layers (Figure 4.10b). The flatness of the sample

surface is an important parameter to achieve for obtaining a clear electron diffraction pattern,

as illustrated in Figure 4.10c, keeping in mind that ideally, this is monolayer diffraction. In the
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electron diffraction pattern in Figure 4.10d, there is clear evidence for the hexagonal atomic
arrangement of the carbon atoms. The darkness of this crystallographic image conveys that it
is a region of high electron density due to the amplitude of transmitted electrons scattered from
the field potential of the crystal (see Figure 4.10d) and, as such, this image infers that a multi-

layer graphene sample was grown.

Figure 4.10: TEM images of graphene films suspended on copper grid grown from (a) acetone-
PMMA, (b) chlorobenzene-PMMA (c) chloroform-PMMA and (d) electron diffraction pattern

collected from the centre of (c) with Miller-Bravais indices. A 2 nm scale bar is shown.
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Multi-layer graphene from the other carbon sources was transferred for TEM analysis. As is
evident in Figure 4.11a, the graphene layer is not sufficiently flat to give a clear image depicting
the structure. However, it does convey the overall structure of graphene, with flakes of
randomly orientated graphene, with amorphous carbon surrounding these hexagonal structures.
The armchair and zigzag edges are known to both provide an electron energy bandgap that
scales as the inverse of the ribbon width.?’” The graphene nanoribbons with zigzag-shaped
edges could have a narrow band-edge state of the Fermi energy (Er).>’® The nature of the
graphene edges plays a key role in determining the electronic structure of films and, as such,
affects the magnetic, electric and chemical activity at the graphene edges. For example,
scattering of the electron wave results in interference at armchair edges whereas a nonbonding
edge state that is localized at the zigzag-shaped edges is created.?’”” The existence of defects in
graphene layers (as shown in the centre of the inset in Figure 4.11b) disrupts electron transfer
and will lead to induced charge localisation and insulating states. Also, a bright honeycomb
structure is observed in this TEM image, which is the electronic diffraction of carbon atoms.
Figure 4.11¢c shows a complete graphene domain at the edge of the layers revealing a clear
armchair structure with some defects inside the atomic structure. The aromatic armchair edges
are considered to be more energetically stabilised comparing with zigzag edges.?” The edge
structure is predicted to play a critical role in the physical performance of graphene layers.’
Indeed, different edge states in graphene nanoribbons and graphene quantum dots can be

selected to influence the overall electronic properties.

Change et al. demonstrated that it is possible to control the edge state (from zigzag to armchair
structure) by altering the reaction growth processes to ensure the growth rate for the armchair
state is faster than the zigzag edge.?®° Moreover, defects can be topological, vacancy and
impurity defects. Topological defects involve a rotation in bonding angles between the carbon
atoms, but the atom is not removed from the lattice (Figure 4.11d). The TEM image indicates
that there are some morphology defects coming from the wet transfer method; moving the
carbon atoms from their atomic position in the hexagonal orientation. This process could create
a structural defect in the atomic layer of graphene. Furthermore, one or more fragments were
removed from the atomic lattice as vacancy defects. An impurity defect is identified as one

carbon atom in lattice structure being replaced via another atom of a different element.
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Figure 4.11: TEM images of graphene films suspended on copper grid grown via (a)
dichlorobenzene-PMMA, (b) dichloromethane-PMMA (c) o-xylene-PMMA and (d) p-xylene-

PMMA as carbon sources. A 2 nm scale bar is shown.

Multilayer flakes overlapping each other is illustrated in Figure 4.12a. This image also shows
apparent hexagonal structure showing that these are individual randomly aligned graphene
flakes. The multi-layers of graphene are evident as shown by the electron diffraction pattern in
Figure 4.12b where many active diffraction spots with a six-fold symmetry of the carbon

hexagonal plane are visible,?®!

resembling a polycrystalline diffraction pattern. Overall, these
TEM images show that for all carbon sources, small randomly orientated graphene flakes are
formed, with amorphous carbon surrounding these domains. In most cases, these flakes are

multilayer and are only a few tens of nanometers in size.

100



Figure 4.12: (a) TEM image of graphene layers fabricated using Toluene-PMMA as carbon

source and (b) electron diffraction pattern of multi-layered graphene. A 2 nm scale bar is shown.

4.10 The uniformity of graphene domains

Raman spectroscopy was utilised to investigate the homogeneity of the graphene layers on the
catalyst, combined with imaging to provide more detail on the graphene surface at macroscale
resolution, as shown in Figure 4.13a and b. Twelve replicate measurements (red crosses) were
recorded across one graphene sample that was grown on Cu foil via PMMA -dichlorobenzene
as a carbon source at Tgrowth 0f 450°C and H» flow 50 scem. The optical micrographs show that
multiple graphene domains have grown in different shapes and without constant size on the Cu
foil (Figure 4.13b). The Raman analysis indicates that the graphene layers are non-uniform
based on the intensity of the 2D peak. The graphene domains size varied on regions of Cu foil
after growth condition. There were also some initial signs of a high level of amorphous carbon
on the graphene layer which is determined by G band. Furthermore, the Raman spectra identify
that the graphene layers are non-continuous and do not exist in some regions. In these regions,
only the G peak was present, indicative of amorphous carbon on the Cu surface, rather than
graphene layers. There remained some defects on graphene layers (D peak) even after the

process of cleaning.
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Figure 4.13: (a) Raman spectra shows of graphene film sample grown on Cu foil at 450 °C by
PMMA-dichlorobenzene (baseline shifted to 2000 a.u of first line (1) and up to 260000 a.u of
last line (12)) and, (b) optical micrographs taken at 20um scale bar magnification of graphene

layers on Cu foil for each measurement.

The growth temperature could be playing a significant role in the formation of these graphene
domains and, in particular, affecting the growth rate of the graphene.”®® Higher growth
temperatures could be reducing the nucleation density of carbon atoms and increasing the
growth rate. Figure 4.14 indicates the phase of carbon atoms at different growth temperatures
(Tgrowt =450 °C and 600 °C). The graphene layers were deposited on Cu foil at low temperature
using PMMA -chlorobenzene as carbon source. Then the graphene layers were suspended on

Cu grids for TEM analysis. Clearly, for Tgown =450 °C, graphene domains could not reach the
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coalescence phase for creating a lattice of large graphene domains (Figure 4.14a). In Figure
4.14b, the carbon atoms have received sufficient activation energy to achieve a clear
honeycomb structure of graphene domains at Tgowih = 600 °C. Increasing the available energy
in this way could reduce the defects and amorphous carbon on graphene films and result in the

growth of more continuous domains.

Figure 4.14: (a) TEM image of graphene layers grown at Tgowth 450 °C transferred onto Cu
grid and, (b) graphene layers suspended on Cu grid were grown at Tgrown 600 °C.

4.11 The effect of carbon source on sheet resistance and transparency of
graphene films

A four-point probe is widely used to determine the resistivity of any semiconductor film. The
measurement of resistance between probe tips on the film is based on the constant current
between two probes while analysis of the potential difference on the surface is recorded
between another two probes. A two-point electrical measurement is usually sufficient in
general-purpose resistance and current-voltage measurements, however, the more accurate tool
for resistance analysis is a four-point probe. The sheet resistance of graphene films from each
growth condition was measured via the four-point investigation with the results plotted in
Figure 4.15a. The conductivity of graphene is still low due to the small domain size of graphene
and non-continuous layers (as shown in Figure 4.15b, where many sub-10 nm graphene flakes

can be seen).
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The transmittance of graphene films on the glass substrate was measured for each growth
condition (see Figure 4.16). The optical transmittance for the best film was ~ 70 % at 500 nm
wavelength, while the best sheet resistance of the film grown from toluene-PMMA'?* was ~
493 /. As aresult of the transfer method, graphene films have multiple defects and possible
contamination even after a comprehensive cleaning process. Moreover, the transparency of
graphene films reduced due to the number of layers of graphene, and possibly residual PMMA

on the transfer support (a 70 % transmission suggests an average of 10 layers of graphene).

In conclusion, these factors led to an increase in sheet resistance and a reduction in the
transmittance of graphene films. However, being able to control graphene film quality by using
different carbon sources is a unique path for the development of graphene fabrication. Raman
mapping of the ratio of I/I2p of graphene layers grown from a chlorobenzene-PMMA source
is shown in Figure 4.15b. It maps the quality of the graphene layer, indicating that the coating
is not continuous and that amorphous carbon is present. These two factors combine to be the

main effect on the electrical and optical properties of graphene films.
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Figure 4.15: (a) Sheet resistance of graphene films from each type of carbon sources (error bar
from p-xylene to acetone are 130.4, 128.2, 59.9, 87.5, 126.7, 112.7, 191.8 and 314.9,
respectively) and (b) Raman map (100100 um) of the intensity ratio between G to 2D for a

graphene film produced from chlorobenzene-PMMA source.
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Graphene films from different organic solvents as carbon source show similar optical
properties according to the range of transmittance values, 50 to 80 % (Figure 4.16). All of the
solvents used act as adequate carbon sources in the PMMA matrix and the matrix source is not
a limiting condition to the amount of carbon atoms involved in the graphene growth. The
conductivity of low-temperature CVD graphene was compared to that of graphene grown at a
high-temperature growth (350 Q/o at a transmittance of about 90 %).3%°! The best graphene
film, based on sheet resistance data, was grown from the toluene-PMMA source, but the best
combinations for the low-temperature graphene were films with 500 Q/o at a transmittance of
about 70 %. These numbers are not too far removed from those obtained for high-temperature
growth.”%283 Furthermore, the honeycomb structure of graphene was identified in all graphene
growth conditions. However, there were some defects and non-uniform layers introduced to
the films due to the mechanical transfer method. Based on this analysis, organic solvent
sources which have high boiling point close to source temperature and aromatic base structures

could be optimised to give a better quality of graphene at low-temperature growth,!3% 138

T(%) at 500nm

Solvent-PMMA

Figure 4.16: Transmission of visible light of wavelength 500 nm of graphene films from each
type of carbon source (error bars from p-xylene to acetone represent 12.2, 13.2, 12, 7.7, 7.1,

14.4, 16.2 and 8.7, respectively).
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4.12 The effect of carbon sources containing heteroatoms upon CVD-
graphene

In this section, we compare the graphene growth of carbon sources which incorporate
heteroatoms to determine if doping or defects arising from the source structure affecting the
graphene properties. Carbon sources comprising pyridine and methanol solvent — PMMA
matrices were investigated in this chapter for graphene synthesis. The PMMA matrix is
regarded as a promising source for optimising the quality of the graphene film because it
enables the different organic solvents as carbon sources in CVD to be investigated when

operating at a Tsource below the decomposition temperature of PMMA.

4.12.1 The analysis of graphene films based on heterocarbon sources

In this synthesis, we used the same graphene growth procedure as previously, but with N- and
O- containing organic solvents. An additional two organic solvents were chosen as carbon
sources. The first carbon source was pyridine-PMMA that has structure related to benzene with
one C-H replaced by a nitrogen atom.?®* Pyridine with chemical formula CsHsN has a six-
membered aromatic heterocycle similar to the benzene structure (see Figure 4.17). In theory,
this structure could be considered a carbon source with less bond energy required to break C-
H bonds and thus more suitable for reduced growth temperature.'*” As such, this is a promising
structure to grow graphene at low temperature in the CVD method.?’”! However, a nitrogen
atom in the benzene ring that has a high electronegativity affects the resonance situation limits
and hence the formation of the graphene hexagonal substructure. It will potentially cause
defects in the carbon structure.?®® Pyridine has been used as a liquid source for the growth of

graphene film with N-doped at a high temperature in CVD. 2%

Figure 4.17 proposes a mechanism of ‘graphene’ growth using pyridine as an atom source. The
N atom forms two 6-bonds with C atoms and donates one electron to the aromatic n-system.’
The dissociation energy of the C-N bond is high at 770 kJ/mol.?®® Consequently, the aromatic
CsN ring will be retained during ‘graphene’ growth and the N atom will replace a C atom within
the graphene structure. The N atoms replacement generates vacancy defects and causes large
holes in the hexagonal structure with more missing C atoms 2*® (see Figure 4.17). Other
nitrogen containing carbon sources have been used to grow graphene; such as
dimethylformamide by Gao et al. *” and melamine by Wang et al.,”® but neither of these

sources contained a preformed aromatic ring structure. Hence the mechanism of graphene
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growth will be quite different to that from pyridine, the carbon source have used here. Thus the

quality of graphene is likely to differ.

Q »
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Figure 4.17: Mechanism growth of graphene domains using pyridine solvent as carbon source

at Tgrowth Of 450 OC.

The other carbon source used in this analysis was methanol-PMMA. Methanol consists of a
methyl group linked to a hydroxyl group, with a formula of CH3OH.*° In a simple and effective
syntheses, a liquid methanol was used as carbon source to grow graphene by immersing the
catalyst in the liquid source and then heating up ~ 850 °C. ?2° The procedures used in this study
were heating the PMMA matrix trapped source up to 180°C (Tsource) and a 450 °C heating of
the catalyst (Tgrowtn). Raman spectroscopy (Renishaw inVia) with a 514 nm pump laser was
used to identify graphene film on Cu foil after the growth process for both heteroatom carbon

sources. Figure 4.18 shows the quality of graphene utilising both procedures at Tgrowth.
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Figure 4.18: Raman spectra of CVD graphene grown on Cu foils by (a) pyridine-PMMA, and
(b) methanol-PMMA as carbon sources.

The Raman analysis gives some evidence of graphene domain formation using pyridine-
PMMA as carbon source. A 2D band was bright for the growth of graphene under these
conditions. This observation demonstrates that graphene growth occurs at low Tgown When
utilising pyridine within a polymer matrix as the source, even if a low quality of graphene film
results. There are defects in the film as shown from the D feature located around 1350 cm™. In
addition, as a result of amorphous carbon deposited on the catalyst, the G peak located ~ 1580
cm’! is the highest compared with other bands. This analysis shows that graphene film has more
amorphous carbon than all the previous aromatic carbon sources, with non-continuous

graphene layers.

In the case of methanol as a source, the Raman spectrum shows a high amount of amorphous
carbon with no graphene on the Cu foil using methanol-PMMA as carbon source. The C-O
bond strength is higher than that of a C-C bond 2% and even if the C-O bond is broken, the
stoichiometric amount of O on the catalyst surface (one O for each C) will preferentially cause

the formation of amorphous carbon.

For more characterisation, UV-vis analysis and four point-probe measurements on the
graphene films after the wet transfer method are shown in Figure 4.19. The data shows a
slightly better quality of graphene grown via the pyridine-PMMA source with a sheet resistance
of 989 (¥t and transmission of 64 % at 500 nm wavelength. However, a sheet resistance of
1.42 k¥ with the transmission of 71 % at 500 nm wavelength is obtained for the methanol-

PMMA, showing that little, if any graphene is formed in this case.
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Thus, it would appear that the incorporation of N or O into a carbon source results in imperfect
quality graphene with a high proportion of defects (if the heteroatom is retained in the structure)

or preferential formation of amorphous carbon.
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Figure 4.19: Transmission and sheet resistance of graphene films grown via pyridine-PMMA

(989 (00) (dashed line) and methanol-PMMA (1.42 k€¥f0) (dotted line).

4.12.2 Chemical bond analysis of graphene films

XPS characterisation was carried out for identification of the chemical bonding in the
graphene/Cu foils that were grown using both pyridine and methanol as carbon sources.
Samples of graphene grown from pyridine-PMMA and methanol-PMMA sources were
immediately moved into the XPS system following synthesis. The C-1s XPS spectrum of
graphene films produced by pyridine-PMMA is shown in Figure 4.20, while that grown from
methanol-PMMA is shown in Figure 4.21.

XPS peaks relate to the chemical environment of atoms on the material surface. As such, a
significant summit due to sp> C-C bonding would be expected for graphene. The spectra were
fitted with known elemental core level peaks and a background. A core level peak is related to
a specific chemical or electronic binding of the element.?! The sub-spectra of sp? C-C, n-m*,
sp’ C-C, C-O, C=0, O-C=0 and C-F are assigned at energies of 284.53, 291.03, 284.83,
286.33,287.83,289.33 and 293.61 eV, respectively. It was expected that XPS scanning would
identify the existing of C-C, C-N and C-O bonds in the graphene films. Previous work has
shown that incorporation of small amounts of N into the graphene structure can lead to doping
and increasing of the conductivity.?*> However in our work, where N is incorporated at a 1:5

ratio with C and at low temperatures high conductivity materials are not observed.
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In both cases, the most intense peak in the XPS spectrum is due to sp> C-C bonding (86 % and
74 % for the pyridine and methanol respectively) with a broader peak assigned to sp> C-C also
present (4 % and 16 %). The sp® peak is mainly contributed to by amorphous carbon.?** These
peaks suggest that there is considerable graphene-like material in these films and that, as
expected, there is more amorphous carbon in the film grown from methanol-PMMA.
Interestingly no peak due to C-N bonds are observed in the pyridine case, and only a small
peak corresponding to C-O bonding (2.7 %) is seen in the methanol case (for comparison the
corresponding peak in the pyridine spectrum is 1 % of the area). It is possible that these
elements are removed as ammonia and water, respectively, by the reducing carrier gas (H») or

that it is buried under a layer of graphene and amorphous carbon.
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Figure 4.20: XPS spectra of graphene film on Cu foil at Tgown of 450 °C for 1 min using

pyridine-PMMA as carbon source.

These results confirm that the inclusion of N or O in the carbon source leads to poor graphene
quality (or no graphene growth at all) and that the pyridine-PMMA source results in better
graphene quality with less amorphous carbon than that observed in graphene films based on
methanol. This result is further evidence that a pyridine-PMMA source could be used in low-
temperature graphene growth but with small graphene domains resulting. After this analysis, it
is clear that a lot of the surface material in both cases is amorphous carbon, with no N signal
observed. As a result, it is impossible to determine if N or O are retained during the “graphene”

growth.

110



x 10

CPs
[ ]
Piee g

o=
tn

o
(=)
IR T T W [N T T W 1

tn

Name
SP2C-C

Pos.
284.51
291.01
284.81
286.31
287.81
289.31
203.77

Area
183648.21
12781.92
39084.64
6703.47
348522
1625.98
594.43

%Area
74.07
5.16
15.76
270
141
0.66
0.24

Pi-P1

0-C=0 _C2!

SP:

|
288
Binding Energy (eV)

Figure 4.21 XPS spectra of graphene film on Cu foil grown using methanol-PMMA as carbon

source at Tgrowth.
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4.13 Conclusion

Using PMMA films as the matrix for residual organic solvents is a successful procedure for
the growth of graphene films. PMMA entrapped organic solvents were used as carbon sources
in the CVD system. The overall graphene quality is more reduced than that achieved at higher
temperatures. There is significant evidence to conclude that aromatic solvent sources grow
better quality graphene when compared to aliphatic sources and that this result is associated
with the relative decomposition mechanisms for aromatic and aliphatic materials. Based on
Raman spectral data, we identify chlorobenzene-PMMA as the best carbon source in this work
at low temperature growth. The graphene films were single or bilayer; as determined by Raman
spectroscopy. However, the domain of graphene was small (tens of nanometres at most for all
carbon sources) for low temperature growth. Consequently, a film of multilayer graphene
flakes is formed, not a single uniform graphene sheet and this limits the conductivity of the
graphene film. Solvents containing O and N heteroatoms were found to produce imperfect
quality graphene (or no graphene at all), with the methanol source creating a high proportion
of amorphous carbon on the Cu foil surface. However, overall decreasing growth temperature
and using entrenched aromatic carbon sources for preparing graphene layers by the CVD
method has been shown to be successful. This work offers a new understanding of graphene
growth and a potential pathway to improve the fabrication of graphene making it suitable for

applications in industry and within the environment.
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5. Chapter five: Low temperature CVD-grown graphene as a
transparent electrode for organic photovoltaic cells

5.1 Overview

This chapter reports the characterisation of transparent layers of graphene fabricated by
chemical vapour deposition (CVD) at low temperature (Tgrown 600 °C) and evaluates their
suitability as a transparent electrode in organic photovoltaic (OPV) cells. The graphene films
are catalytically grown on copper (Cu) foil substrates, as detailed in Chapter 2, at low growth
temperatures across the Tgrowh range from 400 to 800 °C, which were investigated in Chapter
3. Chlorobenzene trapped in poly (methyl methacrylate) (PMMA) polymer is used as the
carbon source (Tsource = 180 °C) as outlined in Chapter 4, with the graphene quality
characterised by Raman spectroscopy. In Chapter 5, the OPV device construction is brought
into focus and P3HT (poly (3-hexylthiophene-2, 5-diyl)): PCBM (phenyl-Cei-butyric acid
methyl ester) OPV devices are optimised. These bulk heterojunction solar cells are prepared
with the goal of fabricating OPVs based on graphene as the window electrode instead of indium

tin oxide (ITO).

5.2 Introduction

Graphene is a single layer, two-dimensional sheet of sp® hybridised carbon atoms arranged in
a hexagonal lattice structure and displays extraordinary electronic and thermal properties,
unique optical properties and hardy mechanical strength.!: ¢ 114 These properties, along with
an abundance of the carbon source material, make graphene highly suited for replacing the
scarce ITO as a transparent electrode material for organic electronics,!6% 185 249 283, 294-297
Additionally, the use of graphene would eliminate the degradation pathway of indium ion
diffusion into organic solar cell polymer layers arising from the intrinsic chemistry of ITO in
acid/base reactions.?”®?* Furthermore, the reduced transparency of ITO in near-infrared
regions causes a reduction in the device efficiency when using low bandgap materials as active

layer, a problem which could be eliminated by the use of graphene.*-*
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5.3 Architecture of OPVs

The graphene electrode OPV is a new design for OPVs and here will be compared to the
performance and characteristics of standard ITO-electrode OPV devices in the conventional
architecture. Consequently, both types of devices were fabricated using the same procedure
and a graphene-based OPV with the architecture depicted in Figure 5.1 was produced.
Graphene was transferred onto commercially available 0.7 mm thick glass substrate (XINYAN
Technology Limited, XY 15S) as the transparent anode, to which was added a low conductivity
layer of poly(3,4-ethylene dioxythiophene-poly(styrene sulfonate) (PEDOT:PSS) as the hole
transport layer (HTL). The active layer consisted of blended poly(3-hexylthiophene-2,5-diyl)
and phenyl-Cgi-butyric acid methyl ester (P3HT:PCBM) with a calcium (Ca) layer as the
electron transport layer (ETL) and aluminium (Al) as the back-electrode (cathode). ITO based
devices were fabricated using the same procedure except the glass substrate had a pre-patterned
ITO electrode with a sheet resistance 15 (¥t deposited on the glass slide. For the graphene

devices, the layer of ITO was eliminated.

Al~ 120 nm
Ca~ 30 nm

P3HT:PCBM~ 200 nm
Glass~ 0.7 mm

PEDOT:PSS~ 10 nm
Graphene~ 1 nm

Figure 5.1: The architecture of an OPV device with a CVD graphene film as transparent

electrode (anode).
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The graphene electrode could vary in thickness depending on the number of layers deposited,
but monolayer graphene of thickness ~ 1 nm was targeted. The PEDOT:PSS HTL and the
active layer thicknesses were within =5 nm and controlled by modifying the parameters of the

spin coating deposition. The ETL and cathode layers were thermally evaporated under vacuum.

5.3.1 Device substrate

The glass substrates used were sized at 17.5 mm x 12.5 mm x 0.7 mm and had three ITO
fingers of a width of 2 mm, spaced at 1 mm on each long side and a 3.5 mm wide central
electrical contact finger on one short edge, allowing six devices to be prepared at the same
time. For the transfer of the CVD grown graphene onto the substrate, an area of ~4 mm x 4
mm of ITO was removed by etching with an aqueous HCl solution of 37 vol % concentration
as illustrated in Figure 5.2. The extremities of the ITO fingers ~2 mm were retained as an
electrical contact for ease of measurement and this region was protected from etching by a
positive photoresist (ELECTROLUBE PRP) layer. After etching, the photoresist was removed
by solvent (acetone), and the substrate was cleaned with deionised (DI) water and isopropanol.
Substrates modified in this way were then used to fabricate the transparent graphene electrode-
based OPV devices, with electrical connection to the graphene film made via the remaining

ITO pads on the substrate.

EtchingITO Transfer graphene

Figure 5.2: Schematic for preparation of OPV substrate based on graphene electrode.

5.3.2 Graphene film

Transferring the graphene, from the Cu catalytic surface on which it was grown, to the glass
substrate was accomplished by the wet transfer method. As discussed previously (Chapter 4),
this process increases the mechanical defects within the graphene, with the most common

defects evident being the graphene grain boundaries, wrinkling of the surface, folding of the

115



film and point defects, as shown in Figure 5.3. These defects are expected to affect the graphene
electrode performance when forming part of an OPV device. Additionally, there was a concern
that the remaining ITO (left to establish the electrical contact following etching) was not sharp-
edged nor sufficiently flat to allow a good electrical connection with the transferred graphene
film. These additional defects could potentially create vacancy defects in the graphene
structure, which in turn would increase the transparent electrode sheet resistance. Nonetheless,
the graphene electrode was successfully inserted into the OPV structure and assessed as a

window electrode for replacing ITO.

Figure 5.3: Optical micrograph depicting the graphene film attached through ITO finger for

electrical contact.

5.3.3 OPYV anode electrodes

It is essential to discuss the role OPV electrodes play in achieving power conversion
efficiencies near to the theoretically expected value. The optimisation of the electrode structure
can yield a higher efficiency due to a higher charge carrier extraction. The engineering of
interfaces with the transparent graphene film, which is acting as the hole extraction electrode,
are significant and vital to provide the maximum charge output from the device. Generally,
most OPVs consist of a polymer layer sandwiched between an ITO anode electrode and an Al
cathode electrode as a single layer of organic semiconductor. If an electrode is replaced, there

will be measurable performance differences between the old and new structures.
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One method attempted for using graphene as the transparent conductive electrode, was to apply
the film directly to an ordinary glass substrate of similar size to the OPV standard substrate.
Aluminium (Al) electrode contact fingers of 2 mm x 1 mm and 4 mm x 1 mm dimensions were

evaporated onto the graphene film after transfer to the glass substrate, as shown in Figure 5.4.

A finge!

Graphene
Alfinger

Glass substrate

Figure 5.4: Photograph and schematic of an OPV based on graphene electrode with Al

electrical contact fingers.

The graphene was cleaned well and dried under a N> gas stream to prevent oxidisation after Al
deposition. In testing this design, it was noticed that the ohmic contact between the graphene
film and the Al fingers was not very well impedance matched when compared to ITO.
Additionally, the opportunities for contamination were increased due to the long fabrication
process, meaning it was highly probable to have some oxidisation of the Al contact electrodes.
During OPV characterisation via I-V measurement, short circuits between the cathode and
anode electrodes were commonly observed in this design. Consequently, this architecture was

discarded.

5.4 The resistance and transparency of graphene electrodes

The transmittance and resistance of four graphene film samples were measured to determine
the quality of each film for OPV device applications, with the results shown in Figure 5.5. The
average sheet resistance of the graphene films was ~294 Q/o with optical transparency of ~65%
at 500 nm, suggesting these are ~12-layer graphene films. The variation in the sheet resistance
of graphene film from 235 to 376 (¥t is likely due to the small domain size of the graphene
attributed to the morphology of the Cu catalyst, as discussed previously in Chapter 3.
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Furthermore, undesirable impurities and defects in the transferred graphene films will cause a
reduction in conductivity and transmission of graphene, where amorphous carbon exists
between the graphene domains from the low temperature growth process. A lower defect
density of the graphene crystal lattice is expected to increase its conductivity as the defects in
the lattice structure act as scattering sites and block charge transport by limiting the mean free

path of the conducting electrons.?*
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Figure 5.5: Representative UV-Vis light transmission spectra for graphene thin films with sheet

resistance provided in legend.

Indicators of electrode quality for utilisation as a transparent OPV electrode are logically based
on the optical transparency and the electrical conductivity as well as the D band of the Raman
spectrum for amorphous carbon contamination. Figure 5.6 illustrates samples grown at Tgrowth
600 °C with ~60 to 80 % optical transparency (at a A of 500 nm), and sheet resistances of 500
to 1200 {¥t0. This set of graphene film samples were considerably more transparent to the naked
eye, indicating that there was less amorphous carbon and contamination from the wet transfer
method and also fewer defects on the film. This improvement led to improved light
transparency through the electrode and, with a more effortless flow of carriers, good

conductivity.
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Figure 5.6: UV-vis spectra of graphene films and their sheet resistance grown under the same

conditions.

A figure of merit (FoM) for potential graphene electrodes was established, which was the ratio
of graphene transmission to sheet resistance, with a higher value implying higher quality
graphene. This FoM allows us to quickly compare films and gauge the suitability of a graphene
sheet for OPV applications. The FoM for several graphene films made at different times under
the same 600 °C growth conditions are illustrated in Table 5-1. There is a significant variance
in the values due to the graphene samples being comprised of small flakes and the presence of
defects left over from the wet transferred method. This FoM was used in subsequent selection

of graphene films for OPV fabrication.

Table 5-1: Figure of merit (FoM) for several graphene films in UV-vis transmission with sheet

resistance.

T (%) at R

500 nm Q) L]
72 1200 0.06
66.9 514 0.13
72.1 906 0.07
80.4 850 0.09
66.9 784 0.08
68.9 637 0.1
67.1 850 0.07
55.1 563 0.09
Average 0.086

Standard deviation 0.021
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5.5 The work function of graphene electrode

The surface work function is defined as the minimum energy required for extracting an electron
from the bulk material to an infinite distance. Based on quantum mechanics, the work function
is calculated via the difference between the Fermi level (Er) and the vacuum level (V).>*° The
work function of an electrode is a critical parameter since the difference between electrode

work functions determines the internal voltage of a device.

5.5.1 The work function of the graphene electrode on a Si substrate

Multi-layers of graphene grown on Cu foil were transferred, by utilising PMMA as a support
layer during the wet etching of the Cu substrate, to conductive silicon substrates for
characterisation of the graphene work function. Figure 5.7 shows the UPS spectrum of the work
function of a graphene film on a silicon (Si) substrate where the graphene work function is
calculated to be ~ 4.98 eV, while the work function of Si is ~ 4.67-4.92 eV.>*! The 4.65 eV
work function of ITO,'® is sufficiently close that graphene film can be utilised as a replacement
transparent electrode in organic photovoltaics (OPVs), which has been done for both organic
and dye-sensitised solar cells.!®* % The modification of graphene’s work function and sheet
resistance (to match more closely that of ITO) could be a promising method for improving the

performance of flexible organic light-emitting diodes (OLEDs) and OPV devices.!”
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Figure 5.7: UPS plot for the determination of the work function of graphene film transferred

onto Si substrate.
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The work function of single-layer graphene has been reported to be in the range of 4.55-4.57
eV,3923% with a separate report of 5.11 eV.>** Besides, some experiments have shown the work
function of monolayers graphene up to approximately 4.8 eV.3%>3% A change in Fermi level
has been identified as the principal cause of a change in the work function value, where this
Fermi level may be altered by doping with aromatic and gas molecules or ultraviolet
irradiation.?’*% Riedl et al. found that the substrate could affect the electronic properties of
the graphene layer in a theoretical simulation,**® and this change was a function of the graphene
film thickness, with an increase in work function with increasing the graphene film
thickness.>* In Figure 5.7, the measured work function was higher than the generally expected

value for a single layer of graphene due to the extent of amorphous carbon on the surface of

graphene in this film.3!°

Based on values of work function, this graphene film could be used as an alternative transparent
electrode in OPVs for improving the band structure alignment at the interface layers of OPVs.
The achievement of producing low temperature graphene electrodes is considered to be an
excellent opportunity for the development of a new type of window electrode that has a more
flexible work function.’!! It is a beneficial way of improving the stability of a transparent
electrode for different electronic devices, as compared with ITO electrodes.?'? For example,
ITO is a typical window oxide electrode and exhibits limited work function tenability (~0.5
eV). The Fermi level of ITO electrode changes once deposited onto a different substrate.*!3
However, the graphene electrode is more stable and considered a novel active electrode with
unique properties and a potentially tunable work function. This ability in graphene electrode

means that could be possible to generate a window electrode matching the electrical

characteristics of OPVs.

5.5.2 The work function of graphene electrodes on an ITO substrate

Currently, efficient OPVs require the use of electron or hole blocking layers to control the
transport of charge to the electrodes. Tailoring the work function of a graphene film electrode
could overcome the significant work function mismatch between the photoactive layers and
better match the lowest unoccupied and highest occupied molecular orbitals of the photoactive
layers of OPVs. The large area of a graphene electrode can support a smaller barrier for charge
tunnelling in the device and thus could reduce the energy loss from carrier thermalisation,*'*

creating a highly conductive, flexible and transparent electrode which does not require a hole
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transport layer (HTL) when applied in OPVs. This observation provides an exciting
opportunity to develop new electronic applications of graphene, so the work functions for large
area (up to ~ 1 cm?) graphene films transferred onto ITO substrates were measured, with results

as illustrated in Figure 5.8.
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Figure 5.8: UPS plot for the determination of the work function of CVD-graphene grown at

low temperature (600 °C) transferred onto an ITO substrate.

The characterisation shows a work function value of ~5.02 eV, which is higher than the work
function of ITO.'®® Graphene with this work function is a suitable replacement electrode for
ITO once quality can be improved. Generally, the range of work function measured for
multilayers of graphene was ~ 4.89 - 5.16 eV, which is higher than the theoretical value of ~
4.5 eV.315-316 These different values for the graphene work function are affected by the contact
resistance with the substrate electrode.’!” The work function of graphene has been determined
using a modified electric field, to be within the range of 4.65 to 4.75 eV for bilayer graphene
and 4.5 to 4.8 eV for monolayer graphene in ambient and dry nitrogen.>* In this work, we
measure a work function for multilayers graphene grown at Tgowth. Preparing a novel low-
temperature CVD grown graphene electrode, a strategically crucial alternative electrode based

on its work function, was successfully achieved.

122



5.6 The quality of graphene electrode on an OPV substrate

As discussed in detail earlier, Raman spectral analysis using 514 nm and 532 nm wavelength
sources to measure the G 1582.72 cm™! and 2D 2696.98 cm™! peak intensities and their ratio is
a measure of film quality, purity and thickness. Figure 5.9 shows the Raman spectrum of
graphene electrode fabricated at Tgowin. The spectrum allows calculation of the number of
graphene layers on the glass substrate and observation that the film has high defect density due

to the wet transfer process with a large amount of amorphous carbon present.
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Figure 5.9: Raman spectrum of graphene electrode transferred onto OPV substrate. Inset

showing optical micrograph.

The Raman spectrum G/2D ratio of 0.88 indicates ~ 6 graphene layers on the glass substrate.?*?

It is beneficial to increase the graphene layer number up to the point where the properties are
significantly altered and around six layers was determined to be a right balance between the
sheet resistance and the light transmission of the electrode. There are still defects and wrinkles
in the graphene film even after the cleaning process as determined from the intensity of the
1350 cm™ D band. The strength and FWHM of the G band are low compared to the 2D band,
revealing clear evidence for moderate amounts of amorphous carbon in the graphene
honeycomb structure. The high intensity and FWHM of the 2D band (which is the most
significant Raman peak) indicates good quality graphene. Based on this Raman analysis, the

graphene electrode quality should be suitable as an OPV window electrode.
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Raman characterisation of another region of the same sample is illustrated in Figure 5.10. In
this analysis, it shows that the amorphous carbon is more in the hexagonal structure of graphene
in the selected area. The 1350 cm™ D peak is increased while the G band has a higher intensity,
with lower FWHM, and is shifted in location compared with the earlier analysis. The FWHM
of the 2D peak, now located at 2687.88 cm’!, is more than the previous measurement (see
Figure 5.9 ) with lower intensity. This observation indicates that the localised quality of this
area is not high as in the last analysis with more amorphous carbon and increased graphene
defects. The G/2D ratio is 1.5 showing ~ 19 carbon layers.?*32** This film is still usable as a
transparent OPV electrode, but not as ideal, and we would expect the transmission of this region
to be lower (only ~40 %). In both figures, the optical micrographs of the graphene electrode
are presented, showing the morphology of the sample, which is explored further in the next

section.
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Figure 5.10: Raman spectral analysis of another area of the same graphene electrode transferred

onto OPV substrate as Figure 5.9. Inset showing optical micrograph.
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5.7 The morphology of the graphene electrode

The study of graphene morphology achieved following wet transfer onto the glass substrate
can provide more insight into its performance as a transparent electrode. Here we use scanning
electron microscopy (SEM) to obtain high resolution (sub-micron) images of our graphene

films.

The roughness of the graphene surface after the cleaning process and associated defects affect
the performance of the graphene electrode and are one of the reasons for poor electrode
conductivity. Figure 5.11 shows two SEM images (scale bars 2 um and one pum for a and b,
respectively) of a graphene film grown at Tgrowtn for 1 min under the same conditions as the
fabricated graphene electrodes. It can be observed that the surface is not flat and consists of a
random aggregation of carbon layers in a thin layer on the Cu foil. The image reveals zones of
fragile, wrinkled sheets of graphene with clear evidence of darker amorphous carbon zones.
Furthermore, darker contrast flat regions are observed which are ascribed to multilayer
graphene. At higher magnification in the SEM image in Figure 5.11b (scale bar 1 um), white
features close to the wrinkled carbon structure are evident and are ascribed to point defects left
from PMMA contamination. The grain boundaries of the Cu foil are expected to influence the
formation of electrode film, and the larger patterns in the film are ascribed to the underlying

foil. The comparison between this and the earlier measurement in Figure 5.12 indicate a less

uniform graphene morphology after transfer onto the Si substrate.

Figure 5.11: SEM images of graphene film grown at Terown 600 °C for 1 min with H =75

sccm on annealed Cu foil.
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After the wet transfer process, the graphene morphology is affected by the defects and material
left on the surface. Figure 5.12 depicts an SEM image of a graphene film transferred onto a Si
substrate following washing with DI water, acetone and isopropanol, respectively. The
graphene film appears to consist of continuous layers of graphitic carbon with some defects
left over from the transfer process. There are wrinkles in the sheets and some polymer
contamination of the surface that arises from the mechanical support to the film during the
transfer method. The amount of amorphous carbon on the graphene surface is reduced after the
cleaning process (as compared with Figure 5.11). The image also shows clearly the topography
of the surface with strong evidence of defects such as cracks and wrinkle in the graphene
electrode. These defects influence the performance of the OPV window electrode and

eliminating these defects is difficult when the device involves many steps of fabrication.

Figure 5.12: SEM image of graphene film transferred onto Si substrate via the wet transfer

method.
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5.8 The carbon bonding of the graphene electrode

X-ray photoelectron spectroscopy (XPS) analysis allows characterisation of the bonding
environment within the graphene film over large areas. An XPS image of a graphene film
grown on Cu foil at Tgrowtn 600 °C 1s shown in Figure 5.13. The analysis identifies the existence
of carbon along with functional groups and other materials on the Cu foil. Figure 5.13
characterises the bond energy of carbon present with contributions from O species. The most
common element other than carbon atoms is oxygen, which is not surprising, as the cleaning
procedure does not remove all the oxygen species from the catalyst surface. The surface of the

Cu foil is quite reactive to oxygen in the air.'*8
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Figure 5.13: Survey XPS spectrum showing elemental electron configuration contributions on

the Cu foil after graphene growth.

XPS identifies the chemical bonds of the carbonaceous material in and on the graphene films
as the binding energy of a core level electron peak is affected by the outer electron distribution
of the element. The binding energy for a C 1s level in an sp® configuration is ~284.3 eV,’!®
while a carbon sp? core level peak is 284.9 eV. This peak is dominant indicating the presence
of graphene, as shown in Figure 5.14. In XPS characterisation, a C 1s region scan can be
successfully fitted with an asymmetric peak corresponding to the sp?> bonded graphene, and
asymmetric peak corresponding to sp* defects or contaminants.?> The main peak is fitted with

a Doniach-Sunjic function with an asymmetry factor of 0.10 which minimises the residual and
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is in good agreement with the literature.>'*32° Approximately 95 % of the carbon is in the sp?
bonded state, indicating good conversion to graphene. In general, analysis of the XPS data is
indicative of the sp? hybridisation of the carbon when in graphene layers. The sp* hybridisation
is attributed to oxygen bonding with carbon as oxidised species, such as ketones and carboxylic
acid peripheral groups, and amorphous carbon associated with contamination and defects in

the graphene films.*!
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Figure 5.14: C Is energy band of graphene film grown on Cu foil at Tgrowth 600 °C.

As shown in Figure 5.14, the observed XPS spectrum of low temperature grown CVD graphene
has Cls at 284 eV with a contribution from C-C and C=C bonds arising from graphite and
graphene.’?? The XPS peak at ~ 547 eV in Figure 5.13 indicates small oxygen contamination
of the graphene. The main sp? component feature located at 284.3 eV corresponds to a
combination of graphene and amorphous carbon. However, the second energy band sp’ at
284.9eV is ascribed to amorphous carbon. Increasing the sp* bond energy is attributed to
existing defects in graphene layers such as structural vacancies, grain boundaries left from Cu
foil substrate and C-H bonds in hydrogenated graphene.?”® This factor is considered as one of
the main reasons for the increased sheet resistance in the graphene electrode and is unable to
be removed by cleaning overnight by alcohol solvent bath as it is a structural feature of the

graphene flakes, rather than a surface contamination.
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5.9 Elemental analysis of the graphene electrode

Energy-dispersive X-ray spectroscopy (EDS) is a useful technique for elemental analysis in a
minimal volume of material, down to a few cubic micrometres. It offers a determination of
elemental composition at individual points or can give a map of elements over a specific region
of a film,*? and has sufficient sensitivity to identify changes in the chemical structure on the
Cu surface after deposition. For this work, EDS was used to determine the chemical
composition of the CVD grown carbon film on the Cu foil. Figure 5.15 shows the EDS
spectrum of the carbon film on the foil catalyst showing the presence of C, O and underlying
Cu, after CVD growth. The EDS spectrum in Figure 5.15a was collected with an electron beam
energy of 10 keV from a micron-sized area of graphene layers on Cu foil before, and repeated
after, the transfer method. The EDS investigation showed elemental carbon deposition on to
the Cu substrate at the green cross point illustrated in the SEM image (see Figure 5.15b) and a
dominant Cu L peak in the region between ~ 0.8 to 1.0 keV. There is elemental oxygen on the
Cu surface, or in the graphene layer, corresponding to O K-line at ~ 0.5 keV and the from the

CVD, either as graphene layers or amorphous carbon, with a K-line at 0.2 keV.%**
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Figure 5.15: (a) Energy dispersive X-ray spectroscopy (EDS) spectrum of graphene grown on
the annealed Cu catalytic foil, prepared at Tannealiea 900 °C for 1 h, and (b) associated SEM
image of the area analysed with EDS.
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The EDS spectrum of the graphene film after transfer onto the target Si substrate is identical
with the typical peaks for each element in the sample, but now a Si peak is present, and the Cu
peak is absent. Figure 5.16 shows the EDS spectrum corresponding to the graphene film
transferred onto the Si substrate. After the wet transfer method, the Cu peak is absent, indicating
complete removal of Cu contamination from the foil via the etching solution. A similar level
intensity of oxygen is present arising from either oxygen species present in the carbon layer or
the native oxide on the Si. The relative level intensity of the carbon peak is reduced a small
amount compared with the carbon level on the Cu foil, possibly due to the cleaning process
after the wet transfer method removing amorphous carbon. The peak at ~ 1.7 keV is the Si K-
line due to the Si substrate after the transferred process.*>* This characterisation confirms the
efficiency of the assigned procedure for producing the graphene electrode without any Cu

contamination.
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Figure 5.16: (a) EDS spectrum of the graphene film transferred onto an Si substrate, and (b)

SEM image of graphene film marked with the EDS analysis region at the green cross.
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5.10 The optimisation of bulk heterojunction OPV

OPVs can contribute as part of an environmentally friendly energy source. In general, OPVs
are devices which convert sunlight into electricity by utilising organic semiconductor materials.
One of the challenges with the production of silicon photovoltaic cells is the significant
material costs and energy-intensive processes *2° associated with the cells. OPVs, by
comparison, have much lower cost materials and recyclable polymers. In terms of stability and
performance, OPVs at present are a relatively new type of thin-film solar cell. To assess OPV
devices with a graphene anode (as are discussed in Chapter 6), first literature standard ITO
electrode P3HT: PCBM OPYV devices were fabricated and characterised to use as a benchmark

for comparison. The following sections detail this process.

5.10.1 The structure of OPV

In this optimisation process, the first organic film layer deposited to interface with the
photoactive organic polymer films is PEDOT:PSS. This conducting polymer usually covers
the ITO layer on the substrate and works as a hole transporting layer (HTL), blocking electrons
from recombining with holes during hole transport to the OPV anode electrode. This process
enhances the photo-induced voltage generated and the charge collection of the OPV system.?%
The most common organic materials used in OPV devices, are PCBM and P3HT, as an electron
acceptor and donor, respectively.>’’” These organic semiconductor materials were selected
based on the energy gap between the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO) energy levels.*?® The optimisation of the polymer
material blend was chosen to increase the light absorption, improve the charge transport and

enhance the exciton pair dissociation to free charges.’?’

In general, donor and acceptor
molecules should be intimately mixed, so that the exciton pair mean free path length matches
the exciton pair diffusion distance to an interface between the acceptor fullerene and donor
polymer. Figure 5.17 illustrates the layered structure of a conventional architecture OPV that
allows pathways for charge carriers moving respectively towards anode and cathode electrodes
for collection. Improving device performance is associated with increasing the charge transport
efficiency through the OPV stack. The top layer of the ITO electrode-based OPV has an

evaporated Al metal cathode electrode with thickness ~ 120 nm and a Ca is an interfacial layer

of ~ 30 nm.
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Figure 5.17: The structure of OPV based on an ITO electrode.

The blending of P3HT and PCBM improves the OPV charge extraction. In particular, the bulk
heterojunction structure enhances exciton dissociation by creating a large interfacial area *3*-
331 within the diffusion length of the exciton.!”® The mixture results in exciton dissociation at
the interface of the donor P3HT polymer and the acceptor PCBM molecule with the latter
transferring electrons to the metallic electrode. The blend has a functional absorption band
overlap with the electromagnetic solar emission spectrum.’*? The P3HT crystalline

morphology and high molecular weight improve the mobility of holes along the polymer chain.

The active layer of P3HT: PCBM was spin-coated as a layer between the transparent anode
(ITO) with significant work function ~4.65 eV '®* and a cathode (Al) with small work function
~4.25 eV 33 for charge transfer through the OPV structure and to the electrodes. The optimised
structure of ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al generally function well and are widely

reported in the literature.
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5.10.2 Benchmarking OPV fabrication

The stability of OPV is affected by many degradation mechanisms which happen under
different environmental conditions, one of which is humidity causing electrode oxidation.
Photo-oxidation of the P3HT and PCBM active layer has been identified as affecting the OPV
leading to a 70 % reduction in the short circuit current and reducing ground state absorption by
2 %.3 Over time, both water and oxygen molecules increase in concentration within
encapsulated OPVs by diffusion through seals and barrier films, and these relate directly to the
underlying degradation pathways.>*® The stability of OPVs may be improved by removing

oxygen and water from the fabrication atmosphere (Figure 5.18).

3.50 1
3.00 7 Wet laboratory Clean room

. 2.50 ]

2.00 A
1.50 -

Efficiency (%

1.00 -
0.50 3
O-OO :'|'|'|'|'|'|'|'|'|'|'|'|

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Devices

Figure 5.18: The efficiency of OPVs prepared in different atmosphere conditions. The red and
blue line present the average value of efficiency (2.12 % and 2.47 %)).

The diffusion of oxygen and water atoms into the OPV layers may cause chemical reactions
leading to the formation of defects in the active layer and corrosion to the electrode
interfaces.>*® In this work, there were two preparation environments used. The fabrication of
active layers (P3HT:PCBM) was processed in a laboratory fume hood under an ambient
atmosphere or in a clean room with a glove box under a nitrogen (N2) atmosphere. Figure 5.18
clearly shows the influence of the preparation environment on OPV efficiency, as determined
by the current-voltage characteristics. In the wet laboratory, OPVs materials were exposed to
humidity and oxygen at room temperature, ~ 27 °C. By contrast, devices fabricated in the
cleanroom were prepared in the absence of water, oxygen and dust. Consequently, devices
fabricated in the wet laboratory are of lower efficiency due to oxidative degradation. This result

also highlights the importance of device encapsulation in increasing the stability and lifetime
of OPV devices.
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The fabrication of OPVs under a N, atmosphere inside an inert atmosphere, glove-box
minimises the undesired degradation of devices. The power conversion efficiency (PCE) values
were increased with more stable devices, and the device fill factor shows overall device quality
in Figure 5.19. This plot reveals a higher and more consistent performance within the
cleanroom fabricated devices compared to the wet laboratory environment. Exposure of P3HT
to oxygen atoms has been found to cause damage to the polymer structure and the deterioration
of its properties.’®> The humidity in the wet laboratory can also cause degradation of the
PEDOT:PSS and this leads to a short lifetime of the OPV device.**® The key for future solar
energy development in organic electronics is to address these stability and degradation

issues.>*
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Figure 5.19: The fill factor of OPVs fabricated in two atmosphere conditions. The red and blue
line present the average value of FF (0.51 and 0.57).
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5.10.3 The effect of thermal annealing on OPV performance

Thermal annealing is a means by which the morphology of active layers may be modified to
enhance the device performance. This factor is a remarkable performance-enhancing step for
OPVs using polymer materials as active layers.**” For example, the thermal annealing of OPV
blends of P3HT:PCBM at 80 °C for 5Smin was shown to lead to the formation of crystalline
domains of P3HT because of a more ordered packing of the polymer chains.*® This
morphological change increased the photoconductivity and enhanced the hole mobility in the
crystalline domains of P3HT which improved from 0.0056 cm?/Vs for the non-annealed sample

to 0.044 cm?/Vs for the annealed sample.>*®

The reason for improved performance is the increase in crystallinity of the P3HT achieved via
thermal annealing, and this leads to better charge transport properties in the polymer blend,
enhancing the short circuit current density (Js), the open-circuit voltage (Vo) and the fill factor
(FF) for the annealed devices. For the P3HT: fullerene system, thermal annealing at 55°C for
30 minutes improves the efficiency of OPV devices 3-4-fold, compared to a reference
device.*? After thermal evaporation of OPV electrodes, the annealing temperature increases
the measured power outcomes of P3HT:PCBM devices from 0.4 % efficiency in the reference
device to 2.5% in the annealed device.*** The annealing also usually leads to a modification of
the size and composition of donor and acceptor domains, hence affecting exciton dissociation,

charge separation and charge extraction.**’

The optimisation of the annealing step in the fabrication of OPVs can lead to significantly
better morphology and performance of P3HT:PCBM devices. Following annealing of
P3HT:PCBM films, the main P3HT polymer chain backbones change orientation to align
parallel, and the side chains orient themselves perpendicular to the substrate, while the PCBM
forms crystallites with the PCBM diffusing from the mixed polymer film to create these phases.
340 Figure 5.20 shows the corresponding efficiencies for two thermal annealing conditions
studied. Devices were dried at 60 °C for 4 minutes, and other devices were annealed at 140 °C

for 4 minutes, both before thermal evaporation of the Al/Ca electrode onto the structure.
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Figure 5.20: The diagram of OPV efficiencies in dried and thermal annealed condition. The

red and blue line shows the average value of efficiency (1.58 % and 2.5 %).

Another benefit of annealing is a reduction of moisture within the OPV devices due to the
higher temperature increasing water evaporation and ultimately preventing active layer
oxidation in the polymer structure and electrode oxidation. Moreover, annealing before Al
deposition prevents additional electrode oxidisation. The annealing of P3HT:PCBM devices
can improve performance if done either before or after deposition of Al/Ca.**! Figure 5.21
illustrates the device enhancement that occurs when thermal annealing is performed before
electrode deposition compared to after. In Figure 5.21a, the efficiencies of OPVs annealed
before Al electrode deposition was higher; they exhibited a higher FF (see Figure 5.21b) and
were more stable than devices annealed after Al electrode deposition. Based upon these results

annealing conditions of 140 °C for 4 minutes were chosen for optimal device fabrication.
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Figure 5.21: (a) Efficiencies, and (b) fill factors of OPVs arising from the thermal annealing
conditions before and after the deposition of Al/Ca electrodes. The line are shown the average

value of efficiency (2.5 % and 1.61 %) and FF (0.56 and 0.51).

5.10.4 The optimisation study of the PEDOT:PSS layer in OPVs

Poly(3,4-ethylene dioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) is applied as a
polymer electrolyte containing an excess of positive charge, i.e. p-doped material in the
PEDOT chains, with the negative matching charge located in the PSS, to ensure charge
neutrality. The PSS contribution is also as a polymer surfactant that effectively stabilises and
disperses PEDOT in water and other solvents. PEDOT has been demonstrated to be the most
successful hole-transport layer in large scale printing applications for OPV,**? and, in general,
has been widely used as an anode buffer layer in polymer solar cells electrodes.>*-3** The
PEDOT:PSS aqueous dispersion has, as one of its desirable polymer solar cell properties, high

optical transparency in the visible light region. Besides, the work function of PEDOT:PSS is
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reported to be between 4.8 and 5.2 eV, a value that can allow the formation of ohmic contact
with donor polymers.>*’

An essential requirement for the PEDOT: PSS layer in ohmic contact is to avoid energy barriers
at the OPV ITO interface. All P3HT:PCBM conventional solar cell performance parameters
show a definite improvement with a PEDOT:PSS interlayer at the ITO/active layer interface.>*
Two types of commercially available PEDOT:PSS was used in the fabrication of OPVs in this
work. PEDOT:PSS aqueous solution Clevios PH1000 purchased from Heraeus formed a high
conductivity OPV buffer layer, while PEDOT:PSS-AI 4083 yielded a less conductive polymer
film. Table 5-2 records the power and efficiency metrics for devices using both types of

PEDOT:PSS.

Table 5-2: shows OPVs characterisation using two types of PEDOT:PSS in the fabrication.

PCE | Voc Cell Area Jsc
PEDOT:PSS Type %) | (V) Isc (A) FF (vt (mA/cm?)
PEDOT:PSS-PH1000 @ 3.14 | 0.55 | -6.18E-04 0.46 5 -12.36
PEDOT:PSS-PH1000 @ 2.76 | 0.54 | -3.53E-04 0.55 3.8 9.3
PEDOT:PSS-A14083 @ 3.06 | 0.55 | -4.19E-04 0.66 5 -8.38
PEDOT:PSS-A14083 @ 3.04 | 0.55 | -3.01E-04 0.7 3.8 -7.92

It is evident that OPVs fabricated with PEDOT:PSS-PH1000 had a lower average performance
than PEDOT: PSS-A14083. The PCE reduced markedly with a decrease in masked device area
from 5 mm? to 3.8 mm? for OPVs based on PH1000 due almost exclusively to Jsc, as shown in
Figure 5.22a. The values for OPVs based on Al4083 were more stable with a mask compared
to devices based on PH1000 (see Figure 5.22b). There is a sharp drop point in the Jsc in devices
based on PEDOT:PSS-PH1000 as buffer layers after applying mask area ~3.8 mm?, suggesting
that there may be photo charge being collected from outside the direct illumination area. The
results indicated that PEDOT:PSS-A14083 would be best in using in conjunction with graphene
electrode in OPVs. The density of dark current is also more stable with PEDOT:PSS-A14083
compared with PH1000 condition (see Figure 5.22a and b). The dark current density of the
OPV based PH1000 type is not stable, and a leakage current occurs under dark conditions
which contributes more sheet resistance to OPV substrate (see Figure 5.22b). This observation
could also correspond to less mismatch of interface-layer between the buffer and active layers

of OPV due to the uniformity of PEDOT:PSS-PH1000. This work provides a road map to
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applying the best type of PEDOT:PSS for use with a graphene window electrode in OPVs in
Chapter 6. From this data, it is clear that ITO-based P3HT:PCBM devices of ~3 % are optimal
under these fabrication conditions and for the materials used. This efficiency will then provide

a benchmark for devices prepared with graphene electrodes in Chapter 6.
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Figure 5.22: J-V curves of OPVs based on buffer layer of (a) PEDOT: PSS-PH1000, and (b)
PEDOT: PSS-Al 4083. The measurement was completed inside a nitrogen atmosphere box.
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5.11 Conclusion

Preparing a high-quality graphene electrode via low temperature CVD to be the transparent
electrode in an OPV was the challenge addressed in this thesis chapter. The conductivity of
graphene was lower than that of ITO, due to the small domain size of graphene achieved and
defects from the transfer method. The growth temperature affected the quality of the graphene
electrode, as was identified from Raman analysis in Chapter 3. The graphene electrode
prepared at Tgrowtn 600 °C with 75 sccm Ha flow rate performed the best. Understanding the
operation of low-temperature graphene-based OPV devices and investigating the polymer
formation on these graphene surfaces remain areas of great interest to create new approaches

to preparing environmentally friendly, economic, conductive electrodes.
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6. Chapter six: Large area graphene as an alternate transparent
electrode for organic photovoltaic cells

6.1 Overview

This chapter will focus on low temperature CVD-grown graphene films with an area greater
than 1 cm? with the overarching goal of creating an alternate transparent electrode for OPV
cells. The electrical sheet resistance and optical transmission have been measured for all films,
as well as the graphene layer uniformity and the overall morphology was measured by atomic
force microscopy (AFM) over areas of several square micrometres. Raman spectroscopy has
been used to identify the graphene layer quality, as detailed previously. Raman mapping has

also been used to provide information on regions of graphene film up to 100 pm? in area.

6.2 Introduction

Small area graphene has been used in several applications such as sensors, transistors,
transparent conducting films and as window electrodes for OPV.!%% 34734 However, much
larger area graphene films are required for significant production applications. The CVD
method is considered to be the most promising technique by which large area, high-quality
graphene may be fabricated, due to the transferability of the films and the cost effectiveness of
the approach and equipment. **3°° Using CHs as the carbon source and under high temperature
(~1000 °C) growth conditions, large area graphene films, on the scale of 25 to 750 mm?, have
been produced for electronic device applications. 2% 777 Under these growth conditions, the
continuous fabrication of graphene layers for use as a transparent electrode for large scale

electronic devices has been shown to be possible. 8% 331-352

The ideal transparent electrode should have low sheet resistance (<100 €¥0), high transparency
(>80 %) and a work function in the range 4.5-5.2 eV for use as an ITO electrode replacement.
Wang et al. *% reported that large areas of graphene, produced by high temperature (~1000 °C)
CVD, could be utilised as transparent electrodes in OPVs, where the average sheet resistance
varied from 1350 to 210 /& and the optical transparency ranged from 72 % to 91 % in the
visible wavelength range. The performance of this OPV, using a graphene electrode with
pyrene buanoic acid succidymidylester (PBASE) that altered the surface wettability without

degrading the conductivity,?®® resulted in a PCE of 1.71 %. However, the corresponding control
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device (based on an ITO electrode) was around 3.1 % of PCE for ITO/poly(3,4—
ethylenedioxythiophene):poly(styrenesulfonate)/poly(3-hexyl)thiophene: phenyl-C61-butyric
acid methyl ester/LiF/Al device structure. Despite these advances, reducing the graphene
growth temperature whilst creating large area (up to 300 mm wide by 100 metre long)
electrodes for printed flexible organic photovoltaic cells remains a significant, challenge for

researchers.

6.3 Transfer of large area graphene films onto a target substrate

A common transfer method for graphene films uses a mechanical PMMA polymer support
layer which adheres to, and protects, the graphene layer while the Cu foil is etched away. The
PMMA/graphene film may then be moved to a new substrate, before the PMMA is dissolved
using an alcohol solvent. This technique has been used in this work to apply graphene film on
to a range of different substrates. However, we observe that when using this transfer process,
it becomes more difficult to achieve a high quality transferred film as the area of graphene

Increases.

The PMMA polymer, spin-coated onto the graphene covered Cu catalyst, often does not
dissolve completely, leaving some residual contamination on the graphene surface. This
problem arises because of the long residual polymer chains aligning via n-n interactions with
the sp? carbon bonds in the graphene layer.’*** In addition, more residual PMMA and other
contaminants are expected on the graphene morphology because of the carboxyl groups in the
PMMA film reacting at the graphene domain boundaries.*>> Even after the use of cleaning
processes such as: activated carbon treatment, plasma treatment, heat treatment under specific
gas atmosphere or overnight soaking in an organic solvent bath,>>-3% removal of these residues
remains a problem and a surface completely clean of these residues cannot be achieved.
Additional cleaning steps to improve the cleaning process outcomes can also increase defects
within the graphene film. This contamination then directly affects the electrical properties of
the graphene sheet. Furthermore, the wet transfer process for large area graphene can cause
cracks and wrinkles which are considered to be key conductivity degradation pathways as they
decrease the charge transport channels .*7 An et al.**® reported the successful transfer method
of graphene via PMMA as support layer and HCI solution as the Fe etchant. The key role of
the polymer layer is supporting graphene layers at a necessary step for wet transfer method.

Dry transfer using polydimethylsiloxane (PDMS) stamp as the supporting layer has also been
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developed.*° To avoid film cracking after removing, Li et al. added a second PMMA coating
layer after the PMMA/graphene has been placed on a target substrate.®® Little cracking was
observed with this method since the second PMMA layer provides additional film support once
the Cu substrate has been removed with the PMMA support subsequently dissolved by acetone.
This second layer process could be useful for large scale graphene production, with other
polymer support layers, such as poly(bisphenol A carbonate) (PC), successfully used for wet

transfer.3¢0

In this work, a direct transfer method for large area graphene has been developed where the
lamination of graphene with a flexible substrate, as illustrated in Figure 6.1, allows for the
transfer of large areas of film. This method has yielded improved transferral of graphene
electrodes with high purity as outlined in the sections below. Graphene films were transferred
in two ways with adhesive PET substrates: (a) one opposite face between the graphene film
and PET substrate and (b) with another one between the Cu foil and the PET substrate. In the
Cu foil stack to PET flexible film transfer, PMMA was spin-coated as a mechanical support
for the graphene layers following etching of the Cu foil.

Cu foil
Graphene

Graphene

Cu foil

PET /

Figure 6.1: Large area of graphene films laminated onto PET substrates before Cu foil etching.
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Two methods were developed for the transfer of graphene at large scale onto PET substrates.
The first methods moves the graphene film onto the target substrate without a mechanical
polymer support using plastic sheeting typically used in screen protection. The other process
used an additional polymer film support. We have found that as the area of the graphene film
increases it becomes increasingly desirable to transfer the graphene film onto PET without a
PMMA support. The process involves three stages; in the first stage the graphene/Cu is adhered
onto the PET substrate via face to face adhesion between graphene layers to PET surface. Then
the sandwich structure of Cu/graphene/PET is dipped completely into a bath solution of iron
nitrate Fe (NO3)3. The Cu metal is oxidised to Cu?" ions and the Fe*" ions are reduced to Fe?".
The time required to dissolve Cu catalyst is more than 48 hours due to the large area and to
ensure that any Cu contamination is fully removed. After the etching process, the graphene
film on the PET substrate was cleaned using the same process as for small area graphene;
resulting in a supported graphene film, as shown in Figure 6.2. The large area graphene is now
free from polymer residue but there appear defects such as cracks and wrinkles, which form in
the solution bath. The crack formation results from the reduced mechanical film support in this
method. Nonetheless, this method opens an avenue for the formation of low cost flexible large

area graphene at low temperature growth for electronic applications.

Figure 6.2: Large area graphene film (~10 cmXx5 cm) transferred onto PET substrate via the
direct method without polymer film support.
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6.4 The morphology of large area graphene

The morphology of graphene layers over large areas is critically affected by the deposition and
addition of carbon atoms on the catalyst surface at low growth temperatures. To determine the
surface appearance after transfer, a region of large area graphene was transferred onto a SiO>

substrate and imaged using AFM as shown in Figure 6.3.

Wrinkle

Contamination

Graphene

Figure 6.3: Graphene film from large area procedure transferred into SiO2 substrate without

mechanical film supporting. AFM imaging technique at scale bar of (900x700 pm).

The image shows that the graphene layer is not continuous but instead is made up of individual
graphene flakes which are defined by the grain boundaries of the Cu foil catalyst. This result
is somewhat expected, since using an organic solvent as the carbon source has been shown to
allow the synthesis of graphene at low temperature growth due to its low activation energy, but
does not lead to the formation of large scale of continuous graphene films. 2% 3¢ Previous
studies have shown that using a hot pressing method for transferring large areas of graphene
improves the morphology of large scale areas of graphene in comparison with the laminated
by roll to roll method.*! In particular, the surface of large scale graphene has fewer wrinkles

and defects in the film morphology as a consequence of the transfer method. To limit the
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number of defects after etching the Cu substrate, Lee et al. reported using the silicone side of a
mobile phone screen protector as a substrate for the graphene film.**? This resulted in a better
large area of graphene with enhancement to the morphology of the surface. For high
temperature growth, the graphene coverage was more than 95 % on the Cu foil surface.!?’ 3%
However, the coverage for graphene films grown at low temperature was less than 90 % with

an amount of amorphous carbon present on the surface. !*8

Consequently, the growth of continuous graphene films at low growth temperature remains a
challenging aim. The growth time of graphene layers on the catalyst can be increased in order
to increase the overall percentage coverage of graphene domains. In this work, the cool down
rate of graphene growth (~2 hours) was a limiting factor in the growth of large domains of
graphene. Additionally, oxygen and water must be avoided under growth condition to obtain
high quality and uniform graphene layers. In this work, a reducing mixture of H, and Ar carrier
gas was used to prevent residual oxidation during the graphene growth. In this way, we could
limit the formation of oxidised and amorphous carbon layers that contaminate the graphene
layer deposition and result in layer defects. However in our methodology, the wet transfer
method for large area graphene onto the PET substrate provided a complication, as shown in
Figure 6.4. This figure clearly shows folding of the graphene film due to the transfer onto the
PET substrate. An alternative approach to remove contamination is by annealing at a high
temperature to remove any residual material from the transfer method.*®* However, this
approach is unsuitable for flexible substrates due to a high thermal annealing temperature. Han
et al. 3% has taken advantage of the high solubility of organic small molecules in the solvent
for inserting an organic small molecular buffer layer between the PMMA and graphene layers.
This technique is an efficient way to reduce PMMA residual on graphene surface thus

improving the graphene morphology.

For better morphology, Liang et al.**® demonstrated that gaps were also formed when the
PMMA/graphene/target substrate stack was dried. It was believed for baking the sample before
removing the PMMA to evaporate the water in the sandwich graphene then produced a better
graphene surface with fewer defects after transfer. In addition, there are clearly defects and
wrinkles on the graphene layers as a result of the process. Folding of the graphene and the
formation of multilayer films reduces the transmission of the graphene film due to an increase
in the number of graphene layers. Nevertheless, large area low temperature graphene have been
successfully transferred onto target substrates proving the ability to apply graphene film as a

window electrode for larger area OPV.
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Figure 6.4: Optical images of large area graphene film transferred onto PET substrate.

6.5 The resistance and optical transmission of large area graphene

In order to be of practical use as a transparent electrode in OPV, both sheet resistance and film
transparency are critical properties for the large area graphene films. Sheet resistance of large
area graphene films was measured using a home-built four-point probe (see Figure 2.14 in
Chapter 2, section 2.4.7). Typical values are given in Figure 6.5 and shown in Table 6-1. The
sheet resistance of large area graphene was found to be higher than small area graphene (see
Figure 5.5 in chapter 5 section 5.4). The reason for the higher sheet resistance (and therefore
lower conductivity) is the reduced uniformity of these large area films and the high-level
amount of amorphous carbon that is deposited on and amongst the layers (as demonstrated by
the XPS measurements in Chapter 5 (Section 5.8)). Consequently, the transfer of large-scale
graphene remains a big challenge in the absence of a polymer support film. Transfer of
graphene sheets to 10 cm? resulted in wrinkles and defects such as tears, gaps and cracks in
graphene layers. These defects reduce the quality of graphene and therefore the conductivity
of films and made procuring suitable electrode materials for subsequent OPV fabrication

difficult.

Using a low temperature growth of benzene procedure, Jang et al. reported that the sheet
resistance was around ~ 1000 &t at 97.6 % transmission for 550 nm wavelength. '3 Another
work using plasma assisted CVD at low temperature found a sheet resistance ~ 900 ¥t and

7

92 % of transmittance.’’ Using toluene source for growth continuous graphene at low

temperature, this graphene films exhibited the sheet resistance of 8.02 k(G at 97.33 %
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transmission of 550nm wavelength.!>* For large scale areas using high growth temperature, the
graphene film sheet resistance was as low as ~125 0 with 97.4 % of transmittance optical.”®
Another work at a high growth temperature demonstrated that the sheet resistance of large area
~200 ¥t with a transmittance of 85 % of 500nm wavelength.”® Moreover, for increasing the

large area of graphene to more than 1 cm?

with 1-12 graphene layers at a high growth
temperature was shown the sheet resistance ~ 770-1000 €0 with optical transmittance of 90
% at 500 nm wavelength.”” However, fabrication of large area graphene at low growth
temperature have exhibited a higher value of sheet resistance due to more amorphous carbon
involved in graphene layers and small graphene domains.!** 13 Vishwakarma et al. found that
the sheet resistance was ~ 1.3 k¥t sheet resistance at 80 % transmittance for grown a large
area of graphene films at low temperature using microwave plasma CVD. *® Using a roll to
roll microwave plasma CVD for growth large area graphene at low growth temperature, this
work stabilised the sheet resistance of graphene on PET substrate ~ 0.9- 3 kG with

transmission of 89 % wavelength.>®
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Figure 6.5: UV-vis transmission and sheet resistance of large area graphene films transferred

onto PET substrate.
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Table 6-1: Figure of merit for several large area graphene films (~4 to 10 cm?) based on UV-

vis transmission with sheet resistance.

(1)
Graphene area | T (%) at 500 R (kQ1) FoM

film (cm?) ~ nm
4x2 44.6 0.98 0.045
6x4 54.8 1.35 0.04
8x4.5 79.9 1.89 0.042
10x5 90.7 2.1 0.043
Average 0.042
Standard deviation 0.002

Optical transmission of the large area graphene was also measured. When combined sheet
resistance and optical transmission are the two properties used to identify the best electrode for
large production of OPV. The film transmission is directly influenced by the number of layers
of graphene and reduces as the film thickness increases. By contrast, the sheet resistance is
reduced with increasing layers of graphene. Using the ratio between these two parameters, a
figure of merit was created to determine the best films to act as transparent electrodes (see the
values in Figure 6.5). The best figure merit was around 0.045 for a sheet resistance of ~ 980
Q. Each monolayer of graphene reduces film transmission in the visible range by 3 %.'* We
can see that the transmission of the large area graphene films grown at low temperature varies
across regions of the one film. This observation shows that there are different number of
graphene layers across the substrate and this is not a uniform film. One large area (~ 5 cmx4
cm) was successfully transferred with a sheet resistance ~ 1.25 k{¥t and a transparency ~87.1%
at 500 nm wavelength (Figure 6.6). The transmission value suggests that this film has an

average of ~ 4 layers of graphene across its entirety.
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Figure 6.6: UV-vis transmission spectrum of large area graphene film on PET substrate.

The deposited graphene films have a high transmittance for a wide range of wavelengths (300-
2000 nm). By comparison, ITO shows strong absorption in the region of near (0.8-1.4 um) and
short-wavelength infrared (1.4-2 pum);*’® the prepared graphene films remain transparent in
these regions. Again, the transmission of the graphene film is dependent on the number layers
of carbon, which determines the film thickness 4. The electrical measurements of the graphene
films carried out by the four point-probe analysis showed a high sheet resistance. However,
one film with the transmission of ~67.2 % at 500 nm wavelength had a sheet resistance of
~440Q/a (see Figure 6.7). This finding shows that large area graphene films with a low sheet

resistance suitable for electrode materials in OPVs could be obtained.
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Figure 6.7: UV-vis transmission spectrum and sheet resistance of large area graphene film on
PET.
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6.6 The quality of large area graphene

Raman spectroscopy is used to determine the quality of large area graphene using spectra
produced from the in-plane optical vibration (degenerate zone centre E; mode) and second-
order zone boundary phonons.?”! The Raman spectrum of graphene includes the G peak located
at ~1580 cm ™! and 2D peak at ~2700 cm ™' and can be used to determine the number layers of
n-layer graphene by the ratio between them. *’? In addition the D peak located at ~1300 cm™!
gives an indication of sp> hybridised carbon present, which is generally regarded to be an
indicator of amorphous, aliphatic impurities. In our characterisation, graphene film at large
production scale sizes of up to 5 cm? can be seen to have multilayers of graphene on the PET
substrate, as shown in Figure 6.8. The G/2D intensity ratio in this spectrum is of 2.97 that is
around ~31 of n GL 2} with FWHM (25.12 cm™!, 81.98 cm™) for G and 2D, respectively. The

Raman spectra laser power was reduced when measuring graphene on PET due to potential

damage to the PET substrate, as compared to when measured on the glass.
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Figure 6.8: Raman spectra of large area of graphene film transferred onto flexible PET substrate

via the direct transfer method.

A region of a large area film was transferred onto a glass substrate for further analysis (Figure
6.9), where Raman spectra we recorded at different regions across the graphene film as selected
by optical microscopy. The film can be seen to contain a varying number of graphene layers at
different regions due to lack of uniformity of growth layers and the transfer method.
Consequently, the quality of graphene was not consistent from one area to other based solely

on the number of layers of carbon. This result again demonstrates the range of graphene quality
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resulting from large area film growth. Moreover, the large G peaks reveal defects in the
graphene film due to the transfer method. The small domains of graphene at low temperature
growth means that continuous layers of graphene are of only limited area, affecting the quality
and properties of the large area graphene. In addition, the coverage of the graphene layers can
be only a low percentage on the surface of catalyst before the transferring of the film. Figure
6.9 shows variation in the D peak in the graphene spectrum from region to region, indicating

that the amorphous carbon between the small graphene domains also varies. Analysis of area

3

1 in this Figure shows a ratio of Is/Ip (0.99) indicating ~ 8 graphene layers. 2°
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Figure 6.9: (a) Raman spectra of large area graphene on a glass substrate, and (b) optical

micrograph of the graphene film for determination of the Raman analysis regions.

Mapping of Is/Iop was recorded for large area graphene on a Cu foil ~ 100pm, as shown in
Figure 6.10. This image provides a clear view of the graphene layers on the foil. The mapping
demonstrates that there are small graphene domains with surrounding amorphous carbon as
seen in the Ig/Iop ratio (see Figure 6.10a). This plot is strong evidence for the quality of large
area graphene and could provide more information for each peak of the Raman spectrum in the
large-scale film. This analysis also provides a more detailed understanding of the quality and
defects in graphene films. Figure 6.10b shows the 2D peak map for the graphene film,
identifying the quality and layers of graphene. Graphene layers are seen to be overlapping with
each other without continuous deposition due to the non-uniformity of the growth mechanism.
As a result, the intensity of the G peak is increased in Raman spectra for large area graphene.

This measurement shows a high intensity for amorphous carbon across most of the graphene
film.
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Figure 6.10: (a) Io/I2p and (b) Iop of large area graphene grown on Cu foil at low temperature

growth of 600 °C.

6.7 The performance of large area OPYV based on a graphene electrode

The optimisation of the low growth temperature procedure presented in this chapter and earlier
has been conducted to produce large area, low temperature graphene as an alternative
transparent electrode for OPVs. The results of the optical transmittance and sheet resistance of
the large area graphene suggest that it could be used as a transparent window electrode, all be
it with high resistance. Multi-layers of graphene have been transferred onto PET and glass
substrates for electrode applications. The values obtained for the transmittance of the graphene
films (see Figure 6.7) indicated that the average film is of multi-layer graphene. The Raman
spectra of the graphene films also give evidence that the graphene films are composed of
different numbers of stacked layers carbon. These results explain the fundamental properties

of the large graphene films in terms of resistance and transmission.

The first stage of introducing the graphene film into OPV devices was to apply the graphene,
retaining the ITO as a contact point for electrical connection, as shown in Figure 6.11a. A
simple schematic of the OPV based on graphene electrodes using the ITO contact is illustrated

in Figure 6.11b.
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Figure 6.11: (a) Optical image of the contact between graphene electrode and ITO for I-V
characterisation, and (b) the structure of the OPV based on graphene electrode using ITO

contact for measurement.

The fabrication of organic solar cells based on a graphene electrode used P3HT and the
fullerene derivative PCBM as a blend active layer. A thin spin coated layer of the conducting
polymer PEDOT:PSS was deposited on the graphene electrode at 4000 rpm for 1 minute giving
a thickness of around 10 nm. The average thickness of the graphene electrode was around 1nm
to 2 nm (a monolayer to two layer graphene film), which is the thinnest layer in the OPV
fabrication (see Figure 6.12). After drying at 140 °C for 20 min, the substrate had the polymer
active layer P3HT:PCBM (1:0.8) spin-coated from a solution in chlorobenzene at 950 rpm for
1 min to give a thickness of ~ 200 nm. This deposition was followed by thermal annealing at
140 °C for 4 min under a N> atmosphere. Finally Ca and Al were deposited by thermal
evaporation to give a thickness of 30 nm and 120 nm, respectively. For comparing device
performance, standard OPVs were fabricated on an ITO electrode with the same device
structure. Current density-voltage (J-V) of OPVs was measured using a Keithley 2400 source

meter under a nitrogen (N2) atmosphere and illuminated with AM 1.5 simulated solar radiation.

154



151 nm

120
100
80
60
40
20

Si substrate
- 0

| Graphene electrode

-32

Figure 6.12: AFM image of graphene electrode transferred onto Si substrate for thickness
measurement.

6.8 OPVs based on graphene films as a transparent electrode

Large area multi-layer graphene films produced at low temperature were used as a replacement
electrode for ITO in OPVs. To transfer the graphene electrode a wet transfer method was used
to deposit the graphene after the wet etching step onto the desired OPV substrate. The power
conversion PCE of OPVs based on this new graphene electrode were not as high as standard
OPVs using ITO electrodes and with the same architecture, in the comparison study. However,
there is an increasing requirement for alternative transparent electrodes in electronic
applications and this technique continues to be an interesting way to fabricate an
environmentally friendly, low cost electrode for industrial applications. It remains a significant

challenge to realise the promising future of graphene electrodes in the electronic application.

6.8.1 The J-V characterisation of OPVs

Large area graphene films with reasonable sheet resistance (~300 to 800 {¥00) were utilised as
window electrodes in OPVs. These graphene electrodes act as flexible electrodes and are light-
weight and prepared by low cost fabrication at low temperature CVD growth. It is important
to ensure that the electrode window is clean and low in defects. The graphene films were chosen
as candidates as alternative OPV electrodes based on the analysis of graphene films conducted
in Chapter 5. Graphene electrodes were applied onto glass OPV substrates at room temperature.
All current density-voltage (J-V) curves of OPV devices were measured at room temperature

of 25°C under a N> atmosphere with a masked active area of 3.8 cm?. The intensity of AM 1.5
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simulated solar illumination was calibrated with a silicon photodiode at ~ 42 mW/cm? and was

regularly calibrated stage during OPV measurement.

PEDOT:PSS (thickness 10 nm) was deposited onto the graphene film coated glass substrate
having a transparency of 94 to 97 % at 550 nm wavelength and a sheet resistance of 700 /o
to 1.3 k. OPV devices were fabricated with architecture graphene/PEDOT:PSS/P3HT:
PCBM/Ca/Al and devices with identical layer structure on ITO electrodes were also fabricated.
The J-V characterisation of the device with graphene electrode shows a J-V under dark
conditions, as shown in Figure 6.13a. The linear, off-zero plot shows that the device is not
acting as a diode but instead behaves like a resistor, suggesting that the graphene electrode is
introducing a high resistance contact into the device. Under solar illumination, the OPV based
on the graphene electrode in my study produced an open circuit voltage (Voc), short circuit
current density (Js), fill factor (FF) and PCE of 0.36 V, 4.28 mA/cm?, 0.27 and 0.42 %,
respectively. In comparison, Park et al. reported that the use of CVD-graphene grown at a high
temperature (1000 °C) as a window electrode was successfully achieved on organic
photovoltaic (OPV) devices with a PCE of 0.85% .2* Moreover, CVD-graphene films grown
at 1000 °C were utilised as transparent anode electrode for OPVs with sheet resistance around
80 QO and transmittance 90 %. The OPV structure was quartz/graphene/MoOs; +
PEDOT:PSS/P3HT:PCBM/LiF/Al and the outcome of PCE was ~ 2.5 %.'® These results
indicated further improvement of the low temperature growth of graphene as a new transparent
electrode for replacing the traditional ITO electrode is needed. By contrast, the ITO based
device behaves as expected like a diode and has a much higher efficiency (Figure 6.13b). It is
clear that device performance with the graphene transparent electrode was worse than that of
the OPV based on ITO. It has a sheet resistance of ~30 /o, consequently the higher sheet
resistance of the graphene electrode results in the Jsc and FF of the device on graphene being
significantly reduced compared to the device based on ITO and this led to observed decrease
in the efficiency. The Vo of the graphene based device is also lower that its ITO version and

this may reflect also the different of work functions of graphene and ITO.
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Figure 6.13: Current density — voltage (J-V) characteristics of OPV cells made from P3HT:
PC¢1BM blend films, based on (a) graphene and (b) ITO.

The J-V characteristics of OPV devices based on graphene are presented in Table 6-2 The PCE
is lower with the graphene film (0.42 %) compared to that of devices with ITO (3.51 %) as
explained above. The PCE of standard devices which are based on ITO electrodes is considered
a reasonable result comparing with previous work.>”*-*"* In addition, the hydrophobic nature of
graphene makes uniform coating of the PEDOT:PSS layer difficult and this may add to the
issue.?®® Defects in the graphene electrode may also result in high recombination rate in active
layer, reducing the observed current density of the device. Standard OPV has higher Jsc (10
mA/cm?) and Vo (0.54 V) values than graphene film based device. A high temperature CVD
graphene was also applied as the transparent conductive anode for OPV with structure
graphene/poly (3,4-ethylene dioxythiophene):poly (styrene sulfonate) (PEDOT:PSS)/copper
phthalocyanine (CuPc)/C 6o /bathocuproine (BCP)/Al. The sheet resistance (Rsneet) of graphene
electrode was 3.5 kQ/f at transmittance around 89 % and achieved the PCE ~ 1.18 %. '
Devices based on graphene films as an anode electrode for OPV were fabricated by Xu et al.
They prepared a structure of quartz/graphene/ PEDOT:PSS/P3HT:PCBM/LiF/Al and obtained
a PCE of ~0.13 % using large area production of graphene by spin coating method using
graphene solutions.>” In this work, by comparison, using ITO as the electrode for OPV and
delivered a PCE of 3.59 %.3”> In cathode electrode environment, multilayers of graphene
(MLG) film at a high growth temperature have been used in OPVs based on MLG/WPF-6-oxy-
F/P3HT:PCBM/PEDOT:PSS/AL The PCE of these devices achieved about 1.23 %.37° For
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more enhancement, multilayers of graphene film as a cathode electrode in an OPV structure
consisting of glass/ITO/ZnO/P3HT:PCBM/MLG provided the PCE of 2.5 %.>”’ For single
layers of graphene (SLG) as electrode, an OPV sandwich of ITO/PEDOT/CuPC:C60:
TPBi/SLG prepared. However, this architecture resulted in a PCE of around ~ 0.22 %.3"8

Table 6-2: J-V characterisation of OPVs made from P3HT: PCBM blend films as active layer,
based on electrode of ITO and graphene film.

. PCE Cell Area Jse
Device Type (%) Voe (V) L (A) FF (mm?) (mA/em?)
OPV/G 0.428 0.36 1.63E-04 0.27 3.80 4.28

OPV/ITO 3.517 0.55 3.80E-04 0.64 3.80 10.0

The electrical and optical properties of the OPV device with a graphene electrode are degraded
due to the transfer method and this could lead to reduction in its quality. Furthermore, one of
most common challenges for the integration of graphene electrodes into OPV devices is the
incompatibility between the graphene electrode and the PEDOT:PSS hole transport layer
(HTL) that results in an increase in the device failure rate.>”* Preparing a visually uniform
PEDOT:PSS layer on the surface of graphene electrode was a difficult achievement and Figure
6.14 shows the patchiness of the resultant film. The hydrophilic PEDOT:PSS was spin-coated
onto graphene electrode, but a conformal and uniform coating could not be achieved because

of the hydrophobic nature of the graphene surface.

Another reason of low J-V characterisation in OPV based on graphene, can be the wrinkles and
cracks which form in the graphene films due to the wet film transfer. This issue could result in
discontinuities in charge transportation channels on the local scale of graphene domains in the
electrode and would consequently reduce the efficiency of charge collection at the graphene
electrode. Accordingly, the low level of performance in OPV based on graphene electrodes is
concluded to be due to the high sheet resistance of the graphene electrode and morphological
issues. In addition, this poor performance of devices can be related to a low shunt resistance
(Rsh) which causes an increasing of the current density in the reverse bias for the dark and under
illumination condition analysis. However, this result acts as a successful proof of concept for

the use of graphene multi-layers as window electrodes in OPV devices.
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Figure 6.14: Optical micrograph of PEDOT: PSS (Al 4083) spin-coated on the graphene

electrode.

6.8.2 The external quantum efficiency of OPVs

External quantum efficiency (EQE) is the ratio of the number of charge carriers collected by
an OPV device per unit time to the number of photons of a given energy incident on the OPV
per unit time at given wavelength and gives an indication of how efficiently the OPV is
functioning. So the EQE tells you about the fraction of incident photons that are being
converted into electrons in the device. To maximise EQE, it is essential that any graphene
window electrode have a transmission as high as possible. EQE allows a study of the
contribution of photons of differing energies to photocurrent and thereby allows the researcher
to identify wavelengths of light where the device performs poorly. Thus, using EQE analysis
provided an enhanced understanding of the behaviour of graphene electrode based OPVs to
different wavelengths of light. A tungsten halogen lamp passed through an Oriel Cornerstone

130 monochromator was used to measure EQE.

To illustrate how the ratio of the number of charge carriers collected by OPV based on CVD
graphene compared to OPV based on ITO, we have examined the EQE of OPVs based on both
electrode materials. Figure 6.15 shows the EQE spectra for graphene and ITO electrode-based
OPV devices. From this figure, it can be concluded that the number of photons which are
converted to charge carriers in active layer are decreased in OPV-graphene, at least in part

because of low transparency (~65 %) of graphene electrode. This measurement supports the
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hypothesis that graphene grown at low temperature and wet transferred onto a substrate does
not result in a uniform film and its morphology has been affected by transfer process as shown
in Chapter 5. These issues can lead to an increase in the reflection of the graphene electrode
and also cause a high sheet resistance with surface defects which create a leakage current and
short circuit between the electrode and active layer through the PEDOT:PSS layer (see Figure
6.13).
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Figure 6.15: EQE spectra of OPV cells using graphene and ITO as transparent electrode. This
is for four devices of OPV/G comparing with control standard device of OPV/ITO.

The device with an ITO transparent electrode has higher EQE across the entire wavelength
range compared to the five devices based on graphene film as a window electrode. One factor
contributing to a high EQE is the optical absorption of the transparent electrode, but here this
value is approaching 100 %, similar to the ITO. Consequently, the difference in EQE must be
due to the efficiencies of charge collection and charge transfer at the graphene window
electrode. EQE can be improved via reducing the number of graphene layers and obtaining a
smoother surface (to prevent reflection and scattering of light), a challenge for transferred
graphene films utilising the wet transfer method. In this analysis, we considered the poor
performance of the graphene electrode could be mainly due to reduced light transmission through
a poor graphene electrode that will influence EQE. This is due to a combination of many parameters,

such as cracking or contamination from the wet transfer method and an overall low quality
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(small flake size, multilayer and amorphous carbon) of the graphene films related to low growth

temperature.

To further probe OPVs based on graphene electrode, the internal quantum efficiency (IQE)
was calculated and plotted. IQE is the ratio of the number of charge carriers actually collected
by the OPV to the number of photons of a given energy that shine on the OPV and are absorbed
by the cell (see Figure 6.16). A low IQE indicates that the active layer of the solar cell is unable
to make good use of the photons. IQE is considered an inherent property of OPVs and is related
to the light trapping into OPV system. EQE gives a comprehensive indicator of both phases of

collection and the exciton dissociation in OPVs.
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Figure 6.16: EQE and IQE spectra of OPV made from P3HT: PCBM blend films, based on a

graphene electrode.

In a device with perfect light trapping, the EQE should be equal to the IQE. 3" Figure 6.16
shows EQE and IQE of the proposed OPV based on the graphene electrode. It is apparent that
the device has higher IQE than EQE in the same device showing that all the excitons generated
in the device are not collected at the electrodes. The charge collection could be increased with
improving the morphology and resistance of the graphene electrode. Improving the quality of
graphene electrode, with lower number layers of carbon would lead to an increase in the

fraction of the light trapped in the active layer structure.
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6.8.3 The resistance of OPV electrodes

Resistance is simply defined as the opposition to the flow of electric current in the circuit.
Impedance is opposition to the flow of AC current because of any resistive, inductive or
capacitive components in the circuit. It is a combination of both resistance and reactance in a
circuit. It is measured in the same units as resistance. The resistance is experimentally
considered as the impedance with zero phase angle when the current is not alternating. %
However, in the majority of situations the phase angle cannot be zero especially with capacitive
or inductive influences in the circuit. LCR meter (Keysight E4980A) within the frequency

range of 20-106 Hz under dark was analysed this measurement.

To further elucidate the effect of the graphene electrodes, the dark Nyquist plots of devices
based on both ITO and prepared graphene electrodes are presented in Figure 6.17a and b. These
plots give a complex plane representation of the imaginary part, Z"” of the impedance response
versus its real part, Z’. These measurements are applied out at different DC voltage for covering
the entire area where is a working operation of OPV (at range 0 V to 0.6 V). It noted for
increasing of applied voltage is responded for connected to the recombination kinetics that
occurred in ITO device. Moreover, the low voltage region is contributed to dominate through
the shunt resistance of device as a result of unavoidable leakage current which realise in
graphene device.*®! The overall impedance response includes a resistance connected in series
R, that is ascribed to the ITO/Graphene sheet and connecting wire contributions, and the results
are practically frequency-independent. *32-3 It is shown that by considering the equivalent AC
circuit illustrate in Figure 6.17c, R, is higher for the graphene-based device and its value does
not vary too much, whereas its value for the ITO- based device is less and increases
continuously before dropping suddenly above 0.5 V. R, is represented by a series resistance
which can be attributed to the substrate and contacts of the device.*®* The equivalent circuit in
the low frequency region includes a recombination resistance (Rrec) and a relaxation time being
the mobile carrier lifetime of the OPV (R, C).*** The capacitance (C1) from this device is
associated with chemical capacitance Cp. This capacitance could be increased via charge and
carrier density with a change in the Fermi-level.*®*3*° These results imply an Ohmic contact of
graphene (meaning that it acts as a resistor and poorly collects charge) and a more rectifying

behaviour, as expected, for ITO substrate.
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Figure 6.17: Nyquist plots of OPV devices based on (a) graphene and (b) ITO as transparent
electrode, (c) the equivalent AC circuit of OPV.

Detailed analysis for the two electrodes (graphene and ITO) is presented in Figure 6.18a, where
the frequency responses of the real part of the OPV impedance is presented on a linear scale.
The voltage bias for this analysis was applied from 0.1 to 0.4 V and the real part of the
impedance was plotted versus the frequency. At the higher frequency range, the resistance part
of the impedance showed similar dropping values for both devices. Figure 6.18b shows the
device resistance as a function of bias voltage. It is clear that the real resistance of the OPV
based on graphene electrode is higher (~260 Q) compared with the ITO electrode (~50-70 Q).
The analysis viewed the changing of real part resistance as narrow and width region vs
frequency of ITO and graphene devices. The higher sheet resistance of the graphene electrode
is therefore directly reflected in the overall resistance of devices, reducing the device
performance. The real part of the resistance was reduced constantly via increasing the bias

voltage that is related to a reduced value of resistance with a higher voltage at low region of
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frequency. These results are also reflected in the dark J-V curves, where a linear J vs V plot
give a constant resistance for graphene-based device, but a non-ohmic contact is observed for

ITO-based OPV device.
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Figure 6.18: (a) Dispersion of total real part resistance of impedance versus frequency for
OPVs based on graphene and ITO as window electrodes, and (b) the linear J variations vs V

for Graphene-based device, and ITO-based OPV device.

6.9 Assessment of OPVs based on graphene and PEDOT:PSS as window
electrodes

One question which needs to be answered is whether the device performance seen in the
graphene electrode devices actually reflects the graphene as an electrode or, rather, is actually
due to the PEDOT:PSS hole transport layer acting as the electrode. The polymer PEDOT:PSS
is considered to be an inherently flexible and conducting polymer.**¢ This polymer material is
commonly used in applications of organic devices as electronic blocking layers or, when a
specific high conductivity is used, as a polymer electrode. 8738 As such, it is not unreasonable
that the PEDOT:PSS may be acting as the electrode in these devices, with the graphene merely

relegated to a resistive element.

PEDOT:PSS is identified as a polyelectrolyte complex, intermixed on the molecular scale. The

inherently nonconductive PSS part plays several roles. It is a necessary part of overall
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conductivity via serving as a counter-ion to stabilise charge carriers produced by primary
doping. It also thereby creates a water soluble complex of polyelectrolyte in solutions (water,
alcohols and acetone) suitable for environmentally friendly deposition. For high solubility in
water, the percentage of PSS in the compound structure is much higher than that of the
PEDOT.** However, the excess of PSS could degrade the primary devices performance. The
insulating excess PSS surrounds the conducting PEDOT crystallites and can lead to hindering
the charge carriers traveling along the film.3*® The PSS can also act as an insulating layer on
top of the film that has the ability to decrease the charge carriers moving to an adjoining

transport or active layer, essentially acting as a charge barrier.*"!

To determine if device performance was based on graphene or PEDOT:PSS acting as the
transparent electrode in these devices and if PEDOT:PSS is actually hindering charge transport
to the electrode, we fabricated OPVs based on both graphene and PEDOT:PSS alone as thin
film window electrodes. In this way, we could compare the character of graphene electrodes
with the polymer electrode. Table 6-3 shows J-V characterisations for both devices based on
graphene and PEDOT:PSS electrodes. PEDOT: PSS (Al 4083) electrodes were spin-coated at
speed 5000 rpm for 1 min giving a thickness of 10 nm.

Table 6-3: J-V characterisation of OPVs based on graphene and PEDOT:PSS as transparent

electrodes.

A\ | Cell A J..

Device Type POC E o¢ S¢ FF © ;‘ea 2

(%) (V) (A) (mm)  (mA/cm)
OPV/PEDOT:PSS /G 1.130 1 0.53 | 3.29E-04 | 0.32 5.0 6.57
Masked OPV/ PEDOT:PSS/G  0.280  0.40 | 1.31E-04 | 0.26 3.8 2.62
OPV/ PEDOT:PSS 0.097 0.53  3.59E-05  0.25 5.0 0.71
Masked OPV/ PEDOT:PSS | 0.089 | 0.53 | 3.31E-05 0.25 3.8 0.66

J-V curves of both sets of OPVs under AM 1.5 illumination are shown in Figure 6.19. The
results show that the graphene electrode with better performance at area devices 5 mm? (see
Figure 6.19a). In this experiment a device PCE of 1.13 % was obtained — the best obtained for
any graphene based device produced in this work. The dark current for the graphene devices
exhibits non-diode behaviour so there is clearly a leakage current in the devices. Figure 6.19b

shows the J-V plots of OPV based on PEDOT:PSS as an electrode. The devices act as
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photoactive resistors with a resistance higher than that observed in the graphene devices,
reflecting the low conductivity of the grade of PEDOT:PSS used. Masking the devices to a 3.8
mm? window does not affect the PEDOT:PSS device dramatically but does reduce the apparent
performance of the graphene device. Nevertheless, OPVs based on the graphene electrode still
out perform that with the PEDOT:PSS electrode device by a factor of ~3, as shown in Table
6-3. Consequently we can be confident that the device performances reported here are a result
of the graphene electrode and not simply due to the PEDOT:PSS blocking layer. The
dramatically reduction of PCE from 1.13 % to 0.28 % after masking indicates a non-uniform
sheet resistance of the graphene film and resulting in charge trapped within and not being able

to transfer to the electrodes.
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Figure 6.19: J-V characterisation of OPV's based on electrodes of (a) graphene and (b) PEDOT:
PSS.

6.10 The effect of masked electrode area on the performance of graphene
electrodes

To investigate the practicality of large area graphene as window electrodes in high performance
OPV devices, large area graphene devices were fabricated and illuminated under masks of
varying sizes. This experiment was undertaken to determine the viability of low temperature
graphene electrodes for electronic applications. Initially in this study, devices with an active

area of 30 mm? were prepared and their performance was characterised under full illumination
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and the standard mask area of 3.8 mm?. Typical J-V curves are shown in Figure 6.20. This
figure shows an obvious effect of changing the illuminated the area of the graphene electrode
on the performance of the OPV. For full area illumination of the device, an open-circuit voltage
(Voe) of 0.5 V, a short-circuit current density (Jsc) of 8.48 mA/cm?, a FF of 29 % and an
efficiency (PCE) of 1.27 % are observed. This is the highest efficiency observed for these
devices. However, upon applying a mask to the device the performance of the device drops.
Under the 3.8 mm? mask, the device achieved lower values in Ve, Jsc, FF and PCE 0of 0.37 V,
3.91 mA/cm?, 27 % and 0.39 %, respectively. The reduction in Js is to be expected but the

reductions in V, FF and especially PCE are surprising and counter to what might be expected.
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Figure 6.20: J-V characterisation of OPV based on graphene electrode at full area and mask

area of the device.

The reduction in the OPVs performance with illuminated area could be related to an increase
in the density of contamination on the graphene surface. To further probe the influence of scale
area electrodes on the performance of OPVs based on graphene films, the graphene area
electrode was optimized at areas of full device illumination, 30mm?, and with mask areas of 9,
4,3.8,3 and 2.5 mm?. There is a steady and systematic improvement in device performance as
the area of the device increases from 2.5 to 30 mm? (Figure 6.21 and Figure 6.22). The devices
improve from ~0.2% with the 2.5 mm? mask to >1 % for the 30 mm? device. This improvement

is a function of both the Jsc and Voc of the device, both of which also systematically improve,
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whilst FF remains constant (Table 6-4). This observed improvement in device performance
with device area is counter to what might be expected and can only be explained in terms of

charge trap states in the graphene electrode.*”?

Figure 6.21 shows the series resistance (Rs) of the device as a function of device area. The Rs
shows an inverse relationship to the PCE of the devices, systematically decreasing as the area
of illumination increases, as shown in Figure 6.21. Increasing the area of illumination on the
graphene electrode OPV appears to improve the conductivity of the electrode. This could be a
result of two factors. The distance between average site of exciton generation in the active layer
and the contact point on the substrate is reduced with by increasing the illuminated area,

effectively reducing the average charge pathway through the graphene.
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Figure 6.21: Diagram relationship between PCE and Rs of OPVs based on graphene electrodes

and scale areas devices.

However, we have also established that the conductivity of the graphene electrode is reduced
by defects and contamination. These defects result in charge trapping and lower the
conductivity, reducing device performance. When the device is illuminated these charge traps
are initially filled. Once this has happened subsequent charges are free to travel through the
graphene, resulting in increased photoconductivity of the graphene in contact with the active
layer. As the illuminated region is increased in size, the overall conductivity of the graphene
electrode is increased and the device performance increase. Voc also increases since, when the
traps are filled, recombination due to these traps is eliminated. Thus, counterintuitively,

increasing the mask area results in a direct and systematic increase in device efficiency. This
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is a result which interestingly suggests that large area graphene electrode based OPVs are
maybe more viable that small area devices. Overall, these results are promising for the future

of low temperature graphene as electrodes in OPV devices.

Table 6-4: J-V analysis of OPV based on graphene electrode at different scale area.

. Cell
D]?;;Ze 1(’(% Xg; Le(A) | FF (il:lg) . ﬁ;mz) Rs(Q) Rsh(Q)
OPV/G 021 027 152E-04 026 25 3.04  1.58E+03 | 1.92E+03
OPV/G  0.19 028 131E-04 026 3 261 | 2.04E+03  2.33E+03
OPV/G 025 027 132E-04 027 38 349 1.72E403  233E+03
OPV/G 03 | 030 191E-04 026 4 382 1.35E403  1.70E+03
OPV/G 088 042 387E-04 027 9 775  9.08E+02  1.26E+03
OPV/G 1.4 | 053 329E-04 032 30 658  6.90E+02  2.42E+03
OPV/ G
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Figure 6.22: J-V characterisation of OPV based on graphene film as a transparent electrode at

different scale area.
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6.11 The fabrication of inverted OPV based on graphene electrode

Typical OPVs are constructed of polymer layers sandwiched between two electrodes, the anode
and cathode, and are generally prepared on a glass substrate. For all OPV architectures, one of
the electrodes must be optically transparent to allow light to be absorbed in the active layer in
OPVs. Typically, the transparent electrode is the anode of the device as shown previously in
the ITO, graphene, PEDOT:PSS and G-SNW devices. OPVs designed in an inverted structure
are also possible where the cathode becomes the transparent electrode and these often use a

zinc oxide (ZnO) transparent film as the electron transport layer.**?

An inverted structure involving a modified graphene cathode as the window electrode was
proposed and assessed. Figure 6.23 shows a schematic of the inverted structure OPV based on
graphene film as an alternative transparent electrode with G/ZnO/P3HT:PCBM/Mo0Os/Ag
layer structure. Devices of the structure ZnO/P3HT:PCBM/MoOs/Ag are common in the
literature and generally achieve good efficiencies whilst avoiding the use of problematic
materials like ITO (which is rigid and expensive) and PEDOT:PSS (the acidity of which can
lead to device degradation).’®* In this investigation, an inverted structure OPV based on a ZnO
coated graphene electrode was fabricated and assessed, to attempt to improve the stability and
performance of devices. Here we produce a device with graphene film as the cathode electrode
covered by ZnO as an electron transporting layer (ETL) and molybdenum oxide (MoO3)
replacing PEDOT:PSS as the hole transport layer (HTL).>®> This design should exhibit
improved device stability with ZnO inserted between the cathode electrode and the active layer
for selective collection of the electrons. Additionally, the top anode layer of the OPV should
be more air stable with a high work function metal (silver (Ag)) which is used as anode

electrode for hole collection, rather than low work function aluminium (Al).34
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Figure 6.23: Device architecture of inverted OPV based on graphene film as a transparent

electrode.

In this work, ZnO was dispersed in acetone solvent with a concentration of 38 mg/mL. This
dispersion was spin-coated at a coating speed of 5000 rpm for 1 min on top of the graphene
electrodes to give a ZnO ETL film with a thickness of 10 nm. Devices were then fabricated
with P3HT:PCBM as the active layer under the conditions used for conventional OPVs. A
MoOs layer was then deposited by thermal evaporation to a thickness of 10 nm. MoO3 is
commonly used as an additional electron blocking layer (hole transport layer) in inverted OPV
devices. This layer prevents charge recombination occurring at the polymer blend interface.?”
In addition, the work function of Ag has been demonstrated to be 4.3 eV and MoOs shifts this
upon exposure to oxygen to give better band alignment for the metal/polymer interface
layers.*” For comparison, standard inverted devices were also fabricated with a structure of
ITO/ZnO/P3HT:PCBM/Mo003/Ag. Characterisation parameters for the inverted OPV based on
graphene as a cathode as well as ITO are presented in Figure 6.24, which presents the J-V
performance of the prepared inverted OPV devices. It is clear that there is a short current in
OPV circuit based on graphene. The PCE of the inverted device based on a graphene electrode
is about 0.15 % by comparison with the standard device at 2.29 % (Table 6-5).
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Table 6-5 J-V characterisation of inverted OPVs based on electrodes of ITO and graphene.

Cell

FF Area 2
2. (mA/cm)
mm )

SC

Device PCE V, I (A)

Type %) (V) Rs (€2)  Rsh (Q2)

(
OPVITO- | 559 055 3395 047 38 | 902  3.46E+02 6.73E+03
ZnO 04
OPVIG- 15 020 U8B~ g5 33 274 | 1.97E+03  2.04E+03
ZnO 04

Again we observe a lower performance of devices based on graphene electrodes. We observe
a low fill factor (FF) of OPV based on graphene film of 0.25, suggesting again, that the high
series resistance of the graphene electrode overrides the diode behaviour of the photoactive
materials. The standard device displays normal diode behaviour and reasonable short circuit
current density of J 9.02 mA/cm? (Figure 6.24a). However, the Js for the OPV with the
graphene anode is much lower at 2.74 mA/cm? reflecting the high sheet resistance of the
graphene electrode. In addition the Vo of the OPV drops down to ~0.22 V when the graphene
electrode is used, as shown in Figure 6.24b. There is Ohmic contact rather than diode behaviour
in this device and clearly it is this ohmic contact between the graphene and the active layer in

these OPV devices which is limiting their performance.
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Figure 6.24: J-V characterisation of inverted OPVs based on transparent electrodes of (a) ITO,

and (b) graphene.
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6.12 The performance of silver nanowire with the graphene electrode

Transparent electrodes for OPVs are typically optically transparent to visible light with a high
electrical conductivity. It is clear from the previous sections that the conductivity of the
graphene electrode is too low to support a high performing OPV. One way of improving the
conductivity of the graphene electrode without influence on the transmission of the window
electrode could be using a layer of silver nanowires (SNW). Films of SNWs have strong in-
plane conductivity and good optical transparency.**® They can be used as transparent electrodes
for anodes or cathodes with a low sheet resistance to complete the OPV circuit and allowing
visible light to pass into active layers and thus generate charge carriers. In this work, to see if
the performance of graphene based OPVs could be improved, we have prepared SNW films on
graphene electrode on large scale, as depicted in Figure 6.25. SNW solution of 5 ml in water
was filtered by centrifuge then dissolved in 2 ml from 95 % ethanol and 5 % ethylene glycol.
The film was deposited at 4000 rpm for 1 min and the average of thickness around ~ 20 to 30

nm.

I — Glass
\—b PEDOT:PSS
+ P3HT:PCBM
» Ca
> Al

v
Silver nanowire

Figure 6.25: Schematic of the OPV structure of P3HT: PCBM active layer based on a
graphene/SNW window electrode.

The potential benefit of a SNW covered graphene film is that the silver can form a nano-
network overcoming the effect of cracks or wrinkles on the electrode resulting from the transfer

method. To determine the morphology of the SNW film covered graphene electrode was
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transferred onto a Si substrate for SEM analysis. Figure 6.26a shows SEM of the SNW coated
graphene film, revealing that nanowires do, indeed, cover the surface and provide a continuous
network across the film. This architecture should significantly enhance the conductivity of the
graphene electrode when film formation with a high uniformity is achieved over the graphene
surface. The average length of SNW on the graphene surface is around ~57 nm. Indeed, SNW
are a 1D nanomaterial specifically constructed for thin network films which has been shown to
exhibit high performance as a transparent conductive film.>*® However, many issues such as
limited conductive direction, low oxidation resistance and poor adhesion with the substrate can
restrict the high performance of SNW networks applied the surface of an electrode.*-4%

Consequently, the complex processing of SNW applied as nano-networks has promoted an

entire new field of transparent electrodes for a commercial application.

Energy dispersive X-ray spectroscopy (EDS) was used to compositionally analyse the
graphene/Ag as illustrated in Figure 6.26b. The spectrum shows a clearly peaks present due to
the carbon of the graphene film and silver from the nanowires. Since the SNW do not provide
a complete coverage and the graphene layer is only 1-2 nm in thickness, a strong peak for the

silicon substrate is also observed.

[— SNW-G eds.xls

Figure 6.26: (a) SEM micrograph, and (b) EDS of G-SNW deposited onto the surface of

graphene electrode then transferred onto Si substrate, respectively.
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UV-vis transmission spectra and sheet resistance values for the graphene electrode before and
after SNW deposition are shown in Figure 6.27a. It shows that electric properties of the
graphene electrode are improved after applied the SNW network. The sheet resistance electrode
has reduced from 735 Q/f to 511 €f; a reduction of ~30 %. The thickness of SNW was less
than 5 nm in order to avoid reducing the light transmission. However, the light transmission
still decreased from 65.5 to 55.4 % at 500 nm wavelength; about a 15 % reduction in the

transmitted light.

Table 6-6 shows the device parameters for devices with a graphene only electrode (G) and one
with the new SNW modified electrode (G-SNW). An increase in the PCE of the devices from
0.39 % for the graphene device to 0.48 % for the G-SNW device are observed; a 23 % increase
in efficiency, midway between the observed decreases in resistance and transmission for the
electrode, and the best efficiency obtained in this work of a 3.8 mm? device. Again, substantial
leakage current is observed in the dark J-V curve of the device (see Figure 6.27b and c).
Obviously the challenges to performance of OPVs based on graphene electrodes prepared at
low growth temperature still existed in this device, but this approach can be considered a
successful stepping stone towards creating a commercial and flexible electrode for future

industry applications.

Table 6-6: J-V characterisation of OPVs based on graphene and graphene with SNW as

window electrodes.

i \Y% Cell Area J.
Device  PCE | Voo | (a) FF ; ,  Rs(Q) Rsh(Q)
Type (%) | (V) (mm) | (mA/cm)
OPV/G 039 039 143E- 027 3.8 375 2.15E+03 | 3.08E+03
04
OPVIG- | (48 047 137E- 029 3.8 360 | 1.90E+03 3.61E+03
SNW o
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Figure 6.27: (a) UV-Vis light transmission spectra and sheet resistance of G-SNW film in
before and after deposited of SNW network layer, (b) current density — voltage (J-V)
characteristics of OPV cell made from P3HT: PCBM blend films, based on G-SNW electrode,

and (c) based on graphene electrode.
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6.13 Conclusion

In conclusion, we have developed a procedure for the fabrication of large area OPV devices
based on CVD graphene grown at low temperature. The large area graphene has been
successfully transferred into the target substrates by a wet method. This methods allowed for
the etching of the Cu catalyst and large areas of graphene could be transferred for electrode
applications. The morphology, structural, chemical, and optical properties of graphene films
were characterised using AFM, optical microscopy, SEM, XPS and Raman spectroscopy and
it was found that multilayer graphene was formed with amorphous carbon present, and that the
transfer technique resulted in tears, folding and wrinkles in the graphene electrode. Devices
were prepared with the deposited graphene as both as the anode and cathode electrodes. The
studies of J-V data for these OPV devices based on graphene have demonstrated that the small
graphene flakes produced by low temperature growth and the morphological defects resulting
from the transfer method limit device performance. We tried to limit the influence of these
parameters to improve the properties of graphene electrode by optimising the process and
modifying the graphene surface (with SNW, PEDOT:PSS and ZnO). A large area hero device
of 1.14 % efficiency was achieved and methodology for preparing optically transparent, large
area, low temperature graphene electrodes presented. This work provides the basis for a

promising procedure for applying graphene grown at low temperature to industry applications.
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7. Chapter seven: Conclusion and future work

7.1 CVD growth of multi-layer graphene at low temperature

This work has shown that chlorobenzene effusing from a PMMA matrix functions as a carbon
source for CVD graphene grown at low process temperatures. The graphene deposited is in the
form of multi-layered graphene sheets and flecks of single-layer graphene. The range of
graphene layers produced starts from a single carbon atom thickness layer to multi-layered
carbon deposited as a mixture of small graphene domains and amorphous carbon. It was
demonstrated that the amount of H> gas flow could optimise the quality of graphene film
produced during the growth phase. The flow affected the number of layers of carbon deposited

on the Cu catalyst surface, with regions of single-layer graphene found on the Cu foil surface.

In Chapter three, single-layer graphene was grown on the surface of a Cu foil catalyst within
the crystal domains of the catalyst, which had been cleaned by electrochemical-polishing and
thermal annealing. The smooth catalyst surface, free of the superficial native copper oxide
layer, allowed graphene layers to be deposited from a liquid carbon source on the Cu foil
substrate via CVD at 600 °C under different H> flow rates. PMMA-chlorobenzene was heated
to 180 °C to evaporate and transport carbon atoms into the 600 °C catalysis zone. The H»
provided a reducing atmosphere to form the graphene layer which was monitored and
characterised by Raman spectroscopy. The Raman spectrum features gave a clear indication of
film variance with H, gas flow rate during growth. AFM imaging provided corroborating

evidence for single-layer graphene formed in the low temperature growth regime.

7.2 Using residual organic solvents in a PMMA matrix as the carbon source
for low temperature growth

In Chapter four, the formation of continuous graphene layers using different carbon sources on
the CVD system was investigated. It was found that the number of layers of graphene deposited
was influenced by changing the organic solvent within the PMMA matrix with the range of
solvents examined including; p-xylene, toluene, o-xylene, chlorobenzene, dichlorobenzene,
dichloromethane, chloroform and acetone. Other carbon sources, pyridine and methanol, were
reviewed to probe for any dependencies on benzene ring molecular structures in the source and

the effect of heteroatoms in the carbon source.
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The graphene films produced from different carbon sources were initially identified using
Raman spectroscopy and TEM. The analyses showed that graphene films could be fabricated
from all of the identified liquid sources. However, these films were of differing sheet

resistances and transmissions based on the carbon source.

Generally, the sheet resistance and optical transmission of single and low layer number
graphene films from each carbon source were at approximately similar levels. Any low
transparency was correlated with the Raman spectrum of the graphene film showing atomic

thickness commensurate with multi-layers of carbon and the presence of amorphous carbon.

The domain size of graphene is still small for the low temperature CVD growth process as
determined via TEM. Different sizes of graphene domain and multi-layer films were deposited
on the catalyst surface because of the low temperature growth conditions and the residual liquid
carbon sources from the polymer matrix. As a result, we established a new carbon procedure
for the growth of graphene layers by the CVD method at low temperature which could be a

new path for improving the method of graphene growth for electronic applications.

7.3 The performance of graphene electrodes applied to OPYV cells

The attraction of graphene as a future, low-cost, large-area and the transparent electrode has
driven this work. Graphene remains a promising window electrode, and the fabrication process
of graphene electrodes for small and large area electrodes in OPV devices has been developed
in this work. The architecture of OPVs was successfully amended to incorporate graphene
electrodes. There were several challenges in the transfer and cleaning of the large-scale
graphene electrodes when applied to OPV substrates. The process created contamination and
defects on the electrode surface causing poor performance. Additional cleaning processes could
be useful to reduce the influence of the wet transfer method used in this work. However, it is a

complicated process by which to achieve a high purity electrode.

The properties of graphene electrodes were determined to give a comparison to the OPV
electrode study. The replacement of ITO electrodes is the end goal of this research, and the
measurements in this work have laid a foundation upon which future projects may improve

outcomes of low-temperature CVD grown graphene. Specifically:
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e The sheet resistance and UV-vis transmission of graphene electrodes were measured
by a four-point probe and UV-vis spectroscopy, respectively.
e The work function of the graphene electrode was obtained ~ 4.98 and 5.02 eV for
graphene films transferred into Si and ITO substrates, respectively.
The characterisation of work function is promising for the potential of graphene films as

window electrodes in OPVs instead of ITO electrodes.

The quality and morphology of graphene electrodes were analysed by Raman spectroscopy
after the transfer method to determine the influence of the transfer procedure for large area
electrodes. Graphene films were transferred to Si substrates for morphology characterisation

by SEM, and this method revealed the contamination and defects left from the transfer method.

XPS and EDS were used to determine details of carbon elemental bonding in the deposited
carbon on the surface, differentiating amorphous carbon and oxidised carbon from the
graphene. This study was done to assess the quality of deposited graphene achieved for use as
a graphene electrode within OPVs, and mainly, as ITO electrodes are the current standard for

transparent electrodes, to identify areas of opportunity and drawback for OPV fabrication.

7.4 CVD graphene grown at low temperature as alternative window
electrodes on OPVs

The project also demonstrated graphene films as working alternative electrodes on OPVs,
where the graphene electrodes were fabricated for small and large area OPV devices. The small
devices were continuous active OPV cells with areas ~2mm? up to 5 mm? incorporating low
temperature CVD grown graphene electrodes from the chlorobenzene-PMMA carbon source.
A comparable performance between graphene and ITO window electrodes was achieved using
P3HT:PCBM bulk heterojunction devices, particularly with the J-V characterisation of the
OPV cell output from working devices. However, there were pathways for current leakage in
the graphene electrode devices caused by the recombination of charges in the active layer.
These relate to defects in the electrode arising from the wet graphene transfer process; limiting
the efficiency of the graphene electrode OPV compared to an OPV with an ITO electrode. This
work identified areas for improvement before moving to large-area graphene electrode OPV

fabrication.
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Large areas of graphene have been successfully grown and transferred into flexible PET and
glass substrates, with the first achievement being a graphene film of more than 10 cm? in area
deposited on the Cu foil substrate. There was clear evidence of residual defects, arising from
the transfer process, affecting the quality of large-area graphene, as shown in optical
transparency and sheet resistance analyses. Never the less, graphene electrode large area
P3HT:PCBM OPV devices with efficiencies of greater than 1 % were achieved, proving the

potential of graphene as a transparent electrode in these devices.

7.5 Future work

Several planned activities build upon the findings of this project. The optimization of CVD
graphene at low temperature involved an H> gas parameter study of the influence on the number
of layers of films. The impact of growth temperature on the quality of graphene has also been
investigated based on chlorobenzene-PMMA as a carbon source. These factors should be
incorporated into the growth model. Furthermore, the catalyst has a significant impact on
graphene growth under low temperature conditions. Using another catalyst for graphene
growth such as N1, Co and Au and utilising organic solvent-PMMA as carbon source would be
an interesting follow-up study. This extension could provide an exciting pathway for further
mechanistic understanding and to improve the quality of graphene at these conditions.
Additionally, mechanical growth modelling at the current growth conditions should be
undertaken to understand the growth process and to explain the interactions inside the CVD

tube during graphene layer formation.

The carbon bonds of CVD sources and their importance during the growth process require a
more chemistry orientated investigation model. The bond dissociation energy of the carbon
source is critical at low growth temperatures, and further investigation of the influence of this

factor on graphene growth and quality is required.

The graphene electrodes investigated here contain many defects which result in charge trapping
and reduce the device efficiency. Light soaking led to the saturation of these trap states and
increased device efficiency above 1 %, as demonstrated in Chapter 6. The nature and degree
of these trap sites should be further investigated, as minimising or eliminating these sites could

dramatically improve the performance of these devices.
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The proposed mechanisms presented in this thesis can be compared with the well-known high
temperature (>900 °C) graphene growth mechanism where C atoms firstly are dissolved into
catalyst’s bulk atomic matrix and then diffuse to surface at the cooling stage to form a single
layer graphene. By contrast, the low temperature (<800 °C) graphene growth mechanism, in
particular the single-layer graphene formation, is ill-understood. How surface catalyst atoms
promote the C-H or C-Cl bond breaking and C-C bond formation is not discussed in the
literature. Most likely, it involves a surface-mediated catalytic reaction pathway, which should

be of interest in future work to elucidate the surface-mediated catalytic mechanism.

Upon understanding the lower temperature growth mechanism, the second step is to create a
surface catalyst by depositing an optically transparent, thin layer of catalyst material onto an
ideal substrate that is suitable for organic solar cell fabrication. By doing so, there would be no
need to etch off the catalyst layer, which would eliminate the problematic transfer step. This
modification would provide an advantage for large-area production and would be compatible

with roll-to-roll (R2R) printing OPV production.

Furthermore, it is essential to look for a combination of carbon source and catalyst that can
grow good quality graphene layers with an acceptable level of transparency and sheet
conductance under 300 °C, which is the highest heat tolerance that plastic material can sustain.

The flexible plastic substrate is an essential criterion for successful (R2R) OPV production.

Overall, this work is a significant advance in the preparation of a large area flexible of OPV
based on a graphene electrode. The recent progress of this project demonstrates the potential
for improving and applying graphene at large area production with low growth temperatures
and low cost in industrial applications. In addition, further work on the life time of those devices
and a cost comparison to the existing PV can be done to justify the importance of my studies

using graphene as the electrode.

182



Appendix: Conferences and awards

A B R

S

G

TSI,

[ F )

L

ol
T

INTERNATIONAL RESEARCH| CONFERENCE

CERTIFICATE OF BEST PAPER AWARD

ICGCS 2019 : International Conference on
Graphene Chemistry and Structures
hereby certifies that the below mentioned paper
has been selected as the best paper

Growth of Multi-Layered Graphene Using Organic Solvent-PMMA Film as the Carbon Source under
Low Temperature Conditions
Alaa Y. Ali, Natalie P. Holmes, John Holdsworth, Warwick Belcher, Paul Dastoor, Xiaojing Zhou
*’.‘HAT;O
S,

ISTANBUL, TURKEY FEBRUARY 14-15, 2019

TN FVa EATaY BV Bt Eamey Pava Pty Bty Batey Eatad e

T ATy

<Pz

e

183




€

THE UNIVERSITY OF

NEWCASTLE
u

AUSTRALIA

This is to Certify that

ALAA YOUSIF ALI

Presented in the Inaugural
postgraduate Art in MAPS exhibition
held on the 23™ of May 2017 and

WON SECOND PRIZE

of a $200 Westfield Voucher

Dr Michael Gladys
School of Mathematical and Physical Sciences
The University of Newcastle

- GERTIFIGATE

184



THE TOMFARRELISS 7
INSTITUTE ))1 smnr FUTURE CITIES 2015

FOR THE ENVIRONMENT " tnn novations for .»'utm‘a Citie

FACULTY OF SCIENCE AND INFORMATION TECHNOLOGY
THE UNIVERSITY OF NEWCASTLE NEWCASTLE, 1-3 OCTOBER

CERTIFICATE OF ATTAINMENT

BEST STUDENT PRESENTATION - POSTER

THIS IS TO CERTIFY THAT

ALAA YOUSIF ALI

WAS AWARDED THE PRIZE OF $1,000 FOR HAVING PRESENTED THE
BEST POSTER BY A STUDENT AT THE SMART FUTURE CITIES 2015
CONFERENCE, NEWCASTLE.

Professor Tim Roberts
Conference Organiser and Director

Tom Farrell Institute for the Environment -

The University of Newcastle.
7" October 2015.

185



References

1. Geim, A. K.; Novoselov, K. S., The rise of graphene. Nature Materials 2007, 6 (3), 183-
191.

2. Neto, A. C., Guinea, F., & Peres, N.M., Drawing conclusions from graphene. Physics
World 2006, 19(11).

3. Wonbong Choi, J.-w. L., Graphene Synthesis and Applications. Taylor & Francis
Group, CRC Press 2012.

4, Hass, J.; Heer, W. A. d.; Conrad, E. H., The growth and morphology of epitaxial
multilayer graphene. Journal of Physics: Condensed Matter 2008, 20 (32), 323202.

5. Rao, C. N. R.; Biswas, K.; Subrahmanyam, K. S.; Govindaraj, A., Graphene, the new
nanocarbon. Journal of Materials Chemistry 2009, 19 (17), 2457-24609.

6. Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V_;
Grigorieva, 1. V.; Firsov, A. A., Electric field effect in atomically thin carbon films. Science
2004, 306 (5696), 666-9.

7. Zhou, Z. L. a. X., GRAPHENE Energy Storage and Conversion Applications. CRC
Press, Taylor & Francis Group 2015.

8. Meyer, J. C.; Geim, A. K.; Katsnelson, M. 1.; Novoselov, K. S.; Booth, T. J.; Roth, S.,
The structure of suspended graphene sheets. Nature 2007, 446 (7131), 60-63.

9. Puma, E., An Overview of CVD Graphene Growth, Characterization, and Transfer.
Senior Thesis, Pomona College May, 2014.

10. No, Y.-S.; Choi, H. K.; Kim, J.-S.; Kim, H.; Yu, Y.-J.; Choi, C.-G.; Choi, J. S., Layer
number identification of CVD-grown multilayer graphene using Si peak analysis. Scientific
reports 2018, 8 (1), 571.

11. Castro Neto, A. H.; Peres, N. M. R.; Novoselov, K. S.; Geim, A. K., The electronic
properties of graphene. Reviews of Modern Physics 2009, 81 (1), 109-162.

12. Alexander A. Balandin, S. G., et al., Superior Thermal Conductivity of Single-Layer
Graphene. NANO LETTERS 2008, Vol. 8, No. 3, 902-907.

13. Lee, C.; Wei, X.; Kysar, J. W.; Hone, J., Measurement of the elastic properties and
intrinsic strength of monolayer graphene. Science 2008, 321 (5887), 385-8.

14. Nair, R. R.; Blake, P.; Grigorenko, A. N.; Novoselov, K. S.; Booth, T. J.; Stauber, T.;
Peres, N. M.; Geim, A. K., Fine structure constant defines visual transparency of graphene.
Science 2008, 320 (5881), 1308.

15. Cooper, D. R.; D; Anjou, B.; Ghattamaneni, N.; Harack, B.; Hilke, M.; Horth, A.;
Majlis, N.; Massicotte, M.; Vandsburger, L.; Whiteway, E.; Yu, V., Experimental Review of
Graphene. ISRN Condensed Matter Physics 2012.

16. Novoselov, K. S.; Jiang, D.; Schedin, F.; Booth, T. J.; Khotkevich, V. V.; Morozov, S.
V.; Geim, A. K., Two-dimensional atomic crystals. Proceedings of the National Academy of
Sciences of the United States of America 2005, 102 (30), 10451-3.

17. Chen, S.; Wu, Q.; Mishra, C.; Kang, J.; Zhang, H.; Cho, K.; Cai, W.; Balandin, A. A.;
Ruoff, R. S., Thermal conductivity of isotopically modified graphene. Nature materials 2012,
11 (3), 203-207.

18. Wang, J.; Ma, F.; Sun, M., Graphene, hexagonal boron nitride, and their
heterostructures: properties and applications. RSC Advances 2017, 7 (27), 16801-16822.

19. Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Katsnelson, M. L;
Grigorieva, 1. V.; Dubonos, S. V.; Firsov, A. A., Two-dimensional gas of massless Dirac
fermions in graphene. Nature 2005, 438 (7065), 197-200.

20. Zhang, Y.; Tan, Y.-W.; Stormer, H. L.; Kim, P., Experimental observation of the
quantum Hall effect and Berry's phase in graphene. Nature 2005, 438 (7065), 201-204.

186



21. Du, X.; Skachko, I.; Barker, A.; Andrei, E. Y., Approaching ballistic transport in
suspended graphene. Nat Nano 2008, 3 (8), 491-495.

22. Geim, A. K., Graphene: Status and Prospects. Science 2009, 324 (5934), 1530-1534.
23. Novoselov, K. S.; Jiang, Z.; Zhang, Y.; Morozov, S. V.; Stormer, H. L.; Zeitler, U.;
Maan, J. C.; Boebinger, G. S.; Kim, P.; Geim, A. K., Room-Temperature Quantum Hall Effect
in Graphene. Science 2007, 315 (5817), 1379-1379.

24, Singh, V.; Joung, D.; Zhai, L.; Das, S.; Khondaker, S. I.; Seal, S., Graphene based
materials: Past, present and future. Progress in Materials Science 2011, 56 (8), 1178-1271.
25. Oostinga, J. B.; Heersche, H. B.; Liu, X.; Morpurgo, A. F.; Vandersypen, L. M. K.,
Gate-induced insulating state in bilayer graphene devices. Nature materials 2008, 7 (2), 151-
157.

26. Peres, N. M. R.; Guinea, F.; Castro Neto, A. H., Electronic properties of disordered
two-dimensional carbon. Physical Review B 2006, 73 (12), 125411.

27. Gusynin, V. P.; Sharapov, S. G.; Carbotte, J. P., Unusual Microwave Response of Dirac
Quasiparticles in Graphene. Physical Review Letters 2006, 96 (25), 256802.

28. Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J.-S.; Zheng, Y.; Balakrishnan, J.; Lei, T.; Ri
Kim, H.; Song, Y. L; Kim, Y.-J.; Kim, K. S.; Ozyilmaz, B.; Ahn, J.-H.; Hong, B. H.; lijima,
S., Roll-to-roll production of 30-inch graphene films for transparent electrodes. Nat Nano 2010,
5(8), 574-578.

29. Blake, P.; Hill, E. W.; Castro Neto, A. H.; Novoselov, K. S.; Jiang, D.; Yang, R.; Booth,
T. J.; Geim, A. K., Making graphene visible. Applied Physics Letters 2007, 91 (6), 063124.

30. Yu, V.; Hilke, M., Large contrast enhancement of graphene monolayers by angle
detection. Applied Physics Letters 2009, 95 (15), 151904.
31. Lenski, D. R.; Fuhrer, M. S., Raman and optical characterization of multilayer

turbostratic graphene grown via chemical vapor deposition. Journal of Applied Physics 2011,
110 (1), 013720.

32. Kalita, G.; Masahiro, M.; Uchida, H.; Wakita, K.; Umeno, M., Few layers of graphene
as transparent electrode from botanical derivative camphor. Materials Letters 2010, 64 (20),
2180-2183.

33. Wang, X.; Zhi, L.; Miillen, K., Transparent, Conductive Graphene Electrodes for Dye-
Sensitized Solar Cells. Nano Letters 2008, 8 (1), 323-327.

34, Wang, X.; Zhi, L.; Tsao, N.; Tomovic, Z.; Li, J.; Mullen, K., Transparent carbon films
as electrodes in organic solar cells. Angewandte Chemie 2008, 47 (16), 2990-2.

35.  Denis, L. N.; Alexander, A. B., Two-dimensional phonon transport in graphene. Journal
of Physics: Condensed Matter 2012, 24 (23), 233203.

36. Ivan, V.; Sergei, S.; Ilia, I.; Pasquale, F. F.; Sheng, D.; Harry, M.; Miaofang, C.; Dale,
H.; Panos, D.; Nickolay, V. L., Electrical and thermal conductivity of low temperature CVD
graphene: the effect of disorder. Nanotechnology 2011, 22 (27), 275716.

37. Nika, D. L.; Pokatilov, E. P.; Balandin, A. A., Theoretical description of thermal
transport in graphene: The issues of phonon cut-off frequencies and polarization branches.
physica status solidi (b) 2011, 248 (11), 2609-2614.

38. Mohiuddin, T. M. G.; Lombardo, A.; Nair, R. R.; Bonetti, A.; Savini, G.; Jalil, R.;
Bonini, N.; Basko, D. M.; Galiotis, C.; Marzari, N.; Novoselov, K. S.; Geim, A. K_; Ferrari, A.
C., Uniaxial strain in graphene by Raman spectroscopy: $G$ peak splitting, Gr\"uneisen
parameters, and sample orientation. Physical Review B 2009, 79 (20), 205433.

39, Kim, P.; Shi, L.; Majumdar, A.; McEuen, P. L., Thermal Transport Measurements of
Individual Multiwalled Nanotubes. Physical Review Letters 2001, 87 (21), 215502.

40. Pop, E.; Mann, D.; Wang, Q.; Goodson, K.; Dai, H., Thermal Conductance of an
Individual Single-Wall Carbon Nanotube above Room Temperature. Nano Letters 2006, 6 (1),
96-100.

187



41. Cai, W.; Moore, A. L.; Zhu, Y.; Li, X.; Chen, S.; Shi, L.; Ruoff, R. S., Thermal
Transport in Suspended and Supported Monolayer Graphene Grown by Chemical Vapor
Deposition. Nano Letters 2010, 10 (5), 1645-1651.

42. Chen, S.; Moore, A. L.; Cai, W.; Suk, J. W.; An, J.; Mishra, C.; Amos, C.; Magnuson,
C. W.; Kang, J.; Shi, L.; Ruoff, R. S., Raman Measurements of Thermal Transport in
Suspended Monolayer Graphene of Variable Sizes in Vacuum and Gaseous Environments.
ACS Nano 2011, 5 (1), 321-328.

43.  Balandin, A. A., Thermal properties of graphene and nanostructured carbon materials.
Nature materials 2011, 10 (8), 569-581.

44, Zheng, Q.; Geng, Y.; Wang, S.; Li, Z.; Kim, J.-K., Effects of functional groups on the
mechanical and wrinkling properties of graphene sheets. Carbon 2010, 48 (15), 4315-4322.
45. Shen, X.; Lin, X.; Yousefi, N.; Jia, J.; Kim, J.-K., Wrinkling in graphene sheets and
graphene oxide papers. Carbon 2014, 66, 84-92.

46. Liu, F.; Ming, P.; Li, J., Ab initio calculation of ideal strength and phonon instability
of graphene under tension. Physical Review B 2007, 76 (6), 064120.

47. Dikin, D. A.; Stankovich, S.; Zimney, E. J.; Piner, R. D.; Dommett, G. H. B.;
Evmenenko, G.; Nguyen, S. T.; Ruoff, R. S., Preparation and characterization of graphene
oxide paper. Nature 2007, 448 (7152), 457-460.

48. Chen, H.; Miiller, M. B.; Gilmore, K. J.; Wallace, G. G.; Li, D., Mechanically Strong,
Electrically Conductive, and Biocompatible Graphene Paper. Advanced Materials 2008, 20
(18), 3557-3561.

49, Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.; Velamakanni, A.; Jung,
L; Tutuc, E.; Banerjee, S. K.; Colombo, L.; Ruoff, R. S., Large-Area Synthesis of High-Quality
and Uniform Graphene Films on Copper Foils. Science 2009, 324 (5932), 1312-1314.

50. Li, X.; Cai, W.; Colombo, L.; Ruoff, R. S., Evolution of Graphene Growth on Ni and
Cu by Carbon Isotope Labeling. Nano Letters 2009, 9 (12), 4268-4272.

51. De Heer, W. A. B., C.; Wu, X.; Sprinkle, M.; Hu, Y.; Ruan, M.; Stroscio, J. A.; First,
P.N.; Haddon, R.; Piot, B.; et al., Epitaxial graphene electronic structure and transport. J. Phys.
D: Appl. Phys. 2010, 43, 374007.

52. Stankovich, S.; Dikin, D. A.; Piner, R. D.; Kohlhaas, K. A.; Kleinhammes, A.; Jia, Y.;
Wu, Y.; Nguyen, S. T.; Ruoff, R. S., Synthesis of graphene-based nanosheets via chemical
reduction of exfoliated graphite oxide. Carbon 2007, 45 (7), 1558-1565.

53. XXK.Lu, M. F. Y., H. Huang, R.S. Ruoff, Tailoring graphite with the goal of achieving
single sheets. Nanotechnology 10, 269 (1999).

54, Zhang, Y.; Small, J. P.; Pontius, W. V.; Kim, P., Fabrication and electric-field-
dependent transport measurements of mesoscopic graphite devices. Applied Physics Letters
2005, 86 (7), 073104.

55. Guo, S.; Dong, S., Graphene nanosheet: synthesis, molecular engineering, thin film,
hybrids, and energy and analytical applications. Chemical Society Reviews 2011, 40 (5), 2644-
2672.

56. Virojanadara, C.; Syvéjarvi, M.; Yakimova, R.; Johansson, L. I.; Zakharov, A. A.;
Balasubramanian, T., Homogeneous large-area graphene layer growth on $6H$-SiC(0001).
Physical Review B 2008, 78 (24), 245403.

57. Berger, C.; Song, Z.; Li, X.; Wu, X.; Brown, N.; Naud, C.; Mayou, D.; Li, T.; Hass, J.;
Marchenkov, A. N.; Conrad, E. H.; First, P. N.; de Heer, W. A., Electronic Confinement and
Coherence in Patterned Epitaxial Graphene. Science 2006, 312 (5777), 1191-1196.

58. Emtsev, K. V.; Bostwick, A.; Horn, K.; Jobst, J.; Kellogg, G. L.; Ley, L.; McChesney,
J. L.; Ohta, T.; Reshanov, S. A.; Rohrl, J.; Rotenberg, E.; Schmid, A. K.; Waldmann, D.;
Weber, H. B.; Seyller, T., Towards wafer-size graphene layers by atmospheric pressure
graphitization of silicon carbide. Nature materials 2009, 8 (3), 203-207.

188



59. Forbeaux, I.; Themlin, J. M.; Debever, J. M., Heteroepitaxial graphite on
6H—-SiC(0001):Interface formation through conduction-band electronic structure. Physical
Review B 1998, 58 (24), 16396-16406.

60. Levita, G.; Petaccia, L.; Comisso, A.; Lizzit, S.; Larciprete, R.; Goldoni, A.; De Vita,
A., A Spectroscopic and ab Initio Study of the Formation of Graphite and Carbon Nanotubes
from Thermal Decomposition of Silicon Carbide. Nano Letters 2008, 8 (12), 4335-4341.

61. Berger, C.; Song, Z.; Li, T.; Li, X.; Ogbazghi, A. Y.; Feng, R.; Dai, Z.; Marchenkov,
A. N.; Conrad, E. H.; First, P. N.; de Heer, W. A., Ultrathin Epitaxial Graphite: 2D Electron
Gas Properties and a Route toward Graphene-based Nanoelectronics. The Journal of Physical
Chemistry B 2004, 108 (52), 19912-19916.

62. Rollings, E.; Gweon, G. H.; Zhou, S. Y.; Mun, B. S.; McChesney, J. L.; Hussain, B. S.;
Fedorov, A. V.; First, P. N.; de Heer, W. A.; Lanzara, A., Synthesis and characterization of
atomically thin graphite films on a silicon carbide substrate. Journal of Physics and Chemistry
of Solids 2006, 67 (9-10), 2172-2177.

63. Bostwick, A.; McChesney, J.; Ohta, T.; Rotenberg, E.; Seyller, T.; Horn, K.,
Experimental studies of the electronic structure of graphene. Progress in Surface Science 2009,
84 (11-12), 380-413.

64. Moon, J. S.; Curtis, D.; Bui, S.; Hu, M.; Gaskill, D. K.; Tedesco, J. L.; Asbeck, P.;
Jernigan, G. G.; VanMil, B. L.; Myers-Ward, R. L.; Eddy, C. R., Jr.; Campbell, P. M.; Weng,
X., Top-Gated Epitaxial Graphene FETs on Si-Face SiC Wafers With a Peak Transconductance
of 600 mS/mm. Electron Device Letters, IEEE 2010, 31 (4), 260-262.

65. Singh, R. S.; Nalla, V.; Chen, W.; Wee, A. T. S.; Ji, W., Laser Patterning of Epitaxial
Graphene for Schottky Junction Photodetectors. ACS Nano 2011, 5 (7), 5969-5975.

66. Nomani, M. W. K_; Shishir, R.; Qazi, M.; Diwan, D.; Shields, V. B.; Spencer, M. G.;
Tompa, G. S.; Sbrockey, N. M.; Koley, G., Highly sensitive and selective detection of NO2
using epitaxial graphene on 6H-SiC. Sensors and Actuators B: Chemical 2010, 150 (1), 301-
307.

67. Shivaraman, S.; Barton, R. A.; Yu, X.; Alden, J.; Herman, L.; Chandrashekhar, M. V.
S.; Park, J.; McEuen, P. L.; Parpia, J. M.; Craighead, H. G.; Spencer, M. G., Free-Standing
Epitaxial Graphene. Nano Letters 2009, 9 (9), 3100-3105.

68. Camara, N.; Rius, G.; Huntzinger, J.-R.; Tiberj, A.; Mestres, N.; Godignon, P.;
Camassel, J., Selective epitaxial growth of graphene on SiC. Applied Physics Letters 2008, 93
(12), 123503.

69. Jeong, H.-K.; Lee, Y. P.; Lahaye, R. J. W. E.; Park, M.-H.; An, K. H.; Kim, I. J.; Yang,
C.-W.; Park, C. Y.; Ruoff, R. S.; Lee, Y. H., Evidence of Graphitic AB Stacking Order of
Graphite Oxides. Journal of the American Chemical Society 2008, 130 (4), 1362-1366.

70. Li, D.; Kaner, R. B., Graphene-Based Materials. Science 2008, 320 (5880), 1170-1171.
71. Stankovich, S.; Piner, R. D.; Chen, X.; Wu, N.; Nguyen, S. T.; Ruoff, R. S., Stable
aqueous dispersions of graphitic nanoplatelets via the reduction of exfoliated graphite oxide in
the presence of poly(sodium 4-styrenesulfonate). Journal of Materials Chemistry 2006, 16 (2),
155-158.

72. Si, Y.; Samulski, E. T., Synthesis of Water Soluble Graphene. Nano Letters 2008, 8 (6),
1679-1682.

73. Pei, S.; Zhao, J.; Du, J.; Ren, W.; Cheng, H.-M., Direct reduction of graphene oxide
films into highly conductive and flexible graphene films by hydrohalic acids. Carbon 2010, 48
(15), 4466-4474.

74. Wang, G.; Yang, J.; Park, J.; Gou, X.; Wang, B.; Liu, H.; Yao, J., Facile Synthesis and
Characterization of Graphene Nanosheets. The Journal of Physical Chemistry C 2008, 112
(22), 8192-8195.

189



75. Stankovich, S.; Dikin, D. A.; Dommett, G. H. B.; Kohlhaas, K. M.; Zimney, E. J.; Stach,
E. A.; Piner, R. D.; Nguyen, S. T.; Ruoff, R. S., Graphene-based composite materials. Nature
20006, 442 (7100), 282-286.

76. Kim, K. S.; Zhao, Y.; Jang, H.; Lee, S. Y.; Kim, J. M.; Kim, K. S.; Ahn, J. H.; Kim, P.;
Choi, J. Y.; Hong, B. H., Large-scale pattern growth of graphene films for stretchable
transparent electrodes. Nature 2009, 457 (7230), 706-10.

77. Reina, A.; Jia, X.; Ho, J.; Nezich, D.; Son, H.; Bulovic, V.; Dresselhaus, M. S.; Kong,
J., Large area, few-layer graphene films on arbitrary substrates by chemical vapor deposition.
Nano letters 2009, 9 (1), 30-5.

78. Miyata, Y.; Kamon, K.; Ohashi, K.; Kitaura, R.; Yoshimura, M.; Shinohara, H., A
simple alcohol-chemical vapor deposition synthesis of single-layer graphenes using flash
cooling. Applied Physics Letters 2010, 96 (26), 263105.

79. Kwon, S.-Y.; Ciobanu, C. V.; Petrova, V.; Shenoy, V. B.; Barefo, J.; Gambin, V_;
Petrov, 1.; Kodambaka, S., Growth of Semiconducting Graphene on Palladium. Nano Letters
2009, 9 (12), 3985-3990.

80. Coraux, J.; N‘Diaye, A. T.; Busse, C.; Michely, T., Structural Coherency of Graphene
on Ir(111). Nano Letters 2008, 8 (2), 565-570.

81. Ago, H.; Ito, Y.; Mizuta, N.; Yoshida, K.; Hu, B.; Orofeo, C. M.; Tsuji, M.; Ikeda, K.-
1.; Mizuno, S., Epitaxial Chemical Vapor Deposition Growth of Single-Layer Graphene over
Cobalt Film Crystallized on Sapphire. ACS Nano 2010, 4 (12), 7407-7414.

82. Howsare, C. A.; Weng, X.; Bojan, V.; Snyder, D.; Robinson, J. A., Substrate
considerations for graphene synthesis on thin copper films. Nanotechnology 2012, 23 (13),
135601.

83. Trinsoutrot, P.; Rabot, C.; Vergnes, H.; Delamoreanu, A.; Zenasni, A.; Caussat, B.,
High quality graphene synthesized by atmospheric pressure CVD on copper foil. Surface and
Coatings Technology 2013, 230, 87-92.

84. Hussain, S.; Igbal, M. W_; Park, J.; Ahmad, M.; Singh, J.; Eom, J.; Jung, J., Physical
and electrical properties of graphene grown under different hydrogen flow in low pressure
chemical vapor deposition. Nanoscale research letters 2014, 9 (1), 546.

85. Liu, W.; Li, H.; Xu, C.; Khatami, Y.; Banerjee, K., Synthesis of high-quality monolayer
and bilayer graphene on copper using chemical vapor deposition. Carbon 2011, 49 (13), 4122-
4130.

86. Shin, H.-J.; Yoon, S.-M.; Mook Choi, W.; Park, S.; Lee, D.; Yong Song, I.; Sung Woo,
Y.; Choti, J.-Y., Influence of Cu crystallographic orientation on electron transport in graphene.
Applied Physics Letters 2013, 102 (16), 163102.

87. Nguyen, V. T.; Le, H. D.; Nguyen, V. C.; Tam Ngo, T. T.; Le, D. Q.; Nguyen, X. N.;
Phan, N. M., Synthesis of multi-layer graphene films on copper tape by atmospheric pressure
chemical vapor deposition method. Advances in Natural Sciences: Nanoscience and
Nanotechnology 2013, 4 (3), 035012.

88. Tian, J.; Hu, B.; Wei, Z.; Jin, Y.; Luo, Z.; Xia, M.; Pan, Q.; Liu, Y., Surface structure
deduced differences of copper foil and film for graphene CVD growth. Applied Surface
Science 2014, 300, 73-79.

89. Li, X.; Zhu, Y.; Cai, W.; Borysiak, M.; Han, B.; Chen, D.; Piner, R. D.; Colombo, L.;
Ruoff, R. S., Transfer of Large-Area Graphene Films for High-Performance Transparent
Conductive Electrodes. Nano Letters 2009, 9 (12), 4359-4363.

90. Cai, W.; Zhu, Y.; Li, X.; Piner, R. D.; Ruoff, R. S., Large areca few-layer
graphene/graphite films as transparent thin conducting electrodes. Applied Physics Letters
2009, 95 (12), 123115.

190



91. Srivastava, A.; Galande, C.; Ci, L.; Song, L.; Rai, C.; Jariwala, D.; Kelly, K. F.; Ajayan,
P. M., Novel Liquid Precursor-Based Facile Synthesis of Large-Area Continuous, Single, and
Few-Layer Graphene Films. Chemistry of Materials 2010, 22 (11), 3457-3461.

92. Wintterlin, J.; Bocquet, M. L., Graphene on metal surfaces. Surface Science 2009, 603
(10-12), 1841-1852.

93, Li, X.; Magnuson, C. W.; Venugopal, A.; Tromp, R. M.; Hannon, J. B.; Vogel, E. M_;
Colombo, L.; Ruoff, R. S., Large-Area Graphene Single Crystals Grown by Low-Pressure
Chemical Vapor Deposition of Methane on Copper. Journal of the American Chemical Society
2011, 133 (9), 2816-2819.

94, Chen, S.; Cai, W.; Piner, R. D.; Suk, J. W.; Wu, Y.; Ren, Y.; Kang, J.; Ruoff, R. S.,
Synthesis and Characterization of Large-Area Graphene and Graphite Films on Commercial
Cu—Ni Alloy Foils. Nano Letters 2011, 11 (9), 3519-3525.

95. Sarajlic, O. I.; Mani, R. G., Mesoscale Scanning Electron and Tunneling Microscopy
Study of the Surface Morphology of Thermally Annealed Copper Foils for Graphene Growth.
Chemistry of Materials 2013, 25 (9), 1643-1648.

96. Luo, Z.; Lu, Y.; Singer, D. W.; Berck, M. E.; Somers, L. A.; Goldsmith, B. R.; Johnson,
A. T. C., Effect of Substrate Roughness and Feedstock Concentration on Growth of Wafer-
Scale Graphene at Atmospheric Pressure. Chemistry of Materials 2011, 23 (6), 1441-1447.
97. Chen, S.; Brown, L.; Levendorf, M.; Cai, W.; Ju, S.-Y.; Edgeworth, J.; Li, X
Magnuson, C. W.; Velamakanni, A.; Piner, R. D.; Kang, J.; Park, J.; Ruoff, R. S., Oxidation
Resistance of Graphene-Coated Cu and Cu/Ni Alloy. ACS Nano 2011, 5 (2), 1321-1327.

98. Cho, J.; Gao, L.; Tian, J.; Cao, H.; Wu, W.; Yu, Q.; Yitamben, E. N.; Fisher, B.; Guest,
J.R.; Chen, Y. P.; Guisinger, N. P., Atomic-Scale Investigation of Graphene Grown on Cu Foil
and the Effects of Thermal Annealing. ACS Nano 2011, 5 (5), 3607-3613.

99. Li, X.; Cai, W.; Jung, I. H.; An, J. H.; Yang, D.; Velamakanni, A.; Piner, R.; Colombo,
L.; Ruoff, R. S., Synthesis, Characterization, and Properties of Large-Area Graphene Films.
ECS Transactions 2009, 19 (5), 41-52.

100. Giorgi R., L. N., Dikonimos Th., Falconieri M., Gagliardi S., Salernitano E., Morales
P., Pilloni L., Graphene: large area synthesis by Chemical Vapor Deposition. EAI — Energia,
Ambiente e Innovazione 3 2011, 68-74.

101. Robinson, Z. R.; Tyagi, P.; Murray, T. M.; Ventrice, C. A.; Chen, S.; Munson, A.;
Magnuson, C. W.; Ruoff, R. S., Substrate grain size and orientation of Cu and Cu—Ni foils used
for the growth of graphene films. Journal of Vacuum Science & Technology A 2012, 30 (1),
011401.

102. Rana, K.; Singh, J.; Ahn, J.-H., A graphene-based transparent electrode for use in
flexible optoelectronic devices. Journal of Materials Chemistry C 2014, 2 (15), 2646.

103.  Chen, H.; Zhu, W.; Zhang, Z., Contrasting Behavior of Carbon Nucleation in the Initial
Stages of Graphene Epitaxial Growth on Stepped Metal Surfaces. Physical Review Letters
2010, 104 (18), 186101.

104. Yazyev, O. V.; Pasquarello, A., Effect of Metal Elements in Catalytic Growth of
Carbon Nanotubes. Physical Review Letters 2008, 100 (15), 156102.

105. Choti, J.-H.; Li, Z.; Cui, P.; Fan, X.; Zhang, H.; Zeng, C.; Zhang, Z., Drastic reduction
in the growth temperature of graphene on copper via enhanced London dispersion force.
Scientific reports 2013, 3, 1925.

106.  Yu, Q.; Jauregui, L. A.; Wu, W.; Colby, R.; Tian, J.; Su, Z.; Cao, H.; Liu, Z.; Pandey,
D.; Wei, D.; Chung, T. F.; Peng, P.; Guisinger, N. P.; Stach, E. A.; Bao, J.; Pei, S.-S.; Chen,
Y. P., Control and characterization of individual grains and grain boundaries in graphene grown
by chemical vapour deposition. Nature materials 2011, 10 (6), 443-449.

107. Cao, H.; Yu, Q.; Jauregui, L. A.; Tian, J.; Wu, W.; Liu, Z.; Jalilian, R.; Benjamin, D.
K.; Jiang, Z.; Bao, J.; Pei, S. S.; Chen, Y. P., Electronic transport in chemical vapor deposited

191



graphene synthesized on Cu: Quantum Hall effect and weak localization. Applied Physics
Letters 2010, 96 (12), 122106.

108. Zhao, L. R., K. T. ; Zhou, H.; He, R.; Heinz, T. F.; Pinczuk, A.; Flynn, G. W
Pasupathy, A. N., The Atomic-scale Growth of Large-Area Monolayer Graphene on Single-
Crystal Copper Substrates. arXiv:1008.3542v1 2010.

109.  Yu, Q.; Lian, J.; Siriponglert, S.; Li, H.; Chen, Y. P.; Pei, S.-S., Graphene segregated
on Ni surfaces and transferred to insulators. Applied Physics Letters 2008, 93 (11), 113103.
110. R. Hawaldar, P. M., M. R. Correia, 1. Bdikin J. Grécio, J. Méndez, J. A. Martin-Gago,
and M. K. Singh, Large-area high-throughput synthesis of monolayer graphene sheet by Hot
Filament Thermal Chemical Vapor Deposition. Scientific reports 2012, 2, 682.

111.  Yan, Z.; Lin, J.; Peng, Z.; Sun, Z.; Zhu, Y.; Li, L.; Xiang, C.; Samuel, E. L.; Kittrell,
C.; Tour, J. M., Toward the Synthesis of Wafer-Scale Single-Crystal Graphene on Copper
Foils. ACS Nano 2012, 6 (10), 9110-9117.

112.  Mehdipour, H.; Ostrikov, K., Kinetics of Low-Pressure, Low-Temperature Graphene
Growth: Toward Single-Layer, Single-Crystalline Structure. ACS Nano 2012, 6 (11), 10276-
10286.

113. D.Wang,H. T., Y Yang, D. Xie, T. L. Ren, and Y. Zhang, Scalable and Direct Growth
of Graphene Micro Ribbons on Dielectric Substrates. Scientific reports 2013, 3 , 1348.

114.  Losurdo, M.; Giangregorio, M. M.; Capezzuto, P.; Bruno, G., Graphene CVD growth
on copper and nickel: role of hydrogen in kinetics and structure. Physical Chemistry Chemical
Physics 2011, 13 (46), 20836-20843.

115. Reina, A.; Thiele, S.; Jia, X.; Bhaviripudi, S.; Dresselhaus, M.; Schaefer, J.; Kong, J.,
Growth of large-area single- and Bi-layer graphene by controlled carbon precipitation on
polycrystalline Ni surfaces. Nano Res. 2009, 2 (6), 509-516.

116. Constant, L.; Speisser, C.; Le Normand, F., HFCVD diamond growth on Cu(111).
Evidence for carbon phase transformations by in situ AES and XPS. Surface Science 1997, 387
(1-3), 28-43.

117.  Zhou, W.; Han, Z.; Wang, J.; Zhang, Y.; Jin, Z.; Sun, X.; Zhang, Y.; Yan, C.; Li, Y.,
Copper Catalyzing Growth of Single-Walled Carbon Nanotubes on Substrates. Nano Letters
2006, 6 (12), 2987-2990.

118. T.P.Ong, F. X.,R.P. H. Chang, and C. W. J. White, Nucleation and growth of diamond
on carbon-implanted single crystal copper surfaces. J. Mater. Res. 1992, 7, 2429.

119. Jia, C.;Jiang, J.; Gan, L.; Guo, X., Direct Optical Characterization of Graphene Growth
and Domains on Growth Substrates. Sci. Rep. 2012, 2.

120. Ogawa, Y.; Hu, B.; Orofeo, C. M.; Tsuji, M.; Ikeda, K.-i.; Mizuno, S.; Hibino, H.; Ago,
H., Domain Structure and Boundary in Single-Layer Graphene Grown on Cu(111) and Cu(100)
Films. The Journal of Physical Chemistry Letters 2012, 3 (2), 219-226.

121.  Wood, J. D.; Schmucker, S. W.; Lyons, A. S.; Pop, E.; Lyding, J. W., Effects of
Polycrystalline Cu Substrate on Graphene Growth by Chemical Vapor Deposition. Nano
Letters 2011, 11 (11), 4547-4554.

122.  He, R.; Zhao, L.; Petrone, N.; Kim, K. S.; Roth, M.; Hone, J.; Kim, P.; Pasupathy, A.;
Pinczuk, A., Large Physisorption Strain in Chemical Vapor Deposition of Graphene on Copper
Substrates. Nano Letters 2012, 12 (5), 2408-2413.

123.  S.Nie,J. M. W., N. C. Bartelt, O. D. Dubon, and K. F.,McCarty, Origin of the mosaicity
in graphene grown on Cu(111). Phys. Rev. 2011, B 84 (155425).

124.  Zhang, B.; Lee, W. H.; Piner, R.; Kholmanov, I.; Wu, Y.; Li, H.; Ji, H.; Ruoff, R. S.,
Low-Temperature Chemical Vapor Deposition Growth of Graphene from Toluene on
Electropolished Copper Foils. ACS Nano 2012, 6 (3), 2471-2476.

125. Borysiak, M., Graphene synthesis by CVD on copper substrates. The NNIN REU
Research Accomplishments 2009, 70-71

192



126. Kobayashi, T.; Bando, M.; Kimura, N.; Shimizu, K.; Kadono, K.; Umezu, N.;
Miyahara, K.; Hayazaki, S.; Nagai, S.; Mizuguchi, Y.; Murakami, Y.; Hobara, D., Production
of a 100-m-long high-quality graphene transparent conductive film by roll-to-roll chemical
vapor deposition and transfer process. Applied Physics Letters 2013, 102 (2), 023112.

127.  Sutter, P. W.; Flege, J. I.; Sutter, E. A., Epitaxial graphene on ruthenium. Nature
materials 2008, 7 (5), 406-11.

128. Li, D.; Muller, M. B.; Gilje, S.; Kaner, R. B.; Wallace, G. G., Processable aqueous
dispersions of graphene nanosheets. Nat Nano 2008, 3 (2), 101-105.

129. Lee, S.; Lee, K.; Zhong, Z., Wafer Scale Homogeneous Bilayer Graphene Films by
Chemical Vapor Deposition. Nano Letters 2010, 10 (11), 4702-4707.

130. Sun, Z.; Yan, Z.; Yao, J.; Beitler, E.; Zhu, Y.; Tour, J. M., Growth of graphene from
solid carbon sources. Nature 2010, 468 (7323), 549-552.

131. Kasman, S. S., M.Si.,, THE GROWTH OF GRAPHENE/GRAPHITE THIN FILM
ALLOTROPES ON COPPER SUBSTRATES. The University of Newcastle, Thesis PhD.
2014.

132.  Zeng, W. R.; Li, S. F.; Chow, W. K., Review on Chemical Reactions of Burning
Poly(methyl methacrylate) PMMA. Journal of Fire Sciences 2002, 20 (5), 401-433.

133.  Ferriol, M.; Gentilhomme, A.; Cochez, M.; Oget, N.; Mieloszynski, J. L., Thermal
degradation of poly(methyl methacrylate) (PMMA): modelling of DTG and TG curves.
Polymer Degradation and Stability 2003, 79 (2), 271-281.

134. Costache, M. C.; Wang, D.; Heidecker, M. J.; Manias, E.; Wilkie, C. A., The thermal
degradation of poly(methyl methacrylate) nanocomposites with montmorillonite, layered
double hydroxides and carbon nanotubes. Polymers for Advanced Technologies 2006, 17 (4),
272-280.

135. Kashiwagi, T., A. Inaba, J. E. Brown, K. Hatada, T. Kitayama, and E. Masuda, Effects
of weak linkages on thermal and oxidative degradation of poly(methyl methacrylates).
Macromolecules. American Chemical Society 1986, 19 (8), 2160-2168.

136. Li, Z.; Wu, P.; Wang, C.; Fan, X.; Zhang, W.; Zhai, X.; Zeng, C.; Li, Z.; Yang, J.; Hou,
J., Low-Temperature Growth of Graphene by Chemical Vapor Deposition Using Solid and
Liquid Carbon Sources. ACS Nano 2011, 5 (4), 3385-3390.

137.  Wu, T.; Ding, G.; Shen, H.; Wang, H.; Sun, L.; Jiang, D.; Xie, X.; Jiang, M., Triggering
the Continuous Growth of Graphene Toward Millimeter-Sized Grains. Advanced Functional
Materials 2013, 23 (2), 198-203.

138. Jang, J.; Son, M.; Chung, S.; Kim, K.; Cho, C.; Lee, B. H.; Ham, M.-H., Low-
temperature-grown continuous graphene films from benzene by chemical vapor deposition at
ambient pressure. Scientific reports 2015, 5, 17955.

139.  Weatherup, R. S.; Bayer, B. C.; Blume, R.; Ducati, C.; Baehtz, C.; Schlogl, R.;
Hofmann, S., In Situ Characterization of Alloy Catalysts for Low-Temperature Graphene
Growth. Nano Letters 2011, 11 (10), 4154-4160.

140. Somekh, M.; Shawat, E.; Nessim, G. D., Fully reproducible, low-temperature synthesis
of high-quality, few-layer graphene on nickel via preheating of gas precursors using
atmospheric pressure chemical vapor deposition. Journal of Materials Chemistry A 2014, 2
(46), 19750-19758.

141. Huang, P. Y.; Ruiz-Vargas, C. S.; van der Zande, A. M.; Whitney, W. S.; Levendorf,
M. P.; Kevek, J. W.; Garg, S.; Alden, J. S.; Hustedt, C. J.; Zhu, Y.; Park, J.; McEuen, P. L.;
Muller, D. A., Grains and grain boundaries in single-layer graphene atomic patchwork quilts.
Nature 2011, 469 (7330), 389-392.

142.  Vlassiouk, I.; Regmi, M.; Fulvio, P.; Dai, S.; Datskos, P.; Eres, G.; Smirnov, S., Role
of Hydrogen in Chemical Vapor Deposition Growth of Large Single-Crystal Graphene. ACS
Nano 2011, 5 (7), 6069-6076.

193



143. Lee, B. J.,, H. Y. Yu and G. H. Jeong, Controlled synthesis of monolayer graphene
toward transparent flexible conductive film application. Nanoscale Res. Lett 2010, 5, 1768—
1773.

144. Jeong-Yuan Hwang, C.-C. K., Li-Chyong Chen and Kuei-Hsien Chen, Correlating
defect density with carrier mobility in large-scaled graphene films: Raman spectral signatures
for the estimation of defect density. NANOTECHNOLOGY,IOP 2010, 21.

145. Mufioz, R.; Gémez-Aleixandre, C., Review of CVD Synthesis of Graphene. Chemical
Vapor Deposition 2013, 19 (10-11-12), 297-322.

146. Wei, W.; Qingkai, Y.; Peng, P.; Zhihong, L.; Jiming, B.; Shin-Shem, P., Control of
thickness uniformity and grain size in graphene films for transparent conductive electrodes.
Nanotechnology 2012, 23 (3), 035603.

147. Wang, H.; Wang, G.; Bao, P.; Yang, S.; Zhu, W.; Xie, X.; Zhang, W.-J., Controllable
Synthesis of Submillimeter Single-Crystal Monolayer Graphene Domains on Copper Foils by
Suppressing Nucleation. Journal of the American Chemical Society 2012, 134 (8), 3627-3630.
148. Mohsin, A.; Liu, L.; Liu, P.; Deng, W.; Ivanov, L. N.; Li, G.; Dyck, O. E.; Duscher, G.;
Dunlap, J. R.; Xiao, K.; Gu, G., Synthesis of Millimeter-Size Hexagon-Shaped Graphene
Single Crystals on Resolidified Copper. ACS Nano 2013, 7 (10), 8924-8931.

149. Levendorf, M. P.; Ruiz-Vargas, C. S.; Garg, S.; Park, J., Transfer-Free Batch
Fabrication of Single Layer Graphene Transistors. Nano Letters 2009, 9 (12), 4479-4483.
150. Chen, S.; Ji, H.; Chou, H.; Li, Q.; Li, H.; Suk, J. W.; Piner, R.; Liao, L.; Cai, W.; Ruoff,
R. S., Millimeter-Size Single-Crystal Graphene by Suppressing Evaporative Loss of Cu During
Low Pressure Chemical Vapor Deposition. Advanced Materials 2013, 25 (14), 2062-2065.
151.  Zhou, H.; Yu, W. J; Liu, L.; Cheng, R.; Chen, Y.; Huang, X.; Liu, Y.; Wang, Y.;
Huang, Y.; Duan, X., Chemical vapour deposition growth of large single crystals of monolayer
and bilayer graphene. Nat Commun 2013, 4.

152.  Boyd, D. A.; Lin, W. H.; Hsu, C. C.; Teague, M. L.; Chen, C. C.; Lo, Y. Y.; Chan, W.
Y.; Su, W. B.; Cheng, T. C.; Chang, C. S.; Wu, C. L; Yeh, N. C., Single-step deposition of
high-mobility graphene at reduced temperatures. Nat Commun 2015, 6.

153. Han, G. H.; Giines, F.; Bae, J. J.; Kim, E. S.; Chae, S. J.; Shin, H.-J.; Choi, J.-Y.; Pribat,
D.; Lee, Y. H., Influence of Copper Morphology in Forming Nucleation Seeds for Graphene
Growth. Nano Letters 2011, 11 (10), 4144-4148.

154.  Artyukhov, V. I; Liu, Y.; Yakobson, B. I., Equilibrium at the edge and atomistic
mechanisms of graphene growth. Proceedings of the National Academy of Sciences 2012, 109
(38), 15136-15140.

155. Gao, L.; Ren, W.; Xu, H.; Jin, L.; Wang, Z.; Ma, T.; Ma, L.-P.; Zhang, Z.; Fu, Q.; Peng,
L.-M.; Bao, X.; Cheng, H.-M., Repeated growth and bubbling transfer of graphene with
millimetre-size single-crystal grains using platinum. Nat Commun 2012, 3, 699.

156. Pan, Y.; Zhang, H.; Shi, D.; Sun, J.; Du, S.; Liu, F.; Gao, H.-j., Highly Ordered,
Millimeter-Scale, Continuous, Single-Crystalline Graphene Monolayer Formed on Ru (0001).
Advanced Materials 2009, 21 (27), 2777-2780.

157. Iwasaki, T.; Park, H. J.; Konuma, M.; Lee, D. S.; Smet, J. H.; Starke, U., Long-Range
Ordered Single-Crystal Graphene on High-Quality Heteroepitaxial Ni Thin Films Grown on
MgO(111). Nano Letters 2011, 11 (1), 79-84.

158. Gan, L.; Luo, Z., Turning off Hydrogen To Realize Seeded Growth of Subcentimeter
Single-Crystal Graphene Grains on Copper. ACS Nano 2013, 7 (10), 9480-9488.

159. Hao, Y.; Bharathi, M. S.; Wang, L.; Liu, Y.; Chen, H.; Nie, S.; Wang, X.; Chou, H.;
Tan, C.; Fallahazad, B.; Ramanarayan, H.; Magnuson, C. W.; Tutuc, E.; Yakobson, B. L;
McCarty, K. F.; Zhang, Y.-W.; Kim, P.; Hone, J.; Colombo, L.; Ruoff, R. S., The Role of
Surface Oxygen in the Growth of Large Single-Crystal Graphene on Copper. Science 2013,
342 (6159), 720-723.

194



160. Wu, J.; Becerril, H. A.; Bao, Z.; Liu, Z.; Chen, Y.; Peumans, P., Organic solar cells
with solution-processed graphene transparent electrodes. Applied Physics Letters 2008, 92
(26), 263302.

161. Yin, Z.; Sun, S.; Salim, T.; Wu, S.; Huang, X.; He, Q.; Lam, Y. M.; Zhang, H., Organic
Photovoltaic Devices Using Highly Flexible Reduced Graphene Oxide Films as Transparent
Electrodes. ACS Nano 2010, 4 (9), 5263-5268.

162.  Chen, Z.; Ren, W.; Gao, L.; Liu, B.; Pei, S.; Cheng, H.-M., Three-dimensional flexible
and conductive interconnected graphene networks grown by chemical vapour deposition.
Nature materials 2011, 10 (6), 424-428.

163. Gwon, H.; Kim, H.-S.; Lee, K. U.; Seo, D.-H.; Park, Y. C.; Lee, Y.-S.; Ahn, B. T_;
Kang, K., Flexible energy storage devices based on graphene paper. Energy & Environmental
Science 2011, 4 (4), 1277-1283.

164. Gomez De Arco, L.; Zhang, Y.; Schlenker, C. W.; Ryu, K.; Thompson, M. E.; Zhou,
C., Continuous, Highly Flexible, and Transparent Graphene Films by Chemical Vapor
Deposition for Organic Photovoltaics. ACS Nano 2010, 4 (5), 2865-2873.

165. Liu, Z.;Li,J.; Sun, Z.-H.; Tai, G.; Lau, S.-P.; Yan, F., The Application of Highly Doped
Single-Layer Graphene as the Top Electrodes of Semitransparent Organic Solar Cells. ACS
Nano 2012, 6 (1), 810-818.

166. Lee,K.S.;Lee, Y.; Lee,J. Y.; Ahn, J.-H.; Park, J. H., Flexible and Platinum-Free Dye-
Sensitized Solar Cells with Conducting-Polymer-Coated Graphene Counter Electrodes.
ChemSusChem 2012, 5 (2), 379-382.

167. Yin, Z.; Zhu, J.; He, Q.; Cao, X.; Tan, C.; Chen, H.; Yan, Q.; Zhang, H., Graphene-
Based Materials for Solar Cell Applications. Advanced Energy Materials 2014, 4 (1), n/a-n/a.
168. Liu, Z.; Liu, Q.; Huang, Y.; Ma, Y.; Yin, S.; Zhang, X.; Sun, W.; Chen, Y., Organic
Photovoltaic Devices Based on a Novel Acceptor Material: Graphene. Advanced Materials
2008, 20 (20), 3924-3930.

169. Bonaccorso, F.; Sun, Z.; Hasan, T.; Ferrari, A. C., Graphene photonics and
optoelectronics. Nat Photon 2010, 4 (9), 611-622.

170. Hong, W.; Xu, Y.; Lu, G.; Li, C.; Shi, G., Transparent graphene/PEDOT-PSS
composite films as counter electrodes of dye-sensitized solar cells. Electrochemistry
Communications 2008, 10 (10), 1555-1558.

171.  Chang, H.; Liu, Y.; Zhang, H.; Li, J., Pyrenebutyrate-functionalized graphene/poly(3-
octyl-thiophene) nanocomposites based photoelectrochemical cell. Journal of Electroanalytical
Chemistry 2011, 656 (1-2), 269-273.

172. Park, H., Rowehl, J.A., Kim, K.K., Bulovic, V., and J. Kong, Doped graphene
electrodes for organic solar cells. Nanotechnology 2010, 21: 505204.

173.  Valentini, L.; Cardinali, M.; Bittolo Bon, S.; Bagnis, D.; Verdejo, R.; Lopez-Manchado,
M. A.; Kenny, J. M., Use of butylamine modified graphene sheets in polymer solar cells.
Journal of Materials Chemistry 2010, 20 (5), 995-1000.

174.  Yu, D., Yang, Y., Durstock, M., Baek, J.-B., and L. Dai, Soluble P3HT-grafted
graphene for efficient bilayer-heterojunction photovoltaic devices. ACS Nano 2010, 4 (10),
5633-5640.

175. Liu, Z.; Li, J.; Yan, F., Package-Free Flexible Organic Solar Cells with Graphene top
Electrodes. Advanced Materials 2013, 25 (31), 4296-4301.

176. Sangchul, L.; Jun-Seok, Y.; Yongsung, J.; Chunhum, C.; Dong-Yu, K.; Seok-In, N.;
Byoung Hun, L.; Takhee, L., Flexible organic solar cells composed of P3HT:PCBM using
chemically doped graphene electrodes. Nanotechnology 2012, 23 (34), 344013.

177.  Sun, T.; Wang, Z. L.; Shi, Z. J.; Ran, G. Z.; Xu, W. J.; Wang, Z. Y.; L1, Y. Z.; Dai, L.;
Qin, G. G., Multilayered graphene used as anode of organic light emitting devices. Applied
Physics Letters 2010, 96 (13), 133301.

195



178. Hwang, J.; Kyw Choi, H.; Moon, J.; Yong Kim, T.; Shin, J.-W.; Woong Joo, C.; Han,
J.-H.; Cho, D.-H.; Woo Huh, J.; Choi, S.-Y.; Lee, J.-I.; Yong Chu, H., Multilayered graphene
anode for blue phosphorescent organic light emitting diodes. Applied Physics Letters 2012,
100 (13), 133304.

179. Han, T.-H.; Lee, Y.; Choi, M.-R.; Woo, S.-H.; Bae, S.-H.; Hong, B. H.; Ahn, J.-H.;
Lee, T.-W., Extremely efficient flexible organic light-emitting diodes with modified graphene
anode. Nat Photon 2012, 6 (2), 105-110.

180. Sun, Z.; Liu, Z.; Li, J.; Tai, G.-a.; Lau, S.-P.; Yan, F., Infrared Photodetectors Based on
CVD-Grown Graphene and PbS Quantum Dots with Ultrahigh Responsivity. Advanced
Materials 2012, 24 (43), 5878-5883.

181. Pang, S.; Tsao, H. N.; Feng, X.; Miillen, K., Patterned Graphene Electrodes from
Solution-Processed Graphite Oxide Films for Organic Field-Effect Transistors. Advanced
Materials 2009, 21 (34), 3488-3491.

182. Cao, Y.; Liu, S.; Shen, Q.; Yan, K.; Li, P.; Xu, J.; Yu, D.; Steigerwald, M. L.; Nuckolls,
C.; Liu, Z.; Guo, X., High-Performance Photoresponsive Organic Nanotransistors with Single-
Layer Graphenes as Two-Dimensional Electrodes. Advanced Functional Materials 2009, 19
(17), 2743-2748.

183. Di, C.-a.; Wei, D.; Yu, G.; Liu, Y.; Guo, Y.; Zhu, D., Patterned Graphene as
Source/Drain Electrodes for Bottom-Contact Organic Field-Effect Transistors. Advanced
Materials 2008, 20 (17), 3289-3293.

184. Lee, W. H.; Park, J.; Sim, S. H.; Jo, S. B.; Kim, K. S.; Hong, B. H.; Cho, K., Transparent
Flexible Organic Transistors Based on Monolayer Graphene Electrodes on Plastic. Advanced
Materials 2011, 23 (15), 1752-1756.

185. Wang, Y.; Tong, S. W.; Xu, X. F.; Ozyilmaz, B.; Loh, K. P., Interface Engineering of
Layer-by-Layer Stacked Graphene Anodes for High-Performance Organic Solar Cells.
Advanced Materials 2011, 23 (13), 1514-1518.

186. Hsu, C.-L.; Lin, C.-T.; Huang, J.-H.; Chu, C.-W.; Wei, K.-H.; Li, L.-J., Layer-by-Layer
Graphene/TCNQ Stacked Films as Conducting Anodes for Organic Solar Cells. ACS Nano
2012, 6 (6), 5031-5039.

187. Khatri, I.; Bao, J.; Kishi, N.; Soga, T., Similar Device Architectures for Inverted
Organic Solar Cell and Laminated Solid-State Dye-Sensitized Solar Cells. ISRN Electronics
2012, 2012, 10.

188.  Giines, S.; Neugebauer, H.; Sariciftci, N. S., Conjugated Polymer-Based Organic Solar
Cells. Chemical Reviews 2007, 107 (4), 1324-1338.

189. Holmes, N. P.; Ulum, S.; Sista, P.; Burke, K. B.; Wilson, M. G.; Stefan, M. C.; Zhou,
X.; Dastoor, P. C.; Belcher, W. J., The effect of polymer molecular weight on P3HT:PCBM
nanoparticulate organic photovoltaic device performance. Solar Energy Materials and Solar
Cells 2014, 128 (0), 369-377.

190. Yu, G.; Gao, J.; Hummelen, J. C.; Wudl, F.; Heeger, A. J., Polymer Photovoltaic Cells:
Enhanced Efficiencies via a Network of Internal Donor-Acceptor Heterojunctions. Science
1995, 270 (5243), 1789-1791.

191. Brédas, J. L.; Calbert, J. P.; da Silva Filho, D. A.; Cornil, J., Organic semiconductors:
A theoretical characterization of the basic parameters governing charge transport. Proceedings
of the National Academy of Sciences 2002, 99 (9), 5804-5809.

192. Kymissis, I, The physics of organic semiconductors. In Organic Field Effect
Transistors, Springer US: 2009; pp 1-12.

193. Heremans, P.; Cheyns, D.; Rand, B. P., Strategies for Increasing the Efficiency of
Heterojunction Organic Solar Cells: Material Selection and Device Architecture. Accounts of
chemical research 2009, 42 (11), 1740-1747.

194. Choy, W. C. H., Organic Solar Cells: Materials and Device Physics. Springer: 2012.

196



195. deBoisblanc, J., Synthesis and Characterization of P3HT:PCBM Organic Solar Cells.
Senior Thesis: May 4, 2010.

196. Lee, S. S.; Loo, Y.-L., Structural Complexities in the Active Layers of Organic
Electronics. Annual Review of Chemical and Biomolecular Engineering 2010, 1 (1), 59-78.
197. Choy, W. C. H., Organic Solar Cells Materials and Device Physics. Springer: Verlag
London, 2013; Vol. Series: Green Energy and Technology.

198. Bolin Liao, W.-C. H., An Investigation of Shockley-queisser limit of single p-n junction
solar cells. 2.997 Project Report.

199. QIAO, Q., Organic Solar Cells Materials, Devices, Interfaces, and Modeling. CRC
Press 12th March 2015 , Taylor & Francis Group.

200. Green, M. A.; Emery, K.; Hishikawa, Y.; Warta, W.; Dunlop, E. D., Solar cell
efficiency tables (version 41). Progress in Photovoltaics: Research and Applications 2013, 21
(1), 1-11.

201.  Zhang, S.; Qin, Y.; Zhu, J.; Hou, J., Over 14% Efficiency in Polymer Solar Cells
Enabled by a Chlorinated Polymer Donor. Advanced Materials 2018, 30 (20), 1800868.

202. Laboratory, N.-N. R. E.,
https://www.nrel.gov/pv/assets/pdfs/cell_efficiency explanatory notes.pdf. 2018.

203. Metz, F. 1, Electropolishing of metals. Iowa State University 1960,
http://lib.dr.iastate.edu/rtd.

204. Ali, U.; Karim, K. J. B. A.; Buang, N. A., A Review of the Properties and Applications
of Poly (Methyl Methacrylate) (PMMA). Polymer Reviews 2015, 55 (4), 678-705.

205. Martin, G. C., Physical Properties of Polymers Handbook, 2nd ed Edited by James E.
Mark (University of Cincinnati, OH). Springer Science + Business Media, LLC: New York.
2007. xx + 1076 pp. $349.00. ISBN 978-0-387-31235-4. Journal of the American Chemical
Society 2008, 130 (3), 1111-1111.

206. G. Binnig, C. F. Q., and Ch. Gerber, Atomic Force Microscope. Phys. Rev. Lett. 3
March 1986, 56, 930.

207. Connolly, J. R., Introduction to X-ray powder diffraction. Spring 2007, 1-9.

208. C.D. Wagner, W. M. R., L.E. Davis, J.F. Moulder and G.E. Muilenberg, Hanbook X-
ray Photoelectron Spectroscopy. Perkin-Elmer Corporation , Physical Eletronic Division 1979.
209. Vo-Dinh, G. G. a. T., Handbook of Spectroscopy. WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim 2003.

210. E. Smith, G. D., and J. Wiley, Modern Raman Spectroscopy: A Practical Approach.
Hoboken, NJ: Wiley 2005.

211.  Weckhuysen, B. M., In-situ Spectroscopy of Catalysts. American Scientific Publishers
2004.

212. Vaughan, B., Towards large scale oganic photovoltaics. The University of Newcastle,
Thesis PhD. 2012.

213.  SMITS, F. M., Measurement of Sheet Resistivities with the Four-Point Probe. THE
BELL SYSTEM TECHNICAL JOURNAL MAY 1958.

214. SPEYER, R. F., Thermal analysis of materials MARCEL DEKKER, INC 1994.

215.  Yengel, E., Fabrication and Characterization of Organic Solar Cells. Ph.D. Thesis,
UNIVERSITY OF CALIFORNIA December 2010.

216.  Scharber, M. C.; Miihlbacher, D.; Koppe, M.; Denk, P.; Waldauf, C.; Heeger, A. J.;
Brabec, C. J., Design Rules for Donors in Bulk-Heterojunction Solar Cells—Towards 10 %
Energy-Conversion Efficiency. Advanced Materials 2006, 18 (6), 789-794.

217. Dennler, G.; Lungenschmied, C.; Neugebauer, H.; Sariciftci, N. S.; Labouret, A.,
Flexible, conjugated polymer-fullerene-based bulk-heterojunction solar cells: Basics,
encapsulation, and integration. Journal of Materials Research 2005, 20 (12), 3224-3233.

197


ttps://www.nrel.gov/pv/assets/pdfs/cell_efficiency_explanatory_notes.pdf.
ttp://lib.dr.iastate.edu/rtd.

218. Dennler, G.; Sariciftci, N. S., Flexible Conjugated Polymer-Based Plastic Solar Cells:
From Basics to Applications. Proceedings of the IEEE 2005, 93 (8), 1429-1439.

219. Rostalski, J.; Meissner, D., Photocurrent spectroscopy for the investigation of charge
carrier generation and transport mechanisms in organic p/n-junction solar cells. Solar Energy
Materials and Solar Cells 2000, 63 (1), 37-47.

220. Guermoune, A.; Chari, T.; Popescu, F.; Sabri, S. S.; Guillemette, J.; Skulason, H. S.;
Szkopek, T.; Siaj, M., Chemical vapor deposition synthesis of graphene on copper with
methanol, ethanol, and propanol precursors. Carbon 2011, 49 (13), 4204-4210.

221. Yao, Y.; Li, Z.; Lin, Z.; Moon, K.-S.; Agar, J.; Wong, C., Controlled Growth of
Multilayer, Few-Layer, and Single-Layer Graphene on Metal Substrates. The Journal of
Physical Chemistry C 2011, 115 (13), 5232-5238.

222. Campos-Delgado, J.; Botello-Méndez, A. R.; Algara-Siller, G.; Hackens, B.; Pardoen,
T.; Kaiser, U.; Dresselhaus, M. S.; Charlier, J.-C.; Raskin, J.-P., CVD synthesis of mono- and
few-layer graphene using alcohols at low hydrogen concentration and atmospheric pressure.
Chemical Physics Letters 2013, 584, 142-146.

223. Sulaiman, K.; Ali, A. Y.; Elkington, D.; Feron, K.; Anderson, K. F.; Belcher, W.;
Dastoor, P.; Zhou, X., Matrix assisted low temperature growth of graphene. Carbon 2016, 107
(Supplement C), 325-331.

224. Sulaiman, K.; Ali, A. Y.; Elkington, D.; Feron, K.; Anderson, K. F.; Belcher, W_;
Dastoor, P.; Zhou, X., Matrix assisted low temperature growth of graphene. Carbon 2016, 107,
325-331.

225. Mattevi, C.; Kim, H.; Chhowalla, M., A review of chemical vapour deposition of
graphene on copper. Journal of Materials Chemistry 2011, 21 (10), 3324-3334.

226. Cooper, D. R.; D’Anjou, B.; Ghattamaneni, N.; Harack, B.; Hilke, M.; Horth, A.;
Majlis, N.; Massicotte, M.; Vandsburger, L.; Whiteway, E.; Yu, V., Experimental Review of
Graphene. ISRN Condensed Matter Physics 2012, 2012, 1-56.

227. Nandamuri, G.; Roumimov, S.; Solanki, R., Chemical vapor deposition of graphene
films. Nanotechnology 2010, 21 (14), 145604.

228. Grassie, N.; Melville, H. W., C.-Degradation. The mechanism of the thermal
degradation of polymethyl methacrylate. Discussions of the Faraday Society 1947, 2 (0), 378-
383.

229. Kashiwagi, T.; Inaba, A.; Brown, J. E.; Hatada, K.; Kitayama, T.; Masuda, E., Effects
of weak linkages on the thermal and oxidative degradation of poly(methyl methacrylates).
Macromolecules 1986, 19 (8), 2160-2168.

230. Holland, B. J.; Hay, J. N., The kinetics and mechanisms of the thermal degradation of
poly(methyl methacrylate) studied by thermal analysis-Fourier transform infrared
spectroscopy. Polymer 2001, 42 (11), 4825-4835.

231. Jianbo Liang, N. K., Tetsuo Soga, and Takashi Jimbo, The Synthesis of Highly Aligned
Cupric Oxide Nanowires by Heating Copper Foil. Journal of Nanomaterials, Hindawi
Publishing Corporation 2011, 2011, 8.

232.  Structure Yu, L. S. S., M.E., Acta Crystallographica A (24,1968-38,1982). (1969), 25,
676 - 682.

233. Das, A.; Chakraborty, B.; Sood, A. K., Raman spectroscopy of graphene on different
substrates and influence of defects. Bull Mater Sci 2008, 31 (3), 579-584.

234. Graf, D.; Molitor, F.; Ensslin, K.; Stampfer, C.; Jungen, A.; Hierold, C.; Wirtz, L.,
Spatially Resolved Raman Spectroscopy of Single- and Few-Layer Graphene. Nano Letters
2007, 7 (2), 238-242.

235.  An, W.; Zeng, X. C.; Turner, C. H., First-principles study of methane dehydrogenation
on a bimetallic Cu/Ni(111) surface. The Journal of Chemical Physics 2009, 131 (17), 174702.

198



236. Wu, P.; Zhang, W.; Li, Z.; Yang, J.; Hou, J. G., Communication: Coalescence of carbon
atoms on Cu (111) surface: Emergence of a stable bridging-metal structure motif. The Journal
of Chemical Physics 2010, 133 (7), 071101.

237. Zhang, W.; Wu, P.; Li, Z.; Yang, J., First-Principles Thermodynamics of Graphene
Growth on Cu Surfaces. The Journal of Physical Chemistry C 2011, 115 (36), 17782-17787.
238.  Yang, C.; Wu, P.; Gan, W.; Habib, M.; Xu, W.; Fang, Q.; Song, L., Low temperature
CVD growth of ultrathin carbon films. AIP Advances 2016, 6 (5), 055310.

239. Gao, L.; Ren, W.; Zhao, J.; Ma, L.-P.; Chen, Z.; Cheng, H.-M., Efficient growth of
high-quality graphene films on Cu foils by ambient pressure chemical vapor deposition.
Applied Physics Letters 2010, 97 (18), 183109.

240. Nolan, P. E.; Schabel, M. J.; Lynch, D. C.; Cutler, A. H., Hydrogen control of carbon
deposit morphology. Carbon 1995, 33 (1), 79-85.

241. Fan, Y.; Yangqiao, L.; Wei, W.; Wei, C.; Lian, G.; Jing, S., A facile method to observe
graphene growth on copper foil. Nanotechnology 2012, 23 (47), 475705.

242.  Zhou, Y.; Fox, D. S.; Maguire, P.; O’Connell, R.; Masters, R.; Rodenburg, C.; Wu, H.;
Dapor, M.; Chen, Y.; Zhang, H., Quantitative secondary electron imaging for work function
extraction at atomic level and layer identification of graphene. Scientific reports 2016, 6,
21045.

243,  Frank, O.; Vejpravova, J.; Holy, V.; Kavan, L.; Kalbac, M., Interaction between
graphene and copper substrate: The role of lattice orientation. Carbon 2014, 68, 440-451.

244. Ferrari, A. C.; Meyer, J. C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F.;
Piscanec, S.; Jiang, D.; Novoselov, K. S.; Roth, S.; Geim, A. K., Raman Spectrum of Graphene
and Graphene Layers. Physical Review Letters 2006, 97 (18), 187401.

245.  Thomsen, B. S. R. a. C., Raman spectroscopy of graphite. The Royal Society 2004,
362, 2271-2288.

246.  Sun, H.; Chen, D.; Wu, Y.; Yuan, Q.; Guo, L.; Dai, D.; Xu, Y.; Zhao, P.; Jiang, N.; Lin,
C.-T., High quality graphene films with a clean surface prepared by an UV/ozone assisted
transfer process. Journal of Materials Chemistry C 2017, 5 (8), 1880-1884.

247. Zhang, Y.; Ren, W.; Jiang, Z.; Yang, S.; Jing, W.; Shi, P.; Wu, X_; Ye, Z.-G., Low-
temperature remote plasma-enhanced atomic layer deposition of graphene and characterization
of its atomic-level structure. Journal of Materials Chemistry C 2014, 2 (36), 7570-7574.

248. Meyer, J. C.; Geim, A. K.; Katsnelson, M. 1.; Novoselov, K. S.; Obergfell, D.; Roth,
S.; Girit, C.; Zettl, A., On the roughness of single- and bi-layer graphene membranes. Solid
State Communications 2007, 143 (1), 101-109.

249. Park, H.; Brown, P. R.; Bulovi¢, V.; Kong, J., Graphene As Transparent Conducting
Electrodes in Organic Photovoltaics: Studies in Graphene Morphology, Hole Transporting
Layers, and Counter Electrodes. Nano Letters 2012, 12 (1), 133-140.

250. Au, C.-T.; Ng, C.-F.; Liao, M.-S., Methane Dissociation and Syngas Formation on Ru,
Os, Rh, Ir, Pd, Pt, Cu, Ag, and Au: A Theoretical Study. Journal of Catalysis 1999, 185 (1),
12-22.

251.  Gadipelli, S.; Calizo, L.; Ford, J.; Cheng, G.; Hight Walker, A. R.; Yildirim, T., A highly
practical route for large-area, single layer graphene from liquid carbon sources such as benzene
and methanol. Journal of Materials Chemistry 2011, 21 (40), 16057-16065.

252. Pang, J.; Bachmatiuk, A.; Fu, L.; Mendes, R. G.; Libera, M.; Placha, D.; Martynkova,
G. S.; Trzebicka, B.; Gemming, T.; Eckert, J.; Rummeli, M. H., Direct synthesis of graphene
from adsorbed organic solvent molecules over copper. RSC Advances 2015, 5 (75), 60884-
60891.

253.  Gnisci, A.; Faggio, G.; Messina, G.; Kwon, J.; Lee, J.-Y.; Lee, G.-H.; Dikonimos, T.;
Lisi, N.; Capasso, A., Ethanol-CVD Growth of Sub-mm Single-Crystal Graphene on Flat Cu
Surfaces. The Journal of Physical Chemistry C 2018, 122 (50), 28830-28838.

199



254. E.W., F., Industrial solvent handbook. Noyes Data Corporation 1998, 119-120.

255. Berger, G.; Soubhye, J.; Meyer, F., Halogen bonding in polymer science: from crystal
engineering to functional supramolecular polymers and materials. Polymer Chemistry 2015, 6
(19), 3559-3580.

256. Wartewig, S.; Neubert, R. H. H., Pharmaceutical applications of Mid-IR and Raman
spectroscopy. Advanced Drug Delivery Reviews 2005, 57 (8), 1144-1170.

257. Zhang, X.; Jacobsen, C.; Lindaas, S.; Williams, S., Exposure strategies for polymethyl
methacrylate from in situ x-ray absorption near edge structure spectroscopy. Journal of
Vacuum Science & Technology B: Microelectronics and Nanometer Structures Processing,
Measurement, and Phenomena 1995, 13 (4), 1477-1483.

258.  Anderson, D. G.; Cradock, S.; Liescheski, P. B.; Rankin, D. W. H., The molecular
structure of meta-dichlorobenzene, determined by the combined analysis of electron
diffraction, rotation constant and liquid crystal nuclear magnetic resonance data. Journal of
Molecular Structure 1990, 216, 181-190.

259. Smallwood, I. M., Handbook of organic solvent properties. John Wdey & Sons Inc.
1996.

260. Hirata, T.; Kashiwagi, T.; Brown, J. E., Thermal and oxidative degradation of
poly(methyl methacrylate): weight loss. Macromolecules 1985, 18 (7), 1410-1418.

261. Manring, L. E., Thermal degradation of poly(methyl methacrylate). 2. Vinyl-terminated
polymer. Macromolecules 1989, 22 (6), 2673-2677.

262. Calvert, P. D., Polymer degradation and stabilisation. N. Grassie and G. Scott,
Cambridge University Press, Cambridge, 1985. pp. 222, price £27.50, $54.50. ISBN 0-521-
24961-9. British Polymer Journal 1986, 18 (4), 278-278.

263. Patra, N.; Salerno, M.; Diaspro, A.; Athanassiou, A., Effect of solvents on the dynamic
viscoelastic behavior of poly(methyl methacrylate) film prepared by solvent casting. Journal
of Materials Science 2011, 46 (15), 5044-5049.

264. QOuano, A. C.; Pecora, R., Rotational Relaxation of Chorobenzene in Poly(methyl
methacrylate). 1. Temperature and Concentration Effects. Macromolecules 1980, 13 (5), 1167-
1173.

265. Ouano, A. C.; Pecora, R., Rotational Relaxation of Chlorobenzene in Poly(methyl
methacrylate). 2. Theoretical Interpretation. Macromolecules 1980, 13 (5), 1173-1177.

266. Calizo, I.; Bao, W.; Miao, F.; Lau, C. N.; Balandin, A. A., The effect of substrates on
the Raman spectrum of graphene: Graphene- on-sapphire and graphene-on-glass. Applied
Physics Letters 2007, 91 (20), 201904.

267. Rohac, V.; Razicka, V.; Rizicka, K.; Aim, K., Measurements of Saturated Vapor
Pressure above the Liquid Phase for Isomeric Dichlorobenzenes and 1,2,4-Trichlorobenzene.
Journal of Chemical & Engineering Data 1998, 43 (5), 770-775.

268. Xu, X.; Zhou, H.; He, P.; Wang, D., Catalytic dechlorination kinetics of p-
dichlorobenzene over Pd/Fe catalysts. Chemosphere 2005, 58 (8), 1135-1140.

269. Lippert, E., The Strengths of Chemical Bonds, von T. L. Cottrell. Butterworths
Publications Ltd., London 1958. 2. Aufl., X, 317 S., geb.t—/32/—. Angewandte Chemie 1960,
72 (16), 602-602.

270. Bogdan, T. V.; Alekseev, E. S., Molecular dynamics simulation of liquid mixtures of
benzene with chlorobenzene. Journal of Structural Chemistry 2012, 53 (1), 93-99.

271.  Gan, X.; Zhou, H.; Zhu, B.; Yu, X.; Jia, Y.; Sun, B.; Zhang, M.; Huang, X.; Liu, J.;
Luo, T., A simple method to synthesize graphene at 633K by dechlorination of
hexachlorobenzene on Cu foils. Carbon 2012, 50 (1), 306-310.

272. Bili¢, A.; Reimers, J. R.; Hush, N. S.; Hoft, R. C.; Ford, M. J., Adsorption of Benzene
on Copper, Silver, and Gold Surfaces. Journal of Chemical Theory and Computation 2006, 2
(4), 1093-1105.

200



273. May, K.; Dapprich, S.; Furche, F.; Unterreiner, B. V.; Ahlrichs, R., Structures, C—H
and C—CH3 bond energies at borders of polycyclic aromatic hydrocarbons. Physical Chemistry
Chemical Physics 2000, 2 (22), 5084-5088.

274. Gontard, L. C.; Knappett, B. R.; Wheatley, A. E. H.; Chang, S. L. Y.; Fernandez, A.,
Impregnation of carbon black for the examination of colloids using TEM. Carbon 2014, 76,
464-468.

275. Egerton, R. F.; Li, P.; Malac, M., Radiation damage in the TEM and SEM. Micron
2004, 35 (6), 399-4009.

276. Smith, B. W.; Luzzi, D. E., Electron irradiation effects in single wall carbon nanotubes.
Journal of Applied Physics 2001, 90 (7), 3509-3515.

277. Son, Y.-W.; Cohen, M. L.; Louie, S. G., Energy Gaps in Graphene Nanoribbons.
Physical Review Letters 2006, 97 (21), 216803.

278. Son, Y.-W.; Cohen, M. L.; Louie, S. G., Half-metallic graphene nanoribbons. Nature
2006, 444 (7117), 347-349.

279. Enoki, T.; Fujii, S.; Takai, K., Zigzag and armchair edges in graphene. Carbon 2012,
50(9), 3141-3145.

280. Ma, T.; Ren, W.; Zhang, X.; Liu, Z.; Gao, Y.; Yin, L.-C.; Ma, X.-L.; Ding, F.; Cheng,
H.-M., Edge-controlled growth and kinetics of single-crystal graphene domains by chemical
vapor deposition. Proceedings of the National Academy of Sciences 2013, 110 (51), 20386-
20391.

281. Shigeo, H.; Takuya, G.; Masahiro, F.; Ryuji, S.; Masukazu, H.; Koji, K.; Toru, A.;
Tadahiro, Y.; Yoshio, M.; Kenji, W.; Masami, S., Carbon Nanofilm with a New Structure and
Property. Japanese Journal of Applied Physics 2003, 42 (9A), L1073.

282.  Chaitoglou, S.; Bertran, E., Effect of temperature on graphene grown by chemical vapor
deposition. Journal of Materials Science 2017, 52 (13), 8348-8356.

283. Wang, Y.; Chen, X.; Zhong, Y.; Zhu, F.; Loh, K. P., Large area, continuous, few-
layered graphene as anodes in organic photovoltaic devices. Applied Physics Letters 2009, 95
(6), 063302.

284.  Pyridine and Pyridine Derivatives. In Ullmann's Encyclopedia of Industrial Chemistry.
285. Pal, S., Pyridine: A Useful Ligand in Transition Metal Complexes. IntechOpen 2018,
Chapter 5.

286. Luo, Z.; Lim, S.; Tian, Z.; Shang, J.; Lai, L.; MacDonald, B.; Fu, C.; Shen, Z.; Yu, T.;
Lin, J., Pyridinic N doped graphene: synthesis, electronic structure, and electrocatalytic
property. Journal of Materials Chemistry 2011, 21 (22), 8038-8044.

287. Gao, H.; Song, L.; Guo, W.; Huang, L.; Yang, D.; Wang, F.; Zuo, Y.; Fan, X.; Liu, Z;
Gao, W.; Vajtai, R.; Hackenberg, K.; Ajayan, P. M., A simple method to synthesize continuous
large area nitrogen-doped graphene. Carbon 2012, 50 (12), 4476-4482.

288. R.J.Koch, M. W., W. Zhao, F. Vi'nes, K. Gotterbarm,S. M. Kozlov, O. H ofert, M.
Ostler, C. Papp, Growth and electronic structure of nitrogen-doped graphene on Ni(111).
Physical Review B 2012, 86, 075401.

289. Wang, Z.; Li, P.; Chen, Y.; Liu, J.; Tian, H.; Zhou, J.; Zhang, W.; Li, Y., Synthesis of
nitrogen-doped graphene by chemical vapour deposition using melamine as the sole solid
source of carbon and nitrogen. Journal of Materials Chemistry C 2014, 2 (35), 7396-7401.
290. Methanol. In Ullmann's Encyclopedia of Industrial Chemistry.

291. Hawaldar, R.; Merino, P.; Correia, M. R.; Bdikin, 1.; Gracio, J.; Méndez, J.; Martin-
Gago, J. A.; Singh, M. K., Large-area high-throughput synthesis of monolayer graphene sheet
by Hot Filament Thermal Chemical Vapor Deposition. Scientific reports 2012, 2, 682-682.
292. Capasso, A. D., T.; Sarto, F.; Tamburrano, A.; De Bellis, G.; Sarto, M. S.; Faggio, G.;
Malara, A.; Messina, G.; Lisi, N. , Nitrogen-doped graphene films from chemical

201



vapordeposition of pyridine: influence of process parameters on the electrical and optical
properties. Beilstein J. Nanotechnol 2015, 6 (doi:10.3762/bjnano.6.206), 2028-2038.

293.  Ferrah, D.; Renault, O.; Petit-Etienne, C.; Okuno, H.; Berne, C.; Bouchiat, V.; Cunge,
G., XPS investigations of graphene surface cleaning using H2- and Cl2-based inductively
coupled plasma. Surface and Interface Analysis 2016, 48 (7), 451-455.

294. Hyesung, P.; Jill, A. R.; Ki Kang, K.; Vladimir, B.; Jing, K., Doped graphene electrodes
for organic solar cells. Nanotechnology 2010, 21 (50), 505204.

295. Zhang, Q.; Wan, X.; Xing, F.; Huang, L.; Long, G.; Yi, N.; Ni, W.; Liu, Z.; Tian, J.;
Chen, Y., Solution-processable graphene mesh transparent electrodes for organic solar cells.
Nano Res. 2013, 6 (7), 478-484.

296. Park, H.; Chang, S.; Smith, M.; Gradecak, S.; Kong, J., Interface engineering of
graphene for universal applications as both anode and cathode in organic photovoltaics.
Scientific reports 2013, 3, 1581.

297. Hobeom, K.; Sang-Hoon, B.; Tae-Hee, H.; Kyung-Geun, L.; Jong-Hyun, A.; Tae-Woo,
L., Organic solar cells using CVD-grown graphene electrodes. Nanotechnology 2014, 25 (1),
014012.

298. Sharma, A.; Watkins, S. E.; Lewis, D. A.; Andersson, G., Effect of indium and tin
contamination on the efficiency and electronic properties of organic bulk hetero-junction solar
cells. Solar Energy Materials and Solar Cells 2011, 95 (12), 3251-3255.

299. Sharma, A.; Andersson, G.; Lewis, D. A., Role of humidity on indium and tin migration
in organic photovoltaic devices. Physical Chemistry Chemical Physics 2011, 13 (10), 4381-
4387.

300. Pourtois, G.; Lauwers, A.; Kittl, J.; Pantisano, L.; Sorée, B.; Gendt, S. D.; Magnus, W.;
Heyns, M.; Maex, K., First-principle calculations on gate/dielectric interfaces: on the origin of
work function shifts. Microelectronic Engineering 2005, 80, 272-279.

301. Jr, J. A. D.; Farnsworth, H. E., Work Function and Sorption Properties of Silicon
Crystals. Journal of Applied Physics 1958, 29 (8), 1195-1202.

302.  Yu, Y.-J.; Zhao, Y.; Ryu, S.; Brus, L. E.; Kim, K. S.; Kim, P., Tuning the Graphene
Work Function by Electric Field Effect. Nano Letters 2009, 9 (10), 3430-3434.

303. BuBmann, B. K.; Ochedowski, O.; Schleberger, M., Doping of graphene exfoliated on
SrTi03. Nanotechnology 2011, 22 (26), 265703.

304. Pankratov, A. M. a. O., Ab Initio Study of Graphene on SiC. PHYSICAL REVIEW
LETTERS, The American Physical Society 2007, 99.

305. Yan, R.; Zhang, Q.; Li, W.; Calizo, I.; Shen, T.; Richter, C. A.; Hight-Walker, A. R.;
Liang, X.; Seabaugh, A.; Jena, D.; Grace Xing, H.; Gundlach, D. J.; Nguyen, N. V.,
Determination of graphene work function and graphene-insulator-semiconductor band
alignment by internal photoemission spectroscopy. Applied Physics Letters 2012, 101 (2),
022105.

306. Shi, Y.; Kim, K. K.; Reina, A.; Hofmann, M.; Li, L.-J.; Kong, J., Work Function
Engineering of Graphene Electrode via Chemical Doping. ACS Nano 2010, 4 (5), 2689-2694.
307. Dong, X.; Fu, D.; Fang, W_; Shi, Y.; Chen, P.; Li, L.-J., Doping Single-Layer Graphene
with Aromatic Molecules. Small 2009, 5 (12), 1422-1426.

308. Lin, Y.-J.; Zeng, J.-J., Tuning the work function of graphene by ultraviolet irradiation.
Applied Physics Letters 2013, 102 (18), 183120.

309. Riedl, C.; Coletti, C.; Starke, U., Structural and electronic properties of epitaxial
graphene on SiC(0 0 0 1): a review of growth, characterization, transfer doping and hydrogen
intercalation. Journal of Physics D: Applied Physics 2010, 43 (37), 374009.

310. Cui, T.; Lv, R.; Huang, Z.-H.; Zhu, H.; Jia, Y.; Chen, S.; Wang, K.; Wu, D.; Kang, F.,
Low-temperature synthesis of multilayer graphene/amorphous carbon hybrid films and their
potential application in solar cells. Nanoscale research letters 2012, 7 (1), 453.

202



311.  Yang, N.; Yang, D.; Chen, L.; Liu, D.; Cai, M.; Fan, X., Design and adjustment of the
graphene work function via size, modification, defects, and doping: a first-principle theory
study. Nanoscale research letters 2017, 12 (1), 642.

312.  Armstrong, N. R.; Veneman, P. A.; Ratcliff, E.; Placencia, D.; Brumbach, M., Oxide
Contacts in Organic Photovoltaics: Characterization and Control of Near-Surface Composition
in Indium—Tin Oxide (ITO) Electrodes. Accounts of chemical research 2009, 42 (11), 1748-
1757.

313. Gankin, A.; Mervinetsky, E.; Alshanski, I.; Buchwald, J.; Dianat, A.; Gutierrez, R.;
Cuniberti, G.; Sfez, R.; Yitzchaik, S., ITO Work Function Tunability by Polarizable
Chromophore Monolayers. Langmuir : the ACS journal of surfaces and colloids 2019, 35 (8),
2997-3004.

314. Bointon, T. H.; Jones, G. F.; De Sanctis, A.; Hill-Pearce, R.; Craciun, M. F.; Russo, S.,
Large-area functionalized CVD graphene for work function matched transparent electrodes.
Scientific reports 2015, 5, 16464.

315. Park, J. K.; Song, S. M.; Mun, J. H.; Cho, B. J., Graphene Gate Electrode for MOS
Structure-Based Electronic Devices. Nano Letters 2011, 11 (12), 5383-5386.

316. Giovannetti, G. K., P. A. Brocks, G. Karpan, V. M. van den Brink, J. Kelly, P. J. Kelly,
Doping Graphene with Metal Contacts. Physical Review Letters 2008, 101.

317.  Song, S. M.; Park, J. K.; Sul, O. J.; Cho, B. J., Determination of Work Function of
Graphene under a Metal Electrode and Its Role in Contact Resistance. Nano Letters 2012, 12
(8), 3887-3892.

318.  Peltekis, N.; Kumar, S.; McEvoy, N.; Lee, K.; Weidlich, A.; Duesberg, G. S., The effect
of downstream plasma treatments on graphene surfaces. Carbon 2012, 50 (2), 395-403.

319. Biesinger, M. C.; Lau, L. W. M.; Gerson, A. R.; Smart, R. S. C., Resolving surface
chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Sc, Ti,
V, Cu and Zn. Applied Surface Science 2010, 257 (3), 887-898.

320. Siokou, A.; Ravani, F.; Karakalos, S.; Frank, O.; Kalbac, M.; Galiotis, C., Surface
refinement and electronic properties of graphene layers grown on copper substrate: An XPS,
UPS and EELS study. Applied Surface Science 2011, 257 (23), 9785-9790.

321. Hussain, S.; Igbal, M. W.; Park, J.; Ahmad, M.; Singh, J.; Eom, J.; Jung, J., Physical
and electrical properties of graphene grown under different hydrogen flow in low pressure
chemical vapor deposition. Nanoscale research letters 2014, 9 (1), 546.

322. Mahanandia, P.; Simon, F.; Heinrich, G.; Nanda, K. K., An electrochemical method for
the synthesis of few layer graphene sheets for high temperature applications. Chemical
communications 2014, 50 (35), 4613-4615.

323. Lovejoy, T. C.; Ramasse, Q. M.; Falke, M.; Kaeppel, A.; Terborg, R.; Zan, R.; Dellby,
N.; Krivanek, O. L., Single atom identification by energy dispersive x-ray spectroscopy.
Applied Physics Letters 2012, 100 (15), 154101.

324. Goldstein J, N. D., Joy D, Lyman C, Echlin P, Lifshin E, et al., Scanning Electron
Microscopy and X-ray Microanalysis. Kluwer Academic/Plenum Publishers; New York 2002.
325. Grossiord, N.; Kroon, J. M.; Andriessen, R.; Blom, P. W. M., Degradation mechanisms
in organic photovoltaic devices. Organic Electronics 2012, 13 (3), 432-456.

326. Institute of Physics, V. S. o. M. a. S., University of Oldenburg, Organic Bulk
Heterojunction Solar Cells. http://www.uni-
oldenburg.de/en/physics/research/ehf/ohpv/research. February 2017.

327. Dang, M. T.; Hirsch, L.; Wantz, G., P3HT:PCBM, Best Seller in Polymer Photovoltaic
Research. Advanced Materials 2011, 23 (31), 3597-3602.

328. Cassemiro, S. M.; Thomazi, F.; Roman, L. S.; Marletta, A.; Akcelrud, L., Effect of
conjugation length on photophysical properties of a conjugated—non-conjugated multiblock
copolymer. Synthetic Metals 2009, 159 (19), 1975-1982.

203


http://www.uni-oldenburg.de/en/physics/research/ehf/ohpv/research
http://www.uni-oldenburg.de/en/physics/research/ehf/ohpv/research

329. Fonash, S. J., Solar Cell Device Physics. Academic press, Elsevier inc., MA, USA,
2010.

330. Shaheen, S. E.; Brabec, C. J.; Sariciftci, N. S.; Padinger, F.; Fromherz, T.; Hummelen,
J. C., 2.5% efficient organic plastic solar cells. Applied Physics Letters 2001, 78 (6), 841-843.
331. Chuang, S.-C.; Chiu, C.-W.; Chien, S.-C.; Chu, C.-W.; Chen, F.-C., 1-(3-
Methoxycarbonyl)propyl-2-selenyl-[6,6]-methanofullerene as a n-Type Material for Organic
Solar Cells. Synthetic Metals 2011, 161 (13), 1264-1269.

332. Hoppe, H.; Sariciftei, N. S., Organic solar cells: An overview. Journal of Materials
Research 2004, 19 (7), 1924-1945.

333.  Mitchell, E. W.J. M. a. J. W., The work functions of copper, silver and aluminium. The
Royal Society 1951.

334. Seemann, A.; Sauermann, T.; Lungenschmied, C.; Armbruster, O.; Bauer, S.; Egelhaaf,
H. J.; Hauch, J., Reversible and irreversible degradation of organic solar cell performance by
oxygen. Solar Energy 2011, 85 (6), 1238-1249.

335. Norrman, K.; Krebs, F. C., Lifetimes of organic photovoltaics: Using TOF-SIMS and
1802 isotopic labelling to characterise chemical degradation mechanisms. Solar Energy
Materials and Solar Cells 2006, 90 (2), 213-227.

336. Madogni, V. I.; Kounouhéwa, B.; Akpo, A.; Agbomahéna, M.; Hounkpatin, S. A.;
Awanou, C. N., Comparison of degradation mechanisms in organic photovoltaic devices upon
exposure to a temperate and a subequatorial climate. Chemical Physics Letters 2015, 640, 201-
214.

337. Wang, T.; Pearson, A. J.; Lidzey, D. G.; Jones, R. A. L., Evolution of Structure,
Optoelectronic Properties, and Device Performance of Polythiophene:Fullerene Solar Cells
During Thermal Annealing. Advanced Functional Materials 2011, 21 (8), 1383-1390.

338. Savenije, T. J.; Kroeze, J. E.; Yang, X.; Loos, J., The Effect of Thermal Treatment on
the Morphology and Charge Carrier Dynamics in a Polythiophene—Fullerene Bulk
Heterojunction. Advanced Functional Materials 2005, 15 (8), 1260-1266.

339. Padinger, F.; Rittberger, R. S.; Sariciftci, N. S., Effects of Postproduction Treatment on
Plastic Solar Cells. Advanced Functional Materials 2003, 13 (1), 85-88.

340. Erb, T.; Zhokhavets, U.; Gobsch, G.; Raleva, S.; Stiihn, B.; Schilinsky, P.; Waldauf,
C.; Brabec, C. J., Correlation Between Structural and Optical Properties of Composite
Polymer/Fullerene Films for Organic Solar Cells. Advanced Functional Materials 2005, 15 (7),
1193-1196.

341. Ma, W.; Yang, C.; Gong, X.; Lee, K.; Heeger, A. J., Thermally Stable, Efficient
Polymer Solar Cells with Nanoscale Control of the Interpenetrating Network Morphology.
Advanced Functional Materials 2005, 15 (10), 1617-1622.

342. Po,R.;Carbonera, C.; Bernardi, A.; Tinti, F.; Camaioni, N., Polymer- and carbon-based
electrodes for polymer solar cells: Toward low-cost, continuous fabrication over large area.
Solar Energy Materials and Solar Cells 2012, 100, 97-114.

343. Po, R.; Carbonera, C.; Bernardi, A.; Camaioni, N., The role of buffer layers in polymer
solar cells. Energy & Environmental Science 2011, 4 (2), 285-310.

344, TIrwin, M. D.; Buchholz, D. B.; Hains, A. W.; Chang, R. P. H.; Marks, T. J.,
<em>p</em>-Type semiconducting nickel oxide as an efficiency-enhancing anode interfacial
layer in polymer bulk-heterojunction solar cells. Proceedings of the National Academy of
Sciences 2008, 105 (8), 2783-2787.

345. C. J. Brabec, V. D. a. U. S., Organic Photovoltaics: Materials, Device Physics, and
Manufacturing Technologies Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2008, Chap.
7.

346. Li, G.; Chu, C.-W_; Shrotriya, V.; Huang, J.; Yang, Y., Efficient inverted polymer solar
cells. Applied Physics Letters 2006, 88 (25), 253503.

204



347. Shanshan, C.; Weiwei, C.; David, C.; Yujie, R.; Xuesong, L.; Yanwu, Z.; Junyong, K.;
Rodney, S. R., Adsorption/desorption and electrically controlled flipping of ammonia
molecules on graphene. New Journal of Physics 2010, 12 (12), 125011.

348. Wei, D.; Liu, Y.; Wang, Y.; Zhang, H.; Huang, L.; Yu, G., Synthesis of N-Doped
Graphene by Chemical Vapor Deposition and Its Electrical Properties. Nano Letters 2009, 9
(5), 1752-1758.

349. Ryu, J.; Kim, Y.; Won, D.; Kim, N.; Park, J. S.; Lee, E.-K.; Cho, D.; Cho, S.-P.; Kim,
S. J.; Ryu, G. H.; Shin, H.-A. S.; Lee, Z.; Hong, B. H.; Cho, S., Fast Synthesis of High-
Performance Graphene Films by Hydrogen-Free Rapid Thermal Chemical Vapor Deposition.
ACS Nano 2014, 8 (1), 950-956.

350. Lee, Y.; Bae, S.; Jang, H.; Jang, S.; Zhu, S.-E.; Sim, S. H.; Song, Y. I.; Hong, B. H.;
Ahn, J.-H., Wafer-Scale Synthesis and Transfer of Graphene Films. Nano Letters 2010, 10 (2),
490-493.

351. Xiangjian, W.; Guankui, L.; Lu, H.; Yongsheng, C., Graphene — A Promising Material
for Organic Photovoltaic Cells. Advanced Materials 2011, 23 (45), 5342-5358.

352. Shuping, P.; Yenny, H.; Xinliang, F.; Klaus, M., Graphene as Transparent Electrode
Material for Organic Electronics. Advanced Materials 2011, 23 (25), 2779-2795.

353. Kim, S. J.; Choi, T.; Lee, B.; Lee, S.; Choi, K.; Park, J. B.; Yoo, J. M.; Choi, Y. S.;
Ryu, J.; Kim, P.; Hone, J.; Hong, B. H., Ultraclean Patterned Transfer of Single-Layer
Graphene by Recyclable Pressure Sensitive Adhesive Films. Nano Letters 2015, 15 (5), 3236-
3240.

354. Ma, L.; Zhao, D.; Zheng, J., Construction of electrostatic and m—m interaction to enhance
interfacial adhesion between carbon nanoparticles and polymer matrix. Journal of Applied
Polymer Science 0 (0), 48633.

355. Lin, Y.-C.; Lu, C.-C.; Yeh, C.-H.; Jin, C.; Suenaga, K.; Chiu, P.-W., Graphene
Annealing: How Clean Can It Be? Nano Letters 2012, 12 (1), 414-419.

356. Cunge, G.; Ferrah, D.; Petit-Etienne, C.; Davydova, A.; Okuno, H.; Kalita, D.;
Bouchiat, V.; Renault, O., Dry efficient cleaning of poly-methyl-methacrylate residues from
graphene with high-density H2 and H2-N2 plasmas. Journal of Applied Physics 2015, 118 (12),
123302.

357.  Shan, Z.; Li, Q.; Zhao, Z.; Wang, Z.; Wu, Y.; Cai, W., One-step transfer and doping of
large area graphene by ultraviolet curing adhesive. Carbon 2015, 84, 9-13.

358.  An, H.; Lee, W.-J.; Jung, J., Graphene synthesis on Fe foil using thermal CVD. Current
Applied Physics 2011, 11 (4, Supplement), S81-S85.

359. Wang, S. M.; Pei, Y. H.; Wang, X.; Wang, H.; Meng, Q. N.; Tian, H. W.; Zheng, X.
L.; Zheng, W. T.; Liu, Y. C., Synthesis of graphene on a polycrystalline Co film by radio-
frequency plasma-enhanced chemical vapour deposition. Journal of Physics D: Applied
Physics 2010, 43 (45), 455402.

360. Lin, Y.-C; Jin, C; Lee, J.-C.; Jen, S.-F.; Suenaga, K.; Chiu, P.-W., Clean Transfer of
Graphene for Isolation and Suspension. ACS Nano 2011, 5 (3), 2362-2368.

361. Kang,J.; Hwang, S.; Kim, J. H.; Kim, M. H.; Ryu, J.; Seo, S. J.; Hong, B. H.; Kim, M.
K.; Choi, J.-B., Efficient Transfer of Large-Area Graphene Films onto Rigid Substrates by Hot
Pressing. ACS Nano 2012, 6 (6), 5360-5365.

362. Lee, W.1; Sohn, I. Y.; Kim, B. Y.; Son, Y. M.; Shin, J. H.; Kim, H. M.; Suh, Y. J;
Lee, N.-E., A Simple and Clean Transfer Method of Chemical-Vapor Deposited Graphene on
Cu. Science of Advanced Materials 2015, 7 (8), 1540-1545.

363. Liu, L.; Zhou, H.; Cheng, R.; Yu, W.J; Liu, Y.; Chen, Y.; Shaw, J.; Zhong, X.; Huang,
Y.; Duan, X., High-Yield Chemical Vapor Deposition Growth of High-Quality Large-Area
AB-Stacked Bilayer Graphene. ACS Nano 2012, 6 (9), 8241-8249.

205



364. Lee, J.; Kim, Y.; Shin, H.-J.; Lee, C.; Lee, D.; Lee, S.; Moon, C.-Y.; Lee, S. C.; Kim,
S.J.;Ji,J. H.; Yoon, H. S.; Jun, S. C., Crack-Release Transfer Method of Wafer-Scale Grown
Graphene Onto Large-Area Substrates. ACS applied materials & interfaces 2014, 6 (15),
12588-12593.

365. Han, Y.; Zhang, L.; Zhang, X.; Ruan, K.; Cui, L.; Wang, Y.; Liao, L.; Wang, Z.; Jie, J.,
Clean surface transfer of graphene films via an effective sandwich method for organic light-
emitting diode applications. Journal of Materials Chemistry C 2014, 2 (1), 201-207.

366. Liang, X.; Sperling, B. A.; Calizo, I.; Cheng, G.; Hacker, C. A.; Zhang, Q.; Obeng, Y ;
Yan, K.; Peng, H.; Li, Q.; Zhu, X.; Yuan, H.; Hight Walker, A. R.; Liu, Z.; Peng, L.-m.; Richter,
C. A., Toward Clean and Crackless Transfer of Graphene. ACS Nano 2011, 5 (11), 9144-9153.
367. Muifoz, R.; Munuera, C.; Martinez, J. I.; Azpeitia, J.; Gomez-Aleixandre, C.; Garcia-
Hernandez, M., Low temperature metal free growth of graphene on insulating substrates by
plasma assisted chemical vapor deposition. 2D Materials 2016, 4 (1), 015009.

368. Vishwakarma, R.; Zhu, R.; Abuelwafa, A. A.; Mabuchi, Y.; Adhikari, S.; Ichimura, S.;
Soga, T.; Umeno, M., Direct Synthesis of Large-Area Graphene on Insulating Substrates at
Low Temperature using Microwave Plasma CVD. ACS Omega 2019, 4 (6), 11263-11270.
369. Yamada, T.; Ishihara, M.; Hasegawa, M., Large area coating of graphene at low
temperature using a roll-to-roll microwave plasma chemical vapor deposition. Thin Solid Films
2013, 532, 89-93.

370. Kalita, G.; Matsushima, M.; Uchida, H.; Wakita, K.; Umeno, M., Graphene constructed
carbon thin films as transparent electrodes for solar cell applications. Journal of Materials
Chemistry 2010, 20 (43), 9713-9717.

371. Cazzanelli, E.; De Luca, O.; Vuono, D.; Policicchio, A.; Castriota, M.; Desiderio, G.;
De Santo, M. P.; Aloise, A.; Fasanella, A.; Rugiero, T.; Agostino, R. G., Characterization of
graphene grown on copper foil by chemical vapor deposition (CVD) at ambient pressure
conditions. Journal of Raman Spectroscopy 2018, 49 (6), 1006-1014.

372.  Amini, S.; Garay, J.; Liu, G.; Balandin, A. A.; Abbaschian, R., Growth of large-area
graphene films from metal-carbon melts. Journal of Applied Physics 2010, 108 (9), 094321.
373.  Chi, D.; Qu, S.; Wang, Z.; Wang, J., High efficiency P3HT:PCBM solar cells with an
inserted PCBM layer. Journal of Materials Chemistry C 2014, 2 (22), 4383-4387.

374. Chen, L.-M.; Hong, Z.; Li, G.; Yang, Y., Recent Progress in Polymer Solar Cells:
Manipulation of Polymer:Fullerene Morphology and the Formation of Efficient Inverted
Polymer Solar Cells. Advanced Materials 2009, 21 (14-15), 1434-1449.

375. Xu, Y.; Long, G.; Huang, L.; Huang, Y.; Wan, X.; Ma, Y.; Chen, Y., Polymer
photovoltaic devices with transparent graphene electrodes produced by spin-casting. Carbon
2010, 48 (11), 3308-3311.

376. Jo, G.; Na, S.-L; Oh, S.-H.; Lee, S.; Kim, T.-S.; Wang, G.; Choe, M.; Park, W.; Yoon,
J.; Kim, D.-Y.; Kahng, Y. H.; Lee, T., Tuning of a graphene-electrode work function to enhance
the efficiency of organic bulk heterojunction photovoltaic cells with an inverted structure.
Applied Physics Letters 2010, 97 (21), 213301.

377. Lee, Y.-Y.; Tu, K.-H.; Yu, C.-C.; Li, S.-S.; Hwang, J.-Y.; Lin, C.-C.; Chen, K.-H.;
Chen, L.-C.; Chen, H.-L.; Chen, C.-W., Top Laminated Graphene Electrode in a
Semitransparent Polymer Solar Cell by Simultaneous Thermal Annealing/Releasing Method.
ACS Nano 2011, 5 (8), 6564-6570.

378. Cox, M.; Gorodetsky, A.; Kim, B.; Kim, K. S.; Jia, Z.; Kim, P.; Nuckolls, C.; Kymissis,
I., Single-layer graphene cathodes for organic photovoltaics. Applied Physics Letters 2011, 98
(12), 123303.

379. Collado-Fregoso, E.; Deledalle, F.; Utzat, H.; Tuladhar, P. S.; Dimitrov, S. D.; Gillett,
A.; Tan, C.-H.; Zhang, W.; McCulloch, L.; Durrant, J. R., Photophysical Study of DPPTT-

206



T/PC70BM Blends and Solar Devices as a Function of Fullerene Loading: An Insight into EQE
Limitations of DPP-Based Polymers. Advanced Functional Materials 2017, 27 (6), 1604426.
380. Randviir, E. P.; Banks, C. E., Electrochemical impedance spectroscopy: an overview
of bioanalytical applications. Analytical Methods 2013, 5 (5), 1098-1115.

381. Garcia-Belmonte, G.; Guerrero, A.; Bisquert, J., Elucidating Operating Modes of Bulk-
Heterojunction Solar Cells from Impedance Spectroscopy Analysis. The Journal of Physical
Chemistry Letters 2013, 4 (6), 877-886.

382.  Guerrero, A.; Ripolles-Sanchis, T.; Boix, P. P.; Garcia-Belmonte, G., Series resistance
in organic bulk-heterojunction solar devices: Modulating carrier transport with fullerene
electron traps. Organic Electronics 2012, 13 (11), 2326-2332.

383. Yao, E.-P.; Chen, C.-C.; Gao, J.; Liu, Y.; Chen, Q.; Cai, M.; Hsu, W.-C.; Hong, Z.; Li,
G.; Yang, Y., The study of solvent additive effects in efficient polymer photovoltaics via
impedance spectroscopy. Solar Energy Materials and Solar Cells 2014, 130, 20-26.

384. Basham, J. I; Jackson, T. N.; Gundlach, D. J., Predicting the J-V Curve in Organic
Photovoltaics Using Impedance Spectroscopy. Advanced Energy Materials 2014, 4 (15),
1400499.

385.  Guerrero, A.; Montcada, N. F.; Ajuria, J.; Etxebarria, I.; Pacios, R.; Garcia-Belmonte,
G.; Palomares, E., Charge carrier transport and contact selectivity limit the operation of PTB7-
based organic solar cells of varying active layer thickness. Journal of Materials Chemistry A
2013, 1 (39), 12345-12354.

386. Kim, S.; Sanyoto, B.; Park, W.-T.; Kim, S.; Mandal, S.; Lim, J.-C.; Noh, Y.-Y.; Kim,
J.-H., Purification of PEDOT:PSS by Ultrafiltration for Highly Conductive Transparent
Electrode of All-Printed Organic Devices. Advanced Materials 2016, 28 (46), 10149-10154.
387. Lee, T.-W.; Chung, Y., Control of the Surface Composition of a Conducting-Polymer
Complex Film to Tune the Work Function. Advanced Functional Materials 2008, 18 (15),
2246-2252.

388. Cho, J. H.; Lee, J.; Xia, Y.; Kim, B.; He, Y.; Renn, M. J.; Lodge, T. P.; Daniel Frisbie,
C., Printable ion-gel gate dielectrics for low-voltage polymer thin-film transistors on plastic.
Nature Materials 2008, 7, 900.

389. Elschner, A. K., S.; Lovenich, W.; Merker, U.; Reuter, K., PEDOT: Principles and
Applications of an Intrinsically Conductive Polymer. CRC Press: Boca Raton, FL 2011,
Engineering & Technology, Physical Sciences.

390. Takano, T.; Masunaga, H.; Fujiwara, A.; Okuzaki, H.; Sasaki, T., PEDOT Nanocrystal
in Highly Conductive PEDOT:PSS Polymer Films. Macromolecules 2012, 45 (9), 3859-3865.
391. Palumbiny, C. M.; Schlipf, J.; Hexemer, A.; Wang, C.; Miiller-Buschbaum, P., The
Morphological Power of Soap: How Surfactants Lower the Sheet Resistance of PEDOT:PSS
by Strong Impact on Inner Film Structure and Molecular Interface Orientation. Advanced
Electronic Materials 2016, 2 (4), 1500377.

392. Bhattacharya, S.; Dinda, D.; Saha, S. K., Role of trap states on storage capacity in a
graphene/MoO3 2D electrode material. Journal of Physics D: Applied Physics 2015, 48 (14),
145303.

393. Polyzoidis, C. A.; Kapnopoulos, C.; Mekeridis, E. D.; Tzounis, L.; Tsimikli, S.;
Gravalidis, C.; Laskarakis, A.; Logothetidis, S., Improvement of Inverted OPV Performance
by Enhancement of ZnO Layer Properties as an Electron Transfer Layerl. Materials Today:
Proceedings 2016, 3 (3), 758-771.

394.  Yip, H.-L.; Jen, A. K. Y., Recent advances in solution-processed interfacial materials
for efficient and stable polymer solar cells. Energy & Environmental Science 2012, 5 (3), 5994-
6011.

207



395.  White, M. S.; Olson, D. C.; Shaheen, S. E.; Kopidakis, N.; Ginley, D. S., Inverted bulk-
heterojunction organic photovoltaic device using a solution-derived ZnO underlayer. Applied
Physics Letters 2006, 89 (14), 143517.

396. La Notte, L.; Bianco, G. V.; Palma, A. L.; Di Carlo, A.; Bruno, G.; Reale, A., Sprayed
organic photovoltaic cells and mini-modules based on chemical vapor deposited graphene as
transparent conductive electrode. Carbon 2018, 129, 878-883.

397. Narioka, S.; Ishii, H.; Yoshimura, D.; Sei, M.; Ouchi, Y.; Seki, K.; Hasegawa, S.;
Miyazaki, T.; Harima, Y.; Yamashita, K., The electronic structure and energy level alignment
of porphyrin/metal interfaces studied by ultraviolet photoelectron spectroscopy. Applied
Physics Letters 1995, 67 (13), 1899-1901.

398. De, S.; Higgins, T. M.; Lyons, P. E.; Doherty, E. M.; Nirmalraj, P. N.; Blau, W. J.;
Boland, J. J.; Coleman, J. N., Silver Nanowire Networks as Flexible, Transparent, Conducting
Films: Extremely High DC to Optical Conductivity Ratios. ACS Nano 2009, 3 (7), 1767-1774.
399. Elechiguerra, J. L.; Larios-Lopez, L.; Liu, C.; Garcia-Gutierrez, D.; Camacho-Bragado,
A.; Yacaman, M. J., Corrosion at the Nanoscale: The Case of Silver Nanowires and
Nanoparticles. Chemistry of Materials 2005, 17 (24), 6042-6052.

400. Kholmanov, I. N.; Domingues, S. H.; Chou, H.; Wang, X.; Tan, C.; Kim, J.-Y.; Li, H.;
Piner, R.; Zarbin, A. J. G.; Ruoff, R. S., Reduced Graphene Oxide/Copper Nanowire Hybrid
Films as High-Performance Transparent Electrodes. ACS Nano 2013, 7 (2), 1811-1816.

208





