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Graphene, a single layer of sp2 hybridized carbon atoms, was first isolated from 

graphite in 2004. It is the thinnest material known, but it is exceedingly strong, light and 

flexible. It conducts heat better than diamond, and may conduct electricity better than 

silver. This unique combination of properties makes graphene an ideal platform for 

flexible electronics. In the last decade, much effort has been devoted to synthesize 

graphene and then place (also known as “transfer”) it onto a flexible substrate for device 

applications. However, a large-scale and cost-effective method to accomplish this is 

missing, which limits the use of graphene in high-performance electronics. 

This dissertation reports an improved graphene synthesis. Oxygen on the catalytic 

copper surface was found to play an important role in graphene nucleation and growth 

during the chemical vapor deposition (CVD). Control of the surface oxygen enables 

repeatable growth of single-crystal graphene, the quality of which is among the best of 

reported for CVD graphene. The electrochemical reduction of graphene oxide was also 

explored as an alternative graphene synthesis. This method eliminates the high-

temperature treatment and is more compatible with high-volume production. 

After CVD synthesis, graphene needs to be transferred from the copper surface 

onto a target substrate for device applications. Instead of using a chemical etching 

method to dissolve the copper, a rapid and nondestructive method was developed to 
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delaminate the graphene from the copper surface. This produced isolated graphene films, 

which can be transferred onto dielectric substrates and patterned with lithography. In the 

latter process, poly(methyl methacrylate) (PMMA) is usually used as an electron-beam 

resist. The influence of PMMA residues on graphene properties was studied and a 

method to remove these residues from graphene surface was developed. This cleaned 

graphene surface demonstrated low surface friction and improved contact with the metal 

electrodes, which is desirable for coating and electronic applications. 

Finally, the possibility for scaling up graphene production in a roll-to-roll (R2R) 

system was explored. The CVD graphene cracks when a relatively low applied strain 

(~0.44%) is applied to the copper substrate. This provides a guideline for R2R system 

design and ultimately helps to achieve cheaper, faster, and more powerful graphene-

based flexible electronics. 
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scale, cost-effective graphene production. ........................................93 
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Chapter 1: Introduction to Graphene 

Graphene is a single layer of sp2 hybridized carbon atoms arranged in a 

honeycomb structure (Figure 1.1a). It can be considered as a basic building block for 

graphitic materials of all other dimensionalities; for example, graphene can be wrapped 

up into zero-dimensional (0D) fullerenes, rolled into one-dimensional (1D) nanotubes or 

stacked into three-dimensional (3D) graphite (Figure 1.1b).1 The unique structure of 

graphene has been studied in theory for more than half a century, but very recently, it was 

isolated for the first time and characterized in a laboratory.2 Thereafter, research surged in 

fields related to graphene and many intriguing properties of this fascinating two-

dimensional (2D) material have been demonstrated. 

 

 

Figure 1.1: (a) Each carbon atom in graphene is sp2 hybridized. This leads to a trigonal 

planar structure with a σ bond between each carbon atom. The p orbitals 

perpendicular to the planar structure are responsible for π bond formation. 

(b) Graphene is a 2D building block for graphitic materials of all other 

dimensionalities.1 Reprinted with permission from Macmillan Publishers 

Ltd, copyright 2007. 
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1.1 AN IDEAL DEVICE PLATFORM 

Band structure and electrical properties 

Because of the aforementioned sp2 hybridization, each carbon atom has a p orbital 

oriented perpendicular to the graphene plane; these orbitals bind covalently with each 

other (Figure 1.1a), leading to the formation of the π (bonding) and π* (anti-bonding) 

band. Each p orbital has one electron, so the π band is filled while the π* band is empty.3 

These two bands touch at the Dirac point (Figure 1.2a), making graphene a semimetal. 

Fundamentally, the electronic properties of graphene are dictated by this unique band 

structure. For example, graphene exhibits a linear energy dispersion relation near the 

Dirac point. This makes charge carriers behave like relativistic particles with zero rest 

mass and have an effective ‘speed of light’ ~106m/s.4 For device application, this is 

translated into extremely high carrier mobility (μ) of graphene, ~200,000 cm2V-1s-1, 

compared to silicon, which is merely one thousand.5 Mobility is also related to 

conductivity (σ) by equation 1.1, where n is the carrier density and e represents the carrier 

charge. 

ne                                                      Eq. 1.1 

Due to the zero carrier density at the Dirac points, electronic conductivity is 

actually quite low in neutral graphene (Figure 1.2b). However, the Fermi level can be 

changed by doping (with electrons or holes) to create a material that is potentially better 

at conducting electricity than, for example, copper at room temperature.6 
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Figure 1.2: (a) Electronic dispersion in the honeycomb lattice of graphene. The 

conduction band and valence band touch at the Dirac point, forming a linear 

energy dispersion relation.3 Reprinted with permission from the American 

Physical Society, copyright 2009. (b) The Fermi level is at the Dirac point 

for neutral graphene film, but it can be changed by doping to increase the 

carrier density therefore electrical conductivity.7 Reprinted with permission 

from the American Chemical Society, copyright 2008. 

 

Mechanical strength 

Along with the remarkable electrical properties of graphene, its mechanical 

properties are also superior compared to many other materials. Its ultimate tensile 

strength reaches ~130 GPa, about 100 times larger than typical steels. This is attributed to 

the strength of the 1.42 Å-long carbon-carbon σ bond, and it also makes graphene the 

strongest material ever measured.8 What makes this particularly special is that graphene 

also has elastic properties, being able to recover to its initial size after strain. Its Young’s 

modulus was measured in an atomic force microscope to be 1.0 TPa by nanoindentation 

(Figure 1.3a and 1.3b).8 Combining these properties with its high flexibility, graphene 

become an ideal material for use in flexible electronics.9 For example, high-frequency 

graphene transistors can stand tensile strains up to 8%, which is substantially larger than 

what has been achieved with thin-film Si and III–V flexible transistors (Figure 1.3c).10, 11 
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Figure 1.3: (a) Schematic illustration of AFM-nanoindentation on suspended graphene.8 

Reprinted with permission from AAAS. (b) Load-displacement curves from 

the nanoindentation.8 Reprinted with permission from AAAS. (c) 

Comparison of maximum frequency of oscillation (fmax) and strain limits of 

flexible high-frequency field-effect transistor technologies. Channel lengths 

of the associated devices are noted.9 Reprinted with permission from 

Macmillan Publishers Ltd, copyright 2014. 

 

Optical properties 

The optical absorption of graphene is defined solely by the fine structure constant, 

the parameter that describes coupling between light and aforementioned relativistic 

electrons.12 Each graphene layer absorbs ~2.3% of the incident white light (Figure 1.4a). 

Although this is a relatively large value for atom-thick graphene, it is still more 

transparent than indium tin oxide (ITO) and fluorine tin oxide (FTO), which are currently 

used for transparent conducting film (TCF) applications (Figure 1.4b).13 More 

importantly, graphene exhibits good transparency (Figure 1.4c) in the region of near- 

(0.75-1.4 μm) and short-wavelength infrared (1.4-3 μm).14 This unique optical property 

makes graphene films outstanding as window electrodes for optoelectronics applicable to 

a wide range of wavelengths. 
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Figure 1.4: (a) Optical image of a 50-μm aperture partially covered by monolayer and 

bilayer graphene.12 Reprinted with permission from AAAS. (b) 

Transmittance versus sheet resistance for different transparent conductors.13 

Reprinted with permission from Macmillan Publishers Ltd, copyright 2010. 

(c) Transmittance of a 10-nm thick graphene film (red), in comparison with 

that of ITO (black) and FTO (blue).14 Reprinted with permission from the 

American Chemical Society, copyright 2008. 

 

1.2 CHALLENGES OF MASS PRODUCTION 

Because of its intriguing features, graphene has drawn much attention in the last 

ten years in academia. The number of research papers published in related fields 

increased exponentially after its first isolation in 2004 (Figure 1.5). However, 
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transformation of this wonder material from laboratory to market still remains a 

challenge.15 A large-scale, low-cost method is required for high-quality graphene 

production. We have divided this target into three parts and discussed them separately. 

 

Figure 1.5: Increase in web of science-indexed papers on graphene (2000-2015). 

 

Large-scale synthesis 

In the early-stage research, graphene was mainly produced by mechanical 

exfoliation of graphite (i.e. scotch tape method).2 A piece of tape was used to peel 

graphene flakes off of a chunk of graphite (that is essentially a stack of graphene sheets) 

and then place them onto a dielectric substrate for device applications (Figure 1.6a). This 

method yields mostly defect-free graphene fragments16 but their size is limited to 

micrometer-scale. To overcome this limitation, Li and his colleagues developed a 

chemical vapor deposition (CVD) method to directly grow graphene films on copper 
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substrate.17 In a typical CVD experiment, a copper foil is loaded into a low-pressure 

system (Figure 1.6b). The system is heated up to 1000˚C, close to the melting 

temperature of copper under a flow of hydrogen. High-temperature hydrogen annealing 

helps clean the copper surface and prepare it for the following graphene growth (Figure 

1.6c).18 Methane is subsequently introduced as the carbon source; the gas molecules 

decompose and diffuse on copper surface, which contributes to the nucleation and growth 

of graphene domains (Figure 1.6d).19, 20 A longer growth time will stitch these isolated 

domains together, forming a polycrystalline but continuous graphene film on copper 

substrate (Figure 1.6c). In the last few years, researchers systematically studied the 

growth parameters and attempted to control the size and shape of graphene domains.21 

Although the best CVD-sample to date is comparable with the pristine graphene prepared 

by mechanical exfoliation, a wide variation of film quality still remains from lab to lab 

and this is not desirable especially for large-scale device applications.  

 

 

 



 8 

 

Figure 1.6: (a) Schematic illustration of scotch tape method to produce graphene. (b) 

Low-pressure CVD system for graphene growth. (c) Schematic illustrating 

the CVD growth of graphene on copper surface.21 Adapted with permission 

from The Royal Society of Chemistry. (d) Processes involved during 

graphene synthesis using low carbon solid solubility catalysts (copper).19 

Reprinted with permission from the American Chemical Society, copyright 

2010. 

 

Transfer of CVD graphene 

After CVD growth, a second step is needed to transfer graphene from copper 

surface onto an arbitrary substrate for device applications.22 This is usually completed by 

an etch-based transfer method as shown in Figure 1.7. First, poly(methyl methacrylate), 

PMMA is coated to protect the graphene from tearing or cracking. The copper substrate 

is then etched away, usually by ammonia persulfate solution, to isolate the 

graphene/PMMA film which is then transferred onto a target substrate. The resulting 

sample is heated to make graphene adhere to the substrate and finally the PMMA support 
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layer is removed by a thermal or chemical treatment.23 This etch-based method is simple 

and straightforward, thus it is widely used in graphene or other 2D material research. 

However, for large-scale device applications, it appears to be increasingly problematic 

due to (1) the costly copper etching, (2) hours-long processing and (3) PMMA residues 

left on graphene surface. 

 

Figure 1.7: PMMA-assisted etch-based method for CVD graphene transfer.23 Reprinted 

with permission from the American Chemical Society, copyright 2011. 

 

Roll-to-roll manufacturing 

Since methods have been developed to grow and transfer graphene, the next step 

is to make acres of it, repeatedly and in a cost-effective manner. Due to its compatibility 

with flexible substrates, roll-to-roll (R2R) processing of graphene was considered first 

and several prototypes have been demonstrated that produce graphene devices.24-27 This 

type of process usually includes three essential steps: (1) CVD growth of graphene on a 

moving copper foil (Figure 1.8a),26, 27 (2) transfer of graphene from the copper surface 

onto an arbitrary substrate (Figure 1.8b)24 and (3) in-line device fabrication. Progress has 

been made but challenges still remain at the early stage of R2R manufacturing. For 

example, the R2R graphene usually has a degraded electrical properties26 and a detailed 

study of the influence of R2R processing on graphene quality is needed. 
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Figure 1.8: (a) Concentric tube CVD system configured for R2R graphene growth on 

copper foil.27 (b) Schematic of the roll-based transfer of graphene films 

grown on a copper foil.24 Reprinted with permission from Macmillan 

Publishers Ltd, copyright 2010. 

 

1.3 OUR SOLUTIONS 

To overcome these problems, methods for graphene synthesis and processing 

were studied and developed for use in flexible electronics. This dissertation is divided 

into three parts: (1) high-quality graphene film synthesis (Chapter 2 and 3), (2) cost-

effective methods for transfer, which preserve the intrinsic graphene properties (Chapter 

4 and 5) and (3) Reliability testing for scalable R2R production of graphene (Chapter 6). 

Conclusions are provided in Chapter 7. 
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Chapter 2: Chemical Vapor Deposition of High-Quality Graphene† 

Chemical vapor deposition (CVD) of graphene on copper (Cu) has attracted a lot 

of attention since its discovery in 2009.17 This method is able to produce monolayer 

graphene films on a large scale with a relatively low density of structural defects. Despite 

several years of development, control over the domain size and morphology of the 

graphene crystals remains a challenge. The material quality varies from lab to lab under 

presumably similar CVD growth conditions. We discovered that oxygen on the Cu 

surface plays a key role in the nucleation and growth of CVD graphene. Control of the 

surface oxygen enables repeatable growth of centimeter-scale single-crystal graphene 

domains, which are valuable for high-performance device applications. 

 

2.1 INTRODUCTION 

Preparing large, high-quality single crystals of graphene requires control of the 

nucleation and growth during the CVD process.17, 24, 28-30 Much attention has been paid to 

the process details with emphasis on the carbon (C) precursors, hydrogen (H), Cu, 

temperature, and pressure.19 Tuning the C:H ratio,19 changing the hydrocarbon and H2 gas 

pressures,18 and smoothing the Cu surface prior to growth,31, 32 has allowed to grow 

graphene with desirable qualities. However, the wide variation in domain size, shape, and 

film quality from lab to lab suggests that some crucial growth parameters are still 

unknown or uncontrolled. We show that oxygen on the Cu surface suppresses graphene 

nucleation and fosters growth of ultra-large single-crystal graphene domains. The surface 

                                                 
† The contents in this chapter were published in Science 2013, 342, 720-723. I performed the growth 

experiments and analyzed the experimental results. 
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oxygen also increases the growth rate and shifts the graphene domain shapes from 

compact to dendritic.33  

 

2.2 MATERIALS AND METHODS 

Cu foil treatment, graphene growth and transfer 

Commercially available Cu foils, both oxygen-free (OF) Cu (Alfa-Aesar stock 

#42972, #46986, etc.) and oxygen-rich (OR) Cu (Alfa-Aesar stock #46365, #13382, etc.), 

have native surface oxide layers and other impurities. In order to remove the surface 

oxide and contaminants, Cu foils were chemically etched in acetic acid (CH3COOH) for 

8 hours followed by blow-drying with nitrogen gas. Electrochemical polishing of Cu can 

also clean the surface and provide similar growth results.  

Graphene growth was carried out in a low pressure CVD (LPCVD) system. After 

cleaning, the Cu foils were made into the form of pockets34 (Figure 2.1a) and loaded into 

the growth system within 5 min to avoid surface oxidation. The system was heated to 

1035 ˚C under a H2 flow of 10 cm3 per min (sccm), corresponding to 1×10-1 Torr, and 

annealed for 20-100 min; CH4 was then introduced into the system for graphene growth. 

The typical PCH4 ranged from 1×10-3 to 5×10-2 Torr, and the growth time was varied from 

10 to 800 min. For O2-assisted growth, pure O2 was used before growth for exposure 

times ranging from 10 s to 5 min. The corresponding PO2 was 1×10-3 Torr. After growth, 

the system was cooled to room temperature while still under the H2 and CH4 flow. The 

typical graphene growth procedure is schematically shown in Figure 2.1b. Note that, 

during O2 exposure, the H2 flow can be either “on” or “off”, with the same graphene 

growth results, i.e. low nucleation density and dendritic domain shapes.  
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Figure 2.1: LPCVD growth of graphene single crystals. (a) Optical image of the Cu 

pocket. (b) Schematic of a typical CVD graphene growth process that 

includes O2 exposure. 

The graphene domains/films were transferred onto dielectric substrates SiO2/Si 

using a poly(methyl methacrylate) (PMMA)-assisted method23 for Raman 

characterizations. Prior to transfer, the graphene surface was spin-coated with a layer of 

PMMA (MW = 996 KDa, Sigma Aldrich) to provide mechanical support for the 

graphene throughout the transfer process. The Cu/graphene/PMMA stack was then 

floated over an ammonium persulfate ((NH4)2S2O8, 0.5M, Sigma Aldrich) aqueous 

solution to etch the Cu. The resulting graphene/PMMA films were thoroughly rinsed with 

deionized water, and then transferred onto target substrates. The PMMA was removed 

with acetone, and then the film was rinsed in isopropanol and finally blow dried with 

nitrogen gas. 

ToF-SIMS measurements 

The presence of oxygen and its stability on the Cu surface under the LPCVD 

conditions was investigated based on 18O-labeling and ToF-SIMS (time-of-flight 

secondary ion mass spectrometry). This method can exclude oxygen signals resulting 

from unintentional oxidation of the Cu surface during sample transfer from the growth 
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system to the analysis system. Briefly, OF-Cu was loaded into the CVD system and 

heated to 1000 ˚C under H2 gas, then the Cu was exposed to 18O2 gas for 5 min at PO2 = 

1×10-3 Torr followed by annealing in H2 (PH2 = ~0.1 Torr) for another 50 min. After 

cooling, the Cu was transferred from the CVD system to the ToF-SIMS instrument for 

analysis. The surface 18O concentration (mass peak intensity) for low pressure annealing 

was more than an order of magnitude higher than that of natural abundance of 18O (Figure 

2.2a and inset). This experiment shows that surface oxygen species exist and are not 

completely removed by the LPCVD conditions.  

In addition, ToF-SIMS depth profiles show that, after O2 exposure and annealing 

in H2, the oxygen concentration in the OF-Cu bulk approaches ~10-6 at.% (the detection 

limit), as shown in Figure 2.2b, which is similar to initial OF-Cu and annealed OR-Cu. 

The ToF-SIMS measurements confirm that, at graphene growth temperatures, oxygen 

species mainly exist on the Cu surface, not in the bulk of the Cu foil. 

 

Figure 2.2: (a) ToF-SIMS surface measurements of an OF-Cu substrate after 18O2 

exposure and annealing in H2. Inset: The 18O surface concentration is more 

than one order of magnitude higher than natural abundance of 18O. The latter 

is measured from another Cu substrate without 18O2 exposure. In the two 

curves, the 16O peaks are scaled to have the same intensities. (b) ToF-SIMS 

depth profiles of oxygen concentration in OR-Cu, OF-Cu, and OF-Cu (O), 

respectively. 
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Low energy electron microscopy, photoelectron emission microscopy, and low 

energy electron diffraction 

Low energy electron microscopy (LEEM), photoelectron emission microscopy 

(PEEM), and low energy electron diffraction (LEED) were performed using an Elmitec 

LEEM III instrument. The as-grown graphene samples were transferred and loaded into 

the LEEM instrument, and then degassed at 250 ˚C overnight under ultra-high vacuum 

(base pressure < 2×10-10 Torr). The measurements were taken at room temperature. A Hg 

lamp (energy < 5 eV) was used to generate the PEEM images, whose field of view 

(normally 140 µm) is greater than the largest field of view available in LEEM (about 75 

µm). Selected-area LEED was typically obtained from 2 µm-diameter regions of the 

surface. 

Figure 2.3 shows a graphene domain growing across Cu multi-grains and 

corresponding LEEM image and LEED patterns from different regions of the domain. 

The seven aligned LEED patterns conclude that the domain is a single-crystal. 

 

 

Figure 2.3: (a) Superimposed SEM and EBSD image of a graphene domain grown 

across Cu multi-grains. (b) One LEEM image and seven LEED patterns 

taken from the regions marked with dash-line circles and numbers 1-7 in (a). 

The graphene spots are circled in blue. The additional spots come from the 

faceted Cu. 
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Optical images and Raman spectra of graphene domains 

A 488 nm excitation laser with a 100× objective lens in WITec Alpha 300 micro-

Raman imaging system was used for acquisition of Raman spectra and generation of 

maps of the graphene domains/films. 

Both compact and dendritic graphene domains were transferred onto Si substrates 

with a surface layer of 285nm thick thermal oxide, as shown in Figure 2.4a-d. The 

uniform brightness and contrast in the optical images suggests that the domains have a 

uniform thickness. The Raman spectra show that the domains are single-layer graphene 

with weak D peaks present only at the edges of domains. In addition, small multi-layer 

regions were found near the center of the large graphene domains, as shown in the optical 

image of Figure 2.4c, and also evidenced by a broader Raman 2D peak (Figure 2.4e).35 

The multi-layer area was less than 1% of the total domain area. 
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Figure 2.4: Optical images and Raman spectra of large-dendritic and small-hexagonal 

graphene domains. (a-c) the optical images of large graphene domains, 

domain edge, and domain center on SiO2/Si substrates, respectively. (d) 

Optical image of compact hexagonal domains. (e) Raman spectra at 

different positions (open circles of different colors) of large graphene 

domains. Inset is the comparison of D peaks from the inner and edge 

positions of the domain. (f) Raman spectra at different positions (open 

circles of different colors) of compact graphene domains. Inset is the 

comparison of D peaks from the inner and edge positions of the domains. 

Raman mapping and area growth rate calculations 

The area growth rate (coverage rate, dθ/dt) of graphene films on Cu can be 

obtained from carbon isotope-labeled growth and Raman mapping. As shown in Figure 

2.5a and 2.5b, Raman 2D (also referred to as G’) peak intensity maps of continuous 

graphene films on both OF-Cu and oxygen-exposed OF-Cu (referred to as ‘OF-Cu (O)’ 

hereafter) reveal the progress of the growth process until full coverage. The growth 

conditions: PCH4 = 2×10-3 Torr (flow rate: 0.2 sccm), T = 1035 ˚C, growth time 90 min for 
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OF-Cu, and 180 min for OF-Cu (O), O2 exposure at 1×10-3 Torr for 30 s. The surface 

coverage (θ) can be extracted from the maps and plotted as a function of growth time 

(Figure 2.5c, left plots). The plot from OF-Cu (O) was calculated for an area greater than 

500 µm × 500 µm to avoid any local non-uniformity in θ. The θ in both cases is non-

linear, as shown in the left plots of Figure 2.5c. The time to full surface coverage in the 

case of OF-Cu (O) was found to be twice as long as that on bare OF-Cu. Moreover, at 

any time of growth, coverage on OF-Cu was always higher than that on OF-Cu (O). This 

is reasonable since the low nucleation density on OF-Cu (O) leads to low θ.  

To further elucidate this phenomenon, simple calculations were carried out. The 

nucleation density, N, is ~6×10-3 µm-2 for OF-Cu, more than two orders of magnitude 

higher than that for OF-Cu (O), ~2×10-5 µm-2. The radial growth rate dr/dt (defined 

below) for OF-Cu is about 10 times lower than that on OF-Cu (O) during the first 32 

minutes. According to the relation: 2N r   , the coverage, θ, for OF-Cu case is 

therefore higher than that for OF-Cu (O), consistent with our experimental results for the 

first 32 min of growth (Figure 2.5c). To summarize, low N leads to low θ even though the 

radial growth rate of individual domains is higher due to oxygen. 

The corresponding dθ/dt was obtained by differentiating the surface coverage 

with respect to time, as shown in Figure 2.5c (plots on the right). Two stages of growth, 

accelerating and then decelerating, are observed in both cases studied (OF-Cu and OF-Cu 

(O)). In the early growth stage, the distance between neighboring graphene domains is 

larger than the diffusion length of carbon species, so that the growth of any single domain 

is not influenced by the existence of the others, and dθ/dt increases with domain edge 

length, i.e., domain perimeter. Later, at the decelerating stage, each domain grows under 

the influence of its neighbors, and the dθ/dt is thereby decreased until full coverage is 

achieved. A typical example is the blue rectangle in Figure 2.5b. In the following 
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discussion, the calculation and analysis of individual domain growth rates are limited to 

the early growth periods, in which the growth is free of inter-domain competition. 

 

 

Figure 2.5: (a and b) Raman 2D band intensity maps of graphene films grown on OF-Cu 

and OF-Cu (O), respectively. The bottom panel indicates the sequence and 

duration of alternating 
13

CH4 (orange) and 
12

CH4 (black) introduction for 

CVD growth. The blue dashed box in (b) highlights the region 

corresponding to decelerating growth. (c) The surface coverage (solid lines) 

and surface coverage rate (dashed lines) on OF-Cu and OF-Cu (O), 

respectively, as a function of growth time at PCH4 = 2×10
-3 

Torr. (d) Raman 

spectra of graphene with 
12

C (normal CH4 was used) or 
13

C. The Raman 

maps are from the intensity of the 2D bands, as indicated with the filled 

areas. The orange and black correspond to the bright and dark areas, 

respectively, in the Raman maps. 
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Activation energy calculations 

Before inter-domain competition occurs, the radial growth rates dr/dt of 

individual graphene domains is nearly constant along a given crystal orientation, as 

revealed by the isotope-labeled growth in Figure 2.6. Therefore the radial growth rates of 

individual domains can be investigated as a function of temperature. For the ease of 

comparison, we have defined r as the radius of the circle which has equivalent area of 

each graphene domain during the CVD growth. In this work, the average radial growth 

rate was used and the crystal orientation effect was ignored. 

 

 

Figure 2.6: (a-e) Raman 2D band intensity maps of graphene domains grown on OF-Cu 

(O) under the same conditions except the temperature. (f-j) Raman 2D band 

intensity maps of graphene domains grown on OF-Cu. The bottom panel 

indicates the sequence and duration of alternating 
13

CH4 (orange) and 
12

CH4 

(black) introduction for CVD growth. The growth parameters: PCH4 = 2×10
-3 

Torr, PH2 = 0.1
 
Torr, O2 exposure at 1×10

-3 
Torr for 30 s in (a-e). Scale bars 

are: (a) 30 µm, (b) 20 µm, (c) 15 µm, (d) 9 µm, (e) 8 µm, (f) 5 µm, (g) 3 µm, 

(h) 2.5 µm, (i) 2 µm, and (j) 0.8 µm.  
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2.3 RESULTS AND DISCUSSION 

Oxygen impurities were found to exist at different concentrations across 

commercially available Cu foils. Time-of-flight secondary ion mass spectrometry (ToF-

SIMS) depth profile results (Figure 2.2) show that, for two different types of Cu foils, the 

oxygen concentrations are ~10-2 and ~10-6 at.% (the latter approaching the detection 

limit), hereafter referred to as ‘oxygen-rich Cu’ (OR-Cu) and ‘oxygen-free Cu’ (OF-Cu), 

respectively. When the two types of Cu were used to grow graphene under the same 

conditions in low pressure CVD, the domain density for OR-Cu was ~0.9 mm-2, more 

than three orders of magnitude lower than that for OF-Cu, which was about 2×103 mm-2 

(Figure 2.7a and 2.7b). The graphene domains on OR-Cu always exhibited dendritic 

growth fronts, i.e., multi-branched and rough domain edges (Figure 2.7a, inset), whereas 

graphene domains on OF-Cu were compact with sharp edges (Figure 2.7b, inset). When 

OF-Cu was exposed to O2 (PO2 = 1×10-3 Torr, the Cu is thus referred to as ‘OF-Cu (O)’) 

for 1 min before introducing methane (CH4, PCH4 = 1×10-3 Torr), the resulting graphene 

growth yielded a low density of nuclei, ~6 mm-2, and dendritic growth fronts (Figure 

2.7c) similar to those on OR-Cu. In addition, ToF-SIMS (Figure 2.2a) showed the 

presence of surface oxygen after O2 exposure and annealing in H2 (PH2 = 0.1 Torr). 

Because graphene growth on Cu is a surface-mediated process,36 it is reasonable that 

surface oxygen species, either segregated out of the Cu bulk or adsorbed from O2 

exposure, participate in surface reactions and are thus responsible for the domain growth 

characteristics. Both experimental37, 38 and theoretical studies39 have established that metal 

surface imperfections, e.g., step edges, defects, impurities, etc., can be active sites for 

graphene nucleation because of higher d-band centers at these lower-coordination sites, 

which lead to strong binding of adsorbates.40, 41 For the same reasons, these active sites 

are also sinks for oxygen. Thus, surface oxygen on the Cu, regardless of its source, 
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effectively passivates the surface active sites where hydrocarbon accumulation would 

otherwise have taken place.  

 

 

Figure 2.7: The effect of oxygen on graphene nucleation density and domain shapes on 

Cu. Scanning Electron Microscopy (SEM) images of graphene domains 

grown on (a) OR-Cu, (b) OF-Cu, and (c) OF-Cu (O), respectively. In all 

cases, the PCH4 = 1×10
-3 

Torr, and PH2 = 0.1
 
Torr, the growth time was 150 

min for (a and c) and 50 min in (b). The insets in (a) and (b) are the high 

magnification SEM images in each case. The scale bar is 500 µm in the inset 

of (a), and 20 µm in the inset of (b). 

In order to further suppress graphene nucleation on Cu, the Cu substrates were 

exposed to varying amounts of O2 (PO2 = 1×10-3 Torr) by simply increasing the exposure 

time up to 5 min before introducing CH4. Typically, 2 min of O2 exposure on OR-Cu 

decreases the nucleation density to ~0.03 mm-2 (Figure 2.8a). With longer O2 exposure (5 

min), the graphene nucleation density was as low as ~0.01 mm-2, and individual domains 

grew to a diameter larger than 1 cm after a 12 hour growth at PCH4 = 1×10-3 Torr (Figure 

2.8b). The same experiments with OF-Cu gave rise to a similar trend, i.e., the nucleation 

density decreased with increasing O2 exposure time (Figure 2.8d). Oxygen exposure 

provided a convenient tuning parameter for suppressing graphene nucleation and growing 

large domains. We used electron backscatter diffraction (EBSD) to map the crystalline 
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orientations of the Cu grains under a graphene domain. The results show that large 

graphene domains normally grow across several Cu grains, which usually have grain size 

smaller than a few millimeters even after annealing (Figure 2.8c). Low energy electron 

diffraction (LEED) patterns (Figure 2.3) taken at different positions on the same domain 

show that, even though the underlying Cu is multi-grain, all of the diffraction patterns are 

aligned, indicating a single-crystal graphene domain. LEED measurements performed on 

randomly selected large graphene domains with varying shapes (such as in Figure 2.8b) 

over multi-grain Cu confirmed that the domains are single crystals. These observations 

suggest that it is possible to grow large, single-crystal graphene films over multi-grain Cu 

substrate. In addition, high growth temperatures and low PCH4 were found to facilitate 

single-crystal graphene growth. Raman spectra of the domains transferred onto Si 

substrates confirmed that they are single-layer with no detectable defect-related D band 

(Figure 2.4).  
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Figure 2.8: Size and structure of large graphene domains grown on Cu exposed to O2. 

(a) SEM image of low density graphene domains on OR-Cu exposed to O2. 

(b) Optical image of centimeter-scale graphene domains on OR-Cu exposed 

to O2. The sample was prepared by heating in air at 180 ˚C for 30 min to 

oxidize bare Cu (orange) and visualize graphene domains (pale), as reported 

by Wang et al.
32

 (c) Superimposed SEM and EBSD images of a graphene 

domain grown across Cu multi-grains. (d) The graphene nucleation density 

as a function of O2 exposure time. 

In addition to decreasing graphene nucleation density, oxygen affected graphene 

growth kinetics. Figure 2.9a shows that graphene domains on OF-Cu are compact with a 

domain size ~15 µm after a 32 min growth at 1035 °C and PCH4 = 2×10-3 Torr. However, 

when graphene was grown on OF-Cu (O) (PO2 = 1×10-3 Torr, 30 s exposure) under the 
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same conditions and for the same growth time, the domain size increased to ~100 µm 

(Figure 2.9b). This acceleration of graphene domain growth by surface oxygen seems 

counterintuitive because oxygen has been associated with carbon species oxidation and 

graphene etching.42 Oxygen also decreased the graphene film coverage on the Cu 

substrates by 5-10 times after 32 min growth (see Figure 2.5 for details). This decrease 

resulted from the nucleation density on OF-Cu (O) being more than two orders of 

magnitude lower despite the higher individual domain growth rate. 

 

Figure 2.9: The effect of oxygen on graphene growth kinetics. SEM images of graphene 

domains grown on (a) OF-Cu, and (b) OF-Cu (O). Isotope-labeled Raman 

maps of the 2D (G’) band intensities on Si substrates for growth at (c and d) 

1035 ˚C and (e and f) 885 ˚C. The isotope switching intervals are indicated 

below each image. 
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The time-evolution of domain growth at different growth temperatures was 

visualized by carbon isotope labeling and Raman mapping (Figure 2.9c to f, and Figure 

2.6). Over a wide temperature range, the domains on OF-Cu remained compact hexagons 

as they grew; whereas on OF-Cu (O) the domains were always multi-branched and 

dendritic. The consistent domain shapes suggest that the kinetics do not change 

throughout the growth. Also, the radial growth rates of individual domains were nearly 

constant along a given orientation, as measured by the widths of the isotopically labeled 

bands. We plotted the growth rate as a function of temperature (Figure 2.10). According 

to the Arrhenius equation: / exp( / )a Bdr dt E k T  , where r  is the average radius 

(defined in Section 2.2), aE  is the growth activation energy, Bk  is the Boltzmann 

constant, and T  is temperature. The value of aE  was 1.76 eV for graphene on OF-Cu 

and 0.92 eV on OF-Cu (O), indicating that, in the dynamic growth process, the barrier of 

the rate-limiting step is reduced. 

 

Figure 2.10: Logarithmic plots of graphene domain growth rate dr/dt vs. 1/T. The error 

bars are from calculations of different domains for each case, and the 

activation energy Ea is extracted from the slope of the linear fit. 
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The aforementioned change in growth kinetics also results in different graphene 

domain morphology with O2 exposure. Figure 2.9a shows the typical shape of graphene 

domains formed on OF-Cu: compact hexagons with sharp edges, as obtained from the 

kinetic Wulff construction,43 which is expected for edge-attachment-limited growth. In 

contrast, graphene domains grown on OF-Cu (O) became multi-branched or dendritic 

(Figure 2.9b), typical of diffusion (mass transport)-limited growth.28, 44 The morphology 

change indicates that, with the introduction of oxygen, carbon attachment at domain 

edges is no longer rate-limiting, and the rate of domain growth is instead governed by 

carbon diffusion or equivalently carbon flux, in agreement with direct observations and 

analysis.  

 

2.4 CONCLUSION 

In conclusion, it was found that oxygen (O) on a Cu surface substantially 

decreases the graphene nucleation density by passivating the Cu surface active sites. 

Control of surface O enabled repeatable growth of centimeter-scale single-crystal 

graphene domains. Oxygen also accelerated graphene domain growth and shifted the 

growth kinetics from edge-attachment–limited to diffusion-limited. Correspondingly, the 

compact graphene domain shapes became dendritic. This discovery opens a door to better 

control of CVD graphene growth for various applications. 

 

2.5 NOTES 

This chapter closely parallels our publication in Science.45 The text and figures are 

reused with the permission of the copyright holder. 
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Chapter 3: Electrochemical Reduction of Graphene Oxide Films† 

Reduction of graphene oxide (G-O) is another method usually used for graphene 

synthesis.46 Compared with the CVD method discussed in Chapter 2, the state-of-the-art 

G-O reduction yields graphene flakes with a relatively high density of structural defects 

and thus degraded electrical conductivity is expected;47 even so, much effort has been 

devoted for developing this method because of its low cost and capability of high-volume 

(e.g. several tons) production. Here we report an electrochemical method to 

simultaneously reduce and delaminate G-O thin films deposited on metal (Al and Au) 

substrates. Unlike other metal-based G-O reduction methods, the metal used here is either 

not etched at all (for Au), or etched at a small amount (for Al), thus making it possible to 

reuse the substrate and lower production costs. The delaminated reduced G-O thin films 

exhibit high optical transmittance and low sheet resistance, suitable for transparent 

conducting film (TCF) applications. 

 

3.1 INTRODUCTION 

Graphene oxide (G-O) obtained by exfoliation of graphite oxide is defined here as 

an individual layer of graphite oxide. Reduction of G-O (which gives “rG-O”) removes 

the majority of oxygen-containing functional groups and increases its electrical 

conductivity. Due to its high flexibility and unique optical properties, rG-O thin films are 

attractive for emerging thin-film electronic and optoelectronic device applications.48-51 

Currently, rG-O thin films are mainly fabricated through two routes: (i) reduction of pre-

deposited G-O films, or (ii) deposition of reduced G-O dispersions.52 

                                                 
† The contents in this chapter were published in ACS Nano 2015, 9, 8737-8743. I conceived the 

experiments, performed the material synthesis and characterization, and analyzed the experimental results. 
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For the first route, three major reduction methods are available: thermal treatment, 

chemical reduction, and electrochemical reduction. To achieve highly reduced G-O films 

by thermal treatment, high-temperatures (>1000 ˚C) and ultrahigh vacuum (or a reducing 

environment) are required.14, 53, 54 Such conditions are not compatible with most polymer 

substrates. In the case of chemical reduction, reducing agents such as hydrazine,54-56 N,N-

dimethylhydrazine,57 and sodium borohydride58 have been used for de-oxygenation, and 

because of their toxic properties, safety precautions must be taken when large quantities 

of these reagents are used. Electrochemical reduction involves changing the Fermi energy 

level of the electrode material surface and thus direct charge transfer is used to efficiently 

reduce G-O films on the electrode surface.59, 60 However, due to the high hydrophilicity of 

G-O sheets, unsupported G-O films can easily dissociate in aqueous solutions. Water 

intercalation usually happens46 and this adversely affects the initial structure, especially 

for ultrathin films. 

As for the route of depositing rG-O dispersion, the aforementioned harsh reducing 

agents are undesirable in terms of safety. Recently, mild reducing metal particles (Fe, Zn 

and Al)61-63 were reported as ‘green’ chemical reduction agents for G-O, but the amount 

of the rG-O obtained is limited by the amount of metal particles that are consumed during 

this process.62 Moreover, such reduction processes alter the hydrophilicity of G-O sheets 

dispersed in aqueous solutions,64 and the resulting agglomeration of rG-O sheets is 

detrimental for both film fabrication and performance.65 

Here we report a new method that simultaneously reduces and delaminates pre-

deposited G-O films on metal substrates. This method involves features of 

electrochemical reduction59, 60 and a CVD (chemical vapor deposition)-graphene transfer 

method known as ‘electrochemical delamination’.66, 67 Electrons transport from a metal 

surface to both G-O sheets and hydrogen ions in solution, forming rG-O and hydrogen 
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bubbles, respectively. The bubbles promote delamination of the film without affecting its 

integrity. It was found that the reduction of a G-O film depends on its thickness; the C/O 

atomic ratio changes with respect to the distance from the electrode surface. Ultrathin rG-

O films with high optical transmittance and good electrical conductivity were obtained, 

suitable for transparent conducting films (TCF) applications. This method can, in 

principle, be scaled-up to produce very large-area rG-O films on arbitrary substrates, 

including those that are stretchable and flexible. Unlike other metal-based reduction 

methods, the metal substrate in this approach is preserved for reuse. 

 

3.2 MATERIALS AND METHODS 

Electropolishing of Al foil 

Al foil (purchased from Boardwalk, 20-µm thick) was employed as an anode in an 

electrolytic cell with an Al plate as cathode. The electrolyte solution was prepared by 

mixing 100 mL water, 50 mL ethanol, 10 mL isopropyl alcohol, 50 mL phosphoric acid 

and 1 g urea. A Hewlett-Packard 612 System DC power supply applied a constant 

potential of 6 V for 1 min, followed by Al foil washing with distilled water and ethanol. 

A glass substrate (1 × 1 inch2), as a rigid support, was then attached to the polished Al 

foil. 

Au electrode 

A 50 nm-thick Au film was e-beam evaporated onto an acetone/IPA treated Si 

wafer at a rate of 0.5 Å/s under the pressure of 5 × 10-6 mbar. 
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XPS measurement 

A Kratos Axis Ultra XPS was used to determine the chemical composition of G-O 

films. The X-ray source used was a monochromated Al Kα (hν = 1486.5 eV) and the 

optics were a hybrid with both immersion magnetic and electrostatic lenses. The 

photoelectrons were collected with a multi-channel plate and delay line detector coupled 

to a hemispherical analyzer. 

ToF-SIMS depth profiling 

A TOF.SIMS 5 from ION-TOF GmbH was used here. The depth profile was 

obtained using two interlaced ion sources; a 1 kV Cs+ ‘sputter’ beam and a 30 kV Bi+ 

‘analysis’ beam. Negative secondary ions were collected in the time-of-flight mass 

analyzer. Species C5
- and 13C2O- are used to track carbon and oxygen in the rG-O film, 

respectively, whereas 30SiO2
- represents the quartz substrate. These species are selected 

due to their signal intensity (to avoid saturating detector while still generating sufficient 

counts), mass resolution (free from mass interference with other ions), and correlating 

well with the structure of the sample itself (for example, O- and 18O- appear in the 

substrate as well as rG-O but 13C2O- appears only in the rG-O). 

Sheet resistance measurement 

Sheet resistance values were obtained using the standard four-probe van der Pauw 

method. Four gold electrodes were deposited in a configuration that leaves a square film 

with a size approximately 0.5 × 0.5 cm2. For electrical resistance measurements under 

stretching, a 1.5 × 0.5 cm2 rG-O film with PDMS supporting layer was transferred onto 

another 1-mm-thick PDMS support to form PDMS/rG-O/PDMS sandwich stack. 

Between the sandwich layers, four contacts (silver wires) were fixed at the edges of the 

rG-O films using a silver paste (two contacts to measure the resistance along the 
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stretching direction, and two others in the perpendicular direction). The 

electromechanical experiments were carried out using a two-probe electrical contact 

instrument and a precision mechanical system. The resistance values along the stretching 

direction and perpendicular to it were measured by two separate pieces of equipment. 

 

3.3 RESULTS AND DISCUSSION 

A dispersion of G-O platelets was prepared by dispersing graphite oxide made by 

a modified Hummers’ method;57 this dispersion was then spin-coated on a metal 

substrate, which acts as an electrode in the following electrochemical setup. Two 

different metal substrates were used in order to better understand the mechanism of G-O 

reduction and control for any effect due to the electrode material: one was Al foil, an 

active metal, as shown in Figure 3.1 (with and without electropolishing treatment), and 

the second was Au film (on silicon wafer), a noble metal, shown in SI Movie M1.68 By 

varying the G-O concentration and the spin-coating speed, the film thickness was 

adjusted from a few to hundreds of nanometers. A removable poly(methyl methacrylate) 

(PMMA) capping layer was spin-coated atop of the G-O film to maintain the film 

integrity (see Figure 3.5 for details). 

For the reduction/delamination process (Figure 3.1a), an electrolytic cell was 

made with PMMA/G-O/metal substrate as the cathode and a Pt mesh as the anode. 

Aqueous Na2SO4 solution (0.5 M) was chosen as the electrolyte. A 10-15 V direct current 

voltage was then applied across the cell electrodes; this caused the light-yellow G-O film 

to immediately blacken at the film edges. This change in color indicates reduction of the 

G-O film by elimination of oxygen-containing groups and restoration of sp2 carbon 

bonds.59 Simultaneously, hydrogen bubbles were produced at the edges by the electrolysis 
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of water: 2H2O (l) + 2e- → H2 (g) + 2OH- (aq). The bubbles gently and continuously 

delaminated the reduced G-O film (with supporting PMMA layer) from the electrode 

surface. This simultaneous reduction and delamination process was completed in a few 

minutes (Figure 3.1b), as opposed to the hours-long metal reduction process.61 More 

importantly, unlike other metal-based reduction methods where metal is dissolved 

completely,61-63 the metal foil used here is not etched (for Au) or only partially etched (for 

Al, ~0.25 mg/cm2 per cycle). This enables us to reuse the electrode material (see Section 

3.5 for detailed discussion), making the approach suitable for low-cost rG-O film 

fabrication. The delaminated PMMA/rG-O film was then rinsed with distilled water and 

transferred onto the target substrate. The capping PMMA layer was removed by soaking 

in acetone for 8 hours. If the desired final target substrate is a castable polymer, the film 

fabrication process can be further simplified by directly casting that target substrate on 

the deposited G-O film, as shown below for a polydimethylsiloxane (PDMS) substrate. 
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Figure 3.1: Simultaneous reduction/delamination of pre-deposited G-O film on a 

polished Al substrate. (a) Schematic illustration of PMMA-supported film 

fabrication. Reduction of G-O film occurs at the triple-phase (metal/G-

O/electrolyte solution) interline (red square). (b) Optical images 

corresponding to key experimental steps. The entire reduction/delamination 

process is completed in 10 min for a 1 × 2.5 cm2 film. 

To understand the mechanism responsible for our G-O reduction method, we first 

consider two previously reported metal-based reduction mechanisms: (i) reduction due to 

the direct charge transfer between metal and G-O sheets,59, 60 and (ii) reduction by nascent 

hydrogen atoms (which are hydrogen atoms at the moment of formation) produced on the 

metal surface.69 With respect to our experiments, we found that G-O reduction did not 

occur when unpolished Al foils were used as metal substrates, even though hydrogen 

bubbles were still present. Considering that Al foil inevitably forms a native surface 

oxide layer that is inefficient for electron transport (insulating), we speculate that direct 

charge transfer is responsible for G-O reduction in our simultaneous 
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reduction/delamination process. When electropolished Al foil (with thinner oxide layer) 

or Au-coated wafer (with no oxide layer) was used, electrons could efficiently transport 

across the G-O/metal substrate interface and promote the following electrode reaction: G-

O + aH2O + be-→ rG-O + bOH-.59 A triple-phase (electrode/G-O/electrolyte solution) 

interline which is highlighted by a red square in Figure 3.1a is thus required. With the 

accompanying evolution of hydrogen bubbles, the interline progressively moves along 

the G-O/metal interface, providing access to ‘fresh’ (not-reduced) G-O sheets for the 

solution and subsequent reduction. Compared with the static contact (between G-O film 

and electrode) method used before,59 the moving reduction front here is more efficient, 

particularly when large-area rG-O films are the goal. 

Raman spectroscopy (WITec Micro-Raman Spectrometer Alpha 300) was used to 

characterize the G-O film before and after the reduction process. The characterization 

results for the rG-O films from both the Al foil and Au film substrates were similar, as 

shown in Figure 3.2 and Figure 3.6 in Section 3.5. Due to the decrease in size of the in-

plane sp2 domains after extensive oxidation and ultrasonic exfoliation,61 the G-O film 

exhibits a broad and intense D (~1350 cm-1) band in its Raman spectrum (Figure 3.2a). 

However, that prominent D peak significantly narrows in the delaminated rG-O film, 

with a peak FWHM decrease from 188 cm-1 to 80 cm-1. This compares favorably with 

values for other chemically or thermally reduced G-O films, and corresponds to a low 

fraction of carbon atoms (<20 %) that are not sp2 hybridized.70 By extracting and 

analyzing Raman data from a 30 × 30 µm2 map (Figure 3.7 in Section 3.5), the relative 

intensity of the D (K-point phonons of A1g symmetry) and G (~1580 cm-1, zone center 

phonons of E2g symmetry) bands (ID/IG) was found to increase from 0.8 to 1.2 (Figure 

3.2b). The histogram shows that the rG-O film is homogenous over the scanned area, 

while the ID/IG increase is consistent with other G-O reduction methods.61, 71 
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The change in chemical composition of the G-O films during the 

reduction/delamination process was characterized by X-ray photoelectron spectroscopy 

(XPS). Figure 3.2c shows the C 1s spectrum of a spin-coated G-O film on a quartz 

substrate. By applying a Gaussian-Lorentzian peak fitting, four peaks centered at 284.5, 

286.6, 287.8 and 289.3 eV are observed. These peaks correspond to sp2 carbon, 

epoxide/ether, carbonyl and carboxyl groups, respectively,61 and show the large amounts 

of heavily oxidized G-O platelets. In contrast, the peaks associated with the oxygen 

functionalities are significantly suppressed in the rG-O film obtained by our 

electrochemical approach (Figure 3.2d). This is consistent with a high degree of removal 

of oxygen-containing groups. Also, beside the peak of sp2 carbon, a small peak (285.2 

eV) assigned to sp3 carbon appears. This is likely due to a uniformly reduced G-O film 

after delamination, leading to a narrower sp2 peak and less peak overlap.72 According to 

the survey spectra (Figure 3.8), the atomic ratio of carbon and oxygen (C/O) was found to 

increase from 2.89 (for G-O) to 9.26 (for rG-O) after electrochemical 

reduction/delamination. This value is among the best reported for G-O reduced by other 

methods.61 
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Figure 3.2: Characterization of G-O reduction. (a) Raman spectra of the G-O reference 

and the reduced G-O film on quartz substrate. D bands are fitted to 

Lorentzian curves (dashed). (b) Histogram distributions extracted from 

Raman map data for ID/IG (Figure 3.7) before and after reduction. (c) and (d) 

XPS C 1s spectrum of G-O film before and after electrochemical 

reduction/delamination. A Gaussian/Lorentzian fit is shown. 

Due to the aforementioned charge transfer between the electrode and G-O during 

the reduction/delamination process, the reduction is found to be thickness-dependent: a 

higher degree of reduction was noted at the electrode/G-O interface. This was confirmed 

by ToF-SIMS (time-of-flight secondary ion mass spectrometry) depth profiling through a 

550 nm thick rG-O film (Figure 3.3a). For this experiment, delaminated PMMA/rG-O 

was transferred onto a quartz substrate with the highly reduced G-O surface facing down. 

PMMA was subsequently removed in acetone. The depth profiling penetrated about 800 
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nm into the sample and substrate (550 nm rG-O and 250 nm quartz, as shown in Figure 

3.3a). The normalized ToF-SIMS depth profile of the C5
- species (blue curve representing 

carbon) is roughly constant in rG-O, and then it abruptly decreases at the rG-O/quartz 

interface. In contrast, the 13C2O- species (red curve representing oxygen) remains constant 

only for the topmost 120 nm of the film and gradually decreases with increasing depth of 

penetration. It reaches a floor at around 300 nm and remains constant until the interface 

(indicated by the increase in silicon species, green curve). A calculated C/O profile (grey 

curve using the C5
- and 13C2O- species) obtained from the carbon and oxygen signals 

shows the variation in the reduction of the film through its thickness. The profile 

demonstrates that the G-O film is highly and homogenously reduced for a film thickness 

of up to 200 nm. For films with thickness higher than 200 nm, the degree of reduction 

(C/O) gradually decreases. 

The thickness-dependent C/O ratio variation is attributed to the parallel G-O 

reduction and hydrogen evolution on cathode surface. At the triple-phase interline, G-O 

sheets in direct contact with the electrode are first reduced by electrochemical reaction 

due to its less negative redox potential compared with hydrogen evolution. As the 

reduction proceeds through the film thickness, the overpotential for G-O reduction 

becomes higher due to the less efficient electron transport in the rG-O part than that in the 

metal electrode. As a consequence, the hydrogen evolution becomes more significant and 

causes the film to be delaminated by hydrogen bubbles. The delamination cuts off the 

electron pathway from the metal to the rG-O and terminates further G-O reduction, thus 

the full thickness of the film is not completely reduced. These results show that the 

reduction/delamination approach works especially well for fabricating thin (<200 nm 

thick for our case) rG-O films. 
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Figure 3.3: (a) ToF-SIMS depth profiles of normalized secondary ion species within a 

550 nm thick rG-O film on a quartz substrate. The ratio of carbon and 

oxygen (C/O) is used to indicate various degrees of reduction. Based on this, 

the film is divided by partially reduced (shaded grey) and fully reduced 

(shaded cross-hatched pattern) regions. (b) UV-vis spectra of G-O reference 

and rG-O films with different thickness. The red shift of peak position 

corresponds to recovery of conjugated structures. 

This observation is also consistent with UV-Vis spectroscopy studies of the films 

of different thicknesses. As the film thickness is varied from a few to tens of nanometers, 

the absorption peaks in UV-Vis spectra associated with π -π* transition show a consistent 

shift from 235 nm (for G-O) to 270 nm (for rG-O), for all measured films, as shown in 

Figure 3.3b. This suggests an efficient and homogeneous reduction of these thin G-O 

films,61 independent of their thickness (as they are all thinner than our 200 nm threshold 

thickness). 

Simultaneous reduction and delamination of G-O is particularly suitable for 

fabricating TCFs. Figure 3.4a shows the TCF characteristics of G-O films reduced by 

electrochemical reduction/delamination (e-rG-O), compared with hydrazine (100˚C for 

24 hours) reduced G-O films (h-rG-O, extracted from reference56). In comparison with h-

rG-O films of the same thickness and transmittance, the e-rG-O film possesses lower 
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sheet resistance. This can be ascribed to a higher degree of G-O reduction.58 Sheet 

resistance of 6.4 kΩ/□ and optical transmittance of 90% (λ = 550 nm) were achieved. This 

combination is superior to most rG-O TCFs52 and suitable for touch screen and 

photovoltaic devices.49, 73 

This PMMA-supported G-O reduction/delamination process is compatible with 

rG-O film fabrication on flexible substrates. Alternatively, the intermediate PMMA 

support can be eliminated if the desired final target substrate is a castable polymer. As a 

demonstration, G-O films on Al foil were first spin coated with a layer of PDMS (50 µm 

thick). The G-O films were then simultaneously delaminated and reduced by the same 

electrochemical process (Figure 3.9), yielding rG-O films on a PDMS substrate. This 

structure allows for electromechanical testing of the rG-O film by stretching the PDMS 

substrate (Figure 3.4b). Stretching the structure up to 7% strain showed no significant 

sheet resistance changes along the stretching direction, which is much better than what 

was observed in the CVD graphene case.74 Atomic force microscopy (AFM, inset of 

Figure 3.4b) and scanning electron microscope (SEM, Figure 3.5) show a random 

distribution of wrinkles within the as-prepared rG-O films. Reportedly, these structures 

contribute to an enhancement of film electromechanical properties.74 Moreover, the 

sliding of overlapped and stacked rG-O platelets in the film is also well demonstrated75 

and this is beneficial for mechanical stability.76 Further stretching resulted in a gradual 

increase in resistance. The film resistance almost doubled with a strain of 13%. The 

electrical properties of the samples stretched up to a strain of 11% were recovered after 

releasing and remained consistent even after tens of stretching cycles. 
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Figure 3.4: (a) Sheet resistance and optical transmittance of G-O films reduced by 

hydrazine (grey) or electrochemical delamination (red). (b) Changes in sheet 

resistance during stretching of the substrate. The high density of wrinkles in 

as-prepared rG-O films is shown in the inset AFM image (with a scale bar 

of 2 µm), which contributes to the good electrical properties up to a strain of 

7%. 

 

3.4 CONCLUSION 

In summary, a highly effective electrochemical approach is reported for 

simultaneous reduction and delamination of G-O films. The electron transport across the 

G-O/electrode interface was found to be important for G-O reduction and the extent of 

reduction depends on the film thickness. Hydrogen bubbles are produced at the rG-

O/electrode interface, which delaminate the film from the metal substrate. Using this 

method, homogeneously reduced G-O films with thickness up to 200 nm were prepared 

on arbitrary substrates. This approach is compatible with scaling-up to produce large-area 

thin rG-O films with good electrical conductivity and high optical transmittance. This is 

suitable for TCF applications. Compared to other chemical or electrochemical reduction 

methods, our approach is green and particularly straightforward, and may impact future 

rG-O film techniques. 
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3.5 SUPPLEMENTARY INFORMATION 

Additional figures 

 

Figure 3.5: SEM images for electrochemically delaminated rG-O film on a quartz 

substrate. Due to the PMMA capping layer, continuous rG-O film is 

achieved without pinholes. In the zoomed-in image on the right side, a 

random distribution of wrinkles is also shown. These wrinkles are beneficial 

to the film electromechanical properties.74 

 

Figure 3.6: (a) Raman spectra of the G-O reference film and the reduced/delaminated 

G-O film on Au substrate. D bands are fitted to Lorentzian curves (dashed) 

and its FWHM decreases from 188 cm-1 to 79 cm-1. (b) Histogram 

distributions extracted from Raman map data for ID/IG before and after 

reduction/delamination process of G-O film on Au substrate (Figure 3.7). 
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Figure 3.7: Maps of relative intensity of the D and G bands (by height) on G-O and rG-

O film samples, respectively. An average increase of ID/IG is observed and 

this is indicative of G-O reduction. 

 

Figure 3.8: XPS survey spectra of G-O film before (grey) and after (red) 

electrochemical reduction/delamination. The atomic ratio of carbon and 

oxygen (C/O) is found to increase from 2.89 to 9.26 during this process, 

demonstrating an efficient removal of oxygen functionalities.61 
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Figure 3.9: Images of the G-O film on Al foil taken 10 s (top image) and 4 min (bottom 

image) into the reduction/delamination process. A thin layer of PDMS was 

used here as the capping layer for G-O film. 

 

Al recyclability test and the mechanism of dissolution of the Al foil 

To test the recyclability of the Al substrate, we measured the weight of the Al foil 

before and after each reduction cycle (Table 3.1). About 0.25 mg/cm2 of the foil was 

consumed in each reduction/delamination process, and the G-O reduction phenomenon 

persists unchanged with each cycle. It’s also worth noting that electropolishing is only 

needed for the first cycle. This observation indicates that the reduction/delamination 

process does not change the electrochemical properties of the Al surface, preserving it for 

subsequent cycles without the need for electropolishing. 
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Weight of foil 

(mg) 
Sample 1 Sample 2 Sample 3 Sample 4 

Initial 11.96  12.24  12.19  12.01  

1st run 11.72  11.39  11.71  11.57  

2nd run 11.20  10.60  11.03  11.08  

3rd run 10.70  9.81  10.52  10.58  

4th run 10.38  9.52  9.93  9.87  

Consumption of 

Al per cycle 
-0.42 -0.70 -0.57 -0.53 

The consumption rate of Al substrate is about 0.25 mg/cm2. 

Table 3.1: Recyclability of Al substrate (1.5  1.5 cm2). The consumption rate of Al 

substrate is determined by a linear fit of the weight-cycle data. 

The consumption of Al cathode in each cycle is attributed to the reaction: 2Al + 

6H2O → 2Al(OH)3 + 3H2.77 The produced hydrated alumina precipitated and collected 

at the bottom of the electrochemical cell. After tens of cycles of G-O reduction, we have 

collected and deposited the precipitates onto a SiO2/Si substrate for EDS (Energy-

dispersive X-ray spectroscopy) and SEM analysis, which are shown below in Figure 

3.10. EDS clearly shows Na, S, Si, O and Al in the precipitates, where Na and S come 

from the electrolyte (i.e. sodium sulfate), Si comes from the substrate and O exists in both 

aforementioned components. The presence of Al confirms the existence of hydrated 

alumina from Al foil dissolution. 
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Figure 3.10: EDS and SEM (inset) of precipitates produced during the G-O film 

reduction/delamination process. 

 

3.6 NOTES 

This chapter closely parallels our publication in ACS Nano.68 The text and figures 

are reused with the permission of the copyright holder. 
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Chapter 4: Direct Delamination of Graphene for High-Performance 

Plastic Electronics† 

An ‘electrochemical delamination’ process has been developed to transfer CVD 

graphene from copper (Cu) onto a flexible substrate for plastic electronics. The use of a 

sacrificial polymer support during transfer was eliminated by depositing the target 

polyimide substrate directly on graphene. A continuous and residue-free graphene surface 

with less line disruptions (such as ripples and wrinkles) was obtained on the target 

polyimide substrate, and good mechanical durability as well as low sheet resistance was 

acquired. The properties are competitive with conventional transparent conducting films. 

 

4.1 INTRODUCTION 

Transfer of graphene from metal substrates has typically involved a polymer 

coating as a support, e.g. polymethyl methacrylate (PMMA), during etching of the metal 

to limit folding or tearing of graphene.17 After transfer onto the desired substrate, the 

polymer support is removed by a chemical or thermal treatment.78 The resulting PMMA 

residues and metal contaminants on graphene limit its performance by lowering the 

carrier mobility, increasing the charge impurity density and the Dirac voltage.78, 79 An 

‘electrochemical delamination’ method was recently reported for transfer of graphene 

grown on Pt or Cu to target substrates.66, 80 The metal substrate was not etched (Pt)80 or 

only partially etched (Cu)66 during each cycle and thus could be reused for growing 

graphene by chemical vapor deposition (CVD). The method was found to reduce metal 

contaminants on the graphene surface.80 Since PMMA was used as a temporary support 

during the transfer method, we refer to this process as ‘PMMA-assisted delamination’. 

                                                 
† The contents in this chapter were published in Small 2014, 10, 694-698. I conceived the experiments, 

performed the material synthesis and characterization, and analyzed the experimental results. 
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The success of electrochemical delamination inspires us to adopt it for graphene-

based plastic electronics. Here, graphene grown on Cu foils was directly transferred to 

polyimide (PI) substrates. No sacrificial support (PMMA) layer was used so the graphene 

was free from polymer residues and other contaminants. Such ‘direct delamination’ led to 

better contact between graphene and the polyimide substrate; complete graphene films 

with reduced line disruptions (e.g. ripples and wrinkles) were obtained. Good electrical 

conductivity was achieved in the graphene/PI films suitable for transparent conducting 

film (TCF) applications. 

 

4.2 MATERIALS AND METHODS 

LPCVD of monolayer graphene 

Monolayer graphene was produced by low-pressure chemical vapor deposition 

(LPCVD) as reported by Li et al.17 A 25-μm thick Cu foil (Alfa Aesar, item no. 13382) 

was loaded into a tube furnace and heated to 1035 ˚C in H2 with a flow rate of 2 sccm and 

pressure Pfurnace = 2.5 × 10–2 mbar. After reaching 1035 ˚C, the sample was annealed for 

10 min without changing the gas flow rate. CH4, 7 sccm was then introduced for a total 

pressure of 1.4 × 10–1 mbar. After 5 min of growth, the system was cooled to room 

temperature. 

APCVD of multilayer graphene 

Multilayer graphene was produced by atmospheric-pressure chemical vapor 

deposition (APCVD) (CH4 as the carbon feedstock) on Cu substrates. First, a 25-μm thick 

Cu foil (Alfa Aesar, item no. 13382) was loaded into a tube furnace and heated up to 

1050 ˚C under 300 sccm Ar and 20 sccm H2. After reaching 1050 ˚C, the sample was 

annealed for 30 min without changing the gas flow rates. Growth was carried out under a 
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gas mixture of 900 sccm Ar, 20 sccm H2 and 16 sccm CH4 (476 ppm diluted in Ar) for 20 

min followed by 100 sccm Ar, 20 sccm H2 and 200 sccm CH4 (476 ppm diluted in Ar) for 

10 min. Finally, the sample was rapidly cooled to room temperature under Ar and H2. 

Polyimide deposition 

A liquid polyimide precursor (PI-2611, HD MicroSystems) was spin coated onto 

CVD-grown graphene on Cu foil at 500 rpm for 5 seconds then 2000 rpm for 30 seconds. 

The film was subsequently baked on a hot plate at 90 ˚C for 90 seconds and at 150 ˚C for 

90 seconds. The sample was then heated from room temperature to 350 ˚C, at a ramp rate 

4 ˚C/min and held at 350 ˚C for 30 min, which converted the polyamic acid precursor into 

a fully aromatic, insoluble polyimide film. Its average thickness is 9 μm, measured by 

profilometer. 

Electrical measurement 

A 6 × 6 array of isolated rectangular channels was fabricated by electron beam 

lithography (EBL) followed by oxygen plasma etching of delaminated graphene on 

polyimide. Four-point probe contacts (50-nm thick, 2 nm Ti + 48 nm Au) were then 

formed via EBL and lift-off. Four-point measurements were carried out on a Cascade® 

probe-station with an Agilent® B1500 analyzer under ambient conditions. 

 

4.3 RESULTS AND DISCUSSION 

Monolayer graphene was grown on 25-μm thick Cu foils via low-pressure 

chemical vapor deposition (LPCVD);17 Figure 4.1a shows a scanning electron 

microscopy (SEM; FEI Quanta-600 FEG Environmental SEM, operated at 30 kV) image 

of the resulting Cu/graphene. Features such as graphene wrinkles (solid arrow), adlayers 

(hollow arrow, average diameter ~2 μm), and underlying Cu steps are clearly visible. No 
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detectable D peak was observed in its Raman spectrum (inset of Figure 4.1a), which 

means that there were very few defects.16 The graphene was then transferred via direct 

delamination as shown in Figure 4.2a. 

 

 

Figure 4.1: SEM images of CVD-grown graphene (a) before (on Cu) and (b) after (on 

polyimide) direct delamination. Wrinkles and adlayers are indicated by solid 

and hollow arrows, respectively. The graphene/Cu morphology is shown to 

be transferred to the polyimide film. The inset of (a) shows the Raman 

spectrum of graphene on Cu, with no D peak. 

To compare the films prepared by PMMA-assisted delamination and direct 

delamination on the same substrate, acetone-resistant polyimide (PI-2611, HD 

MicroSystems) was chosen. The polyimide exhibits desirable properties for 

microelectronic applications such as a low coefficient of thermal expansion, low moisture 

uptake, high modulus, and good ductility.81, 82 These characteristics enable polyimide to 

serve as a good substrate for plastic electronics and to provide support for graphene 

during delamination.  

For the delamination process (Figure 4.2), an electrolytic cell was made with 

PI/graphene/Cu (as cathode) and a Pt mesh (as anode). Aqueous Na2SO4 (0.5 M) was 

chosen as the electrolyte for its chemical stability and availability. Na2SO4 does not etch 
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Cu and delamination can occur without edge etching of the Cu foil. A 15V direct current 

voltage was applied across the cell electrodes, and water underwent electrolysis to form 

hydrogen bubbles at the cathode, i.e., at the copper surface: 2H2O(l)+2e-→H2(g)+2OH-

(aq). The bubbles helped to separate the graphene/PI stack away from the Cu substrate 

(optical images in Figure 4.2b).66, 80 A 50 × 15 mm2 graphene/PI film was isolated often 

within five minutes as opposed to the standard ten-hour Cu etch process.22 The Cu foil 

was preserved with no weight loss.  

 

 

Figure 4.2: (a) Schematic illustration of direct delamination of graphene onto polyimide 

substrate. No sacrificial PMMA support is used throughout the process. (b) 

Time-lapsed optical images of direct delamination; the entire process is 

completed in 5 min. 

After the PI/graphene film was isolated, the original graphene wrinkles (solid 

arrow), adlayers (hollow arrow), and imprints of Cu steps were observed via SEM 

(Figure 4.1b). No voids or cracks result from the transfer process. This is due to the 

intimate contact that formed between the liquid polyimide precursor and Cu/graphene 
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during spin-coating. As a result, a “negative” pattern of the Cu/graphene surface 

morphology was printed onto the PI film as shown in Figure 4.1b. Charge transfer from 

graphene to polyimide reportedly increases the strength of adhesion,83 which may 

preserve the integrity of graphene after electrochemical delamination. Ten randomly 

chosen 1 × 1 mm2 areas were also checked by SEM; no tearing of the graphene was 

observed. The SEM images taken of graphene on polyimide have the opposite contrast of 

that on Cu. This is perhaps due to the substrate conductivity relative to graphene, i.e., 

metallic Cu vs. insulating polyimide. 

In addition to the integrity of graphene, its attachment to the substrate is also 

important for robust electrical transport. Line disruptions such as ripples (which partially 

suspend graphene)84 and wrinkles (which introduce local interlayer tunneling)85 were 

reported to limit the sheet conductance of graphene.84, 85 Atomic force microscopy (AFM, 

Park Scientific AutoProbe CP/MT Research scanning probe microscope) was used here 

to observe the morphology of graphene after different transfer methods. Besides the line 

disruptions formed during Cu substrate cooling (Figure 4.3a, indicated by arrow),22 the 

PMMA-assisted delamination (Figure 4.3c) introduced additional line disruptions into the 

graphene films. In this process, ripples originated from Cu step edges and remained after 

transfer to atomically flat surfaces84 and wrinkles were produced when water desorbed 

from the graphene-substrate interface.86, 87 In the direct delamination process, the PI 

precursor was spin-coated onto graphene on Cu foil, and the subsequent cure formed a 

substrate that followed the morphology of graphene on the Cu foil. Thus, an improved 

attachment to the substrate was achieved that preserved the low density of line 

disruptions (Figure 4.3b). In the future this direct delamination transfer can be used for 

transfer from metal surfaces that are flatter and smoother than the Cu substrates used 

here. 
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Figure 4.3: AFM images of graphene (a) as grown on Cu, (b) directly delaminated with 

polyimide support/substrate, and (c) PMMA-assisted delaminated onto 

prepared polyimide substrate. The ripples and wrinkles are marked by white 

arrows. The graphene/Cu morphology is preserved after direct delamination, 

whereas PMMA-assisted delamination is observed to introduce more line 

disruptions into the graphene film. 

This direct-transfer strategy also eliminates the use of a sacrificial layer; therefore 

the graphene surface is free from the polymer residues usually found in PMMA-assisted 

transfers.78, 88 Figure 4.4a shows the curve fitting for the C 1s spectrum (X-ray 

photoelectron spectroscopy (XPS); Kratos Axis Ultra) of the transferred graphene/PI 

film, where the main peak at 284.51 eV is attributed to graphene and benzene rings in 

polyimide; because of a similar chemical environment and electronic structure, the fitting 

method cannot distinguish between the two (<0.1 eV).78, 89 The tails in the spectrum 

correspond to the binding energy of species in polyimide. Chemical shifts of +0.52, 

+3.13, and +5.74 eV are assigned to different carbon atom bonding configurations and 

are consistent with the reference spectrum of bare polyimide (Figure 4.6) and those 

reported in the literature.89 In the standard etch-based method, CuOx nanoparticles are 

usually formed,19, 88 leading to a decrease in graphene mobility via impurity scattering;79 

whereas no inorganic contaminants were detected in our XPS survey of the delaminated 

graphene/PI film (Figure 4.4b). Electrochemical delamination avoids metal 

contaminants80 and we have here eliminated the use of PMMA, yielding a surface with 

fewer residues. 
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Figure 4.4: (a) XPS C 1s spectrum of directly delaminated graphene on polyimide 

substrate. A Gaussian/Lorentzian fit is also shown. The separate peaks 

correspond to the different carbon atom bonding configurations in polyimide 

and graphene. (b) XPS survey spectrum shows no inorganic contaminants 

(at the threshold detection limit). 

The electrical properties of graphene on polyimide substrates were investigated by 

four-point probe analysis shown in Figure 4.5a. As displayed in Figure 4.5b, the average 

sheet resistance for multiple devices on directly delaminated monolayer graphene/PI film 

is ~459 Ω/□, 3-4 times lower than the value for the same graphene sample transferred by 

PMMA-assisted delamination onto polyimide film (1583 Ω/□). The lower sheet 

resistance is attributed to a decreased density of line disruptions84, 85 and a cleaner 

graphene surface with less scattering by residues or contaminants.78, 79 PMMA also has a 

lower Young’s modulus than cross-linked polyimide, which may result in tears and 

cracks in graphene caused by the surface tension of trapped bubbles at the 

PMMA/graphene interfaces (evidenced by another experiment, Section 4.5, Figure 4.7) 

during PMMA-assisted delamination, ultimately degrading its conductivity performance. 

An optical transmittance of 97.5% (λ = 550 nm) was observed in our delaminated 

monolayer graphene after subtracting the absorbance from the underlying polyimide film 
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(Figure 4.5c). This result is in agreement with that obtained for graphene transferred by 

the standard etch-based processes.24 

Multilayer graphene prepared by atmospheric-pressure chemical vapor deposition 

(APCVD) on Cu foil was also delaminated and investigated. An average sheet resistance 

of ~49 Ω/□ for an optical transmittance of ~85% (λ = 550 nm) was obtained; the 

transmittance value suggests about 6 stacked layers on average in this graphene film.24 

The good optical and electrical properties achieved here are comparable with the 

properties of ITO and graphene transferred via other methods (Figure 4.5c and detailed 

discussion in Section 4.5),22, 90-92 providing a possible alternative material for TCF 

applications. This was further tested by recording the sheet resistance of the same channel 

for four different bending radii (2, 5, 10 and infinite (flat) mm) on the aforementioned 

samples (Figure 4.5d). The low sheet resistance was preserved up to a bending radius of 2 

mm and can be perfectly recovered after unbending. The average maximum resistance 

changes were 1.3% and 3.4% for monolayer and multilayer samples, respectively. These 

changes are lower than those of conventional materials (e.g. transparent conducting 

oxides) used in flexible electronics,93 and are comparable with other graphene-based 

conductive films.22, 74 The statistical results demonstrate that bending does not affect the 

electrical properties of PI-supported graphene. This is likely due to the mechanical 

stability of the cross-linked polyimide substrate,94 and the high mechanical strength of 

graphene.8 
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Figure 4.5: (a) Optical image of the four-point probe setup used for sheet resistance 

measurement. The resistance is calculated as the voltage drop measured 

between the two inner electrodes (|Va-Vb|) divided by the current flow 

measured between the two outer electrodes. The inset is a zoom-in colored 

SEM image showing the rectangular graphene channel (dark contrast) and 

metal probes (golden color); its scale bar represent 3 µm. (b) Statistical data 

on average sheet resistance of monolayer graphene on polyimide transferred 

by the direct delamination method (orange) and the PMMA-assisted 

delamination method (blue). (c) Comparison of sheet resistance from this 

work (orange) with reference values from literature. (d) Variation in 

resistance of monolayer and multilayer graphene films on polyimide for 

different bending radii. The arrows mark the order of the measurements. The 

left inset shows the four-point measurement setup for a curved Graphene/PI 

film, and the right inset shows the curved surface. 
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4.4 CONCLUSION 

In summary, high quality graphene-based TCFs on polyimide substrates have 

been obtained by direct electrochemical delamination. The method produces residue-free 

or nearly residue-free and continuous monolayer/multilayer graphene films. They exhibit 

a low density of line disruptions and low sheet resistance. They are competitive with 

conventional transparent electrodes, and particularly with other transparent electrodes 

being considered for plastic electronics. 

 

4.5 SUPPLEMENTARY INFORMATION 

Additional figures 

 

 

Figure 4.6: XPS C 1s spectrum of reference bare polyimide substrate. A 

Gaussian/Lorentzian fit is also shown. The separate peaks correspond to the 

different carbon atom bonding configurations in polyimide; their positions 

are consistent with those observed in directly delaminated graphene/PI film. 
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Figure 4.7: SEM images of graphene transferred by PMMA-assisted electrochemical 

delamination onto SiO2/Si substrate. Tears and cracks of graphene can be 

easily introduced during delamination. 

 

Sheet resistance measurement on larger scale 

To verify sheet resistance values over large film areas, we performed four-point 

measurement on Veeco® FFP5500, which has four probes in a row with equal space of 

1.35 mm. The readings of sheet resistance are 476±9.1 and 1635±4.6 (Ω/□), respectively 

for directly delaminated and PMMA-assisted transferred monolayer graphene on PI. 

Also, it showed 42±0.4 Ω/□ for delaminated multilayer graphene on PI. These values 

agree with reported small area resistance values in the main text (respectively 459, 1583 

and 49 Ω/□). 

 

4.6 NOTES 

This chapter closely parallels our publication in Small.67 The text and figures are 

reused with the permission of the copyright holder. 
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Chapter 5: Direct Observation of PMMA Removal from  

Graphene Surface 

Poly(methyl methacrylate) (PMMA) is commonly used as a temporary support 

layer for CVD graphene transfer; it is then removed by a chemical or thermal treatment. 

Regardless of the method used for PMMA removal, polymer residues are left on 

graphene surface, altering its intrinsic properties. A method has now been developed to 

identify, locate and quantify these residues, based on isotope labeling of PMMA and 

time-of-flight secondary ion mass spectrometry (ToF-SIMS). It is shown that the PMMA 

residues cannot be completely removed but instead transform into amorphous carbon by 

vacuum annealing. In contrast, air annealing under optimized conditions generates a 

PMMA-free surface with limited damage to the graphene structure. This cleaned 

graphene surface demonstrates low friction and improved contact with metal electrodes. 

 

5.1 INTRODUCTION 

Graphene, a two-dimensional honeycomb lattice of carbon, has great promise for 

applications in electronics, filtration and surface coatings. Unlike three-dimensional 

materials, all of the atoms in graphene are at the surface, rendering its intrinsic properties 

susceptible to the environment. For example, the transport and wetting behavior of 

graphene can be dramatically altered by the airborne molecules.95, 96 This not only poses a 

challenge to the study of intrinsic electrical and surface properties, but also impedes its 

applications in some fields.97 To exploit the intriguing features of graphene, a detailed 

understanding of the surface contaminants and their influence on graphene is required. 

This paper reports a systematic study of PMMA residues on graphene surface. As 

a temporary support layer, PMMA is used to protect graphene from tearing or cracking 
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during the film transfer.22 It is then removed by dissolution in a solvent such as acetone, 

chloroform or acetic acid.98, 99 Regardless of the solvent used, a thin (1-2 nm) layer of 

PMMA residues is believed to be left on graphene surface, isolating the film from its 

environment.100 

Much effort has been spent on removing these PMMA residues. Thermal 

annealing at 300-500 ˚C under high vacuum or reactive (H2+Ar or O2) conditions was 

found to be the most efficient method for eliminating them.78, 88, 98, 101 The improvement of 

surface cleanness is usually demonstrated by TEM, AFM, XPS, Raman spectroscopy and 

electrical measurement. However, none of these techniques possess the chemical 

sensitivity and selectivity required to unambiguously identify PMMA, which sometimes 

leads to inconsistent results. For example, in a recent study the surface contaminants were 

found to be mostly alkane-based, rather than the long-believed PMMA residues.102 Such 

discrepancies demand a revisit to the surface cleaning strategies in a more chemically 

sensitive way. 

In this work, PMMA was studied by introducing deuterium isotope labels, which 

gives deuterated PMMA (D-PMMA). By following the unique mass signature of the 

isotopic labels, it was possible to identify, locate and quantify PMMA throughout the 

transfer process. After dissolution in acetone, a sub-monolayer of PMMA residue was 

observed on the resulting graphene surface. Those residues transformed into amorphous 

carbon upon vacuum annealing, while air annealing was able to completely remove them. 

By optimizing the temperature and duration conditions of the air annealing, a PMMA-

free surface was achieved with minimized damage to the underlying graphene structure. 

This resulted in a low-friction graphene surface and an improved graphene-metal contact. 
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5.2 MATERIALS AND METHODS 

LPCVD growth of graphene 

Monolayer graphene was produced by low-pressure chemical vapor deposition 

(LPCVD) as reported by Li et al.17 A 25-μm thick Cu foil (Alfa Aesar, item no. 13382) 

was loaded into a tube furnace and heated to 1030 ˚C in H2 with a flow rate of 5 sccm and 

pressure Pfurnace = 4.9 × 10–2 mbar. After reaching 1030 ˚C, the sample was annealed for 

30 min without changing the gas flow rate. CH4, 5 sccm (10 min) or 0.5 sccm (1 min), 

was introduced to obtain full monolayer (Figure 5.1a) or sub-monolayer (Figure 5.1b) 

graphene film, respectively. The system was then cooled to room temperature. 

 

 

Figure 5.1: SEM images of (a) full-monolayer and (b) sub-monolayer graphene on 

copper substrate. 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 

For chemical analysis and depth profiling, we employed a TOF.SIMS 5 (ION-

TOF GmbH, Germany, 2010) instrument that provided a pulsed, Bi3
+ cluster, analysis ion 

beam (30 keV ion energy, 20 ns pulse duration, 0.8 pA measured sample current) and a 
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Cs+ sputtering ion beam (500 eV ion energy, ~40 nA measured sample current). During 

depth profiling, the sputtering beam raster scanned over a 300 × 300 μm2 area while the 

analysis beam raster scanned over a 100 × 100 μm2 area centered within the regressing 

sputtered area. The Bi3
+ cluster analysis beam was chosen to enhance the secondary ion 

signal of the organic fragments. The data was acquired at a 10-9 Torr base pressure while 

all collected secondary ions had negative polarity. Due to the insulating properties of the 

SiO2 substrate, a constant current electron beam (21 eV electron energy) was directed 

onto the sample surface during the analysis. The mass resolution was >3000 (m/δm) for 

all fragments of interest.  

To clearly separate the PMMA signals from the graphene signals, we used 

deuterated PMMA (D-PMMA) for graphene transfer, which yielded a graphene-

independent secondary ion signal 2H-. However, 2H- has two possible sources in the 

transferred graphene: surface D-PMMA residues and natural abundance from other 

hydrogen-containing species (considering 1H-/2H-≈ 6400 in nature). To eliminate the 

latter effect, we divided the depth profile of total 1H- by 6400 (that gives the deuterium 

from other hydrogen-containing species) and subtracted it from the profile of total 2H-. As 

a result, only 2H- which derived from D-PMMA residues was considered. On the other 

hand, to limit the residual signal from oxides and other adventitious organic fragments, 

we used a higher order carbon cluster, C3
- or C6

-, as a marker for graphene. The sputtering 

rates were determined to be 0.065 nm/s and 0.15 nm/s for graphene and SiO2, 

respectively. The former used the a priori knowledge of the graphene thickness extracted 

from AFM measurements while the latter was confirmed by sputtering through a 300 nm 

SiO2 film. The sputtering time was converted into depth by applying a sputtering-rate 

model assuming that the instantaneous sputtering rate at the graphene/SiO2 interface is a 

linear combination of the individual sputtering rates.103, 104 
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Friction measurement 

The AFM used for lateral force measurement was Park Scientific model CP 

Research, with Bruker (part number MSCT) micro-lever A cantilever and a sharpened 

SiN tip. Scan speed was 1 Hz, with normal force of 1 nN. To eliminate the effect of tip 

contamination/damaging, aluminum oxide was used as a reference before and after each 

scan. 

Contact resistance measurement 

A resist-free shadow mask process was used to define source and drain contacts 

(50 nm Au + 2 nm Ti) in an e-beam evaporator at a 2.0 × 10-6 Torr base pressure. 

Graphene devices were formed in channel lengths of 25, 50, 100 and 200 μm with a fixed 

channel width of 200 μm. This lithography-less process avoided the external 

contamination from e-beam or photo resist on graphene, and the relatively large active 

region of the shaped graphene channel was better for macroscopic observation. Transfer 

length method (TLM) measurements were performed at room temperature and ambient 

pressure on a Cascade® probe station with an Agilent® 4156 analyzer. 

 

5.3 RESULTS AND DISCUSSION 

A chemical vapor deposition (CVD) method was used to grow monolayer 

graphene on copper foils (Figure 5.1a and Figure 5.2).17 Graphene qualities have been 

evaluated by SEM and Raman spectroscopy to screen out the defectives. In order to 

protect graphene from tearing or cracking in the following transfer process, fully 

deuterated PMMA (Inset of Figure 5.2, Polymer Source Inc, P2674-dPMMA by anionic 

polymerization) was dissolved in chlorobenzene and spin-coated on top of graphene. 

Graphene was separated from the copper surface by electrochemical delamination.67 This 
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produced isolated PMMA/graphene films, which were then rinsed with deionized water 

and transferred onto a SiO2/Si substrate for analysis.  

 

 

Figure 5.2: Schematic illustration of D-PMMA-assisted transfer of graphene. The inset 

shows the molecular structure of D-PMMA. 

The Raman spectrum of the delaminated D-PMMA/graphene film (Figure 5.3a, 

black curve) shows clear graphene bands (G and 2D) and no detectable D band (~1350 

cm-1). This indicates that there are very few structural defects in graphene.16 A series of 

non-graphene bands were observed between 2000 and 2300 cm-1. They are assigned to 

carbon-deuterium stretching vibrations in D-PMMA,105, 106 and their positions match well 

with corresponding infrared (IR) absorption frequencies (Figure 5.7). Upon acetone 

treatment, these D-PMMA bands gradually weakened and finally disappeared (Figure 

5.3a, red curve), suggesting that the polymer was removed. The graphene bands, on the 

other hand, remained but shifted to lower wavenumbers (as quantified by Pos(G) and 

Pos(2D)) after the acetone treatment. This is primarily due to a decrease in surface 
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charges contributed by the PMMA, and manifests as a suppression of p-type doping in 

graphene.78 By monitoring the band shifts and changes in the 2D/G height ratio (I2D/IG),107 

the doping evolution was shown with respect to time (Figure 5.3b). It was found that 

within the first 3 hours in acetone, the doping level of graphene dropped dramatically. If 

PMMA was the major dopant of graphene, then the majority of PMMA was removed 

from the graphene surface during this period. The doping level continued to decrease 

with longer acetone treatment time, but leveled off after about 5 hours. We noted also 

that exchanging the acetone (every 24 hours) had a negligible effect. 
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Figure 5.3: PMMA removal from graphene surface in an acetone bath. (a) Raman 

spectrum before and after acetone treatment. In addition to the graphene 

bands (G and 2D, top panel), D-PMMA bands are observed between 2000 

and 2300 cm-1 before the treatment (bottom panel). (b) Positions of the G 

band and the 2D band, and the 2D/G height ratio as a function of acetone 

bath duration. (c) ToF-SIMS depth profiles of 2H-, C3
- and SiO2

-, 

representing D-PMMA residues, full-monolayer graphene and SiO2 

substrate, respectively (normalized to the maximum signal of each species). 

(d and e) ToF-SIMS secondary ion maps (acquired in high lateral resolution) 

of C3
- and 2H-, which correspond to a sub-monolayer graphene film and 

surface D-PMMA residues, respectively. 

After acetone treatment, the graphene film was analyzed by time-of-flight 

secondary ion mass spectrometry (ToF-SIMS), a technique that offers sub-nanometer 

surface sensitivity and ultra-high chemical sensitivity.103 A Bi3
+ cluster analysis beam was 

chosen to enhance the secondary ion signal of the organic fragments.103 To determine the 
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graphene and D-PMMA distributions perpendicular to (that is, in depth) and within the 

graphene plane, we acquired depth profiles and high resolution maps of C3
- (representing 

graphene) and 2H- (representing D-PMMA, see Section 5.2 for details) signals.108 The 

higher order carbon cluster C3
- was used as a marker for graphene in order to limit the 

residual signal from oxides and other adventitious organic fragments. Figure 5.3c shows 

the normalized intensity of different chemical species as a function of depth, where the 

sputtering time was converted into the depth by applying a sputtering-rate model that 

assumes the instantaneous sputtering rate at the graphene/SiO2 interface to be a linear 

combination of the sputtering rates for the individual species (see Section 5.2 for 

details).103 The 2H- (red curve) is concentrated on the film surface and its intensity rapidly 

drops when penetrating into the graphene structure (green curve). The surface D-PMMA 

appears thinner than the single atomic layer of graphene, consistent with a sub-monolayer 

of polymer residues randomly adsorbed on the graphene surface. In addition to the depth 

profiling, high lateral resolution (~200 nm) mapping was employed to determine the 

graphene and D-PMMA in-plane distributions (Figure 5.3d and 5.3e). To better visualize 

the correlation of their distributions, a sub-monolayer graphene film (Figure 5.1b) was 

prepared and transferred onto the SiO2 substrate with D-PMMA. In this case, isolated 

graphene domains (orange color, Figure 5.3d) were observed in the C3
- map. The domain 

shape and size is consistent with that before transfer (Figure 5.1b). The 2H- map of the 

same region (yellow color, Figure 5.3e) shows significantly higher deuterium intensity 

(roughly by a factor of 2) atop of the graphene domains compared to the surrounding 

SiO2 substrate. This indicates a preferential adsorption of PMMA residues on graphene 

surface compared with that on silicon dioxide, which is likely a result of differences in 

substrate hydrophobicity, i.e., hydrophilic (SiO2) vs. hydrophobic (graphene).  
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ToF-SIMS is clearly able to identify, locate and quantify the trace amounts of D-

PMMA residue, so this tool was employed to study the removal of these residues from 

graphene surface. A full-monolayer graphene was first transferred with D-PMMA onto a 

SiO2/Si substrate. After acetone treatment, the sample was loaded into an ultra-high 

vacuum (UHV, base pressure = 10-9 torr) chamber and heated to temperatures 

sequentially from 350 to 600 ˚C. ToF-SIMS was used in situ after each step of the 

treatment to analyze the D-PMMA residues. The corresponding depth profiles of 2H- are 

shown in Figure 5.4a. Since the graphene and SiO2 profiles remain relatively constant 

throughout the thermal treatment (Figure 5.8), their data are not included but instead their 

positions are indicated atop of the figure. Before vacuum annealing (black curve), the 2H- 

intensity is the highest on surface, indicating adsorption of D-PMMA residues on top of 

graphene. However, a deuterium signal was also detected at the depth of graphene or the 

graphene/SiO2 interface. This is likely due to the presence of graphene wrinkles or 

defects, where the D-PMMA residues can be trapped or even penetrate the graphene film. 

After 1-hour annealing at 350 ˚C (purple curve), the 2H- profile decreased slightly. This is 

not consistent with previous reports, where annealing at 300 ˚C or even lower is able to 

significantly remove PMMA.78, 88 This discrepancy may be due to the different PMMA 

polymerization mechanism, i.e. free radical polymerization (previous work) vs. anionic 

polymerization (this work). Reportedly, anionic PMMA has a much higher thermal 

stability and begins to degrade around 350 ˚C compared with the onset in free-radical 

PMMA which is 160 ˚C.109, 110 After 1-hour annealing at 600 ˚C (green curve), the 2H- 

intensity above the graphene layer dropped by more than one order of magnitude, but at 

the depth of graphene or the graphene/SiO2 interface the deuterium signal did not 

diminish in such a significant manner. This was quantified by integrating the 2H- intensity 

within each depth region (Figure 5.4b). It was found that vacuum annealing efficiently 
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removes the residues above graphene but has limited influence on those trapped in or 

below graphene film. To solve this problem, air annealing was applied to the vacuum-

annealed sample. The 2H- profile was found to further decline after a 4-minute air 

exposure at 450 ˚C (red curve). Its intensity is nearly constant at any depth and is very 

close to the 2H- intensity in SiO2 bulk. This suggests a graphene film free of deuterium-

related fragments and therefore D-PMMA residues. 

 

 

Figure 5.4: (a) Depth profiles of 2H- in a transferred graphene film before and after 

different thermal treatments. These profiles are divided into three regions 

based on corresponding major component as shown at the top of the figure. 

(b) Integral of 2H- intensity within each region before and after different 

thermal treatments. 

To better understand the behavior of graphene and PMMA residues in thermal 

annealing, the samples were further analyzed by Raman spectroscopy. Figure 5.5a shows 

a series of Raman spectra collected at the same spot on graphene before and after 

different thermal treatments. Broad D band and G band signals appeared after vacuum 

annealing at 350 ˚C or above. These features are consistent with sp2-rich amorphous 

carbon (a-C)111 that is believed to derive from PMMA residues.101, 112 Specifically, PMMA 

could undergo side-group (methoxycarbonyl) elimination upon vacuum annealing and 
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form a series of conjugated C=C double bonds.113 The PMMA-derived a-C was 

quantified in Figure 5.5b based on normalized D band area (relative to that of the silicon 

band) and its amount was found to increase as a function of annealing temperature. 

Longer annealing in UHV system could not completely remove the amorphous carbon, 

but if air was introduced, the D band was found to significantly decrease (red curve in 

Figure 5.5a). However, air annealing at high temperatures also oxidizes the underlying 

graphene.114 To minimize this effect, a series of annealing temperatures and durations 

were tested and 450 ˚C for 4 min was found to be optimal. This condition removes the 

amorphous carbon but limits the damage to graphene. This is attributed to the fact that 

graphene has a higher resistance to oxygen etching compared to the organic residues.115 A 

similar trend was observed by directly annealing transferred graphene in air (Figure 5.9). 

In this case a less intense D band appeared at 350 ˚C and it disappeared upon heating to 

450 ˚C. An additional ToF-SIMS experiment confirmed that the resulting graphene film 

was free of PMMA residues.  

The 2D/G height ratio was found to vary with the D band evolution. This could be 

attributed to the formation of PMMA-derived a-C111 or a varying doping level in the 

thermally annealed graphene.98 To quantify the latter effect, the position of the 2D band 

(Pos(2D)) was monitored as it is known to be a monotonic function of graphene doping 

level.107 As shown in Figure 5.5b, the 2D band shifts to a higher wavenumber upon 

vacuum annealing. This is likely due to the p-type doping of annealed graphene by 

ambient oxygen molecules.116 The 2D band shift was reversed when air was introduced 

into the annealing system. The underlying mechanism is not fully understood, but it is 

possible that the amorphous carbon dopes graphene in a manner similar to PMMA, so 

removing it lowers the external doping effect on graphene. 



 71 

 

Figure 5.5: (a) Raman spectra on a transferred graphene before and after different 

thermal treatments. (b) Normalized D band area and 2D band position as a 

function of annealing conditions. 

The frictional properties of graphene were studied after the thermal 

decomposition of PMMA residues. Figure 5.6a shows the difference in lateral tip 

deflection between a trace and retrace AFM scan on a transferred graphene film (see 

Section 5.2 for details), which can be loosely interpreted as a measure of friction 

coefficient.117 Despite the acetone treatment, the transferred graphene exhibited surface 

friction close to that of a spin-coated D-PMMA reference. This suggests that the sub-

monolayer of polymer residues played a dominant role in determining the frictional 

properties. When the graphene was annealed at 350 ˚C under vacuum, the surface friction 

was found to decrease by 50%. This can be attributed to better adhesion of graphene to 

the substrate upon annealing,98, 116 which suppresses local film puckering around the 

sliding tip,118 and the transformation of PMMA to sp2-rich a-C, which is expected to have 

a lower friction compared with sp3 carbon.119 Upon vacuum annealing at higher 

temperatures, the friction was not reduced even at 600 ˚C. This is not consistent with the 

continuing PMMA decomposition observed in ToF-SIMS (Figure 5.4) and calls for 

future work. When air annealing (450 ˚C, 4 min) was applied, the friction decreased 
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again and approached the value of clean CVD graphene on a copper substrate. This is 

likely due to the chemical changes rather than the suppression of puckering effect. At this 

temperature, amorphous carbon will burn, but graphene is stable up to at least 500 ˚C.114 

A clean graphene surface also results in a better contact with metal electrodes for 

device applications.120, 121 We have measured the contact resistance (Rc) of non-treated, 

vacuum-annealed and air-annealed graphene films respectively with the transfer length 

method (TLM, see Section 5.2 for details). For the non-treated film, the graphene/metal 

interface is expected to be a relatively poor Ohmic contact and the measured Rc is the 

highest (247.6±3.1 Ω, Figure 5.6b) among all the samples. This is likely due to the 

contamination of the graphene/metal interface.120 When the transferred graphene was 

annealed before depositing metal, the measured Rc decreased by 61% (96±6.4 Ω, vacuum 

annealing) and 80% (50.5±9.6 Ω, air annealing), respectively. Considering that the 

annealed samples were subjected to identical temperature and duration conditions, the 

difference of the resistance is thus attributed to the chemical changes of graphene surface 

as a consequence of the annealing atmosphere. Air annealing efficiently cleaned the 

graphene surface and resulted in an optimal Ohmic contact with the deposited metal 

films. Such reduced contact resistance is necessary in order to approach the intrinsic 

transport properties of graphene. 
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Figure 5.6: (a) The difference of lateral tip deflection between a trace and retrace AFM 

scan (which represents surface friction) on a transferred graphene film. The 

film underwent a series of post-transfer treatments. The corresponding 

friction change is shown together with the friction of D-PMMA and as-

grown CVD graphene as references. (b) The metal/graphene contact 

resistance before and after different thermal treatments. 

 

5.4 CONCLUSION 

In summary, we have directly studied PMMA residues on graphene surface by 

combining deuterium labeling and ToF-SIMS. This method provides spatially-resolved 

chemical information at extremely high sensitivity. We found that UHV annealing is not 

able to completely remove the PMMA residues; instead, it transforms them into more 

stable amorphous carbon. Annealing in air could further decompose this structure and, 

under optimized condition, we have achieved a PMMA-free surface with minimized 

structural damage of underlying graphene film. This cleaned surface exhibits low friction 

and excellent electrical properties, suitable for various coating and device applications. 
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5.5 SUPPLEMENTARY INFORMATION 

IR spectra of D-PMMA 

A D-PMMA film was spin-coated on an intrinsic (undoped) silicon wafer and 

then characterized by attenuated-total-reflection (ATR) FTIR (Infinity Gold). Various IR 

absorption peaks were observed (Figure 5.7, red curve) including the carbon-deuterium 

stretching vibrations between 2000 and 2300 cm-1. Because of the fully deuterated 

PMMA structure, the carbon-deuterium peak was much stronger than the carbon-

hydrogen peak. After 12 hours with acetone bath, these absorption peaks were strongly 

suppressed or completely disappeared (Figure 5.7, blue curve), including the intense 

carbon-oxygen stretching vibration at 1723 cm-1. This suggests a removal of D-PMMA at 

the threshold detection limit of ATR-FTIR. 

 

 

Figure 5.7: IR spectrum of D-PMMA before and after acetone treatment. 
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Depth profiles of transferred graphene 

The ToF-SIMS depth profiles of different chemical species are shown in Figure 

5.8. They corresponds to a transferred graphene film after (a) acetone bath, (b) 350 ˚C, 1-

hour UHV annealing, (c) 600 ˚C, 1-hour UHV annealing and (d) 450 ˚C, 4-min air 

annealing, respectively. For comparison, each profile is normalized to the maximum 

intensity of corresponding species in the initial sample (Figure 5.8a). 

 

 

Figure 5.8: Depth profiles of a transferred graphene film before and after different 

thermal treatments. 
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Air-annealed-only graphene 

To determine whether PMMA removal depends on the annealing history, a 

graphene film was transferred with D-PMMA and then annealed in air only. With Raman 

spectroscopy (Figure 5.9a), a broad D band was observed at 350 ˚C, but its intensity was 

much lower than that observed in vacuum annealed graphene (Figure 5.5a). The broad D 

band can be suppressed by annealing at 450 ˚C, but annealing at 500 ˚C introduced a new 

D band, indicating the damage of the underlying graphene film. After air annealing, a 

PMMA-free graphene surface was demonstrated by ToF-SIMS depth profiling (Figure 

5.9b). This suggests that the vacuum annealing before air annealing is not required for a 

complete PMMA removal. 

 

 

Figure 5.9: (a) Raman spectroscopy and (b) ToF-SIMS depth profiling of D-PMMA 

transferred graphene before and after air annealing. 
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Chapter 6: Cracking of CVD Graphene in Roll-to-Roll Processing 

Roll-to-roll (R2R) processing of graphene is attractive because of its compatibility 

with flexible substrates and capability of high-speed production. Several prototype 

systems have been demonstrated in the past few years that synthesize and transfer 

graphene in a R2R manner.24-27 These have enabled large-scale production of graphene 

films which are useful for transparent conducting film (TCF) applications. To study the 

influence of R2R processing on graphene, a tension test on a CVD graphene film on 

copper substrate was carried out. In-situ SEM studies showed that the cracking of 

graphene was initiated at a relatively low applied strain (~0.44%). AFM further 

confirmed the morphological changes in the graphene surface during this process and 

Raman helped reveal the tensile response at the copper/graphene interface. This study not 

only deepened understanding of the mechanical properties of graphene, but also provided 

a guideline for future R2R machine design.  

 

6.1 INTRODUCTION 

Graphene is a two-dimensional material with a host of potential applications, such 

as flexible touch screens,24 solar panels that could be integrated into windows,14 and 

membranes to desalinate and purify water.122 However, all of these possible uses face the 

same big obstacle: the need for a large-scale and cost-effective method for graphene 

synthesis and processing.15 Recently, Li and colleagues discovered and demonstrated a 

chemical vapor deposition (CVD) method to directly grow high-quality graphene films 

on a copper substrate.17 This method overcomes the size limitation of graphene synthesis 

and in principle it can be performed on any size of copper substrate. The as-grown CVD 
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graphene must then be transferred from the metal surface onto a foreign substrate for 

device applications.22  

Based on this method, researchers have explored the high-volume production of 

graphene by scaling up the CVD growth and transfer. Considering the material 

compatibility, a roll-to-roll (R2R) technique was usually chosen as it enables continuous 

processing and transfer of graphene through a series of moving rolls.123 Two essential 

R2R steps have been developed for graphene in the last few years: CVD growth of 

graphene on a moving copper foil,26, 27 and transfer of graphene from the copper surface 

onto a flexible substrate.24 However, the influence of R2R processing on graphene quality 

is not reported in literature and this demands more research. For example, it is important 

to understand how graphene responds to the tension induced by the moving rolls. The 

possible stretching of graphene may introduce cracks and have a negative impact on the 

resulting devices. 

In this work, a method was developed to study the tensile response of copper-

supported graphene. In-situ SEM tensile testing showed that the graphene cracks at a 

relatively low applied strain (~0.44%) and simultaneously forms new wrinkles parallel to 

the loading direction. Corresponding morphological changes of graphene surface were 

studied by AFM, and Raman helped reveal the tensile response at the copper/graphene 

interface. 

 

6.2 MATERIALS AND METHODS 

LPCVD growth of monolayer graphene 

To prepare the tensile specimen, a 130-μm thick Cu foil (Eagle Metals, item no. 

102) was cut into the shape shown in Figure 6.1a. It has two shoulders and a gauge 



 79 

(section) in between. The shoulders are large so they can be readily gripped, whereas the 

gauge section has a smaller cross-section so that the deformation and failure can occur in 

this area (Figure 6.1b). For graphene growth, the copper specimen was loaded into a tube 

furnace and heated to 1030 ˚C in H2 with a flow rate of 5 sccm and pressure Pfurnace = 4.9 

× 10–2 mbar. After reaching 1030 ˚C, the sample was annealed for 30 min without 

changing the gas flow rate. CH4, 5 sccm, was introduced for 10 min to obtain a full 

monolayer graphene film. The system was then cooled to room temperature. The 

dimensions of resulting specimen were measured and shown in Table 6.1. 

 

 

Figure 6.1: (a) The geometry of the copper tensile specimen. (b) Schematics of the 

copper tensile specimen in a tensile testing. 

 

 

Dimension (mm) 

L1 7.62 

L2 15.24 

L3 5.08 

L4 10.16 

L5 15.24 

Table 6.1: The geometry of the copper tensile specimen with a thickness of 130 μm. 
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In-situ tensile testing 

The in-situ tensile loading device (Figure 6.2) manufactured by Deben Inc. 

consists of a gripping assembly (I), a load cell (II), and a linear variable differential 

transformer (LVDT) used for measuring linear displacement (position) (III). More details 

can be found in the zoom-in image on the right. The aforementioned graphene/copper 

specimen was placed in the tensile loading device with the specimen shoulders aligned 

with the clamping blocks (Figure 6.1b), allowing the central portion of the gauge section 

to be observed by SEM. 

 

 

Figure 6.2: The in-situ tensile loading device and its key components. 

To calibrate the in-situ tensile loading device, a set of three-point bending 

experiments were carried out to determine the Young's modulus of a bare copper foil. In 

this configuration, the relationship between the displacement of the indenter ( ) and the 

reaction force ( F ) is 

3

48EI
F

L
                                                  Eq. 6.1 

where E  is the Young’s modulus of copper, L  is the span between the bottom 

supports, I  is the moment of inertia associated with a rectangular section with a width 
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of 32 mm and a thickness of 130 μm. The Young’s modulus of cooper obtained from 

these experiments was 105.7±0.7 GPa, in good agreement with reported values of about 

110 GPa.124 

The tensile testing can be modeled as two springs in series: one for the specimen 

gauge section (ks) and the other for the loading device (km). The overall stiffness (k) was 

measured from the linear portions of the loading and unloading responses. Thus the 

machine stiffness is 

s
m

s

kk
k

k k



                                                  Eq. 6.2 

The machine stiffness was approximately 10.1 kN/mm. 

 

6.3 RESULTS AND DISCUSSION 

A full monolayer of graphene was first grown on a copper tensile specimen by 

low-pressure chemical vapor deposition (LPCVD).17 The sample was installed in a tensile 

loading device (Deben Inc.), where the tensile load was measured by a load cell, while 

the relative displacement was measured with a linear variable differential transformer 

(LVDT). Since the LVDT measured the displacement of both the gripping assembly and 

the specimen, we have calibrated the stiffness of the gripping assembly and subtracted its 

deformation from the total displacement (see Section 6.2 for details). As a result, only the 

displacement of the graphene-coated copper was considered. To realize in-situ 

observation, the tensile testing was carried out in a FEI Quanta 600 scanning electron 

microscope (SEM). 

The stress-strain curves of the copper foil before and after the graphene growth 

were compared in Figure 6.3. The Young’s modulus was 107 GPa for the initial copper 

foil and 101 GPa for the one after graphene growth, respectively. Both values are 
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comparable with the reported values of around 110 GPa for copper.124 The yield strength 

of the initial copper was approximately 110 MPa, but it significantly decreased to 20 

MPa after the CVD growth of graphene. The low yield strength is consistent with 

previous reports for annealed copper,125 and is attributed to the Hall-Petch effect and the 

coarsening of the copper grains during the high-temperature CVD process. 

 

 

Figure 6.3: Stress-strain curves of the copper foil before and after CVD growth of 

graphene. 

Schematics of graphene before and after the tensile testing are shown in Figure 

6.4 along with the corresponding SEM images. Graphene wrinkles and adlayers were 

observed on the initial graphene sample (Figure 6.4a). Wrinkles were formed due to 

difference in the coefficients of thermal expansion of graphene and the copper substrate.17 

Adlayers occurred where there was a 2nd-layer graphene growth at the 1st-layer 

graphene/copper interface.108, 126 When 4.9% strain was applied, the surface morphology 
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of the graphene film changed significantly (Figure 6.4b): a series of approximately 

equally spaced and parallel bright lines appeared perpendicular to the loading direction. 

They are ascribed to the formation of graphene cracks and thus the underlying copper 

substrate (which is brighter than graphene under SEM) is exposed.20 These cracks were 

found to propagate within the graphene film and not branch into the underlying copper 

substrate. In addition to the cracks, new graphene wrinkles (Figure 6.4b, dark lines 

indicated by the white arrows) were also observed in the deformed sample and they were 

found to align with the loading direction. 

 

 

Figure 6.4: Schematics of a copper-supported graphene (a) before and (b) after the 

tensile testing. Corresponding SEM images are shown at the bottom. 
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To better understand these tension-induced morphological changes, a series of 

time-lapsed SEM images was captured during the tension test under displacement control 

at a rate of 1.67 µm/s (Figure 6.5). During SEM image acquisition, the increase of the 

tensile loading was suspended to keep the graphene sample still. At an applied strain of 

0% (Figure 6.5a), there were no cracks observed under SEM; only wrinkles and adlayers 

were found in the continuous graphene film. Three cracks (labeled as A, B and C in 

Figure 6.5b) normal to the loading direction were identified at the applied strain of 

0.44%. This value is much lower than the well-accepted breaking strain of graphene, 

which is usually above 20%.9 Interestingly, the propagation of these cracks (such as 

cracks B and C) was found to be arrested when they encountered graphene wrinkles. This 

is likely due to the ability of wrinkles to relieve the strain at the tip of a propagating 

crack. Also, the graphene cracks did not penetrate into the adjacent adlayers (such as in 

cracks A and B) likely due to the relatively weak interlayer Van der Waals interaction,127 

which prevents the applied strain from being efficiently transferred from one graphene 

layer to the other. As shown in the schematics of a crack over an adlayer (Figure 6.5f), 

the crack opening in the top layer could grow wider with interlayer slip while the adlayer 

remained adhered to the copper substrate. 

As the applied strain increased to 2.6% (Figure 6.5c), new cracks (D, E, F, G and 

H) appeared between the existing cracks (A, B and C). This resulted in a smaller spacing 

between the neighboring cracks. The spacing length is mostly consistent throughout the 

graphene film (see Figure 6.4b). When the strain reached 3.7% (Figure 6.5d), one new 

crack (I) was formed in the scanned region. This was accompanied by the continuing 

opening of the existing cracks and thus more underlying copper was exposed. In addition 

to the graphene cracks, new graphene wrinkles were also found after the tension test. 

These are evident in a magnified image in Figure 6.5e (corresponding to the dashed red 
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square in Figure 6.5d). Because of the electron beam-induced deposition,128 the resolution 

of the SEM images was reduced when the region was repeatedly scanned. For this reason, 

at an applied strain of 7.2%, a new region (Figure 6.5g) was chosen in order to emphasize 

the structure of these new wrinkles. Different from the graphene wrinkles formed during 

CVD growth which are randomly oriented,17 the tension-induced wrinkles are aligned 

with the loading direction. This is ascribed to a transverse compressive strain induced by 

the Poisson effect, which leads to the micro-buckling of graphene and the formation of 

wrinkles. This phenomenon is consistent with the behavior of a tensile experiment on 

graphene transferred onto polymer substrates.129 With the relative slip between graphene 

and copper, the graphene/Cu interfacial stiffness was also degraded. This will be 

discussed later in the Raman experiments. A magnified image (Figure 6.5h, 

corresponding to the dashed orange square in Figure 6.5g) focused on the graphene 

interlayer slip when the crack was formed. The crack opening was not hindered by the 

adlayer graphene, which suggests that the adlayer has a stronger adhesion to the 

underlying copper than the adjacent graphene layer.125 

  



 86 

 

Figure 6.5: Time-lapsed SEM image of a copper-supported graphene in a tensile testing. 

The image of the same region is shown at the applied strain of (a) 0%, (b) 

0.44%, (c) 2.6% and (d and e) 3.7%. Newly formed graphene cracks are 

labeled alphabetically in each image. (f) Schematics of a crack formed over 

an adlayer. (g and h) SEM image of a new region at the applied strain of 

7.2%. 

Atomic force microscopy (AFM) was also used to study the aforementioned 

morphological changes (Figure 6.6). Figure 6.6a shows the error-signal image of the 

initial graphene surface. As a result of the surface reconstruction during the cooling step 

of CVD growth,20 a series of copper steps were observed. Other surface features such as 

copper grain boundaries and graphene wrinkles were found, consistent with the SEM 

image (Figure 6.4a). Upon the tensile testing (10.8% strain), more textures were formed 

on the copper surface in addition to the original copper steps (Figure 6.6b). This is 
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attributed to the out-of-plane slip mechanisms of the dislocations in copper foil.130 New 

graphene wrinkles were formed as well, parallel with the loading direction, and based on 

our previous discussion, they were caused by the transverse compressive strain. Because 

of their atomic thickness, the graphene cracks were barely recognized in the error-signal 

image (Figure 6.6b), but in the lateral-force image of the same region (Figure 6.6c), the 

graphene cracks were easily identified by the high contrast between the graphene (bright 

contrast) and the exposed copper (dark contrast). This contrast in the lateral-force data 

can be interpreted as a measure of friction coefficient117 and graphene has a much lower 

surface friction than copper (especially when the copper surface has a native oxide 

layer).131 As shown in Figure 6.6c, the crack opening can be as large as 500 nm, 

indicating slippage of graphene on the copper surface. Crack propagation was also found 

to be hindered by graphene winkles, likely due to the strain relaxation. 

  

 

Figure 6.6: AFM error-signal image of a copper-supported graphene (a) before and (b) 

after the tensile testing. (c) AFM lateral-force image corresponding to the 

region shown in (b) visualizes the graphene cracks. 

Raman spectroscopy (λ = 488 nm) was performed on the copper-supported 

graphene in the tension test. The Raman spectra of graphene provide a wealth of 
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information such as crystalline quality, number of graphene layers and the strain in 

graphene.132 Figure 6.7a shows the graphene bands (G and 2D) at an applied strain of 0%, 

0.44% and 3.7%, respectively. No D band (~1350 cm-1) was detected (Figure 6.8), which 

means that there were very few structural defects in graphene.16 The intensity ratio of the 

2D and the G bands (I2D/IG) was 2.04 (0%), 2.27 (0.44%) and 2.14 (3.7%). These values 

are consistent with the ratio observed in monolayer graphene.35 As the strain increased, 

the G and the 2D band shifted to lower wavenumbers. This is attributed to the elongation 

and weakening of the carbon-carbon bonds.132, 133 The positions of G and 2D bands at 

different applied strain were extracted and shown in Figure 6.7b. A linear correlation was 

observed between the shift of these bands and the slope of the fitting line was 1.8. This 

value is consistent with that obtained from a tensile experiment on transferred graphene 

on polymer substrates,133 and rules out other factors, such as changes in doping level, 

which could lead to the band shift. 

The positions of the G and 2D band were also plotted as a function of the applied 

strain (Figure 6.7c and 6.7d). Both bands shifted to lower wavenumbers in the low-strain 

region (<0.44%): the band positions dropped from 1588 (G) and 2718 (2D) cm-1 to 1581 

(G) and 2704 (2D) cm-1, respectively. Above 0.44% strain, the band position remained 

unchanged, indicating saturation of applied strain in graphene. Considering the 

continuously increasing strain applied to copper foil, it is likely that there was slippage of 

graphene relative to the copper surface. In the low-strain region (<0.44%), a linear 

relationship was observed between the position of the G or 2D band and the applied 

strain. The slope of the corresponding fitting lines was determined to be -16.5±6.2 cm
-

1
/% (G) and -31.1±10.0 cm

-1
/% (2D), respectively. The linear dependence of the Raman 

bands on strain is expected according to the phonon deformation potentials.
133

 The 

Raman shift is related to the strain by 
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                               Eq. 6.3 

where ω0 and ω are, respectively, the position of the G or 2D band at zero and a specific 

level of applied strain, εxx is the applied strain in the longitudinal direction, εyy is the 

transverse strain, ν is the Poisson’s ratio, and γ is the Güneisen parameter for graphene. 

Since there was no slip between the graphene and the copper below a strain of 0.44%, the 

strain in the graphene and the copper were considered the same. Therefore, the Poisson's 

ratio of the copper foil (0.33) was used in Equation 6.3 along with the applied strain to 

determine the Güneisen parameter associated with the G and 2D band. The value of the 

Güneisen parameter was found to be 1.55±0.58 cm
-1

/% for the G band and 1.71±0.55 cm
-

1
/% for the 2D band. This is the first time that the Güneisen parameters have been 

determined for as-grown graphene on a copper substrate. The values are consistent with 

those obtained for graphene on polyethylene terephthalate (PET).134 
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Figure 6.7: (a) Raman spectra of copper-supported graphene at the strain of 0%, 0.44% 

and 3.7%, respectively. (b) The positions of graphene G and 2D bands at 

different level of applied strain. (c and d) The position of graphene (c) G 

band and (d) 2D band as a function of applied strain. 

 

6.4 CONCLUSION 

In summary, tensile testing was performed on a copper-supported CVD graphene 

film. The tension-induced morphological changes in the graphene were observed in situ 

with SEM. The graphene cracks at an applied strain of 0.44%, much lower than the well-

accepted breaking strain of graphene, which is above 20%. This poses a challenge to R2R 

processing of graphene, where considerable tensile loading will be applied onto the 

flexible films. With the use of AFM and Raman, new graphene wrinkles and graphene 
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slippage on copper surface were also observed and analyzed. These data will help to 

improve the understanding of the mechanical properties of graphene and the interaction 

between graphene and the copper substrate. 

 

6.5 SUPPLEMENTARY INFORMATION 

The full Raman spectra are shown in Figure 6.8 as a function of the applied strain. 

Due to the presence of the copper substrate, there was a strong background coupled with 

the presence of G and 2D bands at approximately 1588 cm-1 and 2718 cm-1, respectively. 

No D band (~1350 cm-1) was detected, which means that there were very few structural 

defects in graphene.16  

 

 

Figure 6.8: Raman spectra of graphene on copper foil at different applied strain. 
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Chapter 7: Conclusions 

7.1 SUMMARY 

This dissertation reports a systematic study of graphene and its use in flexible 

electronics. Solutions were provided to problems in graphene synthesis, processing and 

scale-up as shown in Figure 7.1.  

The synthesis part reports that oxygen can significantly affect the graphene 

nucleation and growth on a copper surface (Chapter 2). Control of the surface oxygen 

enables repeatable growth of large single-crystal graphene, which is valuable for 

transistor applications.135 A chemical route was also developed that produces graphene 

films by reducing graphene oxide (Chapter 3). The crystalline quality of the reduced 

graphene oxide is not as high as that of the CVD graphene,46 but it is preferred in some 

low-end applications, such as touch panels, where low cost is the top priority.15 

The conventional PMMA-assisted, etch-based graphene transfer method appears 

to be increasingly problematic due to the wasteful copper consumption and the 

unavoidable PMMA residues left on graphene surface.78 To solve the former problem, a 

copper-etch-free method was developed (Chapter 4). By applying a negative voltage to 

the graphene-coated copper, hydrogen bubbles were produced electrochemically at the 

graphene/copper interface. These bubbles offer a gentle and continuous force that 

separates the graphene from the copper surface while preserving the copper substrate for 

reuse. Regarding the PMMA residues, an analytical method was developed to identify, 

locate and quantify the trace amounts of PMMA residues on graphene surface (Chapter 

5). This method enabled observation of the PMMA removal and it was determined that 

air annealing is the most efficient way to clean the graphene surface and recover its 

intrinsic properties. 
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The possibility for scaling up graphene production in a roll-to-roll system was 

also explored (Chapter 6). In-situ SEM tensile testing showed that graphene on a copper 

substrate cracks at a relatively low applied strain (0.44%), a value much lower than the 

well-accepted braking strain of graphene, which is usually above 20%.9 This means the 

roll-to-roll system should be operated at very low strain. 

 

 

Figure 7.1: Top panel: our contributions to the graphene research. Bottom panel: based 

on these developments, we proposed a R2R method for large-scale, cost-

effective graphene production. 

 

7.2 FUTURE OUTLOOK 

Progress has been made, but significant challenges remain. For example, the CVD 

growth of graphene on copper usually requires high temperatures (>1000 ˚C). This leads 

to a melted copper surface and thus unwanted metal recrystallization during the 

subsequent cooling step.20 Although low-temperature growth was demonstrated by 

changing the carbon source136, 137 or using the plasma CVD system138, the quality of the 
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resulting graphene cannot compete with that from the high-temperature growth. Besides 

copper, researchers also explored other substrates for graphene growth, among which the 

germanium is the most promising since it can produce wrinkle-free single-crystal 

graphene films.139 Future research is needed to optimize the growth conditions on 

germanium and apply it to large-scale production. 

Also, the polymer support used for graphene transfer demands more attention and 

development. Is it necessary to use such high molecular weight (such as 996k) PMMA 

for graphene transfer? Will a lower molecular weight PMMA result in a cleaner graphene 

surface? How will different types of residues affect the electrical properties of graphene? 

These questions are not trivial and need to be answered. Polymer systems other than 

PMMA should be explored for graphene transfer as well. For example, there is a new 

class of polymer which disassembles into its building blocks in a mild and controlled 

way.
140, 141

 This disassembling process results in small molecules, which may be easier to 

remove from graphene surface than macromolecular polymer chains. 

In the R2R system, it remains unclear how to balance the low operation strain 

(<0.44% from this work) and the high-speed processing demand. An in-line high-

throughput method is also needed to evaluate the quality of the graphene transferred on 

flexible substrates. Commonly used Raman mapping and SEM may not be a good option. 
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