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Abstract 

 

Fabrication of Graphene-Based Films 

for Transparent Electrodes 

 

Xiaohan Wang, MSE 

The University of Texas at Austin, 2014 

 

Supervisor:  C. Grant Willson 

Co-Supervisor:  Rodney S. Ruoff 

 

Graphene is a monolayer of tightly-packed carbon atoms that exhibits desirable 

properties such as high transparency and very low resistance at room temperature. These 

are attractive for transparent conducting film (TCF) applications. However, state-of-the-

art fabrication techniques limit the quality of graphene when compared with the standard 

TCF material, ITO. Here, we report an electrochemical delamination method for 

graphene-based film fabrication. Starting from both chemical vapor deposition (CVD)-

graphene and graphene oxide solution, we are able to produce large-scale TCFs in few 

minutes. Corresponding material characterization and reaction mechanisms are described 

and discussed. The resulting films are competitive with conventional transparent 

electrodes, and particularly with other transparent electrodes being considered for plastic 

electronics. 
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Chapter 1 

 Introduction: Graphene 

Graphene, comprising mono- or few- (3 to <10) layers of sp2 hybridized carbon 

atoms has existed in theory for a long time, but has only been produced experimentally in 

last ten years. It is a basic building block for graphitic materials of all other 

dimensionalities: for example, graphene can be wrapped up into 0D fullerenes, rolled into 

1D nanotubes or stacked into 3D graphite (figure 1.1a).[1]  

 

 

Figure 1.1: (a) Graphene is a 2D building material for carbon materials of all other 

dimensionalities.[1] (b) Transmittance for different transparent conductors: graphene, 

single-walled carbon nanotubes, ITO, ZnO/Ag/ZnO and TiO2/Ag/TiO2.[2] 

As a flexible and electrically conductive 2D membrane, graphene itself is also an 

ideal platform on which to build devices. Considering its high transmittance over a wide 

wavelength range (figure 1.1b),[2] it shows great potential for use in next-generation 

optoelectronics, such as transparent conducting films (TCFs). Compared with the state-
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of-the-art TCF materials used in industry, graphene-based film is superior due to 

availability of elemental carbon on earth, its stability in the presence of acids and bases, 

and greater flexibility.[3] 

 

 

Figure 1.2: Processes involved during graphene synthesis using low carbon solid 

solubility catalysts (Cu) in a CVD process.[4] 

Currently graphene is mainly produced in two ways: (1) chemical vapor 

deposition (CVD) or (2) reduction of graphene oxide (GO, figure 1.3). Each method has 

its strengths. In a CVD growth, methane is usually used as carbon source. At growth 

temperature, the gas molecules decompose and diffuse on a transition metal surface (such 

as copper), which then contribute to the nucleation and growth of graphene domains 

(figure 1.2).[4] A great deal of science effort has been focused on the control of domain 

size, shape, and film quality. The best CVD-sample to date is comparable with the 

pristine graphene prepared by mechanical exfoliation.[5] On the other hand, reduction of 

GO stands out as well for its easy scale-up and low cost. Despite the small size of GO 

flakes and structural defects introduced by harsh oxidation, reduction can remove the 

oxygen-containing groups and recover its electrical properties to some degree. 
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Figure 1.3: Chemical structure of graphene oxide flake. For clarity, minor functional 

groups, carboxylic groups and carbonyl groups have been omitted at the edges.[6] 

Starting with these two preparation methods, we investigate the fabrication 

process for graphene-based films in Chapters 2 and 3, respectively. In Chapter 2, we 

develop a direct delamination method for CVD-graphene on copper. It results in a 

continuous graphene film with less wrinkles and residues on polyimide, which exhibits 

good electrical and optical properties. In Chapter 3, we study the electrochemical 

delamination for GO films. We find the film fabrication can be accomplished with 

simultaneous GO reduction. A mechanism is proposed and discussed. The summary and 

perspectives for future work are described in Chapter 4. 
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Chapter 2 

Direct Delamination of Graphene for High-Performance  

Plastic Electronics 

An ‘Electrochemical delamination’ process has been developed to transfer 

graphene for plastic electronics. The use of a sacrificial polymer support during transfer 

is 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) is obtained on the target polyimide substrate, and good mechanical 

durability as well as low sheet resistance is acquired. The properties are competitive with 

conventional transparent conducting films. 

 

2.1 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;[7] the polymer support is then removed by a 

chemical or thermal treatment.[8] 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.[8, 9] An ‘electrochemical delamination’ method 

was recently reported for transfer of graphene grown on Pt or Cu to target substrates.[10, 

11] The metal substrate was not etched (Pt)[10] or only partially etched (Cu)[11] 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.[10] Since PMMA was used as a temporary support during this transfer method, 

we refer to it below as ‘PMMA-assisted delamination’. 
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The success of electrochemical delamination inspires us to adopt it in graphene-

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

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

free from polymer residues and other contaminants. Such ‘direct delamination’ also leads 

to a better contact between graphene and the polyimide substrate; complete graphene 

films with reduced line disruptions (e.g. ripples and wrinkles) are obtained. Better 

electrical performance is achieved in the graphene/PI films, suitable for transparent 

conducting film (TCF) applications. 

 

2.2 MATERIALS PREPARATION 

2.2.1 LPCVD of Monolayer Graphene 

Monolayer graphene was produced by low-pressure chemical vapor deposition 

(LPCVD) as reported by Li et al. [7] 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. 7 sccm of CH4 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. 

2.2.2 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. 

2.2.3 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. 

 

2.3 DIRECT DELAMINATION AND MATERIALS CHARACTERIZATION 

Figure 2.1a shows a scanning electron microscopy (SEM; FEI Quanta-600 FEG 

Environmental SEM, operated at 30 kV) image of the monolayer graphene prepared by 

LPCVD on copper foil. Features such as graphene wrinkles (solid arrow), adlayers 

(hollow arrow, average diameter ~2 µm), and underlying Cu steps are clearly visible. No 

detectable D peak is observed in its Raman spectrum (inset of figure 2.1a). This proves 

the absence of a significant number of defects.[12] The graphene is then transferred via 

direct delamination as shown in figure 2.2a. 
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Figure 2.1: 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.  

 

 

Figure 2.2: (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.  
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The transfer process starts by spin-coating a target substrate onto graphene. 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 such as a low coefficient of thermal 

expansion, low moisture uptake, high modulus, and good ductility for microelectronic 

applications.[13, 14] 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, an electrolytic cell is made with PI/graphene/Cu (as 

cathode) and a Pt mesh (as anode). Aqueous Na2SO4 (0.5M) has been chosen as the 

electrolyte for its chemical stability and availability. Na2SO4 does not etch Cu and 

delamination can occur without edge etching of the Cu foil. A 15V direct current voltage 

is applied across the cell electrodes, and water undergoes electrolysis to form hydrogen 

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

bubbles help to separate the graphene/PI stack away from the Cu substrate (optical 

images in figure 2.2b).[10, 11] We are able to isolate a 50 × 15 mm2 graphene/PI film in 

five minutes as opposed to the standard ten-hour Cu etch process,[15] and the Cu foil is 

preserved with no weight loss. In addition, by spin coating the support layer onto both 

sides of the Cu foil, graphene films on each side can be delaminated simultaneously 

(Section 2.6, figure 2.6). 

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

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

2.1b). No voids or cracks result from our transfer process. This is due to the intimate 

contact that forms between the liquid polyimide precursor and Cu/graphene during spin-

coating. After a curing process, a “negative” pattern of the Cu/graphene surface 

morphology is printed onto the cross-linked PI film which adheres to the graphene 
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framework, likely through attractive π-π* interactions between the graphene and the 

carboxamide groups in polyimide.[16] Charge transfer from graphene to polyimide 

reportedly increases the strength of adhesion,[16] which may preserve the integrity of 

graphene after electrochemical delamination; see SEM images in figure 2.1b and (Section 

2.6) 2.7. 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 are shown 

to 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. 

 

 

Figure 2.3: 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.  

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)[17] and wrinkles (which introduce local interlayer tunneling)[18] 

were reported to limit the sheet conductance of graphene.[17, 18] 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 
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methods. Besides the line disruptions formed during Cu substrate cooling (figure 2.3a, 

indicated by arrow),[15] the PMMA-assisted delamination (figure 2.3c) introduces 

additional line disruptions into the graphene films. In this process, ripples originate from 

Cu step edges and remain after transfer to atomically flat surfaces,[17] whereas wrinkles 

are produced when water desorbs from the graphene-substrate interface.[19, 20] In the 

direct delamination process, the PI precursor is spin-coated onto graphene on Cu foil, and 

the subsequent cure forms a substrate that follows the morphology of graphene on the Cu 

foil. Thus, an improved attachment to the substrate is achieved that preserves the low 

density of line disruptions (figure 2.3b).  Also, 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. 

 

 

Figure 2.4: (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).  
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This direct-transfer strategy also eliminates the use of a sacrificial layer; therefore 

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

transfers.[8, 21] Figure 2.4a 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 (red) 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).[8, 22] The tails (purple, 

blue, and green) in the spectrum correspond to the binding energy of species in 

polyimide. Chemical shifts of +0.52, +3.13, and +5.74 eV assigned to different carbon 

atom bonding configurations are consistent with the reference spectrum of bare 

polyimide (Section 2.6, figure 2.8) and those reported in the literature.[22] Additionally, 

in the standard etch-based method, CuOx nanoparticles are usually formed,[21, 23] 

leading to a decrease in graphene mobility via impurity scattering;[9] whereas no 

inorganic contaminants are detected in the XPS survey of the delaminated graphene/PI 

film (figure 2.4b). Electrochemical delamination avoids metal contaminants[10] and we 

have here eliminated the use of PMMA, yielding a surface with fewer residues. 

 

2.4 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 (figure 2.5a). 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. 
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Figure 2.5: (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.  

As displayed in figure 2.5b, the average sheet resistance for multiple devices on 

directly delaminated monolayer graphene/PI film is ~459 Ω/□, 3-4 times lower than the 
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value for the same graphene sample transferred by PMMA-assisted delamination onto 

polyimide film (1583 Ω/□). We attribute the lower sheet resistance to a decreased density 

of line disruptions[17, 18] and a cleaner graphene surface with less scattering by residues 

or contaminants.[8, 9] 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 PMMA/graphene interfaces (evidenced by another 

experiment, Section 2.6, figure 2.9) 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 (figure 2.5c). This result is in agreement with that 

obtained for graphene transferred by the standard etch-based processes.[24] 

Multilayer graphene prepared by 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 2.5c and detailed discussion in Section 2.6),[15, 25-27] 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 2.5d). The low sheet resistance 

was preserved up to the bending radius of 2 mm and can be perfectly recovered after 

unbending. The averaged maximum resistance changes were 1.3% and 3.4% for 

monolayer and multilayer samples, respectively. These changes are lower than that of 

conventional materials (e.g. transparent conducting oxides) used in flexible 

electronics,[28] and comparable with other graphene-based conductive films.[15, 29] The 
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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,[30] and the high mechanical strength of graphene.[31] 

 

2.5 CONCLUSION 

In summary, high quality graphene-based TCFs on polyimide substrates have 

been obtained by a direct electrochemical delamination. The method produces residue-

free or nearly residue-free and continuous graphene surfaces that exhibit a low density of 

line disruptions, yielding low-sheet-resistance monolayer/multilayer graphene. The 

resulting films are competitive with conventional transparent electrodes, and particularly 

with other transparent electrodes being considered for plastic electronics. 

 

2.6 SUPPLEMENTARY INFORMATION 

2.6.1 Additional Figures 

 

 

Figure 2.6: Images (a) during and (b) after PMMA-assisted electrochemical 

delamination. PMMA films were spin-coated onto both sides of the Cu foil after CVD 

graphene growth and they could be delaminated simultaneously, doubling the output.  
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Figure 2.7: SEM images of graphene transferred by direct electrochemical delamination 

onto polyimide substrate. The original graphene wrinkles, adlayers, and imprints of Cu 

steps are clearly observed in (b).  

 

 

Figure 2.8: 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 

directly delaminated graphene/PI film.  



 16

 

 

Figure 2.9: 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.  

2.6.2 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 Section 2.4 (respectively 459, 1583 

and 49 Ω/□). 

 

2.7 NOTES 

This chapter closely parallels our publication in Small[43]. The text and figures 

are reused with the permission of the copyright holder. 
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Chapter 3 

Simultaneous Electrochemical Reduction and Delamination  

of Graphene Oxide Films 

Two strategies are used extensively for graphene production: chemical vapor 

deposition on transition metals and reduction of graphene oxide (GO). However, how to 

cost-efficiently fabricate the graphene-based films in a large scale is still a major 

challenge. Here we report a green method to fabricate electrochemically reduced 

graphene oxide (rGO) films on arbitrary substrates. Hydrogen bubbles are simultaneously 

introduced at the electrode/GO interface, propagating film delamination from the metal 

surface. Such rapid reduction process is monitored by UV-vis, Raman and XPS 

spectroscopy. Interface charge transfer is found important in this process and visualized 

by TOF-SIMS depth profiling. Good electrical and optical properties are combined, 

giving a sheet resistance of 6390 Ω/□ for an optical transmittance of ~81% (λ=550 nm) 

on rGO/quartz substrate, competitive with other GO-derived transparent conducting 

films.  

 

3.1 INTRODUCTION 

Reduction of graphene oxide (GO) is believed to be the most promising route to 

graphene-based industry, especially when large-scale and cost-efficient production is 

required. Compared with chemical vapor deposition (CVD) and the micromechanical 

exfoliation of graphite method, unfortunately, no state-of-the-art reduction process can 

completely restore the hexagonal crystal lattice of graphene. However, the reduction 

method still stands out for certain applications, such as supercapacitors,[32, 33] 
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transparent conducting films (TCFs)[34, 35] and molecular-sieving membranes,[36-38] 

where small number of defects are tolerable.  

The extensive body of research on GO reduction could be divided into three 

categories: chemical reduction, thermal reduction and electrochemical reduction. Except 

for the energy-consuming thermal processing, both chemical and electrochemical 

reductions are solution-based. During their processes, the water-dispersible hydrophilic 

GO platelets are transformed into hydrophobic, reduced GO (rGO) flakes.[39] Such 

surface changes result in a dilemma for rGO film fabrication. If first reducing GO and 

then depositing a film, an organic stabilizer is needed to avoid agglomeration of rGO 

flakes in aqueous solution.[40, 41] Elimination of the contaminants trapped during 

deposition is another problem. If doing things in an opposite order, the water inversion 

will partially detach the prepared GO films due to its high aqueous dispersibility.[42] 

Considering the few-nanometer-thick rGO films for TCF applications, a clean and 

reliable production method is of great importance. 

Inspired by the ‘electrochemical delamination’ transfer method for CVD-

graphene film,[11, 43] here we applied the same idea on ‘electrode/GO/coating layer’ 

film stacks. Hydrogen bubbles were electrochemically generated at the electrode/GO 

interface, ‘pushing’ the GO/coating layer away from the metal surface. Simultaneously, 

the GO film was highly reduced. Instead of the reactive nascent hydrogen,[44] electron 

transport across the interface was found to be the dominant reduction mechanism. The 

resulting rGO film was characterized by UV-vis spectroscopy, Raman spectroscopy and 

surface elemental analysis, showing better reduction than previous methods. 

Interestingly, the degree of reduction was found to be depth-dependent: the reduction 

penetration depth is around 200 nm, thick enough for thin film applications. In this way, 

continuous and highly reduced GO films were prepared on transparent substrates (such as 
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quartz and PDMS), that exhibit good electrical properties. This green production process 

with high cost efficiency produces films that are competitive with other GO-derived 

transparent electrodes and other transparent electrodes being considered for plastic 

electronics. 

 

3.2 FILM FABRICATION 

3.2.1 Electropolishing of Al foil 

Al foil (purchased from Boardwalk, 20-μm thick) acts 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 o - phosphoric 

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

constant potential of 6 V for 10 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. 

3.2.2 Coating of GO and Support Layer 

A GO dispersion was prepared by a ‘modified Hummers’ method [45] and spin-

coated on the pre-electropolished Al foil (figure 3.1a). By varying the concentration of 

GO dispersions and the spin-coating speed, the film thickness could be controlled from a 

few to hundreds of nanometers. Since our electrochemical delamination is solution-based, 

we applied a coating layer as a mechanical support to avoid the partial detachment of GO 

film upon immersion. Typically, a removable poly(methyl methacrylate) (PMMA) layer 

was used, which makes it possible to transfer resulting rGO film onto an arbitrary 

substrate. For TCF on a polymer substrate, we directly applied its liquid precursor as the 

coating layer during delamination (see Section 3.6.1 for PDMS example). 
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Figure 3.1: (1) Schematic illustration of PMMA-supported film fabrication. The GO film 

is found simultaneously reduced at the three-phase-interline (red square). (b) Optical 

images for key steps in PMMA-supported electrochemical delamination. 

3.2.3 Electrochemical Delamination of GO Film 

For the delamination process (figure 3.1a), an electrolytic cell was made with 

PMMA/GO/Al (as cathode) and a Pt mesh (as anode). Aqueous Na2SO4 (0.5M) has been 

chosen as the electrolyte. A 15 V direct current voltage was applied across the cell 

electrodes, and water underwent electrolysis to form hydrogen bubbles at the cathode, 

i.e., at the Al surface: 2H2O(l) + 2e- → H2(g) + 2OH-(aq). Those bubbles help to 

separate the PMMA/GO stack away from the Al substrate. On the other hand, during 

continuous bubble production, it was observed that the light-yellow GO film gradually 

turned into light black at the delamination front (figure 3.1b). This is a direct indicator of 
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reduction and restoration of sp2 carbon bonds.[46] The whole delamination process could 

be done in few minutes, and the electrode material (i.e. Al) was also preserved for reuse. 

The isolated PMMA/rGO film was then rinsed with distilled water and pulled out onto a 

target quartz substrate. After removing PMMA in its orthogonal solvent, acetone, we 

have rGO/quartz for further characterization. 

During the delamination and simultaneous reduction, the Al/GO interface was 

found important. We could not reduce a GO film on an unpolished Al foil even if 

hydrogen bubbles were observed. So the first question we should answer here is how the 

GO film is reduced. Previous reports described those ‘just generated hydrogen’ as highly 

active reducing agent in vicinity.[44] If this is the scenario, the hydrogen produced 

electrochemically should play a similar role. However, it is contrary to the experiment. 

This contradiction can be resolved by a direct charge transfer mechanism,[46, 47] in 

which an ‘electrode/GO/electrolyte solution’ three-phase interline (3PI) is required (red 

square in figure 3.1a). In this way, GO could be reduced by electrode reaction, GO + 

aH2O + be-→ rGO + cOH-, and it will proceed into the bulk GO material till the 3PI 

condition is no longer satisfied. Details will be discussed in the following 

characterization section. When unpolished Al foil is used as electrode, a thin aluminum 

oxide remains between conductive metal and GO film. Due to this barrier material, fewer 

electrons can tunnel the passivation layer and participate in the 3PI reduction. 

 

3.3 FILM CHARACTERIZATION 

The surface morphology of resulting rGO film was characterized by both 

scanning electron microscopy (SEM, figure 3.2a) and atomic force microscopy (AFM, 

figure 3.2b). The GO film in our study was fabricated by spin-coating, which reportedly 
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results in a dense and highly-interlocked hierarchical structure.[36] Those improved 

sheet-to-sheet conjunctions are beneficial for electrical transport and mechanical 

properties. Thanks to coating of the (PMMA) layer, such morphology is preserved after 

reduction. No pin-holes or cracks were detected even for few-nanometer-thick GO films. 

The root mean square roughness was around 2 nm, superimposed on micro-scale 

nonperiodic wrinkles. Wrinkle formation is probably due to action of capillary forces 

during water evaporation[48] and interactions between adjacent GO sheets.[49] Despite 

of few practical attempts,[50] suppressing those wrinkles in GO-derived films is still a 

challenge. 

 

 

Figure 3.2: (a) SEM and (b) error-signal AFM images of resulting rGO film on quartz 

substrate. The film is continuous with a high density of wrinkles. 

The recovery of graphene conjugated structure was first monitored by UV-vis 

spectroscopy. As shown in figure 3.3a, the absorption peak of GO at 235 nm redshifts to 

270 nm after electrochemical delamination. Such bathochromic shift is attributed to a 

higher degree of conjugation and therefore lower energy gap between filled and unfilled 

π orbitals.[51] When varying thickness of those rGO films (from 7 to 20 nm), all of them 
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exhibit maximum absorption at the same wavelength, indicating a complete reduction for 

thin-film applications. The UV-vis absorbance at 270 nm is also plotted versus film 

thickness. A linear correlation is shown in figure 3.3b, as expected by Beer–Lambert law. 

 

 

Figure 3.3: (a) UV-vis spectra of GO reference and rGO films with different thickness. 

(b) Linear correlation between absorbance and rGO film thickness. 

Raman spectroscopy is widely used to distinguish ordered and disordered crystal 

structures of carbon.[52] Extensive oxidation and ultrasonic exfoliation of graphite 

results in a GO film with a broad and strong D band (figure 3.4a). These signatures 

correspond to the decrease in size of graphene clusters (sp2 aromatic rings) inside the GO 

film.[52, 53] After electrochemical delamination, the relative intensity of D (K-point 

phonons of A1g symmetry) and G (zone center phonons of E2g symmetry) bands (ID/IG) 

increases from 0.8 to 1.2 (figure 3.4b). This is consistent with values for GO sheets 

reduced by other methods.[54, 55] While usually referred to, the ID/IG ratio actually is not 

suitable to characterize the degree of reduction due to its non-monotonous relation with 

the content of sp2 carbon bond.[52, 53] D peak width, instead is a better indicator and, 

more precisely, it is proportional to the fraction of carbon atoms in the sample which are 
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not sp2 hybridized.[53] In our study, the D peak width significantly decreases from 188 

cm-1 to 80 cm-1(figure 3.4a) after electrochemical delamination. This is among the best 

values for chemically reduced or thermally reduced GO films.[53] 

 

 

Figure 3.4: (a) Raman spectra of GO reference and rGO film prepared by 

electrochemical delamination. D bands are fitted to dashed Lorentzian curves. (b) 

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

reduction. 

The rGO film samples (with thickness from few to hundreds of nanometers) were 

also characterized by X-ray photoelectron spectroscopy (XPS). According to their survey 

spectra, the atomic ratios of carbon and oxygen (C/O) were calculated (table 3.1 in 

Section 3.6). For the thin-film case (few to tens of nanometers), the C/O atomic ratio is 

around 9 as opposed to 2 before reduction in the GO reference. This value is higher than 

that for GO film reduced by other methods,[51] indicating that electrochemical 

delamination is able to eliminate oxygen-containing groups efficiently. In contrast, for 

the thick-film case (hundreds of nanometers), the C/O atomic ratio is similar to that of 

GO reference. Considering the surface sensitivity of XPS, this means the thick GO film is 
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not homogeneously reduced. In figure 3.5, the C 1s spectra of thin GO films before (a) 

and after (b) reduction are fitted with Gaussian-Lorentzian method. Four peaks centered 

at 284.5, 286.6, 287.8 and 289.3 eV are observed in GO reference sample (figure 3.5a), 

corresponding to sp2 carbon, epoxide/ether, carbonyl and carboxyl groups, 

respectively.[51] After film fabrication and electrochemical delamination, the intensities 

of oxygen-containing groups are effectively suppressed (figure 3.5b). Meanwhile, the 

fitting method shows a small peak at 285.2 eV for the reduced sample. That is attributed 

to sp3 carbon. Reportedly, this is due to partial transformation from eliminated oxygen-

containing groups to sp3 carbon during reduction.[53] A complete GO reduction therefore 

can be divided into two stages: (1) elimination of oxygen-contain groups, and (2) 

transformation from remaining sp3 to sp2 carbon. Most reported methods to date can 

accomplish the first step, but how to efficiently recover sp2 structure (like what happens 

at graphitization temperature) under mild condition is still an open question. 

 

 

Figure 3.5: XPS C 1s spectrum of GO film (a) before and (b) after electrochemical 

delamination. A Gaussian/Lorentzian fit is also shown. The separate peaks correspond to 

the different carbon atom bonding configurations. 
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The depth-dependent degree of reduction was visualized by TOF-SIMS (Time-of-

Flight Secondary Ion Mass Spectrometry) depth profiling on a thick rGO film (~550 nm) 

on quartz substrate. The sample was prepared via aforementioned PMMA-supported 

electrochemical delamination (figure 3.1). The GO sheets at the GO/PMMA interface 

were transferred to the top surface of rGO/quartz sample (where penetration depth = 0 in 

figure 3.6), and therefore the depth profile starts from the GO sheets far from the 

electrode. The atomic ratio of carbon and oxygen (C/O) was calculated to represent the 

degree of reduction. Within the top 200-nm of the film, the C/O value is almost a 

constant, close to the base level in the GO reference. When the penetration goes deeper, 

this ratio gradually increases and approaches its maximum around a depth of 300 nm. 

Below that, the rGO film is highly and homogenously reduced. This profile supports the 

3PI model,[46, 47] in which only GO in direct contact with Al electrode can be reduced. 

More and more insulating GO turns to conducting rGO sheets with the ion diffusion 

inward, making more GO accessible for electrochemical reduction. Meanwhile, as a 

competing factor, the hydrogen bubbles produced in vicinity promote film delamination, 

dissatisfying the 3PI model and therefore terminating the interface charge transfer. Based 

on this hypothesis, we are able to adjust the potential and current density to balance the 

reduction depth and time needed for film fabrication. Specifically, with the parameters 

used in the case shown in figure 3.6, homogenously reduced GO film with thickness 

below 200 nm can be made in few minutes. 
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Figure 3.6: TOF-SIMS depth profiles of elemental concentrations within an as-prepared 

rGO/quartz sample. Species C5
- and 13C2O

- are used to track carbon and oxygen in rGO 

film, whereas 30SiO2
- represents quartz substrate. These species are selected due to signal 

(not too strong to saturate detector, and strong enough to have many counts) and mass 

resolution (not at the same mass as some other species), and correlating well with the 

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

rGO but 13C2O
- appears only in the rGO part). The rGO/quartz interface is indicated by 

dashed line. 

 

3.4 TRANSPARENT CONDUCTING FILMS 

After thorough material characterization, the rGO/quartz sample is ready for TCF 

test. Figure 3.7 shows the thickness-dependent optical transmittance (λ = 550 nm) and 

sheet resistance. As expected, both characteristics decrease as the film thickness 

increases; therefore a tradeoff must be made based on specific application requirements. 

For example, a thin film with sheet resistance (6390 Ω/□) and transmittance (81%) is 
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suitable for touch screen and photovoltaic devices.[35, 56] To our knowledge, such a 

combination is among the best values reported for GO derived conducting films.[57] 

Sheet resistance less than 1 kΩ/□ has been reported for an optical transmittance of 

80%,[58] but chemically or thermally harsh conditions and careful handling were usually 

required. 

 

 

Figure 3.7: Thickness-dependent optical transmittance (λ = 550 nm) and sheet resistance 

of rGO film on quartz substrate. 

 

3.5 CONCLUSION 

In summary, a green and rapid method for graphene-based TCF fabrication has 

been developed. Electrochemical delamination, a new technique for CVD-graphene 

transfer, not only reduces GO films homogenously, but also preserves metal substrate for 

reuse. A substantial removal of oxygen and recovery of sp2 structure is observed, in 

company with its mechanism reconstructed by TOF-SIMS depth profiling. As expected, 

good electrical and optical properties are combined in the resulting rGO/quartz samples. 
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This technique is competitive with other production methods, and particularly when 

large-scale and less-expensive graphene-based TCF is needed. 

 

3.6 SUPPLEMENTARY INFORMATION 

3.6.1 PDMS Example for Flexible Electronics 

The reduced GO film on PDMS substrate was prepared by simply replacing 

aforementioned PMMA support with PDMS (SYLGARD® 184 from Dow Corning). 

After spin-coating of its precursors, the sample was cured at 70˚C for two hours. This 

was followed by electrochemical delamination. The resulting rGO/PDMS sample was 

rinsed in distilled water and dried in desiccator, ready for electrical measurement (figure 

3.8). 

 

 

Figure 3.8: Variation in resistance of reduced GO layer on PDMS substrate for different 

strains. The low sheet resistance was preserved up to the strain of 10% and can be mostly 

recovered after relaxing. 
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3.6.2 XPS for GO and rGO Films 

 

Sample Atomic Ratios of Carbon 

and Oxygen (C/O) 

Film Thickness (nm) 

GO reference 2.89 N/A 

rGO film 8.10 7 

rGO film 9.00 9 

rGO film 9.26 17 

rGO film 2.33 550 

Table 3.1: XPS for GO and rGO films with different thickness on quartz substrates. The 

C/O ratio in thick rGO film is found similar to that in GO reference, indicating it is not 

homogeneously reduced. 
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Chapter 4 

Summary and Future Work 

4.1 SUMMARY 

We developed new fabrication techniques for graphene-based TCFs. Starting 

from the mainstream graphene production methods, CVD growth and exfoliation of 

graphite oxide, we explored electrochemical delamination to realize the separation 

between graphene film and metal substrate on which it was prepared. Coated with a 

polymer support layer, this delaminated film was integrally transferred with high material 

qualities. Interestingly, this delamination process occurs with simultaneous reduction of 

the GO film. It is capable of producing ultrathin rGO films with good optical and 

electrical properties, compared to other chemically or electrochemically reduced GO 

films. Unfortunately, due to poor sheet-to-sheet junctions and structural defects, state-of-

the-art rGO films cannot compete with CVD graphene films. For example, with the same 

optical transmittance (λ=550 nm), the sheet resistance of CVD-graphene is two to three 

orders of magnitude lower than that of rGO film. Even so, the low cost and compatibility 

with scale-up production make the rGO process attractive. We cannot say which one is 

better only if we know how it can be applied. 

 

4.2 FUTURE WORK 

My following work will focus on more fundamental issues at the graphene-

polymer interface. As we discussed in Chapter 2, the polymer-assisted graphene transfer 

is usually flawed by the polymer residues and other inorganic contaminants on surface. 

While partially removed by chemical or thermal methods, it continuously impacts the 

performance of graphene-based devices. After all, graphene is only few atomic layers. 
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Therefore, we want to develop a different polymer system. By incorporating 

photosensitive or chemical sensitive groups, the polymer chains can unzip into small 

molecules under specific stimuli. This is expected to result in a molecularly clean 

graphene surface. On the other hand, with better understanding of the graphene-polymer 

interaction, we will design and synthesize transparent polymers for graphene-based 

TCFs. They are not only mechanical supports for the atomic-thick graphene layer, but 

also a suitable doping agent. We expect to combine high transmittance (>90%), low sheet 

resistance (<10 Ω/□) and chemical stability within one flexible film, aiming to replace 

current metal-oxide TCFs. 
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