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ABSTRACT 

Versatile and Tunable Transparent Conducting Electrodes Based on Doped 

Graphene 

Ahmed E. Mansour 

The continued growth of the optoelectronics industry and the emergence of wearable and 

flexible electronics will continue to place an ever increasing pressure on replacing ITO, 

the most widely used transparent conducting electrode (TCE). Among the various 

candidates, graphene shows the highest optical transmittance in addition to promising 

electrical transport properties. The currently available large-scale synthesis routes of 

graphene result in polycrystalline samples rife with grain boundaries and other defects 

which limit its transport properties. Chemical doping of graphene is a viable route 

towards increasing its conductivity and tuning its work function. However, dopants are 

typically present at the surface of the graphene sheet, making them highly susceptible to 

degradation in environmental conditions. Few-layers graphene (FLG) is a more resilient 

form of graphene exhibiting higher conductivity and performance stability under 

stretching and bending as contrasted to single-layer graphene. In addition FLG presents 

the advantage of being amenable bulk doping by intercalation. 

Herein, we explore non-covalent doping routes of CVD FLG, such as surface doping, 

intercalation and combination thereof, through in-depth and systematic characterization 

of the electrical transport properties and energy levels shifts. The intercalation of FLG 

with Br2 and FeCl3 is demonstrated, showing the highest improvements of the figure of 

merit of TCEs of any doping scheme, which results from up to a five-fold increase in 
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conductivity while maintaining the transmittance within 3% of that for the pristine value. 

Importantly the intercalation yields TCEs that are air-stable, due to encapsulation of the 

intercalant in the bulk of FLG. Surface doping with novel solution-processed metal-

organic molecular species (n- and p-type) is demonstrated with an unprecedented range 

of work function modulation, resulting from electron transfer and the formation of 

molecular surface dipoles. However, the conductivity increases compared modestly to 

intercalation as the electron transfer is limited to the uppermost graphene layers. Finally, 

a novel and universal multi-modal doping strategy is developed, thanks to the unique 

platform offered by FLG, where surface and intercalation doping are combined to 

mutually achieve high conductivity with an extended tunability of the work function. 

This work presents doped-FLG as a prospective and versatile candidate among emerging 

TCEs, given the need for efficient and stable doping routes capable of controllably tuning 

its properties to meet the criteria of a broad range of applications. 
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CHAPTER 1  
Introduction  

 
Transparent conductive electrodes (TCE) are materials which are characterized by their 

high electrical conductivity and optical transmittance. These characteristics enable a wide 

range of applications including, low-emissivity windows, electrically controlled smart 

windows, defrosting windows, touch screens, photovoltaics and displays.
[1]

 TCEs form a 

crucial part of any optoelectronic and photovoltaic device, acting as a window for light to 

enter or exit while simultaneously providing or collecting electrical current. In 

conventional thin film photovoltaics, including organic, quantum dot and perovskite solar 

cells, light is transmitted through the TCE into the light absorber layer where either 

excitons or free carriers are generated. Transparent hole and electron transporting layers 

(HTL and ETL) selectively transport holes and electrons to the anode and cathode, 

respectively, while also blocking the opposite charge from reaching the electrode.
[2,3]

 

Applications and technologies relying on TCEs are persistently increasing, placing a 

continuous demand for such materials. Touch panels have been produced at a rate of 

more than 3.5 million units in 2010 with annual growth of 20% through 2013,while E-

paper displays have seen 30 fold increase from 2008 to 2014, and sales are expected to 

exceed $13 billion by 2017 highlighting the ever increasing demand on TCEs.
[4]

 

Similarly, the market of  wearables using smart textiles is expected to grow at a rate of 

132% between 2016 and 2022 which translates into a $70 billion dollars potential 

market.
[5]

 Furthermore, the paradigm shift in the electronics industry from being 

technology-oriented (faster, smaller and larger capacity) towards user-oriented (wearable, 
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flexible and novel human-interfacing methods) has further increased the demand on 

TCEs and motivated their development to satisfy the additional requirements of being 

flexible, bendable and producible with tunable optoelectronic and energetic properties.
[6]

  

Historically, transparent conductive oxides (TCO) were the first TCEs used, with indium 

tin oxide (ITO) being the most popular due to its conductivity being the highest among 

all TCOs and since it has become a mature material that has been extensively studied and 

developed since its discovery in 1947.
[1,4]

 ITO exhibits a sheet resistance as low as a few 

tens of Ohms per square and transmittance of around 80% in the visible range, making it 

suitable for various optoelectronic, photovoltaics and touch screen technologies.
[7,8]

 

The incumbent transparent conducting electrode still today is ITO, occupying 93% of the 

of the market share as of the year 2013 at $1.6 billion sales in the touch screen 

technology alone,
[9]

 and the market is expected to grow to $6.3 billion in 2024.
[10]

 This 

continuous growth in demand combined with the scarcity of indium has led to an ever-

increasing cost of ITO.  As shown in Figure  1.1A, indium currently sells at $745 per kg 

as compared to ~ $200 per kg in the early 1990s.
[11]

 Furthermore, indium has been 

flagged as a critical energy element by APS-MRS study panel and the U.S. DOE, defined 

as elements required for emerging sustainable energy sources and are forecast to 

encounter supply disruptions (Figure  1.1B).
[12]

 In addition, ITO has shown chemical 

stability issues
[13]

 and a degraded performance under bending and stretching 

conditions.
[14]

  

Even though analysts predict a continuous dominance of ITO during the next 20 years, 

immense research is directed towards seeking alternative materials, which would match 
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its performance while being mechanically flexible and chemically stable.
[4,9,15,16]

 

Emerging TCEs include metal nanowires, carbon nanotubes, conductive polymers, and 

graphene, which combined are forecast to sell more than $220 million in 2026, forming 

more than 25% of the market share of TCEs.
[10]

  

 

Figure  1.1: (A) Fluctuations and the overall increase in the prices of indium. The cyclic 

trend characterized by various sharp rises in the price in 1980, 1988, 1995 and 2005 are 

attributed to factors related to the economy, resource availability, and introduction of 

new technological innovations factors. The recent price decrease in 2009 was driven by a 

recession in the global economy. The increasing demand of ITO after 2009 is the reason 

for the continuous increase in indium price since then.
[17]

 Data are obtained from U.S. 

Geological Survey (USGS).
[11]

 (B) The periodic table with highlighted energy critical 

elements.
[12]

 

Since its discovery in 2004,
[18]

 grapheneós unique properties have sparked tremendous 

interest and interdisciplinary research aimed towards integrating it a wide range of 

emerging applications including TCEs.
[19]

 Mechanically, it is the strongest known 

material with a Youngôs modulus of 1 TPa and intrinsic strength of 130 GPa.
[20]

 

Moreover, charge transport in graphene is ballistic on the submicron scale with a 

fundamental limit of carrier mobility of 200000 cm
2
/(Vs)

 
and a carrier density on the 

order of 10
12

 cm
-2

.
 [21]

  Optically, graphene is also remarkably transparent, as a single 

layer absorbs only 2.3% of white light and reflects less than 0.1% at all wavelengths.
[22]
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This leads graphene to exhibit the highest transmittance among other existing and 

emerging TCE such as metal nanowires and carbon nanotube.
[14]

 

The combination of the remarkable electrical transport and optical transmittance of 

graphene, in addition to being atomically flat and continuous, which beats the nanowires 

and tubes structure with respect to surface roughness and high local resistance at 

tubes/wires junctions,
[4,23ï26]

 has led to increased interest in utilizing graphene as TCE 

and various demonstrations in optoelectronic and photovoltaics applications as 

schematically shown in Figure  1.2. 

 

Figure  1.2: Schematic illustration of potential applications of Graphene TCEs. (A) 

Inorganic, (B) organic, and (C) dye-sensitized solar cells. (D) Capacitive touch screen, 

(E) organic light emitting diode, (F) photodetector, and  (G) smart screen window.
[14]

 

However, the enabling of industrial applications based on graphene TCE requires the 

availability of large-scale production routes, for which much research effort has been 

invested, as will be discussed in details in Chapter 2.2. Chemical vapor deposition 

(CVD) of graphene on metals is currently the most promising route towards large-scale 

production, which is currently used to grow either single layer graphene (SLG) or few 

layer graphene (FLG). CVD graphene, in general, has outperformed graphene 

synthesized by any other scalable route such as solution-processed reduced graphene 



17 
 

oxide as shown in Table 1.1.
[6]

 However, CVD typically yields polycrystalline samples, 

which become more defective and impure after the required transfer step, resulting in 

inferior conductivity as compared to theoretical predictions and the conductivity of 

mechanically exfoliated graphene.
[27] 

This has hindered the industrial realization of CVD 

graphene as a TCE. To tackle this, the research community has followed two main 

directions; (1) understanding and optimizing the growth of CVD graphene and the 

subsequent transfer method,
[27ï31]

 and (2) the engineering of grown CVD graphene to 

increase its conductivity without sacrificing its optical transmission, which have been 

generally done through layers stacking and doping.
[6,32ï36]

 This second route has the 

added advantage of the ability to modulate the work function of graphene TCEs so that it 

better interfaces by forming energetically favorable paths for electron extraction and 

injection. This dissertation adds to the efforts along the second route, for which an 

extensive literature review is provided in Chapter 2.4. 

Table  1.1: Various routes of graphene production compared based on their scalability 

and other properties.
[6]

 

 

Our literature survey demonstrates that most of the work done in this area has focused on 

using surface molecular dopants on SLG, which being exposed on the surface can reduce 

the long-term stability of doped graphene TCEs. In addition, benefits of molecular doping 
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result from interplay between increasing the carrier density in graphene and reducing the 

mobility attributed to Coulomb scattering by the charged molecules of the dopant as 

detailed in Chapter 2.3. On the other hand, several groups have adopted interlayer 

doping of graphene, in which cumbersome sequential cycles of SLG doping and transfer 

took place, to form an artificial structure similar to graphite intercalation compounds 

(GIC) so that long-term stability is enhanced. Few reports on spontaneous intercalation of 

FLG in a similar manner to GIC have appeared more recently, where the small guest 

molecule would intercalate and provide an efficient doping for the bulk of FLG. 

However, this effort has mainly been focused on the non-scalable mechanically 

exfoliated FLG. 

In this dissertation, we focus on the chemical doping of CVD graphene as the most 

promising route towards industrial realization of graphene TCEs, aiming to provide a 

better understanding of the doping process, in addition to providing means to enhance the 

figure of merit (FoM) of graphene TCEs through the development of efficient and novel 

doping strategies. We adopt FLG grown on nickel thin films because they are more 

resilient, and exhibit favorable stability under stretching and bending conditions, which to 

a large extent is in contrast to SLG. FLG intrinsically inherits the advantages of the layer 

stacking strategy, thus eliminating the need for the cumbersome process of sequential 

transfer that includes additional defects and contaminations into graphene. With respect 

to chemical doping of FLG, larger benefits are demonstrated from molecular surface 

doping, as Coulomb scattering of the charged molecules would be screened by the top 

most layers, and thus causing smaller carrier mobility losses as compared to surface 

doped SLG, while being amenable to forming large-scale intercalation compounds in a 
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similar manner to GIC, and thus providing an efficient doping of graphene layers in the 

bulk of FLG. These advantages of FLG are further elaborated in Section 2.2.6. 

Our approach includes the detailed investigation of the evolution of the electronic, 

electrical transport, optical and structural properties of CVD FLG using non-covalent 

chemical dopants that would either adsorb on the surface or spontaneously intercalate in 

between the sheets of FLG. Followed by the development of a universal hybrid doping 

approach, where FLG is mutually bulk-doped through intercalation, and surface-doped by 

large molecular species providing a maximized doping of almost all available graphene 

layers in FLG. Further details on the methodologies used throughout this thesis are 

provided in Chapter 3, as well as in Appendices A and B. 

The results of this work show that intercalation doping leads to significantly large 

improvements in the FoM of CVD-FLG based TCEs, which result from the large increase 

in the conductivity due to the effective doping the bulk of FLG, and the minimal 

reduction of optical transmittance. In addition, longer air stability is achieved due to the 

encapsulation of dopants in between the sheets. This is demonstrated in a comparative 

study of bromine doping of FLG and SLG, where benefits of intercalation are evident 

through the former as will be discussed in Chapter 4. Furthermore, this dissertation 

provides a guideline for the selection of molecular surface dopants and the need to 

optimize their coverage in order to achieve a desirable performance of graphene TCEs. 

This is realized through a systematic study of organic and metal-organic molecules and 

the effect of their doping strength and coverage on the optoelectronic properties of 

graphene which is described in Chapter 5. Finally, a novel and universal doping strategy 



20 
 

has been developed, where increased conductivity and further work function tunability 

are achieved through the combination of intercalation and surface molecular doping, 

which effectively work together towards achieving desired properties of graphene TCEs, 

through maximizing the number of doped graphene layers in FLG. This approach is 

detailed in Chapter 6.   

The combination of the scientific aspect presented by the in-depth understanding of the 

charge transport and energy level adjustments in doped graphene, and the engineering 

aspect presented by the demonstration of doping strategies that would enhance the FoM 

of graphene TCE, demonstrates the significant contribution of this work, given the need 

for effective and stable doping routes for graphene synthesized by the large-scale 

production methods such as chemical vapor deposition towards application as TCE.  

Conclusions and future perspective are provided in Chapter 7. 
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CHAPTER 2  
Literature Review 

 

2.1 Transparent conductive electrodes (TCE) 

The combination of optical transmittance and high electrical conductivity in thin films of 

materials has enabled several technologies and a broad range of applications such as 

displays, lighting, electromagnetic shield windows and photovoltaics.
[1,15]

  Materials 

exhibiting these two properties simultaneously are widely known as transparent 

conductive electrodes (TCEs), of which transparent conductive oxides (TCOs) were the 

first to be extensively utilized in the above-mentioned applications.
[37ï40]

 In this section, 

the historical development of TCEs is surveyed, along with applications and general 

requirements. Next, the shortcomings of the most popular TCE to date, indium tin oxide 

(ITO) are presented and contrasted to emerging TCEs including graphene. The Figure of 

Merit (FoM) defining the performance of TCE is then described, followed by discussing 

the potential of graphene as emerging TCE along with strategies towards it being utilized 

in applications.  

2.1.1 Historical perspective of TCEs  

The discovery of thin film transparent metallic compounds in 1907 by Badeker is well 

recognized as the starting point in history for this field and semiconductor electronics.
[41]

 

During his work on electrical conduction in metals, Badeker has successfully 

demonstrated the synthesis of various transparent conductive metallic compounds by 

sputtering on glass and mica followed by oxidation in air, such as CdO, Cu2O and PbO, 
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and precisely determined their thickness and conductivity. Significant development of 

TCOs has occurred with the advent of quantum mechanics, which has enabled solid 

understanding of the electronic structures and transport properties of such materials, 

motivating the improvement of their synthesis process.
[15,37]

 Several investigations on 

using TCO in optoelectronics such as selenium rectifier based photocells as well as 

heated and antistatic windows has followed,  and was celebrated by the first application 

in 1947 as a transparent heating layer for cockpit windows in planes using SnO.
[42]

 Later 

on, with the introduction of flat panel displays in the 1970s, the application of metals 

oxides as TCEs has grown and ITO became the most commonly used TCO, mainly due 

to its high electrical conductivity.
[15]

 The discovery of ITO as TCO came unplanned, 

during experiments on metal oxide insulators at Corning laboratories in1930s,
[43]

 and was 

later on mentioned clearly in a patent filed in 1947.
[44]

 The increased awareness of the 

importance of energy conservation and sustainability after the oil crises in 1970
[45,46]

 has 

generated research opportunities and applications for TCO in the form of low emissivity 

windows, that controls heat and light flux into buildings, where a metal sandwiched 

between two TCO layers have dominated the market.
[15]

 In addition, the ever increasing 

interest in photovoltaics, which utilizes TCEs as a window that allows light into the 

active materials while being able to transport the photo-generated charges to external 

circuits, has driven much of the research towards improving TCOs and developing new 

materials as TCEs.
[47]

   

2.1.2 General requirements for TCEs 

The criteria for choosing a specific TCE cannot be universally defined, since every 

application poses different requirements on the physical properties - defining the 
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performance of the TCE in devices such as electronic, optical and electrical properties - 

and other practical requirements related to the manufacturing processes involved in these 

applications, such as chemical durability, ability to be patterned, mechanical hardness and 

economic feasibility and toxicity.
[1]

 Reference [1] reviews such requirements for TCOs 

and puts them in perspective for various applications. Table 2.1 compares the 

transmittance and sheet resistance requirements for most common display and touch 

panel electronic devices.
[4]

 

Table  2.1: Requirements of TCEs for various applications. Adapted from Ref [4]. 

Transparent 

Electrode Type 

Device Type %T Range Rs Range 

(ɋ/Ǐ) 

Touch side Resistive touch panel 86-90 300-500 

Device side Resistive touch panel 88-90 200-500 

Top or Bottom Projected Capacitive touch panel 88-92 100-300 

Primary Surface Capacitive touch panel 88-90 900-1500 

Pixel LCD 87-90 100-300 

Common LCD 87-90 30-80 

 

Figure  2.1illustrates the wide range of required electrical conductivity of TCEs for 

different applications. For example, a TCE with ~ 500 ɋ/Ǐ is considered sufficient for 

touch screens and smart windows, however, light emitting diodes and photovoltaics pose 

more stringent requirement with sheet resistance < 50 ɋ/Ǐ.
[6]

 

Ideally, a TCE should be highly transparent in the spectral range of interest for the 

optoelectronic/photovoltaic device as well as highly conducting, and should be 

energetically aligned with buffer and photoactive layers in order to inject or extract 

charges with a minimal barrier. Accordingly, the properties of TCEs that directly 

influence the performance of devices are the sheet resistance (Rs), the transmittance (T) 

and the work function (ū). More recently, with stretchable and wearable electronics 
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appearing on the horizon, the additional requirement of flexibility and stretchability has 

also become relevant.
[48,49]

  

 
Figure  2.1: Applications of TCE and their posed requirements on the sheet resistance.

[6]
 

2.1.3 Emerging TCEs towards replacing ITO 

Currently, indium tin oxide (ITO) is the most popular TCE used owing to its low sheet 

resistance of few tens of Ohms per square and transmittance of around 80% in the visible 

range.
[7,8]

 However, due to the relative scarcity of indium in the face of growing 

demand,
[12,50]

 chemical stability issues
[13]

 and its rigidity,
[14]

 a replacement material that 

can meet the performance of ITO, and be mechanically flexible and chemically stable has 

been the subject of much research.
[36,48,51]

 Several candidate TCEs in lieu of ITO have 

been reported, such as conductive polymers,
[52,53]

 metal nanowires,
[51,54]

 single-walled 

carbon nanotubes
[55,56]

 and more recently graphene.
[57ï59]

 Compared to graphene, most of 

these alternatives have already achieved good conductivities that are comparable to ITO 

as shown in Figure  2.2A, which plots the transmittance vs. sheet resistance of various 

TCEs.
[14]

 However, the superiority of graphene lies in its flat transmittance spectrum, 

which exceeds all of the current TCEs including ITO as shown in Figure  2.2B. The 

shaded area in Figure  2.2A shows the calculated limits of graphene performance as TCE 
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using commonly achieved mobility and carrier concentrations of CVD graphene, which is 

currently the most promising route for large-scale production of highly conductive 

graphene as will be discussed in details in Section 2.2.5.
[14]

 These results show the 

promising potential of graphene to achieve similar levels of conductivity as ITO but with 

higher transmittance. The 2D nature of graphene resolves several of the challenges 

associated with the inherently patchy and rough films of carbon nanotubes and silver 

nanowires, which decreases the shunt resistance in photovoltaic applications and 

degrades their performance.
[26]

 In addition, nanowires and nanotubes typically suffer 

from high resistance at the junctions of overlapping wires or tubes,
[23ï25]

 for example, at 

the junction of the overlap of two carbon nanotubes the resistance can be in the range of 

200 kɋ to 20Mɋ (as contrasted to the resistance along a single tube being 10 kɋ).
[4]

 

 
Figure  2.2: (A) Transmittance (550nm) vs. sheet resistance and (B) transmittance spectra 

for various emerging TCEs.
[14]

 

2.1.4 Figure of Merit (FoM) of TCEs 

Among the many requirements of TCEs,
[1]

 high electrical conductivity and optical 

transmittance are the most crucial, as these directly influence the performance of 

optoelectronic and photovoltaic devices. However, achieving these two goals in a single 

material may be challenging due to the fact that they are fundamentally 
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contradicting.
[15,60]

 Direct-current conductivity (ůDC) linearly increases with increasing 

the charge carrier density (n) and/or mobility (ɛ), according to „ Ὡὲ‘. However, 

increasing the charge carrier density shifts the plasma frequency (ɤp) to a higher energy, 

which determines the threshold energy of absorption in materials, below which photons 

would be absorbed. For example, in metals the carrier density is on the order of 10
22 

cm
-3

, 

which puts the plasma frequency in ultra-violate range rendering them opaque and highly 

reflective in the visible, whereas, the carrier density in graphene is on the order of 10
19

 

cm
-3

 resulting in plasma frequency in the far-infrared region, leading graphene to behave 

as a transparent material in the visible region. Moreover, while increasing the thickness 

of a TCE reduces its sheet resistance, it can also increase the absorption losses, especially 

in the context of graphene, whose absorbance scales with the number of graphene layers 

as will be discussed in Section 2.3.3.  

Comparison of the performance metrics of various TCE materials is greatly facilitated by 

the definition of a Figure of Merit (FoM) which takes into account both the sheet 

resistance and the optical transmittance. The first such FoM was proposed in 1972, and 

was simply taken as the ratio between the transmittance and sheet resistance, where a 

higher value would indicate a better performing TCE.
[61]

 However, failure of this FoM 

was demonstrated due to the dependence of both Rs and T on thickness, which led to a 

FoM value at the maximum thickness resulting in T = 37%, making it unsuitable for most 

TCE applications. To address this, Haacke proposed a new FoM in 1976,
[60]

 which used 

the ratio between T and Rs, however, adding an exponent x (x > 1) to the former to 

balance the contributions of both effects in the FoM as shown in Equation  2.1; 
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Ὂέὓ    Equation  2.1 

The exponent x is set to a value limiting the maximum thickness that would maximize the 

FoM to a value that results in an acceptable T for the specific application. For example, x 

= 10, 20 or 100 would limit the maximum FoM for a TCE with T = 90%, 95% or 99%, 

respectively. The value of x can be derived for each application depending on the 

minimum value of T that would yield the desired performance.  

More recently, another approach has been introduced that defines the FoM in terms of 

more fundamental material properties such as the direct current and optical 

conductivities, ůDC and ůop, respectively, and thus eliminates extrinsic effects such as 

thickness.
[62]

 The Rs and T are defined according to following equations, 

Ὑ     Equation  2.2 

Ὕ ρ „ ὸ   Equation  2.3 

Eliminating the thickness t, and taking „ ςȾὤ, where Ŭ is the absorption 

coefficient and Zo is the impedance of free space and has the value 377 ɋ. A general 

relation between Rs and T could be defined for a thin continuous conducting film 

according to,  

Ὕ ρ
 

  
Equation  2.4 

It is clear from Equation  2.4, that the ratio  controls the relation between T and Rs, 

and thus is defined as the FoM for TCEs (Equation  2.5). Hence, by measuring the T and 

Rs for a specific material the FoM can be calculated with ease and used to compare 
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various films with respect to industrial standards for different applications. Transmittance 

is reported at 550 nm by convention.  

Ὂέὓ
 Ȣ    

Equation  2.5 

2.1.5 Graphene as emerging TCE 

The high optical transmittance, electrical conductivity, flexibility and chemical stability 

of graphene have triggered great interest in its application as a TCE material in 

optoelectronic devices as a potential replacement for ITO.
[14,57,58,63]

 CVD graphene has 

emerged in recent years as the most promising route for large-scale industrial production 

and replacement of the incumbent ITO. However, improving the quality and performance 

of CVD graphene as well as reducing the energy consumption of the growth and transfer 

processes continue to be important in order to replace ITO.  

The wide range of available routes to synthesis graphene has led to numerous 

morphological, structural and electronic properties. Moreover, thickness of graphene 

samples in literature are hardly reported, in addition to difficulties involved in the exact 

determination of the thickness, making the extraction and comparison of electrical 

resistivity of graphene a non-reliable property to compare graphene films obtained using 

various routes. Moreover, even in the case of large-area SLG synthesized using CVD, 

islands of bilayer and trilayer graphene unavoidably and non-controllably exist.  

The optical properties of graphene also depend on the thickness of graphene film being 

studied. Thus, for a comparison of the performance of graphene based materials with 

respect to TCEs, a FoM was proposed to combine both the electrical transport properties 

presented by the sheet resistance, and the optical properties presented by the optical 
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transmittance typically taken at 550 nm. As shown in the equations 2.2 and 2.3, these two 

parameters are combined by using the thickness as a common factor, which would 

eliminate the influence of the thickness in such FoM as shown in equation 2.5, and thus 

provide a reliable metric to compare graphene produced using different methods.   

A recent comparison of the FoM of graphene-based materials reveals an upper limit that 

makes pristine graphene in general not suitable for applications such as TCEs. However, 

it suggests that doping or layer stacking can push these limits further to meet the 

industrial standard which was set to be larger than 35 based on Rs < 100 ɋ/Ǐ and T > 

90%.
[62]

 Moreover, as plotted in Figure  2.3, CVD graphene have shown the highest FoM 

(~10) as compared with graphene obtained from other routes, such as the non-scalable 

mechanically exfoliated graphene (FoM=2.7) and solution-processed graphene and 

chemically derived graphene, where the latter would result in a significantly low FoM = 

0.7 due to junction resistance between overlapping flakes.
[62]

 Theoretical estimation of 

the FoM of a monolayer graphene leads to a value of 2.55, however, CVD graphene has 

shown values as high as 11 which can be attributed to unintentional doping from the 

substrate. With the limit of FoM = 11, graphene-based TCEs fall below the industrial 

standard of 35. Thus doping of graphene is essential to enhance the FoM, for which an 

upper limit of 330 was approximated initially for CVD graphene, significantly higher 

than that of ITO (FoM = 172).
[62]

 A stack of 4 layers of CVD graphene treated with acid 

doping has already been demonstrated to exhibit a FoM of 118.
[63]

 Moreover, lithium 

intercalation of mechanically exfoliated graphene has recently beaten the predicted limit 

for CVD, approaching FoM of 1400 which demonstrates the huge advantage of pursuing 
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bulk doping of optically thin few layers graphene through intercalation, however, this is 

limited by the industrial scalability of mechanically exfoliated graphene.
[64]

 

 
Figure  2.3: FoM of graphene synthesized by various routes and characterized without 

any deliberate doping.
[62] 

A recent comparison using Life Cycle assessment method (LCA) of the impact of CVD 

growth of graphene and ITO production as TCEs on the basis of energy consumption and 

scarce metal usage, have concluded that the former can indeed have a lower impact than 

the production of ITO under the best scenario proposed by the authors.
[65]

 Surprisingly, 

the highest impact on energy consumption for CVD graphene process comes from the 

production of copper foils rather than high temperature involved in the process. Thus, an 

opportunity to further reduce the impact would be availed by the reuse the copper foil 

after the transfer process, which has been demonstrated recently using electrochemical 

transfer route, or by the recovery of etched copper from the etchant.
[66,67]

  

The main challenge towards using graphene as a TCE in lieu of ITO, is increasing its 

conductivity to match that of the later. CVD Graphene, however, exhibits higher sheet 

resistance due to the polycrystalline nature of the obtained samples, in addition to the 
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induced defects during the transfer process. Key strategies to improve the conductivity of 

CVD graphene are: (1) growing higher quality graphene through increasing the grain size 

in the polycrystalline films, (2) improve the transfer process to minimize the number of 

introduced defects and contaminants, (3) engineering of graphene films through layers 

stacking and (4) chemical doping of graphene. The latter point is the main scope of this 

dissertation and will be reviewed in details in Chapter 2.4. 

2.2 Production routes of graphene-based materials 

Since the celebrated exfoliation of single layer graphene using the scotch tape method in 

2004,
[18]

 immense research effort has gone into developing large-scale production routes 

that can yield high-quality graphene sheets and thus enable industrial applications of the 

miracle material.
[68]

 Furthermore, the properties of graphene are highly dependent on the 

synthesis route, which largely determines the potential applications for each, indicating 

that there isnôt a universal optimum route to synthesis graphene-based materials, and it 

should always be discussed in the window of a specific application of interest and its 

required performance metrics.  

In this section, efforts to define the nomenclature of graphene are traced, towards the 

most recent definition of the term graphene and its related materials. The criteria used to 

develop such terminologies are described, with providing examples to clearly define the 

various members of graphene-related materials family. The terms outlined in this section 

is to serve as a reference for the terminologies used in this thesis. Then, routes for 

synthesizing graphene are surveyed along with their potential applications and 

limitations. A special emphasize is given to CVD graphene, since it is the most promising 
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method for large-scale production of graphene of sufficient conductivity towards 

applications as TCE, in addition to being the focus of this thesis.  

2.2.1 Nomenclature of graphene 

Despite being the most recently discovered carbon allotrope, the term ñgrapheneò has 

appeared in publications dating back to 1986 in reference to the individual layers of sp
2
 

hybridized carbon making up graphite and its intercalated compounds (GIC).
[69]

 Around 

the same period graphene was used to conceptually describe the structure of other 

carbon-based materials, such as carbon nanotubes,
[70]

 epitaxial graphite,
[71]

 fullerenes
[72]

 

and polycyclic aromatic hydrocarbons.
[73]

 

After the successful isolation of a single layer of graphene in 2004,
[18]

 and the associated 

flurry of research activities on graphene and related materials, the term ñgrapheneò 

became used broadly to describe a wide range of two-dimensional (2D) or 2D/3D carbon 

materials with varying thicknesses, lateral sizes, and structures. This has led to 

inconsistencies in the early literature, some of which continue to persist, but a serious 

effort by the scientific community has led to the adoption of a nomenclature which 

precisely describes each member of the graphene family.
[74,75]

 

In 1986 an editorial article aiming to define the nomenclature and terminology of GIC by 

Boehm et al. registered the term ñgraphene layerò for a single atomic thick carbon sheet 

within the 3D graphite.
[69]

 After the realization of isolated single layers of graphene, this 

term was strictly used to describe a single carbon layer in any other carbon material of 

various dimensionalities, such as graphite (3D), carbon nanotubes (1D), and fullerenes 

(0D). On the other hand, the term ñgrapheneò was reserved to refer to an isolated single 
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layer graphene sheet of extended lateral dimension either suspended or placed on a 

foreign substrate.
[74]

  

A recent recommendation for the nomenclature of the graphene-based materials has been 

published, to promote a consistent and well-defined usage of terminologies, that precisely 

describe the material, thus eliminating confusion in the scientific literature.
[74]

  

Graphene-based materials have been defined to comprise a family of nanomaterials 

which inherits the 2D characteristic of a graphene sheet, accordingly it includes 

multilayered graphene and chemically derived graphene sheets such as Graphene Oxide. 

It is to be distinguished from the 3D sp
2
 carbonaceous materials which are together with 

graphene-based materials are part of a larger family labeled as Graphenic-carbon-

materials. The various categories of graphene-related materials are illustrated in 

Figure  2.4, and will be described in details below.  

 
Figure  2.4: Suggested nomenclature of graphene based on the number of layers and 

lateral size 
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The suggested recommendations were based on various principles relying on a set of 

well-defined characteristics which when varied, alters the physical and chemical 

properties of graphene, so that each terminology would imply a physically and/or 

chemically different material. The first among these principles enforces the distinction 

between the terms graphene and graphene layer, where it clearly defines the use of 

graphene to refer to isolated single atomic thick carbon sheets, arranged hexagonally in a 

honeycomb structure, and doesnôt form part of any other carbon structure.  The deviation 

of any graphene-based material from this definition shall be reflected in the terminology 

by adding a descriptive suffix or prefix to the term graphene. Secondly, graphene has 

been obtained with lateral dimension ranging from tens of nanometers to several 

micrometers depending on the synthesis route, and processing conditions. The lateral 

dimension can significantly alter the electrical transport and other properties in graphene, 

and thus a clear definition of such parameter in the terminology of graphene-based 

materials especially those in solutions is highly recommended, such as ñgraphene 

nanosheetsò or ñgraphene microsheetsò. Thirdly, the thickness of graphene is a crucial 

parameter, as the electronic structure evolves with the number of layers, till it resembles 

that of bulk graphite once the number of layers exceeds ten.
[76]

 Such statement is only 

valid in the case where the sheets are electronically coupled through Bernal-ABA or 

rhombohedral ABCA stacking, however, for randomly stacked (Turbostratic or 

rotationally faulted) there is no coupling between the sheets and thus the electronic 

structure resembles that of a monolayer. This makes it important to define the stacking as 

well as the number of layers in the terminology of the graphene-based material. The in-

plane shape is an important feature that should also be included such as Graphene ribbons 
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or quantum dots which have generated a significant amount of research interest. 

According to the principles just mentioned, graphene-based materials were classified 

based on the number of well-defined and countable layers in the material. A single layer 

of graphene is simply referred to as graphene, two layers and three layers are labeled as 

bilayer and trilayer graphene, respectively. As the number of layers increases, few layers 

graphene (FLG) is reserved to describe graphene with 1 ï 5 layers, and multilayer 

graphene (MLG) to describe graphene with 1ï  10 layers. For thicker materials with 

thickness and lateral dimensions less than 100 nm, the term graphite nanoplates is to be 

used, with the ñnano-ñ term included to distinguish from graphite powders that are 

typically more than100 nm thick. This transition from using the term graphene to the 

term graphite results from the fact that the electronic properties of graphene sheets of 

more than 10 layers are no longer distinguishable from those of bulk graphite once the 

layers are stacked in Bernal stacking (ABA).  

With the increased industrial and commercial interest of chemically modified graphene 

and exfoliated graphite, in addition to their different properties and applications as 

compared to pristine graphene, a clear distinction shall be made when referring to 

graphene oxide (GO) and reduced graphene oxide (rGO) which are the most common 

chemically modified graphene materials. The structure of GO is largely altered due to the 

incorporated oxidation process during the synthesis which renders the material 

electrically insulating. The reduction of GO can restore the electrical conductivity 

partially by various chemical and thermal processes, however, in either case, GO and 

rGO are considered among the most important graphene-based materials. As will be 

described in details in the next section, the properties of graphene can vary drastically 
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from one synthesis route to another. The synthesis route has been generally used to prefix 

the term graphene which provides valuable information on what to expect in terms of the 

physical and chemical properties, such as CVD graphene, epitaxial graphene and 

mechanically exfoliated graphene. 

2.2.2 Mechanically exfoliated Graphene 

Monolayer graphene sheets obtained by mechanical exfoliation are by far the highest 

quality graphene, and have been the favored route by researchers for fundamental studies 

into its unique physical properties.
[76]

 Starting from a highly oriented pyrolytic graphite 

crystal (HOPG), a scotch tape can be used to peel flakes of graphene by cleaving them 

from the crystal via normal force. The flakes commonly attached to the scotch tape are 

typically few layers graphene and thick graphite platelets, which can be made thinner by 

attaching them to a Si substrate, and repeatedly peeling them off until a monolayer 

graphene is obtained (Figure  2.5A).
[77]

 Another variation of the mechanical cleavage 

process is to apply a shear force to the crystal by drawing it on a target substrate.
[78]

 

Samples obtained through mechanical exfoliation are typically on the scale of tens of 

micrometers ï thus typically referred to as micromechanical cleavage ï in addition to 

having a very low throughput, since single layers are buried among thicker ones which 

obstruct its characterization and detection.  Hence, it is unlikely to develop any mature 

industrial mass production of graphene based on this route.
[79]

 Larger scale production 

routes of graphene have been developed, generally compromising the high quality of the 

obtained graphene.  
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Figure  2.5: Morphological images of graphene synthesized by different methods. (A) 

AFM image of mechanically exfoliated graphene.
[18]

 (B) Optical image of monolayer 

CVD graphene transferred to glass
[80]

, (C) SEM image of monolayer CVD graphene 

transferred to SiO2/Si showing wrinkles and multilayer regions, scale bar is 5 ɛm,
[80]

 (D) 

photograph of large-scale spin-coated graphene oxide on 300 mm wafer and the 

transferred free-standing graphene oxide membrane (left).
[81]

 (E) AFM image of 

graphene oxide showing a step height of individual flake corresponding to 0.67 nm 

(across the green dashed line), scale bar is 1 ɛm.
[81]

 (F) epitaxial graphene grown on 

SiC.
[82]

 

2.2.3 Epitaxial growth of graphene on SiC 

Graphene has been grown epitaxially on SiC wafers. Annealing SiC at ~ 1500 °C leads to 

the segregation of graphitized islands of carbon, as the Si desorbs from the surface at 

around 1000 °C (Figure  2.5F).
[83ï86]

 Epitaxial growth of graphene on SiC is a two-step 

process; first the wafer is annealed in a hydrogen environment aiming towards removing 

contamination and minimizing surface roughness to provide a high-quality platform for 

graphene growth, followed by annealing at an increased temperature to sublime Si and 

grow graphene layers.
[86]

 This process has been demonstrated to hold in ultra-high 

vacuum (1×10
-10

 Torr)
[86]

 or ambient pressure conditions;
 [84]

 with the former generally 

leading to higher quality, wafer size monolayer graphene with smoother morphology and 

larger crystalline domains. 
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Several limitations for this route are related to the use of SiC substrate since the lateral 

size of obtained graphene is limited to that of the available standard wafer size, i.e. Ò 4 

inches. In addition to posing difficulty and additional cost related to the required transfer 

of graphene to arbitrary substrates for various technological applications. 

2.2.4 Solution processed graphene oxide (GO) and reduced graphene oxide (rGO) 

The development of methods to disperse graphene sheets in solution and rendering its 

solution processability has been extensively investigated. However, graphene is 

hydrophobic and tends to aggregate in aqueous and organic solvents. To overcome this, 

modifying the basal plane of graphene with functional groups that would increase its 

solubility and stability in solutions has been a subject of much interest.
[87]

 The presence 

of oxygen based functionalities has led to hydrophilic graphene which is highly soluble in 

aqueous and common polar solvents. However, the oxidation of graphene would induce 

significant defects to its basal plane, so that it loses its high conductivity and becomes 

insulating.  

Oxidation of graphite using the Hummers methods,
[88]

 followed by exfoliation in water 

by sonication was used to produce solutions of single layer and few layers graphene 

oxide sheets, which can be solution-processed onto large-area substrates as shown in 

(Figure  2.5D and E). GO sheets are then reduced either by annealing at high temperature 

or using various chemical reducing agents such as hydrazine. The reduction step is 

needed to restore the electrical conductivity in rGO. Even after the reduction process, the 

obtained sheets have the lowest conductivity when compared to all other routes of 

graphene production due to the large amount of defects present. The conductivity is 
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further reduced by the interlayer junction resistance of obtained films, diminishing the 

opportunity of using it in electronic applications.
[81]

 This, in addition to environmental 

and cost impacts of the various chemical reducing agents, forms a major barrier in the 

face of its industrial production. 

2.2.5 Chemical Vapor Deposited (CVD) graphene 

Synthesis of CVD graphene 

The growth of thick graphitic films by the decomposition of hydrocarbons on the surface 

of crystalline
[89]

 or polycrystalline
[90]

 transition metals using CVD has been known for 

more than 50 years.
[91]

 The search for large-scale production routes of single layer 

graphene has led the community to revisit this approach, attempting to grow single to few 

layers graphene films on various transition metals such as Ru,
[92,93]

 Pt,
[94ï96]

 Co,
[97]

 Ni
[98ï

101]
 and Cu.

[80,102]
 Graphene-based materials of varying morphology, thickness, and 

quality were obtained depending on the processing conditions and the metal of choice. 

This variation was ascribed to two different growth mechanisms shown in Figure  2.6, 

which are classified based on the solubility of carbon in the transition metal of choice: (1) 

surface thermal decomposition of the hydrocarbon precursor which typically occur on 

metals with low carbon solubility (Figure  2.6A) and (2) diffusion and segregation of the 

carbon species from the bulk of the metal and metastable metal carbides during the 

cooling process, occurring in metals with high carbon solubility (Figure  2.6B).
[27]

 The 

catalytic behavior of transition metals is attributed to the partially filled d-orbitals which 

allow for reactions either by changes in their oxidation states or by forming intermediates 

that are appropriate for the growth.
[27]
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Figure  2.6: Growth mechanisms of CVD graphene. (A) surface thermal 

decomposition
[103]

 and (B) diffusion and segregation.
[98]

  

In general, CVD growth of graphene is a three step process, (1) starting with loading of a 

transition metal into a tube furnace, feeding of hydrogen while heating up to around 1000 

°C allowing for recrystallization of the metal to larger grains and the reduction of any 

metal oxide on the surface, (2) and then a hydrocarbon precursor such as methane is 

introduced into the reaction chamber along with the hydrogen flow at specific pressure 

and duration, during which it thermally decomposes into reactive species that forms 

graphene nuclei growing and coalescing into a continuous graphene film (3) followed by 

controlled cooling of the system. The last step becomes important only when diffusion 

and segregation mechanism (Figure  2.6B) dominates, and the cooling rate should be 

carefully controlled to determine the quality and the thickness of graphene films.
[98]

 

Initially, large-scale FLG and MLG were reported by various groups in 2008,
[100,101]

 

using Ni as the catalytic metal under ambient pressure. Carbon exhibits a relatively high 

solubility in Ni ~0.6 weight% at 1326 C,
[27]

 and hence the growth mechanism is 

dominated by carbon diffusion and segregation during the cooling process. Thus, both 

nickel film thickness and the cooling rate had to be optimized to control the thickness of 

grown graphene. Typically 300 nm thick e-beam evaporated nickel film on SiO2/Si yields 

the highest quality FLG films composed of 4-12 layers. Lower thicknesses have been 
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reported to affect the morphology of the Ni film during the growth, where the high 

temperature of the process would cause its aggregation and dewetting into clusters with 

negative consequences on the quality of graphene.
[100]

 The cooling rate has been 

systematically studied and has been identified as a key factor in thickness and continuity 

of grown FLG. Extremely fast cooling (>50 C/s) reduces the mobility of the carbon 

atoms in the C-Ni solution, and results in poor film continuity, whereas, the optimum 

cooling rate (10 ï 20 C/s) has achieved high quality and continuous FLG films. Slow 

cooling rates  (<0.1 C/s) provide sufficient time for carbon to diffuse into the bulk and 

prevent any film formation as shown in Figure  2.6B.
[98]

  

In 2009, it was reported that graphene with more than 95% single layer (SLG) coverage 

can be grown on a copper foil (~25 ɛm thick) used as the catalytic metal substrate.
[80]

  

The growth of graphene on copper is a self-limiting surface process, where thermal 

decomposition of hydrocarbon precursors occurs at 1000 C in the presence of hydrogen 

at the surface of the copper catalyst. The absence of the precipitation mechanism seen on 

other metals was an important advantage. This is due to the low affinity of copper to 

carbon, which has a solubility of ~0.008 weight% at 1084 C. This removes the need for 

controlling the cooling rate and substrate thickness in order to control the quality of the 

grown monolayers.
[104,105]

 Indeed, similar graphene quality was obtained despite cooling 

rates varying from 20 to 300 C/min and using foil thicknesses of 12.5, 25 and 50 ɛm, 

indicating the growth process is dominated by surface catalysis effects.
[80]

 CVD growth 

of graphene on thin copper films (<500 nm) on SiO2/Si has been attempted in a similar 

manner to FLG growth on Ni. However, the resulting graphene is generally defective
[106]

 

and exhibits lower carrier mobility
[105]

 than those obtained on thick copper foils. This has 
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been attributed to changes in the morphology of thin polycrystalline metal films, 

including their de-wetting at high-temperature and low-pressure conditions.  

Roll-to-roll CVD growth of graphene was first attempted in ambient conditions on a one 

meter strip copper foil, leading to the growth of few layers graphene.
[107]

 The annealing 

and growth regimes of the process were carefully controlled by tuning the rolling speed 

and utilizing a specially engineered gas diffusion system that is able to directly flow the 

gasses at the heated zone which is shown in Figure  2.7A. More recently a concentric 

tube CVD furnace was developed for the synthesis of CVD graphene at low pressure, by 

helically wrapping the copper foil on the internal quartz tube which was inserted into the 

main tube of the furnace as shown in Figure  2.7B. The gas is supplied to the central zone 

of the furnace through holes on the internal tube that would allow two different zones for 

annealing and growth on the furnace. Continuous monolayer graphene has been 

successfully synthesized using this process.
[108]

  

 
Figure  2.7: Roll-to-Roll processing of CVD graphene. (A) Growth of FLG using a 

diffusion system for the gasses at the heated zone
[107]

, (B) Continuous monolayer growth 

using concentric tube CVD system,
[108]

 and (C) Transfer of large are CVD SLG to PET 

substrates using roll-to-roll processing.
[63]
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Transfer of CVD-grown graphene 

CVD has proven to be a successful route for the synthesis of large-area graphene films on 

transition metals. However, most applications require the graphene (SLG or FLG) to be 

transferred to another substrate for device fabrication. Successful transfer of graphene is 

not a trivial task. The main criterion for a successful transfer process is that it should not 

damage the CVD-grown graphene and thus result in a smooth and defect-free graphene 

free of residues associated with the transfer.
[109]

 

However, the transfer process can cause significant degradation of the quality of CVD 

graphene due to tearing and folding of the sheet.
[109]

 Significant effort has therefore been 

put in place in order to improve transfer processes to the point that they can maintain the 

quality of the as-grown samples.  

Transfer methods of CVD graphene generally employ a support layer placed on top of the 

graphene, which provides mechanical support during the chemical etching of the 

underlying metal film or substrate. After the etching process is complete, the 

graphene/support bilayer is transferred to the destination substrate, at which time the 

support layer is removed. Depending on the support layer used, transfer methods are 

generally classified either as carrier or stamp methods.
[110]

 Carrier transfer methods 

utilize a support layer that adheres strongly to graphene and requires aggressive chemical 

or thermal treatments to be removed. Examples of carrier transfer processes include the 

use of popular Poly-(methyl methacrylate) PMMA film or thermal release tapes. The 

main issue with such methods is that residues of the support layer are difficult to remove 

completely. This negatively impacts the ability to make contacts to graphene. In addition, 
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the harsh chemical and thermal treatments used in the removal of the support layer are 

likely to be incompatible with the destination substrate or device. In this regard, the 

stamp transfer method which utilizes an elastomeric support layer that picks up the 

graphene layer and stamps it onto the destination substrate has advantages. Stamping 

methods typically utilize polydimethylsiloxane (PDMS) as support layer because of its 

weak adhesion to most materials. Removal of the stamp layer relies on the 

thermodynamics of the interfacial adhesion forces at the stamp/graphene and 

graphene/substrate (destination) interfaces. The stamp support layer is removed simply 

via mechanical peeling, which would leave the graphene film intact on the destination 

substrate and leave no residues on the surface. However, mechanical stresses during the 

release step can introduce cracks into the graphene sample. 

A) Carrier transfer methods: PMMA support layer 

The PMMA-mediated transfer has been successfully demonstrated in the context of 

carbon nanotubes,
[111]

 and has been shown to transfer CVD graphene from the catalyst 

metal to a wide range of target substrates.
[80,101]

 The process consists of a thick spin-cast 

polymer layer on graphene, followed by chemical etching of the metal support leaving 

the PMMA/graphene floating on the surface of the etchant. After washing with DI water, 

the stack is scooped up by the target substrate, forming a PMMA/graphene/substrate 

stack. The PMMA is dissolved and washed away with acetone leaving graphene on the 

target substrate. However, the existence of covalent bonds between the PMMA layer and 

graphene complicates the transfer.
[109]

 Some PMMA residues always remain on the 

surface of graphene ï even with intense washing, increasing its roughness, introducing 

unintentional p-doping, reducing its conductivity and impacting the quality of contacts 
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between graphene and other materials. Removal of PMMA residues requires additional 

annealing in vacuum
[112]

 or under an H2/Ar mixture
[113]

 at 300 C, which is quite effective 

at removing residues. 

The PMMA transfer method has been fine-tuned by Ruoff et al.,
[114]

 who introduced a 

second layer of PMMA on the PMMA/Graphene stack after scooping with the target 

substrate. Processing the second PMMA layer is believed to partially dissolve the first 

one, allowing an easier release of graphene and its internal stresses built up during the 

etching and transfer processes. This method has been shown to improve the contact 

between graphene and the target substrate.  

B) Stamp transfer methods: PDMS support layer 

Stamp transfer methods most commonly utilize PDMS layer to mechanically support 

graphene, a concept borrowed from soft-lithography, where a microstructure can be 

replicated using pre-patterned elastomer masks. The PDMS stamp is attached to the 

graphene sample, followed by chemical etching on the underlying metal catalyst, the 

PDMS/Graphene can be lifted off using a tweezer, washed and dried and then stamped on 

the target substrate. The PDMS stamp can be peeled off leaving the graphene on the 

substrate. This is in contrast to the scooping step in the PMMA transfer method, which is 

less desirable when the target substrate or device is sensitive to moisture, acetone and/or 

heating. As PDMS is durable, unreactive and binds to graphene via weak van der Waals 

interactions, the transfer process tends to be cleaner and the surface of graphene can be 

free of residues. This method has been demonstrated to transfer continuous and patterned 

SLG
[115]

 and FLG
[100]

 graphene onto SiO2/Si. The only requirement for a successful 
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stamp transfer process is that the work of adhesion ï defined as the energy needed to 

separate two solids at the interface into their respective free surfaces ï between the 

graphene and PDMS (source) to be lower than that between the graphene and the target 

substrate.  

ὡ ὡ  

The work of adhesion is a function of the surface energy of the materials in contact; 

hence this equation can be represented as a comparison between the surface energies of 

PDMS and the target substrate. The formerôs surface energy is 20 mJ/m
2
, which tends to 

be lower than many materials.
[116]

  

The transfer process can also be adapted to roll-to-roll CVD graphene and has 

successfully led to the transfer of CVD graphene onto flexible PET substrates.
[63,67,107]

 

Large-scale transfer of a 30 inch (diagonal) SLG from a copper foil to PET has also been 

made possible by the use of thermal release tapes which are attached to the 

graphene/copper by applying soft pressure between two rollers, and finally removed after 

the etching of copper and stacking on PET by applying moderate heating (90 ï 120 C) as 

shown in Figure  2.7C.
[63]

 In addition to various advantages offered by CVD graphene in 

terms of quality, scalability, and throughput; the adaptation of the growth process and the 

subsequent transfer to batch and continuous manufacturing, including roll-to-roll 

processing, have positioned the CVD route as a front runner for the industrialization and 

commercialization of graphene into electronic and optoelectronic applications. 
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2.2.6 CVD single-layer vs. few-layer graphene 

Our literature survey indicates that FLG, which typically refers to an as-grown stack of 2-

5 layers of graphene,
[74]

  is a more mechanically and chemically resilient form of 

graphene with demonstrated advantages over SLG,
[117]

 including superior performance in 

various applications such as gas sensors,
[118]

  flash memory
[119]

 and electrical 

interconnects.
[120,121]

 FLG electrodes exhibit only a slight variation in conductivity upon 

stretching and bending with full recovery to the original performance when the strain is 

removed,
[100]

 whereas the conductivity of SLG decreases significantly and irreversibly in 

similar conditions as shown in Figure  2.8,
[114,122]

 making FLG a particularly interesting 

TCE candidate from the perspective of emerging applications, such as flexible 

electronics, optoelectronics, and photovoltaics. 

The increased number of layers in FLG not only increases the conductivity of graphene 

films, but also makes them more resistant to adverse effects from the substrate, such as 

charged impurities, and decreases the contact resistance in devices due to screening effect 

of the additional layers.
[120,123]

 In addition, the fact that at least one graphene layer is 

buried beneath the surface makes FLG more robust and less prone to performance 

degradation due to contamination and defects during processing.
[117]

 Moreover, as we 

will show in this thesis, FLG is amenable to intercalation by very small dopant molecules 

in a similar manner as graphite can be intercalated to form graphite intercalation 

compounds (GIC) with small redox-active guests. 
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Figure  2.8: Comparison of the variation of the electrical transport of FLG and SLG 

under mechanical bending and stretching. Variation of the resistance of FLG as a 

function of (A) bending radius,  and (B) lateral stretching (strain).
[100]

And the variation 

of the resistance of SLG as a function of (C)flat-fold cycles and for various bending 

radii,
[114]

 and (D) lateral stretching (strain).
[122]

 

The intercalated dopant molecules are thus encapsulated by graphene overlayers resulting 

in a more stable bulk doping, as has been shown for few-layer and multilayer graphene 

with various intercalants such as Br2,
[124]

 FeCl3
[125]

 and Li.
[64]

 This potential nexus 

between graphene and GICs offers a tremendous opportunity to independently tune the 

properties of graphene via surface and/or bulk doping, a direction which has yet to be 

explored and is the main topic of this thesis. 


