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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]

 graphene‘s 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 Young’s 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,
[4,23–26]

 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 
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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,
[27–31]

 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.
[6,32–36]

 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 
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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.
[37–40]

 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 

(Ω/□) 

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 Ω/□ is considered sufficient for 

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

more stringent requirement with sheet resistance < 50 Ω/□.
[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 (Φ). 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.
[57–59]

 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,
[23–25]

 for example, at 

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

200 kΩ to 20MΩ (as contrasted to the resistance along a single tube being 10 kΩ).
[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 (σDC) linearly increases with increasing 

the charge carrier density (n) and/or mobility (μ), according to 𝜎𝐷𝐶 = 𝑒𝑛𝜇. However, 

increasing the charge carrier density shifts the plasma frequency (ωp) 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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𝐹𝑜𝑀𝐻𝑎𝑎𝑘𝑒 =
𝑇𝑥

𝑅𝑠
   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, σDC and σop, respectively, and thus eliminates extrinsic effects such as 

thickness.
[62]

 The Rs and T are defined according to following equations, 

𝑅𝑠 =
1

𝜎𝐷𝐶𝑡
    Equation 2.2 

𝑇 = [1 +
𝑍𝑜

2
𝜎𝑜𝑝𝑡]

−2

  Equation 2.3 

Eliminating the thickness t, and taking 𝜎𝑜𝑝 ≈ 2𝛼/𝑍𝑜, where α is the absorption 

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

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

according to,  

𝑇 = [1 +
𝑍0

2 𝑅𝑠

𝜎𝑜𝑝

𝜎𝐷𝐶
]

−2
  

Equation 2.4 

It is clear from Equation 2.4, that the ratio 
𝜎𝐷𝐶

𝜎𝑜𝑝
 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 



28 
 

various films with respect to industrial standards for different applications. Transmittance 

is reported at 550 nm by convention.  

𝐹𝑜𝑀 =
𝑍0

2 𝑅𝑠(𝑇−0.5−1)
   

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 Ω/□ 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 isn’t 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 “graphene” 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 “graphene” 

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 “graphene layer” 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 “graphene” 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 doesn’t 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 “graphene 

nanosheets” or “graphene microsheets”. 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 – 5 layers, and multilayer 

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

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

used, with the “nano-“ 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 – thus typically referred to as micromechanical cleavage – 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 μm,
[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 μm.
[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).
[83–86]

 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. ≤ 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,
[94–96]

 Co,
[97]

 Ni
[98–

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 ᵒC,
[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 



41 
 

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 ᵒC/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 – 20 ᵒC/s) has achieved high quality and continuous FLG films. Slow 

cooling rates  (<0.1 ᵒC/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 μm 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 ᵒC 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 ᵒC. 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 ᵒC/min and using foil thicknesses of 12.5, 25 and 50 μm, 

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 – 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 ᵒC, 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 – defined as the energy needed to 

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

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

substrate.  

𝑊𝐺−𝑆 < 𝑊𝐺−𝐷 

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 former’s 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 – 120 ᵒC) 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. 
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2.3 Electronic structure and optoelectronic properties of 

graphene 

In this section, the electronic band structure of graphene, along with the resulting unique 

physical phenomena are introduced. The electrical transport properties and the various 

carrier scattering mechanisms in graphene are described while comparing ideal graphene 

sheets to the polycrystalline graphene typically obtained in large-scale production routes. 

Then the optical properties of graphene relevant to applications as TCE are discussed. 

2.3.1 Electronic structure of graphene 

The extraordinary electronic properties and charge transport in graphene arise from its 

unique band structure that was predicted in 1947 for a single graphene layer in graphite. 

This band structure has been subsequently used as the basis for describing the electronic 

structure of a wide range of sp
2
 carbon allotropes, including nanotubes and 

Buckminsterfullerenes.
[126]

 Graphene is described as a hexagonal honeycomb lattice of 

carbon atoms lying flat in one plane. Carbon atoms are bonded covalently to each other 

by sp
2
 hybridized bonds with a C-C distance of 0.142 nm and an exact atomic thickness 

of one carbon atom, equivalent to 0.335 nm. Hybridization of the filled 2s and 2p orbitals 

of carbon atoms leads to three planar sp
2
 orbitals which align with the basal plane of the 

graphene sheets forming the strong covalent σ bond responsible for the high in-plane 

mechanical strength in graphene, leaving behind one orbital (2p) that aligns orthogonally 

to the basal plane which gets occupied by the delocalized π-electrons. 

The π-electrons are responsible for the unique electronic band structure of graphene, 

where non-interacting π-states from the valence band and π
*
-states from the conduction 
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band touch at six points known as the Dirac points. These are typically reduced to an 

independent pair (K and K’ points) having a linear and symmetric dispersion relations 

around the Dirac point which is generally illustrated in literature as two cones touching at 

EDirac (Figure 2.9).
[127]

 Consequently, graphene is a zero-gap semiconductor, with 

electrons and holes exhibiting the same properties leading to the ambipolar field effect 

transport.
[18]

 In addition, the charge carriers in graphene are relativistic and hence 

described by the Dirac equations - rather than the Schrödinger equation - as zero-mass 

quasiparticles called massless Dirac fermions, moving with an effective speed equal to 

the speed of light (υF=10
6
 m

 
s

-1
).

[76,127]
 

 

Figure  2.9: Electronic Structure of Graphene and the reduced representation of the 

linear dispersion relation at the K point.
[128]

 

2.3.2 Electrical transport properties of graphene 

Theoretical and experimental studies have shown graphene to exhibit a minimum 

conductivity on the order of e
2
/h at vanishing carrier concentration at the Dirac point, 

which extends over a plateau independent of carrier concentration.
[129–131]

 The minimum 

conductivity is an intrinsic property of electronic structures described by the Dirac 

equation and a direct consequence of the massless Dirac fermion charge carriers in 

graphene. And thus it was initially attributed to the fact that such carriers show no 
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localization effects in the presence of disorder, thus validating Mott’s argument that the 

mean free path of charge carrier cannot be smaller than their wavelengths and hence the 

conductivity cannot be smaller than e
2
/h.

[129]
 Later, the minimum conductivity and the 

accompanying plateau in carrier density were associated with charge density 

inhomogeneity at low carriers concentration forming  networks of electron rich and hole 

rich regimes which were termed as the electron-hole puddles.
[132]

 Thus, changing the 

carrier concentration via electric field gating or chemical doping would be limited to the 

redistribution of charges without increased conductivity.
[133]

 

As the carrier density increases in graphene, the system moves away from the 

inhomogeneous electron-hole puddle regime to a homogeneous 2D system for which the 

electrical transport has been theoretically explained by the semiclassical Boltzmann 

transport equations.
[132,134,135]

 Experimentally, the transition between these two regimes 

have been accessible through applying a gate voltage (Vg) to graphene on SiO2; that can 

vary the surface charge density in graphene according to Equation 2.6
[77]

 

𝑛 =
𝜀𝑜𝜀𝑉𝑔

𝑡𝑒
  Equation 2.6 

Here, εo and ε are the permittivities of free space and the SiO2 substrate, respectively, e is 

the electron charge and t is the thickness of the SiO2 layer. The modulation of the carrier 

density by electric field gating has been considered as electrical doping of graphene and 

has been extensively used to study the electrical transport properties and electronic 

structure in doped graphene.
[136–138]

 At Vg = 0, the electrical transport is at the electron-

hole puddles regime, where the Fermi energy lies at the Dirac point for intrinsic 

graphene, and the resistivity exhibits a maximum. Sweeping the gate voltage across this 
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point yields a sharp reversal in the Hall coefficient 𝑅𝐻 =
1

𝑒𝑛
 , and initially very small 

changes in the conductivity, indicating the substitution of one type of the carriers to the 

other moving towards the homogeneous transport regime. In doped graphene, the 

resistivity peak at (originally at Vg = 0) would be shifted towards a negative or positive 

gate voltage for n- and p- doping respectively.
[139]

  

Scattering mechanisms in the homogeneous carrier regime 

Various scattering mechanisms have been proposed to take place in the homogeneous 

carrier regime and were investigated both theoretically and experimentally (Table 2.2). It 

was theorized that transport in graphene is limited by short-range scattering, which is 

independent of the carrier density. However, experimental observations of the carrier 

density dependence of graphene’s conductivity, have led to the introduction of Coulomb 

long-range impurity scattering, which turned out to be the dominant scattering 

mechanism in graphene.
[132,135]

 Both long-range Coulomb scattering by impurity centers 

(ni) and short-range scattering by point defects (nd) can be treated theoretically by the 

Boltzmann transport equations, which predicts the carrier density dependence of either 

and has shown a quantitative agreement with transport properties obtained experimentally 

in the high carrier density regime (n > ni).
[132]

  

The conductivity (σ) at zero temperature is defined by Equation 2.7. 

𝜎 =
𝑒2

2
𝑣𝐹𝐷(𝐸𝐹)𝜏(𝐸𝐹)   Equation 2.7 

Here, υF is the Fermi velocity of carriers, D(EF) is the density of states and τ(EF) is the 

scattering time. The scattering rate 
1

𝜏
 is a function of the density of the scattering centers 
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and the matrix element of the scattering potentials ‹Vkk’(Z)›, which varies with the energy 

of carriers for Coulomb scattering and is constant for short-range disorder scattering. The 

dependence of the scattering time (τ) on the carrier density for each scattering mechanism 

is different, and is defined according to Equation 2.8, 
[132]

 

𝜏 ∝ {
√𝑛, 𝐶𝑜𝑢𝑙𝑜𝑚𝑏 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔

1

√𝑛
, 𝑆ℎ𝑜𝑟𝑡 𝑟𝑎𝑛𝑔𝑒 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔

  Equation 2.8 

The density of states for monolayer graphene is defined as 

𝐷(𝐸𝐹) =
2𝐸𝐹

𝜋(ћ𝜐𝐹)
    Equation 2.9 

Here, EF is the Fermi energy for monolayer graphene (𝐸𝐹 = ћ𝜐𝐹√𝜋𝑛). Thus, 𝐷(𝐸𝐹) ∝

√𝑛, leading to the conductivity dependence on carrier density based on Equation 2.10; 

𝜎 ∝ {
𝑛 , 𝐶𝑜𝑢𝑙𝑜𝑚𝑏 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔

𝑛0, 𝑆ℎ𝑜𝑟𝑡 𝑟𝑎𝑛𝑔𝑒 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔
  Equation 2.10 

Fitting of the Boltzmann equations to various results in the literature has shown that the 

Coulomb scattering is the dominant scattering mechanism by showing the linear 

conductivity dependence on carrier density for n>ni>nd, with the impurity density in 

typically supported graphene samples is of the order of ni ~ 10
12

cm
-2

. Furthermore, this 

analysis explained the sublinear conductivity regime observed for high-quality 

samples,
[131]

 which was referred to as a crossover between impurity scattering dominant 

transport to that increasingly affected by point defects leading to a flattening of the curve 

when nd/ni ~0. The Boltzmann transport predictions break down in the low carrier density 

regime, where the conductivity is predicted to vanish linearly to zero. However, as 

mentioned earlier, graphene conductivity at low density (n<ni) becomes density-
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independent and stabilizes at a constant value on the order of e
2
/h due to the formation of 

electron-hole puddles.  

The fact that long-range Coulomb scattering by impurity centers is the limiting factor of 

transport in graphene has been verified experimentally by several groups.
[131,140]

 A 

systematic comparison of various mechanically exfoliated graphene devices on SiO2, 

with a varying degree of impurity density, led to two different electrical transport 

behaviors. Higher mobility samples (>10000 cm
2
/Vs) exhibited lower charge impurity 

density and sublinear carrier density dependence of the conductivity in the high-density 

regime indicating the importance of the short-range scattering mechanism in this regime, 

in agreement with theory.
[131]

 On the other hand, increasing the charge impurity density 

has led to samples with lower mobility (<5000 cm
2
/Vs), where a linear carrier density 

dependence of the conductivity is an indication of the dominance of the long-range 

Coulomb scattering. In addition, asymmetry of the electron and hole branches was 

observed in this regime, which has been inferred to the interaction of the random 

impurity charges (electron-hole puddles) with the applied gate voltage of different 

polarity.  

The effect of Coulomb scattering was shown to extend to the low carrier density regime, 

where a higher minimum conductivity, wider voltage plateau around the Dirac point and 

larger shift of the Dirac voltage has been correlated with a higher impurity density, due to 

interactions with the electron-hole puddles.
[131,140]

 The significant role played by the 

density of charged impurities at the low-density limit was found to affect the position and 

value of the minimum conductivity in addition to the plateau width (carrier density at 
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which the minimum conductivity is constant), concluding that charged impurities obscure 

the Dirac point physics predicted theoretically. The minimum conductivity was found to 

occur at a carrier density that nullifies the potential of the charge impurities, rather than 

the simple expectations of n=ni. In addition, its value was shown to be higher than 

theoretical predictions.
[133,140]

  

Lattice vibrations comprise another scattering mechanism in graphene including either 

graphene phonons (intrinsic) or the surface polar phonons from the underlying substrate 

(extrinsic). The latter have been shown to set the fundamental limit of carrier mobility at 

room temperature.
[21,135,141]

 Temperature dependent studies of conductivity, have shown a 

carrier density independent component of the resistivity, that scales linearly with T<150 

K. Such component is characteristic of intravalley (q=0) longitudinal acoustic phonons in 

graphene
[142]

 which has been reported to set the intrinsic limit of transport properties in 

graphene. Carriers mobility could be higher than 200000 cm
2
/Vs if all other scattering 

mechanisms are eliminated.
[21,141]

 Other phonons in graphene are believed not to 

contribute significantly to the transport properties,
[135]

 where the intravalley (q=0) optical 

and intervalley (q=K) acoustic phonons have been ruled out since both modes are out-of-

plane and do not couple strongly to the electrons.
[141]

   

At higher temperatures (>150 K), a nonlinear dependence of resistivity has been 

generally observed, that is also carrier density-dependent. The latter dependence results 

in the rejection of the optical phonon scattering mechanism in graphene which is 

expected to show a weak dependence on the carrier density. This regime was attributed to 

scattering by remote interfacial phonons (RIP) in the underlying substrate 
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(SiO2),
[133,143,144]

 which generates an electric field that couples with the charge carriers. 

Fitting resistivity due to SiO2 surface optical phonons (with hω = 59 and 155 meV) to 

experimentally measured data have shown general agreement explaining that its 

magnitude is temperature- and charge carrier density-dependent.
[141]

 The mobility limited 

by the RIP from the substrates yields a limiting mobility of 40000 cm
2
/Vs, confirming the 

fact the scattering by the extrinsic charged impurity in currently obtained samples is the 

limiting scattering mechanism in graphene.  

Table  2.2: Electron scattering Mechanisms in Graphene 
Scattering mechanism References 

Coulomb scattering by charged impurities [131,140,145] 

Short-range scattering [132,135,146] 

Phonon scattering by graphene [141,147] 

Substrate surface polar phonons scattering [141,143] 

Surface Roughness [21] 

 

Transport properties in suspended graphene 

Aiming to experimentally access the intrinsic transport properties of graphene and better 

understand the unique physical phenomena near the Dirac point, the transport properties 

of high-quality suspended graphene sheet were attempted in 2008 by two different 

groups.
[133,148]

 By suspending graphene, substrate effects on the electrical transport are 

eliminated, by mitigating surface charge traps and removing the effects of interfacial 

polar phonons, substrate roughness and the potential of forming ripples in graphene in 

addition to fabrication residues on or under the graphene sheets. Bolotin et al.
[148]

 have 

successfully suspended mechanically exfoliated graphene about 150 nm above SiO2 

substrate and studied its electrical transport at low temperature (5 K). They observed 

relatively low mobility of 28000 cm
2
/Vs at a carrier density of 2×10

11
 cm

-2
, similar to 



57 
 

that reported for supported graphene.
[18]

 However, by applying an electric current 

heating, they have raised the mobility substantially to 230000 cm
2
/Vs, due to the removal 

of impurity contaminations. Being suspended allows such impurities to be effectively 

removed from both top and bottom surfaces of the graphene sheet. Similar annealing 

treatments on supported graphene did not show any improvement in the carrier 

mobility.
[149]

 Du et al.
[133]

 have reported near ballistic transport in suspended graphene 

sheets in the low carrier density regime (<5×10
9
 cm

-2
) at T=4.2 K, achieving a mobility 

as high as 200000 cm
2
/Vs. Such observations were correlated to the diminished effect of 

electron-hole puddles once the substrate was removed. The effect of the electron-hole 

puddle was quantified by the average deviation of the Dirac point from the Fermi energy 

defined as Ef, below which the gating of graphene would be limited to the redistribution 

of carriers between electrons and holes without significantly changing the carrier density. 

It was estimated to be less than 10 meV for suspended samples as compared to nearly 40 

meV for supported samples. Moving away from the Dirac point, carrier mobility as high 

as 185000 cm
2
/Vs was reported at low temperature (T= 20 K). 

Electrical transport in polycrystalline graphene 

The electrical transport properties discussed thus far have focused on high quality 

mechanically exfoliated graphene, in which large single crystal domains are obtained. 

The large-scale production methods of graphene such as epitaxial growth on SiC and 

CVD on transition metals typically lead to inferior transport properties as discussed in 

Chapter 2.2. Such large-scale synthetic graphene is typically polycrystalline consisting 

of several single grains that coalesce together into single or multiple grain boundaries, 

which are defective by nature consisting of periodic pentagons and heptagons of carbon 
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atoms. The impeded electrical conductivity and mobility of such samples have been 

attributed to such grain boundaries, which gained significant research interest to address 

the electron scattering at the boundaries and providing strategies to optimize the growth 

process to control them.
[30,66,150–154]

  

First principle calculations on polycrystalline graphene have identified two distinct 

behaviors of carriers across a grain boundary; depending on the periodicity of defects in 

the direction of the one-dimensional interface between two domains. Electrons could be 

either totally transmitted through via tunneling or totally reflected impeding the charge 

transport.
[154]

Total reflection occurs at grain boundaries with a structure that could 

introduce a transport gap that prevents the tunneling of carriers. Furthermore, a potential 

barrier model has been used to describe the mobility in polycrystalline graphene, which 

can be described as a network of low resistivity regions ρ1 of dimension l1 characteristic 

of transport in a single domain (intra- grain), and a high resistivity regions ρ2 of 

dimension l2 characteristic of transport across a grain boundary (inter- grain). The 

effective carrier mobility has been modeled according to Equation 2.11; 

𝜇∗ = (
𝛼

𝛼+𝛽
) (𝜇1 + 2𝛽𝜇2)  Equation 2.11 

where 𝛼 =
𝜌1

𝜌2
 𝑎𝑛𝑑 𝛽 =

𝑙2

𝑙1
. Introducing grain boundaries leads to an increase in β, thus 

deteriorating the carrier mobility.
[153]

 This model has been used to verify experimental 

measurements of Hall mobility on large area graphene grown epitaxially on SiC, showing 

the mobility going down from 5800 cm
2
/Vs for single grain graphene (low resistivity 

region) to 370 cm
2
/Vs as a result of inter-grain transport.

[82]
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Temperature dependent transport studies across grain boundaries in CVD graphene, 

revealed a plateau of finite conductivity at low temperature (<100 K) indicating a 

transport limited by tunneling through the grain boundaries, with the majority of the 

carriers unable to overcome the potential barrier across the boundary. At higher 

temperature, the conductivity increases with temperature and could be fitted with an 

Arrhenius relation form 
𝑑𝐼

𝑑𝑉
∝ 𝑒

𝐸𝑎
2𝑘𝐵𝑇 where Ea is the activation energy which describes the 

tunneling barriers the carrier would have to overcome.
[150,153]

 

The deleterious effect of grain boundaries on the mobility of CVD graphene, have also 

been experimentally verified by studying devices fabricated on two single crystalline 

domains that coalesce into a single grain boundary, obtained by suppressing the growth 

process prior to the formation of full coverage. The device terminals were deposited in 

such a way that allows direct measurement of both inter-grain and intra-grain transport 

simultaneously.
[30]

 Carrier mobility obtained from measurements across the grain 

boundary was significantly lower than those obtained from single grains. The series 

resistance measured between the two grains was 0.9 kΩ, significantly lower than the 

measured resistance across the boundary (3 kΩ), showing that the grain boundary 

impedes the transport by 2.1 kΩ.  

Potential carrier scattering mechanisms in CVD graphene include point defects and 

impurities from processing in addition to the grain boundaries. The effect of point defects 

was systematically investigated by introducing defects into a mechanically exfoliated 

sheet and comparing its carrier mobility to that of CVD graphene having the same level 

of defects (quantified by the ID/IG peak ratio from Raman spectroscopy). It was observed 
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that the former still exhibits higher mobility (3000 cm
2
/Vs) as compared to CVD 

graphene with an average mobility of 1100 cm
2
/Vs)

[153]
, concluding that grain boundaries 

are indeed the origin of the low carrier mobility in large-scale synthetic graphene.  

2.3.3 Optical properties of graphene 

The richness of the physics underlying the electronic structure of graphene and its 

transport mechanisms also results in unique optical properties. Light-matter interactions 

are manifested through the transition of electrons from an occupied state below the Fermi 

level to an unoccupied state above the Fermi level. The optical properties and the 

reflectivity or transmittance of graphene are therefore closely linked to its electronic 

structure, dielectric function, and optical conductivity. 
[155]

 

The optical conductivity σopt describes the electrical current density in the presence of an 

alternating electric field with frequency ω and is the key parameter that defines the 

optical properties of graphene. For example, the transmittance of graphene at normal 

incidence has been shown to be 
[22,156,157]

:  

𝑇(𝜔) = [1 +
2𝜋

𝑐
𝜎(𝜔)]

−2

  Equation 2.12 

The optical sheet conductivity in graphene has been theoretically predicted to exhibit a 

universal value (
𝑒2

4ћ
) – that is frequency-independent. Moreover, the universal absorption 

of a suspended graphene layer has been measured to be 2.3±0.1%, with a reflectance of 

<0.1%, in general agreement with the theoretical calculation of the optical 

conductivity.
[22,158]

  Remarkably, the optical absorption of graphene is solely defined by 

the fundamental fine-structure constant α =
𝑒2

ћ𝑐
=

1

137
, where (1 − 𝑇) ≈ 𝜋𝛼, which 
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derives from the linear dispersion relation near the Dirac point, and originates from the 

massless Dirac fermion nature of carriers in graphene, since the fine-structure constant is 

valid only for coupling between light and relativistic particles.
[157]

 For multilayers 

graphene, it was observed that the transmittance in the visible region is determined only 

by the number of layers. The total absorption is proportional to the number of layers 

where each layer absorbs ~2.3% in the visible range, regardless of the changes in the 

electronic structure.
[22,157]

 Simulation of different stacking orders (ABA, ABC) which are 

expected to alter the band structure in multilayer graphene, revealed that the 

transmittance at 550 nm is identical and is not affected by the interactions between the 

layers. This has also been shown to be true for CVD multilayer graphene, in which the 

sheets do not typically show ordered stacking, supporting the fact the each layer would 

independently absorb 2.3%, with the total transmission at 550 nm determined by the fine 

structure constant multiplied by the number N of layers, such that 
[157]

 

𝑇 = [1 + 1.13𝜋𝛼𝑁/2]−2  Equation 2.13 

The factor 1.13 accounts for deviations from the ideal linear Dirac fermions behavior. 

Equation 2.13 can thus be utilized to estimate the number of layers in multilayer 

graphene samples. This is particularly useful for N > 20, since Raman spectroscopy is 

capable of accurately counting the number of graphene layers for N < 10.
[157]

 

The flat optical transmittance of graphene in the visible spectrum, irrespective of its band 

structure, its local environment and photon energy, breaks down at lower photon energy, 

namely in the mid-infrared. Optical characterization of electrostatically doped (gated) 

graphene reveals a dependence of the optical conductivity on the carrier density, 
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temperature and chemical potential.
[159,160]

 The deviation from the universal optical 

conductivity behavior occurs for photons at energies below 0.5 eV, where the measured 

absorbance (correlated to the optical conductivity) is frequency-dependent and exhibits 

sample-to-sample variations. These observations can be understood when considering the 

nature of optical transitions which, in graphene, are divided into interband and intraband 

transitions. Interband transitions are those in which electrons in an occupied state below 

the Fermi level gain sufficient energy from the electromagnetic radiation to be excited to 

an unoccupied state above the Fermi level. These transitions dominate at high photon 

energies, where the condition Eph > 2EF is generally met, and where small shifts in the 

Fermi level do not block the transitions. Intraband transitions correspond to the 

absorption of electromagnetic waves by free carriers within the conduction band, and 

dominate the optical response at lower photon energies, and is strongly determined by the 

scattering mechanisms involved.
[158,161]

 Thus, at low photon energies the optical 

conductivity loses its universal character, becoming more sensitive to the electronic 

structure of graphene and to extrinsic effects such as its environment, support substrate, 

the presence of dopants, etc.
[161]

 

The effects of electrical doping on the optical absorption of graphene have been 

investigated in the infrared region (0.1 – 1 eV) by electrostatically doping graphene. The 

transmittance spectra revealed a peak at all doping concentrations, which corresponds to 

interband optical transitions at (Eph ~ 2EF). The effect of doping was observed through an 

enhanced intraband absorption in the far infrared, and a shift in the transmission peak 

towards a higher energy corresponding to changes in EF which defines the onset of the 

interband transitions.
[159]

 Since the position of EF varies with the carrier density, the 
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relative width of the occupied states and unoccupied states changes with doping (with 

either hole or electrons), thus the energy threshold where the interband transitions are 

allowed is expected to increase with the doping concentration. This is manifested as an 

increase in the transmittance of doped graphene in the IR region
[160]

 and in the visible 

range for heavily doped graphene.
[64]

  In the high photon energy regime, where a 

universal optical conductivity has been predicted, slight deviations from the ideal Dirac-

fermion behavior have been observed in the form of increased absorbance up to 

10%.
[22,157,161]

 This behavior has been explained by the possibility of having many-body 

effects between the carriers rather than the ideal non-interaction massless Dirac 

fermions,
[159]

 and/or deviation of the linear dispersion relation as we move away from the 

Dirac point for increased photon energy, which are expected to increase the absorbance at 

this range.
[158,161]
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2.4 Doping of graphene towards its application as a 

TCE material 

During the very early experiments on graphene,
[18,112,162]

 it was observed that its 

electronic structure and electrical transport properties are very sensitive to extrinsic 

effects and to surface contamination. This is attributed to its 2D nature leading to a large 

specific surface area of 1315 m
2
/g for one side,

[163]
 in addition to the wide-range of 

reactive sites available
[164]

 making it an ideal platform for various atoms and molecules to 

attach, and thus modulate its properties and expand its applications. In this section, the 

various objectives for graphene surface doping and types of dopants is briefly discussed, 

with the major focus on non-covalent doping for enhancing the electrical conductivity of 

graphene without significant optical losses towards applications as TCEs. Then, a 

detailed review of the various chemical non-covalent doping strategies and materials that 

have been reported in literature is provided. Followed by a discussion of the more stable 

of bulk doping of graphene, where dopants are sandwiched between graphene layers 

(interlayer doping). Then this section is concluded with recent advances in intercalation 

doping of few layers graphene, contrasted to interlayer doping.  

2.4.1 Motivation for doping of graphene 

Despite the extraordinary properties of graphene, some aspects of this “miracle material” 

have challenged its wide range industrial applicability in various areas which has 

motivated the engineering of its structural, electronic and chemical properties through 

doping. For example, graphene is intrinsically hydrophobic, which renders it insoluble in 

aqueous and organic solvents, as several sheets spontaneously stack into thick multilayers 

or agglomerate. To enable large-scale production of graphene, it is favorable to have 
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single sheets of graphene uniformly dispersed in solution allowing for low-cost and room 

temperature solution processing adaptable with the mainstream industrial techniques in 

the fabrication of organic electronics and optoelectronics. In addition, the exceptional 

electrical and mechanical properties of graphene have attracted considerable interest in 

being used as fillers for polymers, in which an enhanced overall performance of the 

composite is for graphene (as a filler) to be uniformly dispersed in the composite matrix. 

This has prompted the need to alter the surface properties of graphene with various 

functional groups that would prevent their aggregation and stacking. Moreover, forming a 

uniform interface in electronic devices is key for their successful operation. For graphene 

to be successfully used in solution-processed organic electronics as an electrode or 

interlayer on top of which other components are to be deposited from solution, its surface 

energy has to be modulated through doping to allow for uniform film formation, an issue 

that has been extensively investigated in organic solar cells, where uniform PEDOT:PSS 

films could not be deposited with ease on a graphene TCE.
[57]

  

The electronic structure of graphene discussed earlier, indicates that intrinsic graphene is 

a zero-gap semiconductor exhibiting low carrier density with the existence of non-

homogeneous electron-hole puddles resulting from charged impurities at the interface 

with the substrate, thus leading to a high sheet resistance in pristine SLG of 6000 Ω/□.
[15]

 

The modulation of charge carrier’s type and their concentration can be achieved by 

doping, which has been shown to neutralize the electron-hole puddles and lead to either 

an n-type or p-type graphene with significantly increased electrical conductivity, which 

will be reviewed in detail in this section.  Moreover, the absence of a band gap leads to a 

very low on/off currents ratio in graphene-based field effect transistors which hinder its 
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applicability in digital electronic applications.
[165]

 Various doping routes have been 

demonstrated to induce a band gap in graphene, that allows for its usage in such 

applications and benefit from its high room temperature mobility.  The controlled 

modulations of the work function of graphene have been enabled by doping, to minimize 

the potential barrier of charges at the interface during injection or extraction of electrons. 

The work function of pristine graphene have been reported to be 4.5 eV, which was 

successfully tuned in the range of 2.1-6 eV with n- and p-doping with various dopants, 

respectively, thus allowing graphene to be utilized in any device structure.
[139,166,167]

   

For TCE applications, the main objectives for graphene doping that will be discussed in 

details in this section are: (1) Increasing the conductivity of graphene by increasing 

carriers density with minimal optical losses and (2) tuning the work function to minimize 

the energy barrier at the interface between graphene and adjacent layers.  

2.4.2 Enhancing the conductivity of graphene through chemical doping 

Control over the carrier type and concentration in graphene has been demonstrated 

through the application of electric field in bottom gated graphene sheet on SiO2
[18,137,166]

 

and through electrochemical gating of graphene sheets with a polymer electrolyte top-

gate
[138]

, providing facile experimental procedure to tune doping and understand the 

effects of doping on the transport properties of graphene. However, these remain 

temporary and subject to the availability of external electrical sources which are not 

necessarily suitable for most applications, including TCEs. The term “chemical doping” 

is used to refer to the permanent modification of the electronic structure and transport 

properties through chemical interactions with atomic and molecular species, which are 
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distinct from more volatile doping such as through electrical and electrochemical gating. 

The latter two are therefore excluded from this review and are discussed in the context of 

understanding the impact of doping on transport properties. Chemical doping in graphene 

ranges from non-covalent doping which involves graphene-ligand interaction mainly 

through the π cloud, maintaining the sp
2
 hybridization in the basal plane, to covalent 

doping, which alters the bonding environment of carbon atoms by changing the 

hybridization state from sp
2
  sp

3
 and severely influences the electronic structure of 

graphene.
[168]

 

Chemical reactions on graphene can occur either on its basal plane or at its edges, with 

the latter being more reactive due to the existence of dangling bonds.
[169]

 If we consider 

an ideal 2D graphene with an infinitely extended sheet (no edges), and perfectly flat 

honeycomb hexagonal structure (no curvature, vacancy or grain boundaries), we can 

identify two types of reactions that could potentially occur on the basal plane. The sp
2
 

characteristic of unsaturated carbon-carbon bonds in graphene, are amenable to forming 

an additional covalent bond, by sp
2
sp

3
 hybridization process, towards a saturated state, 

however, the delocalized π cloud in graphene forms a barrier to covalent addition 

reactions, which is generally responsible of the chemical inertness in graphene towards 

covalent bonding. On the other hand, the π cloud acts as a ligand that participates in 

complexation reactions and charge transfer adsorption with various molecules and 

atoms.
[168,170]

 Graphene samples typically synthesized are far away from the ideal 

painting just presented. Practically, graphene includes edges, basal plane fluctuations in 

the form of curvature, vacancies, and grain boundaries in addition to chemical impurities. 

All these features promote additional reactive sites on graphene, that can be involved in a 
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reaction either simultaneously or at different stages making it not possible to achieve full 

control over the doping scheme to be used, and causing a mixed bonding environment for 

the same dopant as has been observed in various doping experiments.
[124]

 

Covalent functionalization of graphene 

Covalent interactions in graphene are generally hindered by its delocalized conjugated π 

system, which forms an energy barrier for covalent addition reactions. Thus, it requires 

highly reactive species or radicals that could overcome this barrier and interact directly 

with the unsaturated carbon bonds in graphene. The most popular covalently 

functionalized graphene is graphene oxide (GO), which has been demonstrated as a 

popular synthetic route for the large-scale solution-processed production of graphene, 

where the oxide functional groups render the initially hydrophobic graphene to become 

soluble in aqueous solutions and polar solvents thus allowing for uniform solution casting 

on wafer scale.
[81,171]

 However, GO is insulating due to damaging the basal plane and 

sp2sp3 conversion, which has motivated significant effort toward the reduction of GO 

with the aim of restoring the high electrical conductivity and mobility for its application 

as a TCE. Reducing graphene oxide (r-GO) has been achieved by chemical reduction 

and/or thermal annealing. However, it has not been possible to fully reverse the effects of 

the oxidation reactions or to restore the intrinsic properties of graphene, limiting the sheet 

resistance values to the level of kΩ/□. The electrical transport is dominated by hopping of 

charges between the highly conductive sp
2
 regions and the insulating sp

3
 regions and 

exhibits a junction resistance for transport between overlapping sheets.
[81,171]

 

Hydrogenation and fluorination of graphene have also been shown to open a large band 

gap of 3.0 eV due to symmetry breaking in chemically doped graphene. The opening of 
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a band gap in graphene is not desirable for TCEs, but is essential for transistor 

applications in digital circuit in preparation for the post-silicon era; as long as the 

mobility of graphene can be maintained close to it high demonstrate values in pristine 

graphene. However, both routes have shown inferior mobility and electrical transport 

properties.
[169,172–174]

  

Substitutional doping of graphene 

Doping of graphene either with electrons or holes has been demonstrated by direct atomic 

incorporation into its lattice, by substituting carbon atoms with either electropositive or 

electronegative elements, respectively, in a similar manner to the well-established silicon 

doping, thus providing high stability. The most commonly used atomic substitutes are 

nitrogen (n-doping) and boron (p-doping), due to their comparable atomic size, and the 

availability of five and three valence electrons that could bond with carbon atoms, 

respectively.
[175,176]

  Direct lattice substitution in graphene has been achieved either 

during the growth process of CVD graphene
[175,177,178]

 or post-growth by inducing 

vacancies via ion irradiation and subsequent attachments of the atomic substitutes at these 

sites.
[176]

 Introducing a source of nitrogen such as ammonia
[177,178]

 or urea
[175]

 along to the 

carbon precursor during the CVD growth process of graphene has resulted in successful 

substitutional doping of nitrogen atoms in graphene with a concentration approaching 9 

at%,
[177]

 on the other hand, using a boron source such as boric acid has resulted in boron 

incorporation with a ratio of 4.3 at%.
[175]

 It was evident that the sp
2
 character of the 

carbon atoms are not disrupted significantly, where the graphitic peak in the XPS spectra 

of both N- and B- doped graphene was observed in the usual position of sp
2
 

carbon.
[175,177]

 Thus the substitute atoms will bond covalently with adjacent carbon atoms 
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in the plane of graphene without significantly affecting the overall conjugation of carbon 

atoms, while contributing to the π-cloud with either holes or electrons depending on their 

valency. However, the electrical transport properties of both N- and B-doped graphene 

were inferior to pristine samples, showing a reduced conductivity and more than 60% 

drop in the carrier mobility,
[175–177]

  which was caused by the evident topological defects 

caused by the atomic incorporation process which has been observed from Raman 

spectroscopy, and to the fact that the presence of the foreign atomic species can break the 

potential continuum in graphene and act as a scattering center. 
[168,169]

 

Non-covalent doping of graphene 

Non-covalent doping occurs through interactions with π-cloud (π-complexes) or physical 

adsorption (van der Waals interactions), without disrupting the sp
2
 structure of the basal 

plane or causing any defects. Thus, the electronic structure of graphene is generally 

preserved under non-covalent doping, which typically shows a minimal effect on the 

charge carrier’s mobility.
[168]

 Non-covalent doping increases the free carrier density in 

graphene, which typically occurs via surface charge transfer. The direction and amount of 

the charge transfer are determined by the relative positions of the electron affinity (EA) 

and ionization potential (IP) with respect to the Fermi level in graphene. If the energy of 

the electron affinity of a dopant material is larger than the Fermi energy in graphene, an 

electron transfer occurs towards the dopant resulting in p-doping of graphene. On the 

other hand, if the ionization potential of the dopant material is lower than the Fermi 

energy in graphene, an electron transfer occurs towards graphene resulting in n-

doping.
[179]
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Non-covalent dopants include non-aromatic molecules,
[139,180,181]

 aromatic 

molecules,
[182,183]

 small gas molecules
[162,184]

 in addition to metal ions,
[140,185,186]

 which 

attach to the surface of graphene causing a redistribution of charges through charge 

transfer, and hence increasing the charge carrier density.  The remaining species on the 

surface act as charged impurities, which presents scattering centers in the face of moving 

electrons according to the coulomb scattering mechanism explained in the previous 

section. However, scattering effects on the mobility are comparatively small as contrasted 

to the catastrophic loss due to covalent doping and substitutional doping, albeit not 

negligible, and can be compensated by the large increase in carrier density, thus having 

an overall enhanced conductivity. This makes non-covalent doping of graphene an 

optimal route for transparent conductive electrode applications, provided that it does not 

cause significant losses in the mobility and the optical transmittance.  

Doping with metal adatoms 

The adsorption of metals on graphene, whether adatoms, clusters or continuous thin films 

(e.g., metal contacts), have been shown to alter its electronic structure and cause a strong 

doping effect that influences the electrical transport properties. The deposition of alkali 

metals such as K,
[140]

 Rb and Cs
[187]

 have been shown to act as n-dopants to graphene due 

to their low electron affinity, allowing the charge transfer of their valence electron 

towards graphene. Similarly, the transition metals Ti, Fe and Pt were demonstrated to act 

as n-dopants
[188]

, whereas, p-doping has been achieved with atomic metals Bi, Sb, and 

Au.
[189]

 It is therefore expected that the direction of doping and its extent depend on the 

relative position of the dopant metal’s work function with respect to that of graphene. 

However, assumptions of doping based solely on the work function difference do not 
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match the experimentally observed shifts in the Fermi level. DFT calculations on the 

interaction of graphene with metal contacts have found that the work function difference 

can provide accurate predictions of the sign and the amount of doping only when they are 

well separated that their orbitals don’t overlap. However, as the equilibrium separation 

distance between the metal atoms and graphene is approached, the interaction between 

metals and graphene results in a strong interfacial dipole introducing a potential step that 

influences the sign and amount of the charge transfer.
[190]

  The effects of the interfacial 

dipole have been demonstrated experimentally in the case of Pt doping, which is expected 

to induce a strong p-type doping if we consider the work function position (5.9 eV) 

relative to graphene (4.5 eV). However, it was observed that the sign and amount of 

doping of graphene by Pt is coverage dependent, leading to a strong n-doping at low 

coverages and either weak n- or p-doping at high coverage, which was correlated to a 

dipole related potential step favoring electron transfer towards graphene that scales down 

with increased separation at high coverage where it tends to cluster into bulk thin films 

on the surface.
[188]

  

Vacuum deposition of metals on graphene generally deteriorate its charge mobility, 

mainly due to long range scattering caused by charged impurities
[140,188]

 and due to short 

range scattering centers resulting from increased disorder.
[191]

 For example, potassium 

deposition on mechanically exfoliated graphene has resulted in degraded mobility to 

around 800 cm
2
/Vs

[140]
, and transition metals causing more than 50% reduction in the 

mobility.
[188]

 Thus, doping graphene with metal atoms and clusters, seem to adversely 

affect its conductivity, making it a less favorable doping route for graphene TCE. 
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Doping with solution-processed metal compounds 

An alternative route to doping graphene with metals, is the use of solution-processed 

metal compounds, that would reduce spontaneously on the graphene surface via charge 

transfer and form neutral metal nanoparticles,
[185,192,193]

 thus minimizing the scattering 

due to charged impurities and effectively doping graphene through charge transfer. The 

use of AuCl3 has been extensively reported to p-dope graphene,
[185,192–196]

 and effectively 

reduces the sheet resistance to values as low as 112 Ω/□ with a transmittance of 83%.
[192]

 

However, the doped FLG long-term stability in the air was poor and concentration 

dependent where the sheet resistance showed an increase of 40% for low concentration 

after 20 days.   

Similarly, chlorides of various metal cations such as Ir, Mo, Os, Pd, Rh and transition 

metals such as Ni, Cu, Co, Ti and In were also shown to p-dope graphene, with an 

enhancement of sheet resistance generally correlating with the difference between the 

work function of the bulk metal and graphene.
[185,195]

 However, it was evident in all cases 

that the formation of metal nanoparticles on the surface of graphene causes significant 

optical losses in transmittance which can reach up to 15%. The optical losses could be 

minimized by reducing the dopant concentration, but at the cost of higher sheet 

resistance.
[195]

 It is possible to n-dope graphene with chlorides of low work function 

alkali metals such as Na, K, Ca and Mg, as evident through the decrease in the work 

function. However, the sheet resistance is found to increase in all cases, probably due to 

the high reactivity of alkali metals which likely perturb the basal plane of graphene.
[194]

 

Improved conductivity of n-doped SLG achieved with silver nitrate (AgNO3) has been 

reported, which reduced to Ag
0
 nanoparticle on the surface of graphene leading to a sheet 
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resistance of 173Ω/□ at 94% transmittance. However, this showed poor stability in air, 

where an increase of 25% in sheet resistance was observed after 1 month.
[186]

 

The main drawbacks of using metal compounds as dopants for graphene are (1) increase 

of the surface roughness due to the formation of metal clusters of size ranging between 

10 – 100 nm on the surface of graphene
[186,192]

, thus acting as a potential source of 

electrical shorts in devices. (2) Poor long-term stability in the air due to desorption or 

further reaction with anions (such as Cl
-
) on the surface.

[185,192,193]
 Stability under thermal 

treatments was also shown to deteriorate due aggregation of metal particles and 

adsorption of chloride anions, where the sheet resistance of doped graphene was shown to 

increase from 600 Ω/□ to 10 kΩ/□ after annealing to 400 ᵒC.
[197]

 The stability and degree 

of doping were correlated to anion in the metal compound, where a higher 

electronegativity anion and bond strength between Au cation and the counter anion would 

lead to a more effective and stable p-doping of graphene.
[193]

 

Gas-phase, organic and metal-organic molecular doping 

The interaction of gas and organic molecular species with graphene has been a successful 

route for modulating its transport properties and has seen interest in gas sensing 

applications.
[162]

 This enhances the charge carrier density through charge transfer without 

affecting the carrier mobility, unlike covalent doping and metal doping.
[32]

  The high 

doping efficiency of this route allows for even sub-monolayer coverages to enhance the 

conductivity of graphene without significantly decreasing its optical transmittance.
[139],

  

The sensitivity of the transport properties of graphene to gas adsorption has gained a wide 

interest for its potential application as gas sensors,
[162]

 in addition to demonstrating a 
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facile route for its doping.
[168]

 Adsorbed gas molecules were demonstrated to effectively 

change the carrier concentration of graphene, thus capable of controllably doping it 

through charge transfer - one by one electron - rendering it a very sensitive gas 

detector.
[162]

 The doping type (n- or p-doping) depends on the relative positions of the 

energy of HOMO (IP) and LUMO (EA) of the gas molecule with respect to the Fermi 

level of graphene. As such, NO2 and H2O act as p-dopants, whereas, NH3, CO and 

ethanol act as n-dopants. Interestingly, the carrier mobility in graphene does not 

deteriorate by the adsorption of gas molecules. In fact, it increases contrary to what has 

been observed when doping graphene with other adsorbates.
[136,162]

 The positive effect of 

gas molecule adsorption has been attributed to a compensation effect, whereby charge 

impurities from adsorbed gas molecules neutralize the inhomogeneous charge impurities 

existing between the graphene and its substrate.
[136]

 Unfortunately, doping with small gas 

molecules is reversible as the molecules desorb by thermal treatment or UV exposure, 

making this a more volatile and unstable form of doping not suitable for TCE 

applications. 
[162,184]

 

In this respect, larger and less volatile organic molecules have been proposed as potential 

non-covalent dopants, including F4-TCNQ
[198]

 and MeO-DMBI.
[199]

 These molecules 

generally adsorb on graphene via van der Waals forces and π-interactions without any 

evidence of structural disruption of graphene. Spontaneous charge transfer between the 

dopant and graphene increases the free carrier concentration and hence the conductivity 

of graphene and shifts its Fermi level from the Dirac point, allowing its work function to 

be tuned. Just as with gas molecules, the relative positions of the LUMO or HOMO of the 

dopant with respect to the Fermi level of graphene determine whether it acts as p- or n-
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dopant, respectively. More recently, a new class of metal-organic molecules has been 

introduced to act as n- or p-dopants for organic semiconductors, as well as surface 

dopants for metals and 2D-materials including SLG.
[139]

 The large molecular weight of 

such molecules as compared to other popular organic molecular or gas phase dopants, as 

well as their versatility and solution processability, motivates their use as potentially 

stable non-covalent dopants for graphene. 

F4-TCNQ has been a popular p-dopant that has been demonstrated on a wide range of 

organic semiconductors,
[200,201]

 carbon nanotubes
[202]

 and graphene
[198,203]

 due to its low 

EA of 5.24 eV, resulting in increased conductivity in addition to significant tuning of the 

electronic properties of the doped material. Its deposition is only possible through 

vacuum deposition processes, making it unsuitable for facile solution processing and it 

has exhibited high diffusivity in organic materials, potentially hindering its use as a stable 

dopant in other systems, such as graphene.
[204,205]

  Recently, molybdenum tris[1,2-

bis(trifluoromethyl)ethane-1,2-dithiolene] denoted as Mo(tfd)3, has been reported to be a 

powerful metal-organic dopant with EA of 5.59 eV extending its applicability as a p-

dopant compared to F4-TCNQ.
[206]

 It is stable against diffusion up to 110 ºC due to its 

bulkier non-planar structure as well as the increase in its size upon doping with the 

formation of its anion.
[207]

 However, the use of Mo(tfd)3 is also limited to thermal 

evaporation due to its poor solubility. This led to the development of more soluble 

molybdenum dithiolene derivatives based on the structure of Mo(tfd)3 while replacing the 

trifluoromethyl groups at each dithiolene ligand to increase the degrees of freedom in 

addition to eliminating the unfavorable fluoroalkyl-hydrocarbon interactions resulting in 

molecules that exhibit the same EA as Mo(tfd)3 but with far greater solubility (up to 16 
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times) in toluene. Examples of these derivatives include molybdenum tris(1-

(methoxycarbonyl)-2-(trifluoromethyl)-ethane-1,2-dithiolene) denoted as Mo(tfd-

CO2Me)3 having an EA of 5 eV which has been recently demonstrated to successfully p-

dope P3HT and PEDOT:PSS,
[208]

 and molybdenum tris(1-(trifluoroacetyl)-2-

(trifluoromethyl)ethane-1,2-dithiolene) denoted as Mo(tfd-COCF3)3 with EA of 5.6 eV, 

which has been used to successfully p-dope SLG.
[209]

 

The type of functional groups in a doping molecule, their number and configuration are 

important factors that control molecular doping through charge transfer in 

graphene,
[179,180,210]

 since these functional groups contribute directly to the energy of the 

molecular orbitals (LUMO and HOMO) of the dopant and to its shape and spatial 

configuration on the surface of graphene.  

Density functional theory was used to explore the role of the electron-withdrawing 

functional group –CN in hexaazatriphyenylene-hexacarbonitril (HATCN) and 

tetracyanoethylene (TCNE) molecules in the context of graphene doping by 

systematically replacing –CN groups with a hydrogen atom, one-by-one. It was found 

that decreasing the number of –CN groups reduces the amount of charge transfer and 

work function shift of the doped graphene.
[210]

 A similar effect was observed with n-

dopant ethylene-amine molecules with a varying number of amine groups, as shown in 

Figure 2.10. Increasing the number of amine groups – a widely used electron donor in 

chemical reactions – in ethylene amine molecules were shown to influence the charge 

carrier density of graphene, with molecules having a larger number of amine groups 

showing the strongest effect.
[180,181]

 Another benefit of dopant molecules with larger 
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molecular size is their greater stability in air and under heating conditions.
[181]

 However, 

increasing the number of functional groups excessively can increase the number of 

charge impurity scattering centers, thus causing a strong and undesirable decrease of the 

mobility of graphene, as seen in Figure 2.10 for PEI.
[180]

 In addition, effective doping of 

graphene requires that the electron donating functional groups are able to interact with 

the surface of graphene so as to maximize charge transfer. In fact, it has been shown that 

using a polymeric form of ethylene-amine (PEI) results in poor doping despite having the 

largest number of amine groups, due to steric confinement effects in the polymer. 

 
Figure 2.10: Comparison of the properties of graphene doped with ethylene amine 

molecules with varying number of electron withdrawing groups, with respect to sheet 

resistance (Rs), electron mobility (μ) and charge neutrality point position (Vcnp). Data are 

taken from ref [180], where pristine SLG exhibited Rs = 1520.0 ± 67.6 Ω/□, μ = 4060 ± 

178 cm
2
/Vs and Vcnp = 18 ± 5 V. 

Interlayer doping graphene stacks 

So far, the doping modalities discussed have been limited to interactions with the surface 

of a single layer of graphene. As previously discussed in Section 2.2.6, there are 

compelling reasons for stacking graphene sheets in the context of TCE applications, with 

the most compelling reason being to increase the sheet conductivity by providing 

additional low-resistance current channels.
[35]

 This can be done without decreasing the 
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optical transmittance too much since it is reduced by 2.3% per layer. In the context of 

doping of graphene for TCE applications, there are additional compelling reasons for 

stacking, including the ability to incorporate more dopant molecules and the opportunity 

to stabilize them further. For example, stacking four layers of CVD graphene by 

repeating the transfer process can reduce the sheet resistance from 2.1 kΩ/□ (SLG) to 350 

Ω/□, while maintaining a transmittance of 90%, which is higher than that of ITO as 

shown in Figure 2.11.
[114]

 

 
Figure  2.11: Effect of layer stacking of CVD SLG on the sheet resistance and 

transmittance.
[114]

 

A combination of layer stacking and doping further reduces the sheet resistance of 

graphene, making it a better performing TCE. Different groups have attempted to 

produce doped multi-layered graphene film through a repeated sequence of doping SLG - 

transferring of another SLG on top of the doped layer and then repeating the doping step. 

This can be repeated until the desired properties are obtained, for example balancing the 

sheet resistance and the transmittance. This approach has been generally labeled as an 

interlayer doping and has some similarity with the structure of intercalated graphite 

compounds shown in Figure 2.12.
[35,196,211,212]

 Interlayer doping of eight graphene layers 

with each p-doped with HNO3 was compared with a stack of eight layers with doping 

applied only after the last layer was transferred. The interlayer doped stack showed 
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higher transmittance which was attributed to an additional cleaning step for each 

graphene layer from residues and contaminants by the acid, however, the reduction in the 

sheet resistance was not better than without doping (decrease by a factor of 3) in both 

cases, failing to demonstrate a significant advantage of the interlayer doping approach.
[35]

 

The same approach has been used to achieve interlayer p-doping of a stack of 4 layers 

with AuCl3, leading to a lower sheet resistance and hence a higher FoM of 35 as 

compared to 30 for only the top-most doped films.
[196]

 In addition to the conductivity 

enhancement, interlayer doped graphene showed a higher stability in the air due to the 

encapsulation and protection of the dopants in between the sheets, where the sheet 

resistance increased by 20% after 3 weeks as compared to 40% for the top most doping. 

Similarly, the sheet resistance was observed to monotonically decrease by increasing the 

number of interlayer doped graphene with TCNQ from 850 Ω/□ to 140 Ω/□ for a stack of 

four graphene layers, consistent with the increase in the carrier density with every TCNQ 

interlayer.
[211]

 It was, however, pointed out that the use of conventional transfer process 

with polymer support for every stack can deteriorate the performance of interlayer doped 

graphene by introducing additional impurities and potentially un-doping the lower layers 

during the polymer support removal step. The repeated stacking process is indeed quite 

cumbersome and may inevitably cause defects and contaminants to be introduced in the 

underlying graphene sheets, leading to many disadvantages which outweigh the mild 

benefits observed so far. 
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Figure  2.12: Interlayer doped graphene with (A) HNO3,

[35]
 (B) TCNQ

[211]
, and 

(C)AuCl3.
[196]

 

Intercalation of dopants 

One way to capture the potential and conceptual advantages of interlayer doping without 

the drawbacks just mentioned would be to dope via the well-known mechanism of 

spontaneous intercalation of very small molecules into graphite leading to the formation 

of graphitic intercalation compounds. Intercalation compounds of graphite have been 

investigated significantly during the past century revealing more than a hundred chemical 

species that can be used as intercalates, which are generally classified as donors and 

acceptors.
[213]

 Intercalation is defined as the insertion of atomic or molecular layers of 

various chemical species denoted as intercalates into the layers of the host material which 

is typically highly anisotropic layered materials; with strong in-plane bonding and weak 

out-of-plane bonding between the layers, such as graphite and transition metal 

dichalcogenides.
[213]

  The intercalation process initiates around the exposed (outer) basal 

planes of a graphitic materials and then proceeds to the internal region, provided that 

intercalant pressure in the reaction chamber is higher than a threshold pressure pt, which 
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sets up the minimum pressure value required to unpin lattice dislocations and minimize 

the lattice strain energy required to proceed the intercalation into the interior layers.  

GIC has attracted much attention due their relatively higher structural ordering presented 

by the staging phenomenon which allows long range homogenous intercalation 

compound to be easily obtained with well-defined stoichiometry, in addition to the 

diverse sources of the graphite host materials and the appealing applications of GIC as 

electrodes in batteries, catalyst for a wide range of chemical reactions and light weight 

electrical conductors.
[213–215]

 For example, alkali metals such as K, Cs, and Li are 

common donor intercalate, whereas, halogens and their mixtures, metal chlorides and 

strong acids such as H2SO4 and HNO3 are typically used as acceptor intercalates in 

graphite. 

The significance of intercalation lies in the spontaneous charge transfer process between 

the intercalant species and large number of layers buried within bulk, which takes place 

without altering its structure, leading to multiple orders of increase in the magnitude of 

carrier density which allows a wide variation the physical properties such as the 

electrical, thermal and magnetic properties.  

Extending the well-established lessons from GIC towards doping of optically transparent 

FLG via intercalation can result in the desired enhancement of their performance as TCE, 

and results in increased stability. The threshold pressure value is defined by the 

intercalant material, the temperature under which the intercalation process is done, and 

the characteristics of the graphitic host materials such as crystallinity, thickness and 

lateral size. Generally speaking, smaller sample size and thickness reduce the threshold 
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pressure, which means thin sample intercalate more spontaneously than thicker samples 

which would be expected for FLG. Single crystals exhibit lower threshold pressure as 

compared to HOPG or less ordered materials such as carbon fibers. Increasing the 

temperature of graphitic host materials can considerably reduce the threshold pressure of 

intercalation of a specific system.  

An important feature of GIC is the staging phenomena, which is typically defined by the 

stage index n which states the number of graphene layers bound by two intercalate layers 

in the GIC matrix. The intercalation of FLG with various intercalates have been 

investigated, using Li,
[64]

 FeCl3
[216–219]

 and Br2.
[220–224]

 Among the first results on 

intercalation of FLG is the exposure of mechanically exfoliated stack of graphene (1 – 4 

layers) bromine vapor at room temperature,
[222]

 which was motivated by recent 

achievement of super-metallic conductivity of bromine intercalated HOPG (Br-GIC) 

where the increase in conductivity was attributed to a parallel integration of weakly 

coupled p-doped graphene sheets.
[225]

 It is well established that Br-GIC occurs as a stage 

2 intercalation compound, meaning that intercalation occurs at every second layer in 

trilayer or thicker graphene films.
[213]

 Thus for graphene films of 2 layers or less, only 

physically adsorbed bromine was observed, where intercalation was observed only for 

films more than 2 layers in thickness.
[222]

 Both mechanisms of adsorption and 

intercalation were found not to disrupt the basal plane of graphene and led to high p-type 

doping density as confirmed by DFT studies.
[224]

 Enhancement of the conductivity and 

increasing the work function for optically opaque multilayered graphene (30 – 60 layers) 

and thick graphite (10 μm) by bromine vapor exposure was also recently reported, 

implying a strong thickness dependence of conductivity enhancement as the thick 
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graphite samples exhibited larger improvement than multilayer graphene.
[221]

 

Intercalation of mechanically exfoliated FLG with FeCl3 has been demonstrated to yield 

fully intercalated stage 1 structure, while preserving the sp
2
 structure of graphene, using a 

two-zone vapor transport method.
[216,217]

 DFT calculation indicated a strong charge 

transfer from FLG, leading to p-doping in addition to the decoupling of the layers due to 

the increase in the interlayer spacing between the sheets making intercalated ME-FLG 

similar to SLG, which leads to enhancing electrical transport properties.
[217]

 Due to the 

smaller size and thickness of FLG, the intercalation process proceeds more easily than 

FeCl3-GIC as explained earlier, without the need for using chlorine gas, where the latter 

typically requires a high concentration of Cl2 gas and takes about 6 days for full 

intercalation. Thus FLG intercalation with FeCl3 could be beneficial in terms of being 

environmentally friendly and scalable process for industry.
[125,217]

 Remarkable 

enhancement in the conductivity of mechanically exfoliated FLG (5 Layers) has been 

achieved via intercalation with FeCl3, achieving a sheet resistance of 8.8 Ω/□ at an 

optical transmission of 84%, with a carrier density as high as 8.9×10
14

 cm
2
.
[125]

 The same 

process was also applied to CVD graphene (monolayers and four layers stacked), 

yielding a sheet resistance of 42 Ω/□ for the 4-layers stack, and 72 Ω/□ for surface doped 

monolayers. However, these values degraded significantly after exposure to air, probably 

due the low doping time adopted in this work (1 min)  which isn’t sufficient to provide 

full intercalation.
[226]

 A fully intercalated FLG has been demonstrated to have high 

stability in air up to one year,
[125]

 in addition to unforeseen high temperature (150 ᵒC in 

air, and 650 ᵒC in vacuum) and humidity (up to 100%) stability being reported recently, 

where the structure and low sheet resistance values were nearly unchanged.
[219]

 Lithium 
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intercalation of mechanically exfoliated ultrathin graphite films has been successfully 

achieved to produce n-doped graphene, exhibiting a sheet resistance of 3.0 Ω/□ at an 

optical transmittance of 91% for 19-layers.
[64]

 The striking feature of Li-intercalation is 

the observed increase in the optical transmittance in the visible range which was 

attributed to the suppression of the interband optical transition, due to shifting of the 

Fermi level as a result of the high induced carrier concentration of 6×10
14

 cm
-2

. 

2.4.3 Tuning the work function of graphene by doping 

The work function of TCE is an important parameter that determines energy level 

alignment at interfaces with adjacent components in a device, which in turn determines 

the energy barrier for charge injection into/out of the optoelectronic devices through the 

TCE. Thus, the ability to tune the work function of graphene by doping has attracted 

significant effort towards its universal application as either a cathode or anode in 

photovoltaics.
[57,167,227–229]

 The work function is defined as the minimum amount of 

energy required to move an electron from a solid to a point in a vacuum just outside the 

solid surface, and is generally measured as the energy separation between the Fermi level 

and the vacuum level of the material.
[230]

 Thus, the work function is determined by two 

contributions; (1) the chemical potential of the bulk (Fermi level) and (2) the electrostatic 

contribution across the surface (Vacuum level), hence, the work function is not a bulk 

property of material, but a function of its surface.
[231]

 For example, a metal exhibits 

different values of work function depending on the crystalline surface electrons are 

extracted from due to different surface-dipole on different facets.
[230]
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A shift in the Fermi level occurs as a result of changing the carrier density of the bulk due 

either integer or partial charge transfer when interfaced with a dopant molecule. Such a 

charge transfer would also result in the formation of interfacial surface dipole that leads 

to a shift in the vacuum level.
[139]

 On the other hand, the vacuum level shift can occur 

even in the absence of charge transfer by intrinsic molecular dipoles of the interface 

material, or redistribution of charges at the interface as in the case of adventitious 

hydrocarbon contaminants on metal surfaces due to the “Push Back effect”.
[231]

 

Accordingly, the shift in the work function of graphene by molecular dopants has been 

generally attributed to these two contributions, which typically occurs simultaneously. 

Charge transfer to/from graphene would decrease/increase the Fermi level energy (n-

doping/p-doping, respectively), leaving an electron deficient/rich molecule at the 

interface which produces an interface dipole that shifts the vacuum level as well. 

However, these two contributions are rarely quantified clearly in the graphene literature 

where authors typically attribute the collective shift in the work function to “charge 

transfer”. Few researchers have employed photoelectron spectroscopy (PES) combined 

with DFT calculations to elucidate both effects.  The total shift in the work function in 

graphene can be calculated using Equation 2.14
[139]

 

∆𝛷 = ∆𝛷𝐸𝑇 + ∆𝛷𝑆𝐷 = ћ𝜐𝐹√𝑛𝜋 +
𝑛

𝜀0
∫

𝑞(𝑧)

𝜀𝑟(𝑧)
𝑑𝑧

𝑧

0
   Equation 2.14 

Where ∆Φ𝐸𝑇 and ∆Φ𝑆𝐷are the shifts in the Fermi level due to the charge transfer n and 

the shift in the vacuum level due to interfacial surface dipole, respectively. q(z) and εr(z) 

describe the variation in the charge density and effective dielectric constant along the 

direction normal to the surface, respectively. It can be qualitatively inferred from 
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Equation 2.14 that the work function shift in doped graphene, would be comprised of a 

larger contribution due to vacuum level shift as compared to the Fermi level shift 

contribution, considering their dependence on n and n
1/2

, respectively.  

This has been confirmed experimentally through PES for both n-doped and p-doped SLG 

with (RhCp*Cp)2 and Mo(tfd-COCF3)3, respectively.
[139]

 In the former, the shift in the 

Fermi level was obtained from the UPS spectra, as the Dirac point was directly deduced 

from a dip in the spectrum at a binding energy around 0.4 eV higher than the Fermi level 

(at 0.0 eV), whereas, it was not accessible in the case of p-dopant since it presumably 

shifts to a lower energy. In this case, the shift of the Fermi level was deduced from the 

shift of the core levels in XPS. In both cases, the total shift of the work function is 

obtained from the secondary electron edge of the UPS spectra. The contribution of the 

shift of the Fermi level ∆∅𝐸𝑇 was reported to dominate at low dopant coverage, however, 

once the coverage was increased, the contribution of the vacuum level shift due to 

interfacial dipole dominated the work function shift.
[139]

 However, the coverage 

dependence of the two contributions is more complex than the qualitative assumption of 

the carrier’s density dependence in Equation 2.14, as the orientation of the molecules
[232]

 

and/or island growth beyond monolayer coverage
[233]

 can affect the charge transfer 

characteristics and the resulting interfacial dipole.  

The increase in the coverage of the p-dopant “hexaazatiphenylene-hexacarbonitrile” 

(HATCN) on SLG graphene has resulted in a total increase of the work function by 1.2 

eV (from 4.5 eV to 5.7 eV), where the increase was observed to be linear at low coverage 

and sublinear at higher coverage.
[232]

 This was attributed to the density-dependent 
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reorientation of the HATCN molecules, from flat lying on the graphene surface at low 

coverage, which causes an abrupt linear increase of the work function by 0.5 eV, to an 

inclined orientation at 45
ᵒ 
at higher coverage, which increases the distance between the 

negative center of the charged molecules (after charge transfer) and the positively charge 

center on graphene. This increases the magnitude of the interfacial dipole, which causes 

an additional 0.7 eV shift in the work function. The sublinear regime at the higher 

coverage rate was ascribed to the pronounced island growth and the high nominal 

coverage needed to form a monolayer of vertically inclined molecules.
[232]

 

The relative contribution of the vacuum level shift and the Fermi level shift was recently 

shown to depend on the underlying substrate supporting graphene.
[233]

 For SLG on 

quartz, the evaporated electron acceptor 1,3,4,5,7,8-hexafluorotetracyano-

naphthoquinodimethane (F6TCNNQ) resulted in a total shift in the work function by 1.0 

eV, where a charge transfer from graphene towards the molecules have resulted in a 

downshift of the Fermi energy level by 0.6 eV, and an interfacial dipole formation which 

shifts the vacuum level upwards by 0.4 eV. However, in the case of SLG on a copper 

substrate, the work function was increased to a larger extent at similar coverage of the 

dopant (1.3 eV), 95% of which was attributed to the vacuum level shifts due to interfacial 

dipole formation, as confirmed by DFT. The metallic substrate was found to be the main 

charge donor in the charge transfer process, leading to a stable carrier density in 

graphene, and thus the Fermi level was mostly invariant.  

A commonly used p-dopant is F4TCNQ, which has been demonstrated to increase the 

work function of epitaxial FLG graphene by 1.5 eV (from 4.0 eV to 5.3 eV).
[198]

 In 
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addition, solution processed metal-organic molecule Mo(tfd-COCF3)3 has been 

demonstrated to increase the work function of SLG by 0.7 eV (from 3.9 eV to 4.6 eV) 

which was attributed to 0.5 eV lowering of the Fermi level energy and 0.2 eV increase of 

the vacuum level energy. 

Decreasing the work function has also been an attractive path to utilizing graphene as 

anodes in solar cells and potentially in electron emission devices.
[166]

 Chemical doping of 

graphene with a wide range of n-dopants has been reported to decrease the work function 

of graphene either by raising the Fermi energy level or lowering the vacuum energy 

level.
[167,199,234–237]

 In addition, lowering the work function of graphene has been achieved 

by raising the Fermi energy level through electrostatic doping in gated graphene 

devices.
[137,166]

 Recently, the combination of these two doping mechanisms has been 

pursued to maximize the reduction in the work function achieving ultra-low work 

function of graphene of nearly 1.0 eV.
[166]

  

The electrostatically tuned work function reduction was maximized by using a HfO2 gate 

dielectric, which exhibits a higher dielectric constant and higher breakdown electric field 

than SiO2, leading to an increase in the Fermi level energy of 0.772 eV, as compared to 

0.070 eV in the latter.
[137]

 Then a strong interfacial dipole was induced to the gated 

graphene through the deposition of Cs/O lowering the vacuum level which in 

combination with the electric-field raised Fermi level produced SLG with a work 

function of 1.01 eV.
[166]

 However, the power requirement for gating graphene in addition 

to the high air sensitivity of Cs would hinder such an approach in applications. A stable 

chemical doping approach with strong donor molecules has been reported to significantly 
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reduce the work function of graphene. For example, a reduction of 0.7 eV in the work 

function of graphene (from 4.16 eV to 3.46 eV) has been achieved via spin-coating of 2-

(2-Methoxyphenyl)-1,3-dimethyl-2,3-dihydro-1H-benzoimidazole (MeO-DMBI) which 

has slightly decreased the sheet resistance from 850.6 Ω/□  to 767 Ω/□  of SLG. Solution 

processed amine-based organic compounds have been demonstrated to reduce the work 

function by 1.1 eV (from 4.3 eV to 3.2 eV), by spin coating N,N,N′,N′-tetrakis(4-

butylphenyl)ethylenediamine (40 mM in Chloroform) on SLG. However, such dopants 

have generally resulted in an increase in the sheet resistance by few kΩ/□ which would 

hinder its applicability as TCE.
[234]

 A large reduction in the work function has been also 

demonstrated using CsF in an aqueous process that could be simultaneously used to 

transfer and dope graphene in a layer-by-layer scheme, achieving a reduction of 1.25 eV 

(from 4.5 eV to 3.25 eV) with the added advantage of decreasing the sheet resistance 

down to 300 Ω/□ from a three layers stacked graphene sheets doped with the CsF.
[167]

  

Typically, n-dopants possess a low IP which makes them highly air-sensitive. Metal-

organic molecules based on dimeric sandwich compounds, which are not simple one-

electron reductants; react with oxidants to form the corresponding monomeric cations 

that then dope graphene. This coupling of electron-transfer and bond cleavage processes 

results in materials that are moderately air stable, despite their strongly reducing 

character which has be demonstrated to reduce the work function by1.30 eV (from 4.10 

eV to 2.80 eV), by dipping into solution of pentamethylrhodocene dimer, (RhCp*Cp)2, 

which was attributed to 0.7 eV increase in the Fermi energy level, and 0.6 eV reduction 

of the vacuum level.
[139]

  Table 2.3 shows a comprehensive list of commonly used n-type 

and p-type dopants to tune the work function of graphene. 
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Table  2.3 List of dopants and the respective work function shift in graphene 

Dopant type ΔΦ(eV) Reference 
N,N,N′,N″,N″-pentamethyldiethylenetriamine - PMDTA (N1) 

n
-d

o
p
an

ts
 

-0.4 (4.33.9) 

[234]
 

N,N,N′,N′-tetraphenylethylenediamine (N2) -0.5 (4.33.8) 

N,N,N′,N′-tetrakis(4-butylphenyl)ethylenediamine (N3) -1.1 (4.33.2) 

N,N,N′,N′-tetrakis(4-benzoylphenyl)ethylenediamine (N4) -0.7 (4.33.6) 

N,N,N′,N′-tetrakis(4-(1-phenyl-2-(4-

tolyl)vinyl)phenyl)ethylenediamine (N5) 
-0.8 (4.33.5) 

1,1' dibenzyl-4,4'-bipyridinium dichloride (BV) -0.5 (4.54) [235]
 

CsF -1.25 (4.53.25) 
[167]

 Cs2CO3 -0.8 (4.53.7) 

PEIE -0.3 (4.54.2) 

Aminopropyltriethoxysilane (APTES) -0.31 (4.574.26) [236]
 

Rhodocene Dimers -1.29 (4.12.81) [139]
 

2-(2-Methoxyphenyl)-1,3-dimethyl-2,3-dihydro-1H-

benzoimidazole (MeO-DMBI) 
-0.7 (4.163.46) [199]

 

Cs2CO3 -0.85 (4.253.4) 

[237]
 

Rb2CO3 -0.75 (4.253.5) 

K2CO3 -0.75 (4.253.5) 

Li2CO3 -0.45 (4.253.8) 

PEDOT:PSS 

p
-d

o
p
an

ts
 

0.6 (4.55.1) [167]
 

2,3-Dichloro-5,6-dicyanobenzoquinone (DDQ) 0.1 (4.54.6) [235]
 

Bis(trifluoromethanesulfonyl)amid - (TFSA) 0.7 (4.45.1) [228]
 

FeCl3 (intercalation) 0.5 (4.65.1) [238]
 

AuCl3 0.8 (4.25.0) 

[185]
 

MoCl3 0.6 (4.24.8) 

OsCl3 0.5 (4.24.7) 

IrCl3 0.6 (4.24.8) 

PdCl3 0.7 (4.24.9) 

RhCl3 1.0 (4.25.2) 

F4-TCNQ 1.3 (4.0 5.3) [198]
 

F6TCNNQ 1.0 (4.55.5) [233]
 

HATCN 1.2 (4.55.7) [232]
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CHAPTER 3  
Methodology 

3.1 Design and description of tube furnace assembly 

The synthesis of CVD graphene, sample annealing, vacuum drying and doping were 

performed in a three-zone tube furnace shown in Figure 3.1. The furnace can be divided 

into three main components: (1) Gas supply and control unit, (2) heating unit, and (3) 

pumping stage and pressure reading utility.  

The tube furnace was operated under vacuum conditions (~8.5×10
-3

 mTorr), requiring a 

tight control of potential leaks at the various joints. This was generally achieved using 

Swagelok fittings and QF flanges that will be described below.  

 
Figure  3.1: Tube furnace system assembly used in this work  

3.1.1 Gas supply and control units  

Gasses used include methane ‘CH4’ (99.999%), hydrogen ‘H2’ (99.9999%), argon ‘Ar’ 

(99.999%) and nitrogen ‘N2’ (99.9999%), where the latter was typically used for venting 

the system prior to loading and unloading samples. The former three gasses were all 
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involved in the graphene synthesis process, while sample annealing was generally done 

in an atmosphere combining H2 and Ar. All gasses were supplied through cylinders from 

a local vendor (Abdullah Hashim Industrial Gases and Equipment co. Ltd), using both 50 

liters standard steel cylinders and small standard disposable cylinders.  

The cylinders, equipped with gas regulators, were connected to a four channel gas control 

system (EQ-GSL-4Z) from MTI Corporation US, which allows for precise control of gas 

mixtures and their flow rates into the heating unit. The gas control system is a heavy duty 

cart composed of four separate mass flow controllers (MFC), mechanical pressure gauge, 

gas mixing tank, four channel gas input valves, and a single mixed gas output valve as 

illustrated Figure 3.2. The front panel allows for precise monitoring and control of the 

gas flow rate and pressure.  

MFCs accurately measure and control the amount of gasses flowing into the furnace. 

Regardless of the amount of gas flowing from the cylinders, and their condition upstream 

of the furnace in the mixing chamber. The gas volume flow rate at room temperature is 

expressed in units of standard cubic centimeter per minute (SCCM), calibrated by the 

manufacturer for N2, and requires multiplication by a conversion factor when gasses such 

as Ar, H2, and CH4 are used, using the equation: 

Actual Gas flowing rate = flow rate on display (N2) × conversion coefficient 

The conversion coefficients for Ar, H2, and CH4 are 1.415, 1.010 and 0.719, 

respectively.
[239]
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The MFC is equipped with a knob to specify the set value of the flow rate in the process, 

switch to control the operation mode: OFF – no gas flow, Auto – Sets the flow rate to the 

set value entered, and Zero Purge – Fully opens the MFC and allows purging of the 

system.   

 
Figure  3.2: Four channel gas control system (EQ-GSL-4Z) with a top view of the internal 

structure (right) and the control unit for the MFC (bottom) 

3.1.2 Heating unit: three-zones tube furnace 

For the thermal processing of sample synthesis, annealing, and doping, 610 mm three 

zones split tube furnace (OTF-1200X-III-S-UL) from MTI corporation US was used 

(Figure 3.3), with a maximum heating temperature of 1200 ᵒC and a maximum heating 

rate of 20 ᵒC/min. The central heating zone of the furnace extends over 304.8 mm 

offering a constant temperature zone of ±1 ᵒC accuracy over 260 mm length, and two 

exterior heating zones of 152.4 mm. Setting all the zones to the same temperature can 

achieve a  ±2 ᵒC accuracy over 480 mm length as shown in Figure 3.3B.  

The furnace is contained in a double layer steel case, with two cooling fans to assure low 

surface temperature. Fe-Cr-Al alloy doped with Mo heating element extends through the 
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furnace which facilitates faster heating and cooling rates, combined with three K-type 

thermocouples at the center of each zone as shown in the inset of Figure 3.3A. Quartz 

tubes were used for all the processes with 38 mm outer diameter, 35 mm inner diameter, 

and 1219 mm lengths. Heating only the central zone of the furnace only to 1000 ᵒC leads 

to thermocouple readings of 400 ᵒC in the first and third zones. The length of the tube 

was carefully chosen to extend by a sufficient span out of the heating zones to prevent 

damage to the rubber O-rings used to seal and make upstream and downstream 

connections to the tube. An alternative approach to protect the O-rings at the edges of the 

quartz tube is to use alumina foam tube blocks just before the O-rings. However, we 

chose not to use such a block to avoid potential contamination. 

The furnace is equipped with precise temperature controllers based on a proportional-

integral-derivative (PID) controller with auto-tune functions. The furnace can be 

programmed to offer 30 segments of heating and cooling steps with ±1 ᵒC accuracy. Each 

heating segment is defined by two parameters, the set temperature “C0n” and the duration 

“T0n” where n identifies the segment order (1 – 30). For example, setting the first 

segment C01 = 25 ᵒC and T01=ᵒ10 mins, and the second segment C02 = 100 ᵒC and T02= 

20 mins would increase the temperature of the furnace from 25 to 100 ᵒC in 10 mins. To 

maintain the temperature of the furnace at 100 ᵒC for 20 mins and then switch of the 

furnace to cool down, the third segment shall be programmed to have C03 = 100 ᵒC and 

T03 = -121. The value -121 is a pre-programmed parameter that switches the heating 

elements off. The various programs used in the course of this dissertation are provided 

below.  



96 
 

 
Figure  3.3: (A) Three zones split tube furnace (OTF-1200X-III-S-UL). The inset shows 

the heating element and the thermocouples. (B) Temperature profile once the 

temperature is set to 800 ᵒC in the three zones. 

Production of CVD grown single layer graphene 

The CVD growth process of SLG is mainly divided into three steps, including annealing 

at 1000 ᵒC under a flow of Ar and H2, growth at 1000 ᵒC under Ar, H2 and CH4 

environment and cooling down under the same gas flow. All of these steps occur in a 

single heating zone, namely the central one. In terms of programming the controllers, 

there are three main heating segments: (1) increasing the temperature to 1000 ᵒC, (2) 

maintaining the temperature at 1000 ᵒC for annealing and growth and (3) cooling down 

the furnace to room temperature. However, to clearly monitor and distinguish the 

annealing and growth segments which require different combinations of gasses, we 

divide the second segment into two constant temperature segments. To maintain the 

heating rate specified by the manufacturer, we adopted the maximum heating rate of 20 

ᵒC/min to reach the target temperature. The associated temperature profile and various 

controller parameters are shown in Figure 3.4. 
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Figure  3.4: Temperature profile and controller parameters for production of CVD SLG. 

Sample annealing (transfer process) 

Annealing was typically used to clean the surface of transferred SLG/FLG from residual 

PMMA, a process which has proven to increase the conductivity of the films. Annealing 

was programmed using three segments: (1) heating up to the desired annealing 

temperature, (2) maintaining the annealing to the specific duration needed and (3) cooling 

the furnace naturally. A typical annealing temperature profile used in this work is shown 

in Figure 3.5. 

 
Figure  3.5: Temperature profile and controller parameters for sample annealing 

Intercalation experiments requiring a two-zone vapor transport process 

A two-zone vapor transport process is a common procedure used in the preparation of 

GIC, where a temperature gradient is generated between two heating zones, with the 

intercalate placed in the lower temperature zone and HOPG in the slightly higher 
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temperature zone.  For the purpose of intercalating FeCl3 into FLG presented in chapter 

6, the temperature profile is composed of 3 segments similar to the annealing temperature 

profile just described, as shown in Figure 3.6. 

 
Figure  3.6: Temperature profile and controller parameters for two-zone vapor transport 

doping. 

3.1.3 Pumping station and pressure gauges 

Achieving vacuum is essential for removing oxygen, moisture and other potential 

contaminants that can largely influence the synthesis and annealing processes, especially 

at high temperatures. We have designed a multi-pumping station, combining in parallel a 

turbo molecular pumping station (HiCube 80 ECO) from Pfeiffer Vacuum for high 

vacuum experiments (Figure 3.7A) and a dry scroll vacuum pump (XDS 10) from 

Edwards for low vacuum experiments (Figure 3.7B). The HiCube 80 Eco station is 

comprised of the turbo molecular pump (HiPace 80), backing diaphragm pump (MVP 

015-2), compact full range pressure gauge (PKR 251), electronic drive unit (TC 110) and 

a display and control unit (DCU 002). The combination of these two pumping modes 

downstream of the furnace system allows for a better base pressure to be achieved faster. 

A base pressure of ~8.5×10
-3

 mTorr is achieved in our system. For continuous pumping 
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during various processes which typically involve large gas loading and flow rate into the 

system and operating pressures up to 10 mTorr, we switched to the scroll dry pump so as 

not to damage to turbo molecular pump. Using the scroll pump, a base pressure of 2×10
-2

 

mTorr can be achieved. The ability to easily switch between pumping modes using gate 

valves allows for flexibility and reaching a lower base pressure prior to experiments. Two 

pressure gauges were used to monitor pressure, with a combination Pirani/cold-cathode 

gauge preinstalled at the turbo molecular pump station (Figure 3.7C) downstream of the 

tube, and a cold cathode gauge (Figure 3.7D) installed upstream of the tube furnace. 

 
Figure  3.7: Pumping station and pressure gauges 

3.1.4 Connections and fittings 

To assure a tight seal of the furnace and to minimize leakage of contaminants, moisture 

and oxygen from the ambient in different operating conditions, a careful selection of the 

fittings and flanges should be made. Connections between gas cylinders, tubes, gas mixer 

outlets and quartz tube inlet were made using Swagelok standard fittings, the structure of 

which is shown in Figure 3.8A. Their design allows for tight sealing of stainless steel 

and plastic tubes through pressing the ferrules towards the body. The tube is passed into 

the nut and both back and front ferrules, which is then seated into the fitting body and 
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then rotating the nut finger tight. A firm tight of one-quarter turn is sufficient to achieve a 

proper sealed fit. The quartz tube was sealed with O-ring tightening mechanism as shown 

in Figure 3.8B. The open flange is first passed along the quartz tube, followed by two O-

rings separated with a pressuring ring and then pressed by the sealing flange by three 

hexagonal screws. The sealing flange is then connected to the gas mixer by a Swagelok 

fit. On the pumping side, the quartz tube is connected to a flexible bellow – to facilitate 

loading and unloading of materials – using QF flanges shown in Figure 3.8C. QF flanges 

are made by two slightly tapered surfaces that are pressed together via a clamp with an O-

ring mounted on a centering metallic ring in between.  

 
Figure  3.8: Connections and fitting used for the tube furnace. 

3.2 Synthesis and transfer of CVD graphene 

3.2.1 Single-layer graphene (SLG) 

Optimization of the growth and transfer processes of graphene is crucial for obtaining 

high quality and continuous samples with sufficient conductivity for application as TCE. 

SLG was reproducibly synthesized using a modified CVD process that was developed 

after a rigorous optimization process as described below (Figure 3.9).  
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Initial attempts to grow graphene in the tube furnace were based on the conventional 

procedure following the work of Rouff et al.
[240]

 which was described in details in 

Section 2.2.5. As these recipes do not always successfully transfer to other laboratories 

and equipment, we re-optimized the CVD growth process. The optimization process is 

described in Appendix A.  

The copper foil is cleaned prior to CVD experiments with organic solvents and acetic 

acid. The latter assists in reducing the copper oxide present on the surface. The cleaned 

foils were immediately placed inside the tube furnace, which was brought to a base 

pressure of 2.3×10
-2

 mTorr. Annealing under Ar (30 sccm) and H2 (30 sccm) step to 

increase the grain size of the copper foil and further reduce the surface oxides was carried 

out for 30 minutes before introducing CH4 (10 sccm) to initiate the graphene growth for 

20 minutes. The furnace was switched off and allowed to cool down to room temperature 

while keeping the same flow rates of the gasses. We found that successful growth of SLG 

in our furnace required the use of a confining medium around the copper substrate to 

create a high-pressure region, as described in Appendix A. Without this modification, 

droplets of copper were found to form on the surface of the foil, causing significant 

contamination.  

3.2.2 Few-layer graphene (FLG) 

As commercial sources of graphene and FLG became available mid-way through this 

PhD, commercial graphene was also acquired for experiments. Commercially available 

FLG (1×1 cm) from Graphene Laboratories Inc. was used for all FLG-related 

experiments. FLG was grown via CVD on 300 nm thermally evaporated nickel on 
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SiO2/Si substrate. The average number of layers is 4 (ranging between 1 – 7 layers) as 

specified by the manufacturer. Due to the dissolution-segregation mechanism during 

graphene growth on nickel, achieving a uniform number of layers is not possible. Thus it 

forms in the form of sections with different numbers of layers with lateral size in the 

range of 3 – 10 μm. The sheet stacking for FLG maintained the Bernal AB stacking in 

small regions, but was mostly rotationally faulted according to the Raman spectra as 

discussed in details in Chapters 4 and 5.  

 
Figure  3.9: Schematic of CVD graphene growth on copper foil and the optimized growth 

conditions. 

3.2.3 Transfer of SLG and FLG samples 

Transfer of graphene from the support substrate, Cu foil or Ni thin film, is a crucial step 

in all experiments performed in this thesis. This section describes two transfer methods, 

namely, PMMA transfer and PDMS stamp transfer, which have been respectively used in 

Chapters 4, 5 and 6. 

PMMA transfer method 

SLG and FLG were transferred using a PMMA support layer as reported in literature
[114]

 

and shown in Figure 3.10. PMMA 950 A6 in anisole from Microchem Inc. was spin-

coated on top of graphene at 3500 rpm for 1 min. The PMMA/Graphene/metal stack was 
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then heated on a hotplate at 180 ᵒC for 1 min to cure PMMA. The next step was to etch 

the metal film in an aqueous solution of FeCl3, leaving the PMMA/Graphene floating on 

the surface of the etchant. An important difference in the procedures between SLG and 

FLG transfer at the etching step is that FLG is dipped in HF acid to etch the SiO2 first and 

separate the FLG/Ni from the substrate, which is then washed in DI water and the Ni is 

subsequently etched using the same procedure described above for copper. The metal 

etching time ranges from a minute for the thin Ni film supporting FLG to hours for the 

comparatively thick metal foil supporting SLG. The samples were then scooped from the 

etchant and placed in a DI water bath for 1 min before being scooped again to another DI 

water bath for 30 minutes to clean any remaining etchant. Soda-lime glass substrates 

meant to receive the graphene sample were cleaned by organic solvents and UV-ozone 

exposure. The glass substrate was used to scoop the PMMA/graphene from the DI water 

bath. The PMMA/graphene/glass sample was left to dry in air for 6 hours in order to 

assure conformal adhesion on the substrate. A small amount of PMMA solution, enough 

to cover the substrate, was dropped on the sample, and was allowed to rest for 3 minutes. 

This partially dissolves the underlying PMMA layer and releases stress in regions of the 

sample under stress.
[114]

 The sample was then submerged in acetone overnight at room 

temperature to remove PMMA resulting in graphene/glass. However, it is difficult to 

completely get rid of PMMA using solvents alone and the surface of graphene is always 

contaminated with PMMA residues. Such residues increase the roughness of the surface, 

the sheet resistance of graphene, and can hinder its ability to be contacted electronically, 

negatively influencing the device fabrication and performance. 
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Figure 3.10: PMMA transfer method of graphene from copper foil to target substrate. 

A thermal annealing step has therefore been added to the conventional transfer process, 

whereby the sample is annealed at a temperature of 450 °C under a reducing protective 

atmosphere of H2 and Ar in the tube furnace. The process was done at a pressure of 18 

Torr for 90 minutes. Surface characterization confirming the suitability of this approach 

is presented in Appendix B.  

PDMS transfer process 

Some of the disadvantages of the PMMA transfer; including the need for a high-

temperature annealing step (see Appendix B) can be addressed by an alternative dry 

transfer process using a PDMS stamp. PDMS (SYLGRAD 184) from Dow Corning 

Corporation was used as purchased. The formulation comes in a kit of two liquids; a base 

prepolymer and a curing agent. PDMS stamps are made by mixing the base with the 

curing agent at 10:1 weight ratio, followed by vigorous mixing for a two minutes. The 

mixed solution is then placed in a vacuum desiccator to degas and remove trapped air for 
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around 20 mins. The mixture is gently poured into a petri dish to a height of 3 mm and is 

placed in a vacuum oven for an hour where it is heated to 70 ᵒC for curing. The cured 

PDMS can be cut to the desired size and is ready to be used for graphene transfer. The 

transfer procedure is described in Section 2.2.4. A successful transfer of FLG to a glass 

substrate using PDMS stamp is shown in Figure 3.11. 

 
Figure  3.11: Demonstration of PDMS stamping method. PDMS stamp is pressed on top 

of FLG/Ni/SiO2, followed by chemical etching of the nickel. The resulting FLG on PDMS 

can ideally be laminated on any targeted substrate (on glass in this figure) 

3.3 Intercalation- and surface-doping of graphene 

3.3.1 Experimental environment 

The outcomes of doping experiments were observed to be affected by oxygen and 

moisture contents. For this reason, the environmental conditions were carefully 

characterized, recorded and controlled, when possible, to ensure a consistent and 

reproducible outcome of doping experiments. The environmental conditions under which 

doping experiments were carried out are described in detail in this section and can be 

used as a reference throughout this thesis.   

The term ambient is reserved for conditions where experiments are conducted in the open 

laboratory environment, at room temperature and at normal atmospheric pressure at sea 



106 
 

level. The ambient temperature in our laboratory is defined as ~22 C and the relative 

humidity is commonly 50-60%RH. 

Environmental control was exercised when needed by performing parts or all of the 

experimental procedures in enclosure spaces with reduced oxygen and/or moisture 

content. Enclosures had the benefit of providing protection from toxic chemicals, such as 

Br2. Below; we quantify the various enclosed environments used in this thesis. A 

comparison of the oxygen and moisture content of all enclosures presented is provided in 

Figure 3.12. 

 
Figure 3.12: Comparison of oxygen and moisture contents in various enclosures used in 

this work and contrasted to the ambient conditions. 

(A) Glove bag: 

Glove bags (Aldrich® AtmosBag) are inflatable polyethylene bags with built-in gloves 

and zipper-lock closures. These were utilized to provide an environment with moderate 

oxygen and moisture contents. The bag was connected to in-house vacuum and high 

purity nitrogen via two separate tubes. An oxygen monitor was connected via a third 

opening in the glove bag, while a portable moisture monitor (EL-USB-2-LCD) from 

Lascar electronics was placed inside the glove bag. The oxygen and moisture contents 

were reduced by repeatedly cycling nitrogen filling and evacuation. 
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The oxygen and moisture contents are shown in Figure 3.13. Representative conditions 

used in this study in terms of oxygen (2000 ppmv) and moisture (2000 ppmv) contents 

were obtained after three cycles. The bag was refilled with nitrogen prior to performing 

the experiment. 
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Figure  3.13: Oxygen and moisture content in the nitrogen filled glove bag after various 

cycles of gas filling and evacuation. 

 

(B) PVC glove box: 

An isolated non-dissipative transparent PVC glove box from Cleatech Inc. was utilized 

for a higher level of control over oxygen and moisture contents and especially when 

using corrosive gasses and vapors. It is equipped with a small antechamber with separate 

nitrogen and exhaust inlets that served to take tools in and out of the main chamber 

without disturbing the main chambers environment. Before opening the antechamber to 

the main chamber, a continuous flow of nitrogen for 10 minutes to minimize oxygen and 

moisture was followed as the standard procedure. The PVC glove box was mainly used 

for the bromination experiments and was supplied with a continuous flow of nitrogen at ~ 
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350 Torr and ~ 2000 SCCM. This further reduced the oxygen content to <1000 ppmv and 

moisture content to 1400 ppmv.  

(C) Stainless steel glove box: 

The most stringent control of oxygen and moisture is achieved via a closed loop gas 

circulation in which the gas flows from a stainless steel glove box into the gas 

purification system composed of a HEPA (class H13) dust filter capable of filtering 

99.995% of particles down to 0.2 microns, a reactive agent to remove oxygen and an 

adsorbent to remove moisture from nitrogen. Such a configuration can achieve <0.1 ppmv 

of oxygen and moisture. The glove box in question is built up from a stainless steel 

interior, polycarbonate windows, and butyl gloves. The system is equipped with 

antechambers which are evacuated and filled for at least three cycles prior to being 

opened to the main chamber.  

3.3.2 Doping with Bromine 

In Chapter 4 we discuss the intercalation doping of FLG using bromine. Graphene 

(SLG, layer-by-layer and FLG) samples transferred to glass were exposed to bromine 

vapor or liquid at room temperature either inside a glove bag filled with nitrogen and 

placed in a fume hood, in a PVC or a stainless steel glove box, as described above. 

Bromine (ACS REAGENT, ≥99.5%) from Sigma-Aldrich was used as purchased. For 

vapor-based bromination, samples were suspended in a sealed container holding liquid 

bromine at room temperature in either glove bag or glove box as shown in Figure 3.14. 

The bromine reaches its room temperature equilibrium vapor pressure of 270 mbar inside 

the sealed container.
[241]

 Bromine uptake was controlled by the exposure time inside the 
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sealed container. For liquid-based bromination experiments, we cast a droplet of bromine 

on the sample inside a fume hood and allowed it to dry in the natural flow of air therein.  

All samples were washed with ethanol to remove excess and possibly weakly adsorbed 

bromine from the surface and grain boundaries prior to further handling and analysis. The 

washing step was found to be critical for achieving stability in air of electronic and 

transport properties in brominated FLG samples. 

 
Figure  3.14: Schematic of vapor exposure doping of FLG with bromine. 

3.3.3 Doping with Ferric Chloride 

In Chapter 6 and Appendix C, we discuss the intercalation doping of FLG using FeCl3. 

Doping of FLG with FeCl3 was carried out using the vapor transport method using the 

tube furnace described in Appendix C in a two-zone configuration. Anhydrous FeCl3 

(800 mg) was placed in a glass crucible at a distance of ~27 cm from the FLG sample 

inside an open-ended glass tube (having a diameter of 2 cm) which was inserted into the 

tube furnace, placing the FeCl3 (upstream) and FLG (downstream) in different heating 

zones, as illustrated in Figure 3.15. The furnace was pumped down overnight to degas 

and reached a base pressure of 4.2×10
-3 

Torr. The tube furnace was subsequently sealed 

on both ends and the FeCl3 powder side was heated to 320 ᵒC while the FLG sample side 

was heated to a higher temperature of 360 ᵒC. The tube was maintained at those 

temperatures for 6 hours, the time needed to reach a pressure of ~ 4.2 Torr, which was 
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found to be sufficient to intercalate FeCl3 between graphene sheets. The tube was vented 

by flowing N2 gas, and the sample was taken out to rapidly cool down to room 

temperature in air. The doped FLG sample was washed with DI water (considering the 

hygroscopic nature of FeCl3) to remove any weakly bound species on the surface, a step 

which was found to improve the air-stability of the electronic and transport properties of 

doped FLG. The optimization of FeCl3 doping of FLG and characterization are discussed 

in more details in Appendix C. 

 
Figure  3.15: Schematic of two-zone vapor transport of FeCl3 intercalation into FLG. 

3.3.4 Doping with solution processed organic and metal-organic molecules 

In Chapter 5, we discuss the surface doping using existing and novel organic and metal-

organic molecules supplied by Prof. Seth Marder at the Georgia Institute of Technology. 

The soluble molecules are presented and illustrated in Table 3.1. For surface doping, 

solutions of 0.1 mg/mL of any of the dopants listed in Table 3.1 were prepared inside the 

stainless steel glove box. Toluene was used as the solvent for all dopants, except for 

Magic Blue, which is soluble in dichloromethane (DCM). FLG samples transferred to 

glass were dipped in dopant solutions inside the glove box as shown in Figure 3.16, 

either as is or after intercalation doping as described in the prior sections and in Chapter 

6. The dopant uptake was controlled by the dipping time, which typically varied from 10 
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min to 180 min. All samples were subsequently rinsed with toluene (DCM in the case of 

Magic Blue) to remove any loosely bound molecules from the surface of graphene.  

 
Figure  3.16: Schematic of the FLG dipping into the dopant solution.  

Table  3.1: Metal-organic and organic molecules used for surface doping of FLG in 

Chapter 5. 
Molecule name Chemical Structure 

ruthenium (pentamethylcyclopentadienyl)(mesitylene) dimer 

(RuCp*mes)2 

 

pentamethylrhodocene dimer 

(RhCp*Cp)2 

 

Molybdenum tris(1-phenyl-2-benzoyl-1,2-dithiolene) 

Mo(PhBz-dt)3 

 

Molybdenum tris(1-(methoxycarbonyl)-2-(trifluoromethyl)ethane-1,2-

dithiolene) 

Mo(tfd-CO2Me)3 
 

Molybdenum tris(1-(trifluoroacetyl)-2-(trifluoromethyl)ethane-1,2-

dithiolene) 

Mo(tfd-COCF3)3 
 

tris(4-bromophenyl)ammoniumyl hexachloroantimonate 

Magic Blue 
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3.4 Characterization of pristine and doped graphene 

In this section, the various characterization methods used to examine electrical transport, 

optical transmittance, surface morphology, chemical composition and the electronic 

structure of both pristine and doped graphene are described. An illustration of data 

analysis will also be provided along with the working principles of each tool and specific 

instrument description.  

3.4.1 Optoelectronic characterization  

As discussed in Section 2.1.3, the key properties defining the performance of graphene as 

TCE are the sheet resistance and optical transmittance, which are combined in 

Equation 2.5 to calculate the FoM of TCE. The sheet resistance (Rs) in this work was 

measured via either a linear four-point probe or the Van der Pauw method. Furthermore, 

carrier density and mobility were obtained using Hall effect measurements, which are 

essential quantities to measure the extent of doping and better understand the changes in 

conductivity. Optical transmittance of graphene on glass was characterized using UV-

Vis-IR spectrophotometry.  

Linear four-point probe 

Ohm’s law defines the resistance (R) of a sample as the ratio of the voltage drop to the 

current flowing along the sample; however, such a quantity depends on the dimensions of 

the sample, thus is an extrinsic metric that doesn’t define a material property. A material 

intrinsic property deduced from R is its resistivity (ρ) which excludes the sample length 

and cross-sectional area and hence is more suitable for comparisons and materials 

selection for specific applications. The resistivity is calculated by multiplying the 
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resistance by the ratio of the cross-sectional area to the sample length, and thus has the 

units of Ω.m. For thin film samples typically used as TCEs, there is a general consensus 

of using the sheet resistance (Rs) as the metric to define their performance. The sheet 

resistance is defined simply by dividing ρ by the thickness of the film, where the sample 

is thought of being composed of squares having a unit area, and thus Rs is defined as the 

resistance of one square and thus has the units of Ω/□ as a convention despite the fact that 

it is actually equivalent to Ω. 

The use of the four-point probe in contrast to the first generation measurements via two 

probes has the advantage of minimizing the effect of extrinsic sources of resistance in the 

measurement instrumentation which can lead to overestimating the measured resistivity 

of materials as elaborated in Figure 3.17. As the current passes through the film to be 

measured, it is impeded by the resistance of the film (Rf), the contact resistance (Rc) and 

the parasitic resistance from the instrument (Rp). For accurate determination of the 

resistance of the film, only the voltage drop due to the current passing through the film 

should be measured. In the two probes configuration, both the voltage and the current are 

measured using the same probe as shown in Figure 3.17A, and thus, contributions due to 

the contact between the probes and the film and the parasitic resistance from the circuit of 

the instrument would be significantly overestimating the measured resistance. This can be 

overcome through the use of the four probes configuration shown in Figure 3.17B, where 

the current is measured via the two exterior probes, and the voltage drop is measured 

through the interior probes using a high impedance voltmeter (typically on the order 10
12 

Ω or higher). Hence, the current passing through the voltmeter circuit (i) is significantly 
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smaller than the input current (I), leading to negligible effect of Rc and Rp, as indicated by 

the circuit and equations in Figure 3.17B.  

A Linear four-point probe typically consists of four equally spaced (s) co-linear probes, 

where the resistivity ρ is derived to equal;
[242]

 

𝜌 = 2𝜋𝑠𝐹
𝑉

𝐼
    Equation 3.1 

 

Here F is a correction factor that accounts for samples edges, thickness and size. 

 
Figure  3.17: Schematics of (A) two-point probe and (B) linear four-point probe 

configurations for sheet resistance measurement, and the equivalent circuits and 

equations for the voltage drop.  

For measurements away from the sample edges and for sample thickness t < s/2, which is 

valid in the case of graphene samples in this work which are significantly larger than the 

area of the probe, Equation 3.1 is corrected to become; 

𝜌 = 4.532𝑡
𝑉

𝐼
    Equation 3.2 

And the sheet resistance is calculated using; 

𝑅𝑠 = 4.532
𝑉

𝐼
  Equation 3.3 
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Linear four-points probe measurements in this work were conducted using a hand-held 

cylindrical probe head, comprised of tungsten carbide co-linear probes that are equally 

separated with 1 mm spacing, with a tip radius of 500 μm from Jandel Engineering 

Limited. Sheet resistance measurements presented in this work were averaged over nine 

different points on the (1 cm × 1 cm) samples.  

Hall effect measurement 

A material carrying an electrical current along the direction of an applied electric field 

will develop a voltage in the transverse direction if placed in a magnetic field acting 

perpendicular to the applied electric field. This effect was discovered by Edwin Hall in 

1879,
[243]

 and was known since then as the Hall effect, and the generated transverse 

potential is known as the Hall voltage.  

The Hall effect is a direct result of the Lorentz force, which is the force applied on a point 

charge due to its presence in an electromagnetic field and hence consists of both electric 

and magnetic force components. An electron moving in an electric field with the presence 

of a perpendicular magnetic field as shown in Figure 3.18, will experience a Lorentz 

force defined as; 

𝑭 = −𝑒(𝑬 + 𝒗 × 𝑩)   Equation 3.4 

Here e is the elementary charge (1.602×10
-19 

C), E is the electric field, v is the particle 

velocity and B is the magnetic field. The direction of the magnetic force component 

“−𝑒(𝒗 × 𝑩)”, determined using the “right hand rule” (the index finger pointed along the 

direction of the carrier’s drift velocity, and then is curled towards the direction of the 

magnetic field. The direction of the force acting on electrons would be the opposite of the 
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direction of the thumb). It will be perpendicular to the direction of the electric field in the 

plane of the sample, which drives the electrons to curve towards the transvers direction of 

its original path, an hence accumulate on one side of the sample resulting in a potential 

drop across this direction which is the Hall voltage defined by the Equation 3.5, 

𝑉𝐻 =
𝐼𝐵

𝑒𝑛𝑑
  Equation 3.5 

Here I is the current along the electric field, B is the magnetic field, e is the electron 

charge (1.602 ×10
-19

 C), n is the carriers density and d is the samples thickness. In case of 

two-dimensional samples, or where the thickness is unknown, the carrier’s density term 

can be replaced with the sheet carrier density “ 𝑛𝑠 = 𝑛𝑑”. 

 
Figure  3.18: Illustration of the Hall effect. Electrons driven by the electric field along the 

sample, will drift towards the transverse direction when a perpendicular magnetic field is 

applied, generating the Hall voltage. 

According to the discussion above, the Hall effect experiment allows for direct 

measurement of the Hall voltage from which the sheet carrier density can be calculated 

by using Equation 3.5. In a typical Hall effect measurement using the Van der Pauw 

setup, the sample is contacted as shown in Figure 3.19, where the contacts are numbered 

counter clockwise. 
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Figure  3.19: Schematic of Hall effect measurement setup and contacts configuration. 

Eight data points for the Hall voltage are measured where the current is supplied along 

one diagonal of the sample and the voltage is measured along the other diagonal for each 

magnetic field direction. Table 3.2 shows the set of measured data points. 

Table  3.2: Data points measured to determine the Hall voltage in Hall effect 

measurement.  

Measurement Magnetic Field Current Voltage 
A (-A) 

Positive 
I31(I13) V42p(V24p) 

B (-B) I42(I24) V13p(V31p) 

C (-C) 
Negative 

I31(I13) V42n(V24n) 

D (-D) I42(I24) V13n(V31n) 

 

The polarity reversal allows a direct determination of whether the sample is n- or p-type. 

For each pair of contacts, the difference in the voltage along the specific pair for positive 

and negative magnetic field is calculated, and then averaged to deduce the Hall voltage in 

accordance with Equation 3.6. 

𝑉𝐻 =  
𝑉13𝑝−𝑉13𝑛+𝑉31𝑝− 𝑉31𝑛+𝑉24𝑝−𝑉24𝑛+𝑉42𝑝− 𝑉42𝑛

8
  Equation 3.6 

The sign of VH will be negative if the major carriers are electrons (n-type) or positive if 

the major carriers are holes (p-type). 
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To determine the Hall mobility, measurement of the sheet resistance is required, which is 

related to the mobility by Equation 3.7; 

𝜇 =
𝑉𝐻

𝑅𝑆𝐼𝐵
=  

1

𝑒𝑛𝑠𝑅𝑠
   Equation 3.7 

A powerful technique that can be performed in parallel to the Hall effect measurement is 

the Van der Pauw technique, which allows the measurement of the sheet resistance of a 

uniform sample of arbitrary shape. Van der Pauw resistivity measurement requires four 

terminal leads to be placed on the sample and form Ohmic contacts. The contacts should 

be as close as possible to boundaries of the samples and their sizes should be as small as 

possible since measurement errors scale with the ratio of contact diameter to their 

separation. 

Two characteristic resistances are determined during the measurement, namely RA and RB, 

from which the sheet resistance of the sample can be calculated by solving Equation 3.8 

numerically; 

𝑒−𝜋𝑅𝐴/𝑅𝑠 + 𝑒−𝜋𝑅𝐵/𝑅𝑠 = 1     Equation 3.8 

Referring to Figure 3.20 in which we consider square samples typically used in this 

work, eight measurements are performed by applying the current between a pair of the 

leads and then measuring the voltage across the opposite pair, followed by polarity 

reversal for each set of measurements. For example, the current I14 is injected from lead 

“1” and collected and lead “4” and then the voltage V23 is measured between lead “2” and 

“3” (V2 – V3), the resulting resistance from applying Ohm’s law is R(14,23). 
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Figure 3.20: Schematic of Van der Pauw measurement setup and contacts configuration. 

Theoretically, only two measurements are sufficient to calculate the resistance of the 

sample, in which the currents are applied along the vertical and horizontal edges. 

However, application of the reciprocity theorem which states that R(ba,cd) = R(cd,ba)  in 

addition to the polarity reversal in each case where R(ba,cd) = R(ab,dc)  allows for averaging 

each measurement over four points leading to the characteristic resistances RA and RB. 

Such averaging enhances the accuracy of the calculated resistance and cancels out 

potential sources of error, in addition to acting as a consistency check for the 

measurement setup. Table 3.3 shows the eight measurements in a typical van der Pauw 

measurement. 

Table  3.3: Data points measured to determine the characteristic resistances in Van der 

Pauw measurements. 

Measurement Current Voltage Resistance 
A (-A) I21(I12) V34(V43) R[21,34]  (R[12,43] ) 

B (-B) I32(I23) V41(V14) R[32,41]  (R[23,14] ) 

C (-C) I43(I34) V12(V21) R[43,12]  (R[34,21] ) 

D (-D) I14(I41) V23(V32) R[14,23]  (R[41,32] ) 

 

The characteristic resistances are calculated using the following equations; 

𝑅𝐴 =
𝑅[21,34]+𝑅[12,43]+𝑅[43,12]+𝑅[34,21]

4
     Equation 3.9 

𝑅𝐵 =
𝑅[32,41]+𝑅[23,14]+𝑅[14,23]+𝑅[41,32]

4
     Equation 3.10 
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These equations are then substituted into Equation 3.8 to determine the sheet resistance. 

Now that the carrier density and the sheet resistance are measured directly, the Hall 

mobility of the majority carriers can be determined using Equation 3.7. 

A commercial Lakeshore 7700 system was used to conduct room temperature Hall effect 

measurements on graphene using the Van der Pauw configuration. Measurements were 

conducted by applying a reversible sweep of magnetic fields up to 20 kG using 1 mA 

excitation current. Contacts were fabricated using conductive silver paste to fix low strain 

Ag alloy wires (Lake Shore PN 671-260) which were soldered to the sample holder. 

Optical transmittance measurement 

 

The optical transmittance of graphene and doped graphene on glass were characterized 

using Cary 5000 UV-Vis-NIR spectrophotometer from Agilent Technologies, having a 

measurement range from 175 nm to 3300 nm. Transmittance measurements are based on 

passing a light of specific wavelength through the sample, and measuring how much of 

that light is absorbed.  

The sample holder allows for the simultaneous measurement of a reference sample and 

the sample to be measured, so that the optical spectra from the reference sample are 

subtracted and thus the obtained spectra are representative for the coating supported on 

the reference sample. We have used a bare glass sample – the same one used to support 

graphene in this work – as a reference sample, so that the transmittance of graphene 

(excluding all absorption due to the substrate) is directly measured.  
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3.4.2 Morphological, structural and chemical characterization  

 

Morphology characterization 

 

Scanning electron microscopy (SEM), atomic force microscopy (AFM) and Scanning 

Tunneling Microscopy (STM) were used to study the morphology of pristine and doped 

graphene.  

SEM relies on the interaction with high energy electron beam (1 – 40 kV) with the 

sample in UHV conditions. Once the electron beam hits the sample, it scatters either 

elastically generating backscattered electrons (BSE) having energy ranging from 50 eV 

up to the incident beam energy with large scattering angles, or inelastically generating 

secondary electrons (SE) having energy less than 50 eV with a small angle to the sample 

in a deflected trajectory. SEM images in this work were collected in SE mode, the signal 

of which is generated from a depth in the range of 5 to 50 nm, and is responsible for the 

topographic contrast in SEM images. Protrusions and edges not facing the detector would 

result in a lower number of SE and thus appear as darker regions in the image.  

SEM images presented in this work were obtained using Quanta 200 FEG system from 

FEI, in SE collection mode, using 10 kV electron beam. Samples were prepared using a 

special holder with top contacting clips. 

AFM is capable of directly probing the topography of samples by scanning the surface 

with a sharp tip, which detects near-field forces that are sensitive to the sample height. 

AFM can be operated in a static contact mode or dynamic tapping mode. In the static 

mode a cantilever holding the tip at its end is in direct contact with the sample, and thus 

is deflected depending on the height profile of the sample. On the other hand, the tapping 
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mode oscillates above the sample without direct contact, where the oscillation frequency 

and its amplitude change based on interactions with the sample. Generally the tapping 

mode is preferred as it prevents damage to the sample and can provide contrasts other 

than the topographic contrast such as phase contrast. 

AFM images in this work were collected using 5400 SPM from Agilent in tapping mode. 

Silicon tips (PPP-XYNCSTR-50) from Nanosensor having a resonance frequency of 76-

263 kHz were used.  

STM imaging was performed in ultrahigh vacuum conditions (5.0 × 10
–10

 mbar) in a 

variable temperature STM (VT-STM; Omicron Nanotechnology). Graphene samples 

were kept at room temperature during measurements. A chemically etched 

polycrystalline tungsten STM tip was used for imaging, which was further cleaned by 

electron bombardment in situ in UHV to reach atomically resolved imaging of HOPG. 

FLG samples on sputtered Ni on SiO2/Si were mounted on a sample plate for STM 

studies. Sample bias of Vb and tunneling current of It will be specified in the caption of 

each image. 

Raman Spectroscopy 

 

Raman spectroscopy provides a facile method to identify the various types of carbon 

allotropes, and provide rich information on their structure, morphology, strain and 

doping. It has been favorable due to the non-destructive nature and speed of this method. 

Raman spectroscopy relies on the interaction of a monochromatic light with the material, 

leading to various transitions from the ground energy state including vibrational and 

electronic transitions, typically to virtual excited states. These transitions are then relaxed 
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through emitting light in three possible ways as shown in Figure 3.21, (1) Rayleigh 

(elastic) scattering in which the emitted light has the same frequency as the incident light 

(ωinc), (2) inelastic Stokes scattering where the frequency of the light is shifted to a lower 

value (ωinc – ω), and (3) inelastic anti-Stokes scattering shifting the frequency of the light 

to higher values (ωinc + ω). The shifts due to the inelastic scattering (both Stokes and anti-

Stokes) are characteristic of the symmetry in the material and are the main scattering 

mechanism upon which Raman spectroscopy relies, to fingerprint materials.  

 
Figure  3.21: Light scattering mechanisms in Raman spectroscopy. 

The Stokes Raman shifts are more intense than the anti-Stokes shifts, since in the latter 

only the pre-excited molecules contribute to the total intensity. However, the majority of 

molecules would be initially at the ground state. Accordingly, Stokes scattering is 

typically observed and reported in Raman spectroscopy.  A Raman spectrum is presented 

by the intensity of the inelastically scattered light on the y-axis as a function of the 

frequency shift (typically labeled as Raman shift) in the units of wavenumber (cm
-1

). A 

Raman process is considered first-order if it originates from a single scattering event, 

whereas it is labeled as a second-order peak if it involves two scattering events.  

Furthermore, if the laser energy was selected so that the electronic transitions correspond 

to a stationary state (rather than virtual), the process is generally known as resonant 
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Raman process which greatly enhances the intensity of the peaks due to electron-phonon 

coupling. The unique electronic structure of graphene characterized by the linear 

dispersion relation of the π-electrons with the absence of a band gap, leads to Raman 

scattering processes in graphene that are always resonant, making it useful to study the 

electronic structure as well as the lattice vibrations.
[244]

  

The interpretation of Raman spectra of graphene is better understood in conjunction with 

its phonon dispersion relation. The unit cell of a monolayer graphene is comprised of two 

atoms, leading to six phonon branches – three of which are acoustic and the other three 

are optical) – as indicated in Figure 3.22.  

 
Figure  3.22: Phonon dispersion relation in graphene.

[245]
 

First-order Raman processes require the fulfillment of the fundamental selection rule, 

requiring the momentum of the phonon to be equal to zero (q=0) to achieve overall 

momentum conservation of the perturbed system,
[246]

 which can only be satisfied by the 

phonon branches at the zone center Γ. Two optical phonons iLO and iTO are degenerate 

at ~1580 cm
-1

 and are Raman active giving rise to the G-peak in the spectra of graphene. 

The third optical phonon oTO appears at a lower energy around 800 cm
-1

, however, it is 

IR active and doesn’t contribute to the Raman spectra of graphene. It can also be seen 
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that the three acoustic phonons are zero at the zone boundary and thus are not observed. 

This makes the G-peak the only first-order Raman active peak in graphene.  

Second-order Raman processes involving two scattering processes (Figure 3.23), relaxes 

the fundamental selection rule, where the momentum can be conserved through two 

phonons at the K point with q and –q wave vectors. This process results in the 2D peak in 

graphene at ~2700 cm
-1

 arising from two iTO phonons occurring at the K point. 

Scattering in the second-order Raman process doesn’t need to arise from phonons, where 

scattering by defects in graphene such as edges, grain boundaries and point defects can 

contribute to the scattering of the photo-excited electrons along with the phonon 

scattering to conserve the momentum of the perturbed system. Scattering by defects is an 

elastic process which only affects the momentum of the electrons, and thus the Raman 

shift is governed by the frequency of the contributing phonon. The D-peak ~1350 cm
-1

, 

typically appears in defective graphene, arise from a second-order process involving one 

iTO phonon at the K point and an elastic inter-valley scattering by defects. Another 

defect related peak is the D’ ~1620 cm
-1

 occurs from LO at the Γ and intravalley defect 

scattering.
[247]

 Second-order processes in graphene are typically referred to as double 

resonance Raman peaks (DR), which involve resonant coupling between the involved 

phonons and the electron transitions from and back to the K point. It is this resonant 

process that accounts for the dispersive behavior of the D and 2D peaks where the peak 

position is a function of the laser energy used. 

A typical Raman spectrum of monolayer graphene is comprised of two prominent peaks, 

the G-peak at ~1580 cm
-1

 and 2D-peak at ~2700 cm
-1

 at laser energy 473 nm, in addition 
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to a small peak around 1350 cm
-1

 known as the D-peak, whose intensity increases with 

the increase of the amount of defects in the basal plane of graphene. Accordingly, the 

quality of graphene is typically assessed based on the intensity ratio of the D-peak to the 

G-peak.  

 
Figure  3.23: Scattering processes in graphene 

Most sp
2
 carbon materials show the G- and D-peaks whereas the 2D-peak is 

characteristic of graphene and graphite, and it changes in shape and intensity with the 

increase in the number of layers reflecting the changes in the electronic structure. The 

shape of the 2D-peak has been used to quantify the number of layers of mechanically 

exfoliated graphene.
[248]

 Such samples exhibit AB-Bernal stacking, which maintains the 

electronic coupling between the sheets and thus the electronic structure would evolve as 

the number of layers increase, which is reflected by the changes in the shape of the 2D-

peak. Monolayer graphene exhibits a characteristic single sharp Lorentzian peak (FWHM 

~24 cm
-1

), bilayers show a broad 2D-peak that can be fitted with four Lorentzian peaks 

each with FWHM ~24 cm
-1

, whereas it would be fitted with six Lorentzians in trilayer 

graphene, and three in the case of four layers graphene. Increasing the layer number 
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further, the 2D-peak shape will be indistinguishable from that in graphite in which it 

consists of two components; low energy peak (2DL) and high energy peak (2DH), having 

roughly ¼ and ½ the height of the G-peak.
[245]

 The intensity ratio of the two component 

have been used to estimate the thickness of HOPG (ranging between 2 – 20 nm) crystals, 

where 2DL increases in the intensity as the thickness decreases, lowering the intensity 

ratio 2DH to 2DL from ~3 in 20 nm discs to 1 in  2 nm discs.
[83]

 In the case of rotationally 

faulted graphene films where AB stacking is absent, such as epitaxially grown FLG, the 

electronic coupling between the sheets is weak, and thus the shape of the 2D-peak would 

resemble that of a monolayer graphene. In turbostratic multilayer graphene, 2D-peak is a 

single Lorentzian peak similar to monolayer graphene, however, with a larger FWHM.  

The intensity ratio between the 2D- and G-peak decreases as the number of the layers 

increases in CVD graphene, and thus is used to confirm monolayer growth by having a 

ratio of more than two.
[80]

 Using the intensity ratio to identify the exact number of layers 

in CVD and turbostratic multilayer graphene has been attempted empirically, however, 

such approach isn’t accurate and should always be confirmed with other characterization 

tools.
[157]

  

Instrumentation of Raman spectrometer is composed of a monochromatic light source, 

optics for illumination and collection of the scattered radiation, a spectrometer for 

radiation dispersion and a detector to measure the intensity of the collected signal. Gas 

lasers are generally used to generate monochromatic, linearly polarized small diameter 

beams of light, which made them the leading source of radiation in Raman spectrometers. 

As the laser beam is generated, it passes through a set of optics where first an interference 
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filter is used to reduce the intensity of the radiation which is essential for heat sensitive 

samples, and then a set of mirrors and lenses that direct the radiation to the sample. The 

last stage prior to reaching the sample is passing through a focusing microscope 

objective, which controls the beam diameter and hence the spatial resolution of the 

measurement. The focal length of the lens is directly proportional to the spot size, and 

thus larger magnification objectives are generally used for Raman mapping. The 

inelastically scattered signal is then collected, passed through a notch filter to eliminate 

contributions of the elastically scattered and stray light and then directed to the 

spectrometer. The spectrometer is composed of gratings (1 to 3) that disperse the 

collected signal and allows resolving the collected signal to the involved wavelength 

shifts. The spacing between the grooves of the grating determines the spectral resolution 

of the system. The dispersed radiation is then detected by a CCD detector.  

In this work, a LabRAM ARAMIS Raman spectrometer from Horiba Jobin Yvon, Inc. 

was used. The excitation source a 473 nm laser, which was focused using a 100X 

objective to a laser spot of 1 μm and 0.5 mW power. The signal was collected in 

backscattered geometry and dispersed with 1800 mm
-1

 grating.  

X-ray Photoelectron Spectroscopy (XPS) 

 

XPS is a powerful tool capable of probing core electronic levels of a material and 

perform quantitative characterization of the chemical composition, chemical state 

(bonding) and thickness of ultra-thin samples. It relies on the photoelectric effect 

whereby monochromatic X-rays are typically used to emit electrons from the elemental 

core levels. The emitted photoelectrons are then collected and counted as a function of 
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their kinetic energy. An XPS spectrum is presented as electron counts per second (cps) 

versus the binding energy (BE) in eV, which typically appears as discrete peaks at the 

characteristic BE of electron orbitals and thus can be used for elemental identification. 

The relative area under the peaks is proportional to the atomic concentration, thus 

providing a direct quantitative analysis of the composition of the sample. Furthermore, 

the exact position and shape of each peak can be analyzed to deduce the chemical state 

and bonding configuration of each element including oxidation state, charge transfer and 

hybridization states.    

XPS is a surface sensitive technique, with a nominal analysis depth in the range of 1 – 10 

nm. The surface sensitivity is derived from the emission and collection of the emitted 

electrons since X-rays are capable of penetrating the sample up to few μm. The inelastic 

scattering of photoelectrons as they leave the bulk of the samples reduces their energy 

and changes their direction. The inelastic scattering of electrons is characterized by the 

inelastic mean free path (λ), which is the average distance traveled by electrons in the 

solid before being inelastically scattered which is on the order of few nanometers, and is 

typically a function of the electron energy and material type. The probability of electrons 

leaving the bulk of the sample is determined from the distance “x” from the sample 

surface where it is generated, λ and electron take-off angle (measured from the normal to 

the surface) according to exp(-x/(λ cos θ)). The surface sensitivity can be generally 

increased by collecting the electrons at grazing angles from the surface of the sample.  

As X-rays with a specific energy (hν) are absorbed by the sample, their energy is 

transferred to the core electrons leading to their excitation based on energy-conservation. 
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The excited electron (in the absence of scattering) would leave the surface of the sample 

once it possesses an energy that is sufficient to overcome its binding energy and the work 

function of the sample (Φs) as shown schematically in Figure 3.24. The excess energy 

allows the electron to travel towards the analyzer with a KE that is equal to (𝐾𝐸 = hν −

BE − Φ𝑠) 

 
Figure  3.24: Photoelectric effect and various energy levels in the material. 

A very important practical aspect to be considered is the fact that the emitted electrons 

travel in vacuum towards the detector, and will have to overcome the work function of 

the analyzer (ΦA) to be measured. Accordingly, the measured KE at the detector is 

different from that observed by the sample. The analyzer and the sample are electrically 

connected in the measurement setup so that the Fermi level of the sample is aligned with 

the Fermi level of the detector, making the difference between actual KE and the 

measured KE equal to Φ𝐴 − Φ𝑠. The BE of photoelectrons is thus defined in terms of the 

measured KE and the ΦA in accordance to 

𝐵𝐸 = hν − KE − Φ𝐴           Equation 3.11 

ΦA is constant, and is typically calibrated upon installation and after major changes to the 

system such as venting and bake-out. The calibration of the ΦA in this work, was 
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conducted using a reference Ag single crystal that was Ar
+
 sputter cleaned for 15 mins (1 

keV, 10 μA) to remove surface contaminants which would otherwise affect the position 

of the peaks. ΦA was set to the value 4.4 eV which aligns the Ag 3d5/2 to its expected 

binding energy of 368.2 eV.  

The KE of the emitted electrons is most commonly resolved in a Hemispherical Sector 

Analyzer (HSA), which is preceded by a set of electrostatic lenses and followed by the 

detector. The function of the lenses is to sweep the value of KE, thus acting as a gate for 

electrons with specific energy to reach the analyzer. Ideally, only electrons having KE 

equal to the pass energy (Ep) of the analyzer are allowed to enter. Ep is determined by the 

geometry of the analyzer and the potential applied between the inner and outer 

hemispheres. However, electrons with KE=Ep±ΔEA are typically transmitted through the 

analyzer, where ΔEA defines the absolute resolution of the spectrum, and is determined 

by the geometry of the analyzer. Analyzers are designed to have a constant relative 

resolution of ΔEA/ Ep ~0.1, and thus the resolution can be improved by using small Ep for 

a given system. Moreover, the intensity of XPS also varies with the choice of Ep, where a 

higher value Ep increases the intensity and thus the signal-to-noise ratio. Accordingly, the 

trade-off between resolution and signal-to-noise ratio shall be optimized based on the 

purpose of the measurement.  

The most common operation mode for XPS measurements is to hold the pass energy 

constant while varying the sweep energy through the electrostatic lens system. This 

allows for a constant spectral resolution throughout the measured values of KE. For a 

quantitative compositional analysis, clearly defined intense peaks are needed over a large 
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range of KE energy values that would reveal all of the elements which are potentially 

present, and thus the absolute resolution of the peaks is not a major concern. This is 

typically achieved by measuring the survey spectra, where large Ep is used in order to get 

a high signal-to-noise ratio over a short scanning time. On the other hand, if one is 

interested in resolving the chemical states and bonding configuration of a specific 

element, high-resolution spectra are measured around a single photoemission peak, over a 

narrow range of KE. In this case, the Ep used is much smaller so as to increase the 

spectral resolution. However, the collection of high-resolution spectra is done for longer 

durations and integrated over various sweeps to increase the signal-to-noise ratio.  

XPS in this work was performed using an Omicron Nanotechnology (Taunusstein, 

Germany) UHV system with a monochromatic Al source (1486.7 eV). A hemispherical 

energy analyzer EIS-Sphera was used to measure the XPS spectra. Survey spectra were 

measured at a pass energy of 50 eV and a step size less than 0.5 eV. Core-level high-

resolution scans were acquired at a pass energy of 20 eV and a step size of 0.05 eV. A 

base pressure of about 4.0 × 10
−10

 mbar was maintained throughout all measurements. 

The spectroscopic data were processed using CasaXPS software (Casa Software Ltd.). 

(A) Chemical composition analysis 

The identification of elements present in a sample can be achieved through a wide-range 

survey spectrum, and then comparing the peaks to the tabulated BE of elements, which is 

usually preinstalled with the XPS software. It is essential to point out that the presence of 

an element requires the presence of the XPS peaks from all orbitals, which should 

conform to the expected relative intensities of the peaks. 
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The relative atomic concentration can be calculated from the intensities of the peaks of 

the respective elements, by considering the contributions from the analyzer and the 

detector to these intensities in addition to differences in the λ and cross section (σ) of 

each orbital. The total flux of the photoelectrons leaving the surface of a sample (J
e
) upon 

interaction with X-ray flux (F) depends on the photoemission probability defined by σ 

and the probability of the photoelectrons to leave the surface of the sample before being 

scattered as defined above. Assuming constant concentration across the sample (Ci), the 

total electron flux from orbital (i) can be presented as 

𝐽𝑖
𝑒 = 𝐹𝜎𝜆𝑖𝐶𝑖  Equation 3.12 

As photoelectrons travel in vacuum through the various lenses, analyzer and detector, the 

amount of electrons that would be transmitted towards the detector will be affected by 

various factors related to the instrument which determine the final intensity of the peak 

measured. The measured peak intensity would be related to the electron flux through,  

𝐼𝑖 = 𝐴𝐽𝑖
𝑒  Equation 3.13 

Where A is a constant related to the analyzer transmission function, detector and 

instruments response functions. Combining Equations 3.12 and 3.13; 

𝐼𝑖 = 𝐴𝐹𝜎𝜆𝑖𝐶𝑖        Equation 3.14 

The instrument-related factors, cross-section and the inelastic mean free path, are 

combined in a single factor known as the sensitivity factor Si, which is usually provided 

in a tabulated format for all the elements and is system specific.  
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𝐼𝑖 = 𝐹𝑆𝑖𝐶𝑖        Equation 3.15 

Thus, the composition of a sample can be derived by calculating relative atomic 

concentration using Equation 3.16; 

𝑥𝑖

𝑥𝑗
=

𝐼𝑖/𝑆𝑖

𝐼𝑗/𝑆𝑗
                   Equation 3.16  

Typically the sensitivity factors are presented as relative sensitivity factors RSF, where 

the sensitivity factor of C 1s is taken as 1.  

(B) Chemical State determination and peak fitting: 

High-resolution XPS peaks can be used to deduce the elemental chemical state in 

addition to the direction of charge transfer in doped graphene. Changes in the chemical 

state of an element are reflected in the shape and position of its XPS peak, which should 

be carefully interpreted since other factors related to the photoemission process and 

subsequent events, such as the fate of the generated hole, can also contribute to the 

shifting and broadening of the peak.  Generally speaking, if an element in the sample is 

present in a single chemical state, the whole peak will be shifted in accordance with the 

type of bonding, and the resulting partial charge in the valence band. Core electrons will 

sense the changes in the valence band, which would affect their binding energy; for 

example, a cation would appear at higher binding energy, whereas an anion of the same 

element would appear at a lower binding energy. This is due to electric screening of the 

charge of the nucleus by the absence/presence of an extra electron in the valence band, 

respectively. If an element is present in various chemical states and bonding 
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environments, then its peak will be broadened, and peak fitting becomes important for the 

accurate determination of the relative amount of bonding.  

(C) Calculating the thickness of FLG samples using XPS 

XPS spectra of FLG samples have generally included signals from the underlying 

substrate, which indicates that all the layers in FLG are probed by the analyzer. Using 

intensity of the peaks of FLG (C 1s) and the underlying glass substrate (Si 2p) allows for 

the evaluation of the thickness of FLG. As discussed above, generated photoelectrons at a 

certain depth x in the sample, are attenuated depending on λ, which itself depends on the 

kinetic energy and on the sample, as illustrated in Figure 3.25. 

 
Figure  3.25: Illustration of the various parameters influencing photoelectron attenuation 

and FLG thickness measurement. 

Hence, the observed intensity (Iobs) would be attenuated according to, 

𝐼𝑜𝑏𝑠 = 𝐼𝑠 ∗ 𝑒𝑥𝑝 (−
𝑥

𝜆𝑐𝑜𝑠𝜃
)          Equation 3.17 

where Is is the intensity that is collected from all generated photoelectrons inside the 

sample regardless of whether they leave the sample or not. The total signal of electrons 

that leave the surface of FLG from all the layers have a measured intensity 𝐼𝑜𝑏𝑠
𝐶  that can 

be calculated by integrating Equation 3.17 from the surface (x=0) to the thickness of the 
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material (d). The intensity measured from the glass substrate 𝐼𝑜𝑏𝑠
𝑆𝑖  is obtained by the 

integration from a depth equal to the FLG thickness to infinity. Taking the ratio of these 

two signals can be used to measure the thickness of FLG; 

𝐼𝑂𝐵𝑆
𝑆𝑖 

𝐼𝑂𝐵𝑆
𝐶 =

𝜌𝑆𝑖 ∫ 𝑒
−𝑥

𝜆𝑆𝑖 2𝑝
⁄

𝑑𝑥
∞

𝑑

𝜌𝐶 ∫ 𝑒
−𝑥

𝜆𝐶 1𝑠
⁄

𝑑𝑥
𝑑

0

            Equation 3.18 

Note that “cos θ” is dropped as all the measurements were done at normal emission angle 

(θ = 0), and the materials’ density ratio is included to account for the generated intensity 

which increases with increasing the number of atoms in the sampling volume.  The mean 

free path values were obtained from reference [249], which allows the equation to be 

solved for “d” representing the thickness of our FLG films.  

(D) Calculating the surface coverage of molecular dopants 

In Chapter 5, the surface coverage of molecular dopants is calculated using the 

following procedure. First the C 1s intensity is adjusted to remove contributions from the 

carbon atoms in the dopant using Equation 3.19 

𝐼𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒
𝐶 1𝑠 = 𝐼𝑂𝐵𝑆

𝑀 ∗ (
𝐼𝑂𝐵𝑆

𝐶 1𝑠

𝐼𝑂𝐵𝑆
𝑀 −

𝐶𝐷𝑜𝑝𝑎𝑛𝑡

𝑀𝐷𝑜𝑝𝑎𝑛𝑡
)     Equation 3.19 

where 𝐼𝑂𝐵𝑆
𝑀  is the relative atomic intensity of a core level orbital belonging exclusively to 

the dopant molecule such as F 1s, Mo 3d, Ru 3p, or Rh 3d, CDopant is the number of 

carbon atoms in the dopant and MDopant is the number of atoms of the exclusive element 

found in the dopant. Note that in the case of the ionic dopant Magic Blue, the carbon-

containing moiety tris(4-bromophenyl)ammoniumyl is assumed to have been neutralized 
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and removed from the surface during the rinsing step (as evidenced by the absence of 

measureable Br or N core ionizations), so this adjustment is not required.  

Then the graphene peak intensity is corrected to account for attenuation from the buried 

layers, and provide a more accurate estimation of the surface coverage. Based on 

Equation 3.17, photoelectrons generated at the surface (x = 0) are expected to be emitted 

at 100% probability. However, the probability decreases as we move deeper in the 

sample, for example, only 5% of the generated photoelectrons at x ~ 3λ are expected to 

leave the surface of the sample. The total intensity of a signal generated from the top 

surface to a depth of 3λ can be obtained by integrating Equation 3.17 from 03λ thus 

leading to a peak intensity that is 95% of the generated photoelectrons. In the absence of 

attenuation, and for a sample thickness d, the total observed signal should be (100% × d) 

if the integration is taken from x=0 to x=d. To account for the full signal coming from 

the buried graphene layers in FLG, and properly quantify the number of carbon atom,  

𝐼𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒
𝐶 1𝑠  is corrected using Equation 3.20: 

𝐼𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
𝐶 1𝑠

𝐼𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒
𝐶 1𝑠 = (

𝑑

𝜆𝐶 1𝑠∗(1−𝑒
−𝑑

𝜆𝐶 1𝑠
⁄

)

)   Equation 3.20 

Here, the denominator presents the integration of the attenuated signal for the whole 

thickness. 𝐼𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
𝐶 1𝑠  is used to determine Dopant/CGraphene based on the number of 

elements in the dopant, Dopant/nm
2
 from the number of carbons in 1 nm

2
 of SLG (38.17) 

multiplied by d/0.335, and monolayer coverage based on the numbers of dopants per nm
2
 

and the estimated area per dopant for a close-packed monolayer. 
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3.4.3 Work function characterization 

Ultraviolet photoelectron spectroscopy (UPS) 

 

UPS shares the same basic principle as explained for XPS above, in that it relies on the 

photoemission of electrons. However, the radiation source used is UV photons, having 

much lower energy as compared to X-rays in XPS, and is capable of probing the valence 

band of materials. UV sources are based on cold cathode capillary gas discharge typically 

using He I (21.22 eV) or He II (40.81 eV). Electrons near the Femi level are emitted with 

the highest kinetic energy, whereas a deep-lying electron would experience inelastic 

scattering and lose energy as it barely leaves the sample, and thus appears as a continuous 

band of secondary electrons, whose intensity would decrease abruptly at zero KE, and 

thus known as the secondary electron cut-off (SEC). Such electrons represent those who 

barely made it out of the surface of the sample after the various scattering events, and 

thus the distance between the Fermi level (BE = 0.0 eV) and the SEC is related to the 

work function of the material.  

The work function can be calculated from UPS spectra taking the tangent at the SEC, and 

subtracting its binding energy from the energy of the UV photons. 

An important practical concern in measuring UPS, is that additional secondary electrons 

are generated in the analyzer/detector as a result of the collisions of the emitted 

photoelectrons from the sample with the surface of the analyzer/detector, and thus they 

are superimposed over the real spectra of the sample obscuring the SEC. This is typically 

resolved by applying a bias between the sample and the analyzer that would accelerate 
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the secondary electrons from the sample, and push the ones from the instrument away 

from the sample spectrum. 

UPS spectra in this work were collected using He I (21.22 eV) source, with a bias ranging 

between -5 to -10 V. The UV photon flux was attenuated by 1/12 to prevent damage to 

the sample, and the signal was collected using pass energy of 2.0 eV and aperture 2.  

Photoelectron Spectroscopy in Air (PESA) 

 

Measurements of the work function were also conducted using PESA system AC-2 from 

RKI instruments Inc., which facilitates the measurement of the work function in air, thus 

having the benefit of easy operation and fast measurement. The measurement relies on 

the photoelectric effect described earlier. However, here, a tunable energy UV source 

comprised of deuterium lamp and a grating monochromator is utilized allowing the 

excitation energy to be scanned in the range of 3.40 to 6.20 eV. Once the photon energy 

reaches the threshold to excite electrons from the Fermi level to the vacuum level the 

photocurrent increases. The work function can be measured as the intersection of the 

slope of the electron yield with the x-axis which is the photon energy. A special detector 

capable of measuring the photoelectron signal in air, known as the open counter, is used. 

The open counter shown in Figure 3.26 consists of an anode, quenching grid and 

suppressor grid. As electrons leave the sample, they are accelerated by applying an 

electric field between the grounded sample and the suppressor grid (+80 V), during which 

the electrons ionize the oxygen atoms. Ionized oxygen inside the detector is then 

accelerated again by a strong electric field between the quenching grid (+100V) and the 

anode (+2900 V), at which electrons are separated and multiplied producing a large 
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number of negative charges and positive ions. Only the electrons are detected by the 

anode and thus increase the number of counts. To prevent positive ions from entering the 

detector during the detecting step a positive voltage is applied to the suppressor grid (+30 

V) for 3 ms, which is sufficient to detect the electrons signal. 

 
Figure  3.26: Schematic of the PESA setup and the open-counter detector.

[250]
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The unique optical and electrical properties of graphene have triggered great interest in 

its application as a transparent conducting electrode material and significant effort has 

been invested in achieving high conductivity while maintaining transparency. Doping of 

graphene has been a popular route for reducing its sheet resistance, but this has typically 

come at a significant cost in optical transmission. We demonstrate doping of few layers 

graphene with bromine as a means of enhancing the conductivity via intercalation 

without major optical losses. Our results demonstrate the encapsulation of bromine leads 

to air-stable transparent conducting electrodes with five-fold improvement of sheet 

resistance reaching ~180 Ω/□ at the cost of only 2-3% loss of optical transmission. The 

remarkably low tradeoff in optical transparency leads to the highest enhancements in the 

figure of merit reported thus far for FLG. Furthermore, we tune the work function by up 

to 0.3 eV by tuning the bromine content. These results should help pave the way for 

further development of graphene as a potential substitute to transparent conducting 

polymers and metal oxides used in optoelectronics, photovoltaics and beyond. 

 
Figure 4.1: Schematic of bromine intercalation into FLG 
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4.1 Introduction 

Bromine doping of carbon-based materials was reported decades ago, and has been 

demonstrated to increase the electrical conductivity of optically thick graphite,
[251,252]

 

carbon nanotubes
[253,254]

and polyacetylene.
[255]

 Super-metallic conductivity of bromine-

intercalated graphite has even been achieved via bromine vapor exposure of highly 

ordered pyrolytic graphite (HOPG).
[225]

 The increase in conductivity was attributed to a 

parallel integration of weakly coupled p-doped graphene sheets. Bromine intercalation of 

graphitic compounds (Br-GIC) occurs as a stage 2 intercalation, meaning that 

intercalation occurs at every second layer.
[213,222] 

The p-doping nature of bromine into 

graphene has been confirmed by density functional theory (DFT) studies, suggesting a 

charge transfer towards physically adsorbed bromine species on graphene without 

disrupting its basal plane.
[224]

 Physically adsorbed bromine on graphene has been 

previously achieved via vapor exposure and intercalation has been observed for films 

more than 2 layers in thickness. Both mechanisms of adsorption and intercalation were 

found not to disrupt the basal plane of graphene and led to high p-type doping density.
[222]

 

Enhancement of the conductivity and up-shifting of the work function for thinner but still 

optically opaque multilayered graphene (30 – 60 layers) and thick graphite (10 μm) by 

bromine vapor exposure was also recently reported, implying a strong thickness 

dependence of conductivity enhancement as the thick graphite samples exhibited larger 

improvement than multilayer graphene.
[221]

 Covalently bonded bromine on graphene has 

also been reported by a microwave spark assisted method, but this reduces the 

conductivity of pristine graphene.
[256]

 Given the well-known reactivity and volatility of 

bromine, it is not surprising to find that bromination of SLG, layer-by-layer stacked 
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graphene (LLG) and few layers graphene (FLG) has not been investigated 

experimentally, nor has the transparency of these layers been evaluated and compared 

with other graphene TCE doping schemes. Nevertheless, bromine is well-known to 

readily intercalate into graphite at room temperature due to the high vapor pressure of 

bromine, making it possible to minimize covalent bonding promoted at elevated 

temperature.
[257] 

We therefore take the view that bromine may indeed intercalate into 

FLG films and be sufficiently stabilized by virtue of self-encapsulation under graphene to 

explore the electrical and optical benefits of bromine-intercalated FLG in the context of 

TCE applications. 

Herein, we report the successful bromine doping of graphene in inert atmosphere 

resulting in air-stable transparent conducting electrodes with up to a five-fold increase in 

conductivity at the cost of only 2-3% loss of optical transmission in the case of FLG and 

0.8% in case of SLG. The remarkably low tradeoff in optical transparency for the 

conductivity boost leads to the highest enhancements in FoM for any doping scheme 

reported thus far. The FLG (4 to 10 layers) samples show the best results in terms of FoM 

enhancement as well as doping stability, mainly due to the encapsulation of bromine by 

the intercalation process in between the graphene sheets, as demonstrated by scanning 

tunneling microscopy (STM) analysis. Moderate temperature and exposure conditions 

ensure bromine is mostly physically adsorbed, leading to charge transfer doping of 

graphene, rather than covalent bonding which disrupts the basal plane of the graphene 

sheets and reduces their conductivity.
[256,258]

 These developments – at the crossroads of 

bulk graphite and graphene – should help pave the way for further development in the 
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area of graphene-based highly transparent conducting electrodes for a wide range of 

optoelectronic and photovoltaic applications. 

4.2 Results and discussion 

Bromination on graphene was investigated on two types of samples, (1) FLG grown on 

Ni/SiO2/Si and (2) stacked CVD monolayers (LLG) of graphene grown on a copper foil 

with varying number of layers from 1 to 3 layers. Our study was carried out in two 

different environments of varying degrees of moisture and O2 content to elucidate the 

environmental effects on the bromine intercalation, more specifically mbraun glove box 

(Gbox) with <0.1 ppm O2 and H2O and a nitrogen filled glove bag (Gbag) with 2000 ppm 

O2 and 2500 ppm H2O. Graphene samples were lifted off the metal substrate to glass 

substrate using wet transfer method, which was then brominated by vapor exposure at 

room temperature as explained in details in Chapter 3. Importantly, all samples were 

washed with ethanol to remove excess and possibly weakly adsorbed bromine from the 

surface and grain boundaries prior to further handling and analysis, a condition we found 

to be very important for subsequent air stability of intercalated samples. The degree of 

bromination was systematically varied by controlling the vapor exposure time (60, 120 

and 180 minutes).  

Raman spectroscopy reveals no changes in the FLG structure after transfer from Ni to 

glass Figure 4.2A, where pristine FLG samples showed the typical Raman spectrum of 

CVD-grown graphene on nickel, with a G-band at 1580 cm
-1 

and a 2D-band at 2725 cm
-1

. 

A very small D-peak is observed at 1350 cm
-1

, indicating the presence of defects and 

grain boundaries in the graphene plane. These are believed to result from the patchy 
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nature of the film and wrinkles present due to the difference in the thermal coefficient of 

expansion between graphene and the Ni foil.
37,38

 Upon exposure to bromine, we observe 

a broadening of the G-peak which continues to broaden with increased exposure time, to 

a point where it splits after 180 minutes of exposure as shown in the close-up view in 

Figure 4.2B. The G-band doublet peak has been clearly observed in bromine intercalated 

graphite compounds (Br-GIC) and was reported to consist of a graphitic band at 1580 cm
-

1
 resulting from graphite surrounded region (A1), and a stiffened band at 1600 cm

-1
 from 

graphitic planes adjacent to bromine (A2).
[258]

 Even though these two bands aren’t as 

clearly formed in FLG samples as in Br-GIC, we surmise that the fitted peaks in the G-

band of our samples, having the same separation, result from a similar mechanism, 

strongly pointing to intercalation. The characteristic G-peak was fitted using two 

Gaussian peaks with areas A1 and A2, separated approximately by 20 cm
-1

 for all 

brominated samples (inset of Figure 1b). The increase of the intensity ratio A2/A1 with 

exposure time – even after ethanol wash – indicates increased bromine uptake by the 

sample with increasing exposure time (as shown in Figure 4.2C). The intensity ratio of 

A2/A1 peaks is sensitive to the relative number of the graphene-bound layers and Br-

bound layers, as well as to the molecular alignment of bromine between the sheets of 

graphene. A higher degree of molecular alignment of Br is expected to promote the 

growth of the A2 peak.
[258]

 Since the FLG films are of a patchy nature and vary laterally 

in the number of layers from 4 to 10 and exhibit different in-plane orientations, they lead 

to non-uniform intercalated layer formations in terms of the number and orientation of 

molecules. The higher density of grain boundaries and edges in FLG films is expected to 

promote incorporation of bromine at these sites without any specific molecular 
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orientation. All of these factors should diminish the A2 peak intensity as compared to the 

A1 peak and result in a less pronounced peak splitting in Br-FLG than in Br-GIC, where 

HOPG has uniformly extended sheets of graphene throughout the sample. These features 

may promote higher bromine density at these specific sites, while the graphitic band at 

1580 cm
-1

 continues to dominate the spectrum. The graphitic peak of the G-band (A1) is 

blue shifted in brominated graphene which is in line with previous Raman studies on 

doped graphene.
[138]

 A Br-Br stretching mode peak appears in the spectrum at around 250 

cm
-1 

(inset of Figure 4.2A) and is downshifted compared to that of free bromine 

molecules (323 cm
-1

) and solid bromine (300 cm
-1

).
[258]

 This peak was previously 

reported around 240 cm
-1 

for both Br-GIC compounds and bromine doped mechanically 

exfoliated multilayer graphene.
[222,259]

At this position, the bromine peak can be related to 

either bromine molecules or to an anionic bromine mode. The blue shift of the G-band 

and the red shift in the Br2 stretching mode at 250 cm
-1

 both point to charge transfer 

occurring between Br2 molecules and graphene.  

Figure 4.2: (A) Raman spectra taken of pristine FLG before and after transfer from a Ni 

film to a glass substrate and subsequently brominated (Gbag) for 60 and 180 minutes. 

The inset in (A) focuses on the region around the Br-Br stretching mode at 250 cm-1. (B) 

G-peak variation upon bromination and splitting in doublet peak. (C) The variation of the 

intensity ratio of the A2 to A1 components of a brominated FLG G-peak (shown in inset) 

with exposure time. 
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The doping of FLG with bromine is further confirmed by x-ray photoelectron 

spectroscopy (XPS) performed on samples exposed to bromine in both Gbox and Gbag 

environments. In Figure 4.3A we show a representative survey scan of a sample 

brominated for 180 minutes in glove box exhibiting a strong C 1s peak (graphene) and 

bromine peaks of Br 3s, Br 3p and Br 3d. The silicon peaks at 102.7eV (Si 2p) and 

153.6eV (Si 2s) are related to the glass substrate carrying the FLG. The graphitic C 1s 

peaks for the brominated FLG samples were observed at 283.8eV, which is downshifted 

from that observed for the pristine sample at 284.1eV due to the Fermi level shift to a 

higher value in the negative direction as shown in Figure 4.3B. The C 1s peak shifts to a 

lower binding energy upon bromine doping; this is counter-intuitive to the fact that 

bromine acts as a p-dopant to graphitic materials due to its higher electronegativity (2.96) 

compared to that of Carbon (2.55). However, similar behavior has been previously 

observed on graphite intercalated compounds
[225,260,261]

 and bromine doped double walled 

carbon nanotubes (DWCNT),
[254]

 which was attributed to the fact that the final position of 

the C 1s peak is determined by two counteracting processes: the final state effect due to 

charge transfer and the Fermi level shifting, since binding energies in XPS are measured 

relative to the Fermi level. In p-doped (n-doped) materials, the charge transfer would 

shift the C 1s to a higher (lower) binding energy while the Fermi level shifts to a lower 

(higher) energy relative to the vacuum level.  Brominated FLG in this work shifted by 0.3 

eV to a lower binding energy indicating an increase in the Fermi Level in the negative 

direction. However, this shift cannot be used to deduce the energy of the Fermi level, 

since final state effects due to charge transfer also contribute to it. The shape of the C 1s 

peak doesn’t change except for a minor shoulder appearing at around 286 eV, which 



149 
 

indicates a C-Br and/or C-O bond.
[262]

  A high-resolution scan of Br 3d peak revealed the 

maximum at 69.4eV as shown in the inset of Figure 4.3A, which is higher than that of 

molecular Br2 at (67.4eV) and anionic Br
-
 (68.5eV) and lower than covalently bonded C-

Br (70.8eV). It has been reported that bromine adsorbed on the surface of graphene 

should have Br 3d peak centered at 69.2eV as compared to 70.8eV for covalently bonded 

bromine.
[256]

 The Br 3d peak was deconvoluted into a set of three doublets using a Shirley 

background. The solid lines refer to the 3d5/2 peaks and dashed lines refer to 3d3/2 peaks, 

the doublets were constrained to an intensity ratio 3:2, respectively, with a separation of 

1.05eV.
[254] 

According to the fitted peaks, three forms of bromine are present; (1) Cn-Br2 

charge transfer complex (67.9eV), (2) physically adsorbed and anionic bromine (69.2eV) 

and (3) covalently bonded bromine to carbon (70.0eV).
[262] 

Quantitative analysis of the 

fitted peaks reveals that after 180 minutes of exposure in Gbox, bromine species in FLG 

are generally intercalated as physically absorbed species (1.5 at.%) and charge transfer 

complexes (0.9 at.%) on and between the graphene sheets, with a relatively small, but 

non-negligible amount of covalently bonded bromine (0.4 at%)  which is believed to be 

concentrated at the edges of the graphene sheets without disrupting the basal plane. 

Since it is well established that bromine has an acceptor nature in graphitic materials as 

mentioned earlier, Br species on our brominated FLG films mostly consist of molecular 

Br2 forming Cn-Br2 complexes and anionic Br
-
 species that are physically adsorbed on the 

surface or intercalated between the graphene sheets rather than covalently bonded 

bromine. Hence, the increased binding energy as compared with molecular Br2 and 

anionic Br
-
 is believed to result from the charge transfer towards Br rather than covalently 

bonded C-Br, which would disrupt the sp
2
 planar structure of graphene. The absence of a 
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significant peak in the C 1s spectrum at the position of covalently bonded C-Br 

(285.3eV) (Figure 4.3B) and the negligible increase of the D-peak in the Raman spectra 

upon bromine exposure support the fact that the majority of bromine is physically 

intercalated between the graphene sheets with the possibility of a smaller amount of 

bromine covalently bonded to carbon at defects and edge sites. The Br content (at. %) in 

FLG with different exposure times for samples brominated in Gbag and Gbox, are shown 

in Figure 4.3C. In both cases, the bromine content increases with increasing exposure 

time, which was limited to 180 minutes in the context of this study. However, samples 

treated in the Gbox exhibit higher bromine uptake indicating the influence of the 

exposure environment on the effectiveness of intercalation and doping processes.  

 
Figure 4.3: (A) XPS survey scan of a brominated FLG sample (Gbox) for 180 minutes. 

The inset shows a high-resolution view of the Br 3d peak. (B) A high-resolution scan of C 

1s peak for pristine (black) and doped sample for 180 mins (C) Evolution of bromine 

content (at%) with increasing exposure time for bromination experiments performed 

inside the glove box (black) and the glove bag placed in a fume hood (red). 

The higher presence of moisture in the Gbag can potentially react with anionic Br
-
 

species on the graphene surface forming HBr in gaseous form which can further react 

with graphene, in addition to leaving –OH functionalities on the graphene surface and 

edges which was anticipated as a potential barrier to the intercalation processes and hence 

the lower uptake. To elucidate the effect of HBr-FLG interaction in Gbag, a control 
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experiment of exposing FLG to HBr vapor in a similar setting to Bromine vapor 

exposure, while replacing bromine with hydrobromic acid and heating the enclosure to 

175 ºC. Percent change in sheet resistance of FLG directly after 180 minutes vapor 

exposure (Br2 or HBr) and after washing with ethanol is shown in Figure 4.4A. The sheet 

resistance was decreased for both Br2 and HBr exposed samples but to a lower extent in 

the latter case. After washing with ethanol the sheet resistance increased by nearly 9% for 

Br2 exposed samples and 35% for HBr exposed samples. These observations indicate that 

exposure to HBr vapor is generally less effective in improving the conductivity of FLG 

than Br2 vapor. Also HBr effect is diminished after washing with ethanol, which indicates 

that the resulting doping species are less stable and are easily removed from the surface 

of graphene, resulting in bromine content of 0.5 at% compared to 2.6 at% in Br2 exposed 

samples. Figure 4.4B shows the Br 3d peak for Br2-FLG in Gbag and HBr-FLG, the 

difference in the peak positions indicate that the resulting species of HBr in Br2-FLG 

interactions in Gbag are removed after washing with ethanol, otherwise, the peaks would 

have been similar.  

 
Figure 4.4: Comparison between the exposure of FLG to Br2 and HBr vapors. (A) FLG 

sheet resistance changes relative to pristine sample upon exposure to vapors for 180 

minutes before and after washing with ethanol. (B) High-resolution Br 3d peak for FLG 

exposed to Br2 vapor (black) and HBr vapor (blue) for 180 minutes. 



152 
 

The pristine and brominated FLG samples were studied by STM, SEM, AFM, and 

micro-Raman imaging. The high-resolution surface morphology of the pristine FLG 

obtained by STM is shown in Figure 4.5A, demonstrating a stack of 4 layers of 

graphene. The apparent step height between the layers was obtained by taking a line 

profile, indicated by the black line (Figure 4.5A). It shows an average interlayer spacing 

of 0.27 nm in Figure 4.5C, and is in good agreement with previous STM measurements 

on graphene.
[263–265]

STM measurements performed on the brominated FLG for 180 

minutes (Gbag), revealed the presence of bright features (marked with red arrows in 

Figure 4.5B) forming chain-like structures throughout the surface of graphene sheets. 

We attribute these to adsorbed Br species, in agreement with previous studies suggesting 

the formation of chain channels of bromine in intercalated graphite compounds.
40,45 

Furthermore, the line profile comparison of pristine and brominated FLG (Figure 4.5C), 

shows an increased average value of apparent step height by 0.18 nm which matches 

closely with the atomic radius of bromine, and is direct evidence of Br intercalation 

beneath graphene sheets.  

 
Figure 4.5: STM images (Vb= 0.5 V and It= 50 pA) of (a) pristine FLG and (b) 

brominated FLG (Gbag) for 180 minutes on nickel and (c) apparent height profiles for 

pristine FLG (black) and brominated FLG (blue) along the lines shown on (a) and (b), 

respectively. 
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The pristine FLG transferred to a glass substrate appears to be somewhat patchy and 

wrinkled, as can be seen in SEM (Figure 4.6A) and AFM (Figure 4.6D) images. Upon 

exposure to bromine for 180 minutes, the multilayer regions of the FLG exhibit new 

surface contrast under SEM, which might be related to topographic variations (Figures 

4.6B and C). Similar features are also seen in AFM images (Figures 4.6E and F) leading 

to the conclusion that the graphene becomes locally swollen with bromine. Next, we seek 

to co-locate changes in graphene structure with the presence of bromine. Mapping of the 

G-peak to D-peak intensity ratio from Raman spectra for brominated sample (Figure 

4.6H) over the area shown by the optical image in Figure 4.6G indicates that a high 

degree of order within the FLG is preserved after bromination, especially in areas 

showing thicker stacks of graphene. This implies that bromine intercalates into these 

sheets as expected without disrupting the basal planes. Mapping of the Br-Br stretching 

Raman peak intensity (Figure 4.6I) shows that a higher intensity is correlated with the 

thicker, more ordered regions of FLG, consistent with a greater degree of intercalation in 

thicker multilayer regions, as well as with more ordered chains of Br
-
. The Br-Br 

stretching peak is observed all over the sample, as seen in Figure 4.6I, which indicates 

that bromine is aerially present everywhere in the FLG sample.  

Pristine FLG samples on glass exhibited sheet resistance ranging between 750 and 930 

Ω/□ and a transmittance of 76.3 and 77.8% in the middle of the visible (550 nm). This 

corresponds to a FoM ranging between 1.6 and 3.3. Upon exposure to bromine, the sheet 

resistance drops precipitously within the first hour of exposure and gradually saturates. 

The sample in the GBag decreases to 45% of its starting value (Figure 4.6A), whereas in 

the GBox it decreases to 20% of its starting value, yielding a sheet resistance as low as 
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~180 Ω/□. These differences are in line with XPS observations discussed earlier to the 

effect that the experimental environment can affect the outcome of the bromination 

process. 

 
Figure  4.6: SEM images of (A) pristine FLG on glass and (B, C) brominated FLG (Gbag) 

for 180 minutes on glass. AFM images of (D) pristine FLG and (E, F) brominated FLG 

(Gbag) for 180 minutes on glass. (G) Optical micrograph of brominated FLG (Gbag) for 

180 minutes and corresponding Raman maps of (H) IG/ID and (I) Br-Br stretching mode 

peak intensity.  

In all cases, the transmittance decreased by only 2-3% of the pristine value (Figure 

4.7B), resulting in an increase of the FoM to 3 and 7.7 for samples prepared in a GBag 

and a Gbox, respectively. The gradual changes of sheet resistance and transmittance with 

increasing exposure time generally agree with the Br content as measured by XPS. We 

also attempted bromination by exposure to liquid bromine. Liquid bromine was drop-cast 

on the surface of the FLG sample on glass and allowed to evaporate at room temperature 

inside the Gbag. The liquid bromine was found to dry within 10 minutes and the sample 
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was washed with ethanol prior to sheet resistance measurement. We find the sheet 

resistance reaches the same level after 10 minutes of liquid bromination as was achieved 

after 180 minutes of vapor bromination, indicating the latter method can also be effective 

at doping graphene. We have also evaluated the vapor phase bromination of SLG and 

LLG samples (Figure 4.7C). In the case of SLG, the sheet resistance drops from 1548 

Ω/□ for the pristine sample to 602 Ω/□ after exposure to bromine for 60 minutes. The 

transmittance decreased very slightly by 0.8% (Figure 4.7B), resulting in a FoM increase 

from 9.5 to 15.6. The sheet resistance decreases more modestly for two and three LLG 

samples. We have performed Hall effect measurements on brominated FLG samples 

(Gbag) and show the FLG becomes p-doped by bromination. Enhancement of the 

conductivity is shown to result from the doubling of the carrier concentration upon 

bromination (from 2.910
13

 to 5.710
13 

cm
-2

), most likely due to charge transfer from 

FLG to bromine molecules. The carrier mobility doesn’t change significantly, as it drops 

from 266.2 cm
2
/(Vs) for the pristine sample to 255.4 cm

2
/(Vs) from brominated sample 

for 180 min. Bromination of FLG also modified the work function, increasing it from 

4.84 eV to 5.10 eV after bromine vapor exposure for 180 minutes (Figure 4.7D). The 

upshift in the work function is believed to result from the shift in the Fermi energy level 

towards the valence band of FLG upon charge transfer to bromine.  

The stability in ambient air of brominated SLG and FLG was evaluated by measuring 

sheet resistance after leaving samples in ambient air for ten days. In these conditions, 

bromine is expected to desorb with time towards its residue compound in a similar 

manner as intercalated graphite compounds.
[213]

 FLG samples are found to remain stable 

in air, while the sheet resistance of SLG sample increases by 50% (Figure 4.8A). 
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Figure 4.7: (A) Sheet resistance of FLG with respect to bromination time using vapor 

and liquid bromine sources in different inert environments. (B) Optical transmittance of 

vapor brominated FLG (Gbag) at 550 nm with respect to the exposure time. The inset 

shows the transmittance spectra for pristine (black) and vapor-brominated (red) FLG 

after 180 min treatment. (C) Sheet resistance of SLG, 2-LLG and 3-LLG before and after 

bromination for 60 min (Gbox). The inset shows the transmission spectra of SLG before 

and after bromination. (D) Work function of FLG with respect to bromine vapor exposure 

time (Gbag). 

This indicates that intercalated bromine in the FLG sample is protected from desorption 

and reactivity, comparing very favorably to the aging in air of AuCl3 doped graphene,
[192]

 

which degrades over time. As expected, SLG samples are probably more prone to loss of 

Br. We have further investigated the stability of brominated FLG samples by placing 

them on a hot plate for 10 min at fixed temperature in a nitrogen glove box and 

measuring their sheet resistance (Figure 4.8B). We find the sheet resistance increases 

slowly and monotonically up to 150°C toward the pristine FLG sheet resistance along 

with a decrease in the Br atomic content due to desorption. Beyond this temperature, the 

sheet resistance increases above the pristine value, hinting that graphene and bromine 

may potentially undergo a chemical reaction or structural changes resulting from a phase 
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change at elevated temperature. Changes in the sheet resistance of Br-FLG with heating 

are reflected in the high-resolution XPS spectra of C 1s and Br 3p. C 1s peak shifts back 

to towards original position as shown in Figure 4.8C, while the Br 3p peak maintains its 

shape up to 150 ᵒC heating, after which it broadens as clear from the peak shape at 180 ᵒC 

as shown in Figure 4.8D.The decrease in the bromine at% with heating explains the 

initial increase in sheet resistance of brominated samples heated up to 150
 o

C, where we 

can imagine the intercalated and the adsorbed species on the surface leaving the sample 

as a result of heating. However, we expect that above 150 ºC other mechanisms are 

responsible for the increase in the sheet resistance rather than loss of bromine, especially 

that the sheet resistance values exceeds that of the pristine FLG and the fact that the loss 

of bromine from 150
 o
C to 300

 o
C isn’t large as compared to that in the first regime 

(Figure 4.8B). We propose two possible mechanisms for the heating region above 150
 

o
C, chemical changes in the bonding between bromine and carbon and/or structural 

changes due to a phase change of intercalated bromine. Changes in chemical bonding 

between bromine and carbon in graphene at elevated temperature can be inferred from 

the broadening of the Br 3p XPS peak.  

We believe that heating above 150 
o
C causes some of the adsorbed bromine (182.55 and 

182.85 eV) to become covalently bonded (183.65) and/or form Cn-Br2 complexes 

(181.05).
[262]

 Structural changes can be responsible for the changes in sheet resistance 

above 150
 o
C. It has been reported in early work on bromine intercalated graphite that 

phase transitions can occur at temperatures around 266
 o
C represented by a change of 

stage or interlayer ordering.
[213]
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Figure 4.8: Stability of brominated graphene (Gbox). (A) Sheet resistance of brominated 

SLG and FLG after leaving for 10 days in air at room temperature and (B) Sheet 

resistance of FLG graphene after thermal annealing in a Gbox for 10 min heating 

intervals at each temperature and corresponding bromine. The samples were allowed to 

cool down to room temperature before measuring the sheet resistance. High-Resolution 

XPS peaks. (C) C 1s peak and (D) Br 3p peak for samples exposed to bromine for 180 

minutes (red) and heated at 150 ºC (green) and 300 ºC (blue). 

4.3 Conclusion 

Our results have thus far indicated that bromine doping of graphene electrodes can result 

in a large enhancement of conductivity with minor cost in optical transmittance, but 

without quantitatively comparing them to other doping schemes reported previously. We 

have plotted in Figure 4.9A the ratio of the decrease of sheet resistance with respect to 

the change in transmittance (RS/T) of brominated graphene samples and compared it 

with various other treatments reported in the literature, including metal chlorides, acid 

doping and other approaches. 
[185,186,192,212,266]

The raw data of sheet resistance and 

transmittance before and after treatment are shown in the inset of Figure 4.9A, with a 

line linking the data points to highlight the differences in the steepness of the slope. We 
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find that bromine doping of graphene outperforms in terms of RS/T almost all results 

in the literature for both SLG (shaded bars) and FLG (solid bars), with the exception of 

acid-doped graphene.
[212] 

In Figure 4.9B, we have plotted the percentage change of FoM 

for a wide range of results in the literature which provide sheet resistance and 

transmission change data and compared it to bromine doping of SLG and FLG graphene. 

The results indicate that we have achieved the highest enhancement of FoM when 

compared to other doping schemes for FLG. The performance enhancement of FLG was 

greater than that of SLG. We attribute this to the ability of bromine to decorate the 

surface, grain boundaries, step edges and intercalate between the layers of FLG, whereas 

in SLG it is mainly adsorbed on the surface and at grain boundaries. In summary, we 

have successfully demonstrated p-doping of graphene with bromine, resulting in a 

significant reduction of sheet resistance at minimal cost to optical transmission. The air 

stability of the bromination approach for FLG in ambient conditions indicates this 

method may be technologically applicable. Comparison and benchmarking of the 

performance of Br-doped graphene in terms of RS/T and FoM with previously 

reported doping schemes reveals that bromination is significantly more effective than 

most previously reported methods, making this approach potentially suitable for a wide 

range of optoelectronic applications requiring highly transparent conducting electrodes.  
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Figure 4.9: (A) The decrease in sheet resistance with respect to the change of 

transmittance for several doping methods reported in the literature (red) and in this work 

(blue). The inset shows the raw sheet resistance and transmittance data. (B) Percentage 

change of the figure of merit (FoM) for different doping methods reported in the 

literature (red) and in this work (blue). Hash patterns in (A) and (B) correspond to SLG 

with all the rest referring to FLG samples. RS/T is not shown for acid doping (ref. 

[212]) because T was reported to be zero. 
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Doping of graphene is a viable route towards enhancing its electrical conductivity and 

modulating its work function for a wide range of technological applications. In this work, 

we demonstrate facile, solution-based, non-covalent surface doping of few-layer 

graphene (FLG) using a series of molecular metal-organic and organic species of 

varying n- and p-type doping strengths.  In doing so we tune the electronic, optical and 

transport properties of FLG. We modulate the work function of graphene over a range of 

2.4 eV (from 2.9 to 5.3 eV) – unprecedented for solution-based doping – via surface 

electron transfer. A substantial improvement of the conductivity of FLG is attributed to 

increasing carrier density, slightly offset by a minor reduction of mobility via Coulomb 

scattering. The mobility of single layer graphene has been reported to decrease 

significantly more via similar surface doping than FLG, which has the ability to screen 

buried layers. The dopant dosage influences the properties of FLG and reveals an 

optimal window of dopant coverage for the best transport properties, wherein dopant 

molecules aggregate into small and isolated clusters on the surface of FLG. This study 

shows how soluble molecular dopants can easily and effectively tune the work function 

and improve the optoelectronic properties of graphene. 

 
Figure 5.1: Schematic of work function modulation in FLG using p- and n- dopants. 
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5.1 Introduction 

Surface molecular dopants have been investigated theoretically and experimentally in the 

context of SLG. Examples of organic and metal-organic p-dopants that have been used 

include 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane, F4-TCNQ,
[198]

 and 

molybdenum tris(1-(trifluoroacetyl)-2-(trifluoromethyl)ethane-1,2-dithiolene), Mo(tfd-

COCF3)3 ,
[139]

 respectively. n-Dopants include 2-(2-methoxyphenyl)-1,3-dimethyl-2,3-

dihydro-1H-benzimidazole, MeO-DMBI,
[199]

 and the pentamethylrhodocene dimer, 

(RhCp*Cp)2.
[139]

 These species have been shown to dope SLG without disrupting its 

basal structure.  

A molecule capable of p-doping graphene by a simple one-electron redox process will 

have an electron affinity (EA) greater than the work function (Φ) of undoped graphene 

(Φ = ca. 4.43 eV). Similarly, the  ionization potential (IP) of a simple one-electron n-

dopant should be smaller than the work function of graphene.
[32]

 Accordingly, if 

variations in the electrostatic interactions between dopant ions and the graphene and 

between adjacent dopant ions are ignored, the thermodynamic strength of molecular p- 

and n-dopants for graphene can be approximated as EA(dopant) –  Φ(graphene) and 

Φ(graphene) – IP(dopant), respectively, where a larger positive value in each case 

indicates a stronger dopant. The six dopants used in this study are shown in Figure 5.2. 

However, since the doping is carried out in solution and since solid-state EA/IP values 

have not been determined for all six compounds (and, in any case, would not be 

appropriate for the two n-dopants, which, as discussed below, are not simple one-electron 

reductants), we define the dopant strength using the solution redox potentials of the 
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molecular dopants; Figure 5.2 plots these potentials vs. ferrocenium/ferrocene (FeCp2
+/0

). 

As well as redox potential, dopants were also selected considering molecular size and 

shape; dopants forming large three-dimensional molecular ions were selected where 

possible in order to minimize Coulombic interactions between contributed charge carriers 

and dopant ions and to minimize π interactions between dopants and graphene. For 

example, the 2D F4-TCNQ was not included in the present study. Instead,  three 

molybdenum tris(dithiolene) derivatives Mo(tfd-COCF3)3, Mo(tfd-CO2Me)3, and 

Mo(PhBz-dt)3 were used as p-dopants; these compounds resemble molybdenum tris[1,2-

bis(trifluoromethyl)ethane-1,2-dithiolene], Mo(tfd)3, which has been used as a vacuum-

processable dopant for organic semiconductors that shows less tendency to diffuse within 

organic films than F4-TCNQ,
[200,201]

 but their different substituents lead to increased 

solubility and allow their reduction potentials to be varied from +0.39 to –0.38 V (a range 

that includes the reduction potential of F4-TCNQ). Mo(tfd-COCF3)3 has, as noted above, 

previously been used to dope SLG,
[139]

 Mo(tfd-CO2Me)3 has been used for the solution 

doping of poly(3-hexylthiophene),
[208]

 and Mo(PhBz-dt)3 is a new compound. In addition, 

tris(4-bromophenyl)ammoniumyl hexachloroantimonate (Magic Blue), was selected to 

extend the range of redox potentials to +0.70 V.
[267]

 Magic Blue has also been used as a 

p-dopant for organic semiconductors
[268]

 and has recently been demonstrated to raise the 

work function of trilayer MoS2 by 0.8 eV,
[269]

 and SLG (up to 5.1 eV) for application in 

mid-infrared hyperbolic metamaterials.
[270] 

Unlike the other dopants examined, Magic 

Blue is a salt of an oxidizing cation and its use is anticipated to result in the formation of 

neutral tris(4-bromophenyl)amine, which is expected to be washed away from a substrate 

during rinsing, leaving SbCl6
–
 counterions on the doped surface.

[267,269]
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Strong one-electron molecular n-dopants necessarily have low IP and so can be highly 

air-sensitive. The n-dopants used in this work –pentamethylrhodocene dimer, 

(RhCp*Cp)2 and ruthenium (pentamethylcyclopentadienyl)(mesitylene) dimer, 

(RuCp*mes)2 – are not simple one-electron reductants; these compounds react with 

oxidants to form the corresponding monomeric cations; the potentials for this reaction 

(both ca. –2 V), shown in Figure 5.2, are obtained according to: 

 E(M
+
/0.5M2) = E(M

+
/M) + ∆GDiss(M2)/2F  Equation 5.1 

where E(M
+
/M) is obtained from the cyclic voltammetry (CV)  of the corresponding 

monomer cation and ΔGDiss(M2) is estimated from DFT calculations.
[271]

 This coupling of 

electron-transfer and bond cleavage processes results in materials that are moderately air 

stable, despite their strongly reducing character. Both of these compounds have been used 

as dopants for organic semiconductors
[272–274] 

and for reducing the work function of oxide 

electrodes.
[275,276]

 Pentamethylrhodocene dimer has also been recently demonstrated to 

dope SLG, causing the work function to decrease by 1.29 eV.
[139]

  

The hypothetical potential corresponding to the work function of pristine FLG, 

determined to be 4.43 eV in this work, is represented by a gray box in Figure 5.2, the 

vertical height of which represents experimental uncertainties in determining the absolute 

potential of FeCp2
+/0

 relative to vacuum.  

In this study, we investigate the solution-doping of FLG samples using the six molecular 

p- and n-dopants shown in Figure 5.2 and evaluate the extent to which the strength of the 

dopant and dosage can tune the electronic, optical and transport properties of FLG and its 

FoM as a TCE.  Our study of solution-doped FLG shows the ability to tune the work 
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function of graphene over a very large range of 2.4 eV (between 2.9 to 5.3 eV), while 

improving the transport properties and FoM of FLG commensurately with the doping 

strength of the metal-organic molecular dopants. 

 
Figure 5.2: The chemical structures of dopants used in this work and their redox 

potential vs. the ferrocenium/ferrocene couple. The strength of the dopants is defined by 

the separation of these levels from the EF of graphene in either direction. The FLG value 

represents the effective potential of pristine graphene is based on –Φ/e, where Φ is the 

work function determined by UPS, allowing for the uncertainty in the absolute value of 

the ferrocenium / ferrocene vs. vacuum (–4.8 to –5.2 eV).   

5.2 Results and Discussion 
 

5.2.1 Surface coverage of dopants on FLG 

Doping was achieved by immersing FLG on glass in dichloromethane (Magic Blue) or 

toluene (other dopants) solutions of the dopant for multiple durations (more detail is 

given in Chapter 3). The immersion allows for dopant-induced electron transfer at the 
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surface, which is anticipated to produce charged dopant ions adhered to the oppositely 

charged FLG surface, but can also potentially result in the strong physisorption of neutral 

species, which would not contribute to the carrier density. Subsequent rinsing of the 

substrate is expected to remove weakly physisorbed neutral dopants, but, depending on 

the strength of dopant-graphene interactions some more strongly unreacted material may 

remain (as seen for example in SLG heavily n-doped with (RhCp*Cp)2).
[139]

 

For the molybdenum-based p-dopants, the doping step does not result in a change in 

dopant composition. With Magic Blue, however, the hole injection to the graphene 

neutralizes the ammoniumyl species which, no longer coulombically bound to either the 

FLG surface or the hexachloroantimonate counterion, can leave the adhered anion 

behind. For the n-dopants, the initial doping of the graphene results in the decoupling of 

dimers followed by a second reduction, but with no net change in atomic composition. 

X-ray photoelectron spectroscopy (XPS) was used to determine dopant surface coverage; 

the results are shown in Table 5.1. Integrating the expected signal attenuation due to the 

inelastic scattering of photoelectrons from the C 1s and Si 2p ionizations allows us to 

estimate the effective thickness of the FLG on the glass substrate, which typically gives a 

thickness corresponding to 8-10 layers. Adjusting the C 1s intensity for the number of 

layers and assuming a uniform FLG thickness, we can estimate the surface coverage of 

dopants using the atomic ratio of M/Cgraphene, where M is an element exclusive to the 

particular dopant. The methodology of these calculations is described in more detail in 

Chapter 3. 
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For all the dopants examined, surface coverage increases with immersion time, although 

the number of dopants per unit area of FLG shows strong dopant-to-dopant variability as 

shown in Figure 5.3. For example, the weak dopant Mo(PhBz-dt)3 is deposited to afford 

a coverage of 0.212 Dopants/nm
2
 after 180 minutes, while the slightly stronger dopant 

Mo(tfd-CO2Me)3 only yields 0.0363 Dopants/nm
2
 after the same time period. In this 

particular comparison it is likely that there is some physisorption of neutral species for 

the weaker dopant (as suggested by UPS data, see below), perhaps due to interactions 

between its phenyl substituents and the surface. 

Table 5.1: Calculation of the dopants coverage for various dipping durations from XPS. 
Dopant 

Treatment 

Effective Thickness 

(nm) 

Dopants/CGraphene Dopants/nm
2
 Monolayer 

(%) 

Magic Blue      

10 minutes 3.54 0.00134 0.542 25.4 

60 minutes 3.43  0.00256 1.00 46.9 

180 minutes 3.50 0.00431 1.72 80.8 

Mo(tfd-COCF3)3     

60 minutes 2.63 0.000244 0.0731 12.1 

180 minutes 2.97 0.000501 0.170 28.1 

Mo(tfd-CO2Me)3     

60 minutes 2.51 0.0000976 0.0279 4.6 

180 minutes 2.69 0.000118 0.0363 6.0 

Mo(PhBz-dt)3     

60 minutes - - - - 

180 minutes 2.66 0.000698 0.212 35.2 

(RuCp*mes)2     

60 minutes 2.99 0.00523 1.78 130.1 

(RhCp*Cp)2     

60 minutes 2.95 0.0152 5.17 373.5 
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More generally, for most of the dopants, the XPS data do not enable us to reliably 

determine the redox state of the dopant and so the relative contributions of neutral and 

ionic species to the observed surface coverages. However, in the case of Magic Blue, the 

XPS clearly shows only the elements from the SbCl6
-
 counterion and no evidence for any 

cationic or neutral N- and Br-containing oxidant, suggesting that the Sb coverage can be 

equated to the number of electrons removed from the graphene. It is worth noting that 

there is significant discussion in the literature of the distinction between the level of hole 

or electron transfer to a material and the number of free carriers that are actually 

generated. Several studies suggest that the free-carrier concentration is substantially 

lower than would be expected based solely on the number of holes or electrons that 

appear to have been injected into a material as judged by quantification of the number of 

compensating ions that would be associated with those charges.
[277]

 Therefore, care must 

be taken when comparing carrier concentrations determined by measurement of electrical 

properties of the materials to those that one could simplistically infer by assuming one 

free carrier being injected per compensating ion.
[277]

 The importance of this distinction 

will become more apparent below.  

 
Figure 5.3: Surface coverage of the p-dopants per nm

2
 of graphene as a function of 

dipping time. 
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5.2.2 Electronic properties of solution-doped FLG 

Ultraviolet photoelectron spectroscopy (UPS) was used to measure the changes in FLG 

work function upon solution-doping. In Figure 5.4A, we show the secondary electron 

cut-off (SEC) of pristine FLG and solution-doped FLG for 60 min (moderate exposure 

and optimal conditions for transport measurements, as will be shown in below). The SEC 

shifts to a lower binding energy for p-dopants where the graphene valence band is 

expected to be depopulated as a result of electron transfer to the dopant molecules (or, in 

the case of Magic Blue, molecular cations), whereas the opposite trend is observed for n-

dopants with electrons transferring from the dimeric dopants into the graphene 

conduction band. The electron transfer in doped FLG is evident from the shift in carbon 

core level (C 1s) measured using XPS as shown in Figure 5.4B for p-doped FLG, where 

the peak shifts to a lower binding energy. The peak shift is due to lowering of the Fermi 

level of graphene into its valence band as a result of electrons being transferred to the p-

dopants, which causes the core levels to appear at a lower binding energy.
[260]

 The shift in 

the C 1s peak increases with the increase of the dopant strength as shown qualitatively in 

Figure 5.4B and more quantitatively in Figure 5.5B. The data show a good correlation 

between the Fermi level shift and the p-dopant redox potential, as expected.  

The work function, Φ, was calculated from the measured SEC (Φ = 21.22-SEC) for all 

samples and is shown in Figure 5.4C, along with the work function of pristine FLG (Φ = 

4.43 eV). Generally, we find that the shifts in Φ are larger with increasing dopant 

strength, consistent with expectations that more electrons will be transferred if the 

difference between the redox potential energy of the dopant and the EF of graphene is 

larger.
[235] 

For Mo(PhBz-dt)3 the XPS data suggests a much greater surface coverage than 
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for the other Mo p-dopants, despite its weaker dopant strength and in apparent 

contradiction to the observed work function shifts. Presumably, this dopant absorbs 

relatively strongly to graphene in its neutral form, as well as an anion. The work function 

of FLG was increased by up to 0.6 eV for the strongest p-dopant (Magic Blue) and 

decreased by 1.5 eV for the strongest n-dopant (RuCp*mes dimer), which to the best of 

our knowledge, is the largest work-function shift reported to date for solution-based 

doping of graphene.
[139]

 Overall the work function of graphene can be tuned over a broad 

range of 2.1 eV from 2.9 eV to 5.0 eV using this moderate exposure time. 

 
Figure 5.4: Photoelectron spectroscopy on doped FLG. (A) UPS secondary electron cut-

off (SEC) of pristine FLG and doped FLG with various n- and p-dopants. (B) XPS C 1s 

peak for pristine FLG and p-doped FLG. (C) Work function deduced from UPS data in 

(A) [Φ = 21.22-SEC] for pristine FLG and doped FLG for 60 minutes.  

The results reported thus far pertain to a solution-doping time of 60 min. Extending the 

exposure time further increases the dopant coverage, as evidenced by the increase in the 

intensity of the dopant-related XPS peaks. These lead to additional shifts of the work 

function which, however, appear to be minor and dopant-dependent. In Figure 5.5A, we 

have plotted the work function of p-doped FLG for solution-doping times of 60 min and 

180 min (extended exposure). The shift seems to increase with dopant strength and 

appears to be more pronounced in the case of Magic Blue, where the total shift of 0.83 
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eV after 180 min is considerably higher than the 0.6 eV shift observed at 60 min. The 

change in work function of doped graphene can result from a Fermi level shift due to the 

change in the band population resulting from electron-transfer reactions
[167,185,235] 

and/or 

from a vacuum level shift due to the formation of surface dipoles, as will be discussed in 

more detail in the Discussion section.
[139,233]

 We have compared the changes of the work 

function (Figure 5.5A) and the shifts of the sp
2
 component of the C 1s peak measured by 

XPS (Figure 5.5B) for FLG p-doped for 60 and 180 min. The shifts in the XPS core level 

(correlated to the Fermi level shift) are smaller than the observed changes in the work 

function and are not affected significantly by prolonging doping time, indicating that the 

vacuum level shift dominates the work function shift at longer exposure times, consistent 

with previous studies. The extended exposure time expands the work-function window 

achievable for graphene to a very large value of 2.4 eV (from 2.9 to 5.3 eV). 

 
Figure 5.5: (A) Work function of p-doped FLG treated and (B) binding energy of the 

fitted sp
2
 component in the C 1s XPS peak for p-doped FLG for 60 and 180 minutes 

The unique electronic structure and underlying phonon-electron resonant Raman 

scattering processes in graphene make the position, intensity and full width at half 

maximum (FWHM) of its Raman bands sensitive to the presence of dopant molecules 

and to changes in the charge-carrier density. Raman spectra of pristine and p-doped FLG 
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(60 min) are shown in Figure 5.6A, showing the two characteristic peaks of graphene, 

namely the G-peak around 1580 cm
-1

 and the 2D-peak centered around 2750 cm
-1

.
[244]

 

The Raman spectra of p-doped FLG show a shift in the position of the G-peak and 2D-

peak towards a higher energy, in agreement with previous results on electrical,
[278]

 

electrochemical,
[138]

 and chemical
[279]

 p-doping of graphene. The G-peak of doped 

graphene always shifts to a higher energy regardless of the type of induced carriers due to 

the non-adiabatic removal of the Kohn anomaly from the Γ point, while the 2D-peak shift 

direction depends on the type of doping, where p-type doping causes a shift towards 

higher energy due to lattice contractions caused by the withdrawal of electrons from 

graphene.
[138]

  

In Figure 5.6B and C we show the Raman shift of the G-peak and 2D-peak, respectively, 

for pristine and p-doped FLG. The shift in the position of the G-peak is correlated with 

the strength of the dopant, as shown in Figure 5.6B. The largest shift (1.75 cm
-1

) is 

observed for FLG doped with Magic Blue. The shift of the 2D peak to a higher wave 

number as shown in Figure 5.6C confirms p-doping of graphene. 

For the determination of these Raman shifts, the G-peak was fitted with a single 

Lorentzian line shape, while the 2D-peak was fitted with two Lorentzian components, a 

high-energy peak denoted as 2D
H
 (ca. 2746 cm

-1
) and a low-energy peak denoted as 2D

L
 

(ca. 2712 cm
-1

). We observe that the position of 2D
H
 appears to be insensitive to doping, 

in contrast to 2D
L
, the position of which generally shifts to higher energy as shown in 

Figure 5.7.  
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Figure 5.6 (A) Raman spectra of pristine and doped FLG showing the evolution of G-

peak (left) and 2D-peak (right) of various p-dopants for 60 minutes dipping time. (B) G-

peak position of FLG p-doped for 60 minutes and (C) 2D
L 

peak position of FLG p-doped 

for 60 minutes. 

 
Figure 5.7: Fitting of Raman 2D peak of pristine FLG and p-doped FLG for 60 min and 

the shift of the fitted components as a function of the dopant strength. 

In addition to the energy shift of the G-peak and 2D-peaks, the intensity ratio I(2D)/I(G) 

decreases as shown in the middle row of Figure 5.8 with doping for all exposure 

conditions, in agreement with previous reports on doped FLG.
[279]
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Figure 5.8: The variation of I(2D)/I(G) (top row), G-peak position (middle row) and G-

peak FWHM (bottom row) for Pristine and p-doped FLG at 10 min (left column), 60 min 

(middle column) and 180 min (right column) dipping time. 

The doping of SLG has generally resulted in significantly larger shifts as compared with 

FLG. For instance, doping SLG with Mo(tfd-COCF3)3 yielded a shift of ca. 10 cm
–1

,
[139]

 

an order-of-magnitude greater than when doping FLG (this work). The small shift of G-

peak was recently interpreted as a lower degree of charge transfer (weaker doping effect) 

in FLG as compared to SLG.
[192]

 We believe this interpretation may be inaccurate. FLG 

in this work shows a strong doping effect, as indicated by large shifts in work function 

and further substantiated by transport measurements in the next section. Instead, we 

attribute the weak shift of the G-peak to the fact that the Raman signal is a superposition 

of all layers of the FLG, whereas doping is expected to take place solely on the top-most 

exposed 1 or 2 layers and is not expected to affect the bulk of the FLG sample as the 
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charge transfer is screened by the neighboring sheets. The stiffening of the G-peak 

resulting from the transfer of charge carriers to/from the top layers is counteracted by the 

pristine G-peak signals coming from the bulk. This is supported by the observed increase 

in the FWHM of the G-peak shown in the bottom row of Figure 5.8 for all exposure 

conditions. 

5.2.3 Transport properties of solution-doped FLG 

Next, we investigate the influence of molecular doping on the transport properties of 

FLG. The average sheet resistance of pristine FLG measured in our lab is 917 ± 66 Ω/□. 

As expected, it generally decreases upon both n- and p-doping (Figure 5.9A), although 

the weaker p-dopants Mo(tfd-CO2Me)3 and Mo(PhBz-dt)3 have minimal effects. The 

drop in sheet resistance correlates well with the strength of the dopant for both dopant 

types. The lowest values were observed for p-dopant Magic Blue, reaching a value of 403 

± 35 Ω/□, while it was 427 ± 9 Ω/□ for the n-dopant (RuCp*mes)2. 

We compare the FoM of the pristine and doped FLG in Figure 5.9B. The FoM nearly 

doubles for both the strongest p-dopant (Magic Blue) and the strongest n-dopant 

((RuCp*mes)2). The increase of FoM is attributed to the significant decrease in the sheet 

resistance at the cost of only 8% reduction in transmission as compared to the pristine 

sample. To elucidate the factors influencing the changes in sheet resistance, we have 

performed Hall effect measurements. These measurements were performed in air; 

however, the Van der Pauw conductivities determined were very similar to those from the 

linear four-point probe measurements conducted in an inert atmosphere (Table 5.2); thus, 
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we believe that the Hall effect results are not significantly affected by the reactivity of 

doped graphene with oxygen or water. 

 
Figure 5.9: Transport properties of pristine FLG and doped FLG for 60 minutes dipping 

time. (A) Sheet resistance, (B) FoM of pristine sample (black), p-doped FLG (red) and n-

doped FLG (blue) (C) carrier density and (D) Hall mobility for pristine FLG, n-doped 

FLG (blue shaded) and p-doped FLG (red shaded). 

Table 5.2: Comparison between the sheet resistance measured by a 4-pt probe in the 

glove box and that measure using Van der Pauw method in air. 

Dopant treatment 

10 minutes  60 minute  180 minutes  

4-pt probe Van der 

Pauw 

4-pt 

probe 

Van der Pauw 4-pt probe Van der Pauw 

Ω/□ 

Magic Blue 520 ± 44 583 403 ± 35 413 465 ± 26 497 

Mo(tfd-COCF3)3 979 ± 15 940 626 ± 10 649 833 ± 5.5 814 

Mo(tfd-CO2Me)3 1069 ± 55 891 908 ± 17 847 1108 ± 19 1000 

Mo(PhBz-td)3 1078 ± 33 1010 865 ± 23 772 951 ± 54 923 

 

In Figure 5.9C, we plot the charge-carrier density of solution-doped FLG samples, where 
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it is observed to consistently increase with increasing dopant strength in agreement with 

the trend of reduced sheet resistance. Pristine FLG exhibits p-type characteristics with a 

carrier concentration of ca. 3 × 10
13

 cm
-2 

and a mobility of 266 cm
2
/(Vs). The 

characteristics of p-type doping of as-prepared graphene have been previously observed, 

and have been linked to unintentional hole doping due to PMMA residues from the 

transfer process, in addition to environmental contamination.
[112]

 The measured mobility 

of pristine CVD FLG is consistent with values reported for CVD graphene,
[144,153]

 and is 

significantly lower than in mechanically exfoliated graphene,
[141]

 due to the 

polycrystalline nature and higher defects density of the former. Molecular doping of 

graphene via electron transfer increases the carrier density while leaving the dopant ions 

on the surface, which can act as charged impurities that increase the scattering of carriers 

and hence reduce the mobility as shown in Figure 5.9D. The Hall mobility decreases 

moderately for doped samples, but, for most of the dopants, is more than compensated for 

by a larger increase in carrier density, which explains the net increase of the conductivity 

(σ = enμ) and measured decrease of the sheet resistance. We confirm the type of doping 

through the sign of the Hall coefficient (shown in Table 5.3), which is then used to 

deduce the charge carrier density and subsequently the Hall mobility. 

The moderate reduction of the mobility in doped FLG in this work (24% and 17% for the 

strongest p- and n-dopants, respectively) can be contrasted to the larger reductions of 

mobility in doped SLG (26–80%) as summarized in Table 5.4.
[180,181,210,280–282]

 This 

difference can be attributed to the fact that charged impurities can be screened by each 

additional graphene layer,
[144]

 so that Coulomb scattering of the charged dopant ions on 

the surface of FLG doesn’t significantly affect the mobility of the buried layers of FLG. 
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The smaller decrease in mobility for FLG on doping, therefore, less significantly offsets 

the accompanying increase in carrier density than in SLG. Importantly these results 

indicate that the transport properties of FLG are more robust to doping and work function 

modification than those of SLG.  

Table 5.3: Sheet Hall coefficient of doped FLG 
Sheet Hall coefficient [cm²/C] 

Pristine Time n-dopants p-dopants 

2.1× 10
5
 

 (RuCp*mes)2 (RhCp*Cp)2 Mo(PhB

z-td)3 

Mo(tfd-

CO2Me)3 

Mo(tfd-

COCF3)3 

Magic 

Blue 

10 min -1.1 × 10
5
 -1.2 × 10

5
 2.4 × 10

5
 2.3 × 10

5
 3.0 × 10

5
 1.3 × 10

5
 

60 min - - 1.6 × 10
5
 1.5 × 10

5
 1.3 × 10

5
 7.8 × 10

4
 

180 min - - 1.9 × 10
5
 2.3 × 10

5
 2.2 × 10

5
 1.1 × 10

5
 

 

Surface coverage estimates from XPS are in reasonable agreement with the order of 

magnitude of the calculated carrier densities from Hall measurements, and are similar to 

those observed for SLG by Paniagua et al.
[139]

 For example, Mo(tfd-CO2Me)3, Mo(tfd-

COCF3)3, and Magic Blue display coverages of 0.28  10
13

, 0.73 10
13

 and 10  10
13

 

Dopants/cm
2
 after 60 minutes, which are roughly comparable to the increases in carrier 

density.  

Discrepancies can arise due to some of the dopant species being physisorbed as neutral 

species rather than undergoing electron transfer (although, as discussed above, this is not 

significant in the case of Magic Blue) and/or to some of the dopants reacting with 

impurities or defects on the surface, or with portions of the graphene that are electrically 

isolated from the bulk by defects, and, therefore, not generating carriers detectable in the 

Hall effect measurements. An example of the former effect is presumably occurring with 
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the weakest p-dopant, Mo(PhBz-dt)3, which demonstrates higher coverage but a very low 

contribution to the carrier density. The n-dopants also display a much lower carrier 

contribution relative to their surface coverage, which could be due to oxidation from air 

exposure just prior to the Hall effect measurement. The extremely high coverage of 

(RhCp*Cp)2 does assist in explaining the drop in mobility of this sample, if the oxidized 

dopants are indeed acting as scattering sites. 

Table 5.4: Reduction in mobility in non-covalently doped SLG presented as the ratio of 

the change in mobility upon doping Δμ to the mobility in pristine SLG μo in each 

reference. 
Dopant type Δμ/μo  Reference 

Mo(tfd-COCF3)3 p -61% [139] 

Pentaethylenehexamine (PEHA) n -48% 
[180] 

Poly(ethyleneimine) (PEI) n -62% 

Triethylene tetramine (TETA) n -26% [181] 

Nitric Acid (HNO3) p -78% 

[282] Hydrazine n -37% 

Poly(ethyleneimine) (PEI) n -67% 

Tetraacyanoethylene (TCNE) p -80% [210] 

Gold Chloride (AuCl3) p -37% [281] 

NH2-SAMs n -53% 
[280] 

Impurities on SiO2 substrate p -64% 
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The air-stability of surface doped FLG was examined by monitoring the changes in the 

sheet resistance of FLG doped with Magic Blue over 7 days, while storing the sample at 

the ambient pressure and temperature. Figure 5.10 shows that the sheet resistance 

increases by ~12%, which is generally considered stable as compared to other surface 

dopants such as AuCl3 which would increase by ~40%.
[196]

 While the surface-doped 

electrode degrades in air, it is not expected to behave this way when buried inside a 

device that is in addition encapsulated. This demonstration is outside the scope of this 

study. 

 
Figure 5.10: Changes in the sheet resistance of Magic Blue doped FLG over 7 days in air 

at ambient pressure and temperature. 

5.2.4 Effect of doping time on the transport properties of solution-doped FLG 

Aiming to determine the optimum dopant amount to yield the best performance of FLG 

as a TCE, we have varied the dipping time of samples in the dopant solutions and then 

characterized the transport properties and surface morphology. In Figure 5.11A, we plot 

the sheet resistance with respect to solution-dipping time for all p-dopants. Dipping the 

samples for 10 min (mild exposure) generally yields no significant reduction in the sheet 

resistance compared to the pristine sample with the exception of Magic Blue, the 

strongest p-dopant. 



182 
 

 
Figure 5.11: Effect of doping time on the transport properties of FLG. (A) Variation in 

Sheet resistance, (B) carrier density and (C) Hall mobility for p-doped FLG with various 

doping time (10, 60 and 180 minutes). The light blue dashed line represents the 

corresponding value of the pristine FLG sample for comparison. (D) Mobility vs. 

Carriers density of p-doped FLG. 

The sheet resistance dips to a minimum at the 60 min mark, after which it rises steadily 

for all dopants. This trend can be understood by measuring the variations in the carrier 

density and Hall mobility, plotted in Figure 5.11B and C, respectively. The data show a 

poor doping level initially for mild exposure time (10 min) which, increases with dipping 

time up to 60 min. Longer exposure to the dopant solution reduces the carrier density 

indicated by the Hall effect measurements and increases the mobility, suggesting less 

efficient generation of free carriers. This will be discussed in the next section. 

To gain insight into the dominant scattering mechanism in molecular-doped FLG, we 

have plotted the mobility as a function of carrier concentration for p-dopants 

(Figure 5.11D). The observation of a universal negative correlation for all dopants 

suggests that charged impurity scattering (i.e., scattering by the charged dopant ions 
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present on the surface) is the main scattering mechanism. However, the role of defects 

and phonon scattering cannot be completely excluded, since heavily p- and n-doped 

graphene could be reactive to nucleophiles and electrophiles respectively, and potentially 

such species could be present in solvent as trace impurities or even in glovebox 

atmosphere. 

5.2.5 Effect of doping on the surface morphology of FLG 

We examine the surface morphology of doped FLG via scanning tunneling microscopy 

(STM) for clues about the adsorption and aggregation behavior of molecular dopants for 

different solution-doping durations of 10, 60 and 180 min. In Figure 5.12, we show the 

STM topographic images of pristine FLG (Figure 5.12A) and FLG-doped with the 

Magic Blue p-dopant (Figure 5.12B-D). The dopant appears as bright spots on the 

surface of FLG as indicated by the red arrow in Figure 5.12B. At the lowest exposure 

time of 10 min (Figure 5.12B), we observe the formation of a disjointed molecular wire, 

presumably of SbCl6
–
 dopant ions or small clusters thereof, extended several tens of 

nanometers across the sample. Presumably, like-charged dopant ions would not aggregate 

on a completely uniform graphene surface for Coulombic reasons and the aggregation 

here may be driven by inhomogeneities (e.g. grain boundaries) in the underlying 

electrostatic landscape of the FLG. Increasing the solution-doping time to the optimum 

60 min duration results in a uniform distribution of nanoclusters and nanowires across the 

entire sample surface (Figure 5.12C). At the extended solution-doping time (180 min), 

the surface appears to be covered with molecules as we no longer see the isolated bright 

spots, indicating nearly full coverage of the FLG surface. Visually, these images 

correspond well to calculated monolayer coverage (assuming hexagonal close-packing of 
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SbCl6 ions) of ca. 25, 47, and 81% of a monolayer for the 10, 60, and 180 minutes 

immersed samples respectively, keeping in mind that these values may not indicate a 

continuous monolayer (i.e. clusters and bare patches may exist) and that well-dispersed 

single dopant molecules might not be observable by STM.  

 

Figure 5.12: STM images (Vb = 0.6 V, It = 0.3 nA) of (A) pristine and p-doped FLG with 

Magic Blue for (B) 10 min with the red arrow pointing to dopants, (C) 60 min, (D) 180 

min and (E) line profiles along for pristine FLG and Magic Blue-doped FLG for 10 min 

and 60 min along the green lines shown in a, b and c (F) corresponding height 

distributions of pristine FLG and Magic Blue-doped FLG for various exposure times. 

Topographic line scans (Figure 5.12E) confirm the surface features become increasingly 

taller and coarser, as an indication of clustering of the dopant ions over time. This is 

further supported by the statistical distribution of apparent surface height shown in 
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Figure 5.12F, which exhibits an increase in the mean apparent height and the width of 

the distribution. 

5.2.6 Discussion 

Theoretical and experimental studies have identified Coulomb impurity scattering as the 

dominant scattering mechanism in graphene, rather than other common scattering 

mechanisms, such as short-range (defect) and phonon scattering.
[135]

 In pristine graphene, 

random impurities providing both negative and positive charges coexisting on the surface 

of graphene and in the underlying substrate are believed to generate electron-hole puddles 

that form the main scattering mechanism.
[144]

 Due to the presence of the electron-hole 

puddles in pristine graphene, the initial stage of doping has been reported to act as a 

neutralizing stage for such impurities, which results in no increase in the carrier density 

in graphene.
[136]

 In addition, the mobility either increases or minimally decreases in that 

regime, contrary to what is expected for the charge-impurity scattering mechanism 

explained above. This regime resembles the behavior of solution-doped FLG for the 

shortest dipping time (10 min). Here, dipping the FLG in the dopant solutions (toluene 

and DCM) inside the glovebox is likely to further clean the surface from PMMA residues 

and environmental contaminants, hence leading to a more intrinsic pristine FLG mostly 

by eliminating the p-type characteristic of FLG ascribed to its preparation and transfer, 

rather than to molecular doping alone. Indeed, the p-doping resulted in no increase in the 

carrier density in FLG and the measured mobility was either unchanged or slightly higher 

than pristine graphene, depending on the dopant used. An apparent exception to this 

behavior was that of Magic Blue, which has the highest redox potential and can 

presumably also dope the FLG in a shorter time scale due to its higher doping strength. 
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The initial increase in mobility reported for some molecular dopants has been observed 

before
[162] 

and was theorized to result from a compensation effect of the random charged 

impurities between the graphene and the substrate where the molecules push such 

impurities farther from the graphene surface.
[136]

  

Upon increasing the dipping time to 60 min, the induced charge-carrier density increases 

in accordance with dopant strength, while the mobility drops due to charge-impurity 

scattering as discussed earlier. This regime presents the optimum condition for FLG 

doping, as the reduction in mobility is compensated by the larger increase in the carrier 

concentration and hence yields the lowest sheet resistance values. 

Further increasing the doping time (180 min), reverses the positive trend in conductivity, 

where the carrier concentration decreases while the mobility increases and was recently 

reported to universally occur for various dopants on graphene.
[281]

 Increasing the 

concentration of dopants can either cause more clustering of dopants
[191]

 – as we have 

observed in Figure 5.12B and C – or change their orientation and can even promote the 

layer-by-layer growth of multilayered structures, which we suspect is occurring in 

Figure 5.12D.
[232]

 Layering of the dopant may decrease the likelihood of forming 

additional charged impurity scattering centers and may in fact decrease the scattering as 

compared to FLG doped for 60 min as the dopants would lie farther from the graphene 

surface due to dopant-dopant interactions, which would explain the increase in mobility 

at this stage.   Surprisingly, the transport measurements (Figure 5.11) show a decrease in 

carrier densities at higher dipping times despite a higher surface coverage of dopant 

species. While previous studies have found that longer exposure times can result in a 
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lower doping efficiency, i.e., a lower % of the dopants present undergoing electron 

transfer, the absolute number of carriers still increases.
[139]

 Moreover, at least in the case 

of Magic Blue, XPS analysis indicates the presence of increased levels of Sb and Cl on 

the surface (and the absence of Br and N), suggesting more SbCl6
–
 is present and, 

therefore, that more holes are introduced at longer exposure times. The work function 

continues to shift as well with increased dipping time, an effect which is more prominent 

in the case of Magic Blue (Figure 5.5A). It is believed that the vacuum level shift 

contribution due to dipole formation may dominate at this stage, since the shift in the 

Fermi level, as deduced from the shifts in the XPS C1s peak, appear to be negligible 

between doping times of 60 and 180 min for most dopants as shown in Figure 5.5B. Note 

that this is generally expected, since the relative importance of vacuum level shift vs. 

band filling / emptying increases with dopant coverage, as the former is proportional to 

the number of dopants that react whereas the latter is a function of the square root of the 

number of dopants that react.
[139]

 The explanation for this behavior is not clear at the 

present stage, but the data imply that at higher exposure times, a large portion of the 

carriers expected to be generated by the dopant is not able to contribute to the Hall 

current.  

These results reveal that while molecular doping can be effective in its current form, 

challenges remain to understand the effects of long exposure time and of high dopant 

coverage and to obtain further improvement in the FoM. The described effects of the 

dopant coverage on the transport properties and morphology of FLG, are summarized in 

Figure 5.12. 
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5.3 Conclusion 

We have demonstrated the effect of molecular doping on FLG using solution-processed 

and stable metal-organic n- and p-dopants exhibiting a wide range of doping strengths as 

measured by their redox potentials, compared approximately to the potential of electrons 

at the Fermi level of pristine FLG. The effect of dopants on the work function, sheet 

resistance, carrier density and Hall mobility was presented and generally showed a direct 

correlation with the dopant strength. The wide tunability range of the work function of 

doped FLG combined with minor reductions in the carrier mobility as compared with 

SLG, where there is no screening of Coulomb scattering from the charged dopants, 

allows for the opportunity to produce FLG layers with high mobility and broadly tunable 

work function for utilization in electrode applications and beyond. Doping is shown to 

occur via electron transfer between FLG and the dopants, leaving the latter as a charged 

ion (charged impurity) on the surface. This is shown to have a neutralizing effect on the 

substrate-induced impurities at low dopant concentration leading to a slight change of the 

mobility, which even increased in some cases. At moderate doping levels, the dopant 

species on the FLG surface lead to charge-impurity scattering and consequently to a 

decreased mobility. However, due to the large induced carrier density, the sheet 

resistance is minimized at this stage and the FoM of FLG increases in all instances. With 

prolonged exposure, the sheet resistance increases and the number of free carriers in the 

FLG decrease in apparent contradiction to what can be inferred from XPS and UPS, 

presumably suggesting that a large proportion of the contributed carriers are immobile. 

The sheet resistance values presented for doped FLG are suitable for touch screen 

applications which typically require values < 500 Ω/□. However, our finding of markedly 
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different behavior in different doping regimes emphasizes the necessity of experimental 

methods of controlling the amount of molecular doping in FLG, which can play an 

important role towards enhancing the FoM for utilization of FLG as a TCE in 

optoelectronic and photovoltaic applications.  

 
Figure 5.13: Doping mechanism of FLG as a function of coverage and its effect on the 

transport properties and morphology of doped FLG. 
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Chemical doping of graphene is a promising route towards facilitating its use as a TCE 

in various applications. Most studies of chemical doping have focused on the use of 

surface molecular dopants, which undergo charge transfer with graphene leading to 

improved conductivity and a significant shift of the work function. However, the resulting 

conductivity is still below the industrial standards for TCE applications. In addition, the 

dopants are exposed at the surface, making them more prone to the surrounding 

environment which can jeopardize the long-term stability of the TCE. As shown in this 

thesis, FLG can be intercalated with various species leading to low sheet resistance and 

extremely high carrier density. The intercalation doping maximizes the number of layers 

being doped in FLG in addition to the intercalants being encapsulated between the 

graphene layers, enhancing their long-term stability. In this work, the combination of the 

benefits presented of these two doping modalities in FLG is presented in a facile multi-

modal doping strategy (hybrid doping). FLG intercalated with Br2 or FeCl3 have been 

further doped with surface molecular dopants, leading to lower sheet resistance and 

larger tunability in the work function. Angle-resolved XPS was used to locate the position 

of the dopants being either on the surface of in the bulk.  The further increase in the 

conductivity is attributed to the increase in the carrier density due to additional charge 

transfer with the surface dopants, while the mobility is not affected as evident by Hall 

effect measurements. The work function increases further after surface doping, which 

was attributed to contributions from shifts in the vacuum energy level as a result of 

surface dipoles resulting from the charge transfer.    
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6.1 Introduction 

FLG offers a unique platform pertinent to the modulation of the electrical and electronic 

properties by doping. Being amenable to intercalation of small molecules in a manner 

similar to GIC, allows for effective doping of the bulk of FLG depending on the staging 

of the intercalate molecules,
[213,214]

 thereby achieving high carrier density on the order of 

10
15

 cm
-2

,
[64,125]

 a regime which isn’t accessible with the conventional molecular surface 

doping of both SLG and FLG. Moreover, the intercalation process eliminates the 

electronic coupling between graphene sheets, thus the overall conductivity results from 

doped individual layers acting as parallel channels for the charge carriers
[225]

 thereby 

decreasing the sheet resistance to values as low as 8.8 Ω/□ for mechanically exfoliated 

FLG.
[125]

 Molecular surface doping of graphene has proven to be an effective route to 

modulate its work function,
[181,198,232,235]

 in addition to increasing the conductivity which, 

however, is limited by the significant decrease in the carrier mobility due to Coulomb 

scattering by charged molecules (after electron transfer),
[181,210,235,282]

 an effect that was 

shown to be minimized in FLG due to screening of such charges by the additional layers 

in the bulk as discussed in Chapter 5.  Work function modulation generally occurs via 

two mechanisms; (1) shift of the Fermi level as a result of electron transfer to/from 

graphene for n- and p-doping, respectively, and (2) shift of the vacuum level due to the 

resulting surface dipoles.
[139]

 These two mechanisms can be combinedly achieved via a 

combination of the two doping modalities just described, namely, bulk intercalation and 

molecular surface doping, thus have the potential to provide larger tunability of the work 

function in addition to achieving low sheet resistance.  

Herein, we report the first results of such combination using CVD-FLG, that was p-doped 
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through intercalation with either Br2 or FeCl3 followed by surface p-doping using tris(4-

bromophenyl)ammoniumyl hexachloroantimonate “Magic Blue” and molybdenum tris(1-

(trifluoroacetyl)-2-(trifluoromethyl)ethane-1,2-dithiolene) “Mo-(tfd-COCF3)3”, or surface 

n-doping using ruthenium (pentamethylcyclopentadienyl )(mesitylene) dimer 

“(RuCp*mes)2” and pentamethylrhodocene dimer “(RhCp*Cp)2”. We employ angle-

resolved XPS (ARXPS) to gain insights into the position of the dopants in the doped 

FLG. We find that the intercalants are encapsulated beneath the surface and into the bulk 

layers of FLG, while the surface dopants are present only at the surface. This 

compartmentalizes the different dopants which do not mix unfavorably or interact 

chemically in any meaningful way. Systematic characterization of the electrical transport 

properties shows that the enhancement of the conductivity is dominated by the increase 

of the carrier density from ~ 3×10
13 

cm
-2 

to ~ 6×10
14 

cm
-2

 , thus compensating the 

decrease in the mobility from 289 cm
2
/(Vs) to ~ 90 cm

2
/(Vs) with a significant 

contribution coming from the intercalant dopant. The surface dopants are observed to 

additionally increase the carrier density, without affecting the mobility since the related 

Coulomb scattering is screened by the topmost graphene layers. Accordingly, an overall 

increase in the conductivity is achieved using the hybrid approach with the sheet 

resistance dropping from ~ 863 Ω/□ to ~ 100 Ω/□. We show that the work function is 

further increased with surface doping of intercalated FLG up to 5.43 eV shifting by 0.55 

eV as compared to the shift of ~ 0.40 due to intercalation alone. This is due to additional 

contribution from the vacuum level shift due to the formation of surface dipoles from 

surface dopants.  The presented approach allows for fine tuning of the optoelectronic 
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properties and the work function of graphene-based TCEs to meet the specific 

requirements of a broad range of applications. 

6.2 Results and Discussion 

CVD grown FLG on nickel was transferred to a glass substrate using the modified 

PMMA transfer procedure detailed in Chapter 3 and Appendix B. The samples were 

first intercalated with either FeCl3 using the two-zone vapor transport process for 360 

mins or Br2 using vapor exposure at room temperature for 180 mins (intercalated). 

Surface doping was then carried out by dipping the intercalated FLG (bulk-doped) in 

solutions of either the p-dopants Magic blue (hybrid A) or Mo-(tfd-COCF3)3 (hybrid B) 

or the n-dopants (RuCp*mes)2 (hybrid C) and (RhCp*Cp)2 (hybrid D) for 60 mins. 

The intercalation process was carried out as the first step to prevent potential chemical 

reactions with the intercalant and the surface dopants, considering the reactivity of both 

FeCl3 and Br2, in addition to the high-temperature processing involved in the former (360 

ᵒC). Interaction of the surface molecular dopants is limited to the surface of graphene and 

thus is not expected to interact with the intercalants since they are encapsulated in 

between the graphene layers as illustrated in Figure 6.1. A crucial step in the doping 

procedure is the washing step of intercalated FLG aiming to remove unreacted and 

weakly adsorbed intercalants from the surface so that the following surface doping step 

using can proceed without unfavorable interactions with the intercalants on the surface of 

FLG. FeCl3-FLG was washed with DI water considering the hygroscopic nature of FeCl3, 

and Br2-FLG was washed with ethanol which was demonstrated to be efficient in 

removing weakly adsorbed bromine from FLG surface in Chapter 4. It is worth 
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mentioning that Br2 can potentially bind covalently with carbon,
[124,256]

 and thus its 

presence on the surface cannot be excluded. Such a covalent binding will reduce the 

available interaction surface for surface dopants as will be discussed below. 

Figure 6.1: Schematic of the hybrid doping approach, showing FeCl3 intercalants 

encapsulated in between the graphene layers in FLG, while the SbCl
-6

 ions from the 

surface dopant Magic blue are exclusively present at the surface in hybrid doped FLG. 

6.2.1 Doping effect and the chemical composition of the hybrid-doped FLG 

  

Figure 6.2A shows survey XPS spectra of pristine, FeCl3 intercalated and hybrid doped 

FLG with Magic blue as the surface dopant (hybrid A1). The coexistence of bulk and 

surface doping is evident by the mutual appearance of Sb 4d (surface) and Fe 3p (bulk) 

peaks in the hybrid doped sample as shown in the inset of Figure 6.2A. Similarly, the 

survey XPS spectra of Br2 intercalated and hybrid doped FLG shown in Figure 6.2B 

indicates the coexistence of bromine intercalant (Br 3d) and antimony (Sb 4d) from the 

surface dopant. High-resolution XPS C 1s peak shifts to a lower binding energy from 

284.10 eV for pristine FLG to ~ 283.85 eV for FeCl3 intercalated FLG and further to 

283.70 eV once the surface dopant Magic blue is added, which is a consequence of p-

doping as shown in Figure 6.2C. Br2 intercalated FLG shows a similar trend, but with 

smaller shifts, where the C 1s downshifts to 283.90 eV after intercalation, where it 

slightly shifts after surface doping as shown in Figure 6.2D. The further decrease in the 

C 1s binding energy in hybrid doped FLG, indicates that surface doping can additionally 
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p-dope the intercalated FLG and additionally lower the Fermi level. This points to the 

fact that the surface dopant increases the carriers density of intercalated FLG since the 

shifts in the Fermi energy are directly related to the square root of the induced charge 

carriers into graphene.
[139]

  

 
Figure 6.2: Survey XPS spectra showing the coexistence of bulk intercalants and surface 

dopants (A) FeCl3 intercalation with Magic blue surface dopant –hybrid A1–  and (B)Br2 

intercalation with Magic blue surface dopant –hybrid A2–. And high-resolution XPS 

spectra of core level C 1s peak for pristine, intercalated and hybrid doped FLG for (C) 

hybrid A1 and (B) hybrid A2. 

The larger down-shift of C 1s for the FeCl3 intercalation points to its higher p-doping 

effect than Br2 probably due to its ability to form stage-1 intercalation compounds with 

FLG and thus dopes larger number of graphene layers, whereas bromine can only form a 

maximum of stage-2 intercalation compounds.
[213]

  This shift of the core level C 1s peak, 

however, is counter-intuitive to the expected upshift in the binding energy of core level 
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peaks once they lose electrons, since the positive charge of the nucleus becomes less 

screened and thus increases its binding with the remaining core electrons.  

However, such downshift is attributed to the lowering of Fermi energy level in p-doped 

materials which aligns to the Fermi energy level of the detector in photoelectron 

spectroscopy instrumentation, to which the XPS spectrum is referenced, as has been 

previously observed for p-doped graphite,
[225,260,261]

 carbon nanotubes
[254]

 and 

graphene.
[124]

  

The atomic content of the Sb (surface dopant) gradually increases as the take-off angle 

decreases (increasingly surface sensitive) as shown in Figure 6.3A for hybrid A1 and 

Figure 6.3B for hybrid A2. This confirms the exclusive existence of the molecular 

dopant (magic blue) on the surface of the intercalated FLG. However, for larger take-off 

angles (such as 90ᵒ), the measurements are bulk-sensitive and therefore the Sb/C atomic 

ratio would be expected to be lower as shown in Figure 6.3A and B. FeCl3 intercalant 

gradually decreases with increasing surface sensitivity, where the atomic ratio of Fe with 

respect to C decreases as shown in Figure 6.3A, whereas Br2 intercalant shows a nearly 

constant atomic content at all electron take-off angles which would be expected for 

uniformly bulk-doped FLG. We conducted a control measurement on only intercalated 

FLG and a similar trend in the atomic content of iron for FeCl3 intercalation (Figure 

6.3C). This indicates the absence of FeCl3 on the surface of FLG and demonstrates the 

effectiveness of the washing step in our experimental procedure. Moreover, this leads to 

the conclusion that intercalation of FeCl3 is more concentrated at the bottom surface of 

FLG closer to the substrate and that a fully stage 1 intercalated FLG has not been 
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achieved, which is currently a limitation for the intercalation of CVD FLG due to 

intrinsic differences in crystallinity and layers coupling from HOPG. Recent reports on 

FeCl3 intercalated FLG have shown that full intercalation could only be achieved for 

mechanically exfoliated FLG which closely resembles the structure of graphite,
[125,216,217]

 

whereas in the case of CVD FLG, non-uniform and incomplete intercalation has been 

reported under the same processing conditions.
[238]

 Additionally, the trend of the atomic 

content of iron in Figure 6.3C could be explained by the fact that desorption of 

intercalant would be easier from the outer surface of the layers away from the substrate as 

has been recently demonstrated for FeCl3 intercalated FLG.
[216]

 On the other hand, 

bromine content in only Br2 intercalated FLG shown in in Figure 6.3D confirms the 

nearly constant bromine content observed in the hybrid A2 samples, which can be 

contrasted to the case of FeCl3 intercalated FLG by the fact bromine can potentially form 

covalent bonds with the basal plane of the topmost layer, and the edges of the sheets 

throughout the bulk which was demonstrated in Chapter 4.
[124]

  A comparison of the 

total amount of the surface dopant (magic blue) in the hybrid A1 and hybrid A2, shows 

that the former exhibits a higher atomic content of Sb ~5 at%, while the latter exhibits a 

significantly smaller amount of ~0.5 at%. This is expected to result from the presence of 

covalently Br2 atoms on the surface and edges which are not removed by the washing 

step, and thus could prevent the surface dopant from interacting with FLG. This is further 

confirmed by the uniform atomic content of Br with respect to carbon as a function of 

electron take-off angle where it slightly increases for the lowest angle (20
ᵒ
) indicating the 

presence of bromine on the surface.  
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Figure 6.4A shows Raman spectra of pristine and intercalated FLG with either Br2 or 

FeCl3. Pristine FLG shows the two main peaks of graphitic materials, namely, the G-peak 

at ~1580 cm
-1

 originating for the in-plane stretching mode (E2g) originating from the 

optical phonon near the Γ point, and the second order 2D-peak at ~2743 cm
-1

 arising from 

two optical phonons at the K point. The D-peak which typically appears at ~1350 cm
-1

 is 

activated by the presence of defects, exhibits very low intensity indicating the high 

quality of the graphene domains in our samples.
[244]

  

 
Figure 6.3: Angle-resolved XPS for (A) hybrid A1, (B) hybrid A2, (C) FeCl3 intercalated 

FLG and (D) Br2 intercalated FLG. The electron-take off angle (θ) shown on the x-axis 

determines the surface sensitivity of the measurement, where the smaller value indicates 

increasingly surface sensitive spectra as indicated by the blue arrow. 

The shape of the 2D-peak depends on the electronic structure of graphene films and 

reflects the stacking order and the number of graphene layers. SLG typically exhibits a 

single and sharp Lorentzian peak which splits into various components in AB-Bernal 

stacked graphene layers until it resembles that of HOPG where it is composed of two 
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components, with the lower energy component having approximately ¼ the intensity of 

the high energy component. However, in the case of turbostratic graphite, the 2D-peak 

resembles the shape of that for SLG with single Lorentzian peak indicating the absence of 

layer coupling and resemblance to the electronic structure of SLG.
[245]

 The 2D-peak in 

our samples could be fitted with two Lorentzian peaks, with the lower energy component 

being as intense as the high energy component, which is attributed to randomly rotated 

stacking and agrees with previous results on epitaxially grown FLG.
[83]

  

Upon exposure to the intercalants, the G-peak splits into a doublet as shown in Figure 

6.4A, with the lower energy peak positioned around that of the pristine FLG and 

originates from graphene layers not adjacent to intercalant, and a higher energy peak 

from intercalant bound graphene layers, the position of which is generally dependent on 

the degree of intercalation and the doping strength of the intercalant.
[213,216,257]

 Raman 

shifts in the low energy G-peak position are shown in Figure 6.4B, with the inset 

showing the high energy G-peak shifts for intercalated and hybrid doped FLG. Both G-

peak components upshift with intercalation and the subsequent hybrid doping, which is a 

signature of doped graphene.
[138]

 It can be seen that the shift is larger in the case of FeCl3 

intercalation indicating a larger doping effect due to its ability to intercalate into every 

interlayer spacing in FLG (stage 1).
[213]

 This is in agreement with XPS results of the 

higher atomic content of iron as compared to bromine in Figure 6.3 and the larger 

downshifts of C 1s peaks in the case of FeCl3 intercalation (Figure 6.2). Furthermore, the 

upshift of both components of the G-peak continues to increase upon adding the surface 

dopant to intercalated FLG as shown in Figure 6.4B. The same trend is observed for the 

low energy fitted components of the 2D-peak shown in Figure 6.4C, which is more 
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sensitive to doping effects as demonstrated in Chapter 5. The additional shifts in the 

Raman peaks, once the intercalated FLG is treated with the surface dopants, is in 

agreement with the XPS observation in that the hybrid doping approach contributes 

towards more efficient doping of all available layers in FLG where the Fermi level 

additionally shifts as reflected by the additional upshift in the Raman G- and 2D-

peaks.The upshift in the G-peak has been observed for doped graphene reflecting the 

changes in the Fermi energy level and results from the non-adiabatic removal of the Kohn 

anomaly at the Γ point in addition to changes in the lattice constant where it contracts in 

the case of electron removal in p-doping and thus stiffens the phonon mode or expands in 

the case of adding electrons in n-doping and thus softening the phonons.
[138,216]

 In the 

case of acceptor intercalants, these two mechanisms work together and an overall upshift 

in the G-peak is always observed. On the other hand, the fact that 2D-peak originates 

from phonons away from the Γ point, its shifting is only attributed to the latter 

mechanism, where the upshift is a signature of p-doping due to phonon stiffening as a 

result of lattice contraction that accompanies the electron transfer away from graphene.  

6.2.2 Electrical transport properties of hybrid-doped FLG 

The sheet resistance of pristine FLG on glass is 863±81 Ω/□ as measured from linear 4-

point probe. Upon intercalation with Br2 the sheet resistance decreases to 391±13 Ω/□ 

which is further reduced in hybrid A2 doped FLG to 237±35 Ω/□ as shown in Figure 

6.5A. A similar trend is observed for the Hybrid A1 doped FLG where FeCl3 

intercalation results in a sheet resistance reduction to 137.6±6.4 Ω/□ which further 

decreases with surface doping to 100.1±3.3 Ω/□. 
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Figure 6.4: (A) Raman spectra of pristine and intercalated FLG with either Br2 or FeCl3. 

Changes of the Raman shift of (B) the G-peak components and (C) the 2D-peak low 

energy component for intercalated and hybrid doped FLG.  

We show the sheet resistance of only surface doped sample FLG with Magic blue, which 

results in a sheet resistance of 414.6±19 Ω/□, demonstrating that the combination of both 

surface and intercalation doping of FLG is crucial for achieving the highest electrical 

conductivity. However, it seems that the choice of the surface dopant is important to 

result in desirable conductivity of the doped sample, since using Mo(tfd-COCF3)3 with 

FeCl3 intercalated FLG has caused an increase in the sheet resistance to 165.38±9.3 Ω/□, 

since the effect of the surface dopants results from a balance between the injected charge 

carriers and the reduction of carrier mobility due to Coulomb scattering as previously 

described in Chapter 5.  

To elucidate the effect of the presented doping modalities on the transport properties, we 

conducted Hall effect measurements on the various stages towards hybrid doped FLG. 

Figure 6.5B shows the changes in the carrier density, which significantly increase after 

FeCl3 intercalation from 3.05×10
13

 cm
-2

 for pristine FLG to 4.78×10
14

 cm
-2

 nearly an 

order of magnitude higher that the value obtained for surface doping only with Magic 

blue (7.98×10
13

 cm
-2

). The effective doping of a significant number of the graphene 

layers in the bulk with intercalation is responsible for such high increase in the carrier 

density as compared to surface doping. However, for Br2 intercalated FLG the carrier 
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density moderately increases to 5.7×10
13

 cm
-2 

in line with the lower atomic content of 

bromine as compared with FeCl3 as shown in Figure 6.3 due to the lower expected 

staging. For the hybrid doped FLG, the carrier density further increases to 5.91×10
14

 cm
-2 

in the case of hybrid A1, whereas it increases to 8×10
13

 cm
-2

 in the case of hybrid A2, in 

indication to the cumulative doping effect of both doping modalities. Figure 6.5C shows 

the changes in the charge carrier mobility where it significantly reduces from the pristine 

FLG value of 289.1 cm
2
/(Vs) to 89.2 cm

2
/(Vs) for FeCl3 intercalated FLG due to the 

Coulomb scattering by charged dopants and the fact that FeCl3 is present throughout the 

bulk of the sample. The scattering effect has been demonstrated to be minimal in the case 

of surface doped sample especially for FLG, where the charge dopant molecules (after 

electron transfer) would be screened by the additional graphene layers in FLG as 

discussed in details in Chapter 5; where the mobility decreases to 196.63 cm
2
/(Vs) in the 

case of magic blue doped FLG as shown in Figure 6.5C. The addition of the surface 

dopants to the intercalated FLG in hybrid A1 doped sample does not seem to deteriorate 

the carrier mobility, which, at 91.4 cm
2
/(Vs) is nearly equal to that of the FeCl3 

intercalated FLG.  

Despite the fact that the charge carrier mobility decreases by more than 65%, the carrier 

density sees an enormous increase by more than 1800% and thus an overall increase in 

the resulting conductivity is achieved for the hybrid A1 doped FLG. Bromine 

intercalation, however, shows a moderate effect on the carrier mobility, where the 

mobility reduces to 255.4 cm
2
/(Vs) upon intercalation, with a further reduction after the 

surface dopant is added to a value of 219.5 cm
2
/(Vs). 



204 
 

 
Figure 6.5: Electrical Transport properties. (A) Sheet resistance, (B) Sheet carrier 

density and (C) and carrier mobility, for pristine, surface doped with magic blue, 

intercalated with either FeCl3 or Br2 and hybrid doped FLG.  

6.2.3 Work function shifts in hybrid-doped FLG 

The effect of the various dopant modalities and their combination on the work function is 

shown in Figure 6.6. The work function was measured using photoelectron spectroscopy 

in air (PESA), where pristine FLG exhibited a value of 4.88 eV as shown in Figure 6.6A. 

Upon intercalation with bromine (Figure 6.6B), the work function increases to 5.08 eV 

consistent with values obtained in Chapter 4. For FeCl3 intercalated FLG, larger work 

function shift is observed, with an absolute value of 5.29 eV as shown in Figure 6.6D. 

The larger increase in the work function for the case of FeCl3 intercalated as compared to 

Br2 agrees with the previously demonstrated XPS, Raman and Hall effect measurement 

results, which indicates a qualitatively larger shift in the Fermi energy level for the 

former. Treating intercalated FLG with surface dopants has demonstrated tunability and 

an additional increase in the work function. The surface doping of Br2-FLG with magic 

blue (hybrid A2) further increases the work function to 5.27 eV once the surface dopant 

magic blue is applied as shown in Figure 6.6C.  The work function corresponding to the 

addition of the surface molecular dopants Mo-(tfd-COCF3)3 (hybrid B1) and Magic blue 

(hybrid A1) to FeCl3 intercalated FLG are shown in Figures 6.6E and F, respectively. 
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Hybrid B1 shows a moderate change in the work function of 0.05 eV whereas hybrid A1 

leads to a larger shift of 0.14 eV with a work function value of 5.43 eV. Such larger shifts 

in the latter are attributed to the larger doping strength of magic blue as explained in 

Chapter 5.  

 
Figure 6.6: Photoelectron spectroscopy in air spectra and the deduced work function for 

(A) Pristine FLG, (B) Br2 intercalated FLG, (C) Hybrid A2 doped FLG, (D) FeCl3 

intercalated FLG, (E) hybrid B1 FLG and (F) hybrid A1 doped FLG. 

A comparison between the shifts of the Fermi level approximated from the sp
2
 fitted peak 

in the XPS C 1s core level peaks, and the shifts in the work function obtained from PESA 

is shown in Figure 6.7. The total change in the work function of graphene results from 

changes in the Fermi energy level as a result of electron transfer and the changes in 

vacuum level resulting from dipole formation. 
[139]

 For FeCl3 intercalation and the hybrid 

A1 doped FLG (Figure 6.7A), the differences between the work function and the Fermi 

level shifts always exist and are an indication of significant surface dipole contribution to 

the total work function change. 
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However, in the case of Br2 intercalated sample shown in Figure 6.7B the shifts in the 

work function seem to coincide with the shift in the Fermi energy level, where a 

considerable difference exists once the surface dopants are applied (hybrid A2), 

indicating that the additional shift comes from vacuum level shifts due to the formation of 

surface dipoles. The presence of vacuum level shift for FeCl3 intercalated sample in 

contrast to its absence for the Br2 intercalated sample may be explained by the fact that 

the surface dipole dominates the changes in work function at large carrier density due to 

the linear dependence of such contribution on the carriers density (n) involved in the 

charge transfer (proportional to n), whereas the Fermi level shift contribution has a 

weaker dependence (proportional to n
1/2

) Chapter 2. Thus, the larger increase in the 

carrier density for FeCl3 intercalation as compared to Br2 intercalation as shown in 

Figure 6.4B may lead to considerable molecular dipole buried in the bulk of FLG. For 

the hybrid doped FLG (A1 and A2), it seems that the additional shifts in the work 

function are dominated by vacuum level shift contribution, which explains the large 

changes in the work function as compared to the changes in the sheet carrier density. 

 
Figure 6.7: Comparison of the changes in the work function and shifts of the sp

2
 carbon 

peak from XPS C 1s core level for (A) Hybrid A1 doped FLG and (B) Hybrid A2 doped 

FLG. 
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6.2.5 Combining surface n-dopants with bulk p-type intercalants 

Aiming to achieve a tunable work function towards a lower energy (decreasing Φ) we 

have attempted hybrid doping using intercalated FLG with FeCl3 and surface metal-

organic dimers (RuCp*mes)2  (hybrid C1) and (RhCp*Cp)2 (hybrid D1), which are strong 

n-dopants as discussed in Chapter 5. Schematics of these structures are shown in Figure 

6.8A and B, respectively. The sheet resistance has increased significantly after applying 

the surface dopants as shown in Figure 6.8D and C, where it increases from 137.6 ± 6.4 

Ω/□ for FeCl3 intercalated FLG to 293.9 ± 6.4 Ω/□ for hybrid C1 and to 344.6 ± 31.4 Ω/□ 

for hybrid D1.  

 
Figure 6.8: Schematics of the hybrid doping of (A) hybrid C1 and (B) hybrid D1. The 

sheet resistance of FeCl3 intercalated FLG treated with surface n-dopants for (C) hybrid 

C1 and (D) hybrid D1. 

Hall effect measurement was performed on hybrid C1 to elucidate the increase in the 

sheet resistance. Figure 6.9A shows that the surface dopant does not result in any 

increase in the carrier density, indicating the surface n-dopants are not effectively doping 

the intercalated FLG. In fact, the charge transfer from surface dopants is expected to 

decrease the carrier density since electrons will neutralize the hole doped FLG. We 
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attribute the absence of such effects, to the fact that FeCl3 intercalated FLG is heavily p-

doped, and thus n-doping would have a minimal effect. However, exposing FeCl3 

intercalated FLG to surface n-dopant (RuCp*mes)2  has resulted in decreasing the carrier 

mobility as shown in Figure 6.9B, where it decreases from 89.2 cm
2
/(Vs) for intercalated 

FLG to 50.3 cm
2
/(Vs) for hybrid C1. This reduction in the mobility can be attributed to 

the introduction of charged molecules on the surface leading to additional Coulomb 

scattering. 

 
Figure 6.9: Hall effect measurement on hybrid C1 FLG. (A) Carrier density and (B) 

carrier mobility.  

The work function was nearly unchanged for the hybrid C1 and D1 doped FLG, as shown 

in Figures 6.10B and C, respectively. The large shift in the Fermi level resulting from p-

doping of the bulk may be the reason of the unchanged work function in hybrid doped 

FLG with n-doping surface molecules. The latter would shift the vacuum level to a 

direction that would reduce the work function; however, this would be shaded by the 

significantly large Fermi level shift (towards increasing work function) resulting from 

bulk doping.  

Accordingly, the hybrid doping approach of combining bulk p-dopants with surface n-

dopants shows no clear benefits at this stage since the conductivity significantly 



209 
 

decreases without resulting in a considerable shift in the work function, and thus defying 

the main objective of the hybrid doping approach. 

 
Figure 6.10: Photoelectron spectroscopy in air spectra and the deduced work function for 

(A) FeCl3 intercalated FLG, (B) Hybrid C1 doped FLG, (C) Hybrid D1 doped FLG. 

6.3 Conclusion 

In conclusion, a novel and general hybrid doping strategy for CVD grown FLG was 

presented, enabling efficient doping of all the layers in FLG through a combination of 

molecular surface dopants and bulk intercalation with small molecules. The variation of 

the chemical composition of hybrid doped FLG with its thickness, reveals the existence 

of intercalants in the bulk of the films, which dope the interior graphene layers, while the 

surface dopants are found to be exclusively present on the exposed FLG surface. It is 

demonstrated that the two doping modalities (intercalation and surface) work in tandem 

in tuning the electrical transport and electronic properties of FLG. Further p-doping effect 

was observed after surface doping of intercalated FLG. However, the intercalation has 

dominated the enhancement in the electrical conductivity. On the other hand, surface 

dopants have further increased the work function of intercalated FLG, via surface dipole 

formation. At the current stage, our doping strategy shows work function tunability 

towards increasing the work function.  Attempts to tune the work function to the opposite 
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direction have been attempted by exposing p-doped intercalated FLG to n-doping surface 

species. However, this results in increasing the sheet resistance without changing the 

work function. This work introduces a novel hybrid doping strategy for large-scale CVD-

FLG that uniquely allows for precise control over the energetics of the bulk and the 

surface, separately, thereby pushing towards the development of graphene-based TCEs 

towards photovoltaics and optoelectronic applications.   
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CHAPTER 7  
Conclusion and Future Perspective 

 
The ever increasing cost of ITO as a result of increasing demand in conjunction with its 

chemical stability issues, and its lack of mechanical flexibility have motivated the search 

for alternative TCEs.  Graphene as a potential replacement for ITO, is a promising 

emerging TCE, thanks to its high optical transmittance, electrical conductivity, flexibility 

and chemical stability. While CVD is the most promising route towards large-scale 

production of graphene as we expound in Chapter 2, the state-of-the-art CVD process 

combined with transfer methods that are prone to introduce defects inevitably result in 

polycrystalline and defective graphene (either SLG or FLG). This results in inferior 

conductivity as compared to ITO and to the theoretical predictions regarding the 

maximum achievable conductivity for graphene, clearly impeding graphene’s potential as 

an emerging TCE. 

The work presented in this thesis, contributes to the efforts of enhancing the conductivity 

of CVD graphene via different chemical doping modes without significant losses in 

optical transmittance. A key strategy adopted in this work, is the elimination of the 

cumbersome layer stacking and interlayer doping processes that limit the applicability of 

graphene TCEs and impede the objective of the industrial-scale realization of the 

material. Thus, CVD-FLG, which readily grows on thin films of nickel (300 nm) with 

conditions similar to those used for SLG on copper foils, was used as the main platform 

for the demonstration of the various results presented. This led to obtaining an increased 

number of layers and the benefit of reduced sheet resistance as compared to SLG, without 
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the need of the tedious process of repeated transfer of SLG layers to form stacks, which 

inevitably introduces additional defects and contaminants. In addition, FLG is amenable 

to spontaneous and facile intercalation of small guest molecules in the bulk between 

graphene layers, and thus can achieve an efficient doping similar to the interlayer doping 

process achieved when sequential transfer and doping cycles of SLG are employed. 

Furthermore, beyond the issues just mentioned regarding layers stacking, the stability of 

the dopant during the transfer process constitutes an additional bottleneck. This rationale 

of our choice of CVD-FLG is further supported by the additional advantages in 

comparison to CVD-SLG presented in Chapter 2. Our work demonstrates that CVD-

FLG qualifies as the most suitable graphene form as a candidate emerging TCE towards 

ITO replacement. 

The results presented in Chapters 4 and 6 have shown that intercalation of FLG, in a 

similar manner to GIC, is an effective doping route of graphene. We have shown that the 

number of graphene layers that undergo doping by charge transfer is maximized because 

dopants can infiltrate and intercalate between graphene sheets in the bulk of FLG film. 

The insertion of the dopants in between the sheets, leads to higher air stability as dopants 

that are present on the surface are more prone to degrade. In Chapter 4, we have 

demonstrated the intercalation of bromine at room temperature in CVD-FLG. Through 

bromination, we achieved highly-stable TCEs with five-fold improvement in sheet 

resistance at the cost of only 2-3% loss of optical transmission. Evaluation of the changes 

in the FoM shows that the improvement between pristine and intercalated FLG exceeds 

that for all other doping strategies.  
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Furthermore, we have used surface molecular dopants to study the effect of doping on 

FLG whereas most reports in the literature focus on SLG. The common misconception 

that molecular dopants would be less effective in doping FLG as contrasted to SLG was 

also addressed in this thesis. We have shown in Chapter 5, using a set of organic and 

metal-organic molecules with a wide range of doping strength as n- and p-dopants, that 

FLG is effectively doped with surface dopants as suggested by the reductions in the sheet 

resistance exceeding 50% for the strongest dopants. This is attributed to the increase in 

carrier density in doped-FLG in correlation with the strength of the dopant, and the 

minimal reduction in mobility, as compared to the significant reductions encountered in 

doped-SLG. The minimal reduction in the mobility was explained as originating from the 

screening of the Coulomb scattering effect of the charged molecules by the additional 

layers in FLG. One of the main findings of this work is the dependence of the transport 

properties of doped FLG on the coverage of the surface dopants, and showing that ‘more 

is not good’ in the case of molecularly doped FLG. Three doping regimes differing by the 

doping mechanism were identified. The initial stage of doping would result in no 

enhancement in the conductivity in FLG, whereas optimal transport properties were 

obtained at moderate exposures. In contrast prolonged exposure would actually lead to 

adverse effects on the conductivity owing to morphological changes in the dopant 

molecules on the surface of FLG.  

An important aspect of doping that has been discussed in detail in this thesis is the 

modulation of the work function of graphene. In Chapter 5, we have shown that the 

changes in the work function of FLG are directly correlated to the strength of the surface 

molecular dopants. Furthermore, the use of surface molecular dopants has resulted in 
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work function modulation over an unprecedented range for solution-processed dopants. 

The work function of FLG was varied over a range of 2.4 eV (from 2.9 to 5.3 eV), 

making surface doping an optimal route for controlling the energetics at the interface of 

graphene in devices. A comparison between bulk doping of FLG via bromine 

intercalation, and surface doping by molecular species, reveal that the changes in the 

work function are smaller in the former (~0.3 eV as compared to ~0.8 eV for the 

strongest surface dopant). It was shown that such differences are due to the large 

contribution of the induced molecular surface dipole in the latter, thus shifting the 

vacuum level in FLG and adding to the shift in the Fermi level induced by charge 

transfer.  

The culmination of our doping work is the development of a novel doping scheme which 

we called “hybrid doping”. It combines in one doping scheme the benefits of large 

enhancements in electrical conductivity resulting from the bulk doping modality via 

intercalation (Chapter 4) and the wide-range of work function modulation achieved via 

surface molecular doping modality (Chapter 5). FLG was both intercalated and surface 

doped as demonstrated in Chapter 6, achieving a low sheet resistance FLG down to100 

Ω/□ with the main contribution coming from intercalation, with a work function that is 

tuned up to 5.43 eV thanks to the surface dipoles resulting from the molecular surface 

dopants.  

The universality of the hybrid doping approach has been demonstrated using two 

different intercalants (Br2 and FeCl3) and surface dopants (organic and metal-organic 

molecular), showing the significance of the presented approach in its ability of making 
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graphene-based TCEs that would meet the requirements of a wide range of applications, 

by simply making the appropriate choice of materials for each doping modality.  

Limitations faced in the presented work, include the inability to achieve full intercalation 

of CVD-FLG, which has been achieved in HOPG. This is attributed to the intrinsic 

differences between the polycrystalline and patchy nature of CVD-FLG, in addition to 

being rotationally faulted without a specific stacking order, in contrast to the crystalline 

AB-Bernal stacked HOPG. In addition, it is expected that the thermodynamics and 

kinetics of intercalation would differ with sample thickness and graphene flake size. 

Furthermore, to fully capture the advantages of the hybrid doping approach, lowering of 

the work function independently from the conductivity of FLG needs to be demonstrated, 

beyond further increasing  the work function  (and improving the conductivity)  as 

presented in this work.  

The outcomes of the presented study motivate future work in this direction. The well-

established intercalation studies and optimal conditions on HOPG have been adapted to 

FLG intercalation in the recent reports. However, this thesis along with the current 

reports proves that full intercalation has not been achieved in CVD-FLG using such 

conditions. To secure the complete benefits of intercalation bulk doping of FLG, a 

comprehensive study of the thermodynamics and kinetics of intercalation of CVD-FLG is 

needed, aiming towards defining the optimized conditions, such as the threshold pressure 

of intercalation, and the rate of intercalation for ultrathin and polycrystalline graphene 

films,  towards the attainment of full intercalation of graphene-based materials.  
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Additionally, for large-scale applications, reaching the intrinsic limits of graphene 

properties is a challenge that should be addressed. This would be achieved by further 

optimization of the CVD process towards growth of FLG with larger crystalline and 

continuous domains. A significant effort has been already placed on the growth process 

optimization of CVD-SLG, without considering CVD-FLG. This effort needs to be 

extended to the latter, considering the obvious advantages presented in this work.  

Future development of the hybrid doping approach can be realized through the 

investigation of additional combinations of intercalates and surface dopants. The need for 

modulating the work function of FLG without affecting the conductivity could be 

addressed by the use of surface dopant exhibiting intrinsic dipole, that wouldn’t require a 

charge transfer as the dopants used in this study. In addition, such dopants should be 

limited to non-covalent attachments to graphene, due to the well-known adverse effect of 

covalent bonding that disrupts the basal plane of graphene and adversely affects its 

conductivity.  

The implications of this would provide a clear definition of the structure-property-

performance relationship of doped-FLG, and enable the selection of the intercalants, and 

surface dopants based on the desired conductivity and work function for each application.  
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APPENDICES 

Appendix A 

Optimization process of CVD growth of SLG 
 

Initial attempts of CVD growth of SLG using the conditions described in Chapter 3, 

resulted in highly defective films as indicated by the prominent D-peak (1350 cm
-1

) in 

Raman spectra, shown in Figure A.1. In addition, SEM micrographs revealed defects in 

the surface morphology of the films, with the appearance of speckles across the surface 

as shown in Figures A.1b and c. 

 
Figure A.1: Conventional chemical vapor deposition of graphene. (a) Schematic showing 

the configuration of a copper foil used for graphene growth on a fused quartz sample 

holder. (b, c) SEM micrographs of graphene films on copper foil. (d) Raman spectra of 

the resulting graphene film on copper foil and (e, f) SEM micrographs of a bare copper 

foil after annealing in the same configuration as (b, c) in a methane-free ambient 

This issue has persisted even after a thorough optimization process in which the flow 

rate, growth pressure, temperature and the source of the copper foil used were varied. We 

hypothesized that the white spots and the irregular surface result from the reconstruction 

of copper grains and the sublimation of copper. To elucidate this, we annealed the copper 

foil under the same conditions without the introduction of methane (CH4). Similar defects 
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were observed on the annealed copper foils proving the assumption that such features 

resulted from the sublimation and restructuring of copper surface at high processing 

temperature of 1000 °C and low pressure of 1.8 mTorr - since the sublimation of copper 

is known to be suppressed at high pressures - as shown in Figures A.1e and f. 

Growth at a higher pressure to suppress the sublimation of copper was attempted to 

resolve this issue without success. However, we found out accidentally that high-quality 

SLG simultaneously grew on the bottom surface of the copper foil facing the fused quartz 

holder as evident by both SEM and Raman spectrum of Figure A.2, which compares the 

graphene grown on the top and bottom surface under same conditions.  

 
Figure A.2: Higher quality monolayer graphene films on the copper surface facing the 

fused quartz sample holder the exposed surface on the top. 

The confined space between the foil and the quartz sample holder appears to locally 

impose higher growth pressure, preventing the sublimation and reconstruction of the 

copper foil and hence leading to a uniform growth of graphene. Based on this 

observation, we have developed a modified CVD process, where the copper foil was 

sandwiched between two quartz plates to reproduce the conditions at the bottom surface, 
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successfully reproducing the growth of high-quality CVD graphene as shown in Figure 

A.3. 

 
Figure A.3: Modified chemical vapor deposition of graphene. (a, b) schematics of the 

configuration of the sample holder with the copper foil sandwiched between two fused 

quartz foils. (c) SEM images of the grown monolayer graphene. The inset shows a 

graphene grown with conventional CVD under the same conditions, scale bar is 20 

μm.(d) Raman spectra of the grown SLG, and Layer-by-Layer transferred graphene films 

of 2 layers (red) and 3 layers (blue) 
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Appendix B 

The effect of annealing after PMMA transfer 

method 

 
As discussed in Chapter 3, the conventional process of removing PMMA from the 

transferred graphene isn’t sufficient to fully clean its surface. PMMA residues almost 

always reside on the graphene surface due to the strong covalent bond between PMMA 

and graphene. 

In this appendix, the results of the control experiment showing the need of an annealing 

step, to further remove and clean the graphene surface are discussed. Thermal annealing 

was done at a temperature of 450 °C under a reducing protective atmosphere of H2 and 

Ar in the tube furnace at a pressure of 18 Torr for 90 minutes.  This step was adopted in 

every transfer process used in this work. 

Figure B.1 illustrates the changes in high-resolution C 1s XPS peak for graphene 

transferred on SiO2 substrate before and after annealing. The peak appearing at 289 eV is 

related to C-O bond and indicates the presence of PMMA residues after the acetone wash 

step. This peak disappeared from the spectrum after the annealing. AFM images also 

demonstrate the importance of the annealing step in improving the quality of graphene, 

where the roughness decreases by almost 50% after the annealing step.  
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Figure B.1: Effect of the annealing process on transferred graphene samples. High-

resolution C 1s XPS peaks on copper, transferred to SiO2 and annealed at 400 °C. AFM 

of FLG graphene with the RMS roughness before and after annealing. 
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Appendix C 

Bulk doping of CVD few layers graphene via 

FeCl3 intercalation 

 

Optimization of two-zone vapor transport process for FeCl3 intercalation of FLG 

 

As explained in Chapter 3, the intercalation of FLG with FeCl3 was performed using a 

standard two-zone vapor transport process adopted from the intercalation of GIC.
[213]

 A 

schematic of the process was shown in Figure 3.15. Anhydrous FeCl3 was placed 

upstream and heated at 320 ᵒC, while FLG is located ~25 cm downstream heated at a 

higher temperature of 360 ᵒC inside a smaller tube (1.5 cm in diameter) that is opened at 

one end. The tube furnace was pumped down to a base pressure of 1.3×10
-2

 Torr and then 

sealed at both ends. The heating process lasted for 6 hours, the time needed for the 

pressure to reach ~4.2 Torr. Sealing of the tube at both ends was crucial for developing 

such high pressure that would facilitate the intercalation of FeCl3 as evident by the 

comparison of the sheet resistance shown in Figure C.1A. The cooling conditions of the 

sample in which FeCl3 was intercalated, seemed to affect the sheet resistance of the 

resulting films. For instance, taking the sample out of the hot furnace and exposing it to 

air at room temperature was shown to yield lower sheet resistance values and longer air-

stability as shown in Figure C.1B. This is attributed to the fact that intercalated FeCl3 is 

more stable in air than in vacuum, in agreement with recent results on FeCl3 intercalated 

mechanically exfoliated FLG.
[216]

  Due to the hygroscopic nature of FeCl3, the surface of 

the as-prepared sample appeared to be wet, requiring the addition of a washing step with 

water in order to remove adsorbed FeCl3 from the surface. This procedure only slightly 
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increased the sheet resistance as shown in Figure C.1C, however, was essential to 

achieve long-term air-stability. 

Figure C.1: Optimization conditions for FeCl3 intercalation into CVD-FLG, by 

comparing the sheet resistance. (A) Sealed vs. opened tube, (B) cooling in vacuum vs. 

cooling in air, and (C) effect of washing with water after intercalation. 

Surface doping of FLG by dipping into FeCl3 solutions 

To compare the effect of intercalation vs. surface doping with FeCl3, dipping of FLG in 

an aqueous solution of FeCl3 (2%) at room temperature was experimented. At these 

conditions, intercalation is not expected to occur, as the reduction in the sheet resistance 

was significantly smaller as compared to the two-zone vapor transport process. Figure 

C.2 shows the sheet resistance of doped FLG after various dipping durations, where a 

washing step with water was applied after every cycle. The sheet resistance moderately 

drops from ~950 Ω/□ (for pristine FLG) to ~650 Ω/□ after overnight dipping conditions. 

 
Figure C.2: Doping FLG by dipping in an aqueous solution of the FeCl3 for various 

durations. 



232 
 

Optoelectronic properties of FeCl3 intercalated FLG 

Using the optimized intercalation process described above, the sheet resistance of CVD-

FLG (~830.5±8.8 Ω/□) was significantly reduced to values as low as ~69.2±4.2 Ω/□), 

which was highly reproducible as shown in Figure C.3 showing the histogram for the 

sheet resistance values, calculated over 81 points over 9 samples. Furthermore, the sheet 

carrier density was significantly increased from 3.1×10
13

 cm
-2

 for the pristine sample to 

9.9×10
14 

cm
-2 

 as a result of charge transfer p-doping, while the mobility decreased from 

284.1 cm
2
/(Vs) for the pristine sample to 100.9 cm

2
/(Vs) due to coulomb scattering, as 

deduced from Hall effect measurements. However, the large increase in the carrier 

density more than compensates the losses in the carrier mobility, and results in a large 

reduction in the sheet resistance.  

 
Figure C.3: Histogram of the sheet resistance of FeCl3 intercalated FLG, calculated 

using 81 data points, and measured over 9 different samples. The minimum value was 

63.1 Ω/□, and the maximum value was 164.7 Ω/□. The average sheet resistance was 

calculated to be 109.5 Ω/□ with a standard deviation of 26.3 Ω/□. 

Figure C.4 shows the optical transmittance spectra for pristine and intercalated FLG in 

the visible and near infrared regions. Intercalation causes an insignificant loss in 

transmittance of ~1%.The minimal loss in the optical transmission and the significant 

reduction in the sheet resistance results in more than 800% improvement in the FoM of 
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TCEs. Interestingly, the transmittance increases by more than 10% in the near infrared 

region as shown in Figure C.4. This is attributed to the large increase in the carrier 

density leading to the shift of the Fermi level, so that interband electronic transitions are 

blocked since the condition Eph > 2EF cannot be satisfied as discussed in Section 2.3.3. 

 
Figure C.4: Optical transmission of pristine and FeCl3 intercalated FLG.  


