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Large-scale production of graphene and other nanostructures remains a hindrance to their 

adoption in the semiconductor and materials manufacturing industries. The main purpose of this 

thesis is to develop an efficient and scalable technique for depositing graphene on various flexible 

substrates. Hence, a custom-built roll-to-roll capacitively coupled plasma chemical vapor system 

for deposition of graphene on flexible substrates is thoroughly described in this work. Graphene 

quality on Cu foil has been optimized for a roll-to-roll process using statistical optimization 

methods. Since graphene quality and uniformity depend on plasma input parameters, such as 

plasma power, gas pressure, and the gas mixture used, effects of input parameters have been 

explored to maximize graphene quality, as quantified by Raman spectroscopy using the ID/IG 

intensity ratio. Furthermore, in situ optical emission spectroscopy (OES) has been developed and 

utilized to determine the effects of several plasma species on graphene growth and quality. OES 

results demonstrate that graphene quality on Cu foil increases with CH radical emission; however, 

O and H atoms, C2 and CN radicals, and Ar+ ion all negatively correlate to graphene quality. 

Results aid in developing a conceptual model for a graphene growth mechanism that indicates the 

adverse impact of ion bombardment on graphene quality in the low-frequency capacitively coupled 

plasma. However, the existence of active carbon species in the plasma, such as CH radical, 

accelerates the growth process and leads to moderate-quality graphene deposition on Cu foil at 

web speeds reaching as high as 1 m/min. 

Nevertheless, graphene quality measured from Raman spectroscopy declines significantly 

with increased Cu foil velocity (web speed) in the roll-to-roll process, inducing a critical limitation 

in current production rates for roll-to-roll CVD nonmanufacturing techniques. With the aid of heat 

transfer modeling of the moving foil, we show that the graphene quality decrease is primarily due 

to Cu foil temperature decline with increased web speed. The Cu foil temperature distribution is 



xxiii 

 

determined both experimentally and numerically during roll-to-roll graphene growth as a function 

of web speed, plasma power and plasma length. The maximum Cu foil temperature in the plasma 

rises with increased plasma power due to increased heating from the plasma. However, the 

maximum Cu foil temperature decreases with increased web speed caused by higher heat advection 

by the moving foil. In addition, shortening the plasma slit (by decreasing the electrodes length) 

cools the Cu foil temperature and diminishes its temperature uniformity in the plasma region. 

Consequently, graphene crystallization, identified using Raman spectroscopy, improves with 

higher Cu foil temperatures. As a result, an optimum condition is defined by raising the plasma 

power, lowering the web speed and increasing the plasma region length, which consistently 

produces high-quality graphene on Cu foil.  

The throughput of graphene production can be increased by utilizing Ni foil as a substrate 

since carbon solubility in Ni is higher than in Cu. Thus, the effects of web speed and plasma power 

on Ni foil temperature distribution are evaluated during graphene deposition in the roll-to-roll 

process. Furthermore, the Ni foil cooling rate, which strongly affects carbon atom segregation from 

Ni after the growth process, is derived from the heat transfer model. Plasma power has negligible 

effects on the cooling rate, whereas the web speed has a significant impact on the cooling rate. 

Consequently, graphene has comparable quality at different plasma powers, whereas web speed 

controls graphene quality, particularly with regards to uniformity and thickness. Our work 

highlights the benefits of using Ni foil in a roll-to-roll process for graphene deposition at higher 

web speeds and lower substrate temperatures, rather than using Cu foil, which requires 

significantly more substrate heating. 

Plasma plays a crucial role in heating the foil for graphene deposition in the roll-to-roll 

process, without the need of a supplemental heating source. Thus, accurate measurement of the 

translational gas temperature in the plasma is vital, since gas temperature strongly influences the 

foil temperature distribution, which, in turn, affects graphene growth kinetics. Optical emission 

spectroscopy (OES) is used to measure the rotational temperatures of N2
+ (B-X), CN (B-X) and 

H2 (d3Πu → a
3Σg
+), and to determine accurate translational gas temperatures. Power dissipation in 

the plasma is also measured to understand gas temperature variation for the experimental input 

conditions. Thus, the effects of plasma power, gas pressure and the addition of nitrogen (N2), 

oxygen (O2) and methane (CH4) gases on power dissipation and gas temperature in a hydrogen 

(H2) plasma are assessed. The rotational temperatures measured from the gas species have different 
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values due to the non-equilibrium nature of the plasma. Of the gases measured, the rotational 

temperature of N2
+ is most accurate in representing the translational gas temperature. These results 

improve the understanding and control of the thermochemical environment for carbon 

nanostructure growth in the plasma chemical vapor deposition processes. 

Graphene quality significantly depends on gas pressure since our plasma roll-to-roll system 

is sustained by a capacitively coupled plasma that operates in two modes, depending on the gas 

pressure and discharge gap. The modes are identified as alpha and gamma modes, and are sustained 

by volume ionization and secondary electron emission processes, respectively. Up to our 

knowledge, the presence of both modes at 80 kHz plasma frequency has not previously been 

reported. Thus, a detailed characterization of argon plasma is attempted to determine the 

underlying plasma physics of the low-frequency plasma. Due to strong ion bombardment on the 

electrodes, the gamma mode coexists with the alpha mode, resulting in a hybrid mode. The voltage 

square waveform is found to play an important role in sustaining this hybrid mode. The hybrid 

mode exists at low gas pressures of 5.5 and 9.5 mbar in the plasma set power ranges from 300 to 

1100 W. However, the plasma at 13.8 mbar gas pressure transforms from hybrid to gamma mode 

when the plasma set power is beyond 750 W due to increased secondary electron emission 

processes. The emission spectra measured from optical emission spectroscopy reveal the presence 

of non-Ar species in the gamma mode, such as H, CH, and C2. These species are sputtered from 

the graphite electrodes by ion bombardment to produce secondary electrons that sustain the gamma 

discharge. Results show the possibility of sustaining the hybrid mode at a low plasma frequency 

using a tailored waveform. 

As a results of these plasma characterization tools, we report a continuous and rapid roll-

to-roll deposition of thin graphite film on Cu foil. The composition of the Ar/H2/CH4/N2/O2 plasma 

plays significant role in the successful direct growth of the thin graphite film on copper foil. Optical 

emission spectroscopy is used to characterize the plasma during graphite synthesis and show that 

the addition of N2 enhances the plasma reactivity, and O2 was found to increase the deposition rate 

of the graphite film. The film was characterized by Raman spectroscopy, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and X-ray photoelectron 

spectroscopy (XPS). The described large-scale graphite production can produce a graphite-Cu-

graphite structure or uniform thin graphite films for thermal management applications in 

electronics devices. 
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Graphene growth optimization, substrate thermal analysis, and plasma characterizations 

are used to control graphene mass-production in a custom-built roll-to-roll plasma CVD system. 

These techniques are addressed to provide a route for nanomanufacturing of graphene and graphite 

on Cu and Ni foils. These methods aid in understanding the correlations between process 

conditions and graphene quality, as well as the interactions between the plasma and the substrate, 

to yield high-throughput production of high-quality graphene. The procedure outlined here can be 

applied to efficiently scale-up the production of other micro- and nanomaterials.   
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1. INTRODUCTION 

Graphene, which was first isolated unambiguously in 2004, is a 2D nanostructure material 

made of carbon atoms arranged in a hexagonal lattice [1], [2]. Graphene possesses outstanding 

properties such as high electrical [3] and thermal [4] conductivities, mechanical strength [5], and 

absolute gas impermeability [6]. A tremendous numbers of graphene applications have been 

demonstrated, such as transparent electrodes [7], photodetectors [8], corrosion protection [9], 

energy storage [10], and biosensors [11], among many others. However, in order to incorporate 

graphene into commercial and industrial products, graphene production needs to be efficiently 

expanded [12]. 

Chemical vapor deposition (CVD) of graphene on metallic substrates, such as Ni and Cu, 

has emerged as a feasible technique to mass-produce graphene and meet existing and future 

graphene demand [12]. The CVD method is a single-step process utilizing inexpensive catalytic 

substrates to decompose the carbon source (mostly methane) and deposit high-quality and large-

area graphene, which then can be transferred to an arbitrary substrate, such as PET or Si [13], [14]. 

Therefore, roll-to-roll CVD processes have been demonstrated for large quantity production of 

graphene on Cu foil [7], [15]–[17]. 

The roll-to-roll CVD process needs to deposit high-quality graphene at faster production 

rates and reduced energy input to be feasible for semiconductor and materials manufacturing 

industries [18]. In contrast to batch systems where the substrate remains stationary on a substrate 

holder for a definite amount of deposition time, the synthesis of graphene in roll-to-roll processes 

is limited by the Cu foil temperature drop at higher web speeds. Therefore, a detailed heat transfer 

analysis is needed to define the Cu foil temperature distribution as a function of web speed to 

increase the production rate of graphene on Cu foil. Alternatively, graphene production rate can 

be improved when using Ni foil as a substrate which has high carbon solubility with superior 

hydrocarbon decomposition reactivity and a greater lattice match with graphene [19]. 

Low-temperature plasmas can be utilized as activation sources for large-scale deposition 

of graphene due to the strong coupling between the plasma and the substrate that eliminates the 

need for supplemental heating [20]. Hence, the determination of the plasma gas temperature is 

crucial to control the deposition process and scale-up plasma CVD systems since low-temperature 
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plasmas exist in non-equilibrium states [21]. In addition, the system inputs, such as plasma power, 

gas pressure, and gas mixture, affect the plasma properties and eventually graphene growth. Due 

to the complexity of plasma sources, previous graphene synthesis studies considered the plasma 

as a “black-box” with more focus on the deposited film characterizations. Nevertheless, the 

understanding of plasma properties and their interactions with the gas mixture and the substrate 

increase the potential applications of plasma sources for graphene and other nanostructure mass 

production in similar ways to the semiconductor industry that depends heavily on plasma etching 

and deposition systems. 

The purpose of the dissertation is to scale up graphene production by characterizing and 

optimizing a custom-built roll-to-roll plasma chemical vapor deposition system. A literature 

review about graphene properties, its growth in plasma CVD, plasma diagnostics, and current roll-

to-roll processes are covered in Chapter 2. Graphene properties are first reviewed, as motivations 

behind the need of graphene large-scale production are a direct result of the usefulness of graphene 

due to its properties. Then, a thorough description of the graphene growth mechanism in plasma 

CVD is presented, followed by a review of recent optical diagnostics to show their feasibility for 

understanding and controlling graphene synthesis in plasma CVD systems. Finally, the current 

roll-to-roll CVD processes for graphene growth are summarized. 

Chapter 3 demonstrates the results of optimizing graphene deposition on Cu foil in the roll-

to-roll process. Applying a multi-objective optimization statistical technique, the quality of 

graphene grown on both sides of the Cu foil is improved within various plasma input parameters. 

In situ optical emission spectroscopy (OES) is applied during the optimization process to define 

plasma species that affect graphene growth and quality, and to develop a conceptual model for 

graphene growth mechanism in our system. 

In Chapter 4, a 1D heat transfer model is derived to determine the Cu foil temperature 

distribution during graphene growth in the roll-to-roll process. The model is validated with in situ 

temperature measurements from the Cu foil’s near-infrared emission, as detected by a broadband 

spectrometer. Graphene quality, measured by Raman spectroscopy, is correlated to Cu foil 

temperatures produced by different process conditions to reach optimum graphene quality at a 

higher web speed. 

Next, in Chapter 5, the role of heat transfer in graphene deposition on Ni foil is studied 

using the heat transfer model derived in Chapter 4. Ni foil is examined with the intent to scale up 
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graphene deposition on substrates with high carbon solubility beyond Cu. The modeled Ni 

temperature distribution is also validated with in situ temperature measurements from the near-

infrared emission of Ni foil during graphene growth. 

Chapter 6 presents the gas temperature measurements of H2 plasma to thermally 

characterize the plasma at experimental conditions used for graphene growth in Chapter 3. The 

temperature distribution from the rotational temperatures of N2
+, CN and H2 were measured using 

optical emission spectroscopy. Furthermore, the power supplied to the plasma was measured, 

showing that less than 50% of the set plasma power is dissipated in the plasma. 

The existence of a hybrid alpha and gamma mode in the roll-to-roll plasma system is 

reported in Chapter 7. Electrical and spectroscopic measurements are carried out at different gas 

pressures and plasma set powers to map the operation conditions for each mode. Plasma 

characterizations aid in understanding the plasma physics needed to control graphene mass 

production in roll-to-roll plasma CVD systems. 

Chapter 8 shows the successful deposition of a thin graphite film on Cu foil in a roll-to-roll 

process. The deposited graphite film on Cu foil, which has high potential as a heat spreader 

interfacial material, is characterized by Raman spectroscopy, SEM, TEM, and XPS to determine 

the film’s quality, uniformity, composition, and thickness. In addition, the effects of the plasma 

gas mixture are studied to understand the control the synthesis of thin graphite on Cu foil than can 

be adopted for efficient thermal management in electronic devices. 

Chapter 9 summarizes the findings from this dissertation and proposes future research work 

to scale up the production of graphene and other nanostructures.  
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2. LITERATURE REVIEW 

Chapter 2 originates mainly from the preprint of a book chapter “Plasma Chemical and Physical 

Vapour Deposition Methods and Diagnostics for 2D Materials,” published in 2D Inorganic 

Materials beyond Graphene, R. CNR and W. UV, Eds. 2017, pp. 275–315. 

doi.org/10.1142/9781786342706_0007, © copyright World Scientific Publishing Company, 

https://www.worldscientific.com/worldscibooks/10.1142/q0078#t=toc, which is reused with 

permission [22]. Copyright @ 2017 World Scientific Publishing Company. 

[22] M. A. Alrefae, N. R. Glavin, A. A. Voevodin, and T. S. Fisher, “Plasma Chemical and 

Physical Vapour Deposition Methods and Diagnostics for 2D Materials,” in 2D Inorganic 

Materials beyond Graphene, R. CNR and W. UV, Eds. 2017, pp. 275–315. 

 

Section 2.4 originates mainly from the published manuscript [23] which is reused with permission 

form AIP Advances, Vol. #7, Article ID #11, (2017); used in accordance with the Creative 

Commons Attribution (CC BY) license. 

[23] M. A. Alrefae, A. Kumar, P. Pandita, A. Candadai, I. Bilionis, and T. S. Fisher, “Process 

optimization of graphene growth in a roll-to-roll plasma CVD system,” AIP Adv., vol. 7, no. 11, p. 

115102, Nov. 2017. 

 Graphene Properties and Production 

Graphene consists of a single layer of carbon atoms arranged in a hexagonal lattice structure. 

Thus, graphene is considered to be the main structure of other carbon nanostructures such as 

fullerenes, carbon nanotubes, graphene nanoperals, and graphite [24]. Free-standing graphene was 

studied theoretically in 1947 [25], and was successfully isolated experimentally in 2004 [1], [26], 

triggering tremendous research in most science and technology disciplines. Graphene layers can 

be formed in single-layer, bi-layer, and few-layer (3-9 layers) while ten layers or more of graphene 

turn into a thin graphite film [24]. Single-layer graphene has a zero bandgap, but the electronic 

structure becomes more complicated with increasing graphene layers, due to the overlap of 

conduction and valence band [26]. 

Graphene’s unique combination of mechanical and electrical properties makes it useful for 

a variety of applications. Because there is a significant ambipolar electric field in graphene, the 

charge can be altered between holes and electrons with concentrations up to 1013 cm-2, leading to 

a strong mobility of 2.5x105 cm2/Vs at 300 K [3], [26]. Furthermore, graphene shows excellent 

electrical properties, including quantum Hall effect with massless electrons acting as Dirac 

fermions with a Fermi velocity of 106 m/s [24], and its dispersion relation has a linear correlation 
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at the first Brillouin zone corners [27]. Also, graphene has excellent properties, with intrinsic 

strength of 130 GPa and Young’s modulas of 1 TPa [3], thermal conductivity of 3000 W/mK [28] 

with large gas impermeability [6], and high optical transparency with light absorption of only 2.3% 

[29]. Because of these exceptional properties, graphene is an exceptional material with 

demonstrated applications that are expected to disrupt major industries and that promise to advance 

solutions for current and future challenges, as reviewed extensively in Refs. [12], [30], [31]. 

The exceptional properties of graphene and potential applications have motivated research 

groups to develop a number of methods to produce graphene. The initial small-scale method was 

mechanical exfoliation from highly-oriented pyrolytic graphite (HOPG), by Novoselov et al. [1]. 

Even though the quality of graphene using mechanical exfoliation is high, large scale production 

is extremely limited due to the production of small flakes of less than 1000 µm2 [13]. Hence, 

several large-scale methods have been developed to scale up graphene production. The first large-

scale method is liquid exfoliation of graphene from graphite or graphite oxide, which are placed 

in solvent to promote surface tension and to produce graphene platelets, albeit with some structural 

defects at lower yield and high energy cost [32], [33]. The second large-scale method is graphene 

growth on silicon carbide (SiC) at high temperatures of around 1473 K to allow Si to sublimate 

the surface and produce a few layers of graphene [34]. However, graphene growth on SiC is limited 

due to the high-temperature requirement combined with the high-cost of the SiC substrates and 

smaller domain sizes of produced graphene [12]. 

The third, and most feasible, large-scale method of mass-producing graphene is chemical 

vapor deposition (CVD) on metallic substrates, such as Cu and Ni [7], [13], [35], [36]. Large-area 

and high-quality graphene can be deposited on a given substrate, which is typically heated to 

approximately 1173-1273 K in vacuum tube furnaces within a mixture of CH4 and H2 gases. 

Graphene samples can then be directly transferred to arbitrary substrates by etching the metallic 

substrate [13], [14]. Thermal CVD methods have been reviewed extensively and more information 

can be found in references [37]–[40]. Alternatively, plasma CVD can be used to deposit graphene 

with faster growth times and lower energy input, although with moderate rarther than high quality 

results [20], [41]. The next sections review the deposition process of graphene in plasma CVD. 
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 Synthesis of Graphene by Plasma CVD 

Plasma CVD can lead to mass production of high quality graphene that can require lower 

substrate temperatures compared to thermal CVD. Furthermore, the deposition time in plasma 

CVD decreases sharply to a few minutes (or even seconds) for single or few-layer graphene growth. 

Table 2.1 provides a summary of plasma CVD systems and deposition parameters that have been 

used to grow single-layer, few-layer and many-layer graphene (SLG, FLG and MLG, respectively) 

as well as graphene nanopetals. Different plasma sources have been used to generate the energy 

required to decompose the feed gas into different radicals. These include direct current (DC), radio 

frequency (rf) (common frequency of 13.56 MHz) and microwave (MW) (common frequency of 

2.45 GHz) plasmas. Further details of common plasma sources used for materials deposition can 

be found in [42], [43] and [44]. These plasma sources used for material deposition have typical 

ionization fractions of order 10-7 - 10-4 and electron number densities of 109 - 1011 cm-3 [45]. These 

non-equilibrium plasmas operate at low gas temperatures and over a range of pressures from 0.01 

to 100 Torr. 

Table 2.1: Overview of the plasma CVD systems used to grow graphene. SLG: single-layer 

graphene, FLG: few-layer graphene, MLG: multilayer graphene, petals: graphene nanopetals, DC: 

direct current plasma, r-rf: remote radio frequency plasma, rf: radio frequency plasma, MW: 

microwave plasma, CH4: methane, C2H2: acetylene, H2: hydrogen, Ar: argon, O2: oxygen Cu: 

copper, Ni: nickel, Si: silicon, SiO2: silicon dioxide, Co: cobalt, Gr: graphite anode, Al: aluminum, 

“oil”: oil extracted from a tea tree. 

Layer Plasma 
Power 

(W) 

Pressure 

(Torr) 
Gases Substrate 

Substrate 

Temperature 

(˚C) 

Deposition 

Time 

(min) 

Ref. 

SLG rf 10 - 200 0.01 CH4- H2 -Ar Cu 700 - 830 0.2 - 4 [46] 

SLG r-rf 80 0.05 - 0.3 
CH4 - H2 (or 

C2H4 - H2) 

Sapphire, 

SiO2 
400 - 700 20 - 80 [47] 

SLG MW 1400 20 CH4 - H2 Ni 450 - 750 1 [41] 

SLG MW 1000 15 - 60 CH4 - H2 Cu No heating 10 [48] 

SLG MW 10-40 0.5 CH4-H2 - N2 Cu No heating 5 - 20 [49] 

SLG - 

FLG 
DC 170 1.5 CH4 and H2 Ni 450 1 - 12 [50] 

SLG - 

FLG 
rf 200 7.5 

CH4 - H2 - 

Ar 
Ni 650 0.5 [51] 

SLG - 

FLG 
rf 50-600 1 

CH4 - H2 - 

Ar 
Cu 950 0.1 - 60 [52] 

SLG - 

FLG 
rf 100-300 0.01-0.02 CH4 - H2 Cu 500 – 950 5 [53] 

FLG DC - 80 CH4 - H2 Si, Ni 950 5 - 10 [54] 

FLG DC 
500 - 

800 
1 C2H2 - H2 

Ni 

Glass 

1000 

450 

10 – 20 

6 and 12 

[55] 

[56] 

FLG r-rf 100 0.2 CH4 
many 

substrates 
550 120 - 240 [57] 
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Table 2.1: Continued. 
         

FLG rf 200 1.65 
CH4 - H2 - 

Ar 
Co 800 0.25 - 20 [58] 

FLG rf 0-600 1 
CH4 - H2 - 

Ar 
Si, Sapphire 700 - 1000 1 [59] 

FLG rf 100 0.3 CH4 - Ar Ni 475 1.7 - 10 [60] 

FLG MW 
1,600 - 

4,500 

0.03 

0.23 

CH4 - H2 – 

Ar 
Cu, Al No heating 

0.5 – 3 

1.7 

[61] 

[62] 

FLG MW 400 10 CH4 - H2 Cu No heating 0.5 - 2 [20] 

FLG-

MLG 
rf 50-150 0.01-0.05 

CH4 - H2 - 

Ar 
Ni 200 - 800 0.2 - 120 [63] 

FLG-

MLG 
r-rf 550 0.3 CH4 - Ar quartz, Cu 650 5 - 15 [64] 

MLG rf 150-250 0.38-0.75 CH4 - Ar Si 300 - 380 60 - 240 [65] 

Petals DC - 10 - 200 H2 Gr anode No heating 2 - 3 [66] 

Petals DC - 3.75 C2H2 Cu, Si 750 4 [67] 

Petals DC 
400 - 

600 
60 - 150 CH4 - H2 Si No heating 25 [68] 

Petals rf 
100-500 

900 
0.1 

CH4 (or 

C2F6, CF4) - 

H2 

many 

substrates 

500 

600 – 900 

10 – 4800 

5 - 40 

[69] 

[70] 

Petals rf 900 
0.001 - 

760 
CH4 - H2 

Si 

Cu, Si 

600 – 1100 

750 
20 

[71] 

[72] 

Petals rf 1000 0.02 C2H2 - H2 Ni 620 – 850 10 [73] 

Petals rf 500 0.15 H2 –“oil” Si 800 1 - 4 [74] 

Petals rf 900 1 CH4 - H2 Cu, Si 680 20 and 60 [75] 

Petals MW 500 1 CH4 - H2 Si, sapphire 650 5 and 10 [76] 

Petals MW 2,000 40 CH4 - H2 
many 

substrates 
No heating 

0.02 – 50 

0.2 - 1.3 

[77] 

[78] 

Petals MW 
700 - 

1000 

30 

30-40 

CH4 - O2 - 

H2 

CH4 - H2 

graphite 

fibers 

No heating 

900 

30 

15 

[79] 

[80] 

Petals MW 
300 - 

700 
30 CH4 - H2 

SiO2 

Carbon cloth 
No heating 

0.5 – 30 

25 

[81] 

[10] 

Energetic electrons in the plasma are able to provide collisional dissociation of the feed 

gases, which are methane and hydrogen in most cases. For example, the products of electron 

impact reactions of CH4 (Reactions R1, R2 and R3 below) can enhance the kinetics of the gas 

phase and the generations of CH3, CH, C2 radicals, H atom and different ions [82]. These active 

radicals and ions, among others, reach the substrate surface with high energy, diffuse and provide 

active nucleation sites for graphene deposition [58], [68]. The area of plasma modeling, its kinetics 

and correlation to films deposition is an active research to understand and optimize growth 

processes [83] [84] [85]. 

 Excitation [86]: 𝐶𝐻4  +  𝑒
−  
                         
→         𝐶𝐻4

∗  +  𝑒− (R1) 

Ionization [87]: 𝐶𝐻4  +  𝑒
−  
                         
→         𝐶𝐻4

+  +  𝑒− (R2) 

Dissociation [87]: 𝐶𝐻4  +  𝑒
−  
                         
→         𝐶𝐻3 + 𝐻 + 𝑒

− (R3) 
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Denysenko et al. [85] reported the simulated fluxes of ions and radicals in inductively 

coupled Ar/CH4/H2 plasmas for carbon nanostructure deposition [85]. The plasma frequency was 

0.46 MHz with power and pressure ranges of 1.8 - 3 kW and 20 - 70 mTorr, respectively. The 

deposited fluxes were defined as the number of radicals and ions deposited on the surface per area 

per time, represented by the product of the number density, the velocity and either the sticking 

coefficient factor for radicals or the ratio between the densities at the wall to the bulk for ions. The 

deposited flux densities of H, CH, CH2 and CH3 radicals at a plasma power near 2 kW were found 

to be about 2x1015, 2x1014, 2x1013 and 1.5x1013 cm-2 sec-1, respectively. However, the deposited 

ion fluxes at the same power were higher, with values of approximately 1x1017, 8x1015, 5x1014, 

2x1014, 2x1014 cm-2 sec-1 for Ar+, H+, H2
+, CH3

+ and CH4
+, respectively. These results suggest that 

ions have more influence on the film depositions than neutral species. Furthermore, CH has higher 

deposition flux than other hydrocarbon radicals, and H (including H+) has the highest flux among 

radicals (and ions). The control of these fluxes by optimizing the plasma power and the flow rates 

of CH4 and Ar can lead to higher quality of 2D films with lower defects and higher deposition 

rates. 

The process parameters for graphene growth by plasma CVD affect the quality and 

structure of the deposited films [46], [68]. As the plasma power increases, more carbon and 

hydrogen radicals are produced, directly influencing the quality of the films [68]. More ions with 

high energy are available to damage the films or create defects [48], [49]. Depending on the plasma 

source and conditions, the power generally varies from 50 to 5000 W, as presented in Table 2.1. 

However, most plasma discharges used for graphene (and other materials) occur at low pressures 

to satisfy the breakdown condition, which depends on the product of pressure and the distance 

between the electrode known as Paschen’s law [88]. This low pressure has the effect of decreasing 

the density of the plasma, while increasing the kinetic energy of arriving ions, which affects growth 

rate, morphology and structure of the graphene films [44]. Less dense and higher energy radicals 

in low-pressure plasmas produce longer surface diffusion times before carbon atoms are locked in 

the structure, and this process helps to provide a more ordered structure but requires longer 

deposition times [49].  

One recent development in plasma CVD involves atmospheric pressure systems to reduce 

the use of high-vacuum mechanical equipment and to increase the growth rate by a higher 

concentration of the carbon-source feed gas [89]. The most common carbon source feed gas used 
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in graphene synthesis is CH4, but other gases such as C2H2, C2H4, C2F6 and CF4 may be used, as 

shown in Table 2.1. These are typically used in low concentrations while H2 or Ar are added as 

bath gases to increase the pressure of the system. Furthermore, H2 is commonly used due to its 

etching role as well as to enhance hydrocarbon gas-phase reactions [39]. 

The growth of graphene by plasma CVD occurs at lower substrate temperatures compared 

to thermal CVD, and hence a wider range of substrate materials can be used. These substrates 

range from metals and glasses to carbon fiber. The substrates can be supplementally heated to 

higher temperatures to enhance surface reactions and diffusion processes, or their heating may 

solely come from the plasma. For example, it was reported that thin foils of copper and nickel 

introduced at room temperature to a MW plasma CVD reactor are heated to 700-900∘C in a few 

seconds [20].  Thus, the deposition time in plasma CVD processes may lead to a non-linear growth 

rate and influence the resulting film structure and morphology.   

Unlike thermal CVD in which self-limiting graphene growth has been reported [13], [38], 

the time of deposition in plasma CVD determines the number of layers (or thickness) of graphene 

films and their morphology [90]. The self-limiting growth mechanism of graphene in thermal CVD 

processes is due to the highly inert surface of the well-ordered hexagonal structure, preventing 

nucleation of the subsequent layers. In plasma CVD growth, the surface of graphene has multiple 

grain boundary and point defects from the higher initial nucleation density and ion bombardment, 

which promote new nucleation sites on otherwise inert surface. For films with reduced surface 

energy and hence wettability to the surface, a Volmer-Weber growth mechanism [91], [92] leads 

to film branching and bending away from the initial substrate surface. Thus, the graphene film 

thickness in plasma CVD processes continues to increase until the few-layer graphene sheets curl 

to form vertical graphene or graphene nanopetals. 

2.2.1 Growth of Single-layer Graphene by Plasma CVD  

The growth of a single-layer graphene with relatively few defects on a copper substrate has 

been  demonstrated using microwave plasma [48] [49]. The process begins with H2 plasma and a 

small concentration of cyano radicals, methane and nitrogen to etch the copper oxide and smooth 

the substrate surface. Nucleation and growth of graphene occurs on both the top and the bottom 

sides of the Cu foil. Single-layer graphene grows on the bottom surface only, whereas the top side 

of the copper substrate was directly exposed to plasma and thus has more defects. However, the 
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plasma environment is important to etch copper oxide and the amorphous carbon and to supply 

the active radicals for graphene deposition. Also, results from Raman spectroscopy showed a 

decrease of defects with time due to merging graphene domains to form a single layer. In this 

recent study, the measured electron mobility at 300 K was as high as 6.0x104 cm2V-1s-1, compared 

to 3x104 cm2V-1s-1 for graphene grown using thermal CVD from [93]. 

Kim et al. [46] used CH4/Ar and H2/CH4 mixtures in an inductively coupled rf plasma to 

grow single-layer graphene on copper foil. With the absence of H2 in the feed gas, the plasma was 

used to decompose CH4 to create radicals such as H2 and H atom. With increasing power, more 

hydrogen is produced from methane, resulting in increased grain size due to the higher H density. 

As H increased with power from 10 to 50 W, the grain size increased and the nucleation density 

decreased due to the active role of H as a catalyst for graphene deposition. However, when power 

increased above 50 W, more H was produced causing an apparent saturation effect and providing 

more etching. Thus, a competition exists between deposition and etching of graphene due to the 

roles of H in graphene deposition. For instance, the reaction of H with carbon radicals (CHx) to 

produce H2 and more active radicals such as CHx-1, e.g., (𝐶𝐻𝑥 + 𝐻 → 𝐶𝐻𝑥−1 + 𝐻2), enhances the 

deposition process. As the amount of H increases at higher power, etching by H results in decreased 

graphene grain size through the reaction: 𝐻 + 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 → 𝐶𝐻𝑥 + (𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 − 𝐶) . On the 

other hand, no variation in grain size and nucleation density was observed for H2/CH4 plasma due 

to the presence of hydrogen in the feed gas. Finally, the measured electron mobility was 3200 

cm2V-1s-1 at 300 K with a carrier density of 1x1012 cm-2. 

The effect of hydrogen on the grain size of single-layer graphene was investigated by 

Vlassiouk et al. [39] in a thermal CVD process. They found that the grain size increases with the 

H2 (a surrogate of H) up to a critical pressure of H2, after which the grain size decreases. The shape 

of the grains become more regular with increased H2 and reaches a hexagonal structure at high H2 

pressure that eliminates further increases in grain size. 

Microwave plasma was used to grow a high quality single layer graphene on nickel foil by 

setting H2:CH4 ratio to 80:1 [41]. They found that the defects of the graphene increases with 

decreasing the substrate temperature. This affects the graphene sheet resistance which has the 

lowest value of 590 Ω/□ for a graphene grown using a substrate temperature of 750 oC. 

Wei et al. [47] used remote rf H2 plasma to grow single layer graphene on dielectric 

substrates (sapphire and SiO2) and found mobility of the fabricated field-effect transistors (FETs) 
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in the range of 550 to 1600 cm2V-1s-1. This study demonstrated the use of plasma CVD (with CH4 

or C2H4 as a carbon source) to grow high-quality, single-layer, micrometer-scale graphene crystals 

for direct integration into electronic devices without the need for graphene transfer. 

With plasma CVD, the growth of single-layer graphene requires lower time depending on 

the operation conditions [46], [53]. As time increases, more graphene layers are deposited due the 

presence of active radicals such as CH, C2, and CH3. Also, as the CH4 concentration increases, 

more carbon radicals exist, resulting in more layers of graphene [94]. Terasawa and Saiki [53] 

observed that the number of layers of graphene is higher at lower substrate temperature. For 

example, they were able to grow single-layer graphene at 900 oC but few graphene layers were 

synthesized at 500 oC. Furthermore, as the thickness of the graphene increases or as the CH radical 

emission intensity increases, the Raman ID/IG ratio increases, indicative of a decrease in grain size. 

At lower substrate temperature, the carbon radicals in the plasma (C2 in this case) start depositing 

on the Cu substrate to form graphene with small grains. Copper has been shown to decompose 

hydrocarbons to yield C atoms that can penetrate into the copper and then precipitate to form 

single-layer graphene, as in the case in thermal CVD [38]. Once the substrate temperature is 

increased to about 900 oC, carbon radicals reach the catalytically active copper surface to grow 

single-layer graphene with larger grain size. For longer deposition time, a second layer of graphene 

is deposited due to the presence of active radicals such as C2. Thus, the rate of this deposition is 

much faster than thermal CVD, which depends solely on the Cu to catalyze the deposition. The 

grain size typically decreases with the successive graphene layers until reaching about 10 nm 

depending on the concentrations of C2 and CH [38]. 

2.2.2 Growth of Few- and Many-layer Graphene by Plasma CVD  

The few-layer graphene growth mechanism on nickel substrates using plasma CVD is 

explained in [54],[60]. Carbon radicals originating in the plasma reach the Ni surface where the C 

atoms dissolve to form NiC, if the temperature of the substrate is higher than about 475 oC. This 

low substrate temperature is enabled in the plasma due to the existence of rich density of carbon 

radicals. During cooling, the dissolved carbon atoms desorb and precipitate on the Ni surface. 

Therefore, unlike copper, there is no catalyst effect for graphene growth on Ni substrates as for 

both Ni and Cu substrates with thermal CVD. However, for substrate temperature less than 450 

oC, the solubility of carbon on nickel decreases to 0%; consequently, Cheng et al. [63] proposed 
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another growth mechanism for this case where nucleation and growth of carbon radicals occurs at 

defects with no influence of dissolution in the Ni substrate. 

The number of graphene layers increases with deposition time [46], [53], [20] and methane 

concentration in the feed gas [94], [20] and depends on the plasma power [46] as well as the 

substrate temperature [53], [59]. Furthermore, the substrate material plays a major role in 

determining the growth time of graphene as well as its crystal size [57]. This may be related to the 

rate of adsorption of carbon radicals from the plasma based on substrate roughness and lattice 

orientation [57]. 

2.2.3 Growth of Graphene Nanopetals by Plasma CVD 

Graphene nanopetals were first produced in a hydrogen arc discharge [66] and then 

microwave plasma [76] CVD during the synthesis of carbon nanotubes. The direction of these 

nanopetals is predominantly vertical on substrates (thus the pseudonym ‘vertical graphene’, VG) 

due to the presence of a vertical electric field. A recent review by Bo et al. [44] summarizes the 

synthesis of nanopetals by plasma CVD in which the effects of plasma sources, feedstock gas, 

temperature, pressure and substrates are discussed. The growth of graphene nanopetals requires no 

catalyst and starts with a base of graphene layers that grow parallel to the substrate [71], [95]. Due 

to the weak interaction between the graphene mono-layers and the forces at the grain boundaries 

which increase with time, the edges of the top layers are curled upward. These localized vertical 

edges act as electrical field concentrators, attracting carbon radicals to further increase the height 

of the nanopetals rather than their width [69]. Such localized electrical field concentration, �⃗� , and 

its impact on the nanostructure growth is an important characteristic of plasma assisted deposition 

and was reviewed recently for carbon nanotube and 2D material growth [82]. In the addition to the 

electrical filed effect, the presence of atomic hydrogen provides an important role to etch 

amorphous carbon and to prevent the nucleation and secondary growth on the growing protrusion 

to yield thin nanopetals. Moreover, the height of these nanopetals increases with time, while the 

thickness remain relatively constant with time [69]. 

 Optical Emission Spectroscopy (OES) 

Different diagnostics techniques have been used to monitor plasma characteristics and their 

correlation to film growth. Optical emission spectroscopy (OES) can access the upper states of 
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atoms/molecules and measure their relative intensities and temperatures. OES does not require 

light sources such as lasers and thus simplify experimental setup. On the other hand, laser 

absorption techniques can be used to measure the ground state populations of species and 

molecules. More sophisticated techniques, such as CARS (Coherent Anti-Stokes Raman 

Spectroscopy) are powerful in accurately measuring species temperatures and concentrations [96], 

[97]. Other plasma diagnostics technique such as Langmuir probe [98], mass spectroscopy [46], 

[99], and Laser Induced Fluorescence (LIF) [100] also provide useful insights of the plasma and 

its effects on the grown films. 

Optical emission Spectroscopy (OES) has been recognized as a simple technique to 

characterize plasma systems [101], [102], [103] and is commonly used to characterize plasma 

systems for nanomaterials growth. OES is a sensitive and a nonintrusive technique to infer gas 

temperatures and relative densities of emitting species in plasmas. Plasmas typically have plenty 

of molecules in electronically excited states that emit photons at different wavelengths. The 

emission intensity can be expressed as: 

𝐸 = 𝑁𝑢𝐴𝑢𝑙ℎ𝑣𝑢𝑙   (1) 

where 𝐸 is the intensity of the emission intensity corresponding to a transition from an upper 

energy level (𝑢) to a lower energy level (𝑙), 𝑁𝑢 is the number density in the upper level, 𝐴𝑢𝑙 is the 

Einstein coefficient for spontaneous emission, ℎ the Planck’s constant, and 𝑣𝑢𝑙 is the frequency of 

the transition. The population 𝑁𝑢 can be expressed assuming Boltzmann distribution: 

𝑁𝑢 = 𝑁𝑜
𝑔𝑢

𝑍
exp [−

𝐸𝑢

𝑘𝐵𝑇
] (2) 

where 𝑁𝑜 is the population at the ground level, 𝑔𝑢 is the degeneracy of the upper state, 𝑍 is the 

partition function, 𝐸𝑢 is the energy of the upper state, 𝑘𝐵 is Boltzmann’s constant, and T is the 

temperature. Knowledge of the molecule spectroscopic model aids in determining the temperature 

and the relative densities from the emission spectrum [104]. 

2.3.1 Temperature Measurements using OES 

The system temperatures (rotational, vibrational and excitation, or ‘electronic’) can be 

found either by fitting the above equation to the measured intensity or using the Boltzmann plot 

of the specified transitions. For non-equilibrium plasma, the electron temperature is higher than 

the translational (gas) temperature, and in general the following inequality holds: 𝑇𝑒 ≥ 𝑇𝑣𝑖𝑏 ≥
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𝑇𝑟𝑜𝑡 ≥ 𝑇𝑔𝑎𝑠. OES can be used to access all of these modes to estimate, using simple experimental 

setup, the temperature of each level [102], [105], [106], [107]. In general, a Boltzmann plot is used 

to determine the corresponding temperature. Alternatively, fitting the measured spectrum allows 

the estimation of the rotational and/or vibrational temperatures.  

A recent review by Brüggeman et al. [21] surveyed different methods of finding gas 

temperatures from rotational lines of non-equilibrium plasmas using OES. The measured rotational 

temperature can be used to represent the translational (gas) temperature if both translation and 

rotational levels are in thermal equilibrium. In such cases, the rotational energy transfer must be 

fast so that the rotational level becomes thermally distributed. In most cases of plasmas for CVD 

processes, the production mechanisms of the excited states are dominant by the electron excitation. 

Consequently, the rotational distribution of the excited state is a projection of that of the ground 

state, and their temperatures are related. The gas temperature can be determined from the rotational 

temperature from several species, such as N2, OH, N2
+, H2, O2, CN, C2 and CH. Table 2.2 lists the 

species that have been used to measure the gas temperature in non-equilibrium plasmas that have 

similar behavior as in the plasma CVD systems. 

Table 2.2: Commonly used species with their transitions to measure rotational temperature in 

plasma systems. 
Species Transition Wavelength (nm) Method Ref. 

N2 C-B (2nd positive system) 360 - 382 Spectrum Fit [108] - [109] - [110] 

N2
+ B-X (1st negative system) 380 - 395 Spectrum Fit [110] 

H2 𝑑3Π − 𝑎3Σ (Fulcher α band) 590 – 620 
Boltzmann plot 

Spectrum Fit 
[109] - [111] 

C2 𝑑3Π𝑔 − 𝑎
3Π𝑢 

510 – 520 

520 – 570 

Spectrum Fit 

Boltzmann plot 
[112] - [113] 

CN 𝐵 − 𝑎 382 – 389 Spectrum Fit [112] 

CH 𝐴 2∆ − 𝑋 2Π 420 – 440 Spectrum Fit [114] - [115] 

OH A-X 306 - 314 Spectrum Fit [108] - [110] - [116] 

O2 B - X 758–772 Spectrum Fit [116] 

NO A-X 240 - 248 Spectrum Fit [108] 

 

2.3.2 OES as an in situ Growth Characterization Tool 

The emission intensities of H, CH and C2 from OES, in a CH4/H2/Ar plasma for diamond 

growth in a microwave plasma CVD reactor was compared to the results from cavity ring down 

spectroscopy (CRDS) [117]. Using a scaling factor, the results from OES showed similar trends 

as a function of input parameters when compared to CRDS. Hence, OES is commonly used as an 
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in-situ diagnostic tool to correlate the quality of deposited films during plasma CVD. The growth 

of diamond has been extensively studied using OES in microwave plasma assisted CVD systems 

[118], [119], [120], [121], [122], [123], [124]. It has also been used to characterize the growth of 

graphene nanopetals in plasma CVD systems [125], [126], [127], [128], [129] and [89]. For 

example, Ma et al. [130] applied OES to characterize graphene growth as a function of plasma 

parameters (power, flow rates of C2H2 and H2) with Cu substrates. C2 and H emission intensities 

were used as signatures for the quality of graphene growth through correlation to sheet resistance 

and the ID/IG ratio from Raman scattering spectroscopy, respectively. Similarly, the emission 

intensity of CH was correlated with ID/IG during the growth of graphene on Cu foil [53]. This linear 

relationship between CH and ID/IG confirms the decrease in the grain size for multilayer graphene 

with increasing CH radical concentration. 

 Roll-to-Roll CVD Processes for Large Production of Graphene 

A roll-to-roll manufacturing technique (R2R) is commonly implemented to process various 

flexible substrates [131]. The R2R technique has several advantages over other batch production 

methods, such as higher production rate, higher efficiency with lower cost. Thus, the R2R has been 

successfully applied for micro- and nanometer-scale manufacturing of solar cells [132], [133], thin 

organic films [134], plastic optical films [135], lithography on plastics [136] among others. 

However, high throughput is the bottleneck for integrating these R2R processes into existing or 

future manufacturing facilities, especially for products at nanoscale sizes [131]. 

Implementing a roll-to-roll approach in CVD systems is a feasible method for mass 

production of graphene. Table 2.3 summarizes the available roll-to-roll CVD processes that have 

been used to grow graphene on Cu foil. Bae et al. [7] was the first to report the production of high-

quality graphene on Cu substrate using a larger furnace with 8” inner diameter. A roll-to-roll 

transfer process to a PET substrate was implemented with a feed rate of 200 mm/min. The 

transferred graphene was used as a transparent electrode with optical transmittance of 97%, and 

sheet resistance of 150 Ω/□. Similarly, Vlassiouk et al. [137] grew graphene on a large-area Cu 

substrate with a stationary atmospheric pressure CVD setup. 

The above two studies used a static configuration for graphene growth and then applied a 

roll-to-roll transfer process. However, Hesjedal [15] developed a roll-to-roll atmospheric pressure 
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CVD setup to grow graphene with a speed of 10-400 mm/min. The heating and cooling rates, 

which were identical, had no effect on the growth quality, since the solubility of carbon atoms in 

copper is small [13]. In order to produce high quality graphene, H2 and Ar were supplied from the 

main inlet, with CH4 being introduced through a diffuser at the middle of the furnace. 

Another study by Polsen et al. [16] reported the development of a roll-to-roll concentric 

tube furnace to grow graphene on a copper substrate with a speed variation range of 25-500 

mm/min. Two sequential zones were utilized to control the annealing and growth processes 

separately. The copper foil was wrapped around the smaller tube, while H2 and He flowed into the 

annular region between the two tubes to heat the substrate before the growth process. A separate 

flow containing C2H4 flowed through the inner tube and entered the annular region through holes, 

at which point it mixed with H2 and He. Ultimately, the quality of graphene (measured by IG/ID 

ratio from Raman spectroscopy) decreased with increased speed because of the shorter residence 

time for the Cu foil in the furnace. 

Table 2.3: Summary of available CVD process for large area graphene production. 

Heating 

method 

Cu foil 

dimensions 

P 

(mbar) 
Gas 

Substrate 

Temperature 

Speed 

(mm/min) 

Residence 

time (min) 
ID/IG Ref. 

Thermal 

furnace 

76 cm 

diagonal 
0.6 H2, CH4 1000 oC Stationary 60 Small [7] 

Thermal 

furnace 

25 and 125 

µm, 43X91 

cm2 

1013 
H2, CH4, 

Ar 

1000 oC Stationary 300 Small [137] 

Thermal 

furnace 

25 µm, 

100 cm long 
1013 

H2, CH4, 

Ar 
1000 oC 10-400 0.75 – 30 0.2 [15] 

Thermal 

furnace 

50.8 µm, 

0.6X60 cm2 
5 

H2, C2H4, 

He 
1010 oC 25-500 0.6 – 12 0.1-1 [16] 

Thermal 

furnace 

40 µm, 

12X60 cm2 
1013 

H2, CH4, 

N2 

1010–1070 oC 5 60 Small [17] 

Joule 

heating 

36 µm, 

23X1000 

cm2 

10 H2, CH4 1000 oC 100 4 Small [138] 

Remote 

MW 

plasma 

33 µm, 

29X48 cm2 
0.3 

H2, CH4, 

Ar 

400 oC 300 1.6 0.5 [62] 

 

An atmospheric roll-to-roll thermal CVD system for graphene growth with a speed of 5 

mm/min was reported by Zhong et al. [17]. High-quality graphene of greater uniformity was grown 
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in the middle portion of the Cu foil (about 15 cm in length) because the temperature in the center 

was higher than the temperature at the outer regions. The edges along the length of the copper foil 

had lower temperatures because of heat loss to the atmosphere. Even though there was no pre-

annealing zone, the quality of the deposited graphene was high because of the high temperature 

(1070 oC) environment in the system. 

The furnaces used in the aforementioned studies are not efficient because of high power 

inputs and long processing times. For example, the typical power consumption of furnaces used in 

the studies ranged from 800 to 3500 W since most of the power was consumed maintaining a high 

temperature furnace. Therefore, the speed of the discussed thermal roll-to-roll processes was low 

to allow for sufficient heating of the substrate. A high temperature is necessary because of the 

catalytic nature of the substrate, which is activated at higher temperatures, and because of the need 

to decompose the precursor gas for graphene growth. To increase the efficiency of roll-to-roll 

processes, several approaches have been suggested for supplying the required energy to the CVD 

system. For instance, a direct Joule heating source was applied to a Cu substrate by Kobayashi et 

al. [138] to produce 100 m of graphene in a roll-to-roll CVD process with a speed of 100 mm/min. 

Electric currents passed through two rollers where Cu foil was suspended to increase foil 

temperature to about 1000 oC. Kobayashi et al. used a high concentration of CH4 (90%) with only 

10% H2 to increase the deposition rate. Graphene micro-cracks on the copper substrate were found 

under tension because of the difference between the thermal expansion coefficients of graphene 

and copper. 

Another way to increase the efficiency of roll-to-roll CVD processes is to use a microwave 

plasma at 2.45 GHz, as reported by Yamada et al. [62]. Eight antennae equipped in quartz tubes 

were used to generate the plasma, increasing the processing speed to 300 mm/min and lowering 

the direct heating of the copper substrate to 400 oC. The deposited graphene had moderate quality 

and large sheet resistance, two qualities that were attributed to the absence of the annealing step 

and/or the defects originating in the plasma or during the transfer process to a PET substrate. 

Therefore, a statistical optimization method is discussed in the following chapter to increase the 

quality of graphene on Cu foil in a roll-to-roll plasma CVD.
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3. PROCESS OPTIMIZATION OF GRAPHENE GROWTH IN A ROLL-

TO-ROLL PLASMA CVD 

Chapter 3 originates mainly from the published manuscript [23] which is reused with permission 

form AIP Advances, Vol. #7, Article ID #11, (2017); used in accordance with the Creative 

Commons Attribution (CC BY) license. 

[23] M. A. Alrefae, A. Kumar, P. Pandita, A. Candadai, I. Bilionis, and T. S. Fisher, “Process 

optimization of graphene growth in a roll-to-roll plasma CVD system,” AIP Adv., vol. 7, no. 11, p. 

115102, Nov. 2017. 

 Motivation and Background 

In the past, statistical techniques such as Taguchi’s method [139], [140] and factorial 

designs [141] have been used to find optimum conditions for graphene and carbon nanotube 

synthesis, respectively. However, basic factorial designs become less effective for large and 

complex systems. Thus, a holistic framework encompassing design, control and quantification of 

uncertainty is required. Such an approach based on statistical methods can be further strengthened 

by data obtained from an in situ monitoring system of the growth process. 

The intensity of the emission lines from OES can be used to understand species 

concentrations in the plasma qualitatively [117]. Previous experimental results indicate that the 

ID/IG ratio, which is an inverse measure of graphene quality and grain size, improves with increased 

CH emission intensity from OES [53]. In contrast, previous numerical studies have found that the 

CH species is more favorable than other carbon species for graphene growth on Cu [142], [143]. 

Because of the dearth of prior experimental work to determine the roles of different plasma species 

in graphene growth, this work utilize OES to reveal the effects of different species on graphene 

quality and to understand and control the deposition at a relatively large scale. 

A design of experiments (DOE) technique is implemented in this chapter to optimize the 

deposition of graphene on copper foil in a roll-to-roll plasma CVD system. Plasma power, pressure 

and gas constituents of hydrogen (H2), methane (CH4), nitrogen (N2), oxygen (O2), and argon (Ar) 

are varied to optimize the growth of graphene. Statistical data-driven models have been built to 

study the effects of these process parameters on the graphene quality, which is defined by the 

intensity ratio of the D and G peaks (ID/IG) from Raman spectroscopy. Also, quantitative 

monitoring of the plasma species during graphene growth is demonstrated using OES. A 
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deposition model of graphene on copper foil in the present system is developed based on the results 

from OES and Raman correlations. Finally, the effects of the processing speed on graphene 

deposition are studied and show that plasma CVD is suitable for large-scale production of 

graphene. 

 Experimental Setup 

3.2.1 Roll-to-Roll Plasma CVD System 

Figure 3.1 shows the roll-to-roll plasma CVD system in which a sample is placed in the 

top free-moving winder, passes through the plasma region, and finally collects in the bottom 

driving winder. The plasma power is supplied from an rf power generator at a frequency of 80 kHz 

with a maximum power of 5000 W (Diener Electronics Co.). The power is supplied through igniter 

rods connected to two parallel rectangular electrodes. A capacitively coupled plasma (CCP) is 

generated between the two electrodes, which are separated by a 4.5 cm gap. The copper sample 

(76 µm thick and 2.54 cm wide annealed copper 110) is placed 1.5 cm from the right electrode, 

and the frontal areas of the left and right electrodes are 136.0 and 62.5 cm2, respectively. The 

asymmetry of the electrodes ensures that the substrate is placed in a higher temperature region. 

Graphene grows on both sides of the copper foil with different qualities and deposition rates 

depending on process conditions. 

Gas mixtures of hydrogen (H2), methane (CH4), nitrogen (N2), oxygen (O2) and argon (Ar) 

flow in the chamber with maximum flow rates of 1000, 1000, 100, 100 and 5000 standard cubic 

centimeters per minute (sccm), respectively. The pressure in the chamber is monitored by 10 and 

100 mbar pressure gauges. The process parameters (i.e., plasma power, pressure, and mole 

fractions of H2, CH4, N2, O2, and Ar) vary between lower and upper limits to explore the parametric 

space during the optimization process, as listed in Table 3.1. Limits and the plasma/power 

constraint are selected to sustain a stable plasma during the growth process (see Figure A.1 in 

Appendix A). 

In situ emission of the plasma in the range of 300-933 nm was detected by a spectrometer 

during the optimization process experiments (Fig. 3.1(c)). The optical emission spectroscopy 

consists of lenses to focus the plasma emission to a fiber optic which is connected to a spectrometer 

(Princeton Instruments, Acton SP-2756). The spectrometer has a focal length of 750 mm and a 
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grating of 1800 G/mm. The diffracted light is detected by a CCD camera (Princeton Instruments, 

PIXIS 256E). The wavelength of the spectrometer was calibrated using a Mercury light source. 

Emission intensity was also calibrated using an intensity calibration light source to account for 

grating and CCD camera efficiencies. 

 

Figure 3.1: (a) Setup of the roll-to-roll plasma CVD system. (b) The plasma region where the 

copper foil is processed for graphene growth. (c) Top view of the chamber with the optical 

emission spectroscopy setup. 

Table 3.1: Plasma operating conditions and constraints implemented in this work. 

Parameter Lower Limit Upper Limit Constraint 

Hydrogen (H2) 20% 60% 

 

H2(%) + CH4(%) + N2(%) 
+O2(%) + Ar(%) = 100% 

Methane (CH4) 10 % 30 % 

Nitrogen (N2) 0 % 10 % 

Oxygen (O2) 0 % 10 % 

Argon (Ar) 20 % 50 % 

Pressure 7 mbar 18 mbar  

0 < Pressure (mbar) +
Power (Watt)

50
< 10 Power 500 Watt 1400 Watt 

3.2.2 Graphene Characterization 

Graphene films were analyzed using a scanning electron microscopy (SEM) (Hitachi Corp., 

s-4800) by measuring secondary electrons (SE) and backscattering electrons (BSE) [144]. Optical 

transmission measurements of graphene transferred to a glass slide were performed in the visible 
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wavelength range (PerkinElmer, Lambda 950) to estimate graphene thickness. Also, Raman 

spectroscopy (Horiba Ltd.) was used to study the quality of graphene on both sides of the copper 

foil. The wavelength of the laser excitation is 532 nm with a magnification of 100x. The Raman 

spectrum is obtained directly on the Cu substrate to eliminate effects induced by the transfer of 

graphene from the copper substrate to background-free substrates (i.e., SiO2/Si). Several graphene 

samples were transferred to SiO2/Si substrates and show similar results to the direct measurements 

from the Cu substrate after background subtraction (see Figures A.2 and A.3 in Appendix A). 

In the optimization process, the speed of the moving copper foil in the plasma (web speed) 

is set to about 45 (± 3) mm/min to minimize the effects of ion bombardment. Figure 3.2 presents 

Raman spectra of graphene showing D, G, Dʹ and 2D peaks at 1350, 1580, 1620 and 2700 cm-1, 

respectively [145]. The G peak represents the sp2 carbon structure due to C-C in-plane vibrations, 

whereas the D and Dʹ peaks appear because of defects in the graphene lattice. The 2D (or Gʹ) peak 

is an overtone of the D peak and occurs because of a double-resonance process. The peak intensity 

ratio of the 2D and G peaks (I2D/IG) and the lineshape of the 2D peak can be related to the number 

of layers of graphene [146]. Nevertheless, graphene samples produced from CVD processes have 

been reported to have weak coupling between layers resulting in disordered layer stacking [145]. 

Therefore, interpretation of (I2D/IG) and the lineshape of the 2D peak from Raman results of these 

samples should be made with care. 

 

Figure 3.2: Raman spectra of graphene that show more defects with increased plasma residence 

time. Other conditions are kept constant at 60% H2, 25% CH4, and 15% Ar at 15 mbar. 

Alternatively, the D and G peak ratio (ID/IG) has stronger correlation to the defect density 

level and the crystalline size (La) [147]–[149]. For instance, the ID/IG ratio decreased from 2.6 to 
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1.6 upon lowering the residence time from 22.0 minutes (which was placed stationary in the plasma) 

to approximately 4.5 minutes (using a web speed of 45 mm/min and assuming that the plasma has 

a length of about 20 cm near the Cu foil region) as shown in Fig. 3.2. The defect density increases 

with residence time due to increased ion bombardment that initiate defects in the lattice. Therefore, 

ID/IG is preferred to I2D/IG for representing the quality of graphene, and the ID/IG ratio is used in 

this chapter as an objective function in our statistical optimization process as explained next. 

3.2.3 Multi-objective Optimization Method 

A statistical design methodology [150] is applied to minimize the ID/IG ratio from Raman 

spectroscopy for the right and left sides of the foil. We minimize both objectives by casting the 

problem as a two-objective stochastic optimization problem: 

x̂ = arg max 𝐄[𝐎𝐢(𝐱)],   i=1,2  (3) 

where 𝐱 is the process control parameter (plasma power, gas pressure and gas constituents), 𝐎𝐢(𝐱), 

is the experimentally measured ID/IG ratio of the graphene deposited on the left side (𝑖 = 1) and 

on the right side (𝑖 = 2) of the Cu foil, and 𝐄[⋅] denotes the expectation over the measurement 

noise. Figure 3.3 summarizes the optimization methodology that initially starts by exploring the 

effects of the process parameters (𝐱) on the quality of both sides. Due to the asymmetric physical 

conditions on the left side and right side of the Cu foil, the two objectives may be competing, i.e., 

choosing a process input that increases the quality of graphene deposited on the left side of the Cu 

foil may result in decreased quality of graphene deposited on the right side. We say that a set of 

process inputs 𝐱1 dominates a different set of process inputs 𝐱2 if 𝐄[𝐎𝐢(𝐱1)] ≥ 𝐄[𝐎𝐢(𝐱2)] for  𝑖 =

1,2. In words, 𝐱1 dominates 𝐱2 if 𝐱1 results in higher graphene quality on both sides of the Cu foil. 

The set of non-dominated process inputs is called the Pareto efficient frontier (PEF) of the two-

objective stochastic optimization problem, as shown in Fig. 3.3. For any dominated operating point, 

there is always an operating point on the Pareto efficient frontier that results in higher quality of 

graphene on both sides of the Cu foil. In this sense, the PEF defines the optimal operating points 

of the plasma CVD system for high-quality graphene deposition. The details of the statistical 

methods are provided in Appendix A.3. 

The optimization process methodology starts with performing experiments at different 

design variables (process parameters) as presented in Fig. 3.3. The results are presented in a Pareto 

efficient frontier with epistemic uncertainty. If this uncertainty is not acceptable, a new set of 
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experiment is selected to increase the information and to decrease the ID/IG ratio. Data-driven 

models are developed from these experimental results. The process iterates until convergence 

initiated by small epistemic uncertainty. As a result, the final Pareto efficiency frontier of the 

objective (ID/IG ratio) is obtained. 

 

Figure 3.3: Summary of the optimization process methodology used in this chapter. 

 Results and Discussion 

3.3.1 Graphene Quality Optimization and Characterization 

Utilizing the advantages of the roll-to-roll process, multiple experiments were conducted 

in one set (batch) with negligible influence of experimental sequence on graphene deposition (see 

Figure A.4 in Appendix A). The total number of experiments in the optimization process is 101, 

conducted sequentially in 6 sets. After starting with initial sets of random measurements, called 

Sets 1-3 in Fig. 3.4, the methodology selects the next conditions of the seven process parameters 

to maximize the quality and information in the PEF. Three more experimental sets were conducted 

to improve the graphene quality, labeled Sets 4, 5, and 6 in Fig. 3.4. The PEF for Set 6 is included 

in Fig. 3.3, in which the locations of the optimized conditions are marked with green symbols. The 

ID/IG ratio decreases for Sets 4-6 compared to the initial sets (Sets 1-3). Despite the presence of 

high-energy ions in the low-frequency rf CCP, the experimental design improves the ID/IG ratio 

from 1.4 to 0.7, as shown in Fig. 3.4. 
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Figure 3.4: Sequential optimization of graphene on both sides of Cu foil. SEM images are shown 

for representative low and high qualities of graphene. 

The optimized process parameters from the above sequential sets are 31% H2, 25% CH4, 

4% N2, 1% O2, and 39% Ar at 9.2 mbar and 750 W. This condition produces the minimum ID/IG 

ratio on both sides as suggested by our model in three different sets of the sequential optimization 

process. The Raman spectra of graphene on both sides at this condition are shown in Fig. 3.5(a). 

The ID/IG ratio for both sides is 0.7 which remains uniform across the width and length of the 

substrate as presented in Fig. 3.5(b). The optimized condition produces uniform growth coverage 

as evident from secondary electron (SE) and backscattering electrons (BSE) SEM images from the 

same region, as illustrated in Fig. 3.5 (c) and (d). In addition, oxidation tests of the optimized 

condition and another sample obtained using high plasma power were conducted. The results from 

the oxidation tests confirm the uniformity of graphene growth and quality, as it acts as a corrosion 

barrier on copper foil due to the gas impermeability and thermal stability of graphene (Fig. A.5 in 

Appendix A) [151]. 

On the other hand, partial coverage of graphene was detected for other samples grown at 

non-optimal conditions. For instance, a non-uniform ID/IG ratio across the width of the substrate is 

shown in Fig. 3.5(b) with higher values near the edges due to the non-uniform temperature and/or 

ion flux across the substrate that result in higher ID/IG ratio for this sample. Also, since 

backscattering electrons originate from elastic scattering processes that increase with larger atomic 

number (Z), the difference between copper with Z=29 and carbon with Z=6 can be detected 

depending on the contrast of BSE SEM images [144]. Indeed, partial coverage of graphene on 

copper for a non-optimized condition is observed from the BSE SEM image as evident in Fig. 

3.5(e). The image indicates partial coverage of graphene with darker regions compared to brighter 

regions of copper due to its higher Z. 
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Figure 3.5: (a) Raman spectrum of the optimized condition. (b) Spatial dependence of ID/IG 

representing uniform growth of graphene for the optimized condition, whereas the quality is not 

uniform for graphene growth at 50% H2, 21% CH4, 0% N2, 0% O2, 29% Ar at 18.8 mbar and 1250 

W. SEM images of graphene on copper obtained from (c) secondary electrons (SE) and (d) 

backscattering electrons (BSE) of a uniform deposition whereas (e) shows a non-uniform 

deposition from backscattering electrons (BSE) taken from a non-optimized condition. 

The high defect density is a consequence of limitations imposed by the low-frequency CCP 

discharge. For instance, graphene quality from several samples, including the above optimized 

condition, remains similar when decreasing the length of the plasma from 20 to about 5 cm using 

two symmetric small electrodes (Fig. A.6 in Appendix A). Even though the plasma size decreases 

by 75%, the quality of graphene does not improve due to the severe effects of ion bombardment. 
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These results suggest that high-energy ions, which exist at this low frequency, have large effects 

on graphene quality regardless of the plasma size. Keeping the substrate for longer residence time 

in the plasma was found to enhance the graphitization processes and thus lead to higher I2D/IG as 

evident in Fig. 3.2. Similar graphene quality was observed by Terasawa and Saiki [53] with an 

ID/IG area ratio of approximately 0.7 using a higher frequency of 13.56 MHz rf CCP CVD system 

at 300 W, 1 Pa, 80% H2 and 20% CH4. Even though CCP discharges have higher ion energy and 

larger sheath thickness as plasma frequency decreases [152], [153], the optimization process 

improved the quality of graphene in our low-frequency plasmas by exploring the process parameter 

space more efficiently as discussed below. 

3.3.2 The Effects of the Plasma Parameters on Graphene Quality 

The plasma parameters and their interactions play important roles in optimizing the quality 

of graphene. For example, Mehedi et al. [139] found that inclusion of interactions among process 

parameters is important to reach optimum conditions for high-quality graphene. Thus, using 

statistical design of experiments, the influence of each of the plasma parameter on the graphene 

quality can be included in the surrogate models. These data-driven models for the two objectives 

(ID/IG ratio of graphene on both sides of Cu foil) are developed and validated with the experimental 

results. Figure 3.6 shows a comparison between the model and experimental results from Raman 

spectroscopy at three different positions. Initially, the model in Fig. 3.6(a) deviates from the 

experiments because of the relatively small number of experiments that intend to cover the seven 

dimensions (i.e., the process parameters). The data-driven models are improved greatly with 

increased experiments (Fig. 3.6 (b)), and are then used to derive the importance of each process 

parameter on graphene quality as discussed below. 

From the models, a sensitivity analysis is performed to determine the relative influence of 

the plasma parameters on the two objectives. The sensitivity factor is derived from length scales 

that represent the variation of the measured values from the surrogate model values (refer to 

Appendix A.3 for further details on length scales). The larger the length scale of a process 

parameter, the less variation of the objective caused by this parameter. Hence, the inverse of the 

length scales is used to represent the relative sensitivity of the objective to each process condition. 

Figure 3.7 identifies the relative importance of the process parameters to the quality of graphene 

on both sides of the Cu foil. The most important input conditions affecting graphene quality on the 
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right side (in decreasing order of their effect) are pressure, nitrogen mole fraction and oxygen mole 

fraction. On the other hand, the variables influencing the quality on the left side are oxygen mole 

fraction, plasma power, and finally pressure and methane mole fraction. These important input 

parameters affect the plasma properties and consequently the quality of graphene as discussed in 

the following paragraphs. 

 

Figure 3.6: Sequential batch runs during the exploration and optimization process. The model 

results in (b) Validation 6 agree better with the experimental results than the results in (a) 

Validation 4 due to the increased number of experiments. 

 

Figure 3.7: The sensitivity analysis of the process inputs that affect the ID/IG extracted from the 

statistical surrogate models. 

The pressure in the chamber has the largest influence on the quality of graphene on the 

right side because the ion bombardment on the substrate is more affected by pressure in low 

frequency rf plasmas [154]. This is also attributed to the large influence of the pressure on the right 

electrode sheath that is adjacent to the substrate’s right side. With a rise in pressure, the sheath 

thickness decreases and the ID/IG ratio declines due to the absence of direct contact between the 
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substrate and the sheath, which contains high-energy ions that are accelerated toward the substrate. 

However, as the pressure further increases, the plasma changes from alpha to gamma mode [155] 

which is more energetic and thus leads to higher ID/IG ratios (Fig. A.7 in Appendix A). Therefore, 

an optimum pressure exists at which the sheath thickness is small in the alpha mode without any 

apparent transition to the gamma mode. This optimum pressure value is 9.2 mbar for the condition 

of 31% H2, 25% CH4, 4% N2, 1% O2, and 39% Ar at 750 W, as indicated by the response surface 

in Fig. 3.8(a). The low quality for pressures below 9.2 mbar is due mainly to the large sheath 

thickness resulting from a lower collision rate and higher mean free path that promote ion 

bombardment [156]. However, the quality decreases when the pressure increases beyond 9.2 mbar 

due to the transition to gamma mode, which has higher current density and electron number density 

[155] that enhance ion flux to the substrate and thus degrade quality. 

The second important factor for the right side ID/IG ratio is nitrogen mole fraction, which 

affects the quality as shown in the response surface (Fig. 3.8 (b)). The ID/IG ratio decreases with 

increased nitrogen mole fraction until about 4% when keeping other conditions constant at the 

optimized condition of 31% H2, 25% CH4, 1% O2, and 39% Ar at 9.2 mbar and 750 W.  Adding 

nitrogen in Ar and H2 plasmas, which are used as bath gases, results in higher dissipated power in 

the plasma because of the active vibrational modes of nitrogen gas. Thus, the excitation processes 

and transfer of energy between electrons and the neutral gas are enhanced with increased N2 mole 

fraction. For instance, the OES results suggest higher emission intensities with increased N2 mole 

fraction and hence more reactive species present in the plasma to enhance the deposition process. 

Indeed, the dissociation of methane increases with the addition N2 to produce HCN species from 

vibrational excitation reactions as reported for a 13.56 MHz rf plasma [157]. Similarly, the addition 

of N2 to a H2/CH4 microwave plasma for diamond growth leads to higher production of CH species, 

indicating enhanced methane decomposition in N2-containing plasmas [158]. 

The addition of oxygen is the most important factor for graphene quality on the left side. 

Figure 3.8(c) shows the response surface of the ID/IG ratio as a function of the oxygen concentration 

at the optimized condition of 31% H2, 25% CH4, 4% N2, and 39% Ar at 9.2 mbar and 750 W. 

Graphene quality increases when the concentration of oxygen increases till about 4% after which 

the quality decreases with further increases in oxygen mole fraction [159]. The initial rise in quality 

(decreased ID/IG ratio) could be attributed to the consumption of hydrogen atoms by oxygen, and, 

thus, a corresponding decrease in graphene etching [40]. Furthermore, oxygen reacts with 
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amorphous carbon deposited on the Cu surface and results in better graphitization of the deposited 

carbon film. Previous reports indicate that the presence of oxygen atoms on copper enhances the 

growth of large graphene domain due to decreased nucleation density and result in higher growth 

rate [93]. Similar results have been obtained when introducing oxygen in the gas mixture during 

graphene growth, and show that higher growth rate occurs at an optimum value of oxygen mole 

fraction [160]. However, further increase in oxygen concentration will degrade graphene quality 

because of etching as a result of carbon oxidation [161]. In addition, oxygen can bond with the 

graphene lattice to form oxygen-doped graphene. Also, energetic oxygen atoms can break C-C 

bonds of the deposited graphene and result in a disordered structure [162]. Therefore, the 

optimized condition of graphene includes 1% oxygen in the gas mixture to increase graphene 

domain size and growth rate, without etching or damaging graphene films. 

   

     

Figure 3.8: ID/IG response surfaces as a function of (a) pressure, (b) nitrogen, (c) oxygen and (d) 

plasma power. The line shows the mean values of the response surface for the predictive model. 

The shaded uncertainties represent the lack of knowledge (blue) and noise from the experiment 

(pink). The response surfaces are obtained for fixed conditions of the optimized condition 31% H2, 

25% CH4, 4% N2, 1% O2, and 39% Ar at 9.2 mbar and 750 W, as indicated by the red and yellow 

arrows. 
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Figure 3.8(d) presents the response surface of the ID/IG ratio as a function of the plasma 

power at the optimized condition. The quality decreases as power increases because of increased 

energetic ion concentrations and species fluxes to the substrate that induce defects in the deposited 

films [46], [52], [63]. The rise in density of excited species with increased power is corroborated 

by measurements from OES as explained in the next section. On the other hand, the quality 

decreases at lower plasma power because of the low production of active species and decreased 

heating of the substrate. Therefore, an average power value at 750 W results in higher quality. The 

effects of plasma power on graphene growth at higher web speeds are discussed in Section 3.3.4 

for two cases: this optimized condition at 750 W, and a higher deposition rate case at 1250 W. 

3.3.3 Correlating Results from OES with Graphene Quality and Process Parameters 

Figure 3.9 shows an emission spectrum from a probe volume near the substrate material 

where the most prominent species are present (see Table A.1 in Appendix A). The species emission 

intensities are correlated to the quality of graphene using a statistical mapping analysis as described 

in the Supplemental Material (Fig. A.8 in Appendix A). The emission intensities of the species 

CN, N2
+, CH, Ar+, C2, H2, Hα, Ar, O, C, and N measured using OES are mapped into a 1D space 

in order to extract important correlations to graphene quality. 

 

Figure 3.9: A plasma emission spectrum sample measured during the growth process. Important 

species in the plasma are indicated in the spectrum. 

Figure 3.10(a) presents the results of the analysis in which the negative of the importance 

factor “𝑤𝑖” indicates a decrease of ID/IG ratio, whereas a positive 𝑤𝑖 factor indicates an increase in 

ID/IG ratio. The emission of CH is correlated with an increase in graphene quality in agreement 

with previous theoretical results [142], [143] because the chemical chain -CH is more energetically 
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favorable on Cu(111) than other carbon clusters [163]. Furthermore, other species that have minor 

contributions to the increased quality are N, N2
+, and H2, as more than 75% of the ranges of their 

importance factors indicate higher quality (i.e., negative 𝑤𝑖). 

On the other hand, increased C2 and O emission indicates lower graphene quality. Similarly, 

the importance factors of CN, Hα, C and Ar+ emission lines lie within the low-quality region in 

Fig. 3.10(a). The oxygen atoms affect the quality due to their high energy in the plasma, which 

can break carbon bonds of the graphene deposited on the substrate [164]. Also, ion bombardment 

by Ar+ and the etching effects of Hα result in disorder in the carbon films deposited on the Cu 

substrate, likely resulting in sputtering of C2 and C species from the surface. Emission from C2 

and C species are higher for samples with thicker carbon films, as evidenced by the corresponding 

increase in their emission intensities as discussed next. Another possible negative effect of C2 in 

graphene quality is the creation of vacancies due to C2 saturation on the copper substrate [163]. 

    

          

Figure 3.10: (a) The importance of species emission from OES affecting ID/IG ratio. The box plots 

show the median in red between the first and third quartiles. The emission intensities variations of 

(b) Ar+ and (c) C2 with plasma power. (d) The increase of Ar+ emission intensity with increased 

gas pressure. 
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The process inputs for the optimized condition (31% H2, 25% CH4, 4% N2, 1% O2, and 39% 

Ar at 9.2 mbar and 750 W) provide a plasma with lower concentrations of C2, CN, O, Ar+ and H 

and thus result in deposition of high-quality graphene. For instance, the emission intensity of Ar+ 

increases with power due to higher energy input to the plasma (Fig. 3.10(b)). The increase of Ar+ 

concentration can lead to higher defects in the lattice [165] which could result in sputtering of C2 

as suggested by the increase of C2 emission intensity in Fig. 3.10(c). Therefore, the optimum power 

of 750 W is high enough to heat the substrate and ionize the gas mixture, but at the same time has 

lower concentrations of Ar+ and C2 (and O and H, which are not shown here). Similar results are 

observed with the optimum pressure value of 9.2 mbar which, in addition to its important role in 

determining sheath thickness and plasma type, produces lower Ar+ emission as shown in Fig. 

3.10(d). 

The O atom emission intensity is relatively low at the optimized condition of 1% O2 and 

increases linearly with increased oxygen mole fraction as shown in Fig. 3.11(a). Higher 

concentration of oxygen affects the quality of graphene negatively due to etching as discussed 

above. Furthermore, oxygen consumes carbon species in the plasma which in turn decreases the 

deposition rate [160]. For example, the emission of C2 increases with oxygen mole fraction initially, 

reaches a maximum near 5% O2 and then decreases with higher oxygen mole fraction (Fig. 3.11(b)), 

likely due to the consumption of carbon species in the plasma by oxygen to form CO2 or CO. 

Similarly, the optimized condition includes 4% N2 that produces a low concentration of 

CN as shown in Fig. 3.11(c). The CN emission intensity rises rapidly for N2 mole fraction above 

4%. From a mapping analysis, CN is considered to contribute negatively to graphene growth due 

to the consumption of CH by N2. For instance, the concentration of CN increases more rapidly 

than CH with increasing pressure and power due to the reaction: CH+ N2 ⇌ HCN + N [158]. Hence, 

an optimum amount of 4% N2 is needed to increase the dissociation of methane through vibrational 

excitations reactions, without consuming important carbon radicals and ions that contribute to 

high-quality graphene. The emission intensity of CN has lower values at 9% and 10% N2 due to 

variations of other process inputs. These lower values of CN could explain the other local 

minimum in ID/IG ratio at 9% and 10% N2 in the response surface of Fig. 3.8(b). 



33 

 

 

 

Figure 3.11: The effects of oxygen mole fraction on the emission intensities of (a) O and (b) C2. 

(c) The variation of CN emission intensity with N2 mole fraction. 

The variations in the ID/IG ratio with CH/O, CH/C2 and H2/H emission intensity ratios are 

presented in Fig. 3.12. These ratios represent the combined effects of species that indicate higher 

quality (i.e., CH or H2) to the species that degrade quality (i.e., O, C2 or H). The quality decreases 

almost linearly with increasing CH/O (Fig. 3.12 (a)). The wide range of ID/IG (i.e., 0.75-1.20) 

occurs when CH/O is 1.0 or less. However, when the CH/O ratio increases from 1.0 to 4.0, the 

ID/IG ratio decreases linearly from 0.85 to 0.75. Furthermore, Figure 3.12 (b) shows a decreased 

ID/IG ratio with increased CH/C2, indicating higher quality with higher CH and lower C2. Finally, 

the effects of the H2/H emission ratio on the quality of graphene is presented in Fig. 3.12 (c). The 

quality of graphene improves with increased H2/H. The ID/IG ratio varies between 0.52 and 1.40 at 

lower ratios of H2/H whereas ID/IG remains constant at 0.8 as H2/H increases from 0.025 to 0.06. 

These emission intensity ratios exhibit higher values at the optimized condition (see Fig A.9 in 

Appendix A). Thus, these results suggest that higher CH/O, CH/C2 and H2/H emission intensity 

ratios are signatures for high quality and thus can be used for online monitoring for large 

production of graphene. 
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Figure 3.12: (a) The emission intensity ratio effects of (a) CH/O, (b) CH/C2 and (c) H2/H on the 

ID/IG ratio. 

Correlations between the D-peak position, D-peak full width at half maximum (FWHM), 

and G-peak FWHM with the OES data were made using the mapping analysis as shown in Fig. 

3.13 (a), (b) and (c), respectively. The results from these correlations indicate that emission from 

O and C2 is associated with increasing the D-peak position, D-peak FWHM, and G-peak FWHM 

values. The dependence of D-peak position and the G- and D-peak FWHMs on emission ratios of 

the important species are presented in Fig. 3.14. The D-peak position decreases exponentially with 

increased CH/O (Fig. 3.14(a)). At lower CH/O ratio, the position of the D peak ranges from 1360-

1372 cm-1, but then decreases to an asymptotic value around 1345 cm-1 when the CH/O ratio is 

higher than 2.0. Such a result agrees with the increase of graphene quality with increased CH/O 

ratio (Fig. 3.12(a)). Similarly, the effects of the Ar+/O ratio on the FWHM of the D peak are shown 

in Fig. 3.14(b). The FWHM of the D peak are 160-200 cm-1 when the values of the Ar+/O ratio are 

less than or equal to 5. However, the D-peak FWHM decreases to a value around 140 cm-1 when 

the Ar+/O ratio is higher than 10. Lastly, the FWHM of the G peak decays exponentially with 

increased CH/O ratio and reaches an asymptotic value of 60 cm-1 (Fig. 3.14(c)). 
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Figure 3.13: The importance of species emission from OES affecting: (a) D-peak position, (b) D-

peak FWHM and (c) G-peak FWHM. 

       

 

Figure 3.14: (a) The D-peak position decreases when the intensity ratio of CH/O increases. (b) The 

effects of the Ar+/O ratio on the FWHM of the D-peak. (c) The exponential decay of the G-peak 

FWHM with increased CH/O ratio. 

0 2 4

1335

1345

1355

1365

1375

 Experiment

 Exponential Fit

D
-p

e
a
k
 P

o
s
it

io
n

 (
c
m

-1
)

CH/O

(a) 

0 10 20 30

80

120

160

200

240

 Experiment

 Exponential Fit

D
-p

e
a

k
 F

W
H

M
 (

c
m

-1
)

Ar
+
/O

(b) 

0 2 4

40

60

80

100

120

 Experiment

 Exponential Fit

G
-p

e
a
k

 F
W

H
M

 (
c
m

-1
)

CH/O

(c) 



36 

 

Based on the forgoing results, we propose a conceptual model of graphene deposition on 

copper foil in our system (Fig. 3.15). Considering the left side of the copper foil, the left electrode 

is powered during a half-cycle from the rf generator. The supplied electric field energizes the 

electrons in the plasma. Electrons are then accelerated toward the right electrode away from the 

cathode sheath. Gas molecules react with electrons to produce active radicals, ions and atoms. 

Intermediate species then reach the copper substrate with CH that favors growth of high-quality 

graphene. However, energetic species, such as O, Ar+, or H can break, sputter, or etch the carbon 

deposited on the copper, respectively. Consequently, C2 and C species are sputtered from the 

graphene deposited on the copper substrate. These processes occur during the rf cycle and result 

in graphene deposition with different thicknesses depending on the web speed as explored in the 

following section. 

 

Figure 3.15: Proposed deposition mechanism of graphene on copper substrate during the roll-to-

roll plasma CVD process. 

3.3.4 Graphene Deposition at Higher Web Speeds 

After optimization of graphene at a lower web speed (45 mm/min) in the previous sections, 

the effect of web speed on graphene deposition was studied for two cases for speeds up to about 

959 mm/min (Fig. 3.16). The condition for Case 1 is similar to the optimized condition (31% H2, 

25% CH4, 4% N2, 1% O2, 39% Ar, 9.2 mbar, and 750 W), whereas the condition for Case 2 is 33% 

H2, 30% CH4, 10% N2, 8% O2, 19% Ar, 15 mbar, and 1250 W. The quality in the optimized 

condition (Case 1) decreases with increased web speed (Fig. 3.16(a)). At lower plasma power (750 

W), longer residence time is needed to increase the substrate temperature, and supply sufficient 
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carbon for deposition. The decrease of graphene quality with web speed for Case 1 is consistent 

with previous reported results, but for a thermal CVD system [16]. However, the ID/IG ratios of 

both sides in Case 2 are independent of web speed because of the high-power plasma (Fig. 3.16 

(a)). The high plasma power of Case 2 is sufficient to heat the substrate and produce active carbon 

species for graphene deposition, even at higher web speed. 

 

 

Figure 3.16: (a) The variation of ID/IG ratio with web speed. (b) Raman spectra of Case 2 samples 

at different speeds. (c) Optical transmittance of graphene of Case 2 as a function of web speed, 

inferring a deposition rate of 7 (±1) layers/min as plotted in the inset. 

Figure 3.17 presents SEM images for Case 2 at different speeds compared to a static 

experiment conducted at a longer residence time of 30 min. The SEM image of the longest 

residence time shows an area where the carbon film has peeled off, indicating the deposition of 

thicker carbon layers. We also noticed the appearance of microcracks in the graphene film for Case 

2 at speed of 45 mm/min. These negative features could be attributed to the tension during the roll-

to-roll process, since the cracks are perpendicular to the direction of rolling [166]. A higher 

resolution SEM image of the crack region is shown in Fig. 3.17 in which wrinkles and microcracks 

exist. The tension during the roll-to-roll processing accompanied with heating of the Cu foil could 
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lead to microcracks due to the different thermal expansion coefficients between the copper 

substrate and the graphene [138]. 

On the other hand, copper grains are apparent at high speeds, indicating a lower thickness 

of the deposited films. Moreover, the presence of the copper grain boundaries for the higher speed 

sample suggest that the substrate was heated to a temperature sufficient to recrystallize the Cu 

grains. Furthermore, Raman spectra show a decrease of the D- and G-peak intensities with 

increased web speed for samples from Case 2 as shown in Fig. 3.16 (b). These results suggest that 

graphene can be grown at about 1 m/min using plasma as a heat source. 

 

Figure 3.17: SEM images of graphene on copper foil substrate as a function of web speed. 

These results reveal a tradeoff between quality and throughput of graphene production for 

samples prepared at lower plasma power (e.g., Case 1 in this work) or by thermal CVD. For 

example, the ID/IG ratio increases from 0.1 at 25 mm/min to 1.0 at 500 mm/min in thermal CVD 

as reported by Polsen et al. [16]. The decrease of the quality with increased speed is due to 

limitations in growth kinetics and graphene nucleation in thermal CVD systems or lower plasma 

power (and different plasma conditions) as shown for Case 1. However, due to active species in 

the plasma that accelerate the graphene deposition rate, the plasma CVD produce graphene with 

similar quality as a function of speed until about 1 m/min for Case 2 (Fig. 3.16). 

Graphene deposition in our roll-to-roll plasma CVD system has higher throughput due to 

a high growth rate of graphene on copper foil. In our system, the estimated growth rate of graphene 

is 7 (±1) layers/min for Case 2. This rate is estimated from optical transmittance measurements as 

evident in Fig. 3.16(c) by considering a 2.3% decrease of light transmittance for each layer of 

graphene [29]. This high growth rate is due to the abundantly active radical species in the plasma. 
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Similarly, Kato et al. [167] showed that growth rate in plasma CVD is two to three orders of 

magnitudes higher than thermal CVD. Thus, plasma resources have the advantages of higher 

throughput for graphene deposition with lower input power compared to thermal CVD, as 

summarized in Table 3.1. For instance, graphene can be deposited at a rate of 5-500 mm/min for 

thermal CVD systems whereas this rate can be raised to about 1000 mm/min using plasma CVD 

as reported here. However, graphene quality from plasma CVD is lower than for thermal CVD 

systems with negligible values of ID/IG compared to ID/IG values of 0.5 and 0.7 in plasma CVD 

systems as reported by Yamada et al. [62] and the results of this work, respectively. Such moderate 

film quality limits the benefits of graphene production from plasma CVD to applications with less 

stringent demand of quality, such as oxidation barriers for metals, but not for high quality 

applications in electronics and photonics [12]. 

3.3.5 Conclusion 

This work takes a statistical approach to scale up graphene production in a custom-built roll-

to-roll rf plasma CVD system. Even though the quality of graphene is limited by the plasma in this 

process, a wealth of information obtained demonstrates the tremendous benefits of combining 

statistical analysis and in situ process monitoring. Based on the developed surrogate models, the 

quality of graphene is largely influenced by gas pressure, nitrogen, oxygen, and plasma power. 

Moreover, the results from OES suggest correlations of CH species to low defects, while the 

presence of Ar+, C2, Hα, CN, and O correlate to high defects. This work provides fundamental 

physical insights for the design and characterization of high-throughput plasma CVD systems for 

graphene and other 2D materials manufacturing. Further development is needed to obtain higher 

quality of graphene in plasma systems by minimizing and controlling ion and molecular fluxes to 

the substrate as discussed in the following chapters.  
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4. THERMAL AND SPECTROSCOPIC ANALYSIS OF PLASMA ROLL-

TO-ROLL DEPOSITION OF GRAPHENE 

 Motivation and Background 

As described in the previous chapter, large-area deposition of graphene on Cu has been 

widely used due to the lower cost of Cu, self-limiting graphene growth, and ease of graphene 

transfer to arbitrary substrates [13]. Because of low carbon solubility in Cu, graphene growth is 

driven by catalytic reactions that occur at high temperatures (i.e., 900-1000 ºC) [168]. Accordingly, 

establishing uniform temperature across the Cu substrate is crucial to creating graphene with 

uniform quality and thickness over the substrate [37]. The substrate temperature is critical for 

graphene growth kinetics in a R2R setup because the substrate temperature depends significantly 

on web speed. For example, previous results reported a reduction of graphene quality with 

increased web speed [16], [23], whereas sufficient heating of the Cu substrate increased the 

graphene production rate [23], [138]. The lack of detailed understanding of the Cu foil temperature 

profile during R2R process limits full utilization of R2R CVD systems for large-scale graphene 

production. 

The Cu foil temperature profile in a R2R process can be determined from analysis of a 

moving plate/web in a fluid medium. The heat transfer and fluid flow of a moving plate in a 

quiescent fluid medium have been modeled previously using boundary layer theory [169], [170]. 

However, thermal analysis within the moving plate itself was not included in the studies, since the 

plate was assumed to be isothermal. Afterwards, the temperature distribution of the moving 

plate/web was determined either by solving the coupled fluid and plate heat equations [171]–[173], 

or by using a prescribed heat transfer coefficient and solving the heat diffusion equation in the 

plate alone [174]–[178]. Consequently, the moving plate temperature was found to depend on web 

speed, material properties and flow conditions. However, the web temperature was not measured 

directly in these systems to validate the heat transfer models except for a limited case [179]. In this 

chapter, Cu foil temperature is measured from blackbody emission to validate the heat transfer 

model and to infer the convective heat transfer coefficient [180], [181]. Furthermore, the Cu foil 

temperature distribution is correlated to graphene growth quality on Cu foil during experiments to 

explore optimal growth conditions in the R2R process. 
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The purpose of this chapter is to determine Cu foil temperature distribution and how the 

temperature distribution impacts graphene growth in a R2R plasma CVD process. The heat transfer 

model includes convection with quiescent flow and plasma gas, radiation exchange with the 

chamber wall and the plasma electrodes, and conduction and advection associated with the moving 

foil. Combining the model and experimental results, the effects of the plasma power, web speed, 

and plasma length on the Cu foil temperature profile are studied during graphene growth. Raman 

spectroscopy is utilized to assess graphene quality as a function of process parameters to determine 

the optimum conditions for continuous R2R deposition of graphene. Such thermal analysis can be 

directly applied to other R2R processes to optimize and control around manufacturing objectives, 

such as interfacial stresses between the substrate and the deposited film [182], or the drying of wet 

films on polymers [183]. 

 Experimental Setup 

The R2R plasma CVD system used here is custom-designed to deposit graphene on a 

variety of flexible substrates. As-received copper substrate (annealed copper 110 from Basic 

Copper) was placed in the top free-moving winder, passed through the plasma region, and finally 

collected at the bottom driving winder (Figs. 3.1 and 4.1). After the system was evacuated, a gas 

mixture of 50:50 H2:Ar by volume was introduced at 7 mbar to ignite the plasma at a power of 500 

W. The pressure was then increased after a warm-up period of 15-20 minutes to 15 mbar, and CH4 

was introduced to the H2/Ar mixture for graphene growth with flow rates of 150, 610 and 260 

standard cubic centimeters per minute (sccm) for Ar, H2, CH4, respectively. 

Experiments were conducted at plasma powers of 850, 1050, 1250 and 1450 W at a fixed 

gas pressure of 15 mbar. The power was supplied to two parallel electrodes to generate a 

capacitively coupled plasma (CCP) as illustrated in Fig. 4.1(a). The graphite electrodes have 

rectangular shapes with a length of 12.5 cm and a width of 5.0 cm. The electrodes can be rotated 

to produce a smaller plasma length of 5.0 cm, but a larger width of 12.5 cm. In both cases, the 

distance between the electrodes is fixed at 4.5 cm, whereas the distance between the right electrode 

and the foil is fixed at 1.5 cm. Web speed values of 0, 50, 150, 400 and 600 mm/min were assessed 

during the experiments with a speed uncertainty of 10%. 
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Figure 4.1: (a) Schematic of the roll-to-roll plasma CVD system showing the pre-plasma, plasma, 

and post-plasma regions during graphene growth. The plasma region starts at y = 438 mm (y' = 0 

mm). (b) The modeling domain of the Cu foil starts from the top spool and ends at the bottom 

spool after graphene deposition in the plasma region. The positions of the temperature 

measurements of Cu foil in the plasma region are also indicated. 

The temperature of the substrate was measured directly from the Cu foil emission using 

optical emission spectroscopy [23]. The emission is collected and collimated using 50.8 mm 
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diameter lenses, focused to a fiber optic held by a fixture that allows motion to a precise location 

along horizontal and vertical axes using Zaber translation stages. The spatial resolution of the 

emission is estimated to be approximately 2 mm. The fiber optic transmits the light to a 

spectrometer calibrated in the range of 650-850 nm using a mercury light source. The emission 

measurement is controlled by LightField software (from Princeton Instruments) to acquire a high-

resolution emission in a broad wavelength range. Equally-spaced spectra, of about 15 nm are 

individually measured by rotating the grating to cover the whole 650-850 nm range. The 

discontinuity between each step, which arises from the difference in the grating diffraction 

efficiency, is corrected by applying an intensity calibration utilizing an intensity-calibration light 

source. The intensity calibration plays a vital role also in correcting the variation in the grating, 

the CCD camera efficiencies, and the optical components’ transmission to accurately measure the 

baseline emission from the substrate over the 650-850 nm spectral range. 

The emission from the high-temperature Cu substrate in the plasma region can be fitted to 

Planck’s distribution, which depends on temperature (𝑇) and wavelength (𝜆) as follows: 

𝐸(𝜆, 𝑇) = 𝐴 +
𝐵

𝜆5
1

[𝑒𝑥𝑝(
ℎ𝑐

𝜆𝑘𝐵𝑇
)−1]

  (4) 

where 𝐴 is the linear offset of the spectrum, and 𝐵 is a constant that represents Planck’s constant 

(ℎ), the speed of light (𝑐), Cu emissivity and the contribution from the optical emission setup as 

described in Ref. [184]. Since Cu emissivity is nearly constant in the 650-850 nm wavelength 

range, the Cu foil is assumed to be a gray surface with an emissivity value of 0.04 [185]. The 

detector and the grating responses as a function of wavelength are included in the intensity 

calibration of the spectrometer. The temperature (𝑇) and the constants (𝐴 and 𝐵) are found from a 

nonlinear least-squares fitting method using Matlab with an uncertainty in fitted temperature of 

less than 5%. 

 Heat Transfer Model 

The Cu foil has a length of 1 meter starting from the top winder spool and ending at the 

bottom winder spool. From the Eulerian point of view, the Cu foil encounters three regions: pre-

plasma, plasma, and post-plasma as illustrated in Fig. 4.1(a). Graphene is only deposited in the 

plasma region because of the abundant active carbon species interacting with the high-temperature 

substrate [23]. Gas flow, which is driven by buoyancy, is assumed to be isothermal and uniform 
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in each of the three regions. The gas temperatures in the pre- and post-plasma regions (𝑇∞,1 and 

𝑇∞,3, respectively) are assumed to be equal and have lower values than the gas temperature in the 

plasma region (𝑇∞,2). The heat transfer coefficients in the three regions are derived from fitting the 

model to the measured Cu foil temperatures as discussed in Section 4.4. In addition, a steady-state 

flow condition is assumed in the analysis since chamber temperatures reach a steady-state and the 

Cu foil moves at a constant prescribed web speed. Because of the small substrate thickness and 

width (76 µm and 25.4 mm, respectively), the Biot number is below 0.01. Therefore, a one-

dimensional fin model is developed to solve for the substrate temperature along the foil length 

using analytical and numerical approaches as explained next. 

4.3.1 Analytical Model Derivation 

The analytical model treats the three regions (pre-plasma, plasma, and post-plasma) 

separately, and the final Cu foil temperature distribution is found by combining the three regions 

with appropriate boundary conditions (Fig. 4.1). To simplify the analysis of the boundary 

conditions in the analytical model, the coordinate system is shifted to start from the plasma region 

as marked in Fig. 4.1(b). Applying the heat transfer energy balance in a control volume in the pre-

plasma region (Fig. 4.1(b)) results in the following equation: 

𝑞𝑦 − 𝑞𝑦+𝑑𝑦 + 𝛿𝑤(𝜌𝑈𝐶𝑃𝑇)𝑦 − 𝛿𝑤(𝜌𝑈𝐶𝑃𝑇)𝑦+𝑑𝑦 − 2𝑑𝑞𝑐𝑜𝑛𝑣 − 𝑑𝑞𝑟𝑎𝑑,𝑅 − 𝑑𝑞𝑟𝑎𝑑,𝐿 = 0  (5) 

which represents axial conduction ( 𝑞𝑦 − 𝑞𝑦+𝑑𝑦 ), advection due to the moving foil 

(𝛿𝑤(𝜌𝑈𝐶𝑃𝑇)𝑦 − 𝛿𝑤(𝜌𝑈𝐶𝑃𝑇)𝑦+𝑑𝑦), convection from both sides of the foil to the ambient gas 

(𝑑𝑞𝑐𝑜𝑛𝑣), and radiation from the right and left sides of the foil to the chamber wall (𝑑𝑞𝑟𝑎𝑑,𝑅 and 

𝑑𝑞𝑟𝑎𝑑,𝐿, respectively). Here, 𝛿 is the substrate thickness, 𝑤 is the width of the substrate, 𝜌 is the 

substrate density, 𝑈  is the web speed, 𝐶𝑃  is the specific heat and 𝑇  is the foil temperature. 

Expanding each term and rearranging (see Appendix B.1) yields the final simplified differential 

equation: 

 
𝑑2𝜃1

𝑑𝑦2
− 𝑎

𝑑𝜃1

𝑑𝑦
−𝑚1𝜃1 = 0  (6) 

where 𝜃1 = (𝑇 − 𝑇∞,1), 𝑎 =
𝜌𝑈𝐶𝑝

𝑘
 and 𝑚1 =

2ℎ1

𝛿𝑘
+
ℎ𝑟𝑎𝑑,𝑅,1

𝛿𝑘
+
ℎ𝑟𝑎𝑑,𝐿,1

𝛿𝑘
. To obtain closed solutions, 

we assume constant material properties by region, as discussed below. Specific heat (𝐶𝑝) and 

thermal conductivity (𝑘) values at 𝑇∞,1 are taken from Ref. [185]. ℎ1 is the linearized heat transfer 
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coefficient in the pre-plasma region, and ℎ𝑟𝑎𝑑,𝑅,1 and ℎ𝑟𝑎𝑑,𝐿,1 are the radiative transfer coefficients 

from the right and left sides of the foil in the pre-plasma region, respectively (see Appendix B.1). 

The solution of Eq. (6) is: 

𝜃1(𝑦) = 𝐶1 exp (
1

2
𝑦(√𝑎2 + 4𝑚1 + 𝑎)) + 𝐶2 exp (−

1

2
𝑦(√𝑎2 + 4𝑚1 − 𝑎))  (7) 

A similar energy balance analysis in the post-plasma region leads to the same differential 

equation (Eq. (6)) but with 𝜃3 = (𝑇 − 𝑇∞,3) and 𝑚3, instead of 𝜃1 and 𝑚1, respectively. Also, 

specific heat (𝐶𝑝) and thermal conductivity (𝑘) values at a constant temperature of 𝑇∞,3 are used.  

Thus, the general solution of the temperature distribution in the post-plasma region is: 

𝜃3(𝑦) = 𝐶3 exp (
1

2
𝑦(√𝑎2 + 4𝑚3 + 𝑎)) + 𝐶4 exp (−

1

2
𝑦(√𝑎2 + 4𝑚3 − 𝑎))  (8) 

Finally, the energy balance in the plasma region encompasses heating from the plasma 

constituents and radiation losses to the two electrodes. The heat transfer from the plasma accounts 

for substrate heating from electrons, neutrals, and ions as well as surface reactions [186]. The heat 

fluxes depend on electron temperature, electron number density, reaction rates, and gas 

temperature, which are unknown and challenging to measure with the exception of plasma gas 

temperature. Nevertheless, plasma processes can be lumped into an effective heat transfer 

coefficient in the plasma region (ℎ2), which is used as a fitting parameter between the simulated 

and measured Cu foil temperatures. The radiation exchange between the Cu foil and the two 

electrodes, with opposite direction to convection, is derived in Appendix B.2, and the linearized 

radiative transfer coefficients from Cu foil to the right and left electrodes are included in ℎ𝑟𝑎𝑑,𝑅,2 

and ℎ𝑟𝑎𝑑,𝐿,2, respectively. Therefore, the final differential equation for temperature in the plasma 

region is similar to Eq. (6), but with 𝜃2 = (𝑇 − 𝑇∞,2) and 𝑚2 =
2ℎ2

𝛿𝑘
−
ℎ𝑟𝑎𝑑,𝑅,2

𝛿𝑘
−
ℎ𝑟𝑎𝑑,𝐿,2

𝛿𝑘
,  instead of 

𝜃1 and 𝑚1, respectively. Similarly, the specific heat (𝐶𝑝) and thermal conductivity (𝑘) values are 

obtained at a fixed temperature of 𝑇∞,2. Thus, the temperature distribution in the plasma region is: 

       𝜃2(𝑦) = 𝐶5 exp (
1

2
𝑦(√𝑎2 + 4𝑚2 + 𝑎)) + 𝐶6 exp (−

1

2
𝑦(√𝑎2 + 4𝑚2 − 𝑎))  (9) 

The above temperature distributions have six constants found by applying boundary conditions: 

1) Infinite fin boundary condition: 𝜃1(𝑦′ → −∞) = 0, leading to 𝐶2 = 0 in Eq. (7). 

2) Infinite fin boundary condition: 𝜃3(𝑦′ → ∞) = 0, leading to 𝐶3 = 0 in Eq. (8). 

3) Temperature continuity at the interface of the pre-plasma and the plasma regions: 
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𝜃1(𝑦′ = 0 ) + 𝑇∞,1 = 𝜃2(𝑦′ = 0) + 𝑇∞,2 

4) Heat flux continuity at the interface of the pre-plasma and the plasma regions: 

𝑘1
𝑑𝜃1(𝑦′ = 0 )

𝑑𝑦
= 𝑘2

𝑑𝜃2(𝑦′ = 0 )

𝑑𝑦
 

5) Temperature continuity at the interface of the plasma and the post-plasma regions: 

𝜃2(𝑦′ = 𝐿) + 𝑇∞,2 = 𝜃3(𝑦′ = 𝐿) + 𝑇∞,3 

6) Heat flux continuity at the interface of the plasma and the post-plasma regions: 

𝑘2
𝑑𝜃2(𝑦′ = 𝐿 )

𝑑𝑦
= 𝑘3

𝑑𝜃3(𝑦′ = 𝐿 )

𝑑𝑦
 

where 𝐿 is the length of the plasma region, and the y-coordinate starts from 𝑦′ = 𝑦 − 0.438 m (Fig. 

4.1(b)). The coordinate transformation simplifies the form of the constants 𝐶1, 𝐶4, 𝐶5, and  𝐶6 , 

which are found by solving the linear equations from boundary conditions 3-6. Final expressions 

for the constants 𝐶1, 𝐶4, 𝐶5, and 𝐶6 are included in Appendix B.3. The final analytical solution of 

the Cu foil temperature becomes: 

𝑇(𝑦′) = 𝑇∞,1 + 𝐶1 𝑒𝑥𝑝 (
1

2
𝑦′(√𝑎2 + 4𝑚1 + 𝑎))   for −0.438 ≤ 𝑦′ ≤ 0 (10) 

𝑇(𝑦′) = 𝑇∞,2 + 𝐶5 𝑒𝑥𝑝 (
1

2
𝑦′(√𝑎2 + 4𝑚2 + 𝑎)) + 𝐶6 𝑒𝑥𝑝 (−

1

2
𝑦′(√𝑎2 + 4𝑚2 − 𝑎))   for 0 ≤ 𝑦′ ≤ 𝐿 

𝑇(𝑦′) = 𝑇∞,3 + 𝐶4 𝑒𝑥𝑝 (−
1

2
𝑦′(√𝑎2 + 4𝑚3 − 𝑎))   for 𝐿 ≤ 𝑦′ ≤ 0.562 

Equation (10) reverts to the infinite fin model when the web speed is set to zero (i.e., 𝑎 = 0) [185]. 

4.3.2 Numerical Model Derivation 

The substrate temperature distribution has also been solved numerically to incorporate non-

linearities in the radiation heat transfer and material properties. The energy balance for a control 

volume of Cu substrate is shown in Fig. 4.1(b) in which conduction (𝑞𝑁  and 𝑞𝑆 ), advection 

((𝛿𝑤ρU𝐶𝑃𝑇)𝑁  and (𝛿𝑤ρU𝐶𝑃𝑇)𝑆 ), convection (𝑞𝑐𝑜𝑛𝑣 ), and radiation (𝑞𝑟𝑎𝑑,𝑅  and 𝑞𝑟𝑎𝑑,𝐿)  are 

considered, leading to: 

𝑞𝑁 + 𝑞𝑆 + 𝛿𝑤(ρ𝑈𝐶𝑃𝑇)𝑁 = 𝛿𝑤(ρ𝑈𝐶𝑃𝑇)𝑆 + 2𝑞𝑐𝑜𝑛𝑣 + 𝑞𝑟𝑎𝑑,𝑅 + 𝑞𝑟𝑎𝑑,𝐿  (11) 

The heat fluxes from the top and bottom cells (i.e., 𝑞𝑁 and 𝑞𝑆, respectively) are assumed 

to vary linearly over each face of cell “j”: 𝑞𝑁 =
𝑘𝑤𝛿

∆𝑦
(𝑇𝑗−1 − 𝑇𝑗) and 𝑞𝑆 =

𝑘𝑤𝛿

∆𝑦
(𝑇𝑗+1 − 𝑇𝑗). In 
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addition, using the central differencing discretization scheme, the temperatures 𝑇𝑁 and 𝑇𝑆 of the 

neighboring cells are given by 𝑇𝑁 =
(𝑇𝑗−1+𝑇𝑗)

2
 and 𝑇𝑆 =

(𝑇𝑗+1+𝑇𝑗)

2
. Also, the convection term is 

𝑞𝑐𝑜𝑛𝑣 = ℎ𝑖𝑤∆𝑦(𝑇𝑗 − 𝑇∞,𝑖) for 𝑖=1, 2, and 3, representing the pre-plasma, plasma and post-plasma 

regions, respectively. The factor of 2 in front of 𝑞𝑐𝑜𝑛𝑣 in Eq. (11) accounts for convection from 

both sides of the foil, which is assumed to be symmetric. Finally, the radiation from the substrate 

to the two electrodes and to the chamber wall of the right and left sides (i.e., 𝑞𝑟𝑎𝑑,𝑅 and 𝑞𝑟𝑎𝑑,𝐿, 

respectively) are derived in the Appendix B.4. The final linearized equation is: 

𝑎𝑗𝑇𝑗 = 𝑎𝑗−1𝑇𝑗−1 + 𝑎𝑗+1𝑇𝑗+1 + 𝑏  (12) 

𝑎𝑗−1 =
𝑘𝛿

∆𝑦
+ 0.5(ρU𝐶𝑝𝛿) and  𝑎𝑗+1 =

𝑘𝛿

∆𝑦
− 0.5(ρU𝐶𝑝𝛿) 

𝑎𝑗 = 2
𝑘𝛿

∆𝑦
+ 2ℎ𝑖∆𝑦 + 2

4휀𝐶𝑢∆𝑦𝜎(𝑇𝑗
∗)
3

(1 − 휀𝐶𝑢)
 

𝑏 = 2ℎ𝑖∆𝑦𝑇∞,𝑖 +
휀𝐶𝑢∆𝑦(𝐽𝐶𝑢−𝑅

∗ + 3𝜎(𝑇𝑗
∗)
4
)

(1 − 휀𝐶𝑢)
+
휀𝐶𝑢∆𝑦(𝐽𝐶𝑢−𝐿

∗ + 3𝜎(𝑇𝑗
∗)
4
)

(1 − 휀𝐶𝑢)
 

where the temperatures 𝑇𝑗, 𝑇𝑗−1, and 𝑇𝑗+1 represent the center of the cell, and its top and bottom 

neighbors’ temperatures, respectively (Fig. 4.1(b)). The number of the discretized cells is 10,000 

with a cell size of ∆𝑦 = 1x10-4 m. 휀𝐶𝑢 and 𝜎 are the Cu emissivity and Stefan-Boltzmann constant, 

respectively. A separate heat transfer coefficient (ℎ𝑖) and gas temperature (𝑇∞,𝑖) are used for each 

region (𝑖 = 1, 2, and 3) for the pre-plasma, plasma and post-plasma, respectively. An iterative 

scheme solution is developed to update temperature-dependent properties (i.e., 𝐶𝑝  and 𝑘 ), 

radiosity (𝐽𝐶𝑢−𝑅
∗  and 𝐽𝐶𝑢−𝐿

∗  from the right and left sides of Cu foil, respectively) and temperature 

from the previous iteration (𝑇𝑗
∗) in Eq. (12). The solution converges when the relative difference 

between the temperature of the current and previous iterations is less than 10-4. 

 Results and Discussion 

4.4.1 Determination of Heat Transfer Parameters from Temperatures Measurements 

Figure 4.2(a) shows emission spectra from the plasma with and without Cu foil. The 

emission spectrum without the inclusion of Cu foil exhibits only narrow spectral lines originating 

from active plasma species (such as Ar, Ar+, H2, and H). The plasma emission with the presence 

of Cu foil has similar narrow spectral lines, but with a broad baseline that represents blackbody 
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emission from the Cu substrate. In addition, the broad baseline varies considerably along the Cu 

foil in the plasma region at a plasma power of 1250 W and a web speed of 0 mm/min, as presented 

in Fig. 4.2(b). The Cu foil has stronger emission near the middle of the plasma region (i.e., 500 

mm) compared to the position near the edge of the plasma region (i.e., 460 mm). Fitting spectra to 

Eq. (4) yields temperatures of 1190 K at 500 mm, and 1140 K at 460 mm as presented in Fig. 

4.2(b). At 550 mm, which is near the interface of the plasma and the post-plasma regions, the Cu 

foil temperature is 1115 K. Hence, the Cu foil temperature reaches a maximum at the plasma 

centerline, but then decays toward the plasma edges because of heat loss to the regions outside the 

plasma. 

   

    

Figure 4.2: (a) Emission spectra from the plasma with and without the Cu substrate, showing the 

broad baseline with the inclusion of Cu substrate. (b) The variations of Cu substrate emission with 

vertical positions in the plasma region at a fixed plasma power of 1250 W and a web speed of 0 

mm/min. (c) The effects of web speed on Cu foil emission from the same region (500 mm) and at 

constant plasma power (1250 W). (d) The gas and electrodes measurements as a function of plasma 

power. 
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Moreover, the Cu foil blackbody emission decreases with increased web speed due to the 

cooling effects from the advection term, as shown in Fig. 4.2(c). For example, the peak Cu foil 

temperature decreases from 1190 K at 0 mm/min, to 1095 K at 400 mm/min and finally to 1040 K 

at 600 mm/min at a fixed plasma power of 1250 W. Therefore, the precise determination of the Cu 

foil temperature serves to validate the temperature distribution from the heat transfer model as 

discussed in the next section. 

The electrodes temperatures, which were measured from near-IR emission, increase 

linearly with plasma power as shown in Fig. 4.2(d). The right electrode, which is closer to the Cu 

foil, has higher temperatures than the left electrode (Fig. 4.1(a)). Also, the gas temperature in the 

plasma region (𝑇∞,2) rises with increased plasma power as shown in Fig. 4.2(d). Gas temperature 

is determined from the rotational temperature of H2 using the Fulcher band in the range 601-611 

nm as reported in Ref. [187]. The rotational temperatures from H2 are assumed to be in thermal 

equilibrium with the translational gas temperature in this study and is discussed in Chapter 6. The 

gas and the electrodes’ temperatures remain nearly constant along the length of the plasma, within 

an uncertainty of less than 10%. The gas temperature was raised to 1160 K for the case of 850 W 

and 0 mm/min (instead of 1095 K for the remaining web speeds at 850 W) to fit the numerical 

model to the Cu foil experimental temperature measurements. Lastly, the gas temperatures in the 

pre- and post-plasma regions (𝑇∞,1 and 𝑇∞,3, respectively) are assumed to be similar and equal to 

the chamber’s single-point gas temperature ( 𝑇𝑠𝑢𝑟𝑟 ), measured with a thermocouple. The 

thermocouple temperature varies linearly with plasma power, and has a value of 313 K at 850 W 

and 332 K at 1250 W. 

After obtaining the Cu foil, electrode, and gas temperatures at different process conditions, 

the Cu foil temperature distribution can be determined from both analytical and numerical models 

as presented in Fig. 4.3(a). The web speed and plasma region length in Fig. 4.3(a) are 0 mm/min 

and 12.5 cm, respectively. Both models have identical temperature profiles when the radiation heat 

transfer is neglected. The Cu foil temperature is initially equal to the gas temperature (𝑇∞,1) and 

then increases gradually in the pre-plasma region until it suddenly rises near the plasma region 

because of heat conduction from the Cu foil in the plasma region. The temperature maximizes at 

1255 K in the middle of the plasma region due to a high gas temperature of 1260 K and the 

reactions of the Cu foil with ions, electrons, and intermediate species. The high-temperature 
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environment of the plasma allows for sufficient Cu foil heating without the use of supplemental 

heating commonly used in other R2R systems. After leaving the plasma region, the foil 

temperature declines steadily in the post-heating region until it reaches the gas temperature (𝑇∞,3). 

The maximum Cu foil temperature decreases by approximately 10 and 70 K by including 

the radiation terms in the analytical and numerical models, respectively (Fig. 4.3(a)). This 

temperature drop is attributed to heat loss by radiation from the high-temperature substrate to the 

lower-temperature wall and electrodes [188]. The difference between both models when radiation 

heat loss is included arises from the simplifications made in the analytical model to linearize the 

radiation terms in order obtain a closed-form solution of the Cu foil temperature. The larger 

temperature drop in the numerical model after including the radiation heat transfer is attributed to 

the higher heat loss by radiation which was derived more rigorously in the numerical model (see 

B.4 in Appendix B). Therefore, the analytical model including the radiation terms (the “analytical 

model” in the reminder of this work) is used to qualitatively clarify the trends of the Cu foil 

temperature with variations in process conditions. On the other hand, the numerical model with 

the radiation heat transfer (the “numerical model”) is used to derive the actual substrate 

temperature distribution. 

The heat transfer coefficients in the three regions (ℎ1, ℎ2, and ℎ3) play crucial roles in 

determining the Cu foil temperature distribution. Due to the complex fluid flow driven by 

buoyancy in the plasma, the values of ℎ1, ℎ2 , and ℎ3  are derived from fitting the temperature 

profile from the numerical model to the measured foil temperatures [180]. The Cu foil 

temperatures measured along the plasma region at 0 mm/min web speed and 1250 W plasma power 

are shown in Figs. 4.3 (b) and (c). The measured foil temperatures are compared to the temperature 

profiles from the numerical model with different values of ℎ1 and ℎ3, as presented in Fig. 4.3(b). 

The higher the value of ℎ1 and ℎ3, the lower the foil temperatures in the pre- and post-plasma 

regions, respectively, due to enhanced cooling from the lower temperature gas in these regions. 

Therefore, the best fit value for ℎ1 and ℎ3 is 5 W/m2K, which is kept as a fixed value in this work. 

Next, the heat transfer coefficient in the plasma region (ℎ2) is estimated from fitting the 

temperature profile from the numerical model to the measured Cu foil temperatures in the plasma 

at web speed of 0 mm/min and a fixed plasma power of 1250 W, as shown in Fig. 4.3(c). The Cu 

foil temperature increases with increased ℎ2, and has best fit value of 64 W/m2K, which is higher 

than the convective heat transfer coefficients in the other regions due to intense heating from the 
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active and energetic plasma gas. Hence, ℎ2 is used as a fitting parameter for the numerical model 

at different plasma powers, plasma lengths, and web speeds. The error in estimating heat transfer 

coefficients from this method is approximately 7% [181]. 

 

  

Figure 4.3: (a) Cu foil temperature distributions from the analytical and numerical models with 

and without the radiation term. The effects of (b) h1 and h3, and (c) h2 on the Cu foil temperature 

profiles from the numerical model. 

4.4.2 Effects of Web Speed and Plasma Power on Cu Foil Temperature Profile 

Figure 4.4(a) shows excellent agreement between the fitted numerical model and 

measurements of the Cu foil temperature at different web speeds at a plasma power of 1250 W. 

As web speed increases, the temperature profile becomes asymmetric with lower and higher 

temperatures in the pre- and post-plasma regions, respectively. First, the temperatures in the pre-

plasma region decrease with increased web speed due to the higher value of the exponent in Eq. 

(10) (i.e., √𝑎2 + 4𝑚1 + 𝑎) since 𝑎 =
𝜌𝑈𝐶𝑝

𝑘
, where 𝑈 is the web speed. As the web speed increases, 

higher heat is carried downward by the moving foil. Because heat advection has an opposite 
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direction to the heat conduction by the foil in the pre-plasma region, the Cu foil temperature 

decreases with increased web speed. 

On the other hand, the exponent in the post-plasma region in Eq. (10) (i.e., √𝑎2 + 4𝑚3 −

𝑎) decreases with increased web speed, resulting in higher Cu foil temperature. In other words, the 

Cu foil needs a longer distance to cool to the ambient gas temperature (𝑇∞,3) as web speed increases 

[179], [188], [189]. For example, the Cu foil temperatures at higher web speeds of 400 and 600 

mm/min decline sharply near the bottom spool which is assumed to be at equilibrium with the 

ambient gas (Fig. 4.4(a)). In the post-plasma region, both heat advection and conduction by the 

foil occur in the same direction, resulting in a Cu foil temperature rise with increased web speed. 

The peak temperature in the plasma region decreases at a rate of 0.12 K/(mm/min) with 

increased web speed due to the cooling effect provided by the moving foil. Furthermore, this peak 

temperature shifts downstream as web speed increases at a rate of 0.1 mm/(mm/min) as confirmed 

by the temperature measurements in the inset of Fig. 4.4(a). Hence, the temperature of the foil 

suffers from less uniformity in the plasma region with increased web speed. Similar effects of web 

speed on Cu foil temperature are observed at a lower plasma power of 1050 W as presented in Fig. 

4.4(b). However, the Cu foil temperature exhibits lower temperature values because of the 

reduction in electron number density and electron temperature with decreased plasma power [187], 

that also decrease the plasma gas temperature (𝑇∞,2) as shown in Fig. 4.2(d). 

Figure 4.4(c) illustrates that, at a constant plasma power, ℎ2 decreases sharply when web 

speed is raised from 0 to 150 mm/min followed by a gradual decrease with a further increase in 

web speed. For example, ℎ2 is 64 W/m2K at 0 mm/min, whereas it is reduced to 35 W/m2K at 600 

mm/min under the same plasma power of 1250 W. This reduction in ℎ2 with increased web speed 

could be explained from a heat transfer point of view as follows. The fluid flow between the 

electrodes away from the substrate is generally driven upward by buoyancy. However, since the 

foil moves downward, the fluid adjacent to the moving foil is inclined to flow downward due to 

the viscous impact from the foil [189]. Thus, the colder Cu foil is expected to entrain more low-

temperature gas near the substrate with increased web speed leading to a minimized ℎ2. Indeed, 

the plasma gas temperature measured near the Cu foil region is found to decrease slightly with 

increased web speed. Furthermore, a recirculation zone of the fluid flow could appear near the foil 
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leading to a decrease in heat transfer between the fluid and the foil as reported by Choudhury and 

Jaluria [189]. 

Furthermore, ℎ2 takes higher values with increased plasma power at a constant web speed 

reflecting the enhanced interaction between the plasma gas and the foil (Figure 4.4(c)). Due to the 

larger temperature difference between the plasma and ambient regions with raised plasma power, 

the flow velocity is increased leading to higher ℎ2 with increased plasma power. For example, the 

plasma gas temperature (𝑇∞,2) increases considerably from 1155 K at 1050 W to 1260 K at 1250 

W whereas the ambient gas temperature (𝑇∞,1 and 𝑇∞,3) rises slightly from 323 K to 332 K in the 

same plasma power ranges. Therefore, the flow velocity has higher values at 1250 W than 1050 

W because of the greater temperature difference between the plasma and ambient regions at 1250 

W leading to greater ℎ2  with increased plasma power (Fig. 4.4(c)). Results demonstrate the 

substantial impact web speed has on Cu foil temperature, which in turn affects graphene growth. 

   

  

Figure 4.4: The Cu foil temperature distribution from the numerical model compared to the 

measured Cu foil temperatures in the plasma region at (a) 1250 W and (b) 1050 W at various web 

speeds. (c) Heat transfer coefficient in the plasma (h2) as a function of plasma power and web 

speed. 
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4.4.3 Effects of Web Speed and Plasma Power on Graphene Growth 

Graphene deposition is primarily affected by the Cu foil temperature distribution as a 

function of plasma power and web speed. Here, Raman spectroscopy is used to quantify the quality 

of graphene deposited at various process conditions. Graphene has three principal Raman peaks: 

D at 1350 cm-1, G at 1580 cm-1 and 2D at 2700 cm-1 as shown in Fig. 4.5(a). The D-peak indicates 

graphene defect density, whereas the G- and 2D-peak are associated with graphitic lattice structure 

[145]. Thus, the D and G peak ratio (ID/IG), which indicates graphene quality, decreases 

exponentially with increased web speed, and reaches an asymptotic value at higher web speeds 

depending on the plasma power, as illustrated in Fig. 4.5(b). The ID/IG ratio is higher with increased 

plasma power because of the enhanced ion bombardment of the Cu foil [23]. For instance, the ID/IG 

ratio decreases from 1.9 at 0 mm/min to 0.8 at 600 mm/min at 1250 W, whereas the ID/IG ratio 

falls from 1.6 to 0.7 in the same web speed range but with a reduced plasma power of 850 W. 

The decline of the ID/IG ratio with increased web speed is contrary to the results of a R2R 

thermal CVD system in which the ID/IG ratio is raised from 0.1 at 25 mm/min to 1.0 at 500 mm/min 

[16]. Unlike thermal CVD, graphene grown in plasma CVD is negatively affected by ion 

bombardment [53]. Also, these results are opposite to the results of Case 1, but almost similar to 

Case 2 discussed previously in Chapter 3 which indicate the importance of plasma conditions in 

determining graphene quality as a function of web speed. Thus, lowering the residence time of the 

Cu foil in the plasma region improves graphene quality in this case. Previous work [165], [190] 

found that pristine graphene quality decreases with increased ion bombardment dose. The ion dose 

is defined as 𝑑𝑜𝑠𝑒 =
𝑃

𝑊𝑈
 where 𝑃 is the plasma power, 𝑊 is the electrode’s width, and 𝑈 is the 

web speed [191]. Similarly, the ID/IG ratio in our work increases with higher ion dose as a 

consequence of either increasing the power or lowering the web speed (Fig. 4.5(b)). 

Moreover, the ID/IG ratio reduction with minimized ion dose indicates an increase of the 

in-plane crystalline size (La) following the correlation: 
𝐼𝐷

𝐼𝐺
=
𝐶(𝜆)

𝐿𝑎
 where 𝐶(𝜆) = 2.4x10−10𝜆4, and 

𝜆 is the laser wavelength excitation in nm [147], [149]. In our setup, graphene growth and defects 

by ion bombardment compete and occur simultaneously which suggests the enlargement of La with 

increased web speed or decreased plasma power, indicating minimized defects density in the 

graphene lattice. For example, La increased from 11 nm at 0 mm/min to 24 nm at 600 mm/min for 

a plasma power of 1250 W. Because of the presence of strong ion bombardment in the plasma 
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could not be eliminated previously to minimize the ID/IG ratio, the objective here is to maximize 

graphene quality in the R2R process by improving the 2D peak. 

 

   

Figure 4.5: (a) A Raman spectrum of graphene at 1250 W and 0 mm/min showing the prominent 

peaks of graphene. (b) The ID/IG peak ratio and (c) The I2D/IG peak ratio as a function of the web 

speed at different plasma powers. 

The ratio of the 2D and G peaks (I2D/IG) is correlated to the number of graphene layers, 

since the 2D peak is sensitive to the electron structure of graphene, which depends on the number 

of graphene layers [146]. Additionally, the 2D peak is a signature of graphene which was utilized 

to distinguish graphene from other carbon nanostructures [192]. Figure 4.5(c) shows the decline 

of the I2D/IG ratio from 0.8 at 0 mm/min to 0.2 at 50 mm/min at a constant plasma power of 1250 

W. After that, the I2D/IG ratio decreases gradually with increased web speed and reaches an 

asymptotic value of approximately 0.1. The same trend of the I2D/IG ratio is observed at the lower 

plasma powers, but with lower overall I2D/IG ratio values. Since the number of graphene layers 

increases with residence time [23], [62], we expected a higher value of the I2D/IG ratio with 

increased web speed. However, the opposite is observed in the results of Fig. 4.5(c), suggesting 

the presence of a weak coupling between graphene layers as commonly found in graphene samples 
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from CVD systems [20]. Instead, the increase of the I2D/IG ratio with increased plasma power 

confirms a direct correlation between the I2D/IG ratio and the Cu foil substrate temperature [46], 

[59]. 

The variation of the I2D/IG ratio with web speed found here is similar to previous results in 

a R2R thermal CVD system [16]. The reason for the I2D/IG ratio decrease is attributed to the 

decrease of Cu foil temperature due to the advection of the moving film as presented previously 

in Figs. 4.4 (a) and (b). The decrease in Cu foil residence time in the plasma region with increased 

web speed could diminish the growth kinetics, especially at lower Cu foil temperatures at which 

the graphene growth rate minimizes [167]. For example, the I2D/IG ratio values remain around 0.1 

at a reduced plasma power of 850 W with web speeds of 50 mm/min and higher (Fig. 4.5(c)). 

However, as the plasma power increases, the decay of the I2D/IG ratio with increased web speed 

slows because of the raised Cu foil temperature. Thus, the graphitization processes are minimized 

at a lower substrate temperature and a shorter residence time because of less active C atoms at the 

Cu surface. As a result, the graphene films grown at high web speeds experience an incomplete 

formation of the graphene lattice, leading to the deposition of graphene-like films on the Cu foil 

[193], rather than fully formed graphene layers. 

4.4.4 Effects of Plasma Length on Cu Foil Temperature Profile and Graphene Growth 

In this section, the plasma length is reduced to approximately 5.0 cm using a smaller slit 

electrodes (but the width becomes about 12.5 cm) to study the influence of plasma length on Cu 

foil temperature and graphene growth. The given configuration is referred to as “horizontal”, 

whereas the setup discussed in the previous sections with plasma length of 12.5 cm and width of 

5.0 cm is donated as “vertical”. Due to the reduced plasma length, the temperature distribution of 

the horizontal configuration has a narrower profile with lower temperature values than the vertical 

setup, as shown in Fig. 4.6(a). Thus, the difference between the Cu foil temperatures in both 

configurations becomes larger at positions away from the plasma centerline. For instance, the 

temperature difference increases from 55 K around 500 mm to 225 K at 530 mm at a plasma power 

of 1250 W. Therefore, the Cu foil experiences a lesser temperature distribution uniformity in the 

horizontal configuration because of the shorter plasma slit length. 

Figure 4.6(b) presents the Cu foil temperature profile of the horizontal configuration at a 

plasma power of 1150 W and different web speeds. The Cu foil temperature increases gradually 



57 

 

in the pre-plasma region followed by a temperature rise in the plasma region which lasts for a 

shorter length until the temperature decays in the post-plasma region. Similar to the vertical 

configuration, the increase of the web speed reduces the temperature in both the pre-plasma and 

plasma regions, whereas the temperature in the post-plasma region increases (Fig. 4.6(b)). 

Remarkably, the position of the peak-temperature in the plasma region is shifted downstream as 

the web speed increases because of the heat advection of the moving foil, as confirmed by the 

measurements found in the inset of Fig. 4.6(b). For example, the measured Cu foil temperature 

near the plasma and the post-plasma interface (i.e., at 530 mm) rises from 955 K at 0 mm/min to 

990 K at 150 mm/min because of the heat advection by the moving foil. 

 

          

Figure 4.6: (a) Comparison between Cu foil temperature measurements from the vertical and 

horizontal configurations at various positions in the plasma region. The conditions are 850 and 

1250 W at 0 mm/min. (b) Cu foil temperature at 1050 W and various web speeds for the horizontal 

setup. (c) The heat transfer coefficient in the plasma region (h2) as a function of web speed and 

plasma power for the two configurations. 

The convective heat transfer coefficients in the pre- and post-plasma regions (ℎ1 and ℎ3, 

respectively) are kept constant at 5 W/m2K in Fig. 4.6(b). On the other hand, the convective heat 
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transfer coefficient in the plasma region (ℎ2) is derived by fitting the temperature profile from the 

numerical model to the experimental temperature measurements (Fig. 4.6(b)). As in the case of the 

vertical configuration in Fig. 4.4(c), ℎ2 decreases when either the plasma power is lowered or the 

web speed is raised as presented in Fig. 4.6(c). However, ℎ2 in the horizontal configuration has 

larger values than ℎ2 in the vertical configuration for all the cases included in Fig. 4.6(c). The 

enhanced value of ℎ2 in the horizontal configuration is attributed to the larger electrodes’ width of 

12.5 cm compared to the lesser width of 5.0 cm for the vertical configuration. Thus, the Cu foil, 

which has a width of 2.54 cm, is surrounded laterally by a larger volume of plasma gas in the 

horizontal configuration, which improves plasma gas interactions with the foil. Hence, the 

recirculation of the fluid flow near the moving foil might be reduced which leads to higher ℎ2 

values in the horizontal configuration [189]. 

Table 4.1 lists the ID/IG and I2D/IG ratios for graphene grown on the Cu foil in both the 

horizontal and vertical configurations. The ID/IG ratio of both configurations decreases with either 

increased web speed or reduced plasma power, which is similar to the trend shown in Fig 4.5(b). 

However, the ID/IG ratio in the horizontal configuration exhibits slightly lower values than that of 

the vertical configuration, as discussed in Chapter 3, because of minimized ion bombardment with 

a reduced residence time in the plasma [191]. Nevertheless, the I2D/IG ratio, which has similar 

trends for both configurations, is higher for the vertical configuration, especially at 1050 W. The 

increase of the I2D/IG ratio is due to the higher and more uniform Cu foil temperatures in the vertical 

configuration, leading to accelerated graphene growth with increased Cu foil temperatures [167]. 

Table 4.1: Comparison between the ID/IG and I2D/IG ratios of graphene grown by the vertical and 

horizontal configurations at various plasma powers and web speeds. 

Plasma 

power 

[W] 

Web 

speed 

[mm/min] 

ID/IG ratio 

(vertical 

configuration) 

ID/IG ratio 

(horizontal) 

I2D/IG ratio 

(vertical 

configuration) 

I2D/IG ratio 

(horizontal 

configuration) 

850 0 1.61 1.54 0.53 0.26 

850 50 0.76 0.67 0.10 0.10 

850 150 0.66 0.60 0.07 0.08 

1050 0 1.70 1.72 0.65 0.43 

1050 50 1.07 0.95 0.16 0.11 

1050 150 0.83 0.68 0.12 0.10 

Therefore, there is a tradeoff between the ID/IG and I2D/IG ratios for graphene grown in our 

system due to the different roles of the plasma. In one instance, the substrate is heated to high 



59 

 

temperatures by the plasma, which also supplies active carbon species to enhance graphene growth 

thus increasing the I2D/IG ratio and decreasing the ID/IG ratio. On the other hand, the plasma also 

contains ions with high energy (such as H and Ar+) that degrade graphene quality (e.g., increase 

the ID/IG ratio and decrease the I2D/IG ratio). Results suggest that a larger plasma length enhances 

the graphitization processes due to high Cu foil temperatures. 

4.4.5 The Optimized Condition for Continuous Graphene Growth on Cu Foil 

A high throughput deposition of graphene on Cu foil is attainable provided that the 

substrate is heated uniformly over an extended length of the plasma region. In other words, Cu foil 

residence time in the plasma should be increased to improve the I2D/IG ratio. Therefore, an 

optimized experiment is carried out with the following modifications: (1) expanding the plasma 

length to approximately 15 cm by using larger electrodes, (2) raising the plasma power to 1450 W, 

but (3) reducing the web speed to about 30 mm/min. As a result, the Cu foil temperature using the 

optimized conditions has a high-temperature, uniform profile in the plasma with values around 

1200 K sustained uniformly 10 cm in the plasma region as confirmed by the experimental and 

numerical model results in Fig. 4.7(a). 

     

Figure 4.7: (a) Temperature distribution of the Cu foil at the optimized throughput deposition of 

graphene at 1450 W and 30 mm/min. (b) The emission spectrum of Ar/H2/CH4 near the foil region 

in the middle of the plasma (i.e., y=500 mm) as a function of plasma power. 

In addition, the increase in plasma power leads to more significant dissociation of the gas 

mixture because of the higher energy supplied to the system. As a result, the emission intensity of 

the intermediate species increases with raising plasma power, as shown in Fig. 4.7(b). For instance, 

the plasma at 1450 W has a higher emission of CH radicals, which enhances graphene quality, as 
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discussed in Chapter 3, because of the addition of more carbon in the deposition process [23], 

[167]. Therefore, the elevated concentration of CH radicals combined with the higher substrate 

temperature at 1450 W aided in consistently depositing higher quality graphene at a web speed of 

30 mm/min. 

Consequently, the Raman spectrum of graphene for the optimized conditions shows a 

higher intensity 2D peak with an I2D/IG ratio value of about 0.7, indicating improved crystallization 

of carbon atoms on the high-temperature Cu surface (Fig. 4.8(a)). Similar Raman results are 

obtained across the Cu foil. Furthermore, a uniform graphene film is deposited on a large area of 

the Cu foil, as presented in the SEM image in Fig. 4.8(b) which shows several wrinkles of graphene 

across the Cu grains. Therefore, the Cu foil has to be heated to high temperatures for a considerable 

distance to produce high-quality graphene at faster web speeds. 

  

Figure 4.8: (a) Raman spectrum of graphene grown at the optimized condition showing a high 

peak of the 2D peak. (b) SEM image of graphene on Cu presenting a uniform deposition of 

graphene of the optimized condition. 

Our thermal analysis provides some explanations regarding the differences in reported web 

speeds from various R2R CVD systems for comparable quality graphene. For example, since the 

Cu foil was heated for about 40 cm using a direct Joule heating method by Kobayashi et al. [138], 

graphene was deposited at a web speed of 100 mm/min. On the other hand, a lower web speed of 

5 mm/min for graphene deposition was reported by Zhong et al. [17] due to the shorter length of 

the chamber region in which the Cu foil was heated (about 15 cm). In addition, the Cu foil was 

heated via a thermal furnace Zhong et al. which is less efficient than the direct Joule heating of 

Kobayashi et al. Therefore, graphene deposition on Cu foil can be accomplished at higher web 

speeds provided that the Cu foil is heated uniformly to around 1273 K in a long processing line. 

1000 1500 2000 2500 3000

0

1000

2000

3000

4000

5000

In
te

n
s
it

y
 (

a
.u

.)

Raman Shift (cm-1)

50 µm 

(a) 
(b) 



61 

 

Plasma systems can meet functional specifications with higher efficiency and lower cost than other 

systems, but ion bombardment should be minimized using dual-frequency capacitively coupled 

plasmas, or inductively coupled plasmas sources. 

 Conclusion 

A high throughput production of graphene is the main bottleneck for integration and 

adoption in existing or future manufacturing facilities. Here, a heat transfer model is developed 

from first principles to determine the temperature distribution of the copper foil during graphene 

deposition in a roll-to-roll plasma CVD. The Cu foil temperature is measured by near-IR optical 

emission spectroscopy at various positions in the plasma region. Temperature measurements aid 

in validating the fin model at multiple plasma powers, lengths, and web speeds by estimating the 

convective heat transfer coefficient in the plasma region. The Raman spectroscopy results show 

that the I2D/IG ratio declines with increased web speed, particularly at lower plasma powers, 

limiting the mass production of high-quality graphene. Limitations are due to lessened Cu foil 

temperature with higher web speed or reduced plasma power and length. Therefore, a high 

throughput deposition of graphene on Cu foil necessitates a uniform and high-temperature for Cu 

foil in a long processing line. In our work, the maximum length of the plasma region is limited by 

the plasma stability at high operating powers. Our thermal analysis reported here aids in providing 

guidelines for high throughput material processing in various roll-to-roll systems. 
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5. THE ROLE OF HEAT TRANSFER IN ROLL-TO-ROLL DEPOSITION 

OF GRAPHENE ON NICKEL FOIL 

 Motivation and Background 

The limitations of high throughput graphene growth on Cu foil, as explored in the previous 

chapter, motivate the study of graphene growth on Ni foil as an alternative substrate. Ni has widely 

been used as a substrate for large-area deposition of graphene: from mono-layer to few-layer and 

thin graphite. Yu et al. [36] studied the effects of carbon segregation from the Ni substrate and 

found that the cooling rate played a significant role in producing few-layer graphene on Ni. Reina 

et al. [35] reported the deposition of few-layer graphene using an atmospheric pressure CVD and 

also observed the variation of graphene thickness among Ni grains, where graphene nucleates at 

Ni grain boundaries. Similarly, Kim et al. [14] found that the number of graphene layers differs 

between Ni grains and depends on Ni film thickness. Moreover, a microwave plasma CVD was 

used by Kim et al. [41] to deposit graphene on Ni foil at elevated substrate temperatures (e.g., 1023 

K). Alternatively, a DC discharge and an inductively coupled plasma were developed by Obraztsov 

et al. [54] and Cheng et al. [63], respectively, to deposit thin graphite films at low temperatures. 

Despite a number of previous studies in the area of graphene CVD on Ni, large scale production 

of graphene on Ni using a roll-to-roll CVD method had not been previously reported. 

Graphene growth on a Ni substrate is initiated by the decomposition of methane (CH4) (or 

another hydrocarbon source) to intermediate species at temperatures greater than 900 K. Carbon 

species dissolve in the Ni substrate, forming metastable nickel carbides resulting from the high 

carbon solubility in Ni (1.3 carbon atomic % at 1273 K) [194]. While cooling, carbon precipitates 

and segregates on the Ni surface due to the decreased carbon solubility as the substrate temperature 

cools. As a result, graphene with different qualities and thicknesses can be deposited on Ni, 

depending on cooling rate. Yu et al. [36] found that a fast cooling rate (20 K/s) produced a thick 

graphite film, whereas no graphene was grown with a slow cooling rate (0.1 K/s) because carbon 

atoms could diffuse and evaporate from the Ni surface to the bulk gas. Few-layer graphene was 

successfully produced at a moderate cooling rate of 10 K/s, demonstrating the efficacy of using 

the substrate cooling rate to control graphene thickness and quality [36]. 
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Following the work of Yu et al. [36], several studies have investigated cooling rate effects 

on graphene deposition over a Ni substrate, as summarized in Table 5.1. The previous reports 

considered categorizing the cooling rates as either slow or fast, or according to an optimum rate 

between the two. Cooling rates were primarily derived from thermocouple measurements of the 

substrate holder, and not directly from the substrate [36]. Moreover, the derived cooling rate was 

assumed to be constant, which is not the case due to the non-linearity of convection and radiation 

processes with the gas flow and chamber wall. Consequently, cooling rate values associated with 

the successful growth of few-layer graphene are inconsistent in literature. For example, the 

optimum cooling rate for high-quality few-layer graphene was found to be 10 K/s [36], whereas 

this optimum value decreased to 0.07 K/s in another study [195]. Therefore, the lack of a detailed 

heat transfer analysis of the Ni substrate hinders the potential of utilizing Ni for scalable production 

of graphene. 

Table 5.1: Comparison of process parameters during graphene growth on Ni substrate. CVD: 

chemical vapor deposition, MPCVD: microwave plasma CVD, PECVD: plasma-enhanced CVD, 

PLD: pulsed laser deposition, rf CVD: radio-frequency plasma CVD. 

Growth 

Method 

Ni 

Thickness 

[µm] 

Growth 

Temperature 

[K] 

Slow 

Cooling 

Rate [K/s] 

Medium 

Cooling 

Rate [K/s] 

Fast 

Cooling 

Rate [K/s] 

Ref. 

CVD 0.3 1273 - 10.0 - [14] 

CVD 0.3 1123-1273 0.03 0.07 0.1 [195] 

CVD 0.3 1273 0.1 - - [196] 

CVD 5 1173 0.28 - 34.0 [197] 

CVD 25 1273 - 3.3 - [198] 

CVD 30 1173 0.3 - 3 [199] 

CVD 50 1123-1223 - 10 - [200] 

CVD 500 973-1273 - 2.7 - [201] 

CVD 500 1273 0.1 10.0 20.0 [36] 

CVD 1000 1343 0.002 - NA [202] 

PECVD 0.5 473-1073 0.1 0.3 0.4 [63] 

PLD 0.6 1023 0.02 0.8 1.7 [203] 

MPCVD 50 723-1023 - 3.0 - [41] 

 

Here, we focus on the impact of heat transfer on the Ni foil temperature distribution and the 

relationship to graphene growth on Ni foil in a roll-to-roll plasma CVD system. The heat transfer 

model is validated with in situ temperature measurements. The Ni foil cooling rate is 

unambiguously derived from basic heat transfer principles, showing that the cooling rate rises with 
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increasing web speed. Thus, due to the high carbon solubility in Ni substrate, graphene can be 

deposited at higher web speeds because of enhanced cooling rates. The heat transfer analysis and 

graphene characterization methods reported here advance the potential of graphene mass 

production on substrates with high carbon solubility beyond Cu. 

 Results and Discussion 

5.2.1 Roll-to-Roll Deposition of Graphene on Ni Foil 

Graphene was deposited on Ni foil during the R2R process with different quality and 

thickness, depending on the web speed and plasma power, at 15 mbar in an experimental setup 

similar to the one described in Chapter 4. Figure 5.1 shows the Raman spectra of graphene grown 

at plasma powers of 850 W and 1050 W at various web speeds. The main Raman peaks of graphene 

are a D peak at 1350 cm-1, G peak at 1580 cm-1, Dʹ peak at 1620 cm-1, and 2D peak at 2700 cm-1 

[145], [192]. The D and Dʹ peaks occur because of defects in graphene lattice, whereas the G and 

2D peaks are signatures of graphitic films. The intensity ratio of the 2D and G peaks (I2D/IG) for 

the stationary case at 1050 W is 0.5. However, the I2D/IG ratio reduces to 0.3 when the plasma 

power drops to 850 W for the stationary case due decreased Ni foil temperature with reduced 

plasma power indicating a lower crystallinity of the deposited graphene films [41], [201], [204]. 

Previous reports show that the I2D/IG ratio increases with increased substrate temperature indicating 

improved ordered of the graphitic fragments [204] and decreased number of layers [201]. 

Furthermore, as the web speed increases to 50 and 150 mm/min, the I2D/IG ratio of samples 

grown at 1050 W drops to 0.3 and 0.1, respectively (Fig. 5.1(a)). Similar trends of the I2D/IG ratio 

changes with increasing web speed appear at a reduced plasma power of 850 W, as shown in Fig. 

5.1(b). For both plasma powers, the 2D peak is weak at a web speed of 150 mm/min because of 

the lowered foil residence time in the plasma (i.e., 50 s) that minimizes carbon diffusion. In prior 

work, a lower crystalline-order, thinner graphene was reported with reduced growth time [205]. 

With increased residence time in the plasma, the deposited graphene crystalline structure is 

enhanced, and the thickness increases because of the larger concentration of dissolved carbon 

atoms in Ni [201]. Indeed, the position of the 2D peak, which shifts to lower wavenumbers with 

decreased graphene thickness [201], shifts from 2704 cm-1 for the stationary case, which has a 
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residence time of 20 min, to 2690 cm-1 at 50 mm/min (2.5 min residence time) at a fixed plasma 

power of 1050 W. 

   

Figure 5.1: Raman spectra of graphene on Ni foil as a function of web speed at (a) 1050 W and (b) 

850 W plasma powers. 

On the other hand, the ID/IG peak ratio, which represents the defect density of graphene, 

suggests that the deposited graphene is negatively affected by ion bombardment from plasma 

species such as H and Ar+ [23]. The ID/IG ratio values remain similar at around 1.3 as a function 

of web speed and plasma power, except for the stationary case at 1050 W, which has a lower value 

of 0.8 (Fig. 5.1). The decreased ID/IG peak ratio for the stationary case at 1050 W (and also for the 

stationary case at 850 W) could be attributed to defect healing by the higher temperature Ni foil 

that enhances carbon atom mobility on its surface [206]. The Dʹ peak is apparently present for 

these stationary cases, whereas the Dʹ peak merges with the G peak as the web speed increases 

(Fig. 5.1). As a result, the G peak position shifts from 1586 cm-1 at 0 mm/min to 1602 cm-1 at 50 

mm/min, and finally to 1606 cm-1 at 150 mm/min at a fixed plasma power of 850 W. 

Graphene uniformity is presented in the SEM images found in Fig. 5.2, which demonstrate 

substantial differences in contrast and morphology of deposited film, as a function of web speed 

at a fixed plasma power of 850 W. The thickness of graphene varies significantly across the Ni 

surface for the stationary case, as shown in Figs. 5.2 (a) and (b). The darker regions represent 

thicker carbon films, whereas the lighter regions suggest graphene with a reduced number of layers. 

This thickness variation within the sample arises from the various orientations in the 

polycrystalline Ni foil that have distinct carbon perception rates during the substrate cooling period 

[196], [205], [207]. 
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Conversely, as the web speed increases, the uniformity of graphene is considerably 

enhanced, as shown in SEM images in Figs. 5.2 (c) and (e), with web speeds of 50 and 150 mm/min, 

respectively. Furthermore, the contrast between the images in Figs. 5.2 (d) and (f) decreases with 

higher web speed, indicating reduced graphene thickness. These results can be explained in detail 

using the Ni foil thermal model in the following subsections. 

 

Figure 5.2: SEM images of graphene on Ni foil at a fixed plasma power of 850 W and various web 

speeds of (a) and (b) 0 mm/min, (c) and (d) 50 mm/min, and (e) and (f) 150 mm/min. 

5.2.2 Ni Foil Temperature Distribution during Roll-to-Roll Graphene Growth  

The Ni foil temperature in the plasma region is measured through blackbody emission 

using in situ optical emission spectroscopy described in Chapter 4. Figure 5.3(a) shows three 

emission spectra from Ni foil in the plasma region as a function of plasma power. As the plasma 

power increases, the emission baseline rises, indicating a higher Ni temperature. As in Chapter 4, 

the strong baseline spectrum disappears from the plasma emission once the substrate is excluded. 

Hence, the Ni foil temperatures, inferred from fitting spectra to a Planck’s distribution (Eq. (4)), 

are 990, 1045, and 1065 K at 850, 1050 and 1250 W, respectively. Increasing substrate temperature 

with increasing plasma power is caused by the higher plasma gas temperature that promotes the 

substrate heating. Measurements are made at a Ni foil position of 𝑦= 490 mm, which is near the 

centerline of the plasma region. 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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Ni foil temperature depends primarily on measurement position and web speed, as 

illustrated in Fig. 5.3(b). At 850 W plasma power and 0 mm/min web speed, the Ni foil temperature 

decreases slightly from 990 K at the plasma centerline (𝑦 = 490 mm) to 965 K at the plasma edge 

(𝑦 = 460 mm). This temperature drop occurs because of heat loss by conduction to the lower 

temperature Ni foil in the pre-plasma region. In addition, the temperature at 𝑦 = 460 mm reduces 

further to 935 K when the Ni foil is moving downward at a web speed of 50 mm/min and at a 

constant plasma power of 850 W. The heat transfer by advection lowers the Ni temperature, 

especially near the pre-plasma/plasma interface (𝑦 = 460 mm). 

    

Figure 5.3: (a) Ni emission spectra at 490 mm as a function of plasma power. (b) The variation of 

Ni emission as a function of position in the plasma region and web speed at 850 W. 

Figure 5.4(a) presents a comparison between the Ni foil temperature distribution from the 

numerical model and experimental results at a plasma power of 850 W and various web speeds. 

The temperatures from the model agree with the experimental measurements, within a range of 

uncertainty, shown in the inset of Fig. 5.4(a). In the stationary case (i.e., 0 mm/min), the Ni foil 

temperature in the plasma region is high due to elevated plasma gas temperature (𝑇∞,2). Also, the 

Ni foil temperature has a flat profile in the plasma region due to the relatively low thermal 

conductivity of Ni. However, the Ni foil temperature drops sharply outside the plasma region as 

the heat is conducted to the low-temperature pre- and post-plasma regions where the Ni foil 

temperature reaches asymptotic values equal to the gas temperatures in these regions (i.e., 𝑇∞,1, 

𝑇∞,3). Nevertheless, as the web speed increases, the maximum Ni foil temperature in the plasma 

region decreases with diminished temperature uniformity because of the heat advection of the 

moving foil. 
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The effective heat transfer coefficient in the plasma region (ℎ2) is derived from fitting the 

model to the measurements, as shown in Fig. 5.4(a). The trends of ℎ2 from Ni foil experiments in 

Fig. 5.4(b) are similar to those of Cu foil in the same process conditions, as described in Chapter 

4, but with less dependence on plasma power. On the other hand, the decline of ℎ2 with raised web 

speed is correlated to the lessened plasma gas interaction with the foil. The foil is moving 

downward, in the opposite direction from the upward gas flow driven by buoyancy between the 

two electrodes. Hence, increased web speed could lead to flow recirculation near the moving Ni 

foil that can decrease the convective heat transfer coefficient [189]. 

The Ni foil temperature in the pre-plasma region is reduced and the start of the temperature 

rise is delayed with increased web speed (Fig. 5.4(a)). The changes in temperature profile through 

web speed can be explained by the increase of the factor 𝛽1 = √𝑎2 + 4𝑚1 + 𝑎 with higher web 

speed. The factor 𝛽1 represents the exponent in the analytical solution of the pre-plasma region 

temperature of Eq. (10) in Chapter 4. As the web speed increases, the parameter 𝑎 increases the 

value of 𝛽1 leading to lower foil temperatures in the pre-plasma region. On the other hand, the 

temperature increases considerably in the post-plasma region with increased web speed, as shown 

in Fig. 5.4(a). This temperature rise is caused by the decreased value of 𝛽3= √𝑎2 + 4𝑚3 − 𝑎 in 

Eq. (10) with increased web speed. Thus, Ni foil temperature depends primarily on web speed as 

a result of high heat advection, in contrast to the Cu foil temperature distribution, which depends 

more strongly on conduction, as discussed next. 

        

Figure 5.4: (a) Comparison between Ni foil temperature distributions from the model and 

experimental measurements at 850 W and various web speeds. (b) The heat transfer coefficient in 

the plasma region (h2) for Ni foil at different plasma powers and web speeds. The spatial resolution 

of emission measurements is about 2 mm. 
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Figure 5.5 compares the temperature distribution of Ni and Cu foils at a plasma power of 

1050 W and web speeds of 0, 50 and 150 mm/min. Both the Ni an Cu foils have similar thickness 

of 76 µm. At the given web speeds, Cu foil has a higher temperature in the plasma region than Ni 

foil, even though the plasma gas temperature is almost similar for both foils. This temperature 

difference is related to the higher emissivity of Ni, which is 0.14 for Ni, compared to 0.04 for Cu 

at 1000 K [185]. Hence, Ni foil experiences higher radiation exchange with the low-temperature 

chamber wall and electrodes, resulting in a higher heat loss from Ni foil than from Cu foil [188]. 

If radiation heat transfer is excluded from the model, the difference between the maximum Ni and 

Cu foil temperatures in the plasma region become negligible within the experimental uncertainty. 

   

   

Figure 5.5: Comparison between Ni and Cu foil temperature distributions at 1050 W and web 

speeds of (a) 0 mm/min, (b) 50 mm/min, and (c) 150 mm/min. 

Due to the low thermal conductivity of Ni, the Ni foil temperature remains nearly constant 

in the plasma region, in contrast to the Cu foil, which shows a strong decaying profile because of 

its higher thermal conductivity (Fig. 5.5). Similarly, as shown in Fig. 5.5(a), Ni foil conducts less 

heat to the pre- and post-plasma regions in the stationary case. For Cu, because of its higher thermal 
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conductivity, the temperature field penetrates to longer distances in the pre- and post-plasma 

regions at 0 mm/min. 

As illustrated in Figs. 5.5 (b) and (c), both Ni and Cu foil temperature profiles evolve as a 

result of heat advection via foil movement as web speed increases from 0 to 150 mm/min. Ni has 

a higher 𝑃𝑒 number than Cu because of the low thermal diffusivity of Ni, resulting in a larger heat 

transfer by advection than diffusion processes in Ni foil [185]. The 𝑃𝑒 number is defined as 𝑃𝑒 =

𝐿𝑈

𝛼
, where 𝛼 =

𝑘

𝜌𝐶𝑝
  is the thermal diffusivity of the foil, 𝐿 is the plasma length, and 𝑈 is the web 

speed. For example, the 𝑃𝑒 number of Ni increases from 6.97 at 50 mm/min to 20.90 at 150 

mm/min, whereas the 𝑃𝑒 number rises slightly from 1.15 to 3.43 for Cu for the same web speeds. 

Hence, the temperature distribution of Ni foil changes more significantly than Cu foil with web 

speed. 

Additionally, Ni foil temperature in the pre-plasma region falls with increased web speed 

more rapidly than for the Cu foil (Fig. 5.5). As a result, the Ni foil temperature profile is less 

uniform at the beginning of the plasma region, especially at a web speed of 150 mm/min. More 

significantly, the Ni foil temperature in the post-plasma region decays at a slower rate than that of 

Cu foil. However, at a web speed of 50 mm/min, Cu foil has a slightly higher temperature than Ni 

foil in the post-plasma region; at a higher web speed of 150 mm/min, the Ni foil temperature 

exceeds that of the Cu foil in the post-plasma region (Fig. 5.5(c)). 

To explain Ni and Cu foil temperatures variations with web speed, the analytical solution 

(Eq. (10)) is utilized to study the dependence of the exponents on web speed. Writing the exponents 

of the pre- and post-plasma regions as 𝛽1 = √𝑎2 + 4𝑚1 + 𝑎  and 𝛽3 = √𝑎2 + 4𝑚3 − 𝑎 , 

respectively, the effects of web speed on 𝛽1 and 𝛽3 for both foils are presented in Fig. 5.6. At 0 

mm/min, 𝛽1 and 𝛽3 are identical in both regions with values of 75.8 and 37.4 for Ni and Cu, 

respectively, which correspond to the infinite fin model [185]. However, while 𝛽1 and 𝛽3 rise in 

the pre-plasma region with increased web speed, they decay in the post-plasma region. 

Because of the higher 𝑃𝑒 number for Ni, 𝛽1 and 𝛽3 in Ni change more rapidly than for Cu. 

Hence, with higher web speed, the Ni foil temperature is smaller in the pre-plasma region due to 

an enlarged 𝛽1. Likewise, with increased web speed, the Ni temperature increases more rapidly in 

the post-plasma region because of reduced 𝛽3. The difference between 𝛽3 values for Ni and Cu 

diminishes as the web speed increases, until around 95 mm/min, where the values become identical. 
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After that, Ni has lower 𝛽3 values than Cu, and, hence, the Ni temperature is higher in the post-

plasma region when the web speed is 150 mm/min (Fig. 5.5(c)). As discussed in the next section, 

alterations of Ni temperature with web speed affect graphene growth quality and thickness. 

 

Figure 5.6: The effects of web speed on β1 and β3 for Cu and Ni foils. 

5.2.3 Correlation between Graphene Growth and Ni Foil Temperature Distribution 

The variations of graphene thickness and uniformity as a function of web speed in Fig. 5.2 

can be clarified first by estimating the diffusion length of carbon atoms in the Ni substrate during 

the growth process. The diffusion length (𝐿𝐷) is defined as: 

𝐿𝐷 = 2√𝐷𝑇𝑡  (13) 

where 𝑡 is the Ni foil residence time in the plasma region: 21.3, 2.5, and 0.8 minutes at 0, 50, and 

150 mm/min web speeds, respectively. Also, the carbon diffusivity, 𝐷𝑇 , depends on Ni foil 

temperature, 𝑇, as [194], [202], [208]: 

𝐷𝑇 = 𝐷0 exp (−
𝐸𝐷

𝑘𝐵𝑇
)  (14) 

where 𝑘𝐵  is Boltzmann’s constant (8.617x10-5 eV/K), 𝐷0  is 2.4818 cm2/s, and 𝐸𝐷 =1.74 eV 

representing the entropic pre-factor and the diffusion activation energy, respectively [194], [209]. 

Figure 5.7 presents carbon diffusion length as a function of web speed at 850 W. At 0 mm/min, 

the diffusion length is about 38.5 µm, which is almost equal to the half the thickness of Ni foil 

which is 38.0 µm. Hence, carbon atoms can diffuse freely in the Ni bulk since both sides of the Ni 

foil are exposed to the plasma. Diffused carbon atoms are expected to segregate and precipitate to 

the Ni surface during the cooling stage, yielding a thick carbon film, as seen in the corresponding 

optical image in Fig. 5.7, and the SEM images from Figs. 5.2 (a) and (b). 

0 50 100 150

10

100

1000


 (

m
-1

)

Web Speed (mm/min)

 Pre-plasma region ()  Ni   Cu

Post-plasma region ()  Ni  Cu



72 

 

Because of the decline in both the residence time and foil temperature with increased web 

speed, the diffusion length drops to 11.9 and 5.9 µm at 50 and 150 mm/min, respectively, (Fig. 

5.7). Also, the diffusion length reaches 63% of its maximum at Ni foil positions of 454 and 475 

mm for web speeds of 50 and 150 mm/min, respectively, compared to 445 mm for the stationary 

case (Fig. 5.7). The considerable decline in the diffusion length uniformity is due to reduced Ni 

foil temperature with increased web speed as shown in Fig. 5.4(a). Therefore, fewer carbon atoms 

can dissolve deep into the Ni foil as the web speed increases, and explains the lower thickness of 

graphene in the SEM images at 150 mm/min (Fig. 5.2) and the optical image of graphene on Ni at 

150 mm/min (Fig. 5.7). Nevertheless, the higher uniformity of the samples grown at higher web 

speed indicates the possibility of direct isothermal growth of graphene on Ni. Such growth can 

occur by surface precipitation of carbon atoms such as CH, C2 or C. Carbon atoms dissolve near 

the Ni subsurface to form a Ni-C solid phase solution and deposit graphene at low temperatures 

[19],[210] or lower deposition durations [198],[207]. 

 

Figure 5.7: Diffusion length of carbon atoms in Ni foil at a plasma power of 850 W and various 

web speeds. Optical images of graphene on Ni foil at 0 and 150 mm/min are included to 

demonstrate the deposition of a thick graphite film at 0 mm/min in contrast to a uniform growth 

of few-layer graphene at 150 mm/min. The scale bars in these optical images are 20 µm. 

Second, the cooling rate, which plays a vital role in graphene deposition on Ni, along with 

the heating rate of Ni foil, are derived by taking the first derivative of the Ni foil temperature 

distributions using the analytical solution from Eq. (10) from Chapter 4: 
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𝑑𝑇

𝑑𝑦
=
1

2
(√𝑎2 + 4𝑚1 + 𝑎)𝐶1 exp (

1

2
𝑦(√𝑎2 + 4𝑚1 + 𝑎))           for −0.438 ≤ 𝑦 ≤ 0  (15) 

𝑑𝑇

𝑑𝑦
=
1

2
(√𝑎2 + 4𝑚2 + 𝑎)𝐶5 exp (

1

2
𝑦(√𝑎2 + 4𝑚2 + 𝑎))  

     − 
1

2
(√𝑎2 + 4𝑚2 − 𝑎) 𝐶6 exp (−

1

2
𝑦(√𝑎2 + 4𝑚2 − 𝑎))     for 0 ≤ 𝑦 ≤ 𝐿 

𝑑𝑇

𝑑𝑦
= −

1

2
(√𝑎2 + 4𝑚3 − 𝑎)𝐶4 exp (−

1

2
𝑦(√𝑎2 + 4𝑚3 − 𝑎))    for 𝐿 ≤ 𝑦 ≤ 0.562 

The chain rule is applied to transform the temperature derivatives from the space domain 

to the time domain as 
𝑑𝑇

𝑑𝑡
=
𝑑𝑇

𝑑𝑦

𝑑𝑦

𝑑𝑡
= 𝑈

𝑑𝑇

𝑑𝑦
, where 𝑈 is the web speed and 

𝑑𝑇

𝑑𝑦
 is found from Eq. (15). 

The heating/cooling rate from the numerical model, found by differentiating the temperature 

profile, shows results similar to the heating/cooling rates from the analytical solution. Since the 

web speed for the stationary case is 0 mm/min, the cooling rate due to foil moving is zero and the 

temperature of the hot foil decreases when the foil moves to the post-plasma region. Instead, a 

lumped capacitance model (since Bi number is less than 0.1) is developed to find the cooling rate 

for Ni foil in the stationary case. Considering the heat transfer by radiation, convection, conduction 

along with the stored energy, the energy balance of Ni foil after leaving the plasma region is: 

−2ℎ3𝐴𝑠(𝑇3 − 𝑇∞,3) − 2휀𝜎𝐴𝑠(𝑇3
4 − 𝑇∞,3

4 ) − 2√ℎ3𝑝𝑘𝐴𝑐(𝑇3 − 𝑇∞,3) = 𝜌∀𝐶𝑝
𝑑𝑇

𝑑𝑡
  (16) 

where 𝑝 , 𝐴𝑠 , ∀  are the perimeter, surface area and volume of Ni foil in the plasma region, 

respectively. Linearizing the radiation term (as in Appendix B.1), and rearranging Eq. (16) leads 

to: 
𝑑𝜃3

𝑑𝑡
= −𝑀𝜃3 , where 𝜃3 = 𝑇3 − 𝑇∞,3 , and 𝑀 =

2𝐴𝑠ℎ3

𝜌∀𝐶𝑝
+
2𝐴𝑠ℎ𝑟𝑎𝑑,3

𝜌∀𝐶𝑝
+
2√ℎ3𝑝𝑘𝐴𝑐

𝜌∀𝐶𝑝
 with ℎ𝑟𝑎𝑑,3 =

휀𝜎(𝑇2 + 𝑇∞,3
2 )(𝑇 + 𝑇∞,3). Here, 𝑇3,𝑖 is the temperature of Ni foil at the interface of the plasma and 

the post-plasma region. Therefore, the time-dependent Ni foil temperature for the stationary case 

is: 

𝑇3(𝑡) = 𝑇∞,3 + (𝑇3,𝑖 − 𝑇∞,3)exp (−𝑀𝑡)  (17) 

Figure 5.8(a) presents the heating and cooling rates as a function of plasma power and web 

speed from the fin model. The heating rate of the foil before entering the plasma is higher than the 

cooling rate in the post-plasma region. Both rates are non-linear because of Ni foil temperature 

variations in the three regions due to the convection, radiation, and advection processes. Web speed 

significantly influences both the heating and cooling rates because of the substantial contribution 

from the advection term to the temperature distribution profiles (Figs. 5.4 and 5.5). For instance, 
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at the interface of the pre-plasma and plasma regions (i.e., y= 438 mm), the heating rate increases 

sharply at 50 and 150 mm/min because the foil enters the plasma region rapidly. Similarly, the 

maximum cooling rates in the post-plasma region rise with increased web speed, with values of 14 

and 20 K/s at 50 mm/min and 150 mm/min, respectively at a fixed plasma power of 850 W. On 

the other hand, the cooling rate at 0 mm/min from the lumped capacitance model has higher values 

than the cooling rates from the fin model at 50 and 150 mm/min until 19 seconds with a maximum 

cooling rate of 56 K/s (Fig. 5.8(b)). After that, the cooling rate at 0 mm/min decays slowly until 

the temperature of Ni foil reaches the gas temperature in the post-plasma region. However, at 

higher web speeds, the foil requires a longer distance to be cooled to temperatures equal to the 

post-plasma gas temperature, which explains the sharp rise in the cooling rate near the bottom 

spool, as shown in Fig. 5.8(b). 

      

Figure 5.8: (a) Cooling rates of Ni foil during the R2R process at plasma powers of 850 and 1050 

W with 50 and 150 mm/min web speeds. (b) Comparison between the cooling rate from the fin 

model (web speeds of 50 and 150 mm/min) and the lumped capacitance model for the stationary 

case (i.e., 0 mm/min) at a fixed plasma power of 850 W. 

Table 5.2 compares the Raman results of graphene on Cu and Ni foils at the same 

conditions. As a result of decreased Cu foil temperature, CH4 catalytic reactions limit the 

production rate of high-quality graphene as discussed in Chapter 4. For example, the I2D/IG ratio 

for graphene on Cu is higher than Ni foil for the stationary cases, whereas Ni has better I2D/IG ratio 

at 50 and 150 mm/min as presented in Table 5.2. On the other hand, due to strong plasma ion 

bombardment, the ID/IG ratio of graphene on both foils are large with higher values for Ni than Cu 

at 50 and 150 mm/min. Nevertheless, graphene growth on Ni excels in the given conditions as 

evident from higher I2D/IG ratio for graphene on Ni than Cu as listed in Table 5.2. The improved 
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I2D/IG ratio for graphene on Ni is because the growth is driven by diffusion/segregation processes 

in Ni rather than by surface catalyst reactions on Cu surface. Furthermore, because of the lower 

diffusion length and higher cooling rate with increased web speed, graphene uniformity on Ni foil 

is improved at higher web speeds, which allows for a higher throughput deposition of graphene 

than would be possible on Cu foil. 

Table 5.2: Comparison between Raman peak intensity ratios for graphene on Ni foil and Cu foil 

at various plasma powers and web speeds. 

Plasma 

power [W] 

Web speed 

[mm/min] 

ID/IG ratio 

(Ni foil) 

ID/IG ratio 

(Cu foil) 

I2D/IG ratio 

(Ni foil) 

I2D/IG ratio 

(Cu foil) 

850 0 1.37 1.61 0.31 0.53 

850 50 1.56 0.76 0.20 0.10 

850 150 1.25 0.66 0.12 0.07 

1050 0 0.74 1.70 0.54 0.65 

1050 50 1.59 1.07 0.32 0.16 

1050 150 1.29 0.83 0.16 0.12 

 

 Conclusion 

Carbon film can be deposited on Ni foil in a variety of thicknesses, from few-layer graphene to 

thin graphite film, depending on web speed. To understand and control the quality and thickness 

of the deposited carbon film, the temperature distribution of Ni foil is determined during a R2R 

process. Ni foil temperatures from the model and the measurements show a good agreement at 

various plasma powers and web speeds. Due to the high 𝑃𝑒  number of Ni, the temperature 

distribution is largely affected by web speed. Hence, the cooling rate derived from the model rises 

with increased web speed or decreased Ni substrate thickness. These findings reveal the 

importance of using heat transfer analysis to optimize graphene deposition on Ni and other 

substrates with high carbon solubility in a roll-to-roll process. Even though uniform graphene was 

successfully deposited on Ni at high web speed, the temperature distribution, which strongly 

depends on web speed, affects the deposited graphene quality. Hence, in order to further improve 

the throughput deposition of graphene on Ni, separate temperature-controlled pre- and post-plasma 

regions should be utilized to regulate the heating and cooling rates of Ni foil due to its high 𝑃𝑒 

number.  
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6. THERMAL CHARACTERIZATION OF A CAPACITIVELY 

COUPLED RADIO-FREQUENCY HYDROGEN PLASMA 

 Motivation and Background 

Gas temperature plays a crucial role in determining graphene growth rates and quality in 

plasma CVD systems as discussed in Chapters 4 and 5. These plasmas systems produce a non-

equilibrium environment in which the electron temperature (Te) is higher than the vibrational 

temperature (Tvib) that is higher than the rotational temperature (Trot) (i.e., Te ≥ Tvib ≥ Trot) [105]. 

Rotational temperatures of excited electron states are quantitatively similar to translational 

temperatures when rotational energy levels are thermally distributed and exhibit fast rotational 

transfer [21]. Thus, optical emission spectroscopy (OES) can be a simple and economical method 

for measuring rotational temperatures of different species and hence gas temperatures in the 

plasma [101], [102]. However, the rotational temperatures extracted using OES can vary among 

species because of the non-equilibrium nature of low ionization plasmas [112]. Here, the rotational 

temperatures of H2, N2
+ and CN are measured to estimate the translational gas temperature in 

capacitively coupled H2 plasma. 

The plasma system in this work is generated through capacitively coupled discharge in H2 

gas mixed with N2, O2, and CH4. Such plasmas have been widely used in industrial processing 

facilities for etching and deposition of various materials [155]. The characterization of capacitively 

coupled discharges at moderate pressures has been extensively reported for different gases 

including H2 [153], [211]–[213], Ar [214], [215], N2 [216]–[218], O2 [219] and CH4 [220]. In 

contrast, few prior studies have reported the effects of mixing one or more of these gases with H2 

in order to control the deposition process. Thus, thermal characterization of a H2 discharge mixed 

with N2, O2, and CH4 gases is studied here at concentrations similar to the optimized conditions 

for graphene deposition as described in Chapter 3. 

 Experimental System 

A capacitively coupled plasma (CCP) is generated at a frequency of 80 kHz between two 

parallel asymmetric rectangular electrodes, as illustrated in Fig. 6.1 and discussed in previous 

chapters. A radio frequency (rf) generator, with a maximum input power of 5000 W, is connected 
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to two ignitor rods that supply power to the electrodes to generate and sustain the plasma. The 

current is measured with a Pearson Amp Probe (Model 6858) while the voltage is measured with 

a Tektronix voltage divider (Model 5100). These current and voltage probes are placed over the 

ignitor that is connected to the larger electrode. The current and voltage waveforms are presented 

in Fig. 6.2 as a function of set power and pressure. The average dissipated power in the plasma 

over one period (T) is calculated by [221]: 

𝑃(𝑊) =
1

𝑇
∫ 𝑉(𝑡). 𝐼(𝑡)𝑑𝑡
𝑇

0
  (18) 

where 𝑉(𝑡) and 𝐼(𝑡) are the measured time-dependent voltage and current, respectively. 

 

Figure 6.1: The experimental setup showing the capacitively coupled plasma system generated 

between the two rectangular electrodes. The current and voltage waveforms are measured using 

Amp and voltage probes, respectively. The optical emission spectroscopy (OES) setup consists of 

lenses that collect and direct the light to a fiber optic which is connected to the entrance of the 

spectrometer. The light is finally detected by a CCD camera. 

The emission spectra of H2, N2
+, and CN are collected and collimated using two lenses 

with diameters of 50.8 mm. The light obtained from the plasma is focused on a fiber optic mounted 

in a Zaber translational stage that is controlled using Labview software to allow for spatial 

emission measurements between the two electrodes. The fiber optic directs the light to the entrance 

slit of the spectrometer. The spectrometer (Princeton Instruments, Acton SP-2756) has a focal 

length of 750 mm, and an 1800 G/mm grating blazed at 500 nm. The diffracted light is detected 

by an unintensified CCD camera (Princeton Instruments, PIXIS 256E). The spectrometer was 
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calibrated using a Hg light source, and the instrument broadening function is found from a 

Gaussian fit of a Hg line at 404 nm that results in a full width at half maximum (FWHM) of 0.029 

nm. 

 

Figure 6.2: The current and the voltage waveforms of 95%/5% H2/N2 plasma as a function of 

pressure and set power. (a) and (b) represent the voltage and current traces, respectively, at 9 mbar 

as a function of set power. (c) and (d) show the voltage and current traces, respectively, at 500 W 

set power as a function of pressure. 

The Q-branch of the (𝑑3Π𝑢(0) → 𝑎
3Σ𝑔
+(0)) transition is used to obtain the rotational 

temperature of the H2 excited state (𝑑3Π𝑢) using a Boltzmann plot [109], [187]. Figure 6.3 shows 

H2 emission in which five lines are used as presented in the inset of Fig. 6.3. The given H2 band is 

free from perturbations when compared to other H2 bands. Also, the rotational temperatures of 

N2
+(B-X) and CN (B-X) are measured for comparison to the rotational temperature of H2. The 

rotational temperature of CN (B-X) is found from the spectral fit of the (0,0) vibrational transition 

[222] using Lifbase software [223], as illustrated in Fig. 6.4(a). Similarly, the rotational 

temperature of N2
+(B-X) is derived from the best fit of the (0,0) vibrational transition with a band 

head at 391.4 nm (Fig. 6.4(b)). 
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Figure 6.3: The emission spectrum of H2 at 2.25 mm from the left electrode.  The  Q-branch lines 

used to determine the rotational temperature are indicated by arrows in the plot of the spectrum. 

The Boltzmann plot used to determine the rotational temperature is shown as an inset. The plasma 

condition is 95% H2/5% N2 at 9 mbar and 1100 W set power. 

 

Figure 6.4: (a) The measured emission spectra of CN and its fit using LIFbase. (b) The residual of 

the difference the experimental and theoretical spectra of CN divided by the corresponding peak 

intensity. (c) Comparison between the measured and the synthetic emission spectra of N2
+. (d) The 

residual of the difference the experimental and theoretical spectra of N2
+ divided by the 

corresponding peak intensity. The plasma condition is 95% H2/5% N2 at 9 mbar and 1100 W set 

power. 
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 Results and Discussion 

Experimental measurements of the power dissipation, spatial optical emission, and the 

rotational temperatures are presented first as functions of input set plasma power and gas pressure 

with a gas mixture of 95% H2 and 5% N2. Then, we present the variations of dissipated power, 

spatial optical emission, and rotational temperatures with the addition of the nitrogen (N2), oxygen 

(O2) and methane (CH4) mole fraction (X%) into (95-X)% H2 and 5% N2 plasmas at a constant 

plasma set power of 1000 W and a fixed pressure of 9 mbar. These ranges of inputs are selected 

to study the plasma in conditions commonly used for graphene deposition as discussed in Chapter 

3. Finally, the differences between the rotational temperatures of N2
+, CN, and H2 are described in 

detail to determine accurate values of translation gas temperatures in this work. 

6.3.1 Effects of Set Power and Gas Pressure on Power Dissipation and Rotational 

Temperatures 

The power dissipated in the 95%/5% H2/N2 plasma at 9 mbar increases linearly from 134 

W to 510 W when the set power increases from 500 W to 1100 W (Fig. 6.5(a)). The increase in 

dissipated power with the set power leads to higher energy absorbed by the plasma and, thus, an 

increase in electron temperature and number density [153], [187], [211]. Therefore, the spatial 

emission intensity of the plasma increases because of higher ionization (Fig. 6.6(a)). Similarly, the 

sheath of the right electrode, estimated from the spatial emission profile, increases from 

approximately 1.5 cm to 2.2 cm with increased power from 500 to 1100 W. The spatial emission 

shows two distinct peaks near the right electrode that grow with increased plasma power as 

reported previously for H2 plasma at 13.56 MHz [224]. These peaks correspond to the formation 

of a double layer that is commonly found in capacitively coupled H2 plasmas [224], [225]. The 

peak far from the electrode (Peak 2) is related to electron acceleration during sheath expansion, 

whereas the peak closer to the electrode (Peak 1) occurs due to the field reversal [226]. 

The percentage of the power dissipation increases from 27% at 500 W to 46% at 1100 W 

due to the rise of the voltage drop because of sheath expansion [227]. For instance, the root mean 

square (RMS) value of the supplied voltage rises from 219 V at 500 W to 320 V at 900 W (Fig. 

6.6(b)). The voltage remains constant in the range from 900-1100 W, which could be attributed to 

the confinement of the sheath between the electrodes at the given power values as evident in Fig 

6.6(a). On the other hand, the RMS current displays a nearly linear relationship with set power 
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(Fig 6.6(b)). The increases in current and/or voltage lead to higher dissipated power in the plasma 

as expressed in Eq. (18). The same trend of increasing dissipated power fraction with voltage has 

been observed at higher frequencies in a capacitively coupled H2 plasma at 0.3 Torr [153]. 

   

Figure 6.5: (a) The rotational temperatures of N2
+, CN and H2 as a function of plasma power. The 

plasma composition is 95%/5% H2/N2. These temperatures are measured at a position of 4 cm 

from the left electrode. (b) Spatial measurements of the rotational temperature at set powers of 500 

and 1100 W. 

  

Figure 6.6: (a) Spatial emission of the plasma and (b) The root-mean-square (RMS) of the voltage 

and current as a function of plasma power. The plasma condition is 95% H2/5% N2 at 9 mbar. 

Consequently, the rotational temperatures of H2, N2
+, and CN increase with increasing 

power (Fig. 6.5). A higher plasma power results in higher electron temperature and density, which 

lead to a higher power density and thus an increase in rotational temperatures. When the set power 

increases from 500 to 1100 K, the rotational temperature of N2
+ increases from 571 to 738 K, the 

H2 rotational temperature rises from 743 to 968 K, and the rotational temperature of CN increases 

from 1273 to 1468 K. These rotational temperatures have parabolic-like profiles between the 
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electrodes similar to the distribution of electron number density of H2 plasma [153]. The maximum 

temperature occurs at the center of the gap where the electron number density is also highest. The 

differences between rotational temperatures for the three species and the determination of an 

accurate translational gas temperature from the OES measurements are discussed later in this 

chapter. 

The dissipated power in the 95%/5% H2/N2 plasma at 500 W increases initially with 

pressure, but then decreases, with a maximum dissipated power near 5.67 mbar (or 4.25 Torr) as 

shown in Fig. 6.7. Previously, the dissipated power in H2 plasma was shown to maximize at 3 Torr 

(or 4 mbar) for a 13.56 MHz H2 plasma [153], which is in agreement with our work since the 

maximum power shifts to higher pressures with decreasing plasma frequency. This dependence of 

dissipated power on pressure is attributed to the increase of both the electric field and the electron 

number density in the sheath with increased pressure for values less than 3 Torr. However, the 

electric field in the sheath decreases with a further increase in pressure [153]. Similarly, our 

measurements show that the current supplied to the plasma increases slightly when raising pressure 

from 4 to 5.67 mbar but then remains nearly constant at higher pressures (Fig. 6.8(b)). 

 

Figure 6.7: (a) The rotational temperatures of N2
+, CN and H2 as a function of pressure. These 

temperatures are measured at a position of 4 cm from the left electrode. (b) Spatial measurements 

of the rotational temperature at 4 and 9 mbar. The plasma condition is 95% H2/5% N2 at 9 mbar 

and a set power of 500 W. 

Interestingly, the emission of Peak 1 in the spatial emission profile in Fig. 6.8(a) increases 

first with pressure until 5.67 mbar after which it disappeares or merges with Peak 2, in agreement 

with the findings in Refs. [224], [225]. The emission intensity decreases as pressure increases due 

to lower electron temperature. Thus, the RMS value of the voltage drops from 300 to 220 V when 
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the pressure increases from 4 to 9 mbar at 500 W (Fig. 6.8(b)). The drop of voltage with increased 

pressure is accompanied by a decrease of the sheath thickness when the pressure rises from 4 to 9 

mbar, as shown in Fig. 6.8(a). The overall effect is a maximum dissipated power near 5.67 mbar, 

and hence, the rotational temperatures of H2, N2
+ exhibit similar dependence on pressure, as shown 

in Fig. 6.7. The H2 rotational temperatures remain at values around 750 K with increased pressure 

from 4 to 9 mbar. However, the rotational temperature of N2
+ decreases from 660 to 575 K, whereas 

the CN rotational temperature rises from 1100 to 1270 K in the same pressure range. 

 

Figure 6.8: (a) Spatial emission of the plasma as a function of pressure. (b) The root-mean-square 

(RMS) of the voltage and current as a function of pressure. The plasma condition is 95% H2/5% 

N2 at 9 mbar and a set power of 500 W. 

6.3.2 Effects of Nitrogen, Oxygen, and Methane Addition on Power Dissipation and 

Rotational Temperatures 

The addition of nitrogen (N2), oxygen (O2), or methane (CH4) to the H2 plasma at 9 mbar 

and 1000 W affects the H2 plasma properties. For instance, the spatial emission intensity between 

the electrodes increases with increased N2 mole fraction at constant pressure and power (Fig. 

6.9(a)). However, because of the electronegativity of O2 and CH4 gases, the emission intensity 

decreases with increased O2 or CH4 mole fraction as shown in Figs. 6.9 (b) and (c), respectively. 

These results indicate the difference in ionization and excitation processes with the addition N2, 

O2, or CH4 to H2 plasma. Indeed, the evolution of the two emission peaks near the right electrode 

(especially Peak 1) with the addition of these gases indicates a change in the ionization processes 

[224]–[226]. Peak 2 remains similar with the addition of these gases. However, the intensity of 

Peak 1 increases with N2 mole fraction, decreases with CH4 mole fraction, and increases initially 

at 3 and 5% O2 but then decreases at higher oxygen mole fraction. 
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Figure 6.9: The variations of spatial plasma emission with (a) N2 mole fraction, (a) O2 mole 

fraction, and (a) CH4 mole fraction at a set power of 1000 W and 9 mbar. 

Figure 6.10 reveals a slight increase of dissipated power with increased N2 mole fraction. 

Consequently, the H2 rotational temperature increases from 877 to 994 K as N2 mole fraction 

increases from 3% to 9%. Similarly, the rotational temperature of N2
+ increases from 752 K at 3% 

N2 and 97%H2, to 915 K at 9% N2 and 91%H2 (Fig 6.10). The increase of the temperature with 

increased N2 mole fraction is due to enhanced collisional frequencies, in agreement with a previous 

report in a microwave plasma [97]. On the other hand, the rotational temperature of CN changes 

little with the addition of N2, with temperature values of 1400 K at 3% N2 and 1450 K at 9% N2 

(Fig 6.10). 

The power dissipation rises sharply (by 68 W) with the addition of only 3% O2 to the 92%/ 

5% H2/N2 plasma but then remains approximately constant beginning around 500 W (Fig. 6.11). 

This higher dissipated power increase can be related to compensating for the electron number 

density decrease due to electron attachment processes of O2  [219]. Thus, the rotational temperature 
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of N2
+ increases strongly from 727 K at 0% O2 (95%H2/5% N2 plasma) to 900 K at 3% O2 (and 

92%H2/5% N2), which later becomes equal to the H2 rotational temperature. Both remain nearly 

constant (around 900 K) as oxygen mole fraction further increases (Fig. 6.11). However, the CN 

rotational temperature stays at a relatively stable value near 1450 K as a function of O2 mole 

fraction. 

 

Figure 6.10: (a) The rotational temperatures of N2
+, CN and H2 as a function of nitrogen mole 

fraction at 9 mbar and a set power of 1000 W. Temperatures are measured at a position of 4 cm 

from the left electrode. (b) The spatial dependence of the rotational temperatures at 97%/3% H2/N2 

(3%N2) and 91%/9% H2/N2 (3%N2). 

 

Figure 6.11: (a) The rotational temperatures of N2
+, CN and H2 as a function of oxygen mole 

fraction at a set power of 1000 W and 9 mbar. The temperatures are measured at a position of 4 

cm from the left electrode. (b) The spatial dependence of the rotational temperatures at 92%/5%/ 

3% H2/N2/O2 (3% O2) and 86%/5%/9% H2/N2/O2 (9% O2). 

The addition of CH4 raises the dissipated power from 442 W to 540 W with an increase of 

CH4 mole fraction from 0% CH4 in 95%/5% H2/N2 plasma to 20% CH4 in 75%/5% H2/N2 plasma 

(Fig. 6.12(a)). However, the dissipated power then decreases slightly for 25% CH4 in 70%/5% 
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H2/N2 plasma and 30% CH4 in 65%/5% H2/N2 plasma. The addition of CH4 to H2 in a microwave 

plasma in prior work increased the electron number density but decreased the electron number 

density, indicating a change in energy exchange between electrons and neutrals [228]. Similarly, 

gas temperature rises with the addition of methane in a H2 microwave plasma [97]. Thus, with 

increased methane mole fraction from 0% to 30%, the N2
+ rotational temperature increases from 

727 to 974 K whereas the temperature of H2 remains stable around 870 K (Fig. 6.12). Both species 

have similar temperatures at 5% and 10% CH4 in agreement with the previous results for the 

addition of N2 and O2. The difference between the H2 and N2
+ rotational temperatures remains 

similar with changes in H2 mole fraction (e.g., an increase of CH4 mole fraction). Finally, the 

rotational temperature of CN declines from 1450 to about 1330 K when methane mole fraction 

increases from 0 to 15%, but then CN temperature increases to 1550 K at 30% CH4. The initial 

decrease in the CN temperature with the addition of CH4 could be related to the production 

mechanism of CN, as discussed in the next section. 

  

Figure 6.12: The rotational temperatures of N2
+, CN and H2 as a function of methane mole fraction. 

The plasma set power and pressure are kept constant at 1000 W and 9 mbar, respectively. The 

temperatures are measured at a position of 4 cm from the left electrode. (b) The spatial dependence 

of the rotational temperatures at 90%/5%/5% H2/N2/CH4 (5% CH4) and 80%/5%/15% H2/N2/CH4 

(15% CH4). 

6.3.3 Differences among H2, N2
+ and CN Rotational Temperatures 

The differences in rotational temperatures of H2, N2
+, and CN are due to the non-

equilibrium nature of the plasma [112]. These measurements are obtained from emission spectra 

that reflect the upper electronic states of the corresponding species. The CN temperatures have 

higher values than those from N2
+ and H2 because of the production mechanism of CN from the 
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graphite electrodes in N2-containing plasmas without CH4 (or other gas-phase carbon sources). 

Similar observations have been reported previously in a N2 glow discharge [229] as well as 

plasmas containing N2 [230], [231]. Kutasi et al. [229] suggested that the CN was produced from 

sputtering of CN due to the surface reactions of N atoms (at ground state ‘𝑆’ or metastable states 

‘𝑃 or 𝐷’) with a graphite surface (𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒): 

𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑁(𝑆) → 𝐶𝑁(𝑋)  (R4) 

𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑁(𝑃) → 𝐶𝑁(𝐵)  (R5) 

𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑁(𝐷) → 𝐶𝑁(𝑋, 𝐴)  (R6) 

Because the surface reactions of CN are exothermic, part of the energy is absorbed by CN 

rotational lines to yield high rotational temperatures. Indeed, the CN temperature decreases from 

1450 to 1350 K with the addition of 5% CH4 and then gradually decreases to 1330 K at 15% CH4. 

This initial decrease of the CN rotational temperatures in the presence of CH4 is because of the 

alternative source of carbon production from the gas-phase reactions in the presence of methane. 

On the other hand, the increase of CN temperature at 20% CH4 is likely related to the higher 

dissipated power with increased methane mole fraction. Therefore, the CN rotational temperature 

is far from equilibrium with the translational gas temperature and does not represent the gas 

temperature in the system. 

The rotational temperatures of H2 have values lower than CN but higher than N2
+ 

temperatures. Nevertheless, the H2 rotational temperatures become similar to the rotational 

temperature of N2
+ with the addition of N2, O2, and low to moderate concentrations of CH4. With 

further increases in methane mole fraction, however, the H2 temperature becomes lower than that 

of N2
+ as shown above. Previous reports indicate that the translational gas temperature of low-

pressure plasmas (5 Pa [111] and 133 Pa [232]) is twice the rotational temperature determined 

from the upper state of the H2 Fulcher band. In this low-pressure limit, the rotational distribution 

of the H2 Fulcher upper state, which is populated by direct electron excitation, is an image of its 

lower state [21],[111]. A correction factor of 2 is applied to account for the difference between the 

rotational constants of the lower and upper states, which are 60.809 and 30.364 cm-1, respectively. 

Conversely, both the rotational and gas temperatures become equal in the high-pressure limit when 

the excited states are populated by electron excitation and the rotational relaxation time is higher 

than the radiative lifetime of the upper state (𝑑3Π𝑢), which is approximately 25 nsec [21]. At 
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intermediate pressures, on the other hand, the relaxation time is 18 nsec at 9 mbar [232]. Since 

both rates are comparable, partial thermalization of the excited state occurs, leading to an 

incomplete equilibrium between rotational and gas temperatures. Therefore, the deviation of the 

rotational temperature of H2 from the other species in this study is related the partial equilibrium 

of the upper state of the H2 Fulcher band, as shown in Figs. 6.5 and 6.7. Nevertheless, the 

thermalization processes might be enhanced with addition of other molecular gases (such as N2, 

O2, and CH4) that enhance collision rates, as presented in Figs. 6.10-6.12. In general, the rotational 

temperature derived from the H2 Fulcher band has a weaker dependence on the plasma parameters, 

as reported previously [233]. 

The rotational temperature of N2
+ is more sensitive to the plasma conditions and produces 

lower values than CN and H2 (except with the addition of N2, O2, and CH4 as discussed above). 

The upper state (N2
+(B)) is excited by direct electron excitations of either N2(X) or N2

+(X) 

depending on the electron temperature [21]: 

𝑁2(𝑋) + 𝑒
− → 𝑁2

+(𝐵) + 2𝑒−  (R7) 

𝑁2
+(𝑋) + 𝑒− → 𝑁2

+(𝐵) + 𝑒−  (R8) 

If thermalization is not fully completed in the excited state, then its rotational distribution is a map 

of those of the ground states that have similar rotational constant values (2.00 cm-1, 1.93 cm-1 and 

2.08 cm-1 for N2(X) or N2
+ (X) and N2

+(B), respectively) [21]. Therefore, the N2
+ rotational 

temperatures are reasonably representative of the gas temperatures in the conditions studied above. 

 Conclusion 

Three measurements, namely the power dissipation, rotational temperatures of various species, 

and plasma emission, have been combined to study a capacitively coupled H2 plasma at 80 kHz at 

different conditions relevant to graphene growth. The power dissipated in the plasma is found to 

be substantially less than the set power, and its percentage depends on the process conditions. The 

dissipated power increases with higher set power, the addition of N2, O2, and CH4 mole fractions, 

whereas it decreases for gas pressures higher than 5.67 mbar. The rotational temperatures from 

H2(d3Πu → a
3Σg
+), N2

+(B-X) and CN(B-X) are measured using optical emission spectroscopy 

(OES). The effects of variations in plasma power and gas pressure, and the addition of nitrogen 

(N2), oxygen (O2), and methane (CH4) gases on the rotational temperatures have been quantified. 
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The rotational temperature of N2
+ represents the translational gas temperature in our system. Both 

the N2
+ and H2 rotational temperatures have similar values with the addition of N2, O2, and CH4, 

whereas the CN rotational temperature is found to be higher due to a production mechanism from 

graphite electrodes. Furthermore, the plasma emission intensity between the electrodes increases 

with the set power and the addition of N2, whereas the intensity decreases with pressure and the 

addition of O2 and CH4. The emission results reveal a double-layer formation near the smaller 

electrode that also depends on process conditions. These experimental results aid in understanding 

and controlling the plasma environment for graphene deposition in a roll-to-roll fashion.  
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7. EXPERIMENTAL ANALYSIS OF AN 80 KHZ CAPACITIVELY 

COUPLED ARGON PLASMA 

 Motivation and Background 

Capacitively coupled plasmas (CCPs) operate in two different modes: alpha and gamma, 

depending on gas mixture, pressure, discharge gap and plasma power [155], [216]. The current 

density is low in the alpha-mode (α-mode) which is sustained by a volume ionization processes in 

the plasma bulk during sheath oscillations, “i.e., the wave-riding mechanism” [234]. The α-mode’s 

sheath in the electrode vicinity is non-conductive, and, thus, the current flows in the sheath as 

displacement current to match the conduction current in the plasma bulk and close the electrical 

circuit. As the current (or power) is raised to a critical value, the sheath breaks down and the plasma 

transitions to a gamma mode (γ-mode) which is sustained by secondary electron emission 

processes from the electrode surface due to strong ion bombardment [234]. The transition from 

alpha to gamma modes (α-to-γ transition) is identified by the contraction of the plasma size and 

the drastic change of the current-voltage characteristics curve at high gas pressures [155]. 

The low-frequency CCPs exist mostly in the γ-mode, as reported previously for a N2 plasma 

at 40 kHz and 0.15 Torr [217], and an Ar plasma at 10 kHz and 0.38 Torr [235], since the 

displacement current is low in low-frequency plasmas [236]. The displacement current (𝐼𝑑𝑖𝑠) 

exhibits a linear dependence on the sheath capacitance (𝐶𝑠) and the plasma frequency (𝜔) written 

as 𝐼𝑑𝑖𝑠 = 𝐶𝑠
𝑑𝑉

𝑑𝑡
, assuming a sinusoidal voltage waveform of 𝑉 = 𝑉𝑜cos (𝜔𝑡) where 𝑉 and 𝑡 are the 

voltage and time, respectively [236]. Thus, the existence of alpha discharge is limited to high-

frequency plasmas, and the operation boundary of alpha discharge can be extended by increasing 

the plasma frequency at moderate pressures [216], [237] and atmospheric pressures [238], [239]. 

The prior results in Chapter 3 show that graphene deposition on Cu foil is of a better quality 

when the plasma exists in an alpha-like mode, or hybrid, mode [23]. Alpha discharges are more 

favorable for industrial applications due to their higher plasma uniformity and stability at lower 

current densities [240], [241]. Therefore, two methods have been attempted to expand the 

operational space of the α-mode. One method is to increase the plasma frequency to intensify the 

displacement current [216], [237]–[239], while the other is to apply a dielectric coating to the 

electrodes to delay the secondary electron emission processes [242]. However, applying a coating 
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to the electrodes can lead to contamination from sputtering the coating, which degrades the thin-

film quality, whereas increasing plasma frequency could add cost and complexity to the rf system 

while also decreasing ion energy at high plasma frequencies [243], [244]. Here, we show that, 

when using a square waveform voltage, Ar plasma can operate in an alpha-like mode at 80 kHz 

leading to a uniform and stable plasma for high-quality graphene production. 

In this chapter, an 80 kHz Ar CCP is studied experimentally at different gas pressures and 

plasma set powers to examine the existence of an alpha-like mode at low-frequencies. The 

experimental setups for the electrical and spectroscopy measurements are detailed in Section 7.2. 

Section 7.3 presents the results from the electrical and optical experiments, and the spatial spectra 

from optical emission spectroscopy (OES). The results of this work show the possibility of 

sustaining an alpha-like discharge at low frequencies that can be directly and economically 

transformed to useful plasma sources for several applications in the semiconductor industry. 

 Experimental Setup 

The plasma experimental setup is similar to the previous chapters and explained here briefly 

for clarity. Figure 7.1 shows a schematic of the experiment setup including the plasma generated 

between two electrodes, the current and voltage probes and the iCCD camera for plasma imaging. 

At the beginning of the experiment, the chamber is brought to vacuum (less than 0.01 mbar). Then, 

argon gas (Ar) is introduced into the chamber until a pressure of 7 mbar is achieved, at which point 

the plasma is initially ignited at a plasma set power of 500 W. The gas pressure, which is monitored 

using 10 and 100 mbar pressure gauges, is then set at 5.5, 9.5 and 13.8 mbar, with corresponding 

Ar gas flow rates of 90, 220, and 400 standard cubic centimeters per minute (sccm), respectively.  

The frequency of the plasma is fixed at 80 kHz, and the plasma set power is varied from 

300 to 900, 1100 and 1300 W for gas pressure values of 5.5, 9.5 and 13.8 mbar, respectively. The 

outputs from the rf generator are connected to ignitor rods attached to symmetrical graphite 

electrodes with length of 12.5 cm. The voltage supplied to the electrodes is measured with a 

Tektronix voltage divider (Model 5100), and the current is measured with a Pearson Current Probe 

(Model 6858). Probes are fixed in the ignitor rod to directly measure the current and voltage 

supplied to the plasma [215]. The current and voltage waveforms are measured simultaneously 

through an Agilent Technologies oscilloscope (Model DSO5014A, 100 MHz, and 2 GSa/s). Three 
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measurements of current and voltage waveforms are acquired at each condition, and their averages 

are used in the analysis with an experimental error of less than 10% in the current and voltage 

values. 

 

Figure 7.1: The experimental setup of the capacitively coupled plasma at 80 kHz. The current and 

the voltage probes are placed on the ignitor connected to the graphite electrode. Emission of the 

plasma in the range of 300-800 nm is measured using an iCCD camera. Also, optical emission 

spectroscopy (OES) is used to detect the emission spectrum between the electrodes. 

Figure 7.2 shows the voltage and current waveforms at 13.8 mbar and powers of 300 and 

900 W. The current and voltage are in-phase, which is a characteristic of low-frequency discharges 

[235], [245]. Both the current and voltage have a square waveform shape that becomes slightly 

distorted at 900 W due to the higher discharge capacitance with increased plasma set power [215]. 

In addition, the time-averaged emission from the plasma is measured using an iCCD camera 

(Princeton Instruments PI-MAX 4 iCCD) over the wavelength range 300-800 nm. For direct and 

qualitative analysis of the plasma luminosity at different conditions, the plasma emission profile 

is extracted using Lightfield software (from Princeton Instruments). The plasma emission 

spectrum is also measured spatially between the two electrodes using optical emission 

spectroscopy (OES) in the spectral range of 400-870 nm, as discussed in the previous chapters. 
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Figure 7.2: (a) Voltage and (b) current waveforms of Ar plasma measured at 13.8 mbar with plasma 

set powers of 300 and 900 W. 

 Results and Discussion 

7.3.1 Electrical and Spectroscopy Characterizations 

The root mean square (RMS) current and voltage increase monotonically with the plasma 

set power at 9.5 and 13.8 mbar, as presented in Fig. 7.3(a). The current exhibits strong dependence 

on the plasma set power, with negligible effects from the gas pressure [215], [246]. For example, 

the RMS current rises from 0.44 to 2.26 Amp, with increased plasma set power from 300 to 1300 

W at a fixed gas pressure of 13.8 mbar. Similarly, the RMS voltage depends on the plasma set 

power, with voltage values of 147 V and 244 V at plasma set powers of 300 and 1300 W, 

respectively, at a constant gas pressure of 13.8 mbar. In addition, the RMS voltage decreases 

remarkably with increased gas pressure, especially at higher plasma set powers, since the sheath 

thickness decreases with raised gas pressure. Hence, a higher RMS voltage is needed to sustain 

plasma with a thicker sheath where the voltage drops [215]. 

The dissipated power, derived from Eq. (18) in Chapter 6, improves with increased RMS 

current (or plasma set power), as shown in Fig. 7.3(b). At a constant set power, the dissipated 

power is marginally higher at lower pressures because of higher voltages (Fig. 7.3(a)). The 

correlation between the current and the dissipated power is nearly quadratic at low frequency, 

particularly at lower currents and higher pressures. Hence, the power is dissipated mostly in the 

sheath by the ions that bombard the electrode surfaces [214], [215], [247]. Furthermore, the 

dissipated power at 13.8 mbar increases from 54 to 520 W with an increase in the current (or 
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plasma set power) from 0.44 Amp (or 300 W) to 2.26 Amp (or 1300 W). Correspondingly, the 

ratio of the dissipated power to the set power rises from 18% at 300 set power to 40% at 1300 set 

power due to the rise in the number of collisions between electrons, ions, and atoms at a high 

plasma input power [248]. 

          

 

Figure 7.3: (a) The RMS values of voltage and current at 9.5 and 13.8 mbar as a function of plasma 

set power. (b) The dissipated power in the plasma as a function of measured current at 5.5, 9.5 and 

13.8 mbar. (c) The current and voltage characteristics at 5.5, 9.5 and 13.8 mbar. 

The current and voltage characteristic curve is presented in Fig 7.3(c), which is derived 

from the results of Fig. 7.3(a). At a constant gas pressure, the current and voltage have a linear 

correlation which is a common characteristic of Ar plasma at high frequencies [215]. However, 

the slope of the voltage-current curve changes as a function of current, particularly for the plasma 

at 13.8 mbar (Fig. 7.3(c)). For instance, the slope of the 13.8 mbar plasma is small at currents 

below 1.0 Amp, then increases in the range of 1.0-1.5 Amp, but finally minimizes for current 

values greater than 1.5 Amp. 
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The time-averaged emission profiles of the plasma at various pressures and set powers are 

presented in Fig. 7.4. The intensity profiles include the total spectra from all species emitting in 

the wavelength range of 300-800 nm. At lower and moderate pressures (5.5 mbar and 9.5 mbar) 

the plasma exhibits two peaks near the electrodes with negligible intensity at the middle of the 

discharge region, as illustrated by the plasma images in the inset of Fig. 7.4(b). A similar behavior 

of the emission profile is observed at 13.8 mbar but at lower plasma set powers (i.e., 300-600 W) 

(Fig. 7.4(c)). The emission profiles for such cases indicate an alpha-like mode, as reported 

previously [155], [249]. However, a substantial emission appears in the middle of the discharge 

for the 13.8 mbar plasma when increasing the set power over 750 W (the inset of Fig. 7.4(c)). This 

sharp increase in plasma luminosity demonstrates a change in the ionization processes when the 

power is raised to 750 W and higher. Such plasma emission alterations and the corresponding 

voltage-current characteristic results of Fig. 7.3(c) indicate the existence of alpha-like and gamma 

modes in low-frequency square-waveform plasma. 

Capacitively coupled plasmas exist mostly in the γ-mode at low frequencies due to low 

displacement current [217]. α-discharge is sustained when the displacement current in the non-

conducting sheath is high and equal to the conduction current in the plasma bulk. The displacement 

current has a linear-dependence on the plasma frequency and the sheath capacitance in a sinusoidal 

voltage waveform. However, alpha-like discharge can be sustained at low frequency using the 

square wave voltage because of the higher frequency components in the square waveform. Thus, 

Fast Fourier Transform (FFT) analysis was made for the voltage waveforms to reveal the primary 

frequency’s components. The 80-kHz square waveform contains strong high harmonics of the real 

part of the FFT up to the 9th harmonic at 720 kHz, as shown in Fig. 7.5(a). Similar high-frequency 

components were obtained from the current waveform. The odd harmonics (ω3, ω5, ω7, ω9, ω11) 

have higher values than the even harmonics, due to the time variation of the sheath capacitances 

within the rf field at a frequency of 2ω [246], [249]. Thus, the existence of high frequencies 

strengthens the displacement current in the sheath. Furthermore, the time derivative of the voltage 

at 13.8 mbar and 300 W shows sharp peaks when the voltage changes its polarity, which is 

equivalent to a sinusoidal waveform with a frequency of 720 kHz (Fig. 7.5(b)). 
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Figure 7.4: Spatial profiles of plasma emission showing the differences between plasma luminosity 

in alpha and gamma modes at (a) 5.5 mbar, (b) 9.5 mbar and (c) 13.8 mbar as a function of plasma 

set power. Plasma images from the iCCD camera are shown at 9.5, and 13.8 mbar are shown in 

the inset of (b) and (c) respectively, at plasma set powers of 300 and 1100 W. The intensity scale 

for these images is 0 to 25,000 counts. 

          

Figure 7.5: (a) Fourier transform coefficients of the voltage waveform at 13.8 mbar and different 

plasma powers. (b) The time-derivative of the voltage square waveform compared to sinusoidal 

waveforms at 80 kHz and 720 kHz with identical RMS and offset voltages at 13.8 mbar pressure 

and 300 W set power. 
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7.3.2 Comparison between Species Emission from OES 

The plasma emission in the 400-870 nm spectral range is measured between the electrodes 

using OES. Figure 7.6 presents a comparison between the spectra of 9.5 and 13.8 mbar as a 

function of set power near the gap center (around 2.6 cm from the left electrode). At 9.5 mbar, 

only Ar and Ar+ lines exist with higher emission intensity as the plasma set power is increased 

from 600 W to 900 W due to enhanced electron number density with raised plasma power (Fig. 

7.6 (a)). Also, the emission spectrum at 13.8 mbar and 600 W has similar features to the 9.5 mbar 

spectra (Fig. 7.6(b)). The three spectra exist in the hybrid mode, as shown previously in Fig. 7.4. 

However, when the plasma set power is raised to 900 W at 13.8 mbar, the plasma transits 

to the gamma mode associated with a high-intensity emission spectrum, as presented in Fig. 7.6(b). 

The spectrum exhibits strong emission from carbon-based species and hydrogen lines in the 400-

600 nm spectral region, as presented in Fig. 7.6(b). The non-Ar species are expected to originate 

from graphite electrodes, since only Ar gas is supplied to the chamber. At higher set power and 

gas pressure (13.8 mbar), the secondary electron emission processes are enhanced due to the 

intensified ion bombardment [234], which lead to graphite electrodes sputtering and eventually the 

production of carbon based species and hydrogen. 

         

Figure 7.6: Plasma emission spectra measured near the discharge gap center (around 2.6 cm from 

the left electrode) at (a) 9.5 mbar and (b) 13.8 mbar as a function of plasma set power. 

Figure 7.7 presents the spatial distribution of emission intensities for Ar, Ar+, C2 and Hβ as 

a function of plasma set power and gas pressure. The Ar line emission intensity has two peaks near 

the electrodes associated with high electron temperatures. The emission of Ar is negligible in the 

middle of the discharge gap in the hybrid mode, whereas a strong Ar emission intensity is present 

in the discharge center indicating a gamma plasma. However, the Ar+ emission intensity has only 
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two peaks near the electrodes with zero emission intensity at the middle of the discharge for all 

the cases (Fig. 7.7(b)). Also, Ar+ emission intensity increases with raised plasma set power with 

an insignificant dependence on pressure. The Ar+ emission profile suggests that ions exist mainly 

near the electrodes’ sheath due to their lower electron number density. 

The emission spectra also reveal the presence of non-Ar species, such as C2 and Hβ, 

predominantly in the gamma discharge, as illustrated in Fig. 7.7 (c) and (d), respectively. The C2 

emission intensity has only minor peaks near each electrode in the hybrid mode. However, a 

significant amount of C2 occurs with a bell-shaped profile for the gamma mode at 13.8 mbar and 

900 W. Secondary electrons are emitted from the graphite electrodes due to ion bombardment, and 

accelerated toward the plasma bulk. The ionization processes are responsible for sustaining the 

gamma-mode at high plasma powers [234], [237]. Electrode sputtering also occurs as a result of 

ion bombardment processes leading to the production C atoms which recombine in the plasma 

bulk to for a more stable intermediate C2 and other carbon-based species at the center of the 

discharge. 

    

  

Figure 7.7: Spatial emission intensity profiles of (a) Ar at 866.8 nm, (b) Ar+ at 476.5 nm, (c) C2 at 

516.2 nm and (d) Hβ at 486.1 nm. 
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In addition, a modest contribution from H atoms is observed in the plasma emission with 

two peaks near the electrodes and higher intensity at lower pressure (Fig. 7.7(d)). Furthermore, the 

Hβ emission disappears at the middle of the discharge in the hybrid mode, whereas a strong 

emission intensity profile arises in the gamma mode. The presence of H emission in Ar plasma 

might be due to the presence of H2 gas adsorbed in the graphite electrodes during graphene growth 

from previous experiments. Due to the existence of non-Ar plasma species in the gamma mode, 

plasma properties, such as electron temperature and electron number density, are expected to 

change. The effects of decreasing plasma set power below the transition critical value are 

experimentally investigated next to determine if non-Ar plasma species prevent the reverse 

transition to the hybrid mode. 

7.3.3 Plasma Hysteresis during the Transition from Gamma to Hybrid Mode 

The plasma returns to the hybrid mode from the gamma mode when the set power is lower 

than 750 W (Fig. 7.8(a)) [216]. However, the transition from gamma to hybrid mode is shifted to 

a lower power than the shift from hybrid to gamma because of active secondary electron emission 

ionization processes in the gamma mode [220]. Consequently, the difference in the emission 

intensity near the transition point (i.e., 750 W) is higher at 13.8 mbar than at 9.5 mbar (Fig. 7.8(b)). 

    

Figure 7.8: (a) The RMS current and voltage curve at 9.5 and 13.8 mbar as a function of 

increasing/decreasing plasma set power. (b) The emission intensity at the middle of the discharge 

at 9.5 and 13.8 mbar as a function of increasing/decreasing plasma set power. 
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the plasma. For instance, the peak emission intensity intensities at the middle of the discharge, 

extracted from the emission profile as in Fig. 7.4, are higher when decreasing in power, as shown 

in Fig. 7.8(b). Thus, the existence of active ionization processes initiated by previous higher power 

conditions results in higher electron number density, which dissipates more plasma power to 

sustain the plasma [220]. 

 Conclusion 

Our work demonstrates the existence of the hybrid and gamma modes in a capacitively 

coupled argon plasma at 80 kHz frequency sustained by a square waveform voltage. Fourier 

transform analysis of the voltage shows the presence of high-frequency components with values 

up to 720 kHz. Such high-frequency components promote the displacement current values. The 

gamma mode also contributes to alpha plasma due to energetic ion bombardment in the low-

frequency plasma. At 5.5 and 9.5 mbar, only the hybrid discharge exists. Although initially the 

plasma exists in the hybrid mode at 13.8 mbar, it then transits to gamma plasma when the plasma 

set power is higher than 750 W. Thus, a significant emission occurs at the middle of the discharge, 

with considerable contribution from non-Ar species such as C2, CH and H. The plasma transits 

back to the hybrid mode when the plasma set power decreases below 750 W. The current and 

voltage curve and plasma emission intensity experience a hysteresis while the plasma set power is 

ramping down from a higher value. These results aid in understanding the plasma properties of Ar 

plasma to derive useful observations that can be correlated to the plasma behavior during graphene 

growth.  
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8. DIRECT LARGE-SCALE DEPOSITION OF THIN GRAPHITE FILM 

ON CU FOIL 

Recent developments in semiconductor electronic devices have created enormous 

challenges surrounding intensified power dissipation and heat generation in ever decreasing device 

sizes [253]–[256]. In order to increase system reliability and performance, various thermal 

spreaders, in the form of interface materials, have been developed [255]. Of such materials, 

graphene has been recognized as an efficient heat spreading material owing to a high thermal 

conductivity of 2000-4000 W/mK for suspended single-layer graphene in the temperature range 

of 300-350 K [4], [257], [258], and 600 W/mK near room temperature for graphene on a SiO2 

substrate [259]. Single-layer and/or few-layer graphene have been applied to enhance the thermal 

management of Cu interconnects [260], Cu nanowires [261], and Cu films [262]. For example, the 

thermal conductivity of few-layer graphene coated Cu nanowires is improved by about 50% with 

decreased temperature rise due to Joule heating, and eventually leads to increased current 

breakdown [261]. Similarly, single-layer and few-layer graphene films deposited over both sides 

of a 9 µm thick Cu foil enhance the thermal conductivity of the foil by about 20% near room 

temperature [262]. 

However, the thermal conductance of thin graphene films (i.e., single-layer and few-layer) 

is restricted by the infinitesimal thickness of the film compared to the device or the substrate [255]. 

For instance, the improvement of a graphene-Cu-graphene structure was attributed to Cu grain 

growth during annealing assisted by the presence of graphene films [262]. Therefore, multilayer 

graphene and/or thin graphite films on Cu substrate have shown higher thermal conductivity 

improvement with enhanced current breakdown [260]. For instance, the current density breakdown 

and the temperature breakdown are significantly enhanced for graphite-coated Cu interconnects, 

and the current density breakdown increases with increased graphite thickness in the Cu 

interconnect [263]. Similarly, current density breakdown for graphite-coated Cu interconnect is 

enhanced by 5.2% through minimizing the heat dissipation and electromigration [264]. 

A direct method to grow graphite on Cu substrate is required to avoid the transfer process 

and minimize the structural defects that could degrade graphite quality [264]. The growth of thin 

graphite on a Cu substrate is challenging using conventional thermal CVD processes due to the 

self-limiting surface-activated deposition process [13]. Also, graphite deposited on a Ni substrate, 
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which has high carbon solubility, is not uniform due to anisotropic carbon segregation and 

precipitation during cooling [14], [201]. Alternatively, a thin graphite film of thickness up to 45 

nm was deposited on Cu foil using a plasma CVD process [263]. Also, a laser-assisted CVD 

process was reported for 20 nm graphite deposition on Cu interconnect [264]. Since previous 

studies reported batch-based CVD processes, our experiments extend the existing scope of graphite 

deposition methods to describe a scalable custom-built roll-to-roll plasma CVD system for 

graphite deposition on Cu foil for thermal management in electronic devices such as Cu 

interconnects [264] and GaN transistors [265]. 

A thin graphite film is deposited on both sides of Cu foil in a roll-to-roll CVD system 

operated by an 80 kHz capacitively coupled rf plasma generated between two parallel rectangular 

graphite electrodes. The plasma is operated at 15 mbar with a 1250 W set power using 33% H2, 

30% CH4, 10% N2, 8% O2, 19% Ar gas mixture which has been found critical in the successful 

graphite deposition. The given plasma condition was discovered during the statistical design of 

experiments in Chapter 3 denoted as Case 2 in Figs. 3.16 and 3.17. The plasma emission is 

monitored by OES to determine qualitative species concentration. 

Here, a full characterization of the deposited graphite film is carried out including Raman 

spectroscopy, which is a non-intrusive technique to estimate the quality of the deposited film. A 

laser excitation wavelength of 532 nm with a 100x objective lens was used to measure the Raman 

spectrum of the film. Also, the graphite film was analyzed using a scanning electron microscopy 

(SEM) (Hitachi Corp., s-4800) by measuring secondary electrons to check the film uniformity. 

Furthermore, a Titan Environmental Transmission Electron Microscope (TEM) was used to 

structurally analyze the graphite film after sample preparation using focused ion beam (FIB) 

technique. Finally, the film composition was studied by X-ray photoelectron spectroscopy (XPS) 

with a Kratos Ultra DLD spectrometer and Al Kα radiation (hv = 1486.58 eV). 

 Results and Discussion 

Figure 8.1(a) presents the uniformity of the thin graphite film from the SEM across a wide 

region of the Cu foil. Due to the considerable thickness of the graphite film, the Cu grains could 

not be observed in this sample. The thickness of the thin graphite film is about 26 nm as determined 

from the TEM image of Fig. 8.1(b) which shows the bottom Cu foil and the top platinum (Pt) layer 
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which is deposited to protect the thin graphite film during sample preparation in the FIB technique. 

The interlayer distance is estimated to be approximately 0.45 nm which is higher than the common 

distance of 0.34 for graphitic layers, and thus suggesting the deposition of a turbostatic graphite 

film with reduced interactions between the graphene layers. The layers are aligned perpendicular 

to the Cu foil with ordered structure indicating the layer-by-layer deposition. A 20-40 nm thick 

amorphous-like layer appeared between the thin graphite and Cu substrate in few regions due to 

the Cu foil roughness (Fig. 8.1(c)). However, the thickness and structure of the graphite film 

remains uniform throughout the region. 

 

 

Figure 8.1: (a) SEM image of the uniform graphite film on Cu foil. (b) TEM image of the thin 

graphite film between Cu foil and Pt protective layer. The thickness of the graphite film is about 

26 nm. (c) The graphite film remains uniform except for some regions (toward the right of the 

sample) where large voids are observed between the graphite film and Cu foil.  

          Figure 8.2(a) presents the Raman spectra of the carbon films synthesized at different plasma 

compositions. The main Raman peaks of graphene and graphite films are G at 1580 cm-1, and 2D 

at 2700 cm-1, whereas the D peak at 1350 cm-1 and Dʹ peak at 1620 cm-1 appear due to defects. 

The peaks’ intensity and position vary considerably among the samples from the three plasma 

compositions due the sensitivity of Raman spectra to carbon film quality and electronic structure 

[145], [192]. The ID/IG intensity ratio, which measures the defects density, has values of 1.83, 1.16 

and 0.87 at conditions 35%Ar/35%H2/30%CH4 (Ar-H2-CH4), 30%Ar/30%H2/30%CH4/10%N2 

5 nm 50 µm 
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(Ar-H2-CH4-N2), and 19%Ar/33%H2/30%CH4/10%N2/8%O2 (Ar-H2-CH4-N2-O2), respectively. 

The corresponding in-plane crystalline lengths (La) [147], [149] are 10.51, 16.57, and 22.10 nm 

indicating improved graphene quality with the addition of N2 and O2 gases. On the other hand, the 

I2D/IG intensity ratio decreases from 0.26 (Ar-H2-CH4) to 0.07 (Ar-H2-CH4-N2) and 0.05 (Ar-H2-

CH4-N2-O2) reflecting the influence of N2 [266] and O2 [162] containing plasmas in modifying 

graphene electronic structure. Furthermore, the G-peak and D-peak positions shifts from 1596 cm-

1 and 1353 cm-1 for the Ar-H2-CH4 plasma sample to 1605 cm-1 and 1360 cm-1 with N2 gas addition. 

The shift of both peaks with the addition of N2 is due to the tension in the graphene lattice initiated 

from the possible C-N bonds [267]. However, the peak positions shift back to 1598 cm-1 and 1347 

cm-1 with the addition of O2 gases to the Ar-H2-CH4-N2 plasma (Fig, 8.2(a)). 

  

Figure 8.2: (a) Raman and (b) XPS spectra of the deposited carbon film at different plasma 

conditions of Ar-H2-CH4, Ar-H2-CH4-N2, and Ar-H2-CH4-N2-O2. The plasma set power and gas 

pressure remain constant at 1250 W and 15 mbar, respectively. 

The XPS measurements agree with the Raman findings and suggest that the carbon film 

from Ar-H2-CH4 plasma has a low-crystalline structure, as suggested by the hump in the 600-1200 

eV region observed in Fig. 8.2(b). However, the additions of N2 and O2 gases to the plasma 

enhance the film crystallinity due to the increased plasma reactivity and the chemical growth 

kinetics. The XPS spectra show small oxygen contents near 530 eV for the samples from Ar-H2-

CH4, Ar-H2-CH4-N2 plasma conditions due to ambient exposure, whereas the oxygen peak 

increases substantially for the Ar-H2-CH4-N2-O2 sample. Furthermore, the C 1s peak near 285 eV 

indicates the binding energy for graphitic content, with small contribution from the Cu surface due 

to the thick graphite sample of about 26 nm. 
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OES was used to measure plasma emission during carbon deposition for the three gas 

compositions. The plasma emission increases significantly with the addition of N2 gas to the Ar-

H2-CH4 plasma as presented in Fig. 8.3(a). N2 has higher vibrational levels that lead to increased 

power dissipation in the plasma with enhanced energy transfer between plasma species. The 

emission spectrum remains almost similar with the addition of O2 gas to the Ar-H2-CH4-N2 plasma. 

The emission intensity of several species normalized to the emission intensity of Ar line at 

703 nm are presented in Fig. 8.3(b) to provide qualitative comparison between the three spectra. 

The positions of these species are listed in Table A.1 in Appendix A. The emission intensities of 

H2 varies slightly with the addition of N2 and O2 gases to Ar-H2-CH4 plasma (Fig. 8.3(b)). However, 

the emission intensities of C2, Hβ, Ar+ and CH decrease with the addition of N2 to Ar-H2-CH4 

plasma, whereas their emission intensities increase in the Ar-H2-CH4-N2-O2 plasma. Also, strong 

emission is observed for N2, CN and N2
+ with the addition of N2 and O2 to Ar-H2-CH4 plasma. 

The enhancement of C2, Hβ, Ar+ and CH emission intensities could lead to the increase of the 

graphite film deposition rate. Similarly, the addition of oxygen enhances the deposition rate by 

minimizing graphene nucleation density [93], [160]. Finally, the spectrum of Ar-H2-CH4-N2-O2 

plasma shows strong emission of C2 band near 516-519 nm which could indicate the enhancement 

of the production of carbon species in the plasma that enhances the deposition rate (inset of Fig. 

8.3(b)). 

        

Figure 8.3: (a) Optical emission spectra of Ar-H2-CH4, Ar-H2-CH4-N2 and Ar-H2-CH4-N2-O2 

plasmas. (b) Comparison between the species emission intensities as a function of plasma 

compositions at 1250 W and 15 mbar. The emission intensity is normalized by Ar emission line at 

703 nm. The inset shows a zoom-in to the spectra near 516 nm which shows strong C2 band 

emission from Ar-H2-CH4-N2-O2 plasma. 
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 Conclusion 

Large scale deposition of graphite on Cu foil was demonstrated using a roll-to-roll plasma CVD 

system. Plasma condition is determined to be critical in the successful growth of about 26 nm 

graphite on Cu foil. The deposition process takes advantages of the fast growth of graphene layers 

accelerated by active carbon and other plasma species toward the substrate. The addition of N2 and 

O2 are crucial to increase plasma reactivity and promote chemical kinetics to favor graphite film 

synthesis, as revealed via OES. In addition, XPS and Raman spectra suggest better quality and 

crystalline structures with the addition of N2 and O2 that are expected to etch amorphous carbon 

to yield an increased quantity of organized sp2 carbons.  
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9. CONCLUSIONS 

A roll-to-roll plasma CVD process has been statistically, thermally, spectroscopically, and 

electrically assessed to scale up graphene production. Our work is meant to pave the way for using 

plasma sources for graphene and other nanomaterial mass production. A common challenge in 

current research in nanoscale materials production is the process repeatability, where carbons, in 

the case of graphene, need to be arranged perfectly in a honeycomb structure to form high-quality 

graphene with exceptional properties. In the present study, statistical design of experiment was 

applied to quantify the uncertainty of graphene quality with the goal of quality optimization using 

a reduced number of experiments. The developed algorithms were used to discover surrogate 

models representing graphene quality from both sides of the Cu foil, as a function of the process 

parameters: plasma set power, gas pressure, and gas constituents of H2, CH4, N2, O2, and Ar. 

Sensitivity analysis of the models reveals that gas pressure, nitrogen and oxygen gases, and plasma 

power are the main factors influencing graphene quality. The influence of the graphene quality 

factor is due to significant roles in specifying plasma types: hybrid or gamma, controlling the ion 

bombardment, and graphene deposition rate. 

Even though capacitively coupled low-frequency plasmas have high ion energy that severely 

bombards the substrate, the implemented statistical technique found optimal operation conditions 

with a moderate quality of graphene. If the discussed methods were applied to a high-frequency 

microwave plasma, graphene quality would be significantly improved. Such a hypothesis, which 

was preliminarily tested in a microwave plasma CVD system, suggests the importance of 

designing and developing plasma sources with lower ion energy by using high-frequency plasma 

or generating plasma in an electrodeless configuration. The objective of process optimization is to 

minimize the energy absorbed by ions from electrons and the electric field to reduce ion 

bombardment on the substrate and eventually improve overall graphene quality. 

In situ optical emission spectroscopy (OES) was applied to correlate species emission to 

graphene quality with the aim of developing a diagnostic tool to monitor and control graphene 

deposition. Using a statistical mapping analysis, the OES results found that CH emission is 

correlated to high-quality graphene, whereas O and H atoms, the Ar+ ion, and C2 and CN radicals 

emission are correlated to low quality. Emission intensities ratios of CH/C2, CH/O, and H2/H can 
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be used to on-line monitor graphene production in the roll-to-roll process. Such in situ sensors can 

significantly help in providing quality control inspection without the need to interrupt production 

and perform detailed material characterizations. Also, the OES results in formulating a conceptual 

graphene growth mechanism that starts by decomposing CH4 to CH, which is more 

thermodynamically stable and kinetically favorable on a Cu substrate than other CH4 

decomposition species. Upon the successful recombination of CH on a Cu surface to form 

graphene, energetic Ar+ ions, O atoms, and H atoms bombard the surface and sputter carbon atoms 

from the formed C-C bonds. Therefore, an optimum condition for graphene growth on Cu foil was 

determined with a low concentration of O2 and N2 gases at moderate pressures of 9.2 mbar and 

moderate plasma set power values of 750 W. 

The optimized condition described above is reached when Cu foil is rolled with a web speed 

of around 45 mm/min. However, as the web speed increases, graphene quality decreases with a 

loss in deposition uniformity, which is in agreement with previous roll-to-roll thermal CVD 

processes. Thus, due to the significant influence Cu foil temperature on the growth process, a 

thermal characterization of the Cu substrate was made to improve high-quality graphene 

throughput. A detailed heat transfer analysis was made to find the Cu foil temperature distribution 

during the roll-to-roll process. The modeled temperature distribution was validated with a near-IR 

temperature sensor that measured the Cu foil temperature in the plasma region at various plasma 

set powers and web speeds. To increase graphene crystallization quality, an optimum condition 

was defined by the heat transfer model. The optimum condition was reached by raising the plasma 

power, lowering the web speed and increasing the plasma region length. Our heat transfer analysis 

demonstrates that the production rate of graphene on Cu foil is limited by sufficient heating for 

high-quality graphene growth. Therefore, high throughput graphene deposition on Cu foil is 

amenable, provided that (1) plasma length is enlarged to increase the residence time and the Cu 

foil temperature and (2) plasma set power is raised to provide adequate substrate heating and 

sufficient methane ionization to allow active intermediate carbon species to accelerate the growth 

process. 

The web speed limitation imposed on Cu foil graphene deposition is primarily due to the 

growth mechanism driven by temperature-dependent catalytic Cu surface reactions in response to 

low carbon solubility in Cu. Thus, graphene production rates can be improved using a substrate 

with high-carbon solubility, such as Ni foil which also has a superior hydrocarbon decomposition 
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reactivity with a greater lattice match with graphene. So, the roll-to-roll graphene deposition on Ni 

was successfully attempted at different plasma powers and web speeds. Graphene uniformity and 

thickness depend primarily on web speed, whereas the influence of plasma power is negligible. To 

interpret results, the Ni foil temperature distribution was determined at various conditions and 

validated by temperature measurements from the in situ near-IR sensor. Because of low thermal 

diffusivity, Ni temperature depends significantly on web speed leading to a decreased temperature 

in the pre-plasma and plasma regions, whereas the Ni foil temperature increases in the post-plasma 

region. Thus, the diffusion length scale of carbon atoms in Ni during the growth process decreases 

with increased web speed and leads to a reduced amount of carbons precipitated in Ni foil. 

However, after growth, the Ni foil cooling rate increases with increased web speed. Since graphene 

growth is driven by carbon segregation from Ni after the growth process, higher web speed is 

desirable, provided that sufficient carbon atoms have diffused in Ni. Therefore, graphene 

deposition on Ni foil has a greater potential for high throughput than Cu foil once controlled-

temperature pre- and post-plasma regions are developed for better adjustment of the heating and 

cooling rates of Ni foil. 

The main advantages of using plasma sources for large-scale graphene are the supply of 

active carbon intermediate species from electron excitation reactions and the self-heating of the 

substrate without the need of a supplemental heating source. Such low-pressure, low-ionization 

plasmas exist in a non-equilibrium status, where the electron temperature is higher than the 

translational gas temperature. Hence, determining the gas temperature of given plasmas is crucial 

because of the significant role it plays in graphene growth reaction rates and uniformity, as 

discussed above. Therefore, N2
+(B-X), CN(B-X), and H2(d3Πu → a

3Σg
+) rotational temperatures 

are measured by OES to determine accurate translational gas temperatures in the plasma at 

conditions similar to graphene growth. We assess the effects of plasma set power and gas pressure 

as well as the addition of N2, O2 and CH4 gases on gas temperature and power dissipation in H2 

plasma. Plasma set power is the main factor that determines the actual power dissipated in the 

plasma. The ratio of the dissipated power to the set power increases from 26% to 47% as the set 

input power increases from 500 W to 1100 W at 9 mbar. For a given set power, the dissipated 

power initially increases with rising pressure, reaches a maximum around 5.67 mbar, and then 

decreases at higher pressures. In addition, for a given set power and a gas pressure, the dissipated 

power increases with the addition of N2, O2, and CH4 gases, which play a critical role in graphene 
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synthesis. Results show that rotational temperatures of N2
+, CN, and H2 increase as the dissipated 

power increases and as the plasma process parameters are varied with different values, due to the 

non-equilibrium nature of the plasma. Consequently, the rotational temperature of N2
+, and H2 to 

some extent, are most accurate in representing the translational gas temperature. 

To further understand plasma properties and their effects on graphene growth, Ar plasma 

was experimentally analyzed at different plasma set powers and gas pressures. At pressures less 

than 10 mbar (i.e., 5.5 and 9.5 mbar), the plasma exists in a hybrid mode with contributions from 

both alpha and gamma ionization processes. However, at a higher pressure of 13.8 mbar, the 

plasma exists in the hybrid mode initially and then transits to gamma mode as the plasma set power 

increases (above 750 W set power). The observed plasma mode transition is due to enhanced 

secondary electron emission originating from ion bombardment of the electrodes. Results explain 

why gas pressure is the most significant process parameter for high-quality graphene growth in the 

hybrid mode, as explored in Chapter 3.  

The voltage square waveform plays a significant role in sustaining the hybrid mode by 

enhancing the displacement current. Results show the possibility of sustaining the hybrid mode at 

low plasma frequency using a tailored waveform. The hybrid mode has better plasma uniformity 

and lower ion bombardment, which results in better graphene quality than the gamma mode. 

Results demonstrate the possibility of controlling the plasma properties by engineering the 

supplied voltage waveform, which could open a wide range of applications demanding a uniform 

alpha discharge. 

The comprehensive techniques applied to characterize the roll-to-roll plasma CVD process 

in this work provide a framework for efficiently manufacturing graphene by revealing critical 

physical and chemical processes in the plasma system. For example, the addition of N2 and O2 was 

found to be important to successfully deposit a 26 nm thick graphite film on Cu foil.  Thus, plasma 

R2R process is a feasible technique to mass produce graphene and other nanostructures. However, 

a detailed plasma design and engineering including the plasma source, plasma frequency, and 

operating conditions is mandatory to mass produce high-quality graphene. The interactions 

between the plasma and the substrate play significant roles in defining the growth rate and the 

materials quality. Thus, developing physical models supported with statistical models significantly 

improve the understanding and control of deposition process to enable large-scale production of 

graphene. 
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Also, the temperature of the pre- and post-plasma regions should be separately controlled 

to increase the R2R system flexibility and capability for high throughput. Both Ni foil and Cu foil 

remain the most attractive candidates for high-throughput deposition of graphene once the plasma 

deposition region is enlarged to allow a uniform high-temperature environment with longer 

residence time. The deposited graphene can be transferred from Ni foil and Cu foil to any arbitrary 

substrates by implementing existing roll-to-roll transfer process methods. Future work can focus 

on developing a R2R scheme for low-temperature deposition to allow graphene direct integration 

into devices and substrates with low melting temperatures. Finally, attention should be taken to 

reduce the issues of graphene microcracks originating from tension in the R2R process.  
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APPENDIX A. PROCESS OPTIMIZATION OF GRAPHENE GROWTH 

IN A ROLL-TO-ROLL PLASMA CVD SYSTEM 

Appendix A originates from the published manuscript [23] which is reused with permission form 

AIP Advances, Vol. #7, Article ID #11, (2017); used in accordance with the Creative Commons 

Attribution (CC BY) license. 

[23] M. A. Alrefae, A. Kumar, P. Pandita, A. Candadai, I. Bilionis, and T. S. Fisher, “Process 

optimization of graphene growth in a roll-to-roll plasma CVD system,” AIP Adv., vol. 7, no. 11, p. 

115102, Nov. 2017. 

The statistical models implemented in this work and described in Sections A.3 and A.8 have been 

developed by Piyush Pandita and Ilias Bilionis. The work is published in Ref. [23] and is reused 

with permission as listed above. 

 

A.1 Plasma Stability Conditions 

Figure A.1 shows images of plasma emission in which the pressure/power coupling affects 

the stability of the plasma. Lower power results in lifted plasmas for both alpha and gamma modes. 

These images correspond to plasma emission integrated over the range 200-800 nm measured 

using an iCCD camera (Princeton Instruments PI-MAX 4 iCCD). 

 

Figure A.1: Images of the plasma emission at different plasma conditions showing: a) stable alpha 

plasma at 30% H2, 20% CH4, 10% N2, 10% O2, 30% Ar, 7 mbar and 800 W, b) unstable alpha 

plasma at 0% H2, 20% CH4, 0% N2, 10% O2, 70% Ar, 15 mbar and 850 W, c) stable gamma plasma 

at 40% H2, 20% CH4, 0% N2, 0% O2, 40% Ar, 16 mbar and 1250 W, and d) unstable gamma 

plasma at 0% H2, 0% CH4, 10% N2, 0% O2, 90% Ar, 14 mbar and 750 W. 

A.2 Raman Spectroscopy Analysis 

The copper substrate has a Raman signal in the range of 1000-1800 cm-1. We measured 

several spectra of bare copper foil, and the average of these spectra was used in the background 

subtraction process as shown in Fig. A.2. The raw Raman spectrum of graphene on copper foil is 

subtracted by the average signal of copper (Fig. A.2). The subtracted signal is used in the analysis 

after fitting the D- and G- peaks with Gaussian functions. 
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Figure A.2: (a) Raman spectra of the copper-only background without graphene growth. The 

average baseline of the copper background signal is subtracted from the Raman spectrum of 

graphene on copper foil as shown in (b). The condition of graphene growth is 20% H2, 27% CH4, 

10% N2, 3% O2, 40% Ar, 9.3 mbar and 850 W. 

Figure A.3 shows that the Raman spectrum of graphene transferred to Si/SiO2 substrate is 

similar to the Raman spectrum measured directly from copper foil after background substation. 

The Raman spectrum from Fig. A.2 is used for this comparison. The spectra are then fitted to find 

the intensities, FWHM and positions of the G- and D-peaks. 

 

Figure A.3: Raman spectra of graphene after transfer to a Si/SiO2 substrate. The condition of 

graphene growth is similar to Figure A.2: 20% H2, 27% CH4, 10% N2, 3% O2, 40% Ar, 9.3 mbar 

and 850 W. 

A.3 Description of the Statistical Methods 

To acquire a reasonable experimental data set for suggesting further optimized experiments, 

a sampling technique called Latin hypercube was used. The ranges of the inputs are given in Table 

II in the main paper. Experiments were then conducted at the conditions selected by the above 

method that serve as the data set for surrogate modeling. 
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A.3.1 Gaussian Process Regression 

The motivation behind meta modeling stems from seminal work in the field of computer 

simulation design [268]. Due to incomplete knowledge about the physical system, we aim to 

approximate the objectives mathematically by developing data-driven models. Gaussian Process 

regression (GPR) [269] is ubiquitously used to construct probabilistic representations of unknown 

objectives. A GPR is fully specified by a mean function (taken to be zero here) and a covariance 

function that allows us to incorporate characteristics of the unknown objectives, such as 

smoothness and continuity, by estimating certain parameters (called hyper-parameters) of the 

covariance function. We use the Matern32 covariance function for this purpose [269]. The hyper-

parameters include the following: a) length scales (𝑙) which represent the influence of each input 

variable on the output, b) a signal strength (𝑠2) which represents the scale of magnitude of the 

objective, and c) a noise variance (𝜎2 ) which estimates the noise in the observations. The 

parameters of the covariance, called hyper-parameters, are determined by using the standard 

technique of maximum likelihood estimation [270]. 

A.3.2 Information Acquisition Function (IAF) 

The probabilistic nature of the GPRs allows us to quantify the uncertainty around the 

objectives mainly due to a finite number of measurements contaminated with noise. This allows 

us to mathematically quantify the plausible information contained in a hypothetical experiment. 

The IAF weighs the improvement, over the hyper-volume dominated by the Pareto efficient 

frontier (PEF), that is carried by a hypothetical experiment. We denote the hypothetical experiment 

by 𝑦, and the PEF by 𝑃�̃�. We define the improvement over the hyper-volume dominated by the 

PEF as follows: IHV =  μ(𝐏�̃� ∪ 𝐲) −  μ(𝐏�̃�). Since the hypothetical observation is characterized 

by a probabilistic model, we work with the expected IHV (EIHV) EIHV =  ∫ IHV
∞

−∞
P(𝐲)𝐝𝐲, 

where 𝑃(𝒚) represents the GPRs. For this work, we use a reformulated definition of the EIHV, 

known as the EEIHV [150], which focuses on extending the EIHV to problems with noisy 

measurements.  

A.3.3 Epistemic Uncertainty and its Visualization 

The PEF and its uncertainty are characterized by leveraging the methodology given in 

Binois et. al. [271]. The PEF is simply the lower left boundary of the attainment set in the 

minimization problem, as shown in Fig. 3 in the main paper. Framing the problem in this way, our 
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prediction of the PEF will be the boundary of the Vorob’ev expectation of the random attainment 

set. The uncertainty about this prediction will be captured by the Vorob’ev deviation of the random 

attainment set. We represent the uncertainty in our estimation of the Pareto frontier by plotting 

contours of the probability of achieving a particular region in the objective space. 

A.3.4 Suggesting Multiple Experiments  

After starting with an initial set of noisy measurements called ‘Sets 1-3’ in Fig. 4 in the 

main paper, the methodology selects the experimental condition that maximizes the information 

acquisition function (IAF). However, it is infeasible in this problem to conduct just one experiment 

in one batch; therefore, the methodology suggests multiple experiments in one set (batch) which 

is an addendum of our work. This is done by adding to the data set/initial measurements a sample 

from the modeled response surface (GPRs) of the outputs corresponding to the experimental 

condition selected. This augmented set is used to run the BGO algorithm to suggest another 

condition, and the process iterates until the required number of conditions for a batch of 

experiments to be conducted are obtained. This methodology is cost-effective in our roll-to-roll 

system as several experiments can be completed in one batch without ending the experiment and 

removing the samples. 

A.3.5 The Sequential Experimental Design Algorithm using BGO.  

Given: Measurement data: (𝐘, 𝐗); Constructed surrogate model: P(y|𝐱, 𝛉); Desired number 

of suggested experiments in one batch: T, the virtual measurement set : (�̌�, �̌�) =  (𝐘, 𝐗). 

1. t ← 1. 

2. Find the design/condition 𝐱𝒕
∗: 𝐱𝒕

∗ = arg min EEIHV.  

3. Obtain a GPR realization from P(𝐲|𝐱, 𝛉) corresponding to 𝐱𝒕
∗, denoted by 𝐲(𝐱𝒕

∗). 

4. Augment the virtual measurement set: (�̌�, �̌�) = (𝐘 ̌ ∪ 𝐲(𝐱𝒕
∗), �̌� ∪  𝐱𝒕

∗) 

5. t ← t + 1. GOTO step 2. 

6. If t = T           Conduct experiments at the set of experiments �̌�n+1:T and measure 𝐘n+1:T           

Augment the original data set: (𝐘, 𝐗) = (𝐘 ∪ 𝐘n+1:T , 𝐗 ∪ �̌�n+1:T)  

7. Continue for another batch of suggested experiments. 

The effects of experimental order in one set had little effect on the process parameters (gas 

flow rates, and temperatures measured by a thermocouple and a pyrometer) when a sufficient 

warm-up period (e.g., approximately 15-20 minutes) was allowed. Thus, the Raman results from 
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similar experiments, one at the beginning of the batch and at the end, fall within experimental 

uncertainties (ID/IG ratio of both sides). Two identical experiments were made: one at the beginning 

of Set 5 and the other at the end. Figure A.4 shows the Raman results of both experiments showing 

similar results. Furthermore, the pyrometer and the gas temperatures are similar for both 

experiments even though the experiments between the two had different temperatures values. 

   

Figure A.4: (a) The ID/IG ratio of graphene on the left and right sides of the copper foil for 

experiment numbers 76 and 87. (b) The thermocouple and the pyrometer temperatures of both 

experiments. The conditions were the same: 31% H2, 25% CH4, 4% N2, 1% O2, 39% Ar, 9.2 mbar 

and 750 W. 

A.4 Uniformity of Graphene Growth 

Graphene-coated copper foil is protected from oxidation due to the high gas impermeability 

and thermal stability of graphene [151]. Hence, there is no color change in the graphene-coated 

copper when subjected to mild thermal annealing, indicating uniformity of graphene deposition 

over a large area measured by optical microscope at a magnification of 100x as shown in Fig. A.5 

(a), (c) and (d). On the other hand, extensive color change occurs when a bare copper foil is 

subjected to the oxidation test due to the formation of copper oxides on its surface (Fig. A.5 (b)). 

Also, a greater degree of color change is observed in the graphene sample grown at higher speed 

(959 mm/min), due to a lower number of graphene layers deposited at this high speed as compared 

to the growth speed of 45 mm/min. Quantifying results from this oxidation test method is under 

development for future work to aid in characterization graphene produced in large scale production 

facilities. 

A.5 Effects of Plasma Length on Graphene Quality 

The length of the plasma slit was decreased to 5 cm from 20 cm to study the effects of ion 

bombardment on graphene quality. The residence time of the substrate in this reduced plasma 
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length configuration is 1.1 min at a speed of 45 mm/min. Figure A.6 presents the ID/IG ratios from 

four experiments and shows that quality remains similar regardless of the decreased plasma frontal 

area. Hence, ion bombardment in a low-frequency capacitively coupled plasma has strong effects 

of on graphene quality. 

 

Figure A.5: Optical images of (a) bare copper foil before oxidation test, (b) bare copper foil after 

oxidation test, (c) and (d) graphene on copper foil after oxidation. The growth condition for 

graphene on copper foil in (c) and (d) is similar to Case 2 in the main paper (33% H2, 30% CH4, 

10% N2, 8% O2, 19% Ar, 15 mbar, and 1250 W) at web speeds of 45 and 959 mm/min, respectively.  

The scale bar is 10 µm. 

 

Figure A.6: The effects of decreasing plasma length using small and large electrodes with plasma 

lengths of 5 and 20 cm, respectively. The length of the plasma has minimum influence of graphene 

quality due to large impact of ion bombardment in the plasma. The conditions for the experiments 

are: 1) 39% H2, 20% CH4, 10% N2, 7% O2, and 24% Ar at 10.5 mbar and 750 W, 2) 31% H2, 25% 

CH4, 4% N2, 1% O2, and 39% Ar at 9.2 mbar and 750 W, 3) 33% H2, 30% CH4, 10% N2, 8% O2, 

and 19% Ar at 15.0 mbar and 1,250 W, 4) 10% H2, 19% CH4, 10% N2, 6% O2, and 55% Ar at 10.6 

mbar and 700 W. 
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A.6 Effects of Pressure on Plasma Sheath and the Transition from Alpha to Gamma Modes 

The effects of the gas pressure on the plasma type is shown in Fig. A.7. At lower pressure, 

the sheath for the right electrode is larger and could touch the right side face of the copper foil 

resulting in lower quality due to strong ion bombardment. As the pressure increases, the sheath 

thickness decreases (as seen in the images at 13.6 and 15.2 mbar). Further increase of pressure 

changes the plasma type to a gamma mode where the current density is high. This mode exhibits 

strong emission intensity in the middle of the gap between the two electrodes (compare the images 

of the plasma at 15.2 and 15.4 mbar). 

 

Figure A.7: Plasma emission images showing the effect of pressure on the plasma type. The 

transition occurs near 15.4 mbar. The other plasma conditions are the same: 70% H2, 25% CH4, 

5% O2 at 1000 W. The scale of the emission is from 10 to 5,535 counts. 

A.7 Optical Emission Spectroscopy 

The spectroscopic details of the emission lines are summarized in Table A.1.  

Table A.1: The species emission lines used in this work. 

Species 

[ref] 

CN 

[223] 
N2

+ 

[223] 
CH 

[223] 
Ar+ 

[272] 
C2 

[273] 
H2 

[274] 
Hα 

[272] 
Ar 

[272] 
O 

[272] 
C 

[272] 
N 

[272] 

Wavelength 

(nm) 
388.3 391.4 431.2 476.5 516.0 601.8 656.3 750.4 777.2 833.5 868.0 

Transition B-X B-X A-X 
2P°- 

2P 

𝑑3Π𝑔
− 𝑎3Π𝑢 

𝑑3Π
− 𝑎3Σ 

 

3-2 

2[1/2]- 

2[1/2]

° 

5P -
5So 

1S-
1Po 

4Do-
4P 
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A.8 Mapping between the OES and Raman Results 

We use a vector w as follows: z = wT ∗ x where x is the emission intensity matrix, and z 

is a variable that maps the ID/IG. The variable z can be expressed as a 3rd order polynomial as: 

(
ID

IG
) = bo + b1z + b2z

2 + b3z
3, where the coefficients are fitted using a hierarchical Bayes model 

assuming Gaussian noise as shown in Fig. A.8. 

 

 

Figure A.8: (a) ID/IG ratio of graphene on copper foil as a function of the projected variables, z. 

The line describes the model, while the shaded area shows the uncertainty of the model. (b) The 

coefficients of the variable z which are chosen based on a hierarchical Bayes model assuming 

Gaussian noise. 

A.9 Correlations between OES Species Emission Ratios and Process Parameters 

The emission intensity ratios (CH/O, CH/C2 and H2/H) have higher values at the optimized 

condition (31% H2, 25% CH4, 4% N2, 1% O2, and 39% Ar at 9.2 mbar and 750 W) as shown in 

Fig. A.9. For example, CH/C2 and H2/H have higher values near 9.2 mbar as shown in Fig. A.9(a) 
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and (b). Similarly, CH/C2 decreases with increased plasma power and has higher value around 750 

W (Fig. A.9(c)). Also, the CH/O ratio decreases with increased O2 mole fraction and maximizes 

at 1% O2 (Fig. A.9(d)). Finally, the CH/O peaks in 4% N2 due to higher dissociation of methane 

and lower CN as shown in (Fig. A.9(e)). 

 

 

 

Figure A.9: The optimized condition (31% H2, 25% CH4, 4% N2, 1% O2, and 39% Ar at 9.2 mbar 

and 750 W) produces higher values of CH/O, CH/C2 and H2/H. The effects of pressure on (a) 

CH/C2, and (b) H2/H. (c) CH/C2 decreases linearly with plasma power. The variations of CH/O as 

a function of (d) O2 mole fraction and (e) N2 mole fraction. 
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APPENDIX B. FIN MODEL DERIVATION 

B.1 Derivation Details of the Analytical Model 

Applying the Taylor expansion for heat conduction and advection terms in Eq. (5): 

𝑞𝑦 − 𝑞𝑦+𝑑𝑦 = 𝑞𝑦 − (𝑞𝑦 +
𝑑𝑞𝑦

𝑑𝑦
𝑑𝑦) = −

𝑑𝑞𝑦

𝑑𝑦
𝑑𝑦  (B1) 

𝛿𝑤(𝜌𝑈𝐶𝑃𝑇)𝑦 − 𝛿𝑤(𝜌𝑈𝐶𝑃𝑇)𝑦+𝑑𝑦 = 𝛿𝑤𝜌𝑈𝐶𝑃𝑇𝑦 − 𝛿𝑤𝜌𝑈(𝐶𝑃𝑇𝑦 +
𝑑𝐶𝑃𝑇

𝑑𝑦
𝑑𝑦) =

−𝛿𝑤𝜌𝑈𝐶𝑃𝑑𝑦
𝑑𝑇

𝑑𝑦
 (B2) 

Applying the Fourier’s law for the conduction in Eq. (B1): 

−
𝑑𝑞𝑦

𝑑𝑦
𝑑𝑦 = −𝑑𝑦 (

𝑑

𝑑𝑦
(−𝛿𝑤𝑘

𝑑𝑇

𝑑𝑦
)) = 𝛿𝑤𝑘𝑑𝑦

𝑑2𝑇

𝑑𝑦2
  (B3) 

Expanding the convective and radiative terms in Eq. (5) as follow: 

                                            𝑑𝑞𝑐𝑜𝑛𝑣 = 𝑤ℎ1(𝑇 − 𝑇∞,1)𝑑𝑦 (B4) 

𝑑𝑞𝑟𝑎𝑑,𝑅 = 𝑑𝑦𝑤휀𝜎(𝑇
4 − 𝑇𝑠𝑢𝑟𝑟

4 ) = 𝑑𝑦𝑤휀𝜎(𝑇2 + 𝑇𝑠𝑢𝑟𝑟
2 )(𝑇 + 𝑇𝑠𝑢𝑟𝑟)(𝑇 − 𝑇𝑠𝑢𝑟𝑟) =

 𝑤ℎ𝑟𝑎𝑑,1(𝑇 − 𝑇𝑠𝑢𝑟𝑟)𝑑𝑦  (B5) 

where 𝑇∞,1 is the gas temperature, ℎ1 is the convective heat transfer coefficient and ℎ𝑟𝑎𝑑,𝑅,1 is the 

linearized radiative heat transfer coefficient written as ℎ𝑟𝑎𝑑,1 = 휀𝐶𝑢𝜎(𝑇
2 + 𝑇𝑠𝑢𝑟𝑟

2 )(𝑇 + 𝑇𝑠𝑢𝑟𝑟). 

The temperature of the chamber wall (𝑇𝑠𝑢𝑟𝑟) is assumed to be equal to the gas temperature in the 

pre-plasma region (𝑇∞,1). Finally, 휀𝐶𝑢  and 𝜎 are the emissivity of the Cu foil and the Stefan-

Boltzmann constant, respectively. So, the final form of the differential equation becomes: 

𝛿𝑤𝑘𝑑𝑦
𝑑2𝑇

𝑑𝑦2
− 𝛿𝑤𝜌𝑈𝐶𝑝𝑑𝑦

𝑑𝑇

𝑑𝑦
− 2𝑑𝑦𝑤ℎ1(𝑇 − 𝑇∞,1) − 2 𝑑𝑦𝑤ℎ𝑟𝑎𝑑,1(𝑇 − 𝑇𝑠𝑢𝑟𝑟) = 0  (B6) 

Dividing Eq. (B6) by 𝛿𝑤𝑘𝑑𝑦 yields the simplified differential equation which is written in Eq. (6): 

 
𝑑2𝑇

𝑑𝑦2
−
𝜌𝑈𝐶𝑝

𝑘

𝑑𝑇

𝑑𝑦
−
2ℎ1

𝛿𝑘
(𝑇 − 𝑇∞,1) −

2ℎ𝑟𝑎𝑑,1

𝛿𝑘
(𝑇 − 𝑇𝑠𝑢𝑟𝑟) = 0  (B7) 

 

B.2 Derivation of Radiation Exchange between Cu Foil and the Electrodes in the Analytical 

Model 

Radiation from Cu foil to both electrodes is linearized to simplify the differential heat 

equation in the plasma region. The linearized radiation heat transfer coefficient from Cu foil to the 

right electrode, for example, is determined by employing the radiation resistance network [185]: 
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𝑑𝑞𝑟𝑎𝑑,𝑅𝐸 =
𝑤𝑑𝑦 𝜎(𝑇2+𝑇𝑅𝐸

2 )(𝑇+𝑇𝑅𝐸)
1−𝜀𝐶𝑢
𝜀𝐶𝑢

+
1−𝜀𝐸
𝜀𝐸

 
𝑑𝑦

𝐿
+

1

𝐹𝐶𝑢−𝑅𝐸

(𝑇 − 𝑇𝑅𝐸)  (B8) 

where 𝑇𝑅𝐸 is the electrode temperature (Fig. 4.2(d)). The view factor 𝐹𝐶𝑢−𝑅𝐸 and the emissivity of 

copper and graphite (휀𝐶𝑢  and 휀𝐸  respectively) are obtained from Ref. [185]. We can write the 

linearized radiative heat transfer coefficient due to the radiation exchange between Cu foil and the 

right electrode as: 

ℎ𝑟𝑎𝑑,𝑅𝐸 =
𝜎(𝑇2+𝑇𝑅𝐸

2 )(𝑇+𝑇𝑅𝐸)
1−𝜀𝐶𝑢
𝜀𝐶𝑢

+
1−𝜀𝐸
𝜀𝐸

 
𝑑𝑦

𝐿
+

1

𝐹𝐶𝑢−𝑅𝐸

  (B9) 

The denominator represents the copper surface resistance, the electrode surface resistance, and the 

space resistance, respectively. A similar formula is written for radiation transfer between substrate 

and the other electrode to simplify the differential equation in the plasma region and lead to the 

temperature distribution solution in the plasma region (i.e., Eq. (8)). 

 

B.3 The Constants Expressions in the Analytical Solution 

The constants (𝐶1, 𝐶4, 𝐶5, 𝐶6) in the analytical solution expressed in Eq. (10) have the forms: 

𝐶1 = (𝑘3𝑘2𝑟4𝑟5𝑇∞,3 − 𝑘3𝑘2𝑟4𝑟5𝑇∞,2 + 𝑘3𝑘2𝑟4𝑟6𝑇∞,3 − 𝑘3𝑘2𝑟4𝑟6𝑇∞,2 − 𝑒5𝑘2
2𝑟5𝑟6𝑇∞,1 +

𝑒6𝑘2
2𝑟5𝑟6𝑇∞,1 + 𝑒5𝑘2

2𝑟5𝑟6𝑇∞,2 − 𝑒6𝑘2
2𝑟5𝑟6𝑇∞,2 − 𝑒5𝑘3𝑘2𝑟4𝑟6𝑇∞,1 − 𝑒6𝑘3𝑘2𝑟4𝑟5𝑇∞,1 +

 𝑒5𝑘3𝑘2𝑟4𝑟6𝑇∞,2 + 𝑒6𝑘3𝑘2𝑟4𝑟5𝑇∞,2)/(𝑒5𝑘2
2𝑟5𝑟6 − 𝑒6𝑘2

2𝑟5𝑟6 + 𝑒5𝑘1𝑘3𝑟1𝑟4  − 𝑒6𝑘1𝑘3𝑟1𝑟4  +

𝑒5𝑘1𝑘2𝑟1𝑟5 + 𝑒6𝑘1𝑘2𝑟1𝑟6 + 𝑒5𝑘3𝑘2𝑟4𝑟6 + 𝑒6𝑘3𝑘2𝑟4𝑟5)   

𝐶4 = −(𝑒5𝑘2
2𝑟5𝑟6𝑇∞,3 − 𝑒5𝑘2

2𝑟5𝑟6𝑇∞,2 − 𝑒6𝑘2
2𝑟5𝑟6𝑇∞,3 + 𝑒6𝑘2

2𝑟5𝑟6𝑇∞,2 + 𝑒5𝑘1𝑘2𝑟1𝑟5𝑇∞,3 −

 𝑒5𝑘1𝑘2𝑟1𝑟5𝑇∞,2 + 𝑒6𝑘1𝑘2𝑟1𝑟6𝑇∞,3 − 𝑒6𝑘1𝑘2𝑟1𝑟6𝑇∞,2 − 𝑒5𝑒6𝑘1𝑘2𝑟1𝑟5𝑇∞,1 −

𝑒5𝑒6𝑘1𝑘2𝑟1𝑟6𝑇∞,1 + 𝑒5𝑒6𝑘1𝑘2𝑟1𝑟5𝑇∞,2 + 𝑒5𝑒6𝑘1𝑘2𝑟1𝑟6𝑇∞,2)/(𝑒4(𝑒5𝑘2
2𝑟5𝑟6  − 𝑒6𝑘2

2𝑟5𝑟6 +

𝑒5𝑘1𝑘3𝑟1𝑟4  − 𝑒6𝑘1𝑘3𝑟1𝑟4  + 𝑒5𝑘1𝑘2𝑟1𝑟5  + 𝑒6𝑘1𝑘2𝑟1𝑟6  + 𝑒5𝑘3𝑘2𝑟4𝑟6  + 𝑒6𝑘3𝑘2𝑟4𝑟5))  

𝐶5 = (𝑘1𝑘3𝑟1𝑟4𝑇∞,3 − 𝑘1𝑘3𝑟1𝑟4𝑇∞,2 + 𝑘3𝑘2𝑟4𝑟6𝑇∞,3 − 𝑘3𝑘2𝑟4𝑟6𝑇∞,2 − 𝑒6𝑘1𝑘3𝑟1𝑟4𝑇∞,1 +

 𝑒6𝑘1𝑘2𝑟1𝑟6𝑇∞,1 + 𝑒6𝑘1𝑘3𝑟1𝑟4𝑇∞,2 − 𝑒6𝑘1𝑘2𝑟1𝑟6𝑇∞,2)/(𝑒5𝑘2
2𝑟5𝑟6 − 𝑒6𝑘2

2𝑟5𝑟6  + 𝑒5𝑘1𝑘3𝑟1𝑟4  −

𝑒6𝑘1𝑘3𝑟1𝑟4  + 𝑒5𝑘1𝑘2𝑟1𝑟5 + 𝑒6𝑘1𝑘2𝑟1𝑟6 + 𝑒5𝑘3𝑘2𝑟4𝑟6  + 𝑒6𝑘3𝑘2𝑟4𝑟5)  

𝐶6 = −(𝑘1𝑘3𝑟1𝑟4𝑇∞,3 − 𝑘1𝑘3𝑟1𝑟4𝑇∞,2 − 𝑘3𝑘2𝑟4𝑟5𝑇∞,3 + 𝑘3𝑘2𝑟4𝑟5𝑇∞,2 − 𝑒5𝑘1𝑘3𝑟1𝑟4𝑇∞,1 −

 𝑘1𝑘2𝑟1𝑟5 + 𝑒5𝑘1𝑘3𝑟1𝑟4𝑇∞,2 + 𝑒5𝑘1𝑘2𝑟1𝑟5𝑇∞,2)/(𝑒5𝑘2
2𝑟5𝑟6 − 𝑒6𝑘2

2𝑟5𝑟6  + 𝑒5𝑘1𝑘3𝑟1𝑟4  −

𝑒6𝑘1𝑘3𝑟1𝑟4 + 𝑒5𝑘1𝑘2𝑟1𝑟5  + 𝑒6𝑘1𝑘2𝑟1𝑟6  + 𝑒5𝑘3𝑘2𝑟4𝑟6  +  𝑒6𝑘3𝑘2𝑟4𝑟5)  
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where: 𝑟1 = √𝑎2 + 4𝑚1 + 𝑎 , 𝑟4 = √𝑎2 + 4𝑚3 − 𝑎 , 𝑟5 = √𝑎2 + 4𝑚2 + 𝑎 , 𝑟6 = √𝑎2 + 4𝑚2 −

𝑎, 𝑒5 = exp (
𝑟5𝐿

2
) and 6 = exp (−

6𝐿

2
). 𝑘1, 𝑘1, and 𝑘3 represent Cu foil thermal conductivity in the 

pre-plasma, plasma, and post-plasma regions, respectively. Also, 𝑇∞,1, 𝑇∞,2, and 𝑇∞,3 are the gas 

temperature in the pre-plasma, plasma, and post-plasma regions, respectively. 

 

B.4 Derivation of the Radiation Term in the Numerical Model 

Radiation from Cu foil to the right electrode and the chamber wall (𝑞𝑟𝑎𝑑,𝑅), is written in terms of 

the space resistance as: 

𝑞𝑟𝑎𝑑,𝑅 =
𝐸𝑏,𝐶𝑢−𝐽𝐶𝑢−𝑅

1−𝜀𝐶𝑢
𝜀𝐶𝑢∆𝑦𝑤

  (B10) 

Here, 𝐸𝑏,𝐶𝑢 = 𝜎𝑇𝑗
4, and the radiosity 𝐽𝐶𝑢−𝑅 is obtained from the previous iteration (i.e., 𝐽𝐶𝑢

∗ ). Thus, 

the radiation term of Eq. (B10) is written as: 

𝑞𝑟𝑎𝑑,𝑅 =
𝜎𝑇𝑗

4−𝐽𝐶𝑢−𝑅
1−𝜀𝐶𝑢
𝜀𝐶𝑢∆𝑦𝑤

=
𝐶𝑢∆𝑦𝑤(𝜎𝑇𝑗

4−𝐽𝐶𝑢−𝑅
∗ )

1− 𝐶𝑢
=

𝐶𝑢∆𝑦𝑤𝜎𝑇𝑗
4

1− 𝐶𝑢
− 𝐶𝑢∆𝑦𝑤𝐽𝐶𝑢−𝑅

∗

1− 𝐶𝑢
  (B11) 

The first term in the right hand side of Eq. (B11) is linearized as follow: 

𝐶𝑢∆𝑦𝑤𝜎𝑇𝑗
4

1− 𝐶𝑢
=

𝐶𝑢∆𝑦𝑤𝜎(𝑇𝑗
∗)
4

1− 𝐶𝑢
+ (4

𝐶𝑢∆𝑦𝑤𝜎(𝑇𝑗
∗)
3

1− 𝐶𝑢
(𝑇𝑗 − 𝑇𝑗

∗)) = 4
𝐶𝑢∆𝑦𝑤𝜎(𝑇𝑗

∗)
3

1− 𝐶𝑢
𝑇𝑗 − 3

𝐶𝑢∆𝑦𝑤𝜎(𝑇𝑗
∗)4

1− 𝐶𝑢
  (B12) 

where 𝑇𝑗
∗ is the temperature of cell “j” from the previous iteration. Therefore, the radiation term 

can be written as: 

𝑞𝑟𝑎𝑑,𝑅 =
4 𝐶𝑢∆𝑦𝑤𝜎(𝑇𝑗

∗)
3

1− 𝐶𝑢
𝑇𝑗 −

𝐶𝑢∆𝑦𝑤(𝐽𝐶𝑢−𝑅
∗ +3𝜎(𝑇𝑗

∗)
4
)

1− 𝐶𝑢
  (B13) 

We find 𝐽𝐶𝑢−𝑅
∗  by writing the radiation resistance network using the radiosity of the right side of 

Cu foil to the right side electrode (𝐽𝑅𝐸) and the radiosity of the chamber wall (𝐽𝑊𝑎𝑙𝑙 = 휀𝑊𝑎𝑙𝑙𝜎𝑇𝑊
4 ): 

𝐸𝑏,𝐶𝑢−𝐽𝐶𝑢−𝑅
1−𝜀𝐶𝑢
𝜀𝐶𝑢𝐴𝐶𝑢

=
𝐽𝐶𝑢−𝑅−𝐽𝑅𝐸

1

𝐴𝐶𝑢𝐹𝐶𝑢−𝑅𝐸

+
𝐽𝐶𝑢−𝑅−𝐽𝑊𝑎𝑙𝑙

1

𝐴𝐶𝑢𝐹𝐶𝑢−𝑊𝑎𝑙𝑙

  (B14) 

The view factor (𝐹𝐶𝑢−𝑅𝐸) is determined using the differential planar element to a finite parallel 

rectangle adopted from Ref. [275]. Using the summation rule, we find 𝐹𝐶𝑢−𝑊𝑎𝑙𝑙 = 1 − 𝐹𝐶𝑢−𝑅𝐸. 

Therefore, the radiosity is found from the previous iteration value as: 

𝑎𝐶𝑢𝐽𝐶𝑢−𝑅
∗ = 𝑎𝐶𝑢−𝑅𝐸𝐽𝐶𝑢−𝑅𝐸

∗ + 𝑎𝐶𝑢−𝑊𝑎𝑙𝑙𝐽𝐶𝑢−𝑊𝑎𝑙𝑙
∗ + 𝐶𝑢∆𝑦𝑤 

1− 𝐶𝑢
𝜎((𝑇𝑗

∗)4)  (B15) 

𝑎𝐶𝑢 = 𝑎𝐶𝑢−𝑅𝐸 + 𝑎𝐶𝑢−𝑊𝑎𝑙𝑙 +
𝐶𝑢∆𝑦𝑤 

1− 𝐶𝑢
, 𝑎𝐶𝑢−𝑅𝐸 = ∆𝑦𝑤𝐹𝐶𝑢−𝑅𝐸, and 𝑎𝐶𝑢−𝑊𝑎𝑙𝑙 = ∆𝑦𝑤𝐹𝐶𝑢−𝑊𝑎𝑙𝑙 

Similar derivations can be obtained from the radiation from the substrate to the left electrode which 

result in similar equations.  
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