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Abstract 

Synthesis of Quasi-Freestanding Graphene Films Using Radical 
Species Formed in Cold Plasmas 

 

Michael A. Mathews Jr. 
 

 

For over a decade, the Stinespring laboratory has investigated scalable, plasma 

assisted synthesis (PAS) methods for the growth of graphene films on silicon carbide 

(SiC). These typically utilized CF4-based inductively coupled plasma (ICP) with reactive 

ion etching (RIE) to selectively etch silicon from the SiC lattice. This yielded a halogenated 

carbon-rich surface layer which was then annealed to produce the graphene layers. The 

thickness of the films was controlled by the plasma parameters, and overall, the process 

was readily scalable to the diameter of the SiC wafer.   

The PAS process reproducibly yielded two- to three-layer thick graphene films that 

were highly tethered to the underlying SiC substrate via an intermediate buffer layer. The 

buffer layer was compositionally similar to graphene. However, a significant number of 

graphene carbons were covalently bound to silicon atoms in the underlying substrate. 

This tethering lead to mixing of the film and substrate energy bands which degraded many 

of graphene’s most desirable electrical properties.  

The research described in this dissertation was aimed at improving graphene 

quality by reducing the extent of tethering using a fundamentally different plasma etching 

mechanism while maintaining scalability. In the ICP-RIE process, the etchant species 

include F and CFx (x = 1-3) radicals and their corresponding positive ions. These radicals 

are classified as “cold plasma species” in the sense that they are nominally in thermal 

equilibrium with the substrate and walls of the system. In contrast, electrons exist at 

extremely high temperature (energy), and the ionic species are accelerated to energies 

on the order of several hundred electron volts by the plasma bias voltage that exists 

between the plasma and substrate. As a result, the ionic species create a directional, high 



  

rate etch that is dominated by physical etching characterized by energy and momentum 

transfer. In contrast, the neutral radicals chemically etch the surface at a much lower rate.  

In this work, the effects of physical etching due to high energy ions were eliminated 

by shielding the SiC substrate using a mask (e.g., quartz) supported by silicon posts. In 

this way, a microplasma consisting of chemically reactive cold plasma species was 

created in the small space between the substrate surface and the backside of the quartz 

mask. This process, referred to here as microplasma assisted synthesis (MPAS), was 

used to produce graphene films.  

A parametric investigation was conducted to determine the influence of MPAS 

operating parameters on graphene quality. The key parameters investigated included ICP 

power, RIE power, etch time, various mask materials, microreactor height, substrate 

cooling, initial surface morphology and SiC polytype. The resulting graphene films were 

characterized by x-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and 

atomic force microscopy (AFM).  

Following optimization of the MPAS process, some tethering of the graphene films 

remained. However, films produced by MPAS consistently exhibited significantly less 

tethering than those produced using the PAS process. Moreover, both XPS and Raman 

spectroscopy indicated that these films were quasi-freestanding, and, in some cases, they 

approached freestanding graphene. From a wide view, the results of these studies 

demonstrate the potential of MPAS as a technique for realizing the controlled synthesis 

of high-quality, lightly tethered mono-, and few-layer graphene films directly on an 

insulating substrate. On a more fundamental level, the results of these studies provide 

insight into the surface chemistry of radical species.  
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Chapter 1: Introduction 

Graphene is a two-dimensional crystalline carbon allotrope that is the base building 

block for all sp2 carbon allotropes. Since its existence was experimentally proven in 2004 

- 57 years after it was theorized [1,2]. graphene synthesis has been the subject of intense 

study. These efforts have been largely driven by graphene’s useful properties and a 

correspondingly staggering array of applications. While a plurality of other zero-, one-, 

and two-dimensional materials exist, graphene remains unique in terms of its remarkable 

mechanical and electrical properties.  

This chapter lays out the fundamentals of graphene (Section 1.1), introduces 

epitaxial graphene on silicon carbide (SiC) with applications and relevance (Section 1.2), 

and will conclude with a novel route to synthesize quasi-freestanding graphene (QFSG) 

on SiC discovered here at WVU by the Stinespring research group and a problem 

statement on investigating and developing this technology (Section 1.3).   
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1.1 Graphene Fundamentals 

As mentioned above, graphene is a two-dimensional (2D) sheet of carbon atoms 

arranged in a honeycomb lattice configuration (Figure 1.1a). At the simplest form, the 

basis for the hexagonal configuration is a triangular lattice with two inequivalent carbon 

atoms as its basis per unit cell with the lattice vectors a1 and a2 where a1.42 Å is the 

bond length between carbons [3]. This structure is intrinsically very stable and strong 

allowing for remarkable mechanical properties. Graphene is the strongest material ever 

tested, exhibiting a Young’s Modulus of 1 TPa, a breaking strength of 42 N/m and second 

order elastic stiffness of 340 N/m [4,5]. The unique nature of this structure at the 2D level 

allows for 2D-phonons to give raise to ultra-high thermal conductivities with up to 5300 

W/mK, making it one of the most thermally conductive allotropes of carbon [6]. 

The pore diameter in the middle of these hexagonal rings has been calculated by 

a number of researchers with much debate on which model yields the correct pore 

diameter. Using a hard sphere model, it can be calculated to be 1.4 Å, where models 

using an effective Van der Waals radius find pore sizes between 0.064 to 0.220 nm [7]. 

This pore size is incredibly important as it determines adsorption, intercalation, and 

 

 

Figure 1.1: (a) Graphene crystal structure with two inequivalent carbon atoms (black and grey) as the 

trigonal unit cell basis, nearest neighbor vectors δi (i=1,2,3), lattice vectors aj (j=1,2) and (b) 

corresponding Brillouin zone with reciprocal lattice vectors bi (i=1,2). Brillouin zone values taken from [2]. 
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doping parameters, etc. Needless to say, these models are not necessarily concrete as 

they don’t take into consideration the electron cloud, nor do they take into consideration 

phonon vibrations. This is important to interface engineering which will be covered later 

in this dissertation.  

This honeycomb lattice arises from sp2 hybridization where an electron in a 2s 

orbital mixes with two half-filled p orbitals to quantum-mechanically form three sp2 states.  

Carbon has two core electrons and four valence 

electrons. This means four electrons are available for 

bonding, but each graphene carbon is bonded to three 

other carbons through  (covalent) bonds. This leaves 

one lone electron after hybridization in the pz orbital 

(half filled). These lone electrons are perpendicular to 

the graphene sheet and form the basis for π bonding 

(Figure 1.2) which delocalizes across the graphene 

sheet. It is this delocalization along with high-

symmetry bonding that gives rise to graphene’s 

remarkable electronic properties.  

These electronic properties are perhaps the most technologically attractive aspect 

of graphene. When undoped, pristine graphene has no band gap meaning charge carriers 

can easily move from the valence band into the conduction band with little-to-no energy 

required to do so. Unlike most solid-state materials, especially semiconductors, graphene 

exhibits a linear density of states (DOS) which allows for exceptionally high electron 

mobilities unlike the typical parabolic profile where electrons must have a certain amount 

of energy required to transition from “valleys” to “hills” (intraband transition) or to “hop” 

across a bandgap (interband transition). P.R. Wallace [2] had theorized this using the 

tight-binding approximation which has since been improved upon. Single layer graphene 

has been shown to have electron mobilities up to 230,000 cm2/Vs at low temperatures 

and bi- and tri-layer graphene showing mobilities in excess of 250,000 cm2/Vs [8,9]. To 

give some perspective, other advanced materials that are of interest for electronic 

applications include phosphorene (2D phosphorus) with a mobility of 2140 cm2/Vs and 

some boron pnictides (BX, X = Sb, As, P) with mobilities ranging from 39,000 to about 

 

Figure 1.2: hybridization forming  

bonds and the π bonds that 

delocalize across the lattice 

π

π

σ
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50,000 cm2/Vs. For reference, traditional silicon is on the order of 1400 cm2/Vs [10]. But 

being a 2D material, graphene needs a suitable substrate tailored to electronic 

applications in order to truly shine. That is, the graphene film must be fabricated on or 

transferred to a device substrate.  

When engineering advanced material heterostructures for next-generation 

electronic devices, a few things are needed to effectively translate from research lab to 

fabrication line. First, the process needs to be easily integrated into current fabrication 

lines and the substrate compatible with current device platforms. Secondly, the process 

needs to be scalable within current fabrication line technologies. Currently, a popular 

opinion is that growing graphene on a catalyst and transferring to a conventional SiO2/Si 

substrate is ideal, but this method suffers from quite a few pain points, most notably the 

very time consuming and tedious transfer process, which will be discussed in depth in 

chapter two. However, eliminating a transfer process, and growing graphene from an 

already suitable and highly attractive device substrate will not only significantly reduce 

operation costs, but materials costs as well – streamlining the process to a few steps. 

This leads us to graphene grown on silicon carbide, which also acts as the chemical 

precursor. This graphene will be referred to from now on as epitaxial graphene (EG). 

1.2 Epitaxial Graphene and Applications 

Calling graphene the successor to silicon electronics is quite a stretch. However, 

graphene could easily outperform Si and other electronic materials in niche markets in 

the future. One of the first notable markets for this is chemical sensors which have been 

and are still being extensively investigated. This is typically achieved by decorating the 

graphene sheet with nanoparticles and enhanced with UV light, it but can also be 

achieved by doping [11,12,15]. Graphene chemical sensors have been demonstrated 

from low to high temperatures with hydrogen sulfide, benzene, carbon monoxide, and 

noxious gasses that cause acid rain [11,12,13,14,15].  

High power and high temperature electronics is another major area where 

graphene is extremely attractive as its extremely high thermal conductivity allows for 

superior thermal management [16,17,18]. Next generation field-effect transistors utilizing 
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graphene as either the channel or gate is another nascent area that is rapidly developing. 

This application is highly attractive due to the extremely fast switching response times 

and low power usage [19,20,21,22]. Photonics and spintronics for telecommunications 

and logic/memory devices, respectively, are also current hot spots of graphene research 

for especially high-speed communications as well as low energy usage memory [23].  

However, graphene’s strong potential to be integrated into other silicon-based 

electronics, most notably, SiC electronics. This also is highly convenient as SiC not only 

serves as a precursor to forming EG, but it is easy to integrate into conventional silicon 

integrated circuits (ICs) and can even be further tailored to conventional silicon ICs if 

needed as epitaxial SiC (SiC-epi) on Si already exists readily from manufacturers. This 

presents one of the most flexible ways to introduce graphene into an already established 

IC system that doesn’t require fabrication factories to radically change factory designs to 

accommodate new material systems.  

Currently, there are three methods for electronics-grade graphene. The first is 

chemical vapor deposition (CVD) [24,25] which was briefly mentioned above in Section 

1.1, the subsequent two involve synthesizing EG on SiC. First, is thermal decomposition 

of silicon. This involves heating a SiC substrate to high temperatures (1100C and higher) 

that causes silicon atoms to sublimate from the surface at a higher rate than carbon 

atoms. This can be achieved by either ultra-high vacuum (UHV) [26,27] or 

atmospheric/near-atmospheric pressure thermal annealing [28,29]. This method has 

significant limitations when scaled to conventional SiC wafer diameters which will be laid 

out extensively in Chapter 2. The second involves utilizing a halogen-based plasma etch 

where silicon is selectively etched by etchant species at a higher rate than carbon and 

upon either ultra-high vacuum or atmospheric pressure-rapid thermal annealing, the 

amorphous carbon-rich overlayer undergoes reconstruction to form graphene 

[30,31,32,33]. This process uses scalable methods common to Si IC fabrication and is 

referred to as plasma assisted synthesis (PAS) of graphene. This method and its nuances 

will be delved into further in Chapter 2. 

As of 2020, roughly one-third of graphene related patents have been filed for 

electronic applications, which are expected to be an area at the forefront of graphene 

related applications. The majority of these IP acquisitions are in the industrial sector, 
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suggesting that graphene is not only established but has substantial market potential [34]. 

Chiefly among these are Samsung, LG, and IBM corporations. Globally, there is a slightly 

different landscape. While innovation and research are global, they are certainly 

concentrated among a handful of countries. East Asia currently dominates the graphene 

IP landscape, with China dwarfing other countries with over 47,000 patents as of 2019. 

Currently, South Korea and the United States hold the second and third spots, where 

Japan, Taiwan and EU countries such as the United Kingdom and Germany follow [35]. 

On the research side of all this, graphene has exploded in publications shortly after the 

Nobel was awarded to Geim & Novoselov in 2004. A search for graphene in their title of 

the title of a publication yields over 200,000 results on Web of Science. The year-by-year 

number of documents with “graphene” in the title is illustrated in Figure 1.3 [35]. It is 

important to note that only partial data for 2023 is available at this time of this writing. 

 

 

 

Figure 1.3: Publications with graphene in the title taken from the Web of Science [36]. Note that the pre-

2004 numbers may not be exactly accurate as many articles referred to graphene as “atomically thin 

carbon films” or “atomically thin graphite” before it got worldwide attention in 2004.  
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1.3 Problem Statement 

Recently, we have discovered that graphene synthesized under conditions where 

the reactive plasma species have low kinetic energies (i.e., cold reactive plasma species) 

has a higher quality than graphene formed by the PAS process that is typically performed 

in our lab. The data supporting this conclusion were obtained in two distinctly different 

ways. The first involved shielding the SiC substrate from the macroplasma to create a 

microplasma of cold plasma species just above the substrate surface. This process is 

identified as microplasma assisted synthesis (MPAS). The second involved duplicating 

the MPAS conditions by lowering the RIE power of the PAS process. This is referred to 

as cold plasma assisted synthesis (CPAS) since it has the effect of reducing the energy 

of the ionic plasma species. The goal of the proposed research is to characterize and 

optimize the quality of graphene synthesized by these two processes. To achieve this, 

experiments were performed to: 

1. Investigate the effect of key plasma operating parameters for MPAS and CPAS, 

2. Determine the extent to which MPAS and CPAS can be used to produce high quality 

graphene, 

3. Determine the effects of substrate preconditioning to improve graphene quality, and 

4. Provide an understanding of the science underlying these processes. 

Taken together, the results of these studies provide the basis for a scalable method 

for producing electronics grade graphene on SiC substrates. Moreover, the results 

provide a basis for understanding the underlying process mechanisms. 
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Chapter 2: Background 

Section 2.1 of this chapter discusses the common methods for synthesizing 

graphene tailored for electronic device applications and their nuances. This is followed by 

a brief review on silicon carbide as a highly desirable material system and template for 

epitaxial graphene in Section 2.2), and finally, the interface and surface engineering 

required for tuning of EG properties is discussed in Section 2.3. 

2.1 Graphene Synthesis 

There is an immense aggregate of methods to synthesize graphene. These are 

broadly placed under two categories: “top down” (breaking down a larger scale material) 

and “bottom up” (utilization of precursors) methodologies. Ultimately, both have the goal 

of cost effectively manufacturing large-area, high quality, graphene films. However, 

different methodologies produce graphene films which are better fit for various 

applications than others. Regarding synthesis of epitaxial graphene for high end 

electronic device applications, several methods are believed to have potential to provide 

scalable technologies, all are “bottom up” approaches. Chief among these are graphene 

chemical vapor deposition (CVD) [24,25], high temperature sublimation (HTS) of Si from 

SiC by ultrahigh vacuum (UHV) [25,26] or atmospheric/near atmospheric pressure 

thermal annealing [28,29]. As discussed here, these methodologies have significant 

limitations when scaled to SiC wafer diameters (e.g., currently 8 inch/200 mm). In 

addition, a scalable and easily integrable alternative to HTS that has been investigated 

by the Stinespring Laboratory for the past decade will be discussed [30,31,32,33]. This 

method utilizes halogen-based plasma etching followed by ultrahigh vacuum annealing 

(UHVA) or atmospheric pressure-rapid thermal annealing (AP-RTA) to form the graphene 

film. This is referred to as the plasma assisted synthesis (PAS) process. This will all set 

the stage and give context for the novel synthesis route investigated later in this 

dissertation. 
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2.1.1 Chemical Vapor Deposition (CVD) 

Chemical vapor deposition (CVD) is a bottom-up approach to synthesizing 

graphene. It is one of the more attractive methods as it can reliably synthesize large area, 

wafer scale graphene. CVD involves two major components: a catalytic substrate that is 

a transition metal such as Cu [24,37,38], Ni [25,39], Pt [40,41], Ir [42,43], and Ru [44] and 

a clean carbon precursor. Small chain molecular hydrocarbon gases mixed with hydrogen 

and argon are typically used as the precursor (e.g., methane [24,25,41], ethylene 

[40,43,44]), however, other organic compounds such as benzene have been used as well 

[39,42]. The deposition process is typically carried out in tubular reactor at elevated 

temperatures around 1000 ºC and at atmospheric or near-atmospheric pressure 

[25,39,43], In several cases, the deposition process has been carried out under 

UHV[40,41,42,44] and at lower temperatures depending on the catalyst/substrate. Nickel 

substrates have been able to achieve temperatures as low as 600 ºC [39].  

Following CVD synthesis, the graphene film must be released from the 

catalyst/substrate and transferred to a suitable device substrate (e.g., a Si wafer with a 

~300nm SiO2 overlayer). There are a number of different methods used to release and 

transfer the graphene to a suitable substrate, and each has their own nuances. Generally, 

the process involves encapsulating the graphene with a photoresist or other material, and 

then utilizing wet etching to separate the graphene from the substrate where it remains 

encased in the encapsulation material. This is followed by stamping the graphene onto a 

substrate and removing the photoresist [24,25,37].  

The catalyst/substrate is critical to this process in several ways. First, it lowers the 

activation energy for carbon precursor dissociation. This strongly influences the required 

deposition temperature. Second, it sets the activation energy for diffusion of the 

dissociated carbon species across the substrate as they form the graphene film. Third, 

defects in the catalysts film will introduce and influence the formation of defects in the 

graphene film which in turn leads to variations in quality of films [45]. The catalyst can 



 10 

also determine the number of graphene layers formed. For example, Cu substrates only 

form monolayer graphene as once the copper surface is covered, the reaction typically 

stops [24]. It has been reported that by increasing the pressure of the hydrogen gas to 

the hydrogen/methane mixture, one can increase the number of graphene layers, 

although these films are not uniform, and have significantly more grain boundaries [38].  

As might be inferred from the above discussion, several problems exist with CVD 

graphene films. Most notable, for any given catalyst/substrate, the CVD process leads to 

regions of varying graphene thickness. This produces in plane variations in electrical 

properties in the film which will be discussed in more detail at the end of this chapter [46]. 

In essence, however, this is a critical issue with regard to scalable device fabrication. In 

addition, the release and transfer steps are inherently time consuming and have strong 

potential to produce defects in the graphene film (e.g., folding). This has the overall effect 

of reducing process yield. Further, there is potential of contaminating the graphene during 

the release and transfer steps. This arises from adhesion forces between graphene and 

the underlying metal catalyst. Copper is most used here since it has roughly 60% lower 

adhesion with graphene compared to other CVD catalyst [47]. And finally, the SiO2/Si 

substrate is not well suited to many of the important graphene applications where thermal 

management is necessary.  

Discussed periodically throughout this dissertation, is the nature of templating 

when growing (or etching) a material on another material. Nearly all crystalline solids 

exhibit a step and terrace due to the slight misalignment of the desired crystal face and 

the direction of the mechanical cut used to produce the substrate surface [48]; the 

transition metals used for CVD graphene are no exception. These steps become of high 

importance when growing heterostructures on the surface as these steps will affect 

surface states, most notable, the surface energy across the crystal. It is known from 

thermodynamics that convex surfaces (e.g., the step edge) have a higher surface energy 

than those of the terraces (atomically flat) as well as where the terrace and step meet (a 

concave surface). From this, one can expect films grown will have a higher stress at a 

step edge compared to the same film at a step terrace. 

This leads to a second notable issue with CVD graphene which is the formation of 

folds and cracks within the film. These, along with additional fractional layers (adlayers) 
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and grain boundaries, can degrade the performance of graphene in many applications 

[49,50,51,52]. These defects are generally formed by a simultaneous compressive stress 

on the graphene film as well as a tensile stress on the metal substrate. This is due to 

graphene having a negative coefficient of thermal expansion (graphene = -7 x 10-6 K-1) 

whereas the transition metal substrates such as copper have a positive coefficient of 

thermal expansion (Cu = 18 x 10-6 K-1) [53]. This results in a buildup of stress during 

cooling from the ~1000 ºC initial growth temperature. This stress is released by step 

bunching that occurs around 747 ºC. This reconstruction of the underlying metal substrate 

triggers a plurality of folds, ripples and cracks in the graphene film that is adhered to it. 

These defects are parallel to each other and ordered perpendicular to the metal step edge 

when single crystal metal substrates are used. These defects are otherwise random when 

polycrystalline metal foils are used [24,53]. Cracks are always found near the bunched 

step edges, although not all bunched step edges have cracks. Fold-free monolayer 

graphene has been reported with CVD, but the authors still report that ripples are still 

highly prevalent across the entire film below the 747 ºC fold forming (and step bunching) 

temperature even down to 717 ºC (the authors noted that lower temperatures were 

unsuccessful) [50]. This becomes increasingly troublesome when the transfer process to 

a suitable substrate is accounted for as there are no methods to remediate these folds, 

ripples and cracks during or after the transfer process [53]. This will inevitably degrade 

electronic properties in a prospective graphene device such as a graphene FET [52].  

2.1.2 High Temperature Sublimation (HTS) 

High temperature sublimation (HTS), sometimes referred to as thermal 

decomposition of SiC or sublimation epitaxy, is selective sublimation of silicon SiC to form 

a graphitized film that can undergo surface reconstruction to form graphene. The 

technique and phenomena for graphitization of SiC was first demonstrated by van 

Bommel, et al in the mid-1970’s. They did not speculate on the surface film’s qualities; 

however, its graphitic nature was duly noted [53]. This was expanded upon and 

demonstrated to form “ultra-thin heteroepitaxial graphite films” by Cherrier, et al. in 2002, 
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two years before the famous paper using mechanical exfoliation by Novoselov and Geim. 

Cherrier and colleagues also show that the technique can be used to isolate monolayer 

graphene, setting the stage for epitaxial graphene before the material gained traction in 

research activity [25]. This was then solidified and gained widespread attention by 

experiments from Berger, et al. in 2004 and further demonstrated that this was a feasible 

route toward wafer scale graphene electronics [54]. The HTS method generally utilizes 

hexagonal SiC in the 4H and 6H polytypes. However, cubic 3C-SiC has also been 

investigated in depth despite its shortcomings of only being available as poor quality 

epilayers on Si substrates [55].  

This method is attractive since the synthesized graphene film is already on top of 

an attractive device substrate, since SiC is a very high-quality wide bandgap 

semiconducting substrate. For a device, this fabricates the conducting layer on top of an 

effectively insulating layer in one step with no catalyst, transfer process or 

photolithography required. SiC is also a highly attractive substrate due to its robust 

electronic, thermal, and mechanical properties. SiC is particularly useful for high power 

and high temperature electronics and will be described in more detail in Section 2.2. 

HTS occurs at temperatures beginning at 1100 ºC but can go up to around 2000 

ºC which allows one to take advantage of the fact that Si has a larger vapor pressure than 

C, creating a C rich, Si depleted surface [25,27,54]. SiC surface reconstruction begins at 

1050 ºC consisting of Si adatoms diffusing to the surface. At 1100 ºC, the surface 

undergoes a transformation again, with Si atoms sublimating from the surface and leaving 

a carbon honeycomb structure on SiC. This initial layer is known as the buffer layer or 

zero-layer graphene (ZLG). Although similar to graphene, the buffer layer is roughly one-

third of this layer is bonded to SiC in the form of  bonds and lacks the  bonding character 

that make graphene so attractive for electronic applications [20,26,28,56,63]. As 

sublimation time progresses, the top layer is freed from underlying substrate and 

becomes quasi-freestanding graphene, as the next carbon layer underneath of it 

becomes ZLG [6,26,28,56,61]. The buffer layer will be discussed in greater detail later in 

this section. High quality graphene using HTS generally isn’t formed until around 1400 

ºC. This however isn’t true for all cases as chamber pressure, growth time, and heating 

rate all strongly influence the process and quality of the films grown [6,27,29,44,57]. 
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The exact crystal structure (4H-SiC, 6H-SiC, 3C-SiC), orientation (Si or C face), 

degree of wafer miscut, and the level of vacuum used will determine the actual heating 

range used, as these factors will change the thermodynamic conditions for both surface 

reconstruction and sublimation to begin as well as the synthesized graphene film 

properties after the process is terminated. Wafer miscut is an area of concern for 

sublimation as the inhomogeneity of geometry across the miscut will lead to a variety of 

surface energies along the topology of the miscut surface due to multiple facets being 

exposed. Step bunching, which is common with hydrogen etched samples as well as 

wafers with a large miscut (generally > 3º) [58] will also significantly influence graphene 

growth as well as film properties [56,57,58,59]. Larger degrees of wafer miscut have been 

associated with increases in carrier concentration, but the crowding of carriers leads to a 

degradation in the electron mobility in the film [58,59]. Regarding step bunching found 

with hydrogen etched samples, this does not strongly effect graphene film quality but 

effects the electronic properties, as graphene electronic properties are sensitive to the 

underlying SiC substrate especially as the film templates the substrate. It has been 

demonstrated that a step edge has a higher resistance than a terrace. Furthermore, it has 

been shown that resistance increases with increasing step heights [57,60]. Thus, it is of 

great interest to minimize step bunching or create a step-free SiC substrate.  

Surface energy variation will cause sublimation rates to be non-uniform across the 

surface. Sublimation rates will be substantially higher on convex (i.e., step edges) 

surfaces compared to concave surfaces (i.e., step terraces) due to thermodynamics. This 

will cause non-uniform graphene film formation where it will preferentially form along step 

edges, forming adlayers before the layer under it can fully form. The unit cell for 6H-SiC 

is six SiC bilayers high, where 3 SiC bilayers are required per layer of graphene based 

on number of carbon atoms. As the initial layer is forming during sublimation, a pitted 

morphology will form [61,62]. These pits are intrinsic to the sublimation process, as the 

covalent bonding between SiC steps and the buffer layer is a primary mechanism of initial 

pit formation. These pits end up growing to holes at temperatures above 1200 ºC. This is 

because once the carbon rich overlayer has grown into ZLG, continued growth requires 

a new source of carbon. This comes from the growth of holes in terraces [61,62]. Pits will 

influence and template the graphene film, that will subsequently inhibit the films 
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properties. This will also hinder device properties for the same reasons as CVD graphene 

with adlayers. 

Counter-intuitively, higher quality graphene synthesized by sublimation is made 

with higher temperatures and higher pressures compared to HTS under vacuum and 

lower temperatures [6,27,28]. This is due to the growth mechanism of the graphene film 

discussed in the last paragraph above. Due to uneven nucleation and growth rates arising 

from the crystal structure, it is paramount to tune control of HTS more finely in order to 

grow higher quality EG films. This is achieved by injecting a background gas, usually 

argon, which suppresses the sublimation rate and increases the temperature threshold 

where sublimation begins [6,27]. By suppressing Si sublimation and providing more 

thermal energy, the carbon rich layer can form with fewer defects. Most notable of these 

reduced defects is an increase in domain size, indicating that films produced at these 

higher temperatures and pressures are more continuous [57,63]. This not only allows for 

more precise control over the sublimation process, which is a benefit, but also requires 

high temperatures which can be costly. In addition, this increases the difficulty of 

controlling temperature uniformity as SiC wafer diameters increase. Heating and cooling 

rates also impact the final film characteristics. It has been reported that a fast heating rate 

leads to minimal step bunching and a slow heating rate will lead to large step bunching 

[57,64]. This agrees with the theory behind sublimation in the sense that SiC surface 

reconstruction occurs before graphene growth. Since step bunching is not observed to 

proceed once the graphene film has formed, it is logical to suggest that this phenomenon 

occurs on SiC itself and that graphene coverage suppresses further atomic motion. This 

is likely due to the buffer layer, as some (but not all) carbon atoms at the interface are 

covalently bound to the top-most layer of SiC. 

 Regarding the buffer layer, which was very briefly described above, is the initial 

graphene layer formed. It has graphene-like nature in its lattice with undistorted  

bonding, and it has a periodicity of (6√3 x 6√3) rotated 30º from the substrate. However, 

the π character that makes graphene’s electronic properties so attractive for next 

generation electronic applications is distorted. This is due to coupling to the underlying 

SiC substrate through covalent bonding which in effect causes rehybridization from the 
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desired sp2 to sp3 configuration for the tethered C-atoms and strained bonds for the 

nearest neighbor sp2 C-atoms.   

X-ray photoemission spectroscopy and reflectivity measurements have found that 

66-75% of buffer layer carbon atoms are at a distance of 2.4 Å and remaining carbon 

atoms in the layer are 2.1 Å from the substrate, although these numbers can vary 

depending on the buffer layer [65,66]. The latter number is very close to the nominal Si-

C bond length of 1.9 Å and thus is indicative of a high degree of sp3 hybridization and 

appears in XPS spectra as a peak known as S1 often convoluted with the graphene peak 

[65]. Remaining sites on the top-most SiC layer that are unbounded to buffer layer 

graphene are generally consisting of “dangling bonds” which induce a repulsive force on 

the unbounded carbon atoms above it, appearing as a peak at a higher binding energy 

known as S2. Due to the asymmetry of the buffer layer, a dipole is also induced at the Si-

CBL away from the substrate [67]. These can act as charged impurities that contribute to 

muting electronic transport properties in graphene. This is illustrated as simply as possible 

in a schematic in Figure 2.1. Note that this schematic is illustrative and not exact for every 

buffer layer as different process conditions can form different degrees of coupling in the 

buffer layer.  

The degree of coupling of the buffer layer is also of importance. Not all buffer layers 

are created equal, as having some tethering is beneficial for some applications where 

one wants to introduce a band gap in graphene. This however is its own balancing act, 

 

 

Figure 2.1: Schematic depicting buffer layer graphene tethered to SiC with graphene overlayer. 

Upward	

dipole

Dangling

bond

Buffer	layer

SiC
C

Si

graphene
depression



 16 

as greater degrees of coupling will increase the effect of substrate lattice mismatch 

[26,65,66,67]. This coupling and subsequent lattice mismatch between SiC, buffer layer 

graphene and the graphene overlayer leads to the graphene film(s) being under 

compressive strain, where the buffer layer is under tensile strain [65,68]. This can result 

in a variety of morphologies from rippling to buckling, which can degrade electronic 

properties as it has been shown that charge transfer may occur between SiC and 

graphene overlayers [67,69].  

Since the buffer layer became an area of significant fundamental science research 

activity, studies into decoupling the buffer layer logically followed. By doing so, the 

influences of the substrate on the graphene sheets can be minimized or eliminated. 

Generally, this is achieved by introducing a species at the interface which caps off 

dangling Si-bonds, along with breaking some covalent Si-CBL bonds and capping them 

as well. A number of methods have been investigated to decouple the buffer layer 

including atomic and molecular hydrogen intercalation at elevated temperatures, cold 

hydrogen plasmas, interface oxidation, ion implantation, and dopant intercalation 

[20,28,55,70,71,72,73,74]. 

Hydrogen intercalation is the most commonly used method for buffer layer 

decoupling. At elevated temperatures (between 600 and 1000 ºC), hydrogen can 

intercalate into the EG/ZLG/SiC heterostructure and decouple the buffer layer from the 

substrate. By breaking the buffer layer/SiC bonding and capping dangling bonds, this 

allows the graphene to both physically relax and reconstruct long range sp2 hybridization. 

This is commonly referred to as quasi-freestanding graphene (QFSG). Film relaxation 

and sp2 re-hybridization have been observed by scanning tunneling microscopy (STM), 

low-energy electron diffraction (LEED), angle-resolved photoemission spectroscopy 

(ARPES) measurements, and it has been confirmed by first-principles calculations 

[70,72,73,74,75,76,77]. At this point, the EG films then are only bonded by Van der Waals 

forces and are depicted as floating on top of the hydrogen capped SiC surface. It has 

been reported that it is most favorable for hydrogen to intercalate through graphene 

defects or edge sites, as it is not energetically (or physically) favorable for hydrogen 

molecules to pass through graphene pore sites [76]. It is possible, however, for atomic 

hydrogen to pass through [76], but the extremely fast hydrogen recombination times 
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makes one wonder how many hydrogen atoms make it to the interface before 

recombining.  

Nonetheless, buffer layer decoupling has shown to vastly improve electronic 

properties in devices. Robinson et al. [20] reported that H2 intercalated EG on 6H-SiC 

improved carrier mobility from 800 cm2/(V•s) to >2000 cm2/(V•s) when running molecular 

H2 at longer times and high temperatures. In contrast, Pallecchi and coworkers [78] found 

increases in carrier mobility from 3000 cm2/(V•s) to >11,000 cm2/(V•s) after using a 

gentler H2 intercalation process on EG grown on 4H-SiC at a lower temperature and 

shorter anneal time. Daniels et al. [79] take a different approach with their QFSG. 

Considering how sp2 hybridization is more established across a large area of the 

graphene film with the absence of a buffer layer, they turned their films on 6H-SiC into 

terahertz transistors with the hypothesis that long range ordered π bonding will lead 

toward surface plasmon resonances in the film and observed a four-fold increase in 

optical conductivity after decoupling the buffer layer. 

An alternative to hydrogen intercalation that is increasingly used is interface 

oxidation/oxygen intercalation. This has been reported on by a variety of methods ranging 

from rapid thermal oxidation in air [28,71,80,81], wet oxidation [82,83], and utilizing 

oxygen-based impurities in the anneal gas [84]. Oida et al. [81] reports that only 1-2 ML 

of SiO2 is required to fully decouple the buffer layer from the underlying substrate. Thus, 

not much oxygen precursor is required to decouple the buffer layer and an excess would 

likely begin etching graphene films, as reported by Oida et al. [81] and Ostler et al. [82]. 

Like hydrogen intercalation, molecular oxygen or water vapor is expected to transport into 

the interface through edge sites, although Kowalski et al. [80] reports that oxygen-based 

species do not show graphene interplanar intercalation based on x-ray reflectivity 

measurements (interplanar spacing was unchanged) and that species diffuse in from the 

step edge for films formed by HTS. They further speculate that both water vapor and 

molecular oxygen are needed for interface decoupling. However, Ostler et al. [82] also 

reports that different buffer layers oxidize differently – which explains why some 

decoupled buffer layers via oxygen intercalation show highly defective spectra while 

others do not. Finally, interface oxidation is highly time and species dependent as 

reported by Wundrack et al. [84] who shows that there is a transition region between 
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buffer layer graphene and freestanding graphene via temperature-dependent Raman 

analysis. Despite the complexity of the mechanism and dependence on both process as 

well as the nature of the buffer layer, this remains a promising mechanism for decoupling 

the buffer layer.  

In summary, the HTS method has both advantages and disadvantages. Due to its 

wide bandgap, SiC eliminates the need to transfer graphene to another insulating device 

substrate (e.g., SiO2/Si). This is a very positive aspect of HTS; however, this method still 

presents several problems. The primary problem is that the number of graphene layers 

(film thickness) and their quality are strongly dependent on the annealing temperature, 

heating and cooling ramp rates and time. Consequently, the entire wafer must be held at 

a constant and uniform high temperature. This becomes increasingly difficult and costly 

as the SiC wafer size increases. A further problem not as widely reported on, is the 

formation of a pitted morphology [19,60,61,64]. Like the variations in film thickness, this 

will also limit device yields and performance.  

2.1.3 Plasma Assisted Synthesis (PAS) 

Because of the importance of scalability, graphene thickness uniformity, and the 

utility of a SiC device substrate, our research group has extensively investigated 

alternatives to the CVD and HTS processes over the past decade. Specifically, the work 

has focused on the synthesis of graphene on SiC using halogen-based plasma etching 

followed by ultrahigh vacuum annealing (UHVA) or atmospheric pressure-rapid thermal 

annealing (AP-RTA) to form graphene [11,12,30,31,32,33]. As documented in the 

references, this synthesis method uses only scalable processes common to the 

fabrication of silicon electronics and is referred to as plasma assisted synthesis (PAS) of 

graphene. The PAS process is carried out in a Trion Minilock Phantom III inductively 

coupled plasma-reactive ion etching (ICP-RIE) system used in the industrial scale 

processing of silicon and other semiconductor materials. This method is the basis that the 

novel methods MPAS and CPAS described in the problem statement were developed 
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from and detail about MPAS and CPAS chemistry will be laid out extensively in Chapter 

3. 

This method works by utilizing a plasma-chemical mediated route to selectively 

etch Si from the SiC matrix, as opposed to only using thermal energy. Inductively coupled 

tetrafluoromethane - (CF4) based plasmas (ICP) are enhanced with reactive ion etching 

(RIE) which leads to a combination of physical and chemical etching of the SiC matrix 

(although Cl2 ICP-RIE has been extensively investigated as well as C4F8 capacitively 

coupled plasmas [30,85]). This leads to chemical removal of Si species by reactive 

species (unsaturated fluorocarbons as well as fluorine radicals) in combination with 

physical sputtering due to acceleration of cations to the substrate by a negative applied 

“self” bias voltage (up to -500 V) on the substrate via an anodized electrostatic chuck. 

The higher this voltage and the longer the ions are free to travel through it, the greater 

their kinetic energy upon impact with the substrate and hence the greater the etch rate.  

Under normal conditions the ions travel ~5 cm through the bias voltage, consequently the 

ion impact energies are quite high in the PAS process, and the etch rate is ~200 nm/min.  

This can be compared with the strictly chemical etch rate of SiO2 in a liquid phase buffered 

oxide etch which is nominally a factor of three slower (~70 nm/min).  Typically, the PAS 

process lasts 12 minutes which results in the removal of ~2.4 m of overlaying SiC and 

planarization of the surface. Under previously optimized conditions, Si is etched at a much 

faster rate than C, leading to an amorphous carbon enriched surface on the SiC. This 

layer is still highly halogenated due to remaining species from the plasma etch. These 

species can be in the form of adsorbed fluorine, or CFx species (x=1, 2, or 3). 

Due to the combination of physically accelerated ions with a high kinetic energy 

and chemical species, this etch removes all surface and sub-surface material in the SiC 

matrix and etches into the bulk (1-2.4 μm) [12,30]. This can be attractive for some 

applications due to the non-critical nature of surface chemistry and morphology. This etch 

also planarizes the substrate, which likely has a role in the formation of graphene film 

morphology and chemical states. After graphitization of the substrate from the plasma 

etch, the sample must be annealed using either an ultrahigh vacuum anneal (UHVA) or 

a rapid-thermal anneal (RTA) under argon at 970 ºC over the course of two minutes and 

then allowed to naturally cool to room temperature. 
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The RTA step allows to desorb any remaining halogen species as well as to give 

the wafer enough thermal energy to induce surface reconstruction of the amorphous 

carbon overlayer into one to three-layer graphene films. The RTA is an attractive 

alternative to UHVA due to its very low anneal time and being in a conventional tube 

furnace. UHVA would be considerably longer and more costly due to the nature of a UHV 

system. Like HTS, the PAS process forms a highly coupled buffer layer, with 

nanocrystalline domains and low numbers of oxygen defects. The low number of defects 

may be beneficial to various applications, as pristine graphene is generally unreactive 

and difficult to fabricate into a device [86,87]. The PAS process also shows a benefit as 

it has many tunable parameters (ICP and RIE powers) to have a high degree of control 

over film thickness and quality without the pitted morphology or adlayers at step edges 

like HTS shows [12].  

The PAS process consistently yields bi- and tri-layer graphene that can be 

characterized as nanocrystalline with a highly coupled buffer layer. This shares some 

similarities with HTS. However, from previous studies in our research group, Graves 

reports that unlike HTS, effects of SiC crystal face, doping, and polytype, and starting 

surface are all minimal [33]. This makes sense when considering the mechanistical 

differences between HTS, which is a slower, surface limited process and PAS, which is 

a fast etch into the sub-surface. However, although the differences are not fully 

understood as the buffer layer is quite complex, the buffer layer formed by the PAS 

process shows multiple characteristic differences from HTS buffer layers.  

Annealing etched films in hydrogen, hydrogen treatment (or cycling) after an SOP 

AP-RTA enhanced graphene qualities to different degrees. This was observed by XPS, 

Raman as well as electrical device measurements. It was found that etched samples 

annealed in H2 with longer dwell times showed a greater increase in film quality compared 

to samples treated in H2 after an RTA in Ar. It was also demonstrated that hydrogen 

annealing at lower temperatures for longer dwell times produced similar (but slightly 

better) quality films as the SOP process. In stacked C1s XPS and Raman spectra 

measured by Graves, spectra showed improvement in graphene quality as hydrogen RTA 

dwell time progresses. Perhaps the clearest indication is a spectral upshift in the C1s 

characteristic graphene peak from an SOP position of ~283.5 eV (indicative of strong 
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coupling to the SiC substrate) to higher binding energies of up to ~284.3 eV [33]. This is 

statistically within ranges reported for quasi-freestanding graphene. However, there is still 

some downshift that is indicative of some remaining coupling to the buffer layer. 

Furthermore, Graves suggested that this may be indicative of a similar, although much 

slower, process that is observed to be detrimental to the films during extended dwell times 

in argon. It is important to note that the stacked Raman spectra noted earlier where 

hydrogen annealing does not seem to have a significant effect on peak intensity or drastic 

narrowing of the D and G peaks. However, it does show a narrowing of all peaks that is 

significant. This is indicative of the beginning, but not completion of the decoupling 

process [33]. 

As mentioned in Section 2.1.2, the buffer layer is composed of covalent bonding 

between SiC and graphene carbons above it, as well as repulsion on sp2 carbons from Si 

dangling bonds. Because of this, there is ongoing debate on the mechanism of buffer 

layer release, and more specifically, how hydrogen intercalates to the interface. Despite 

the uncertainty of the exact mechanism of release, we know that the first mechanism must 

be mass transport of hydrogen into the interface. Very briefly mentioned in the previous 

section, this is suggested to either be from direct diffusion through the graphene sheet 

(unlikely as the energy barrier is quite high, calculated to be ~6.5 eV from first principles), 

or diffusion along and through grain boundaries and other edge or surface defects [77]. 

The second release mechanism involves a chemical reaction between hydrogen and 

silicon at the interface. This has also been a subject of debate through the years. The two 

possibilities are that hydrogen saturates and subsequently passivates the dangling Si 

bonds at the interface, or that hydrogen is breaking Si-C bonds and forming Si-H bonds 

[77]. There is also the possibility of both phenomena occurring. 

While it documented that dangling bond saturation is the primary (if not, the only) 

process at work here [79], the reality is more complicated. There is significantly more 

energy required to break the Si-C bond to form Si-H (~2.25 eV) compared to just 

passivating dangling Si bonds (~1.04 eV) [77]. Initial studies conducted by Graves 

observed anomalous results regarding initial samples annealed in H2. The majority of 

hydrogen intercalation literature utilize this process to decouple their buffer layer formed 

by the sublimation method. It is generally reported that this process is fully reversible, 
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meaning that after annealing beyond 700-800 °C (the desorption temperature for 

hydrogen) in Ar after hydrogen intercalation, the buffer layer is reformed [56,71].  

This is contrary to initial results found by our research group [33]. Hydrogen 

treatment showed the best results at 800-1000 °C with a dwell time of 3600 seconds. In 

fact, Graves shows that the reverse process (e.g., reforming the buffer layer) doesn’t 

begin until a long dwell time of two hours in pure H2 at 1000 °C. Longer dwell times and 

higher temperatures generally showed more buffer layer decoupling than SOP samples 

or those H2 treated at lower temperatures or dwell times. Electrical device testing yielded 

similar results where electrical properties of the film were significantly increased after H2 

treatment but was mostly reversible if annealed in Ar.  

Thermal cycling PAS samples under H2 did not show a significantly greater amount 

of decoupling, indicating that the buffer layer formed by our process may be more 

covalently bound to the substrate. This could be explained by more coupling at grain 

boundaries and sample edges or by enhanced surface roughness (atomic scale) due to 

the physical etching of the SiC.  This would make it significantly harder for hydrogen to 

penetrate into the interface [77]. The ultimate takeaway from these previous studies is 

that the nature of the SiC-graphene interface synthesized by our process is intrinsically 

different than the nature of the interface synthesized by the sublimation method. Further, 

due to the lack of the physical etching component, MPAS and CPAS surfaces may be 

more susceptible to the buffer layer release by H2 annealing.   

The PAS process has a lot in common with HTS. Most notably, scalability, lack of 

transfer step as the film is already on a suitable substrate, and easy process integration 

into existing fabrication lines. But unlike HTS, due to the nature of the plasma etch, pit 

formation and rapid growth at step edges seen with HTS are avoided entirely. This 

process is also more attractive than HTS due to the elimination of the need to go to high 

temperatures or run in vacuum environments, which would likely prove to be cost effective 

if implemented into fabrication lines. Another benefit of the PAS process is that graphene 

will only grow on areas exposed to the plasma, therefore allowing standard lithographic 

processes to be integrated into the PAS process for a wider scope of electronic 

applications where patterned graphene may be required.  
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Although the optimized PAS process still has a highly coupled buffer layer, initial 

experiments performed at the beginning of the present work showed that modifications of 

the PAS process had the potential to form more decoupled graphene that approached 

QFSG. This dissertation describes the exploration of these PAS process modifications 

which are identified as cold plasma assisted synthesis (CPAS) and microplasma assisted 

synthesis (MPAS). The next two subsections briefly describe the results which led to this 

dissertation. 

2.1.4 CPAS Background 

In prior PAS studies in our 

research group, several graphene 

films were observed to have XPS 

and Raman spectra comparable to 

the MPAS films. Interestingly, 

these films were all produced 

under similar plasma operating 

conditions.  Figure 2.2 is a heat 

map by Graves showing the 

relationship between ICP power, 

RIE power, and DC bias for the 

Trion system operating with CF4 at 

25 mTorr and a flow of 20 sccm 

[33]. The circles represent power 

levels at which films were grown for 

this performance study. The 

numbers within the circles are the 

negative of the corresponding DC bias voltage. The diamond represents the conditions 

under which PAS produces a nominally three-layer graphene film (i.e., the SOP).   

 

 

Figure 2.2: A heat map showing the relationship between 

the DC bias and the accessible ICP and RIE powers for 

the Trion system. The circles represent operating points 

at which films were grown, and the enclosed numbers are 

the negative of the DC bias voltage at that point. The 

diamond data point corresponds to the parameters used 

in the SOP process. Higher RIE powers lead to larger DC 

biases. Black regions correspond to unstable regions 

where plasma could not be ignited [33].    

RIE Power (W)

IC
P

 P
o

w
er

 (W
)



 24 

Interestingly, the PAS films that 

displayed the MPAS like film 

characteristics all fell near the y-axis of the 

heat plot. That is, they were formed under 

conditions of low RIE power, and more 

importantly, near zero bias voltage.  As 

mentioned above, operation in this regime 

results in etch species (e.g., CFx
+ where x 

= 1, 2, or 3) having very low kinetic 

energies. As a result, the etch process is 

predominantly chemical in nature instead 

of a combined chemical and physical etch. 

Thus, in this regime, the PAS and MPAS 

processes are similar in terms of the nature 

of the plasma species that reach the 

surface.  

The implications of this result for the 

etching process are profound.  In this 

etching regime, the etch species do not 

have enough energy to penetrate beneath 

the SiC surface, and consequently, the 

etch must proceed virtually layer by layer. 

This leads to less disorder at the SiC-

graphene interface which in turn should 

provide a more ordered template for 

epitaxial growth during the RTA and, 

ultimately, allow a more ordered surface 

reconstruction and higher quality crystal 

growth. 

Figures 2.3 and 2.4 show XPS and Raman spectra for films fabricated by the PAS 

and CPAS processes. Figure 2.3a shows a typical C1s XPS spectrum for films made 

 

 

Figure 2.3: XPS spectra for graphene films 

produced by (a) the PAS and (b) CPAS processes 

[33]. 
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using the PAS process (Note this is the 

same spectrum shown in Figure 1a for 

comparison with the MPAS results). Figure 

2.3b shows the C1s spectrum for 

graphene films made under CPAS 

conditions. Here the peak associated with 

the sp2 bound carbon in the hexagonal 

graphene film has shifted to a value of 

284.5 eV. This value is statistically well 

outside the range of values for the 

graphene peak reported for the PAS, and 

it is typical of values observed for quasi-

freestanding graphene formed by SiC 

sublimation [80]. This observation alone 

places the films grown by CPAS well 

outside the range of those produced by the 

PAS process, and it indicates that they are 

more closely related to those produced by 

sublimation and MPAS than those 

produced by PAS.  

Figure 2.4a shows a Raman 

spectrum typical of the graphene produced 

by the PAS.  As discussed elsewhere [33], 

the peak positions are characteristic of 

graphene; however, the widths of the 

Raman lines suggest either a reduced 

graphene domain size (nanocrystalline 

graphene) or a coupling of the graphene to the vibrational density of states of the 

underlying buffer layer and SiC substrate.   

The spectrum shown in Figure 2.4b for the graphene film produced by CPAS 

exhibits a narrowing of essentially all the lines as well as a reduction in the intensity of the 

 

 

 

Figure 2.4: Raman spectra for graphene films 

produced by (a) the PAS and (b) CPAS processes 

[33]. 
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G2 line.  This indicates a significant increase in grain size or a reduction in the coupling 

to the buffer layer vibrational density of states which is consistent with the above XPS 

results for the CPAS film. 

2.1.5 MPAS Background 

As described in the next chapter in much greater detail, the MPAS process 

involves placing a physical mask over the SiC substrate while leaving a small (micro) 

headspace above it. When the macroplasma is formed above the mask in the standard 

PAS process, a microplasma is formed in the headspace between the substrate and 

mask. Since the directional, energetic ions formed in the macroplasma cannot reach the 

substrate, the only species present in the microplasma are neutral radical species F and 

CFx (x = 1-3). That is cold plasma species like the CPAS process.   

The act of covering the SiC surface to produce graphene, let alone graphene of 

higher quality, is counter intuitive, which contributes to the novelty of the MPAS process.  

To provide some insight into the differences between the graphene films formed by the 

PAS1 and MPAS processes as well as the differences in the process mechanisms, 

Figures 2.2-2.4 compare typical XPS, Raman spectroscopy, and atomic force microscopy 

(AFM) images for films produced by PAS and MPAS processes.  

Figure 2.5a shows the C1s XPS spectrum of a film formed by the PAS.  The peak 

at 282.5 eV corresponds to the carbon in the underlying SiC substrate, while the 

remaining peaks correspond to the graphene film.  Specifically, the peak at 283.5 eV 

corresponds to sp2 bound carbon in the hexagonal graphene film, while the peaks 

identified as D1 and D2 correspond to oxygen-based defects in the films. The relative 

intensity of the substrate and film peaks indicates that this film is on average 3.7 graphene 

layers thick. More precise fitting of the film C1s peaks indicates that one of these 

 

1 In this discussion, SOP or standard operating process represents a PAS process performed at 600 W ICP 

and 300 W RIE power levels. This occurs primarily in the figures.   
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graphene layers is actually a buffer layer 

which couples and interfaces the outer 2 

to 3 graphene layers (average 2.7) to the 

substrate [33].   

Figure 2.5b shows the C1s 

spectrum for the graphene film formed 

using MPAS under the same plasma 

conditions.  Here the peak associated 

with the sp2 bound carbon in the 

hexagonal graphene film has shifted to a 

value of 284.4 eV. This value is 

statistically well outside the range of 

values for the graphene peak reported 

for the PAS [33], and it is typical of 

values observed for quasi freestanding 

graphene formed on SiC [80]. This 

observation alone places the films grown 

by MPAS well outside the range of those 

produced by the PAS, and it indicates 

that they are more closely related to 

those produced by sublimation than 

those produced by PAS. The thickness 

of the graphene film represented in 

Figure 2.5b is 6 layers.  This is thicker 

than the expected film produced by the 

macroplasma conditions used here. As 

later discussed, the observed shift in the 

graphene peak may be due to reduced buffer layer coupling or increased domain size. 

Both are frequently observed for well-formed graphene films produced by the sublimation 

process.   

 

Figure 2.5:  XPS C1s spectra for graphene films 

produced by a) the PAS and b) MPAS processes.  

Processing conditions were essentially the same 

except for the presence of the mask in the MPAS 

process (formerly known as SOPX) [32].  

(a)

(b)
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Figure 2.6a shows a Raman 

spectrum typical of the graphene 

produced by the PAS process.  As 

discussed elsewhere [33]. The peak 

positions are characteristic of graphene; 

however, the widths of the Raman lines 

suggest there is a coupling of the 

graphene to the vibrational density of 

states of the underlying buffer layer.  The 

spectrum shown in Figure 2.6b for the 

graphene film produced by MPAS 

reveals a narrowing of essentially all the 

lines as well as a reduction in the intensity 

of the G2 line.  This indicates a significant 

reduction in the coupling to the buffer 

layer vibrational density of states which is 

consistent with the above XPS results for 

the MPAS film. 

When the silicon mask is placed 

over the substrate for MPAS, there is a 

gap between the mask and substrate.  

This gap can be controlled in several 

ways, and in the sample whose spectra is 

shown in Figure 2.5b and Figure 2.6b, it 

was ~100 m.  As a result, a microreactor 

is formed in which the ions can be 

accelerated over only a very short distance.  Consequently, the ion impact energy is much 

lower, and, correspondingly, the etch rate is expected to be much lower. In fact, the 

etching may be largely chemical (radical species) rather than physical in the microplasma.  

Based on this understanding it is evident that the PAS and MPAS processes are 

distinctly different. In addition, the number of layers will be controlled by the etch time and 

 

Figure 2.6: Raman spectra for graphene films 

produced by (a) the PAS and (b) MPAS processes 

[32].   

(a)

(b)
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plasma parameters just as in the PAS process which represents an additional advantage 

over the sublimation process.   

2.2 Introduction to Silicon Carbide  

Silicon carbide (SiC) (originally named carborundum) was discovered by E.G. 

Acheson in 1891. He discovered this material while trying to synthesize artificial diamonds 

by heating a mixture of clay and powdered coke in an iron bowl. He found that crystals 

that were attached to the electrode had a hardness comparable to diamond. With this in 

mind, SiC was originally utilized as an abrasive material but eventually became a 

refractory material [88]. In 1923, electroluminescence and current rectification was 

observed by O. Losev. These phenomena were some of the more important findings 

regarding the advent of semiconductor electronics with one of the first devices being the 

non-ohmic resistor [89,90]. For decades after that, silicon (Si) and gallium arsenide 

(GaAs) were the first high quality semiconductor materials replacing selenium electronics 

[89]. These ranged everything from transistors to power electronics. It wasn’t until the 

1990s when NASA and CREE among others began seriously looking at SiC for its 

potential as a semiconductor material. However due to its extremely robust and rugged 

properties, fabricating high-quality, single crystal SiC held it back from widespread 

commercial applications until the early 2010s [91]. 

The largest attraction of SiC comes from the exact properties that made it difficult 

to fabricate. SiC is extremely hard (comparable to diamond), has a wide electronic 

bandgap, a high breakdown voltage as well as a large thermal conductivity [89]. The 

thermal conductivity for 6H-SiC (4.95 W*cm-1*K-1) for instance is 3.3 times that of Si at 

room temperature [92]. The mechanical properties are largely owed to the large Si-C bond 

strength as well as a low dopant diffusion coefficient [92].  

As for electronic properties, the bandgap is the most important parameter for any 

semiconductor material system. SiC is a wide bandgap (WBG) semiconductor. This 

means the bandgap is 2 eV or higher. SiC can have anywhere from 2.4 eV to as high as 

7 eV for its bandgap depending on the polymorph [92,93]. For comparison, silicon only 
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has a bandgap of 1.11 eV [92,93]. Along with its wide bandgap, SiC also has a high 

breakdown voltage (2.4 MV/cm) and a high saturation velocity (2.0x107 cm/s) which all 

make it an excellent candidate for high power and high temperature applications [93,94]. 

Although power electronics is the most utilized application for SiC currently, the material 

is currently finding its way into other material systems such as metal-oxide-semiconductor 

field-effect transistors (MOSFETs), photonic devices, and photovoltaics and poised to 

make waves in these areas [95,96,97].  

In terms of the crystal itself, SiC is polymorphic (change in crystal structure – SiC 

can take on hexagonal, cubic and rhombohedral lattices) with over 250 polytypes 

(changes in stacking) [98]. All of these different configurations all have their own sets of 

mechanical and electronic properties which can even be further tuned by doping. Dopants 

are either in the forms of induced vacancies or impurity atoms implanted into the material. 

Distribution of dopants are important to fine tune electrical properties such as resistivity, 

mobility, and even will determine the device design and its mode of operation. Based on 

the dopant, this can make the device p-type (hole conduction), or n-type (electron 

conduction). This all works by shifting the fermi energy of the semiconductor, moving it 

either closer to the valence band or closer to the conduction band [99,100]. In this work, 

only 6H-SiC and 4H-SiC doped with nitrogen (n-type) were used. A simple diagram for 

the unit cells with bilayer thickness for 6H and 4H polytypes are shown in Figure 2.8. 
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4H- and 6H-SiC are generally the most utilized polytypes of SiC commercially. 4H 

has been utilized more in devices in recent years due to its significantly higher electron 

mobility. Both are easier to manufacture and have less problems to address compared to 

3C-SiC. Despite being only two layers in a bilayer different, the difference in properties is 

notable. Firstly, the bandgaps for 6H- and 4H-SiC are 3.0 eV and 3.3 eV, respectively 

[93]. Nominal electron mobilities however for 6H and 4H polytypes are 380 cm2/V*s and 

947 cm2/V*s, respectively [101]. It’s important to note that these values are nominal 

values, as dopants and defects can significantly alter a semiconductor’s properties. The 

crystal structures shown in Figure 2.7 all terminate with a silicon atom, which reflects the 

(0001) silicon face. Another crystal face that is studied for making epi-graphene from SiC 

 

 

Figure 2.7:  6H-SiC and 4H-SiC crystal structure, respectively. 6H exhibits ABCACB stacking with a 1.5 

nm bilayer height where 4H shows ABCB stacking with a 1 nm bilayer height. A hexagonal unit cell with 

the (0001) silicon face of interest is shown.  

6H-SiC – 6 bilayers, ABCACB stacking 4H-SiC – 4 bilayers, ABCB stacking

A

B

C

A

C

B

1.5 nm

A

B

C

B

(0001)

= silicon

= carbon



 32 

is the (0001) carbon face. With HTS, significantly different graphene growth is observed 

between the Si and C faces [102]. SiC cut to expose other faces (namely, the a- and m-

faces) exist as well. However, since those faces are cut at an angle that doesn’t terminate 

with one of the faces of a bilayer (Si or C), it creates a non-stoichiometric surface. Since 

the number of carbon and silicon layers at these surfaces aren’t uniform, this will give rise 

to uneven etch rates, and uneven charge carrier distribution much like with what happens 

with large wafer miscut angles discussed in Section 2.1.2 [7,59]. 

2.3 SiC Surface Modification for Graphene Tuning 

As discussed above, the initial surface will influence graphene growth and film 

properties. It is then of interest to investigate forms of surface modification: cleaning to 

remedy surface and sub-surface defects as well as any potential effect of initial SiC 

morphology on the synthesized graphene film. Despite being touted for its remarkable 

chemical stability as well as resistance to many conventional etching mechanisms, 

various processes involving surface modification and cleaning mechanisms have been 

demonstrated with SiC for both SiC as a semiconductor as well as to prepare a higher 

quality initial surface for graphene. Methods to address these include wet chemical 

etching of SiC [103,104,105], high temperature hydrogen etching [106,107], hydrogen 

plasmas [108,109], sacrificial oxidation [110,111], catalytic methods [112,113], and other 

plasma methods [114,115,121]. 

2.3.1 SiC Defects and Chemo-Mechanical Polishing (CMP) 

The success of the semiconductor industry is based upon several key factors, not 

the least of which is the ability to produce large, highly defect free, single crystal Si wafers 

and correspondingly large, defect free, single crystal Si wafer surfaces.  SiC, despite its 

advantages as a wide bandgap semiconductor, has not developed as rapidly because it 

is a much more difficult material to produce at the required quality (bulk and surface).  
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None the less, steady progress over the past 50 years has led to reasonably high-quality 

single crystal wafers with diameters up to 8 inches [116]. In this regard, one of the key 

advances has been the development of the chemo-mechanical polishing (CMP) process.   

Briefly, chemo-mechanical polishing of SiC combines mechanical polishing and 

chemical etching as a subsequent processing step to mechanical slicing to alleviate 

surface scratches. CMP involves wetting a polishing pad with aqueous colloidal silica 

slurry in an alkaline environment and keeping the pad wet with the slurry through the 

entire polishing process. The mechanical grinding is controlled by the rotational speed of 

the pad whereas the chemical etching component is controlled by pH and temperature. 

The mechanism of this is first from weakening of surface Si-C bonds through OH- ions via 

dipole formation, then DI water in the slurry attacks surface Si species to form SiO2. 

Finally, the top bilayers of Si-C (along with SiO2) are polished away from the surface 

through plastic deformation from mechanical grinding. This ultimately creates a globally 

planarized surface free of surface scratches as seen by microscopy [117,118].  

While CMP provides a major improvement in the surface quality of SiC device 

substrates, it has limitations [118,119,120]. For example, it has been widely reported that 

although CMP creates a smooth surface as observed by eye and optical microscopy, 

surface and subsurface defects produced by the CMP process itself still exist.  Typical 

defects can be observed using either scanning electron microscopy (SEM), transmission 

microscopy (TEM), X-ray topographic analysis, and to an extent, atomic force microscopy 

(AFM). Surface defects are generally observed in the form of residual surface scratches 

left behind by either mechanical polishing or CMP. However, TEM analysis from multiple 

sources shows that these surface defects can cause a cascade of defects to form through 

the sub-surface. These sub-surface defects (SSD) generally extend laterally 2-3 times 

the width of the scratch and based on other measurements, to a depth of 50-100nm, 

although larger depths up to 800 nm have been reported [124]. These defects are 

reported to be a variety of Shockley-type stacking defaults, chevron-shaped defects from 

SiC chipping, partial and nearly perfect plane dislocation loops 

[118,119,121,122,123,124]. Because these defects have been shown to have a negative 

impact on devices with metal-oxide-semiconductor (MOS) structures, as well as the 

difficulty of fabricating damage-free smooth surfaces as wafer diameter increases, it is 



 34 

important to gain a better understanding of both the mechanism and nature of the defect 

in order to move toward an even higher quality surface [122]. 

These defects are generally understood to form through two means. First, uneven 

surface contact between polishing pad and abrasive particles can cause cracking in some 

areas due to uneven stresses imposed on the SiC surface. Guo et al. further elaborates 

that this is generally by some particles that get stuck in place on the surface being ground 

while other mobile particles in the slurry move around. This causes cracks when the 

stationary or stuck particles activate slip planes in the SiC crystal to create a cascade of 

defects (i.e., a crack) [123]. These damaged areas tend to be localized and not uniformly 

distributed across the wafer.  

In addition to these structural defects, chemical defects are also an issue.  These 

surface defects are comprised mostly of an oxide passivation layer with some 

hydrocarbon (“grease”) and metal contamination left behind from CMP.  In addition, due 

to silicon carbides native oxide, low levels of excess carbon are frequently found at the 

oxide-substrate interface on a thickness up to about 5 nm [125,126,127]. The majority of 

these species can be removed by the standard RCA process which involves three steps: 

an organic clean to remove organic contaminants using a heated mixture of dilute 

aqueous ammonia and hydrogen peroxide, an ionic clean to remove heavy metal atomic 

species and other ionic species using a heated mixture of diluted hydrochloric acid and 

hydrogen peroxide (often referred to as dilute piranha solution), and finally, an oxide strip 

using diluted hydrofluoric acid (HF). The RCA process typically is performed at 70 oC 

except for the oxide strip which is typically carried out at room temperature as it is an 

aggressive etch. Despite the RCA process being highly effective in cleaning the surface 

from chemical contaminants, it unfortunately does not completely remove all oxygen and 

excess carbon [111,128]. This is because HF does not create a hydrogen terminated 

surface on SiC like it does with Si, and in fact creates a hydroxyl terminated surface from 

the inability of HF to remove the final oxygen layer from the surface [105].  

As an alternative to these wet chemical methods, high temperature etching of SiC 

by hydrogen has been used.  In this process, hydrogen gas is flowed over SiC where 

either the sample is heated to high temperatures (ranging from 1200 to 1700 oC) in UHV 

or under atmospheric pressure in a tube furnace [111,119,129]. The high temperature 
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hydrogen etch is chemically active, reacting with and removing excess carbon on the 

surface as well as SiC lattice defects. This etching has been observed to extend into the 

sub-surface region [111,119,120,128,129] and ultimately produces a surface consisting 

of terraces and steps.[119] It has been reported that hydrogen etching can induce step 

bunching and pits when cleaning defective surfaces. Specifically, areas where there was 

formerly scratches and SSD, became holes from material being removed 

[106,107,111,129]. Lower energy forms of hydrogen etching exist to clean the surface, 

such as hydrogen microwave plasmas, but they tend to lack the ability to eliminate lattice 

damage by going sub-surface [108,109]. Consequently, hydrogen etching alone will 

create a clean surface; however, the resulting surface will not be atomically flat but rather 

characterized by steps and terraces. 

2.3.2 Sacrificial Oxidation  

In studies aimed at improving the quality of epitaxial SiC films grown on SiC, Sasaki 

et al. [115] reported two notable observations. First, sub-surface defects are highly 

localized so that long-range lattice integrity is conserved (in agreement with Sako et al. 

[114]). Second, hydrogen etching reveals surface defects associated with the (previously) 

subsurface defects. This agrees with Nishitani et al. [116] A few methods have been 

utilized to remedy this. Most notably, these involve sacrificial thermal oxidation (STO) and 

its variations [110,111,112,121,130]. 

The most common STO processes utilize either wet or dry thermal oxidation on 

either the as-received SiC, degreased SiC using organic solvents, or a hydrogen etched 

initial surface. This is followed by HF etching. As an alternative to STO, some researchers 

have investigated a one-step process that simultaneously utilizes a rotating Pt catalyst 

pad that does not fully contact the SiC surface, all in HF solution. This process is referred 

to as catalyst-assisted referred etching and has shown potential to planarizes the entire 

surface of SiC [112,120]. In this process, the catalyst effectively activates oxidation of the 

SiC surface which is instantaneously etched in the HF environment.  
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Mechanistically, the thermal oxidation process of STO breaks Si-C bonds and 

forms SiO2. Ideally, the carbon no longer bound to Si is volatilized in the form of CO or 

CO2 and diffuses out. Then, in the oxide strip step, the HF attacks the SiO2 to form SiF4 

and water.[110] The out-diffusion of CO or CO2 species however may be kinetically 

limited, especially in the case of thicker oxide layers [127]. However, this has shown to 

be purely an ideal case as in reality when performing STO, there is always residual carbon 

and oxygen species that cannot be removed by the HF etch, as mentioned in the previous 

section. These species are generally identified as carbon clusters, interstitials, and silicon 

oxycarbide (SiCxOy) which are highly resistant to attack in the HF environment 

[125,126,127,131]. It also has been reported that this interfacial layer is highly disordered 

[123]. This suggests that the oxidation process involved a top-down structural degradation 

to reform SiO2. Some have reported using various forms of annealing (NO, N2O, NH3, H2) 

to reduce the number of these defects, however pre- or post-STO annealing has yet to 

completely remove these impurities [127,132].  

As a practical matter, even UHP gases have trace oxygen and/or water impurities. 

Although seldom discussed in recent literature, this has been reported. Some use 

cartridges full of materials that will act as a getter for oxygen and water impurities. For 

instance, Williams and Reisman report using a two-zone titanium furnace bed to strip 

oxygen in zone one while zone two absorbs the released hydrogen [133]. Long anneals 

in UHP gases like Ar, H2, or He invariably lead to to oxidation of the semiconductor 

surface, and one must wonder will these anneals begin forming any new surface oxide 

that may introduce new defects similar to STO. However, if these anneals are rapid and 

oxidation is minimal, the results may be favorable. 

While the chemical contamination issues can be dealt with using wet chemistry 

procedures, the greatest concerns in the studies proposed here are the surface and sub 

surface defects.  These are likely an issue effecting both epitaxial graphene quality as 

well as electronic characteristics for SiC devices. The PAS process etches well beyond 

the depth of surface and sub-surface defects induced by chemo mechanical polishing. 

Consequently, preconditioning is not an issue for films produced by the PAS process. The 

graphene synthesis processes proposed in this study, however, will be limited to the initial 

and near-surface layers (e.g., ~20 Si-C bilayers or ~1.1 nm).  As a result, sub-surface 
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defects which have been found at depths of 50 - 100 nm will be a limiting factor 

[118,119,120]. Such defects have, for example, been shown to degrade epitaxial SiC 

films grown on SiC substrates, and they will most likely have a similar effect on epitaxial 

graphene grown on SiC [119,120]. 

More recent variations of the sacrificial oxidation process have started 

experimenting with utilizing oxygen-based plasmas for the oxidation step 

[121,130,131,134,135]. The idea is to tune the plasma, so it overcomes the usual ion-

assisted chemistry mechanism that leads to substrate damage. This effectively makes 

the plasma lower energy, and thus, more controlled oxidation as once can direct the 

plasma only to one crystal face unlike oxidation everywhere that occurs in thermal 

oxidation.  

Zhang et al. [121] describes this with an atmospheric pressure ICP plasma 

consisting of CF4, O2, and Ar for ignition. They found that this method simultaneously 

oxidized and then gently etched away the surface but gently enough that STEM indicated 

that SSD was removed from the SiC and created a globally planarized surface. This is 

interesting as this method can likely be tuned to fit other semiconductor materials by 

investigating the use of other etch gasses. This is like results from Minami et al where an 

RCA process was performed before exposing the sample to a He/O2 RF plasma followed 

by an HF etch. The etch, being lower in energy was surface limited, planarized the 

substrate, eliminated SSDs, with the observed SiCxOy and C clusters via XPS. However, 

with SSDs eliminated and a global planar surface achieved, Minami et al. [130] utilized 

the surface carbon species to their advantage to act as a capping layer in the HTS 

process to avoid pit formation from excess silicon sublimation as well as a precursor to 

the buffer layer. 

However, the story is not completely consistent or clear yet as some have reported 

templating of SSDs using these methods. Canino et al. [131] reports that using an SF6/O2 

RF plasma is able to remove the oxycarbide species, but at the expense of surface 

roughness and some SSD templating. This makes sense as one would expect these 

defects, which have different features from the rest of the SiC matrix, to have different 

etch rates compared to the rest of the lattice. Thus, in this situation, the best case would 

be having to run multiple cycles with an etch mixture that has a slightly higher etch rate 
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for the surface than the scratches. However, Deng and coworkers decided to combine 

plasma etching with a soft abrasive (CeO2) which they showed creates an extremely 

smooth surface (RMS <0.1 nm) [134]. They report that using a water vapor and helium 

plasma creates a soft oxide layer which is then polished off with the soft abrasive. Due to 

this grinding, the silicon oxycarbide layer is grinded away, and removes SSDs without 

templating. Very interestingly, they also report the restoration of the step and terrace 

structure after completely removing the silicon oxycarbide layer [135]. 

2.4 Problem Statement Revisited 

As noted at the end of Section 2.1.3 and briefly discussed in Sections 2.1.4 and 

2.1.5, CPAS and MPAS modifications of the PAS process have the potential to form more 

decoupled graphene which approach QFSG. This dissertation describes the exploration 

of these PAS process modifications. The specific goal of the research described in this 

dissertation was to characterize and optimize the quality of graphene synthesized by 

these two processes. To achieve this, experiments were performed to: 

1. Investigate the effect of key plasma operating parameters for CPAS and MPAS, 

2. Determine the extent to which CPAS and MPAS can be used to produce high 

quality graphene, 

3. Determine the effects of substrate preconditioning to improve graphene quality, 

and 

4. Provide an understanding of the science underlying these processes. 

Taken together, the results of these studies provide the basis for a scalable method 

for producing electronics grade graphene on SiC substrates. Moreover, the results 

provide a basis for understanding the underlying process mechanisms. 
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Chapter 3: Experimental Methods 

This chapter lays out the experimental methods for graphene synthesis (Section 

3.1), characterization (Section 3.2), surface studies (Section 3.3). Operating conditions 

and their nuances will be explained here as well to set the stage for the results, 

discussions, and conclusions further in this dissertation. Some theory will be explained 

here to better understand the motivation for each step. 

3.1 Graphene Synthesis 

The surface and materials studies laboratory, under the direction of Dr. 

Stinespring, has been studying graphene production for various applications for over 10 

years now. The graphene production investigated in this work is a novel modification of 

previous published work [11,12,30,31,32,33]. The detailed investigation and its findings 

will be laid out in Chapter 4.  

It was recently discovered by the group that reducing the kinetic energy of the 

plasma (i.e., thermal, or near-thermal plasma species) has a higher quality graphene than 

that formed by the previous plasma-assisted synthesis (PAS). Furthermore, films 

synthesized under these conditions exhibit characteristics resembling that of quasi-

freestanding graphene. Two synthesis routes are investigated in this dissertation.  

First, is the act of covering up the substrate with a mask, supported by posts to 

give a limited headspace between the substrate and mask. This is referred to as 

microplasma assisted synthesis (MPAS). The second synthesis route involves active 

tuning of plasma operating conditions to obtain a chemically similar plasma, without the 

use of a mask platform. This is referred to as cold plasma assisted synthesis (CPAS). 

Both routes form a SiC surface with a halogenated carbon-rich overlayer which 
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reconstructs graphene during atmospheric pressure-rapid thermal annealing (AP-RTA) in 

an ultra-high purity inert gas. 

3.1.1 Substrate Preparation  

First, the as received 2-inch SiC wafers must be diced into smaller samples for 

individual processing. 6H-SiC wafers were from University Wafer, Inc., and 4H-SiC 

samples were from MSE Supply, Inc., all n-doped. All wafers were diced using a 

DAD3240 automatic dicing saw from Disco, Inc. located in the WVU White Hall cleanroom 

owned and maintained by WVU Shared Research Facilities (SRF) with a photograph 

shown in Figure 3.1a Samples were either diced into full 1 cm2 samples or 2.5 x 10 mm 

“small” samples. A photograph of a 6H wafer diced into 1 cm2 samples and a 4H wafer 

from MSE before dicing is shown in Figure 3.1b and 3.1c. A hub style, diamond grit ZH05 

series blade was used at a cutting speed of 30,000 RPM and a feed speed of 1 mm/sec.  

Most wafers used were the 6H polytype. At this phase, an “as received” surface 

morphology is characterized by AFM and an XPS measurement is taken as reference to 

compare after plasma etching and annealing. Some of these samples were processed 

with sacrificial oxidation before plasma etching to investigate any surface morphology and 

polytype effect on the synthesized graphene film. Some SiC after dicing underwent an 

initial cleaning step. This consisted of a heated DI water sonication bath of 1:1 reagent 

alcohol to acetone for 15 minutes at 50 ºC to degrease the surface. Following this, the 

sample was soaked for 15 minutes in glacial acetic acid. This helps remove electrostatic 

charging on the surface as well as any particles that were adhered due to electrostatic 

interactions. Samples were rinsed in DI water and acetone and blow dried with dry house 

nitrogen. 
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3.1.2 Plasma Etching 

A Trion Technologies Minilock-Phantom III inductively coupled plasma-reactive ion 

etching (ICP-RIE) system located in the WVU SRF engineering cleanroom was used for 

all plasma etching conducted in MPAS experiments. A photograph of the system is shown 

in Figure 3.2. This system contains two chambers: one load lock chamber with a robotic 

 

Figure 3.1: (A) DAD3240 Disco Automatic Dicing Saw. (B) a 6H-SiC wafer diced into 1 cm2 samples still 

on the adhesive tape from the dicing saw. (C) An as received 4H-SiC wafer before dicing. 

(A) (B)

(C)
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transfer arm to transfer samples mounted to a Si carrier wafer into the main chamber. 

Vacuum is maintained by a dry mechanical Ebara pump staged with an Osaka 

turbomolecular pump (TMP). The power supply to the ICP can be varied between 0 W to 

1000 W. The power supply to the RIE can be varied between 0 W to 600 W. Process 

chamber pressure can be varied between 0 mTorr and 125 mTorr, and process flow gas 

can be varied from 0 SCCM to 100 SCCM. The system operates on constant flow and 

varies pressure via an isolation valve. However, plasmas may not be stable in all process 

combinations. The carrier wafer holding the sample to be etched is transferred onto an 

anodized alumina electrostatic chuck to clamp the carrier wafer onto the bottom electrode 

during etching. The chuck is grooved such that helium cooling can be turned on to cool 

the back side of the wafer. A 100 mm silicon carrier wafer is always used during operation. 

This allows for both substrate transport between the load lock and main chamber, as well 

as physical protection to the electrostatic chuck from the plasma.  

Before any plasma etching of substrates takes place, a two-step preconditioning 

process is performed on the main chamber. This allows for both a clean chamber to 

reduce any contamination that may occur as well as a stable starting point for the plasma 

itself. The first step uses an O2 plasma that acts as a chamber cleaning step which 

removes chamber contaminants remaining from previous etch runs by other users, as 

this is tool is a part of the WVU Shared Research Facilities. The second step is a CF4 

chamber conditioning that is essentially the PAS process, but with no sample. This 

process is shown in Table 3.1. 
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Table 3.1: Standard parameters for the two-step chamber preconditioning 

Process Parameter O2 Clean CF4 Conditioning 

Process gas O2 CF4 

Operating pressure [mTorr] 50 25 

Gas flow rate [SCCM] 98 20 

Etch time [s] 600 (120 on, 60 off) x 4 

ICP power [W] 600 600 

RIE power [W] 80 300 

The O2 cleaning is performed on its own carrier wafer which is not used for any 

other processes other than the O2 clean as to prevent oxygen cross contamination. Since 

this is a shared facility, the O2 clean basically brings the system back to a base state. The 

CF4 conditioning step essentially brings the system to a pseudo-steady state, as CF4 is 

 

 

Figure 3.2: (A) The Trion Minilock Phantom III ICP/RIE system used to perform plasma etching. (B) 

Interior of the main chamber where etching takes place. 
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known to deposit insulating fluoropolymers on chamber walls [136,137]. The CF4 

conditioning step uses a separate carrier wafer than the one reserved for the O2 clean 

and is often the same wafer used for the plasma etching process. This two-step process 

is essentially equipment maintenance and is not related to the fundamental science of the 

processes reported herein. 

It has been reported that due to the insulating nature of these species, over time it 

will detune the plasma composition and chamber electrodynamics. This occurs through 

radical and ion interactions with deposition species on the chamber walls (grounded 

surfaces). It is also reported that this will lower the number of reactive species in the 

plasma as well [12,136,137,138]. The specific nuances and in-depth analyses of species 

as well as a thorough analysis of this is presented in Graves dissertation [12]. 

3.1.3a Cold Plasma Assisted Synthesis (CPAS) 

This section will describe the experimental procedures for the CPAS process. This 

process aims to create a mainly chemical etching environment to eliminate ion 

bombardment that is inherent to the PAS process, and without the use of a shielding mask 

used in MPAS. The discussion for this will be found in Chapter 4.1. 

For TPAS etching, samples were simply bonded to a 100 mm silicon carrier wafer 

with Cool Grease just like the MPAS process. However, the TPAS process does not 

require the fabrication of a micro reactor structure like MPAS. This was typically run by 

operating at extremely low RIE conditions with a relatively higher ICP power (basically, 

running along the y-axis of Figure 2.5). This is due to the reasons for RIE controlling ion 

bombardment as described in Section 3.1.2a. For these experiments, ICP was generally 

fixed at 600 W, higher runs formed unstable plasmas. All runs had RIE powers ranging 

from 5 W to 25 W as to avoid entering the synergistic regime (mix of chemical and physical 

etching). Typical flow conditions were 20 sccm of pure, undiluted, ultra-high purity CF4 at 

an operating pressure of 25 mTorr with no helium cooling. Typical etch times were 12 

minutes across four cycles (180 s plasma ON, 60 s plasma OFF) x4). Since pressure 

directly dictates the number of collisions in a vacuum system, a high pressure etch (100 
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mTorr) was investigated as well. This was in hopes that a high-pressure plasma would 

cause enough collisions that ions could be eliminated (or nearly eliminated) from the 

plasma, making it a chemical etch. 

3.1.3b Microplasma Assisted Synthesis (MPAS) 

This section will describe the MPAS process and its experimental procedures 

along with some nuances about the plasma itself. This process seeks to eliminate ion 

bombardment that creates lattice damage in the SiC substrate in order to synthesize 

higher-quality graphene films compared to the PAS process. This is done by shielding the 

substrate from ions using a mask supported by posts. The results of this section will be 

discussed in Chapter 4.2 and 4.3.  

Prior to etching, the SiC substrates were mounted on a 4-inch Si carrier wafer 

using thermally conducting BN-based Cool-Grease (CGR7016 from AI Technology). Cool 

Grease is both electrically insulating and thermally conductive. In this work, it is mainly 

used to adhere the substrate to the carrier as well as the MPAS micro reactor structure. 

It is generally used for thermal management in samples exposed to plasma etching. As 

shown in Figure 3.3a – c, the SiC substrate was then covered by a 3 inch x 1 inch mask 

that was supported by Si posts. The micro reactor assembly was held in place on the 

carrier wafer using the same Cool Grease. The height of the mask, and thus the free 

space between the mask and substrate, was determined by the thickness of the Si post.  

As illustrated in Figure 3.3d, this assembly was transferred into a Trion 

Technologies Minilock-Phantom III ICP-RIE system, and a CF4-based plasma, the 

macroplasma, was established over the quartz plate, while a microplasma was 

established between the quartz mask and SiC substrate. This was established by 

injecting ultra-high purity CF4 into the etching chamber by an alumina showerhead at the 

top of the main chamber. The process chamber is maintained by dynamically modulating 

an exhaust valve between the chamber and TMP. The chamber is designed such that 

most of the high-density plasma is remote (located in an upper area of the main chamber). 
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This is to make the plasma etching process more controlled as some plasma is generated 

in the main process area. This allows for better distinction between ICP and RIE effects.  

 

Plasma is ignited via a radio-frequency (RF) electromagnetic field operating at 

13.56 MHz via a water-cooled induction coil in the upper portion of the chamber. The coil 

that generates the inductively coupled plasma is driven by an RF generator that is 

regulated by an impedance matching network (set at 50) so the set amount of power 

would be transferred to the plasma as opposed to being reflected into the power supply. 

Mismatch between the coil and network, the plasma becomes unstable or totally unable 

to ignite. Once the coil and network are sufficiently matched to the ICP coil, electrons are 

stripped in the resulting electromagnetic field and rapidly oscillate within the field. This is 

what generates the high-density plasma as the number of electrons is extremely high (ne 

 

 

Figure 3.3: (a) Side-view schematic of the MPAS microreactor on a silicon carrier wafer. (b) Top-down 

view of mask supported by silicon posts shielding the SiC substrate, all adhered with Cool Grease. (c) 

Photograph of a silicon carrier wafer with an MPAS microreactor structure shielding a 10 x 2.5 mm SiC 

sample to be etched. And (d) schematic of MPAS structure while plasma is in operation with microplasma 

between the mask and SiC substrate. 
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~ 9x1012), and thus number of collisions is high. This gives rise to radicals, ions, and more 

electrons along with photoemission to create the characteristic plasma glow discharge.  

The ICP generally consists of radicals, electrons, and ions. Much of the chamber 

remains as CF4, however the plasma contains CFx ions and radicals (x = 1,2, or 3), as 

well as fluorine radicals. The exact species distribution is extremely complex. It has been 

reported that these species are a function of position, pressure, power, and deposition 

products on chamber walls. Species can even contribute to deposition to wall species 

and reflect other radicals or neutralize ionized species to become radicals, while some 

get adsorbed and contribute to the deposition of wall species [12,136,137,138,139,140]. 

For the reactive ion etching (RIE) component, a secondary RF signal is generated 

(also 13.56 MHz) and applied to the electrostatic chuck that the carrier wafer sits on. This 

effectively generates a bias voltage onto the sample carrier wafer by being capacitively 

coupled with the RIE RF generator instead of being grounded. The bias is generally 

negative relative to the plasma and drives high-energy ions to the surface and repelling 

free electrons. Increasing RIE power shifts the etch mechanism further toward a non-

discriminant mechanical etch rather than a selective chemical etch mechanism. These 

are shielded by the MPAS mask, and not expected to contribute at all the the MPAS 

process. However, RIE is still expected to be an important parameter of the MPAS 

process, but not as critical as the PAS process. 

A parametric study of the MPAS process was conducted. The ICP power varied 

over the range of 100 to 600 W, while the RIE power varied over the range of 50 to 300 

W. To investigate the effect of free space between the SiC substrate and the quartz mask, 

the micro-reactor volume (height) was also varied by using Si posts ranging from 0.33 

mm to 2 mm. A preponderance of MPAS experiments used a quartz mask. However, 

silicon, silver, stainless steel mesh, tantalum, molybdenum, sapphire, and tungsten 

masks were investigated as well. This was investigating the effect of a material’s dielectric 

properties effect on the relatively isolated microplasma. Between the materials dielectric 

properties, and the understanding that the microplasma is almost entirely (if not all) 

reactive chemical etchant species (i.e., radicals), the mask material may influence the 

microplasma. Etch time was also investigated. Etch times ranged from 90 seconds to 12 

minutes over 4 cycles of 180 seconds of the plasma being on and 60 seconds of the 
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plasma being off ((180 s ON, 60 s OFF) x4). Since the micro plasma of interest is primarily 

(if not entirely) chemical (temperature mediated process), the influence of helium cooling 

with helium flowrates ranging from zero to 2 sccm was also investigated. The effect of 

surface morphology (i.e., stepped vs planar) was investigated as well. 

Typical flow conditions in the reactor were 20 sccm of pure undiluted, ultra-high 

purity CF4 at an operating pressure of 25 mTorr with no helium cooling. Typical etch times 

were 180 seconds (3 minutes). Based on the number of layers of graphene formed, 

nominal plasma power parameters were found to be 300 W ICP and 150 W RIE. 

3.1.4 Atmospheric Pressure – Rapid Thermal Annealing (AP-RTA) 

This section lays out the experimental procedure for the AP-RTA process. This 

step does two things: first, it provides the energy which allows for the carbon species to 

reconstruct into the thermodynamically favorable graphene lattice, second, it desorbs 

volatile fluorine species. This step is used for both MPAS and TPAS processes.  

The RTA process, developed by Graves [12,33], significantly improves upon the 

previously reported UHV anneals for plasma assisted growth of graphene. The process 

eliminates the extremely lengthy anneal times of UHV annealing (~8 hours) while 

maintaining extremely comparable films to those formed by UHV annealing. For this work, 

the AP-RTA was performed under ultra-high purity argon. To accomplish this, a quartz 

tube to house the sample was fabricated, and the tube used for just about all experiments 

can be shown with the schematic in Figure 3.4. 

 

 

Figure 3.4: Schematic of the typical AP-RTA tube to house the sample during the anneal for this work. 
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Ultra-pure argon (99.99999% Ar, from Airgas) flows down the tube at 500 SCCMs. 

The reasoning for an increased flowrate compared to the 100 SCCM used by Graves is 

due to the open-ended tube (no recurve to minimize backflow of atmosphere from the 

open exhaust). Thus, with the higher flowrate, any potential backflow is eliminated. Quartz 

is used due to the high operating temperatures (up to 1000 ⁰C). A compression fitting 

(ultra-torr by Swagelok) with a Viton gasket is used to seal the tube inlet with the flexible 

gas line inlet. With the flexible tubing, the annealing tube can be rapidly inserted and 

retracted. A small quartz sleeve on the side of the tube houses a type K thermocouple. 

This was fabricated in house by spot welding Chromel and Alumel (both from Omega) 

and threading them through a two-hole alumina tube to insulate the wires from one 

another. These wires were read using an Omega DP462 temperature readout for real 

time monitoring of sample temperature.  

The tube was loaded into a Series 1600 C&M Furnace (Figure 3.5) located in our 

group’s laboratory during the heat up time while argon continuously flowed at 500 SCCM. 

The tube was then further pre-baked for an additional 15 minutes after the furnace 

reached its set point of 1000 ⁰C under Ar flow. The prebake is done to desorb water and 

any atmospheric oxygen in the tube. The tube was then retracted and allowed to cool to 

room temperature under Ar flow. Etched samples were then loaded into the tube such 

that they were all around the end of the type K thermocouple such that the temperature 

of the thermocouple was essentially the temperature of the substrates. After loading, the 

tube is purged under 500 SCCM Ar flow for 15-30 minutes to ensure the tube was fully 

purged.  

Once samples are loaded and purged, the tube is loaded into the C&M furnace. 

The AP-RTAs conducted for this work essentially follow Graves “RTA1” process [12,33] 

where the anneal clock starts at 940 ⁰C and goes for 1:30 to two minutes until the sample 

reaches anywhere from 980 to 990 ⁰C. This is since until 940 ⁰C, the heating rate is 

extremely rapid and doesn’t slow down until that temperature. Therefore, it makes most 

sense to time it once the heating rate stops rising so rapidly for the sake of accuracy. 

Once completed, the tube was withdrawn from the heater and allowed to cool naturally to 

room temperature under argon flow. Once the samples reached room temperature, they 

were retrieved from the quartz tube for characterization. 
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3.2 Materials Characterization 

This section will focus on the variety of characterization techniques used in this 

work as well as some device metrics. Meticulous analysis was done at every processing 

step from as received SiC to graphene films. Each section will be laid out in two parts: 

first, a brief introduction to the theory that underlies the technique, as well as the 

application and procedure of measurement and analysis. This will allow one to better 

understand and interpret the results documented in Chapter 4. 

 

 

Figure 3.5: High temperature Series 1600 C&M Furnace with alumina refractory tube and the associated 

control panel and flow controllers used for AP-RTA in this work.  
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3.2.1 X-ray Photoelectron Spectroscopy (XPS) 

In 1921, the Nobel Prize was awarded to Albert Einstein for his explanation of the 

photoelectric effect. In its most simple terms, the photoelectric effect is essentially when 

a photon strikes the surface of a substance, the substance can emit electrons in the form 

of photoelectrons. This is also referred to as photoemission and is the basis of X-ray 

photoelectron (or photoemission) spectroscopy (XPS), also known as electron 

spectroscopy for chemical analysis (ESCA). This technique was mainly developed by Kai 

Siegbahn and eventually the first XPS instrument in 1969, which inevitably won him the 

Nobel Prize in 1981 [141]. 

In more detail, when a material experiences photons, the energy may be absorbed 

but can be re-emitted through multiple mechanisms. As known from thermodynamics, 

energy absorbed by photons is most often thermalized from atomic vibrations. But if 

photons have sufficient energy such that they are equal or greater than the binding energy 

(EB) (energy required to produce a photoelectron) relative to the Fermi level, they will emit 

photoelectrons [141]. This allows for quantitative analyses of chemical bonding states 

within a material along with its atomic composition.  

Figure 3.6 illustrates the solid-state interpretation of the photoelectric effect. Since 

electron and photon energy states are quantized, their emitted photoelectrons are 

independent of the intensity of the excitation source intensity. This makes calculating 

binding energy simple, using an energy balance. This is also depicted in Figure 3.6. Since 

the spectrometer work function, and the incident photon source energy are known 

constants, only kinetic energy and binding energy are left. The electron detector is an 

ammeter that essentially counts photoelectrons of the incoming electrons for a chosen 

spectral region. This region is “chosen” by the hemispherical analyzer electrostatic gating 

lenses. With all of this, the software for the instrument can easily calculate the binding 

energy of photoelectrons emitted [142]. 
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Figure 3.6: Energy diagram representation of the mechanism for core-electron XPS showing the energy 

balance for the system. The work function for the spectrometer, spectrometer, and the photon energy, h, 

are known constants. The kinetic energy of the ejected electron, Ek, is what the spectrometer measures 

and binding energy, EB, is calculated. 

In this work, Al K X-rays were used as the photon excitation source. This is done 

by bombarding Al with electrons, which will cause a transition effect from the L- to K-shell 

and thus emit photons like what is described in the paragraphs above. The beam is further 

focused by reflection through a quartz crystal monochromator. This produces a narrow 

spectrum at the K line which for Al is located at h = 1486.6 eV. The monochromator 

narrows this line to a width around 0.8 eV [143]. 

The work function of the spectrometer () dictates the amount of energy required 

to remove an electron at the Fermi level (EF, highest filled energy state at 0 K) to the 

vacuum level (the energy at which an electron is no longer bound to the solid and is at 

rest just outside the solid). Luckily, the work function for a sample doesn’t need to be 

known as it cancels out in the energy balance due to alignment of Fermi levels caused 
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by maintaining both the spectrometer and sample in electrical contact. The work function 

for the spectrometer used in this work is 4.20 eV.  

As mentioned above, the detector essentially counts photoelectrons and cannot 

distinguish between them. To filter photoelectrons according to their kinetic energy (and 

thus, binding energy), base voltages are applied to both inner and outer hemisphere 

surfaces which differ by a set value called the pass energy (in eV). This creates a scenario 

where photoelectrons too high in kinetic energy strike the outer wall of the hemispherical 

analyzer and photoelectrons too low in kinetic energy strike the inner wall (as shown in 

Figure 3.7). In this manner, only photoelectrons with a spread of energies equal to the 

pass energy about the energy set by the base voltage can pass through the spectrometer. 

As the base voltage is ramped through a specified range (pass energy remains constant), 

a spectrum for the corresponding kinetic/binding energy range is obtained. As the pass 

energy is increased the number of electrons passing through the spectrometer at any 

given base voltage increases, but the resolution of the resulting spectrum is degraded.  

Since all materials have their own unique electronic states, their photoelectron 

binding energies are correspondingly unique. However, each element also has its own 

 

 

Figure 3.7: Simple schematic of XPS system in operation with X-ray source, motorized sample stage, 

and hemispherical energy analyzer with photoelectrons being filtered by the analyzer. 
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unique set of binding energies from differences in the chemical potential and polarizability. 

From this, XPS can easily provide quantitative chemical composition of a material. 

However, XPS can only detect elements starting with lithium (Z = 3) and larger. Hydrogen 

and helium, however, have extremely low ionization cross-sections and do not possess 

core electrons [143]. 

Since an element has its own unique binding energy, it logically follows that an 

element bonded to another element will have a different binding energy, shifted from the 

elemental peak. This is commonly referred to as binding energy shift or the chemical shift 

and is paramount in both chemical state identification and quantification. Basically, a 

change in bonding will be reflected in an electronic state change. This is most strongly 

related to the electronegativity of each of the elements that are bonded together, but also 

is related to the type of bond as well. The electronegativity difference causes either a 

charge withdrawal or donation to an element. So, for an element bonded to a more 

electronegative atom (i.e., C-F), the less electronegative element will experience a charge 

extraction from its outer shell electrons, and thus will hold onto their core electrons more 

tightly, creating an upward shift in binding energy [142,144]. 

The Al K x-rays used in this work have an excitation depth of about 10 µm deep 

[143]. This is the depth where the bulk of material is excited and exhibits photoemission. 

However, photoelectrons emitted from this depth never escape as the number of 

electrons that can escape from a solid before undergoing a collision decreases 

exponentially as depth increases. This is directly related to the inelastic mean free path 

(IMFP or ) between collisions. A general rule that follows Beer’s law is that less than five 

percent of signal comes from photoelectrons traveling greater than 3 [144,145]. 

Generally, any photoelectrons or even secondary electrons that do escape from the 

material contribute to the spectra background and are accounted for by background 

subtraction techniques. It is because of all this, that photoelectrons at and near the sample 

surface (around 1-5 nm [142,144]) escape and contribute to spectral signal. The IMFP 

differs for each element, and a universal curve exists for this that is independent of 

scattering medium and even gives insight into different scattering mechanisms for 

different energies. This plot is easily found in literature and need not be repeated here. 



 55 

Another issue regarding XPS measurement commonly found is charging. As 

discussed above, the detector and sample are assumed to be in good electrical contact 

(to ground). This means that the electrons lost by the sample are replaced by ground 

electrons. However, this truly only applies to highly conductive materials such as metals. 

For most materials, this induces a net positive surface charge from not being able to make 

up the charge deficiency with ground electrons. This net positive charge changes the 

electron affinity of the material and thus shifts emitted photoelectrons to a higher binding 

energy, analogous to a less electronegative element being bonded to a more 

electronegative element and having an apparent charge taken away from it.  

Many systems utilize a charge neutralizer to compensate for this – such as an 

electron beam or dual neutralizers (electron beam with argon ions). However, this may 

not be desired for surface sensitive thin film materials as these neutralizers can slightly 

change the chemistry in areas [146,147]. To compensate for this, data can be shifted to 

a known uncharged reference based on a characteristic peak. There are many other 

factors and nuances involved in XPS that will not be discussed here due to little-to-no 

impact on this work. These include multiplet splitting (commonly seen in spectra from p, 

d, and f orbitals), photoelectron lines, Auger emission, x-ray ghost lines, shake up peaks, 

energy loss peaks, and valence peaks [143].  

In this work, measurements were collected by a PHI VersaProbe 5700 system with 

Omni Focus V lens and an monochromated Al K x-ray source (Figure 3.8). This system 

is owned and maintained by WVU SRF in the engineering science building. This gives an 

x-ray energy of 1486.6 eV with a beam diameter of 100 µm and a photoelectron takeoff 

angle of  = 45º for bulk measurements. For surface measurements to investigate the 

interface, photoelectron takeoff angles of  = 5º, 20º, and 30º were used. No charge 

neutralization was carried out in this work due to the reasons described above. Instead, 

the lowest energy peak in the C1s (the peak associated with carbon bound to silicon in 

the substrate) was referenced to 282.5 eV [148]. For less sensitive survey scans a pass 

energy of 117.4 eV pass energy, 0.5 eV step size, and 25 ms step time were used. For 

high resolution scans, 23.5 eV pass energy, 0.025 eV step size and 50 ms step time were 

used. The instrument is calibrated using the Au 4f7/2 reference line from an Au standard 

sample. 
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Lastly, spectra were used to determine the number of graphene layers produced 

in this work. This is the same equation used in previous work by the research group 

[11,12,30,31,32,33]. The calculation takes into consideration the attenuation between the 

silicon carbide carbon and the graphene carbon on the surface. However, the equation 

must be modified to describe the graphene-silicon carbide system. This is done by 

considering the differences between spacing between graphene layers (d), buffer layer 

spacing (d0), spacing between the terminating Si and underlying carbon (D1) and the 

spacing between that carbon and the carbon from the next bilayer down (D2). This follows 

equation 3.1. 
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Figure 3.8: (A) Phi VersaProbe 5700 X-ray Photoelectron Spectroscope used in this work, (B) photograph 

of view through sample inspection viewport showing source and detector arrangement with the motorized 

sample stage, and (C) three samples on a 1” diameter sample holder to be analyzed. 
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The graphene spacing (d) is taken to be 0.346 nm based on Weng et al. [145]. The 

bottom most layer of graphene, the buffer layer (d0) is taken to be 0.2 nm and D1 is taken 

as 0.063 nm based on Asensio et al. [149]. The spacing between SiC layers (D2) is taken 

to be 0.252 nm [150]. The IMFP () for C1s photoelectrons was taken as 1.5 nm [151]. 

Since all peaks are in the C1s spectrum, and are all measured at the same time, under 

the same conditions, all material and instrumental factors cancel out. Therefore, the 

intensity ratio for carbon atoms in a single graphene and SiC layer (the first term on the 

right-hand side in Equation 3.1) ends up equaling the areal density of carbon atoms in 

graphene and Si. The areal density of carbon in SiC was taken to be 1.22x1015/cm2 and 

for graphene was taken to be 3.82x1015/cm2 [152]. From this, the number of layers can 

be easily calculated in a program such as Excel. 

3.2.2 Raman Spectroscopy 

Raman spectroscopy is a variation of rotational-vibrational spectroscopy like 

infrared spectroscopy. This technique utilizes the polarization of the system. This in turn 

distorts the electron cloud in chemical bonds by collective phonon vibrations, thus 

inducing a dipole moment [144]. Although there are four types of light interactions 

(reflection, transmission, absorption and scattering), only scattering is relevant to this 

section. C.V. Raman demonstrated this phenomenon in 1928 with benzene absorption 

using a mercury arc lamp and its associated Raman spectral lines [144,153]. 

In terms of scattering, there are three mechanisms by which scattering occurs. 

First, is Rayleigh scattering, which is how the majority of light is scattered. This occurs 

when the scattered light is the same frequency as the incident photon and no spectral 

shift occurs (i.e., an elastic scattering mechanism) [154]. This occurs by exciting a phonon 

form a ground state to a “virtual state” illustrated in the schematic in Figure 3.9. The virtual 

state doesn’t actually exist but is frequently used for illustrative purposes. This state is 

simply equal to the energy of the incident light. 
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 The next is Stokes scattering. This is one of the two forms of Raman scattering, 

which is an inelastic scattering mechanism. This is when the system relaxes to an energy 

state greater than the ground state (also shown in Figure 3.9). This causes the emitted 

photon to be at a lower energy level. It is actually the difference between the incident 

laser energy (or Rayleigh photon energy) and emitted Stokes scattered phonon energy 

that is the Raman shift [154]. Since we are dealing with phonons, these are plotted as 

frequency differences between the phonon states in wavenumber [cm-1] which is the 

inverse of wavelength. Although light is scattered constantly when irradiating a sample, 

the correlation between the emitted energy and true molecular vibrational states, the 

scattering increases enormously due to a resonance effect [144,154]. 

The third scattering mechanism is Anti-Stokes scattering (Figure 3.9). This is 

where the incident irradiation excites a system that is already excited, thus upshifting to 

a higher virtual state. The system then returns to the ground state, emitting photons with 

a higher energy relative to the incident photon. This occurs simultaneously along with 

Stokes scattering, however, is generally less intense due to it requiring an already excited 

photon. Because of this, it is used less compared to Stokes Raman spectroscopy. The 

 

 

Figure 3.9: Three mechanisms of light scattering based on an energy level approach. Rayleigh scattering 

is the most common form of scattering where there is no spectral shift due to elastic scattering. Stokes 

and Anti-Stokes scattering are inelastic scattering mechanisms where the light’s energy and direction 

change. This is also known as the Raman effect. 
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relative intensities of these components are generally dictated by Boltzmann population 

factors [144]. 

The interpretation of Raman spectra is not as complex as its theory. Peaks can 

give information on molecular structure (wavenumber), crystallinity or order (full-width half 

max), the relative amount of material (peak intensity), and relative information about 

tensile and compressive stresses (peak shift – shifts to lower numbers indicate tensile 

stress where shifts to higher numbers indicate compressive stress).  

Regarding graphene characterization, Raman spectroscopy is frequently used as 

a complementary technique to others such as XPS, transmission electron microscopy 

(TEM), angle-resolved photoemission spectroscopy (ARPES), low energy electron 

diffraction (LEED), and more. It is sometimes used as the main technique due to its 

simplicity of operation (that is often at the expense of more complicated data analysis). 

As graphene research has gained momentum, so has graphene Raman publications. 

Much of the initial Raman literature that was originally on graphite, disordered, 

amorphous, and diamond-like films have been used as the basis for graphene Raman 

analysis [155,156]. The first Raman spectrum of graphene was first reported by A.C. 

Ferrari, who was a trailblazer in Raman analysis of graphene films [157]. 

All carbon materials regardless of structure are only revealed by a few features. 

However, it is the line shapes, intensities, and peak positions that give rise to insightful 

information on the carbon species to the point one can differentiate between graphite, 

diamond, a metallic nanotube, or doped graphene using this technique. Although 

previously, Raman processes were described as mainly phonon vibrational modes, the 

reality is more complex. In reality, the relation is quantum in nature. Raman scattering of 

phonons largely depends on electron transport, interference, and scattering. Thus, 

electron property variations due to quantum interference, doping, edge sites or defects 

will inevitably affect Raman shift, intensities, and peak widths [158,159,160]. Despite 

experimental data available, debate remains on the underlying mechanisms for these 

complex phonon processes [158,159].  

Raman spectra was recorded from 1000 cm-1 to 3500 cm-1 in this work. This range 

will capture all the quintessential peaks of graphene. Although Kato et al. [161]. reports 

that there can be up to 17 Raman peaks, only six frequently show up in this work (with all 
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but the 2D’ peak always present). With surface-enhanced Raman scattering (SERS), 

these could be further deconvoluted into more peaks that can give further insight into 

interface states and other small peaks not resolved by conventional Raman [162,163]. 

The six peaks seen in this work are shown in Table 3.2 with data from Kato et al. [161].  

Table 3.2: Typical graphene Raman peaks seen in this work. 

Peak 

Approximate 

Wavenumber 

[cm-1] 

Description 

D 1350 
Aromatic ring breathing mode that requires defect or edge sites 

(broken symmetry) for activation 

G 1580 C=C stretching in aromatic rings and chains 

2D 2700 

Second order scattering event from double resonance between 

phonons and electrons. Requires long range order of aromatic 

rings 

D+D’ 2970 
Combination of phonons with different momenta, requires 

defects for activation 

2D’ 3240 
Overtone of D’ peak (not observed in this work) but does not 

require defects for activation 

 In this work, a Renishaw InVia micro-Raman system located in WVU SRFs Bio-

Nano research facility in the Chemistry Research Laboratory (CRL) was used 

(photographed in Figure 3.10). For the laser excitation source, a diode pumped 532 nm 

(green) solid state laser from CrystaLaser was used. This was operated at a power of 100 

mW with a spot size of 25 µm to give a nominal power density of 0.2 mW/µm. This 

corresponds to 100% laser power, which always gave the best results without any 
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noticeable deleterious heating effects. Measurements were always taken with a 50x 

microscope objective. An 1800 lines/sec diffraction grating was always used in the 

Renishaw system. Exposure time typically was 20 seconds but occasionally was 

increased to 30 to 50 seconds. For extended exposure times, only one spectral 

accumulation scan was performed, while 20 second exposure times were run over two to 

four accumulations. These parameters are generally to maximize the signal from the 

graphene in the materials system. The system was calibrated before every use using a 

silicon standard reference crystal from Renishaw. The characteristic peak for the standard 

reference is 521 cm-1. 

 

Figure 3.10: (A) Renishaw InVia Raman Spectrometer (B) part of the inside of (A) showing the diffraction 

grating and reflecting prism that goes to the CCD detector. (C) 532 nm CrystaLaser source getting 

reflected into the Renishaw system to be routed to the (D) Leica microscope with Prior motorized stage. 
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Raman analysis is generally straight forward when peaks of different materials in 

the same system do not overlap. However, the graphene/SiC system used in this work, 

has peak overlap in the region where the D and G graphene peaks lie. Therefore, the SiC 

substrate signal must be subtracted out. This is first done by taking reference spectra on 

SiC. This was generally done on samples from the same wafer as the sample being 

measured to ensure a more straightforward subtraction as variance in reference spectra 

was observed between 4H- and 6H-SiC for instance. A combination of the longitudinal 

optical (LO) phonon at 964 cm-1 and the SiC shelf between 1800 cm-1 and 1900 cm-1 were 

used as the scaling points for a scaled subtraction. Scaled subtraction was performed in 

the program Spectragryph, while baseline subtraction and peak fitting/deconvolution were 

performed using Lorentzian functions in the program Fityk. This is the same format used 

in previous work and is also consistent with literature [11,12,32,33,66]. 

3.2.3 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is a commonly used form of scanning probe 

microscopy (SPM) used to characterize the topography of surfaces and can to an extent 

visualize material differences in surface material (phase imaging) by sensing atomic 

forces across a surface. This technique was used to characterize all sample surfaces in 

this work. The knowledge of these forces led to Binning et al. [164]. to develop the AFM. 

In this case, the probe becomes a cantilever parallel to the surface rather than normal to 

the surface. The end of the cantilever is an extremely thin, sharp tip that is sensitive to 

forces as it interacts with the surface. The distance from a surface feature will determine 

if attractive or repulsive forces are felt. These are in the form of Coulomb repulsion forces 

at distances very close to the surface, and then switch to attractive Van der Waals 

interactions at a slightly farther distance away [144]. After a certain distance, no forces 

are detectable. This is often shown as a sum of forces, referred to the Lennard-Jones 

potential as shown in Figure 3.11.  
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Figure 3.11: Diagram showing repulsive, attractive, and total forces based on distance from the surface. 

At sufficient distances, no forces are detectable. Most AFM operation is in the Coulomb repulsion regime 

as it is the most easily interpretable data. 

Operating conditions on the Lennard-Jones potential curve are user-defined as 

approach distance or dampening percentage relative to the free tip oscillating frequency 

of the cantilever (which will be discussed below), depending on software. Generally, 

approach distances are close enough that the force regime is repulsive due to larger 

forces experienced, on the steepest point of the Lennard-Jones potential curve such that 

any changes in z-direction will result in substantial force changes, and thus, clearer 

images formed [144,165]. Hysteresis can occur however if there is tip adhesion with either 

a surface feature, or surface particles. This can become an issue causing artefact issues 

as, in the case of particles, can duplicate across the surface if the particle stays in contact 

with the tip. In the case of abrupt surface features, this can cause the initial rise or fall to 

have good resolution, whereas getting over the rise or above the fall can be ambiguous. 
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This is usually spotted between trace and re-trace images as the AFM tip is rastered 

across the surface scan area [144]. 

In terms of operation, the cantilever and tip are attached to the AFM chip body, 

which make up the whole AFM probe. As stated above, the tip is very small and very 

sharp. These tips can have radii on the order of atoms up to larger than 10 μm [164]. 

Smaller tips can generally resolve smaller features and have higher image resolution, but 

at the risk of the tip wearing out or breaking/fracturing quicker. However, tip size needs 

to be kept in mind relative to surface features (aspect ratio) as features comparable in 

size to the tip can cause an image artefact known as tip broadening. This is where the 

side of the tip makes contact before the end of the tip, and the feedback causes the tip to 

overcorrect and makes the particle appear to be broader than it is. 

This is mounted onto an AFM head (sometimes referred to as the scanner head), 

which contains a piezoelectric driver inside that allows the cantilever to flex. The motion 

of the cantilever as it experiences forces is tracked by a diode laser that is aligned onto 

the cantilever and its deflection which is tracked by a photodetector (also aligned to the 

laser during system calibration) by using four quadrants that will output a voltage, sign 

and amplitude that is dependent on deflection location. Depending on the measurement 

mode desired, different calibration procedures are used. The most common AFM 

operation modes are tapping mode and contact mode. Tapping mode is where the 

cantilever is oscillating slightly below its resonant frequency (natural frequency of an 

object where it has the highest amplitude without any sort of material breakdown). 

Tapping mode is best used on delicate samples or when direct forces such as friction do 

not need to be measured as the tip never comes into intimate contact with the sample 

and thus will be more resistant to breaking. Contact mode AFM however cause the 

cantilever to be set at a fixed set point by applying a set voltage to it. Then the tip is 

dragged across the surface and applied voltage is modulated by a feedback loop. This 

mode carries challenges to it and is generally only done for very hard samples without 

many features or measuring frictional or other direct forces on the surface. 

Phase imaging was mentioned above. This is a form of imaging that can be 

measured in tapping mode AFM. This is a measurement of the difference between the 

drive frequency and the actual oscillation frequency of the tip – this is referred to as the 
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phase shift. When these differences are mapped as a function of position, a phase image 

is generated. Changes in crystallinity (domain or phase) or chemical composition can 

induce phase shifts. These are partially caused by inelastic interactions – mainly energy 

dissipation from tip-surface forces. Differences in attractive forces will generally cause a 

negative phase shift and differences in repulsive forces will result in a positive phase shift 

[166]. 

In this work, an Agilent 5500 SPM AFM sitting on a BM-4 bench top vibration 

isolation platform by Minus K Technology housed in a Herzan acoustic isolation chamber 

(Figure 3.12a) located in our group’s laboratory was operated in tapping (AC-AFM) mode. 

To tune this interaction, the piezoelectric driver is tuned such that the natural resonating 

frequency, which is an intrinsic property to the material, is found. Then an offset, defined 

by the user, will be implemented (usually 2-10% offset is typical) such that any changes 

in vibration due to force interactions will induce a sharper effect on its amplitude and 

increases image resolution. This frequency is referred to as the free tip oscillation. The 

approach distance was routinely set such that the oscillation was dampened to 90-95% 

of the free tip oscillation (a 5-10% reduction in oscillation amplitude).  

AC160TS-R3 tips from Oxford Instruments (seen loaded onto the AFM head in 

Figure 3.12b and c) were utilized in the vast majority of this work. These were silicon 

probes with an aluminum reflective coating to enhance laser reflection signal. These tips 

were, on average, seven nanometers in diameter with a tip height of 14 nm. Images were 

generally taken as 512x512 data points (512 points/line and 512 lines). For especially 

high-resolution images, 1024x1024 were used. Scan sizes were generally either 5x5 µm, 

2.5x2x5 µm, or 1x1 µm, although occasionally images were cropped to remove tip 

artefacts distorting the image scale. Scan speeds were generally from 0.75 lines/sec to 

1.5 lines/sec – depending on scan size and resolution. Proportional and integral gain 

(parameters concerning error/noise correction by the AFM controller) profiles were 

generally operated between 2.5% and 90%. Images were processed and analyzed using 

the open-source program Gwyddion.  
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Figure 3.12: (A) Agilent (formerly Molecular Imaging) Model 5500 SPM AFM. (B) the AFM head with 

cantilever tip installed, and (C) Underside of AFM head with laser in operation (as seen by laser reflection 

from the cantilever tip). 

 

3.3 Surface Studies  

Surface chemistry and morphology are critical aspects of epitaxial growth, 

heterostructures as well as device fabrication. As discussed in Chapter 2, surface 

chemistry will determine the reaction mechanism for growing epilayers acting as a 

template. It has also been reported to have a role in the determination of resulting 

interface chemistry and structure between layers [7,45,61,113,114]. It is also of interest 

to find an alternative to high temperature hydrogen etching for poor SiC surfaces. These 

series of studies investigate ways to alleviate surface and sub-surface defects that are 

found on some SiC wafers. These defects are commonly seen as surface scratches from 

mechanical polishing that often will cause a cascade of partial dislocations in the local 

(A) (B)

(C)
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sub-surface, which can act as templates for defects during epitaxial growth processes, as 

described in Chapter 2. The results from this section will be laid out in Chapter 4.4. 

3.3.1 Sacrificial Thermal Oxidation (STO) 

The first studies done to remedy surface defects and sub-surface defects from 

poorly chemo-mechanically polished wafers was sacrificial thermal oxidation (STO). This 

involves an intentional deep oxidation to the surface of a material followed by stripping of 

the oxide. In this case, thermal oxidation was done in an open quartz tube to the 

atmosphere inside our Series 1600 C&M High Temperature Furnace shown in Figure 3.1. 

Temperature studies were not carried out here as the thickest oxide possible in the least 

amount of time was desired, not oxide growth mechanism and growth rates as those have 

been well documented in literature for SiC [167,168,169]. 

Since SiC is chemically inert and resistant to oxidation outside of a surface 

passivation layer, a temperature of 1000 ºC was chosen. This was due to two reasons. 

First, it is under the threshold of selective sublimation as well as the initial surface 

reconstruction. Second, the temperature is high enough to grow oxide relatively fast 

without the use of molecular oxygen, or wet oxidation which as a process is significantly 

harder to control [110]. Still, due to SiCs robustness, oxidation times ranging from 5 

minutes to 240 minutes were conducted and characterized by x-ray photoelectron 

spectroscopy (XPS) with morphology of the oxide determined by atomic force microscopy 

(AFM). Oxide thicknesses were determined using a simple attenuation model shown in 

Equation 3.2 [170,171,172,173]. However, this model is only valid so long as there is a 

detectable signal from the SiC. 

𝑡𝑜𝑥 =  𝜆𝑆𝑖𝑂2
sin 𝜃 ln{[(

1

𝛽
) (

𝐼𝑆𝑖𝑂2

𝐼𝑆𝑖𝐶
)] + 1} Equation 3.2 

The equation is straight forward and is fairly analogous to the graphene layer 

model described above but not nearly as nuanced. λSiO2 is the inelastic mean free path 

(IMFP) for Si 2s photoelectrons in SiO2 which is 3.4 nm ± 0.2 nm. Theta is the analyzer 

takeoff angle – which was 45⁰ for all XPS measurements in this work. Beta is a constant 

that corresponds to the intensity of an infinitely thick oxide over the intensity of an infinitely 
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thick substrate and was calculated to be 0.65 from taking the atomic density radio of SiO2 

and SiC multiplied by the ratio of IMFPs for SiO2 and SiC [174]. Calculated IMFPs of SiO2 

and SiC photoelectrons from the Si2s orbital were pulled from Shinotsuka et al. [175] 

based on standard photoelectron peaks representative of SiO2 and SiC in Si2s spectra 

taken throughout this work. The ISiO2/ISiC term is the peak ratio of the analyzed film.  

Once the SiC is oxidized and characterized, it is then taken to the WVU SRF 

Engineering Cleanroom for oxide stripping via a wet etch. Diluted hydrofluoric acid (HF) 

(10% v/v) is the chemical used for etching away the oxide layers. Due to the extreme 

hazard that HF poses, multiple layers of PPE were used for all HF etching experiments. 

These involved acid resistant aprons with sleeves, Ansell AciTek 49-252 gloves, acid 

resistant goggles and a face shield overtop the typical cleanroom attire. Fresh Calgonate 

(2.5% calcium gluconate gel) was always kept at the HF acid hood in the cleanroom at 

all times along with a Calgonate spill kit in case of any HF spills. The 10% HF in deionized 

(DI) water was prepared by mixing 200 mL of cleanroom DI water and 50 mL of 

concentrated aqueous hydrofluoric acid (48-51%) Omnitrace™ grade from VWR in an 

inert Teflon beaker. Due to the extremely corrosive nature of HF, along with the 

hypertoxicity of the fluoride ion, samples were placed in small porous Teflon baskets that 

made submerging and retrieving samples in the HF solution significantly safer. Times for 

etching ranged from five minutes to 20 minutes. To terminate etching, samples were 

rinsed in DI water for ~two minutes per sample, followed by a dip in electronics grade 

isopropanol and dried with dry house N2. XPS and AFM were used to characterize the 

chemical states and morphology of the HFed surface, respectively. Subsequent HF 

etching using the same procedure as above was conducted on some samples and then 

measured with XPS to determine if the minimum amount of oxide was reached. 

3.3.2 Combination Methods 

Since plasma processing is a process common to semiconductor fabrication, and 

generally has quick processing due to the reactivity of plasma species, it was of interest 

to investigate two processes to introduce plasma processing to sacrificial oxidation. First, 
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Section 3.3.2a will detail the investigation for utilizing an RF plasma as the oxidation 

mechanism before the oxide strip with HF. Then Section 3.3.2b will investigate the use 

of ICP-RIE etching as a surface pre-treatment before rapid thermal oxidation before 

stripping the thin oxide with HF. The results of these experiments will also be detailed in 

Chapter 4.4. 

3.3.2a Sacrificial Plasma Oxidation (SPO) 

As an alternative to long deep oxidation times, as well as to remove carbon without 

enough heat to facilitate carbon diffusion to the SIC/SiO2 interface, utilization of an RF 

oxygen plasma was investigated. This involved the use of a March PX-250 plasma asher 

located in the WVU SRF ESB cleanroom which is photographed in Figure 3.13. Utilization 

of the plasma asher also allows for a more gentle, chemical oxidation that is likely more 

limited to the immediate surface as well as the sub-surface. However, it is highly unlikely 

that oxidation will proceed into the bulk as with extended thermal oxidation. 

The parameters for the plasma asher include plasma power, operating pressure, 

base pressure, DC bias voltage, and flowrate (set as the percentage open of the mass 

flow controller (MFC)), and oxidation time. Although all operating parameters are of 

importance, it is mainly RF plasma power and oxidation time that are investigated here 

 

 

Figure 3.13: (A) March PX-250 Plasma Asher with window closed and (B) window open to view operation 

while oxygen plasma is in operation.  
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and most critical in oxidation. Base pressure is essentially the set point for pumping out 

before and after a nitrogen purge of the chamber. 

In the SRF standard operating procedure for this plasma asher, it is noted that 50 

W RF power for 5 minutes at an operating pressure of 300 mT, a -5 V DC bias, 49 sccm 

of O2 and a base pressure of 80 mT are standard for surface cleaning of photoresists. 

With that in mind, in order to minimize potential minor variation in less critical parameters, 

all runs were maintained at an operating pressure of 300 mT, base pressure of 80 mT, 

DC bias of -5 V, and 49 sccm of O2. In order to go beyond the immediate surface, RF 

power was varied between 100 W to 200 W (the system can go up to 300 W), and time 

varied between 7 to 10 minutes. The majority of runs using the plasma asher in this work 

used an RF power of 100 W and an etch time of 10 minutes. 

After plasma oxidation, samples were analyzed with XPS and AFM. And the oxide 

thickness was characterized by the same model for STO (Equation 3.2). After 

characterization, samples were then returned to the engineering cleanroom to undergo a 

standard 10% (v/v) HF in DI water etch for 20 minutes. To terminate the etch, samples 

were heavily rinsed in DI water for ~two minutes. They then were rinsed in electronics 

grade isopropyl alcohol to remove any water from the surface. The samples were then 

dried with house dry N2. Following the oxide strip, samples were then characterized with 

XPS and AFM. 

3.3.2b Plasma-Enhanced Sacrificial Oxidation (PESO) 

An alternative to both methods was thought of by the concept of etching away 

surface and sub-surface defects prior to rapid sacrificial oxidation. This was of utilizing 

the CF4-based ICP-RIE etching following the PAS process to etch the surface clean of 

defects at the expense of surface planarization. This was done in the same Trion system 

in the SRF engineering cleanroom mentioned above for all the graphene work. These 

samples were often used to test the effect of surface morphology described in Section 

3.1.2a. As mentioned in Chapter 2.1.3, the PAS process has a nominal etch rate of 

~200nm/min with a single etch cycle lasting 3 minutes. One cycle of this normally should 
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eliminate all surface and sub-surface defects, however, to remove residuals, four-cycle 

etches (12 minutes total) were used. Samples were characterized with AFM and 

sometimes XPS after PAS etching.  

From there, they were put through a rapid thermal oxidation (RTO) setup. This 

setup was essentially the RTA1 process and used the C&M Model 1600 tube furnace in 

our research groups lab described in Section 3.1.3. The difference for this experiment 

was that the tube was not prebaked and had no argon gas flowing, leaving both sides of 

the quartz tube open to atmosphere. As with the RTA1 process, the anneal clock was 

started at 940 ⁰C as that is when the rate of heating begins to slow down. Samples were 

allowed to reach 1000 ⁰C which from the anneal clock start point was two minutes on 

average. This not only allows to burn away the fluorine-rich carbon film on the SiC surface, 

but also oxidizes the immediate interface under it in the form of a thin oxide. After that, 

samples were characterized by XPS and AFM once again, with the oxide film thickness 

characterized by Equation 3.2 using the same constants.  

After RTO, samples were then taken back to the engineering cleanroom for an 

oxide strip. This used the 10% (v/v) HF acid in DI water which was prepared the same as 

described above. The etches were carried out in Teflon beakers for 20 minutes per 

sample. To terminate the etch, samples were rinsed in DI water for ~two minutes. 

Following the DI water rinse, samples were then rinsed with isopropyl alcohol. The 

samples were then dried with house dry N2. Following the oxide strip, samples were then 

characterized with XPS and AFM. 
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Chapter 4: Results & Discussion 

In this chapter, the results for graphene synthesis studies as well as SiC surface 

remediation studies are presented. The results in this chapter are representative of over 

150 graphene/SiC samples that were produced and analyzed with XPS, AFM, and 

Raman spectroscopy. Section 4.1 describes results from the CPAS process and its 

directions. Section 4.2 describes films synthesized by the MPAS process under optimal 

parameters. Section 4.3 covers parametric studies involving the MPAS process. Section 

4.4 describes surface studies aimed at improving defective SiC surfaces found on some 

chemo-mechanically polished SiC wafers. 

4.1 Cold Plasma Assisted Synthesis (CPAS) Investigation 

This section describes the results of CPAS (Section 4.1.1), and a possible 

alternative tried at the Naval Research Laboratory (NRL) (Section 4.1.2). As stated in 

Chapter 3.1.2a, ICP power varied between 600 and 800 W (most samples etched at 600 

W ICP), while RIE power was maintained between 5 W and 25 W. Etch time was 

investigated for three and 12 minutes. The system pressure and flow rates were 

maintained at 25 mTorr, 20 sccm flow of CF4, respectively.  No helium flow was used to 

cool the wafer carrier/sample. The standard RTA1 process described by Graves [12,33] 

was used in all cases. As described in the next subsection, a standard process for CPAS 

was not developed due to shortcomings of this process in the Trion system.  An alternative 

approach using a more controllable plasma reactor was briefly explored at NRL. This will 

also be discussed at length. 
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4.1.1 CPAS at WVU 

Figure 4.1 shows XPS survey and C1s spectra for two samples, which were the 

best samples produced using CPAS. Both samples were produced using the same 

 

 

Figure 4.1: XPS spectra for TPAS samples for two conditions. 600 W ICP/5 W RIE for 12 minutes is 

represented in a) survey spectrum and b) the corresponding C1s spectrum. 600 W ICP/10 W RIE for 3 

minutes is represented in c) survey spectrum and d) the corresponding C1s spectrum. 
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plasma powers but Figure 4.1a and 4.1b show this data point for a 12 minute etch, while 

Figure 4.1c and 4.1d show the corresponding spectra for a sample etched for three 

minutes. The C1s spectrum in Figure 4.1b has been resolved into five components. The 

leading peak at 282.5 eV is assigned to the carbon associated with the SiC substrate 

[148]. The more intense peak at 284.6 eV is associated with sp2-carbon in the graphene 

film. The peaks located at 285.6 eV, 286.7 eV, 288.2 eV, and 290.3 eV are associated 

with oxygen-based defects in the graphene film as revealed by their binding energy shifts 

relative to the graphene peak (∆G) and angle resolved XPS as described in our prior 

studies [32,33]. These oxygen-based defects make up 61.1% of the C1s spectra, which 

is comparable to those of graphene oxide (GO) [176,177]. Specifically, based on a ∆G 

value of 1.0 eV and 2.1 eV, respectively, the C1s peaks at 285.6 eV and 286.7 eV can be 

associated with hydroxide (C-OH) and epoxide (C-O-C) surface defects on the graphene 

film. Similarly, the peaks located at 288.2 eV and 290.3 eV with ∆G values of 3.6 eV and 

5.7 eV, respectively, can be associated with carbonyl (C=O) and carboxyl (O=C-OH) edge 

defects. Using the layer model discussed previously, the graphene oxide films 

represented Figure 4.1b is ~2.5 ML (monolayers). As noted previously, this model has 

been well established and described by others [178,179,180,181] and as well as our 

previous reports on graphene synthesized on 6H-SiC(0001) [32,33]. 

Figure 4.1d, which represents a sample processed in the same conditions as 

Figure 4.1b, except etched for three minutes as opposed to 12 minutes, is resolved into 

four components. Like Figure 4.1b, the peak located at 282.5 eV is attributed to the carbon 

in SiC. The peak located at 284.1 eV is associated with the graphene film on the surface. 

The remaining peaks located at 285.7 eV and 289.0 eV are attributed to oxygen-based 

defects in the film. The number of defects in the C1s here is significantly lower than that 

of the 12 minute etch, only accounting for 9.4% of the spectrum. These species are 

commonly seen at much higher levels in graphene oxide (GO) [176] and reduced 

graphene oxide (RGO) [177]. Based on a ∆G value of 1.6 eV, the C1s peak at 285.7 eV is 

associated with either hydroxide (C-OH) or epoxide (C-O-C) defects in the graphene film 

as this peak separation is in the middle of ∆G values observed for both in previous work. 

Regardless, this is certainly a surface defect. Likewise, the peak at 298.0 eV with a ∆G of 
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4.9 eV is associated to carboxyl (O=C-OH) defects on edge sites in the film. Using the 

same model, the graphene film thickness here is calculated to be ~1 ML.  

In prior studies of graphene synthesis using the PAS process, the graphene C1s 

peak was reproducibly observed at 283.5eV (i.e., ∆SiC = 1.0 eV). This peak position was 

associated with graphene that was highly tethered to the underlying SiC through a buffer 

layer [33]. This is in distinct contrast to the situation for the CPAS process reported here. 

Specifically, as illustrated in Figure 4.1b and 4.1d, the C1s peak for graphene formed 

using the CPAS process is reproducibly shifted by 2.1 eV and 1.6 eV relative to the SiC-

C peak, respectively. This shift is in the range expected for freestanding or quasi-

freestanding graphene (QFSG) as described by Riedl et al. [71] and Sforzini et al. [182]. 

Their results were obtained using high resolution photoelectron spectroscopy employing 

a synchrotron photon source. It is also in good agreement with Kowalski et al. [80] who 

characterized their QFSG films using an XPS system having an x-ray source/resolution 

similar the that employed in this study.  

This shift from highly tethered toward QFSG is extremely important in terms of 

improving film quality, and its origins are related to the basic surface chemistry of the of 

the CPAS process as discussed later.  However, studies of the CPAS process in the Trion 

system were terminated due to limitations of that system.  Specifically, as illustrated here 

in Figures 4.1a and c, the graphene films produced by CPAS in the Trion system were 

extensively contaminated with aluminum. Moreover, as seen here, the greater the 

aluminum contamination, the greater the oxygen contamination.    

The aluminum contamination problem is intrinsic to the Trion system operating 

under CPS conditions. As shown in Section 3.1.2, the ICP portion of the plasma is 

confined in the upper portion of the chamber (above the lid) by the alumina showerhead. 

The RIE plasma is located in the region between the showerhead and the carrier 

wafer/sample which is supported by an alumina centering ring. Under CPAS etch 

conditions the confinement of the etchant species is such that they can attack both the 

showerhead and centering ring.  As discussed below, this releases volatile AlFx, AlxOy 

and Ox species which may be deposited on or react with the sample surface.  Under the 

PAS etch conditions previously discussed, the plasma confinement is such that this does 

not occur at significant levels.     
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This degradation of the showerhead and centering ring is most likely the source of 

the active oxygen required to form the graphene oxide observed in the longer CPAS runs 

(e.g., Figure 4.1a and b). Although F-atom, a dominant etch species in the plasma does 

not etch Al2O3, it is known to rapidly form a normally stable AlF3 layer. However, under 

the influence of energetic CFx
+ ions, AlFx species may be physically etched [183]. In 

addition, this may form several oxygen containing fragments including AlOx and Ox. 

Without in-situ mass spectrometric analyses of the plasma, the precise distribution of 

species cannot be known, but this mechanism is consistent with the XPS analyses of the 

graphene surface chemistry. The fact that this phenomenon is limited to the longer growth 

times (12-minute) regardless of ICP power indicates that this is due to the plasma etch 

step and not the RTA.   

Although the RIE power of 5 W was the target, CPAS was further investigated for 

RIE powers of 15 W and 25 W to determine if the aluminum problem could be avoided. 

Unfortunately, these data points showed comparable amounts of aluminum 

contamination to those observed at 5 W RIE. Thus, avoiding aluminum contamination 

requires higher RIE powers, and this places the process in the PAS rather than CPAS 

regime.   

Based on the results, the CPAS process shows potential as a method to 

synthesize high-quality, few-layer, epitaxial graphene films. Specifically, these films all 

resemble quasi-freestanding graphene and even approach freestanding graphene. 

Unfortunately, this process is not feasible in the Trion ICP-RIE system due to aluminum 

and oxygen contamination issue in the CPAS regime. As noted in the next section other 

systems are designed or can be designed to operate under conditions more closely 

resembling the CPAS regime.  

4.1.2 CPAS at NRL 

Because of the results obtained in the Trion system, alternative plasma etching 

systems were sought. The Plasma Applications Section in the Plasma Physics Division 

at NRL, led by Dr. Scott Walton, has been investigating cold plasmas and their use in 
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manufacturing. Specifically, these are electron beam-driven plasmas for atomic layer 

etching (ALE), processing of III-nitride materials, and graphene [184,185,186,187]. These 

plasmas were described as highly tunable in terms of terms of the densities of ion and 

radical species and have highly precise control over the energies of the ionic species 

[184,185]. This system is referred to as the Large Area Plasma Processing System 

(LAPPS) which forms a sheet like electron beam that propagates through a gas medium 

(i.e., etching gas) [186,187].  

Electron beam driven plasmas generate primarily ionic species, due to the physics 

of the beam-gas interaction which preferentially ionizes rather than dissociates or 

fragments the gas molecules. To increase and independently control the radical density, 

the beam driven plasma is augmented with an ICP plasma source. This approach has 

been shown to have little effect on downstream plasma ion density [185]. This system 

configuration is extremely well suited to the use and study of the CPAS process since ion 

and radical densities can be independently controlled. For these reasons, a short 

collaboration with this group was conducted to see the feasibility of these plasmas to etch 

SiC and form quasi-freestanding graphene films.  

Figure 4.2a shows a photo of the NRL system in operation. Here the planar ion 

rich plasma produced by the electron beam can be easily seen. Figure 4.2b shows a plot 

of the fluorine (radical) and ion densities as a function of the ICP RIE power. To gain 

insight into the surface chemistries and effects of both ions and radical, SiC samples were 

etched under ion rich (condition A) and radical rich (condition B) regimes. For both 

conditions the etch time was 4.7 minutes and the etch gas mixture was 90% Ar and 10% 

SF6. The samples were 1 x 1 cm (0001) 6H-SiC and 4H-SiC. Prior to etching both samples 

were put through sacrificial oxidation to reduce any surface damage and provide a 

reproducible starting point for samples studied here. The etching gas used in these 

experiments was SF6 rather than CF4, however the results obtained are extremely 

insightful and promising. 
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As seen in Figure 4.2b 

condition A (low ICP power / ion 

rich regime) had a relatively high 

ion density of ~8 x 1011 cm-3 and a 

radical density of ~ 2.5 x 1012 cm-3. 

The ion energy was ~10-13 eV. 

Under condition B (high ICP power 

/ radical rich regime) the radical 

density was ~1.8x1013 cm-3, while 

the ion density was ~8 x 1011 cm-3. 

Thus, the radical density for 

condition B is a factor of 7.2 times 

greater than the radical density 

(~2.5 x 1012 cm-3) and 22.5 times 

greater than the ion density (8 x 

1011 cm-3) under condition A. Note 

that condition A, the high ion 

regime, was not radical free, and 

condition B, the high radical regime, 

was not ion free. Moreover, 

condition B, because of the ion 

content did not completely replicate 

the desired CPAS plasma 

condition.  However, the contrast between the two regimes provides provides some 

insightful results which should motivate and inform future studies.      

Figure 4.3a and c show the C1s XPS spectrum and corresponding AFM 

topography representative of the surface for a 6H-SiC(0001) sample before being 

exposed to the ion dominant process (condition A). It is evident that the initial surface is 

high quality 6H-SiC. There is little carbon contamination, and the surface exhibits the 

atomic step and terrace structure observed in our higher quality SiC samples. The typical 

step height is ~1-2 nm, while the terrace width is ~200-500 nm. The root-mean square 

 

Figure 4.2: a) A photograph of the SF6/Ar electron beam 

driven plasma over 6H-SiC(0001) and 4H-SiC(0001) 

samples.  b) Plot of fluorine and ion density as a function of 

ICP RF power from [185].    
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(RMS) value was found to be ~0.1-0.2 nm. This is comparable to the Si-C bilayer 

thickness and bilayer separation in the SiC lattice.  

Figure 4.3b and d show the C1s XPS spectrum and corresponding AFM after 

exposure to the plasma operating under condition A. Figure 4.3b shows the C1s spectrum 

after plasma exposure. This spectrum is resolved into seven components.  

 

 

Figure 4.3: High resolution C1s spectra of a) 6H-SiC after STO before being sent to NRL, and b) the same 

sample after being exposed to the plasma operated in condition A. Corresponding AFM topography is also 

shown for c) the sample after STO and d) after condition A plasma exposure.  
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The first peak located at 282.5 eV is associated with the carbon in SiC [148]. The 

peak at 284.1 eV is associated with sp2-carbon on the surface. We view these C-sp2 

species as the base carbon overlayer (graphene precursor) formed during the etch. This 

film is produced on the SiC surface as low energy ions impact, penetrate, and react on 

and beneath the surface. The peaks located at 285.8 eV and 287.5 eV are associated 

with hydroxide (C-OH) and epoxide (C-O-C) defects, respectively, in/on the C-sp2 film as 

revealed by their binding energy shifts relative to the carbon sp2 peak (∆sp
2) and angle 

resolved XPS as described in our prior studies [32,33]. Similarly, the peaks located at 

288.7 eV, 290.6 eV, and 292.7 eV with ∆sp
2 values of 4.6 eV, 6.5 eV, and 8.6 eV, 

respectively, can be associated with fluoromethylene (H-C-F), difluoromethyl (CF2), and 

trifluoromethyl (CF3) groups [188] also form in/on the sp2 film.  

Figure 4.4a and c show the C1s XPS spectrum and corresponding AFM 

topography representative of the surface for a 4H-SiC(0001) sample before being 

exposed to the radical dominant process (condition B). This C1s spectrum is comparable 

to that shown in Figure 4.3a but with a stronger sp2 carbon peak. This is likely due to the 

fact that this 4H-SiC wafer was cut at 5º off axis compared to the 0.5º on-axis cut 6H-SiC 

wafer. This exposes more dangling bonds facilitating the clustering of carbon atoms to 

form graphite/graphene islands. As seen in the AFM analyses, the initial surface is 

smooth with an RMS roughness of ~0.2 nm. However, this surface is randomly covered 

by a number of small pits. The larger of these pits have a depth on the order of ~3 nm. 

This sample, as well as all others on this particular wafer exhibited no evidence of the 

step and terrace structure before or after sacrificial oxidation treatments.  

Figure 4.4b and d show the C1s XPS spectrum and corresponding AFM 

topography representative of the surface after being exposed under condition B. Here the 

carbon sp2 peak has once again downshifted similar to S520 in Figure 4.3a. The peak at 

285.6 eV is attributed to C-OH surface defects. Remarkably, the fluorinated defect 

species appearing at higher binding energies under condition A etching are not observed 

here. Given that the low energy ions that form the higher binding energy fluorinated defect 

species are present during the condition B etch, it is fair to ask why these peaks are not 

present in this spectrum. We believe this is because the high flux of F atoms reacts with 

and volatilizes these defect species.  This is extremely revealing in terms of  
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understanding the roles of ions and radicals in the etch process. After the radical dominant 

process, the surface topography changed somewhat as seen in Figure 4.4d. The surface 

roughness after exposure remained about the same (~0.2 nm) and the pits persisted. 

However, the appearance of deep extended crevasses is a new feature. These were all 

on the order of 4-6 nm deep. These features are extremely unique as they are unlike any 

features seen on SiC and graphene/SiC materials to date. 

 

Figure 4.4: High resolution C1s spectra of a) 6H-SiC after STO before being sent to NRL, and b) the 

same sample after being exposed to the plasma operated in condition B. Corresponding AFM 

topography is also shown for c) the sample after STO and d) after condition B plasma exposure.  
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Overall, these results provide insights into the distinct roles of ions and radicals in 

the etch process and the initial stages of plasma assisted graphene synthesis. As noted 

above, condition B, the radical rich regime does not replicate the CPAS condition which 

we desired, but it is reasonable to believe that the CPAS condition could be achieved in 

NRL-like etch systems with further optimization. Moreover, it is clear that continued 

studies with this system have the potential to yield even greater insight into the etch and 

graphene synthesis processes.   

4.2 Microplasma Assisted Synthesis (MPAS) Standard 

Operating Procedure 

As discussed previously, MPAS, although not necessarily a manufacturing 

approach, provides a method and opportunity to investigate the synthesis of graphene 

using cold plasma species. It is important to note that the goal of these studies was an 

understanding of the role of the cold plasma species in the surface chemistry of the growth 

process rather than process optimization. Nonetheless, these studies resulted in a 

determination of the optimum plasma process parameters, mask material, and mask 

height. The RTA process parameters were based on previous work by Graves, et al. [33]. 

The main goal of an RTA optimization would be to increase crystallinity by increasing the 

anneal time or temperature. Although this would be desirable, studies using the existing 

experimental apparatus always led to graphene oxidation and a loss in the number of 

graphene layers as reported by Graves [12]. Thus, an optimization of the RTA step was 

not undertaken.  

To briefly review, the standard MPAS of graphene was performed by shielding 6H-

SiC(0001) substrates under a quartz mask supported by Si posts on a Si carrier wafer. 

The 6H-SiC(0001) substrates were characterized as having a step-and-terrace 

morphology where atomic steps were clearly resolved using AFM. The nominal space 

between the substrate and mask was ~ 330 μm. A photo of this setup before etching is 
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shown in Figure 4.5a. Here the microreactor setup shielding the SiC can be observed. 

The quartz mask is clean and transparent and is shown for comparison against the same 

setup after etching. 

Following standard chamber cleaning and conditioning, the setup was then 

exposed to the standard plasma etching parameters listed in Table 4.1. The effect of 

these parameters is reported in Section 4.3.   

Table 4.1: Standard Etch Parameters 

Parameter Value 

Pressure 25 mTorr 

CF4 flowrate 20 SCCM 

ICP power 300 W 

RIE power 150 W 

He (cooling) flow 0 SCCM 

Etch time 180 sec 

A photograph of the setup after etching is shown in Figure 4.5b. As seen here, the 

first striking aspect is diffraction patterns arising from a thin film deposited on the quartz 

as well as black burned edges. This film is generally comprised of fluorocarbon species, 

as shown by XPS analysis. This begs the question about the potential of a chemical vapor 

deposition (CVD) or chemical vapor transport (CVT) process happening concurrently with 

the etching process on the SiC substrate. Results from control experiments discussed 

later in this section favor CVT of SiC etch products rather than CVD.   



 84 

 

 

Figure 4.5: Standard MPAS setup with quartz mask supported by 660 μm silicon posts on a silicon 

carrier wafer a) before plasma etching, and b) after plasma etching. 

 

4.2.1 XPS Characterization 

The XPS analysis performed in this work shows changes in both atomic 

composition and chemical environment/bonding between as received, and processed 

surfaces. Figure 4.6 shows stacked survey spectra for typical as received, plasma etched, 

and annealed surfaces with the atomic concentrations of silicon, carbon, and oxygen next 

to the corresponding peaks. We note in passing that there is no evidence of aluminum 

contamination in any of these spectra, As received SiC exhibits near stoichiometric ratio 

between the Si and C peaks. The slight increase of Si in the as-received survey is likely 
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due to the silicon face (0001), as it has been reported that the (000-1) carbon surface has 

a slightly higher carbon peak intensity compared to the silicon peak [105]. High resolution 

spectra discussed later suggests that the oxygen associated with the as received samples  

is in the form of silicon suboxides (SiOx) or silicon oxycarbide (SiCxOy) [189,190]. 

It is clear based on intensity and peak broadening that radical fluorine-based etchant 

species from the MPAS process have formed a carbon enriched surface. High resolution 

spectra discussed later indicate that includes graphene and fluorinated carbon species. 

The etched surface also has a very low amount of oxygen. Again, high resolution spectra 

discussed later indicate the presence of both silicon and carbon-based defects. These 

are generally associated with air exposure when transferring the samples from the ICP-

RIE system to the XPS system. However, low level oxygen contaminants in the etch gas 

cannot be ruled out.   

After annealing, all fluorine is desorbed from the surface, and a significant carbon 

enrichment is observed. This is due to the formation of quasi-freestanding graphene films, 

 

Figure 4.6: Stacked XPS survey spectra for as received SiC, CF4 etched, and the annealed surfaces. 
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which is discussed later in this section. The oxygen concentration increases compared to 

both the etched as well as the as-received surfaces. The vast majority of this is expected 

to originate from low level oxygen containing contaminants in the 5N pure (Airgas 

Research Plus) Ar gas during the anneal. Although some oxygen is associated with 

surface and edge site defects in the graphene lattice, majority of oxygen is observed to 

be located at the interface between the graphene and SiC based on angle resolved XPS 

measurements of the Si2s which is further discussed later in this section. Of course, much 

like the etching step, some of this oxygen content arises from air exposure while 

transferring the sample between processes and analyses. 

Figure 4.7, shows the C1s spectrum for a typical MPAS graphene film synthesized 

on a 6H-SiC(0001) surface with two fits – a naive fit (Figure 4.7a), and a buffer layer fit 

(Figure 4.7b). The naive fit is essentially self-evident and is essentially driven by the line 

shape of the spectrum. That is, there is a significant shift between the SiC carbon peak 

at 282.5 eV [148] and the quasi-freestanding graphene peak (mean of 284.2 eV ± 0.2 

eV). After the fitting of the main two peaks, three additional defect peaks, D1, D2, and D3 

can reasonably be identified. These were fitted such that FWHM of peaks did not get 

unreasonably wide (>2.5 eV) while still minimizing the chi-squared fitting parameter.  

The peaks identified as D1, D2, and D3 can be associated with oxygen-based 

defects in the graphene film as revealed by their binding energy shifts relative to the 

graphene peak (∆G) and angle resolved XPS as described in our prior studies [32,33]. 

Specifically, based on a ∆G value of 1.2 eV, the C1s peak identified D1 can be associated 

with C-OH defects on the graphene film. Similarly, the D2 and D3 peaks with ∆G values 

of 3.2 eV and 5.2 eV, respectively, can be associated with carbonyl (C=O) and carboxyl 

(O=C-OH) species. These species are commonly seen at much higher levels in graphene 

oxide (GO) [176] and reduced graphene oxide (RGO) [177]. The C-OH species are 

thought to reside on the surface, while the C=O and O=C-OH species are associated with 

edge sites of the graphene film. The C1s peak due to the SiC substrate accounts for 

16.5% of the carbon peak intensity (area), while the intensity of graphene and associated 

graphene defect peaks (D1, D2, and D3) account for the remainder (83.5%). Using the 

layer model discussed previously, the ratio of the SiC-C to graphene peak intensities 

observed here indicates that the graphene film represented by Figure 4.7a is ~3.6 ML 
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(3.6 monolayers) thick. As noted 

previously, this model has been well 

established and described by others 

[175-178] and as well as our previous 

reports on graphene synthesized on 

6H-SiC(0001) [32,33]. 

Of the graphene-related 

species, graphene (284.2 eV) 

accounts for 62.1% of the C1s 

spectrum while the oxygen-based 

defects D1, D2 and D3 account for 

21.4% of the graphene-based 

species. Thus, the defect species 

represent 25.6% of the overall 

graphene film species or 

approximately 7% per layer. 

Although there is some variation of 

the defect levels across runs, these 

values are typical for films seen in the 

one to three-layer film range. They 

are comparable to defect levels seen 

in previous work with the PAS 

process for both the AP-RTA and 

UHV annealing variations [32,33]. 

The defect levels observed here are 

substantially lower than the oxygen-

based defect levels in GO (~60%) 

and RGO (~35-45%) [191].  

In prior studies of graphene 

synthesis using the PAS process, the graphene C1s peak was reproducibly observed at 

283.5eV (i.e., ∆SiC = 1.0 eV). This peak position was associated with graphene that was 

 

Figure 4.7: (a) C1s XPS spectrum for a typical graphene 

film synthesized using the MPAS process. (b) A replot of 

the spectrum shown in 1a with the broad graphene peak 

resolved into three components associated with the 

buffer layer (S1 and S2) and the graphene peak.  

a)

b)
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highly tethered to the underlying SiC through a buffer layer [33]. This is in distinct contrast 

to the situation for the MPAS process reported here. Specifically, as illustrated in Figure 

4.7a, the C1s peak for graphene formed using the MPAS process is reproducibly shifted 

by 1.7 eV relative to the SiC-C peak. This shift is in the range expected for freestanding 

or quasi-free-standing graphene (QFSG) as described by Riedl et al. [71] and Sforzini et 

al. [182]. Their results were obtained using high resolution photoelectron spectroscopy 

employing a synchrotron photon source. It is also in good agreement with Kowalski et al. 

[80] who characterized their QFSG films using an XPS system having an x-ray 

source/resolution similar the that employed in this study.  

To gain deeper insight into the potential significance of the buffer layer in the MPAS 

films described here, Figure 4.7b shows a replot of the C1s spectrum seen in Figure 4.7a 

with the rather broad (1.2 eV FWHM) graphene peak at 284.2 eV resolved into three 

components. Specifically, these are S1 with a ΔSiC~1.2 eV, S2 with ΔSiC~2.2 eV, and the 

graphene (sp2-C) peak with ΔSiC~1.7 eV. Each peak has a FWHM of 0.9 eV comparable 

to the SiC peak. The peaks S1 and S2 are associated with the buffer layer and their 

position or more precisely their shift relative to the SiC-C peak was established based on 

the results of Oliveira et al. [29] and Langer et al. [192] These shifts also are in good 

agreement with those observed using a variety of synchrotron light sources [76,193,194]. 

The lower binding energy peak (S1) is associated with C-atoms in the buffer layer that 

are tethered to Si-atoms in the SiC substrate, while the higher binding energy peak (S2) 

is associated with sp2-C in the buffer layer that must interact with the tethered C-atoms 

and the graphene film above. In this case, the C-C bonds for these C-atoms will be highly 

strained. Based on this analysis, the S1/S2 intensity ratio observed here is on the order 

of 0.8. This is a factor of three lower than the S1/S2 ratio for PAS films reported previously 

[33] for which the films were adjudged to be highly tethered. Consequently, it is believed 

that the MPAS films are substantially less tethered than those formed by the PAS process.   
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Figure 4.8 shows a side-by-side comparison of standard bulk mode and low 

photoemission angle surface mode XPS of the Si2s region. The spectra shown here 

corresponds to the same sample whose C1s spectrum was given in Figure 4.7. Since the 

sampling depth of XPS decreases as the photoelectron takeoff angle decreases, this 

technique gives further insight into the immediate surface as well as the interface between 

the graphene and SiC. Figure 4.8a is resolved into two peaks, where the peak at 152.0 

eV corresponds to the silicon associated with SiC. This is on the high end that was 

observed via XPS, where SiC is typically located at 151.7 eV, which is also what is 

reported by Muehlhoff et al. [195]. The peak located at 153.7 eV is associated with a 

silicon suboxide SiOx which, based on Bekkay et al. [189], is between SiO1.5 (153.2 eV) 

and SiO2 (154.1 eV). The ratio for the SiOx peak to the SiC peak in the bulk mode 

spectrum is 0.2. In contrast, Figure 4.8b shows the surface mode measurement. The SiC 

peak is shifted back down to 151.7 eV, which is in agreement with Muehlhoff et al. [195] 

although the peak widens a bit. The SiOx peak, however, does not change position and 

slightly widens. This peak broadening is attributed to being from a noisier spectrum, which 

originates from the reduced signal from the silicon in the surface mode. However, it is 

clear that the intensity ratio of the SiOx/SiC components increases from 0.2 for the bulk 

mode to 0.4 for the surface mode. This suggests that the suboxide is at the interface 

 

 

Figure 4.8: Si2s spectra for a) bulk (45⁰ emission) and b) surface mode (20⁰ emission).  
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between SiC and graphene. Furthermore, this is not observed in the PAS process, where 

SiOx/SiC decreases from bulk to surface. 

It has been reported that oxygen intercalation is a way to free (untether) the buffer 

layer. This is typically done by either a very rapid post-synthesis annealing in air 

[29,80,81] or by taking advantage of the low-level oxygen impurities found in high purity 

annealing gas [84]. The fact that interfaces formed by MPAS have higher oxide 

concentrations compared to interfaces from the PAS process (~2x larger SiOx/SiC ratio 

with MPAS films) is further indicative of a more ordered and decoupled/untethered 

interface than that of PAS films. Specifically, in the MPAS silicon bonds normally tethered 

to the graphene are now available to react with oxygen.   

4.2.2 Raman Spectroscopy Characterization 

Figure 4.9 shows a Raman 

spectrum typical of few-layer 

graphene films produced by the 

MPAS process. This spectrum 

represents the difference of the 

spectrum for the synthesized film 

(on the SiC substrate) and a scaled 

SiC reference. The subtraction 

process was performed using the 

program Spectragryph and is 

described in detail in our previous 

work [33] and elsewhere [27,196].  

Difference spectra were 

deconvoluted with the open-source 

program Fityk using Lorentzian 

peak shapes. As seen in Figure 4.9, the spectrum exhibits the characteristic D, G, and 

2D lines expected for graphene. In addition, a D+D’ peak is observed. These positions 

 

Figure 4.9: Raman spectrum of a typical graphene film. 

synthesized using the MPAS process.   
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and their respective FWHM values [in brackets] are 1350 cm-1 [226 cm-1], 1584 cm-1 (the 

weighted average of peaks at 1508 cm-1 [70 cm-1] and 1605 cm-1 [89 cm-1]), 2698 cm-1 

[302 cm-1], and 2943 cm-1 [298 cm-1]. These are in good agreement with the D, G, 2D 

(G’), and D+D’ (D+G) peaks reported by Cancado et al. [197] as well as others [198,199]. 

Although the observed Raman peaks are at well-established positions, significant D and 

G peak broadening is observed for the MPAS graphene films, and there is no sharp 2D 

peak but rather a broad two-phonon region. In addition, the intensity of the D peak is 

significantly higher than expected for graphene.  

One explanation for the observed peak broadening and intensity variations could 

be the presence of structural defects in the MPAS graphene films. Cancado et al. [197] 

and Martins et al. [198] observed D and G peak broadening when exposing high-quality 

exfoliated graphene monolayers to Ar+ bombardment. As ion induced structural damage 

increased, they observed D and G peak broadening. At the same time, the D peak 

increased in intensity, while the G and 2D peaks decreased in intensity. Based on their 

data, however, at the point where their 2D/G intensity ratio for the ion damaged graphene 

was comparable to that observed for the MPAS film in Figure 4.9 (~0.2), the D/G ratio for 

their ion damaged film was twice that observed for the MPAS film (~0.6). Moreover, the 

peak broadening observed in these studies was significantly less than that observed for 

the MPAS films. Consequently, it does not appear that structural defects are the source 

of the observed peak broadening and intensity variations in the MPAS films.  

A second explanation involves the presence of chemical defects such as the C-

OH, C=O, and O=C-OH species revealed in the XPS analyses. These species are 

observed in abundance in GO and RGO films [176,177] which exhibit significant Raman 

peak broadening similar to that observed here. The levels of O-based defects in GO and 

RGO are, however, substantially greater than that observed here. Moreover, the D/G 

intensity ratios for MPAS films are consistently between 0.6 and 0.9, while those for GO 

and RGO are typically one or greater. Thus, the relatively low level of O-based defects 

observed in the MPAS films are not the likely origin of the peak broadening and intensity 

variations.  

A third possible explanation of the observed broadening and intensity variations of 

the MPAS Raman peaks is associated with the possibility that the films are 
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nanocrystalline. In studies of graphene nucleation on the 6H-SiC (0001) surface, 

Robinson et al. [64] reported Raman spectra for nanocrystalline films which exhibited 

intensity variations similar to those observed for the MPAS films. Daas et al. [7] reported 

similar results for graphene formed on nonpolar 6H-SiC surfaces. Both groups using 

sublimation suggest that crystallite size is dependent on temperature and time. The mean 

crystallite size for SOP films is 30.5 nm (± 4 nm) based on the equation presented by 

Cancado et al. [200]. While the crystallite size in this work is attributed to the RTA, the 

peak broadening observed by Daas et al. [7] and Robinson et al. [64] was significantly 

less than that observed here. Consequently, nanocrystallinity does not appear to be the 

reason for the observed broadening and intensity variations.   

The fourth, and most likely, explanation for the broadening and intensity variations 

observed in the MPAS films is the influence of a buffer layer. Strupinski et al. [66] used 

Raman spectroscopy to investigate the formation and evolution of the graphene buffer 

layer on SiC. The Raman spectra they report for the buffer layer are remarkably similar 

to the spectra obtained for the MPAS films. This includes peak positions, relative 

intensities, and peak broadening. In addition, just as in the MPAS films, their buffer layer 

Raman does not exhibit a sharp 2D line but rather a broad two-phonon region. Of the 

possible explanations for the observed line broadening for the MPAS films presented thus 

far, this seems the most likely.   

Strupinski et al. [66] make the additional observation that the broad two-phonon 

region observed in the buffer layer Raman may be due to the laser spot covering both the 

buffer layer and incomplete or factional graphene layer(s). This idea is further supported 

by the work of Fromm et al. [201]. They report that buffer layer Raman spectra are 

characterized by very broad D and G peaks, but they do not observe a two-phonon region. 

For the MPAS films, a broad two-phonon region is observed for films from ~0.9 to 1 ML 

thickness (i.e., films which would be purely buffer layer). Thus, if the buffer layer indeed 

has no two-phonon region, this suggests that a second layer (counting the buffer layer) 

must be nucleating on the buffer layer.   

The splitting of the G peak into two components, G1 and G2, as seen in Figure 4.9 

provides further evidence of the buffer layer tethering in the MPAS films. In studies aimed 

at an in-depth Raman characterization of the buffer layer, Sekine et al. [202] used surface-
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enhanced Raman spectroscopy (SERS) to provide a detailed deconvolution of the D and 

G peaks not possible in normal Raman spectroscopy. They found the G peak could be 

resolved into three peaks associated with graphene and four associated with the buffer 

layer. Similarly, the D peak could be resolved into one associated with graphene and four 

associated with the buffer layer. Given the high sensitivity and resolution of their results, 

no attempt is made to correlate their spectra with ours except to make the point that the 

presence of the buffer layer not only effectively increases the FWHM but introduces the 

possibility that additional resolvable peaks such as the G2 peak may be identified here.   

In studies aimed at understanding the transition from the buffer layer to QFSG, 

Wundrack et al. [84] used confocal Raman spectroscopy to resolve the G peak into three 

components. During the annealing of their films, they were able to observe the decoupling 

of the buffer layer from the SiC substrate as well as the emergence of the QFSG film. 

With increased decoupling (i.e., reduced tethering), the two highest wavenumber 

components coalesced into a single G peak, however, lower wavenumber component at 

~1500 cm-1 persisted until the film was completely freestanding [84]. This corresponds 

very well with the G1-G2 peak splitting observed for the MPAS films.  Significantly, this is 

further evidence that the buffer layer, also evidenced in the XPS results, is the dominant 

factor explaining the Raman peak broadening and intensity variations for the MPAS 

graphene films.   

In comparison with graphene synthesized using the PAS process, MPAS films 

exhibit a significant narrowing off the G2 peak FWHM (~63%) and reduction in G2/G1 

intensity ratio (~57%). Both of these are associated with a reduction in tethering through 

the buffer layer [84]. In addition, the weighted average of the G peak is consistently 

upshifted compared to those of the PAS process (1583 cm-1 with MPAS graphene 

compared to 1566 cm-1 with PAS graphene), which Riaz et al. [203] reported to be 

indicative of more sp2 hybridization. Both of these observations are consistent with the 

XPS results discussed above which indicate that the that the degree of tethering for the 

MPAS graphene films is significantly less than that for the PAS films.   
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4.2.3 AFM Characterization 

While both XPS and Raman reveal major differences between PAS and MPAS 

films, AFM exhibits the starkest difference. Figure 4.10a shows an AFM image of a typical 

6H-SiC substrate (as received) prior to the MPAS processing. These were the same 

substrates used in prior PAS studies of graphene synthesis. This image is representative 

of the step and terrace structure of the as received chemo-mechanically polished 6H-SiC. 

Analyses of the substrates used here revealed a nominal terrace width of ~150nm, a step 
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height of ~0.8 to 1.6 nm, and an overall RMS roughness of 0.148 nm. The steps do not 

significantly impact overall RMS roughness; thus, this value generally represents the 

roughness of the terraces. The Si-C bilayers which form the 6H-SiC structure are 0.252 

nm thick [150] which places the corrugations in the bilayer on the order of 0.126 nm. Thus, 

the RMS surface roughness of the terraces is on or near the atomic scale.   

Figure 4.10b shows the AFM of a 6 ML graphene film formed on 6H-SiC using 

MPAS. Here it can be seen that the step and terrace structure remain intact after MPAS. 

Moreover, the overall RMS roughness of the surface remains essentially unchanged. This 

contrasts markedly with the situation for PAS films. This is illustrated by the AFM image 

shown in Figure 4.10c which shows the surface of a similar multilayer graphene film grown 

on 6H-SiC using the PAS process. The PAS film is essentially planar with an overall RMS 

roughness ~0.136 nm. That is, the step and terrace structure of the 6H-SiC substrate has 

been essentially planarized.   

The fact that MPAS preserves the step and terrace structure of the 6H-SiC 

substrate, in contrast to PAS which planarizes the surface, is a result of the fundamental 

difference between these two plasma-based processes. Specifically, the quartz mask 

shields the substrate from the energetic ions normally extracted from the macroplasma. 

As a result, the primary species reaching the SiC substrate include F and CFx (x = 1, 2, 

3) radicals. Ions which reach the SiC surface will have made multiple collisions with the 

Si carrier wafer and the underside of the quartz mask. As a result, these ions will have a 

lower kinetic energy, will no longer be directional, and, most likely, will be neutralized prior 

to reacting with the SiC surface. Ultimately, the quartz mask eliminates the physical etch 

component of the ICP-RIE etch process which is responsible for high etch rates and 

planarization of the surface. Consequently, the MPAS etch process is largely, if not 

completely, chemical in nature, and the substrate and resulting film reflect the initial 

surface which in this case is stepped.  

Since the areal density of carbon atoms in a graphene layer is ~3.13 times that of 

the SiC bilayer, the formation of six graphene layers requires the removal of Si from ~18 

SiC bilayers.  As noted above, each bilayer has a thickness of 0.252 nm.  Given an etch 

time of 12 minutes, this leads to a nominal etch rate of ~0.38 nm/min. This is substantially 

lower than the rate (~120 nm/min) of a buffered oxide wet etch used in the patterning of 
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thin SiO2 films [204] as well as the ICP-RIE etch rate (200 nm/min) we observe for SiC. It 

should be noted that this nominal etch rate assumes that only silicon is being etched from 

the surface. In reality, there are some carbon species being etched and transported away 

from the surface based on results that will be discussed in Section 4.2.2. However, even 

if the carbon being etched from the surface at the same rate of silicon (highly unlikely as 

the etch is selective toward silicon), this would still be well under either etch rates 

compared to above. Furthermore, it would still be a low etch rate that is largely, if not 

entirely chemical. 

4.3 MPAS Parametric Investigation 

This section will report the results of various parametric studies on graphene films. 

The key parameters include substrate polytype, starting surface morphology, mask 

height, etch time mask material, and plasma operating parameters. All films in these 

studies were characterized by XPS, Raman spectroscopy, and AFM. 

4.3.1 Effect of Plasma Powers, Helium Cooling, Etch Time, and Mask 

Height 

In our previous work regarding the PAS process, the RIE plasma power was shown 

to have a strong influence on graphene thickness. For the MPAS process the ICP rather 

than the RIE power has the strongest influence on graphene thickness. This is illustrated 

in Figure 4.11a and b. Figure 4.11a shows a plot of graphene thickness versus ICP power 

with RIE power held constant at 100 W. Here it can be seen that the graphene thickness 

increases from approximately 1 ML to 10 ML as the ICP power increases from 200 W to 

600 W. Figure 4.11b shows the corresponding plot for thickness versus RIE power with 
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ICP power held constant at 300 W. Here it can be seen that the film thickness is 

essentially independent of power within the spread of the measurements.  

The reasons for the observed dependence on plasma powers can be related to 

plasma chemistry as it relates to changes in species distribution with plasma power. The 

color inserts shown in Figure 4.11a are representative of the changes in optical emission 

of the plasma as ICP power is increased from 200 W to 600 W at 100 W RIE power. 

Based on reported optical emission literature for CF4 plasmas [205,206,140], the violet-

red color of the plasma at 200 W ICP (100 W RIE) indicates that the plasma species are 

a mixture of CFx (violet), and F radicals (red) to produce the color displayed. Increasing 

the ICP power is expected to increase the number of etching species in the macroplasma. 

This in turn gives rise to an increase in the etch rate and an increase in the SiFx etch 

products which is consistent with the light blue color of the plasma at 600 W ICP (100W 

RIE) species [207]. The increase of the etching species in the macroplasma gives rise to 

a commensurate increase in the microplasma, and this leads to an enhancement of the 

chemical etch rate in the microplasma. In turn, this results in a thicker graphene film.   

 

 

Figure 4.11: a) Plot of graphene thickness versus ICP power for a constant 100 W RIE power. (b) 

Graphene thickness versus RIE power for a constant 300 W ICP power. The color insert represents the 

color of the macro plasma above the shielded substrate/microplasma. 
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In Figure 4.11b, it can be seen that within the spread of observed results, the 

dependence of graphene film thickness on RIE power (i.e., the kinetic energy of the ions 

in the macroplasma) is relatively weak. This is expected since the ions do not interact 

directly with the SiC substrate. Moreover, although there is a change in optical emission, 

that change is not as significant as in the former case. That is, the number of reactive 

species is not a strong function of the RIE power. This is consistent with the general 

understanding that the ICP power determines the density of radical and ionic etchant 

species, while the RIE power determines the kinetic energy and directionality of the ions 

[139]. 

In addition to cooling the substrate, the helium escapes into the chamber and into 

the plasma. It is likely that this can cause changes in plasma chemistry (i.e., concentration 

or plasma species). Qualitatively, adding He should decrease the concentration of 

reactive species since a portion of the energy that would normally go into creation of the 

reactive species now goes into the creation of the He plasma. Thus, the temperature of 

the substrate and plasma species concentrations cannot be independently controlled.  

Overall, it was found that He cooling of the carrier wafer (and thus, the substrate) 

had a strong influence on graphene film thickness. Specifically, film thickness increased 

with reduced He flow. This is illustrated Figure 4.12. Figure 4.12a shows a typical C1s 

spectra for MPAS graphene with a quartz mask etched at 300 W ICP and 100 W RIE with 

no helium cooling. Other parameters (etch time, chamber pressure, etch gas flow rate) 

were the same in both cases. This sample has a ~3.3-layer graphene film and is very 

comparable to that discussed in Section 4.1.1. Figure 4.12b on the other hand, shows a 

C1s spectra for a sample that was etched under the exact same etching and annealing 

conditions except that the helium cooling pressure to the chuck was set to 2.0 torr, which 

corresponded to 0.5 sccm flow of helium. It is apparent that there is significantly less 

graphene on the surface of the cooled sample. This is due to either less etching at the 

lower substrate temperature or to fewer active etching species.  
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Unfortunately, in the Trion system, He cooling / substrate temperature is not a good 

control parameter. This is due to the fact that He flow/substrate temperature and plasma 

species are not necessarily independent. In addition, He flow rates for a given He 

pressure varied from the beginning to the end of the run. Thus, while He flow/substrate 

temperature might be a good control parameter, the operational characteristics of the 

Trion precluded its use, and thus, analysis of He cooling was not quantitatively mapped 

out. Unless otherwise stated, all samples discussed here were grown without helium flow.   

Regarding etch time and mask height, only times for quartz masked samples will 

be discussed in this section. Etch times regarding other mask materials will be discussed 

later. Mask height was not tested for other mask materials for reasons discussed later.  

For quartz masked samples, etch time was varied from 90 seconds to 180 seconds. It 

was found that at 90 seconds, no carbon enrichment was observed even at higher plasma 

powers. This could be due to mass transfer limitations as the plasma in the Trion system 

is somewhat remote from the carrier wafer. That is, there could be a certain amount of 

time for reactive species to diffuse down to the carrier wafer, and then under the mask 

before the process takes place. For quartz, 180 seconds routinely produced few layer 

films, while longer etch times produced films that were too thick.   

 

 

Figure 4.12: High resolution C1s XPS spectra showing a) standard spectra for 300 W ICP and 100 W 

RIE and b) the same conditions except using helium cooling. 
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The effect of mask height (free space) above the substrate was investigated, and 

as expected, it was found that graphene thickness increased with increasing height. 

Specifically, heights of 330μm, 990μm, and 1650 μm were investigated. Since the mean 

free path of fluorine atoms at 300 K and 25 mTorr is on the order of 26 mm, it can be 

expected that the flow of reactive species to the substrate is mass transport limited for 

the three heights investigated. Thus, increasing the height should increase the flow of 

etching species and hence the thickness of the graphene film produced. In virtually all 

cases this led to films on the order of 10 or more layers thick. Since this was well outside 

the range of interest for “few layer” film growth, this parameter was not investigated at 

greater length. This is most likely due to the increased mass transfer of reactive species 

into the wider gap.  

Based on this understanding, it is evident that the etch process for MPAS is 

distinctly different from that for PAS. The PAS process involves both physical and 

chemical etching, while the MPAS process involves strictly chemical etching. Because of 

this, the graphene films they produce are distinctly different in terms of their morphology 

as well as the extent of tethering to the SiC substrate. Moreover, it is extremely likely that 

the interface/buffer layer region is less disordered in the case of the MPAS process. The 

step and terrace morphology of the graphene formed by the MPAS is comparable to that 

produced by sublimation process and avoids the pitting problem commonly observed for 

the sublimation method. In addition, the number of layers is controlled by plasma 

parameters just as in the PAS process which represents an additional advantage over 

the sublimation process.   

4.3.2 Effect of Mask Material 

The effect of mask material is of high interest for the MPAS process as different 

materials will have different reactivities toward the active etch species in the macroplasma 

and should influence microplasma chemistry. Standard films, as well as the majority of 

non-standard samples in this work utilized a quartz mask, as it yielded the most consistent 

results and complete graphene films. Other masks investigated included silicon, sapphire, 
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tantalum, tungsten, molybdenum, and borosilicate glass. These masks were seldom used 

as they either contaminated the sample and/or only produced fractional monolayers or no 

graphene at all. This was because these masks acted as a getter for the reactive species 

(fluorine atoms). In addition, the mask material etch products and/or contaminants in the 

mask materials migrated to the SiC substrate through chemical vapor transport (CVT). In 

fact, sapphire, molybdenum, tungsten, tantalum, and borosilicate glass routinely did not 

produce any sp2 surface carbon, and contaminated the SiC with metals that were specific 

to the mask material used. Silicon as a mask material will be discussed later in Appendix 

A. 

Regarding quartz as a mask material, Figure 4.13 shows a quartz mask after 

MPAS, and a different quartz mask after a standard RTA. Both are typical, except the 

annealed mask is diced dimensions which allow it to fit into the RTA tube (0.5-inch wide 

and to fit in the RTA tube and typically 1.5-2 inches long) using a Buehler ISOMET 

diamond saw. It is evident that there is an amber deposit on the underside of the mask in 

Figure 4.13a, based on the thin film diffracting on the underside of the mask. The pattern 

clearly shows transport limitations.  Once annealed, as seen in Figure 4.13b the amber 

deposits turn black with a translucent area above where the SiC is located.   

 

Figure 4.13: Representative image of the quartz mask undersides (A) after MPAS and (B) after RTA. 

XPS analysis of the unannealed quartz mask underside after etching, in general, 

proved ineffective since the analyses were subject to charging as well as differential 

charging (peak duplication and increased charging of the duplicate peak relative to the 

original peak after each repeat scan). Attempts to use the neutralizer were not successful 

since it basically desorbed the film species which were almost certainly fluorocarbons.   
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The RTAed mask, however, was conducting rather than insulating and clearly showed a 

thick carbon film as shown in Figure 4.14. 

 

 

Figure 4.14: Analysis of the underside of a RTAed quartz mask with (a) XPS survey spectra, (b) high 

resolution XPS Si2s spectra, (c) high resolution XPS C1s spectra, and (d) the associated Raman spectra. 

Figures 4.14a and b are the XPS spectra associated with a quartz mask after going 

through the standard RTA1 process. The amount of carbon on the surface in the survey 

scan shown in Figure 4.14a is remarkable and far above the levels of any adventitious 

surface carbon contamination. Because of this, and because of the extreme differential 

charging observed on the etched surface, a piece of copper tape was wrapped around to 

the edge of the mask underside in contact with the carbon film. Immediately, no differential 

charging was observed and the main Si2s peak was indeed at the peak position for SiO2 

in quartz, 154.5 eV. This is in good agreement with Si2s spectra analysis of quartz glass 

by Gross et al. [208] who observed the SiO2 peak in the Si2s at 154.6 eV.  

The C1s spectrum shown in Figure 4.14b is resolved into six peaks. The leading 

peak at 284.5 eV is attributed to freestanding graphene on the surface of the quartz glass.  

The peaks identified as D1, D2, and D3 are associated with oxygen-based defects in the 

graphene film as revealed by their binding energy shifts relative to the graphene peak 

(∆G) and angle resolved XPS as described in our prior studies [32,33]. These defects 

make up 27.3% of the C1s spectrum. Specifically, based on a ∆G value of 1.1 eV, the C1s 
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peak identified D1 can be associated with C-OH defects on the graphene film. Similarly, 

the D2 and D3 peaks with ∆G values of 2.9 eV and 5.1 eV, respectively, can be associated 

with epoxide (C-O-C) and carboxyl (O=C-OH) species. These species are commonly 

seen at much higher levels in graphene oxide (GO) [176] and reduced graphene oxide 

(RGO) [177]. The peak located at 292.1 eV with ∆G value of 7.6 eV is identified as the π-

π* transition. The peak identified as D5 remains unknown. This peak with a ∆G value of 

9.1 eV is not encountered in literature. Furthermore, the bulk plasmon loss peak in the 

C1s (σ+π transition) is reported to be 20-30 eV separated from the main peak [209]. 

Therefore, it is unlikely that this is a bulk plasmon. However, it is not inconceivable that 

some differential charging happened due to film inhomogeneities. This case seems even 

more likely as the Si2s and O1s spectra both had a very comparable feature with the 

same amount of charging relative to the main peak. The only difference is the intensity 

ratios of these high binding energy peaks relative to the main peak. The C-OH and C-O-

C species are thought to reside on the surface, while the O=C-OH species are associated 

with edge sites of the graphene film. Since there is no carbide peak to reference, the  

thickness of this film is unknown. However, Raman analysis is extremely comparable to 

those of standard MPAS films and gives a little more insight into this. 

Figure 4.15 shows the fitted Raman spectrum for the RTAed quartz mask. Since 

there is no spectral overlap between the quartz glass substrate and graphene film, no 

scaled subtraction is required. Spectra were deconvoluted with the open-source program 

Fityk using Lorentzian peak shapes. As seen in Figure 4.15, the spectrum exhibits the 

characteristic D, G, and 2D lines expected for graphene. In addition, D+D’ and 2D’ peaks 

are observed. These positions and their respective FWHM values [in brackets] are 1346 

cm-1 [174 cm-1], 1578 cm-1 [66 cm-1] (the weighted average of peaks at 1519 cm-1 [97 cm-

1] and 1595 cm-1 [57 cm-1]), 2677 cm-1 [233 cm-1], 2911 cm-1 [239 cm-1], and 3144 cm-1 

[130 cm-1]. These are in good agreement with the D, G, 2D (G’), D+D’ (D+G), and 2D’ 

peaks reported by Cancado et al. [197] as well as others [198,199]. Although the observed 

Raman peaks are at well-established positions, significant D and G peak broadening is 

observed, and there is no sharp 2D peak but rather a broad two-phonon region. In 

addition, the intensity of the D peak is significantly higher than expected for graphene. 
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These MPAS films on the mask underside are extremely comparable to that of MPAS 

films on a SiC substrate. This is a surprise as there should not be a buffer layer tethering  

the graphene film to the underlying SiO2. 

Much like MPAS films on SiC, one 

has to wonder if the peak broadening here 

is due to structural defects, chemical 

defects, nanocrystalline films, or the 

presence of a buffer layer. For the same 

reasons described for Raman analysis of 

standard MPAS films in Section 4.2.2, 

structural and chemical defects are highly 

unlikely to be the reason for peak 

broadening and the relatively intense D 

peak observed here. For the case of 

nanocrystallinity, the G peak is not much 

wider than that seen in results from 

Robinson et al. [64], but all other peaks are significantly wider than reported. This makes 

the case of nanocrystallinity causing this behavior possible, although it begs the question 

of why the other peaks are significantly broader. Although the surface can be observed 

as covered in nanocrystalline graphene clusters, this is not attributed to be the sole reason 

for the peak broadening observed here, but also cannot be ruled out. Regarding a buffer 

layer, this initially seems unlikely as there is not buffer layer graphene reported to be on 

high purity quartz, nor would one expect there to be as it is single crystal SiO2. However, 

when considering that others are using fundamentally different processes that do not 

involve plasma etching, this seems to be a strong possibility. It is possible that there are 

some tethering peaks convoluted within the C1s graphene peak in Figure 4.14b. This is 

based off of the fact that the graphene peak is a little wide (1.1 eV) which is close to what 

was observed for the MPAS general fit. Furthermore, the lower wavenumber G peak is 

observed in these films, which have been reported as buffer layer peaks in graphene 

Raman [84,202]. It is not inconceivable that the reactive plasma species are interacting 

with and etching the quartz surface. Although quartz is relatively inert and robust toward 

 

Figure 4.15: Raman spectrum for the underside of 

a quartz mask after RTA. 
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CF4 ICP plasmas, it has been shown to etch especially once the quartz heats up from 

electron heating [210]. Here, it is suspected that there can be some tethering to the 

underlying SiO2 substrate. This may be in the form of SiCxOy bonding or some Si-C 

bonding. Regardless of configuration, the intensity ratio between the G1 and G2 peak 

(~0.29) is comparable with the best quality Raman spectra taken in this work. 

Regarding morphology, Figure 

4.16 shows an AFM image of the 

graphenated underside of the quartz 

mask after annealing. This surface is 

resemblant of graphene films grown on 

as received planar surfaces that will be 

discussed in Section 4.3.3 in the sense 

that they are characterized as 

nanocrystalline spherical graphene 

clusters. However, the surface shown in 

Figure 4.16 is significantly rougher, with 

a surface roughness RMS of ~3.53 nm. 

Furthermore, we believe that this 

nanocrystalline aspect of the film is 

mainly due to the rapid nature of the RTA 

– not giving these domains sufficient time to coalesce into continuous films. However, the 

initial surface may play a role in this as although the quartz glass is optically transparent 

and smooth, they are not atomically smooth. 

Regarding the CVD and/or CVT occurring in tandem with each mechanism 

described in the beginning of this section, Figure 4.17 shows XPS survey spectra from a 

CVD (Figure 4.17a) and a CVT (Figure 4.17b) test. Both samples were only etched and 

not annealed. For the CVD test, a quartz (inert) substrate was used with a silicon mask. 

Therefore, the only source of carbon in the system would have to come from the etch gas 

outside of low levels of adventitious carbon on the Si surface.  The CVT test, the same 

setup was used except with a SiC substrate to see if a greater concentration of carbon 

on the underside of the mask was observed. 

 

Figure 4.16: AFM image of the surface of the 

graphene film on the underside of the quartz mask 

after being annealed. 
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For the CVD test shown in Figure 4.17a, a quartz substrate with a Si mask was 

used. Any carbon on the underside of the Si mask would have to be deposited from the 

gas phase by species such as CFx. As seen in the survey spectrum, there is very little 

carbon on this surface. For the CVT test, a silicon mask and SiC substrate were used.  

The survey spectrum for the underside of the silicon mask used in the CVT test is shown 

in Figure 4.17b. Here, the silicon (Si2s and Si2p) signals are completely attenuated by 

surface carbon, fluorine, aluminum, and oxygen. This carbon enrichment suggests that 

there is a CVT component from SiC etch products. The process by which this takes place 

is that carbon is also etched by radical plasma species, just at a lower rate than silicon. 

These reacted species leave the SiC surface in the form of CFx (x = 1, 2, 3) and simply 

coalesce onto the underside of the mask above it. This phenomenon proves interesting 

in terms of manufacturing as one could simultaneously synthesize graphene on two 

different substrates. However, this process would be limited by the types of masks that 

could be used in order to avoid contamination of the SiC substrate. Thus, quartz seems 

to prove the most promising for this possibility.  

 

 

Figure 4.17: XPS survey spectra for a) the CVD control experiment and b) the CVT experiment. 
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4.3.3 Effect of Substrate Polytype and Initial Morphology 

For the effect of substrate polytype, both 6H-SiC (0001) and 4H-SiC(0001) were 

investigated. It was found that substrate polytype had no effect on graphene 

characterization whatsoever. All peak shifts, degree of buffer layer tethering, number of 

graphene layers formed, morphology and Raman were not significantly different. 

However, initial morphology did 

have a noticeable effect on film 

quality. More specifically, it was 

found that the initial morphology 

affected the level of tethering as 

reflected in the S1/S2 ratio.  

In this experiment, four initial 

surface morphologies were 

compared: stepped (as received), 

planar (as received), planarized 

using plasma-enhanced sacrificial 

oxidation (PESO) to eliminate 

surface and sub-surface damage 

(due to scratches) and scratched as 

received 6H-SiC. The PESO 

process is described at length in 

Section 4.4.2.   

Figure 4.18 is a box and whiskers plot showing the statistical distribution of S1/S2 

ratio across the four groups. Although the best initial surface regarding the degree of 

tethering in MPAS films is the as received step and terraced surface, there is not a 

significant difference between the stepped surface and an as received planar surface. 

However, the S1/S2 ratio rises significantly for surfaces that were originally scratched or 

originally scratched and planarized. This suggests that the more damaged a substrate is, 

 

Figure 4.18: Box and whiskers plot of S1/S2 ratios of 

stepped, planar, and scratched morphologies. 
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the more tethered films will be synthesized by MPAS or a process mechanistically similar 

to MPAS. 

The initial surfaces often had different ending morphologies after MPAS graphene 

synthesis. For instance, the step and terrace initial structure almost always retained the 

same surface morphology after graphene synthesis. As discussed in depth in Section 

4.2.3, this is due to templating the initial structure during synthesis, and in particular, the 

preferred nucleation sites for graphene growth are at the step edge sites. The differences 

between initial and final surfaces for scratched, as received planar, and planarized using 

PESO as shown by AFM is shown in Figure 4.19. As seen in Figures 4.19a and d, 

templating is also observed when growing on the scratched surface. The initial RMS 

surface roughness of the scratched surface was found to have a value of ~1.6 nm and 

was largely unchanged after growth of 5.5 layers of graphene. With such a highly 

 

Figure 4.19: AFM images of the initial surface (top) and final surface (bottom) after graphene growth. 

Specifically, the initial surfaces characterized as a) scratched, b) as received planar, and c) planarized 

surfaces. For the final surfaces, graphene films are shown after growth on the once d) scratched surface, 

e) as received planar surface, and f) the planarized surface. 
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defective surface, it is no wonder that these samples had significantly higher S1 to S2 

ratios since the interface is inherently disordered. 

Interestingly, when an as received planar surface is used (Figure 4.19b), despite 

having pits randomly distributed across the surface (this was from the same 4H-SiC wafer 

used in the NRL process in Section 4.1.2), these features were not templated in the final 

graphene film shown in Figure 4.19e. This was somewhat expected as the pits in the NRL 

sample shown in Figure 4.3 were possibly acting as nucleation sites and templating, but 

this was not observed at multiple regions of the film. The final surface (RMS ~ 0.62 nm) 

was found to be noticeably rougher than the initial surface (RMS ~ 0.13 nm) and is 

explained by the fact that the graphene here is characterized as being graphene 

nanoclusters rather than a continuous film. This is explained by the fact that all planar as 

received substrates were 5º off-axis. Because of that as well as smaller terrace widths, 

the films with these morphologies effectively grow vertically rather than horizontally. Since 

the carbon species are not growing laterally, they do not coalesce into complete smooth 

films upon annealing. The lower S1/S2 ratio value seen in these samples is likely because 

there are little defects to tether to on the surface. The pits on the surface may act as the 

primary tethering sites for these films, which give it a slightly higher S1/S2 ratio than seen 

with stepped surfaces. 

In the case of the planarized initial surface, Figure 4.19c and f show representative 

images for this set of samples. The initial surface is shown in Figure 4.19c, which can be 

characterized as smooth with some residuals of scratches. These are most likely from 

some templating of the as received highly scratched surface due to the intrinsic 

directionality of the PAS planarization step. This will be discussed in length in Section 

4.4.2. The initial surface had a surface roughness RMS of ~0.70 nm. However, this was 

also not observed in the final surface whose AFM is shown in Figure 4.19f. Here the 

surface can be characterized as randomly distributed islands on top of a relatively smooth 

surface. Furthermore, the surface has not roughened much in the final surface (surface 

roughness RMS ~0.89 nm). In phase imaging (reflective of composition differences), the 

islands and the underlying smooth surface are identical, indicating that these are islands 

of graphene on top of the underlying film. This is interesting as one may ask if these areas 

that residuals are from what were scratches are contributing to this uneven growth, but 
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not enough to significantly increase the S1/S2 ratio to that seen with the scratched 

surface. Furthermore, these surfaces had the highest variation in S1/S2 ratio out of all 

initial morphologies. This could be explained by the fact that the planarization step 

induced different degrees of lattice damage across samples. Also very surprisingly, this 

surface is quite comparable to that of the as received planar 4H-SiC(0001) surface 

exposed to NRL condition A (Section 4.1.2) and is not observed in any of the other initial 

surfaces (stepped, scratched, or as received planar). 

4.4 Surface Remediation Studies 

Throughout these studies, the majority of SiC wafers received were high quality, 

stepped surfaces. However, as mentioned in Chapter 2.3, some CMP wafers have 

localized structural and chemical damage from the polishing process that can cause a 

cascade of sub-surface defects. Furthermore, these damaged surfaces can impact the 

synthesized film quality [111,112,114]. This section describes the results of three 

methods aimed at remediating the surface: sacrificial thermal oxidation (STO) (Section 

4.4.1), sacrificial plasma oxidation (SPO) (Section 4.4.1), and plasma-enhanced 

sacrificial oxidation (PESO) (Section 4.4.2). 

4.4.1 Sacrificial Oxidation Methods 

Sacrificial thermal oxidation (STO) was investigated first as it was the most 

commonly reported method to alleviate surface and sub-surface defects in SiC [110,111]. 

A long thermal oxidation was carried out as oxide thickness was not of concern and was 

desired to be maximized to reduce the amount of STO cycles for especially damaged SiC 

substrates. Although this method proved to be an excellent method for cleaning surfaces 

that were already planar or stepped with a large amount of surface debris, it proved 

ineffective for the more defective surfaces (i.e., scratched). This was due to the fact that 
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the long oxidations had two insurmountable pain points: the templating of scratches into 

the crystal matrix and the accumulation of a significant amount of trapped graphitic carbon 

at the SiC/SiO2 interface. The templating is consistent with a few sources [110,119], and 

the interfacial graphite species is very consistent with many sources [125,126,127]. To 

address this, it was decided that the long thermal oxidation was not desirable in these 

cases, and that a simple RF oxygen plasma may be the way to overcome these pain 

points. This process is referred to as sacrificial plasma oxidation (SPO). Here it was 

thought that the randomized direction of ions in the plasma might avoid the templating 

effect.   

In the SPO studies, oxidation was carried out using a low energy O2 plasma in a 

plasma asher. Generally, this system is used for cleaning surfaces of photoresist residue. 

Power was maintained at 100 W and etch time was varied from 10 to 30 minutes with 

most runs operating at 10 minutes.  

Figure 4.20 shows high resolution C1s spectra for these surfaces before and after 

two cycles of SPO. Figure 4.20a shows a 6H-SiC(0001)  surface that was processed by 

STO. The surface was not remediated by STO, and as observed in the spectrum, has a 

significant amount (24.4% of the C1s spectrum) of graphitic carbon at 284.7 eV, along 

with an oxidized carbon defect at 286.3 eV that accounts for 3.2% of the spectrum. This 

is likely a C-OH bonding based on peak shift relative to the SiC peak at 282.5 eV (ΔSiC = 

3.8 eV) which is in close agreement with Minami et al. [114] who also used plasma 

induced oxidation of SiC surfaces to improve graphene growth.  

 

 

Figure 4.20: C1s spectra for a) the surface which STO did not remediate, b) the surface after the first 

cycle of SPO, and c) the surface after a second cycle of SPO. 
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The surface after the first cycle of SPO is shown in Figure 4.20b. The first 

noticeable aspect is the disappearance of the C-OH defect at 286.3 eV. Further, the 

graphite carbon peak has decreased to 21.1%, which is marginal. To try and further 

remediate this, a second cycle of SPO was conducted which is shown in Figure 4.20c. 

This surface shows marked chemical improvement compared to the first two surfaces and 

significantly reduced graphite on the surface (half of that after the first SPO cycle). This 

spectrum is comparable to a typical as-received step and terraced 6H-SiC sample.  

Figure 4.21 shows AFM for the starting surface (after STO), after exposure to the 

RF oxygen plasma at 100 W for 10 minutes, after HF etching the oxidized surface, and 

finally the surface after a second cycle of SPO. Figure 4.21a shows the initial surface 

before processing through SPO. This sample had undergone two STO cycles which 

proved ineffective in remediating surface and subsurface damage as it templated the 

scratched surface. This surface has a roughness RMS of ~ 1.75 nm where the deeper 

scratches are ~ 8 - 10 nm deep while most scratches are ~ 3 - 5 nm deep. This surface 

would be highly undesirable for graphene synthesis and requires remediation, based on 

results from Section 4.3.3.  

The image in Figure 4.21b shows the surface after exposure to the 100 W RF 

oxygen plasma for 10 minutes. Although scratches are apparent, features are not as clear 

due to surface roughening from the oxide. This surface had an RMS roughness of ~ 1.02 

nm with scratches appearing to be ~ 3 - 5 nm deep, although this may be distorted due to 

the oxidized surface. This oxide was estimated to be ~ 2.34 nm thick using the model 

shown in Equation 3.2. Since this oxide is not very thick, multiple cycles may be required. 

If for no other reason, this is not attractive because of the time factor.  

After stripping the oxide in diluted HF, features are once again clear as observed 

in Figure 4.21c. The surface RMS after the first cycle of SPO has decreased to ~ 0.92 nm. 

The deepest scratches have now decreased to ~ 5.25 nm while most scratches are ~ 1.50 

– 3.00 nm. This surface showed significantly more consistent scratch depths compared to 

the initial surface, and the deepest scratches are now half as shallow as they were after 

STO. Furthermore, the majority of scratches are also roughly half of their depth after STO. 

However, the surface is still significantly defective despite becoming much smoother. 

Because of this, additional cycles were investigated for many samples. 
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Figure 4.21d shows the surface after the second complete cycle of SPO. Here, the 

surface is still characterized as highly scratched. However, this surface RMS has 

decreased to ~ 0.90 nm. This is not significantly better than the first cycle and is likely due 

to some templating of scratches. Likewise, the deepest scratches have only decreased 

to ~ 5.00 nm, a marginal decrease from the deepest scratches from the first cycle. Similar 

is observed for the bulk of scratches, which have now decreased to ~ 1 – 3 nm.  

 

Figure 4.21: AFM topography for a) the initial surface after STO templated scratches, b) after oxygen 

plasma exposure, c) after stripping the oxidized surface with diluted HF, and finally, d) shows the surface 

after a second cycle of SPO. 
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The SPO process shows substantial improvement compared to the STO process. 

This process circumvents the accumulation of graphite at the SiC/SiO2 interface observed 

in STO, while also decreasing the depth of scratches. This is attributed to both the shorter 

times and the fact that carbon species are more susceptible to this plasma. This also 

does not grow thick enough oxides to cause any trapped graphite at the interface. 

However, this process has some major pain points. Due to the nature of the plasma, some 

templating is likely occurring (although, not nearly to the degree observed in STO). The 

ultimate pain point, however, the process reaches a point of diminishing returns, and it 

has not been observed to completely eliminate these defects. Because of this, a 

fundamental change in the surface remediation process was investigated. This used CF4 

– based ICP-RIE plasma etching to planarize the surface and etch microns into the 

material. The surface is then rapidly thermally oxidized (RTO) to remove surface carbon 

species and to form a very thin oxide layer which is then stripped. This is referred to as 

plasma-enhanced sacrificial oxidation (PESO). 

 

4.4.2 Plasma-Enhanced Sacrificial Oxidation (PESO) 

Figure 4.22a-d shows typical 5 x 5 μm AFM images of the SiC surface at each 

stage of the PESO process. Figure 1e shows the surface after a second PESO cycle. The 

AFM image shown in Figure 1a is typical of regions of high scratch density observed on 

poorly polished (CMP) surfaces. These observations are in agreement with Sako et al. 

[118] and Sasaki et al. [119] who reported localized surface and sub-surface damage 

which was not uniform across the wafer surface. The origins of these scratches in the 

CMP process have been described elsewhere and need not be repeated here 

[118,119,211,212,213]. For the samples studied here, these scratches were observed to 

be on the order of 10 nm deep and 5 nm wide. The overall RMS roughness of these 

surfaces is typically on the order of 1.5 nm – 2.0 nm. As demonstrated by multiple studies, 

these surface defects cause a cascade of sub-surface defects which cannot be detected 

by AFM[118,119,124,214].   
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After CF4-based ICP-RIE, the AFM image shown in Figure 4.22b reveals a 

remarkable 50% reduction in the RMS surface roughness. It should be noticed that the 

surface has been etched several microns below the depth of the original scratches, yet 

the darker areas (corresponding to greater depth) are arranged in patterns strikingly 

similar to the scratch patterns seen on the as received surfaces. Since the etched surface 

is several microns below the original surface, these features cannot be the original 

scratches. Rather, they are the result of templating the original scratch pattern due to the 

directionality of the ICP-RIE etching process. Most importantly, since they are formed by 

etching and not polishing, they will not have the SSDs associated with the original 

scratches. That is, they are topographical features without the associated SSDs.   

Figure 4.22c shows the surface after RTO. As described later, the RTO not only 

desorbs volatile halogenated surface species, but also forms a thin SiO2 film on the 

surface. The RMS roughness is on the order of 23% greater than the plasma etched 

surface, while the morphology appears to be quite similar. This is consistent with a slight 

roughening with the formation of a conformal oxide layer on the surface.  

   

 

RMS = 0.864 nmRMS = 1.675 nm

a)

RMS = 0.701 nm

b)

RMS = 0.500 nmRMS = 0.578 nm

d) e)

c)

Figure 4.22: Typical 5 μm x 5 

μm AFM images and overall 

RMS surface roughness 

values for a) a defective as 

received 6H-SiC (0001) 

surface, b) the plasma etched 

surface, c) the surface after 

RTO, d) the surface after the 

HF etch, and e) the surface 

after a second complete cycle 

of PESO.   
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Figure 4.22d shows the surface after the HF etch to remove the oxide layer. Here 

it is seen that the RMS roughness is on the order of 18% less than that of the plasma 

etched surface. Consequently, the templated scratch pattern is reduced, but it is still 

observable.  

Figure 4.22e shows the surface after a second complete cycle of PESO. The 

templated scratch pattern is further reduced. This is reflected in a further 13% reduction 

in RMS roughness compared to the first PESO cycle and a 70% reduction compared to 

the initial surface. The 0.500 nm RMS roughness of this surface corresponds to a variation 

of about two Si-C bilayers which is significantly less than produced by step bunching on 

H2 etched surfaces. After two cycles of PESO the surface can be characterized as planar 

with some small hillocks across the surface.  

To gain a better understanding of the surface chemistry associated with the PESO 

process XPS was used to monitor each step. Figure 4.23a-d shows XPS survey spectra 

corresponding to the AFM images shown in Figure 4.22a-d. Figure 4.23a reveals that the 

as received surface is carbon rich and has a significant level of oxygen contamination. 

After ICP-RIE, Figure 4.23b shows a continued level of carbon enrichment with a 

significant reduction in oxygen contamination and an enhancement of fluorine 

contamination. As discussed in prior studies [33], annealing this surface in inert gas or 

ultrahigh vacuum leads to the formation of a tethered graphene film on the SiC surface 

with the C1s becoming the dominant XPS peak.  

Figure 4.23c reveals that an RTO leads to a significant reduction in carbon and the 

formation of an oxide layer.  The stoichiometry of this film will be discussed based on the 

high-resolution spectra of the Si2s peak; however, based on the attenuation of the silicon 

peaks, the thickness of this film can be estimated to be on the order of 3.5 nm [172,173]. 

Figure 4.23d shows that following the HF etch, the oxide film is largely removed with only 

a low level of oxide contamination remaining. Moreover, the C/Si ratio is essentially 

stoichiometric. In our experience the composition of this surface produced by PESO is 

comparable with the best well-polished CMP and HF etched CMP surfaces. Thus, in both 

composition and morphology the PESO surface represents a significant improvement 

over the poorly etched CMP surface. For completeness, it should be noted that the survey 
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spectrum for the surface after the second PESO cycle is identical with that for the first 

cycle.    

Further insight into the surface chemistry and stoichiometry of the processed 

surfaces can be obtained by examining the high resolution C1s XPS peaks. Figure 4.24a 

shows the C1s spectrum for the as received surface. This spectrum can be resolved into 

four peaks. The leading peak at 282.5 eV is assigned to the carbon associated with the 

SiC substrate [148]. The peak at 284.8 eV has been extensively reported in the literature 

 
 
Figure 4.23:  XPS survey spectra corresponding to the AFM images shown in Figure 1a-d.   

b)a)

d)c)
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[110,143,215] and is thought to be associated with sp2 carbon in the form of graphitic 

clusters on the surface. We believe the high density of scratches exposes numerous C-

atoms with dangling bonds, and this facilitates the formation of these clusters. The peak 

at 286.6 eV is associated with oxygen-based defects. Specifically, it may be due to 

hydroxide (C-OH) or epoxide (C-O-C) defects formed on the graphite clusters [216,217] 

or silicon oxycarbide species formed in the SiC surface [190,216]. In the literature on 

graphene, the epoxide and hydroxide species are reported to reside on the surface of the 

graphene. We expect this to be true here as well.  Edge defects such as the carbonyl 

(C=O) species are not observed here [33].  

The C1s spectra for the plasma etched surface are shown in Figure 4.24b. Once 

again, the peak at 282.5 eV is associated with the carbon in the SiC substrate. Based on 

our prior studies [129], the peak at 283.7 eV is associated with graphene that is highly 

tethered to Si atoms in the topmost layer of the SiC substrate. The peak at 286.4 eV, as 

before, may be associated with the hydroxide, epoxide or carboxide defect species. 

However, for the etched surface oxygen is present only at low levels (3.0%), while fluorine 

is present at high levels (21.2 %). Thus, it is more likely that these and other higher binding 

energy carbon species represent fluorinated defects. Specifically, based on the work of 

several groups on fluorinated carbon surfaces [188,218,219] the peak at 286.4 eV is likely 

due to graphitic carbon bound to a CF2 which is denoted as C-CF2 defect. The peaks at 

288.1 eV and 290.6 eV may be associated with the carbon in CF-CF3, and CF2, 

respectively. Here the underline indicates the atom from which the photoelectron 

originates. Given the stoichiometry of these species, this accounts for more than twice 

the 21.2% fluorine observed in the survey spectrum for the plasma etched surface.  Still, 

the point is that the plasma etched SiC surface consists of a tethered graphene film 

covered with a high concentration of fluorinated carbon defects.  

Figure 4.24c shows the SiC surface after RTO. It is evident that all of the fluorinated 

carbon species have been desorbed or oxidized and volatilized from the surface.  Aside 

from the substrate C1s peat at 282.5 eV there is only a trace of graphitic carbon present 

at 284.6 eV (1.4%). Oxygen-based carbon defects (e.g., epoxides, hydroxides, carbonyls, 

etc.) are either absent or present at levels below the detection limit which is ~0.2% [220], 
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and as discussed below, essentially all the oxygen is associated with silicon and the oxide 

film.  

After the oxide is stripped with an HF acid etch, the C1s spectrum shown in Figure 

4.24d reveals that only a low level of surface contaminant remains as indicated by the 

peak at 283.9 eV. This peak may be associated with tethered graphene clusters as 

discussed above. Most likely, however, it is due silicon oxycarbide (SiOxCy) since its 

position is in excellent agreement with Socha et al. [216] and Onneby et al. [190].  

 
 
Figure 4.24: High resolution C1s XPS spectra corresponding to the AFM images shown in Figure 1a-d. 

a) b)

d)c)
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As mentioned in the introduction, remediation methods like STO that employ 

longer oxidation times have been reported to not only form some SiOxCy, but also graphite 

clusters resulting from carbon being trapped under the thicker oxide [125,126]. Due to the 

rapid nature of the oxidation step in our process, this problem is avoided. Furthermore, 

the PESO process can reproducibly form a planar, defect-free surface.  

To complete the picture of the surface chemistry and stoichiometry of the 

processed surfaces, Figure 4.25 shows the high resolution Si2s XPS peaks for these 

samples. Figure 4.25a represents the as received surface. The main peak at 151.8 eV is 

due to silicon in the substrate [195]. Comparing the Si2s and C1s (Figure 4.24b) substrate 

components, it may be seen that the C/Si ratio for the as received surface is on the order 

of 0.8. This slightly silicon rich condition is generally the case. This may be because silicon 

atoms are the outermost species for the (0001) crystal plane. The extent to which the as 

received surface appears to be carbon rich in the survey spectrum (Figure 4.23a) is due 
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to graphitic and other carbon defects on the surface. The low intensity peak at 153.6 eV 

is due to silicon suboxide or oxycarbide [189].  

Figure 4.25b shows the Si2s peak for the plasma etched surface. Again, the peak 

at 151.7 eV is due to silicon bound as SiC in the substrate. By comparing this Si2s 

component with the corresponding C1s substrate peak (Figure 4.24b), it may be seen 

that the C/Si ratio is again on the order of 0.8. As noted previously, the low intensity peak 

at 153.6 eV is due to silicon suboxide or oxycarbide [189]. The fact that no fluorinated 

 

Figure 4.25: High resolution Si2s XPS spectra corresponding to the AFM images shown in Figure 1a-d. 

b)a)

d)c)
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silicon species are present is consistent with the idea that that these species are 

preferentially volatilized compared to the fluorinated carbon species.   

Figure 4.25c shows the Si2s peak after RTO. As expected, the spectrum is 

dominated by a large oxide peak at 154.8 eV. Based on the work of Gross et al. [208], 

this peak can be identified as SiO2; however, based on the 45.3% oxygen concentration 

shown in the survey spectrum (Figure 4.23c), the O/Si ratio is closer to 1.6/1 than 2/1. 

Thus, at least on average, the oxide layer is slightly nonstoichiometric. Interestingly, the 

peak associated with silicon in the substrate has been shifted to higher binding energy by 

about 0.3 eV. For this surface the C/Si ratio is on the order of 1.0.   

Figure 4.25d shows the Si2s peak after using HF to strip the oxide layer.  Again, 

the peaks present represent the substrate and suboxide or carboxide species. Comparing 

the substrate components in Figures 4.24d and 4.25d, it can be seen that the C/Si ratio 

is approximately 1.0.  
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Chapter 5: Summary, Conclusions & Future 

Directions 

This chapter culminates the work in this dissertation. Section 5.1 presents a 

concise summary of the work related to the CPAS and MPAS processes as well as the 

surface remediation studies. Section 5.2 presents the overall conclusions with respect to 

the four goals identified in the problem statement: 

1. Investigate the effect of key plasma operating parameters for MPAS and 

CPAS, 

2. Determine the extent to which MPAS and CPAS can be used to produce 

high quality graphene, 

3. Determine the effects of substrate preconditioning to improve graphene 

quality, and 

4. Provide an understanding of the science underlying these processes. 

Section 5.3 suggests future directions regarding film improvement and manufacturability 

of graphene by plasma assisted growth methods. 

5.1 Summary 

This section gives a brief review of the work related to the CPAS and MPAS 

processes as well as the surface remediation studies. Specifically, this includes a concise 

overview of the motivation, notable results as well as key takeaways. This represents the 

summary of ~150 total samples with well over three hundred total hours of corresponding 

XPS, Raman, and AFM analysis time.  
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5.1.1 CPAS Summary 

The CPAS process was investigated in two systems: the Trion Minilock ICP-RIE 

system in the WVU Engineering Cleanroom, and the Large Area Plasma Processing 

System (LAPPS) at NRL. The majority of CPAS studies were conducted in the Trion 

system at WVU. This process aims to minimize/eliminate ion bombardment by 

maintaining an RIE power below 50 W while ICP power was kept at 600 W or higher to 

maintain a high concentration of radical etching species. This is an attractive process in 

the sense that a comparable mechanism to MPAS can be achieved without the fabrication 

of a microreactor. This would be far easier to integrate into conventional fabrication lines. 

In these studies, the CPAS process mechanism was confirmed to be capable of forming 

quasi-freestanding graphene films with a improvements in the level of defects and 

tethering to the SiC substrate compared to PAS graphene films. The pain point for the 

CPAS process is that the Trion system design allows for both aluminum and oxygen 

contamination of the graphene film. Under extreme conditions this effectively converts 

graphene into graphene oxide with large levels of aluminum.  

To both investigate alternatives to the Trion system as well as further understand 

the CPAS mechanism, the LAPPS system at NRL was briefly investigated through an 

informal collaboration. This system is able to control ion energies and the densities of 

radicals or neutrals. First and foremost, this plasma system exhibited no evidence of 

aluminum or oxygen contamination found in the Trion system when using CPAS. This in 

itself shows promise for the CPAS process in other more controllable systems. In addition, 

these results show that under low radical conditions, the energetic ions penetrate the near 

surface layers and react to form sp2 carbon as well as a host of fluorinated carbon 

species. The fluorinated silicon species appear to have been volatilized under process 

conditions consistent providing further proof to the selective etching of silicon. Etching 

under radical dominant conditions (with ions still present) shows that the radicals (fluorine) 

etches away the fluorinated carbon species leaving primarily the sp2 carbon. 
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5.1.2 MPAS Summary 

The MPAS process was investigated in the Trion system by shielding the substrate 

with a mask (e.g., quartz) to eliminate high energy ion bombardment instead of minimizing 

directionality with RIE power. This creates a small headspace between the substrate and 

mask underside that is dictated by the thickness of posts used to support the mask on a 

carrier wafer. After etching, XPS analysis reveals a highly fluorinated carbon-rich surface. 

Upon annealing, the fluorinated species are desorbed, and the graphene film is grown 

form the remaining sp2 carbons species. The oxygen content remains very low, and angle 

resolved XPS suggests that a significant amount of oxide is at the film-substrate interface. 

This arises either from interface oxidation during the plasma etch or oxygen intercalation 

during the anneal. Both XPS and Raman analysis indicate that films produced by the 

MPAS process are significantly less tethered than films formed by the PAS process. AFM 

analysis indicates that these surfaces retain their step and terrace structure when the 

initial surface used is stepped. Both the reduction in tethering and the retention of step 

and terrace structure are evidence that the chemical etching of the MPAS process 

produces less lattice damage than the physical etching of the PAS process.   

A parametric investigation was carried out to further address Objectives 1, 3, and 

4. The key parameters included ICP and RIE powers, etch time, mask height, substrate 

temperature (helium cooling), initial substrate morphology, substrate polytype, and mask 

material. It was found that ICP power had the strongest influence on MPAS film thickness 

and that there was only a very weak dependence on RIE power. Regarding etch time, no 

carbon enrichment was observed at less than 2.25 minutes. This suggests that there is 

an “induction” period where sufficient carbon species must be formed on the SiC surface 

to form a monolayer of graphene. Otherwise, the graphene is simply oxidized away during 

the RTA (this was observed for films grown in the Trion and the NRL system). Extended 

etches grew much thicker films outside the scope of interest in this work. Substrate 

temperature as controlled by helium cooling was investigated. Helium flow was shown to 

have a dramatic effect on thickness with lower flows corresponding to much thicker 

graphene films (well beyond the few layer graphene regime), A major difficulty in 
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interpreting these results is that increasing helium flow also has the potential to alter 

plasma species density. This could be better quantified in a system where one could 

precisely control and measure the substrate temperature. Given the chemical nature of 

the MPAS process it is likely that temperature is an important control parameter.   

Mask height was very similar in the sense that increasing the mask height 

produced much thicker films (on the order of 10 or more layers thick) that were not of 

interest in this work. This is most likely due to transport limitations in the head space of 

the microreactor.   

Initial substrate morphology was found to have a significant effect on the 

synthesized film. Most notably, the defective surfaces routinely produced films that were 

more tethered to the underlying substrate compared to MPAS SOP films. The final 

morphology was also found to template the initial morphology. This suggests that the step 

and terraced surface is likely the best initial surface, although some high quality 

planarized surfaces can form films that are quasi-freestanding. Substrate polytype on the 

other hand, was not observed to have any significant difference on film characterization.  

Mask material was found to have a substantial effect on MPAS films. Quartz masks 

were found to be the best mask material in the sense that results were reproducible with 

no aluminum contamination observed. All other masks were found to contaminate the 

substrate with either aluminum, the mask material, or impurities within the mask materials. 

Furthermore, most other masks acted as a getter for the reactive species in the plasma, 

which in turn limits or prevents SiC etching and thus did not form graphene films. The 

only masks found to produce any graphene films were quartz and silicon. Silicon as a 

mask material will be briefly discussed in Appendix A.  

Regarding film formation on the underside of masks, experiments to investigate 

the mechanism of film formation on the underside of the mask indicate that this is 

deposited by CVT and not CVD. XPS and Raman analyses of the quartz masks revealed 

that the deposited films were indeed graphene. The Raman spectra, in particular, 

indicates that there is a low amount of buffer layer in these films that strongly resembles 

that of standard MPAS films. This could be from Si-C bonding or the formation of some 

silicon oxycarbide (although this was not observed in the Si2s spectrum). This is 

extremely fascinating as graphene growth on quartz has not been reported. However, 
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layer thickness could not be calculated due to the broad nature of the two-phonon region 

of the Raman spectra as well as the lack of a SiC peak in the C1s spectrum. The nature 

of tethering in these films is likely complex and is suspected to arise from etching of the 

mask while CVT is simultaneously occurring.  

5.1.3 Surface Remediation Studies Summary 

In pursuit of this research, it became necessary to remediate poor quality SiC 

received in the last few batches of wafers. To accomplish this, experiments were 

conducted to modify the surface of these defective wafers/samples. These processes 

were sacrificial thermal oxidation (STO), sacrificial plasma oxidation (SPO), and plasma-

enhanced sacrificial oxidation (PESO). Regarding STO, SiC was thermally oxidized for 

four hours and then the oxide was stripped in dilute hydrofluoric acid (HF). This was found 

to be a great method for cleaning surfaces of debris on as received planar or stepped 

surfaces. However, long oxidations create an enriched region of trapped graphitic carbon 

as well as silicon oxycarbide species at the SiO2/SiC interface. Furthermore, STO proved 

to be ineffective in remediating damaged surfaces characterized as highly scratched. This 

was due to both the carbon rich interface as well as templating of scratches despite many 

cycles. Because of this, SPO was investigated. SPO utilized an RF oxygen plasma in a 

plasma asher that is typically used to clean surfaces of carbon contamination from 

photoresists in lithography processes. Here, the sample was exposed to an oxygen 

plasma and then the oxide strip was performed. This overcame the pain point of a graphite 

rich interface and reduced the depth of scratches but did not completely remove them. 

To address this, a modification to the SPO process, PESO was investigated. 

In the PESO process, CF4-based ICP-RIE was investigated as the first step rather 

than an oxygen plasma. The motivation for incorporating this as the first step was due to 

its known planarization of the surface and large etch depth (~ 2 μm) based on the PAS 

process. This is well below the depth of not only the scratches but also the subsurface 

defects created during scratch formation. From previous data, it is known that the PAS 

process will create a planarized, halogenated carbon-rich overlayer. Since PAS graphene 
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is not desired in this process, the standard RTA was conducted in air. This effectively 

turns the RTA into an RTO. The RTO burns off the carbon-rich layer and corresponding 

halogen species. This also subsequently forms a thin oxide layer on the surface. The 

oxide is then stripped using dilute HF. Some templated residuals were observed via AFM, 

which originates from the directional nature of ICP-RIE. However, this was not nearly as 

problematic as that of the templating seen in STO or SPO surfaces. To eliminate the 

residuals, a second cycle of PESO was conducted. XPS analysis shows a high-quality 

surface with regard to chemical states, and carbonaceous defects were reduced to levels 

observed in our best SiC samples.  

5.2 Conclusions 

This section discusses the overall conclusions to this work with respect to research 

objectives given in the problem statement in Sections 1.3 and 2.4. As noted, the CPAS 

and MPAS modifications of the PAS process have the potential to form more decoupled 

graphene that more closely approaches freestanding graphene. Section 5.2.1 discusses 

the conclusions for Objective 1 which involves the critical operating parameters for the 

CPAS and MPAS processes. Section 5.2.2 discusses the conclusions for Objective 2 

which involves the extent to which these processes can be used to produce high quality 

graphene films. Section 5.2.3 lays out the conclusions for Objective 3 which investigates 

the effect of substrate preconditioning on synthesized film quality and remediation of 

damaged SiC surfaces. Finally, Section 5.2.4 discusses the conclusions for Objective 4 

which involves the fundamental understanding of the science underlying these processes.  
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5.2.1 Objective 1: Investigate the Effect of Key Operating Parameters 

for CPAS and MPAS 

This work was extensively discussed in Chapters 4.1 and 4.3. Regarding key 

operating parameters of CPAS, this is system dependent. For the Trion system RIE power 

seems to be the most critical parameter for the etch. Most notably, RIE power must be 

maintained under 50 W to maintain operation in the chemical etching regime and avoid 

ion bombardment. Ideally, better films were observed at the lowest RIE possible while still 

maintaining plasma ignition (5-10 W). Graphene films grown from CPAS resemble that of 

quasi-freestanding graphene much like those formed by MPAS films. These films also 

likely have some buffer layer tethering remaining like MPAS films. In the NRL LAPPS 

system, more “hands-on” research needs to be conducted to truly pin down these critical 

operating parameters. However, based on the results thus far, it’s very likely that the 

critical operating parameter is ion energy as long as the ICP power for fluorine radicals is 

maintained at 300 W or higher. However, it’s critical that ion energy is still maintained in 

a low energy regime such that ions enhance chemical etching to yield a reasonable etch 

rate without inducing lattice damage. Alternatively, it would be useful to explore operating 

regimes where ion content was completely minimized (i.e., in the absence of the electron 

beam).   

Regarding the MPAS process, the most critical key operating parameter was found 

to be ICP power. This makes sense considering that the ICP power dictates the density 

of reactive species within the macroplasma. MPAS films were shown to have a very weak 

dependence on RIE power. Regarding etch time and mask height, increasing either of 

these variables does indeed increase film thickness as expected, but the increase is very 

rapid and leads to film thickness on the order of 10 layers of more. This thickness regime 

is outside the scope of this work (few layer graphene films). Cooling of the substrate also 

has a significant effect on the film thickness; however, changes in plasma system setup 

are needed to decouple the effects of temperature and plasma dilution due to helium 

addition. 
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5.2.2 Objective 2: Determine the Extent to Which CPAS and MPAS Can 

Be Used to Produce High Quality Graphene 

Based on the results given in Section 4.1-4.2, CPAS and MPAS prove to be viable 

alternatives to the PAS process for forming high-quality, few-layer, quasi-freestanding 

graphene films. On 6H-SiC with step and terrace morphology, MPAS consistently yields 

few layer graphene films with the same morphology. Moreover, these films have a low 

number of oxygen-based defects (< 25% total and < 6% per layer).  Comparison with 

literature suggests that the MPAS films are lightly tethered to the underlying SiC 

substrate. This is based on the observation that MPAS films have significantly lower S1 

to S2 ratios than that of PAS films, which were characterized as highly tethered. 

Furthermore, the interface between the film and substrate is indicated to be oxidized 

based by angle resolved XPS. This is attributed to the fact that the MPAS process is 

chemical in nature and avoids lattice damage associated with energetic ion impact on the 

SiC substrate.  Consequently, the interface is more ordered. A quartz mask was found to 

yield the best and most consistent results in the MPAS studies. In summary, the MPAS 

process has the potential to form high-quality graphene.   

The CPAS in the Trion system is not suitable based on the aluminum and oxygen 

contamination discussed in Section 4.1. However, the LAPPS system at NRL has proven 

to be a viable alternative; however, this requires further investigation to truly pin down the 

extent to which this process can produce high-quality graphene.   

5.2.3 Objective 3: Determine the Effects of Substrate Preconditioning 

to Improve Graphene Quality 

Although the objective of this section is focused on the effect of morphology on 

final film quality, it would be remiss to not discuss the surface remediation first as it ties 

directly into this objective. Although STO and SPO proved to be valuable tools for cleaning 



 131 

a surface of debris and graphite contaminants, they proved ineffective at removing 

scratches from the surface. The PESO process showed great improvements relative to 

the STO and SPO processes and produced an essentially planarized surface.  

In comparing surfaces on the initial morphology, the initial surface step and 

terraces proved to form the highest quality films that were the least tethered to the 

underlying SiC substrate. The as received planar surfaces were comparable to those that 

were stepped but had slightly more tethering than that observed by the stepped surface. 

Surfaces that were planarized via PESO were found to be significantly more tethered and 

compared to the stepped and as received planar surfaces. Furthermore, the PESO 

surfaces were actually comparable to scratched surfaces with respect to film tethering to 

the underlying substrate. In a few instances, they were even more tethered and 

approaching S1/S2 ratios observed in PAS films. This suggests suggests that PESO may 

bs subject to ion induced damage possibly in the form of vacancies and dislocations. The 

ultimate conclusion here is that a stepped or high-quality planar surface is desired to form 

the highest quality films using MPAS.  

5.2.4 Objective 4: Provide an Understanding of the Science 

Underlying These Processes 

The effect of ions compared to neutral / radical species shows stark contrast from 

one another. First and foremost, the elimination of ion bombardment in ICP-RIE etching 

has been shown to be extremely beneficial in improving graphene film quality as well as 

the interface. This is evidenced by the retention of the step and terrace morphology, the 

upshift in the graphene peak relative to that of PAS graphene, improvements in the 

Raman spectra, and the oxidized interface (more ordered/less tethered). It is clear that 

while the PAS process involves ions and radicals (physical and chemical etching) the 

CPAS and MPAS processes involve only neutral radicals (fluorine atoms). The absence 

of energetic ions allows the SiC to retain its initial surface morphology and minimizes the 

formation of lattice defects. In both cases this improves the quality of the interface by 

reducing tethering.    
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5.3 Future Directions 

The CPAS process needs to be investigated at length in a more 

suitable/controllable etching system such as the LAPPS system at NRL. This instrument 

provides an interesting opportunity for highly controlled radical and low energy ion-

enhanced etching where the etch mechanism can be primary chemical all while using low 

energy ions to maintain a reasonable etch rate. Here, the ability to control ion energy at 

or below the damage threshold is critical to eliminating lattice damage. If successful, this 

would prove a more attractive method in a fabrication facility compared to MPAS since 

the fabrication of the mask structure and potential diffusion limitations upon scale up 

would not be factors. This method shows promise to form quasi-freestanding graphene 

films. 

For the MPAS process, the next steps would be to investigate scalability. It is 

expected that upon scaling up significantly (i.e., 6 - 8” SiC wafers), that mass transfer 

limitations may be encountered. This may cause film inconsistencies radially across a 

wafer, and thus would warrant a new parametric optimization to minimize this. However, 

if process scalability is proven, this would yield an interesting technique that can form 

quasi-freestanding graphene on SiC. This is of interest to both the electronic and 

optoelectronic markets. 

In the case of crystallinity, this could be improved by using a true RTA system. In 

a system such a cluster tool, where a robot arm transfers samples or wafers from one 

process to another, one could eliminate transfer in air between processes and use a true 

RTA with a precision-controlled heating and cooling rate. There is a comparable system 

in the WVU cleanroom, the AnnealSys RTA, but an oxygen leak is suspected in this 

system as it oxidized our samples. A system like this may be able to do a staged RTA in 

the sense that an extremely rapid (i.e., a true RTA) initial stage could be used to desorb 

fluorine while a different stage could be used to maximize domain size. Furthermore, to 

eliminate oxygen-based impurities in the argon gas, a purification step in the form of a 

heated Ti bed could be used.  
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In the case of the buffer layer, the buffer layer could likely be improved by a pre- 

and/or a post-synthesis hydrogen treatment. Previous work demonstrating the PAS 

process with an AP-RTA, Graves [12] reported that post-synthesis hydrogen treatment 

significantly improved both spectra as well as electronic transport properties of samples 

that originally could be characterized as nanocrystalline few-layer graphene that was 

highly tethered to the underlying substrate. These films were significantly more tethered 

than those in this work. It then begs the question of if the same treatment would further 

improve films in this work. A pre-synthesis hydrogen anneal is known to improve the step 

and terrace structure morphology. It is reasonable to speculate that this would also serve 

to reduce tethering of the graphene film.    

For the heavily defective surfaces, this could likely be improved by high 

temperature hydrogen annealing. This was not available during the last two years of this 

work and is why alternatives were investigated. The STO, SPO, and PESO processes 

are more viable as laboratory operations where hydrogen annealing is not available. With 

that said, the PESO process proves a way to form a planar surface that is fairly high 

quality with only some SSDs such as dislocations remaining. Furthermore, hydrogen 

annealing will likely improve PESO surfaces even further. Alternatively, higher quality SiC 

should be acquired and the need for surface remediation can be avoided. 

 

5.4 Publications 

The following publications listed are included as Appendix B and Appendix C, 

respectively. 

1. M.A. Mathews Jr., A.R. Graves, and C.D. Stinespring, Characterization of graphene 

films formed using radical species formed in cold plasmas, Diamond and Related 

Materials (Under Review) 
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2. M.A. Mathews Jr., A.R. Graves, S.G. Walton, and C.D. Stinespring, Plasma assisted 

remediation of SiC surfaces, JVST A (In Prep) 
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Appendix A: Silicon Mask Results 

This appendix provides ancillary data regarding mask materials that did form 

graphene films to some degree but were not discussed in Section 4.3.2. The data from 

this appendix serves to provide further insight into using different mask materials for the 

MPAS process. Although quartz was the optimal mask for MPAS, a other masks were 

experimented with as well. These were silicon, tantalum, stainless steel mesh (attempt at 

forming patterned graphene), silver, borosilicate glass, tungsten, molybdenum, and 

sapphire.  

As mentioned in Section 4.3.2, these masks had a major issue regarding this 

work, and that is the contamination of the SiC by either the mask material itself, or 

impurities within the mask materials. Another pain point with most of the masks listed here 

is that they did not form complete graphene films. Many exhibited no carbon enrichment 

whatsoever. This is generally attributed to the mask material using up the reactive 

species, creating a depletion of species locally in the macroplasma. Contamination aside, 

one mask material did form graphene films - silicon. This appendix will give results and 

some discussion about these mask materials.  

 

A.1 Silicon as a Mask Material  

Silicon (Si) was the first mask material utilized in the MPAS studies due to the 

amount on hand. This essentially served to be our proof of concept before moving onto 

other mask materials. Figure A.1 shows XPS survey and C1s spectra of the annealed 

SiC sample. The first notable thing is the high oxygen concentration as well as aluminum 

contamination in the survey spectra shown in Figure A.1a. This was always observed in 

SiC and Si masks processed by MPAS. This is interesting considering that the mask 

should be shielding the substrate from any aluminum contaminants from the chamber. 

Also, MPAS processes with aluminum contamination were only seen when using a Si or 

sapphire mask. Thus, it is strongly suspected that aluminum is a contaminant in the Si 

wafer that was used for masks. However, this is still not totally clear when considering 

that Si is used for carrier wafers in the ICP-RIE.  
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Furthermore, SiC shows significantly less carbon enrichment with the utilization of 

a Si mask compared to that of a quartz mask. Figure A.1b shows a C1s spectrum for the 

SiC sample associated with the mask spectra shown in Figure A.2. The first noticeable 

characteristic is the small fractional monolayer graphene peak located at 284.3 eV that is 

highly reminiscent of what was observed in samples processed with CPAS within the 

Trion system (Section 4.1.1). The peaks shown in the C1s are also identified the same 

as that in Figure 4.1d. Samples processed through MPAS using a Si mask also required 

12 minute etches in order to form complete or near-complete films rather than the 

standard three minutes. However, the conversion to graphene oxide or significant jump 

in aluminum contamination like the CPAS process within the Trion was not observed in 

any of these samples. The lack of substantial oxygen-based defects in the C1s indicates 

that the oxygen species are generally tied up with silicon in the form of SiOx or aluminum 

in the form of Al2O3. Although some suboxide is present in silicon spectra, it does not 

account for the large amount of oxygen observed here. Thus, the oxygen is attributed to 

be mostly bound to aluminum. 

 

 

Figure A.1: XPS a) survey spectrum, and b) C1s spectrum for a SiC sample that was masked by silicon. 

 

The lack of carbon enrichment in SiC yet remarkable carbon enrichment on the Si 

mask underside observed in Figure A.2a is due to the Si mask depleting reactive species 
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in the plasma. Although this depletion is not observed to the extent of other masks whose 

corresponding SiC substrates had no carbon enrichment whatsoever. That being said, 

there are enough reactive neutrals to etch Si and C (although at a less rate than Si) from 

SiC to create some (although, much less than desired) carbon enrichment on the Si mask 

underside. Using a SiC mask (not attempted in this work) would most likely yield 

comparable results.  

XPS spectra for the mask are shown in Figure A.2a-b. As observed in the survey 

scan in Figure A.1a, there is significantly more carbon on the mask underside than seen 

with adventitious carbon. There are nearly identical amounts of aluminum observed as 

the associated SiC sample in Figure A.1a. The C1s spectrum shown in Figure A.1b shows 

a strong graphene peak at 284.1 eV with the remaining peaks being associated with 

oxygen-based defects that are at low levels (11.4%). These are the same oxygen-based 

defects observed in other MPAS films discussed in Chapter 4. The peak at 290.4 eV here 

is likely a π-π* satellite, and thus not included in the oxygen defect percentage. However, 

a carboxyl defect cannot completely be ruled out.  

The Raman spectrum of the Si mask underside shown in Figure A.2c. The Raman 

spectrum in Figure A.2c is extremely comparable to those of MPAS samples as well as 

the quartz mask discussed in Section 4.3.2. This mask will generally be compared to the 

quartz mask as they share many similarities. Most notably, the broad two-phonon region 

is observed. Interestingly, all peaks with the exception of the D and 2D peaks have 

broadened when compared to the quartz mask. Again, like the quartz mask, chemical 

and structural defects are not expected to be the reason for peak broadening here. This 

is strengthened when one looks toward the XPS spectra, which shows a low number of 

defects. There may be a buffer layer here, much like the suspicion toward the quartz mask 

and cannot be ruled out. 

When considering the AFM topography image shown in Figure A.2d, it is possible 

that there is an extremely uneven distribution causing this broadening. This is since the 

laser spot of the Raman spectrometer is rather large and averages the signals of 

scattered photons from the beam spot. The AFM image has a top-to-bottom range of 22.9 

nm. This image has a surface RMS roughness of ~ 3 nm. This is rougher than the 

scratched surfaces discussed in Section 4.4.2. The surface is extremely bumpy and 
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uneven. This is the most uneven and rough graphene surface encountered in MPAS films. 

Films this uneven and rough were only observed when using a Si mask.  

 

 

Figure A.2: Data for MPAS with a silicon mask showing the a) XPS survey spectrum, b) C1s spectrum, 

c) Raman spectrum, and finally, d) AFM topography of the surface. 

The uneven morphology of this film is suspected due to a dynamic etching effect 

on the SiC. Although Si is gettering many, if not most reactive species from the macro 

and microplasmas, this may not necessarily be a steady process. In reality, it is likely that 

in the beginning of the etch, the Si is reacting with a vast majority of the local reactive 
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species, and barely etching SiC at all. This is clearer based on the fact that MPAS runs 

using a Si mask for three minutes formed very little amount of sp2 carbon films on SiC 

compared to those etched for 12 minutes that formed around a monolayer of graphene. 

It is also possible that these etch rates are not steady and fluctuate throughout the etch. 

This seems more likely when considering the inhomogeneous nature of the morphology 

observed in Figure A.2d as well as the fact that MPAS films using a Si mask had greater 

inconsistencies than any other mask attempted. 

Ultimately, silicon is not an ideal mask for the MPAS process. Although giving 

some insights into the fundamental science behind MPAS (most notably, the observation 

of CVT of carbon species from SiC to the mask underside), this mask material has 

significant shortcomings. Most notably, aluminum contamination of the substrate which 

also brings a corresponding high level of oxygen. The inconsistency of MPAS with a Si 

mask also proves incompatible with applications outside of fundamental science 

understanding of this process. 
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Appendix B: Characterization of graphene films 

formed using radical plasma species 

M.A. Mathews Jr., A.R. Graves, and C.D. Stinespring 

Department of Chemical and Biomedical Engineering, West Virginia University, 

Morgantown, WV 26506-6102, USA 

 

Abstract 

Previously we reported the synthesis of highly tethered, planarized graphene films on 6H-

SiC(0001) using a two-step plasma assisted synthesis (PAS) process. The first step used 

a CF4-based plasma to selectively etch silicon from the SiC surface and form a carbon-

rich overlayer. The second step used a rapid thermal anneal to form the graphene film 

from this carbon-rich layer. The etch process was performed in an inductively coupled 

plasma-reactive ion etching (ICP-RIE) system and utilized both physical etching due to 

ions and chemical etching due to radicals. This paper reports the plasma assisted 

synthesis of few-layer graphene films using only the radical species produced in a CF4-

based plasma. That is, only chemical etching was involved in the selective etching 

process. As a result, the few layer graphene films formed using this process show marked 

progress toward the quasi-free-standing graphene (QFSG) films formed by high 

temperature sublimation (HTS). Specifically, these films are less tethered, and they reflect 

the step and terrace structure of the initial SiC substrate. This paper describes how a 

radical-based microplasma was established within the ICP-RIE macroplasma, the use of 

this microplasma assisted synthesis (MPAS) process to form few layer graphene films, 

and the characterization of the graphene films using x-ray photoelectron spectroscopy, 

Raman spectroscopy and atomic force microscopy.  
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1. Introduction 

Since its discovery in 2004 [1], graphene and its technological applications have 

been the subject of intense research activity resulting in a correspondingly staggering 

volume of publications. Several synthesis routes have emerged with the potential to 

provide scalable technologies for high-quality graphene suitable for electronic 

applications. Chief among these are graphene chemical vapor deposition (CVD) [24,25], 

high temperature sublimation (HTS) of Si from SiC under ultrahigh vacuum [26,27] and 

atmospheric pressure conditions [28,29], selective etching of Si using molecular Cl2 [221], 

and halogen-based plasma etching with either ultrahigh vacuum (UHV) [30,31,32] or 

atmospheric-pressure thermal annealing [33]. 

Growth by CVD is typically performed on a growth substrate covered with a 

catalytic metal such as nickel or copper [24,25,37,39]. Once grown, the graphene films 

must be released and then transferred to a device substrate (e.g., a Si wafer with an SiO2 

over layer) where device fabrication is performed. This method suffers from several 

problems. Most notably, the CVD process produces graphene with regions of varying film 

thickness as a result of either the growth process itself [46] or film wrinkling during transfer 

[53]. In addition, the graphene release and transfer steps are inherently time consuming 

and have the potential to introduce contaminants which further reduces process yield. 

Finally, the SiO2/Si device substrate is not suited to many of the important graphene 

applications where thermal management is necessary. 

The HTS process is of interest for several reasons. Since SiC is a wide bandgap 

semiconductor, this approach eliminates the need to transfer graphene to another 

insulating device substrate. Moreover, SiC has a high thermal conductivity and is well 

suited to the task of thermal management in supported graphene devices. [222,19,223] 

Although these are very positive aspects of the sublimation method, it presents several 

problems. The primary issue is that the number of graphene layers and their quality are 

strongly dependent on the annealing temperature and time. For uniform films, the entire 

wafer must be held at a constant and uniform high temperature (1100 to 1500 ºC or 

higher). This becomes increasingly difficult and costly as SiC wafer size increases. A 

further complication, though not widely reported, is the formation of a pitted morphology 

[20,61,114]. Like variations in film thickness, this can limit device yields and performance.   
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Because of the importance of scalability, the need for thickness uniformity, and the 

utility of SiC as a device substrate, our research group has extensively investigated 

alternatives to the HTS processes over the past decade. Specifically, the question we 

have sought to address is this. Can the high temperature thermal sublimation process be 

replaced by more controllable chemical processes?  

In our previous work, Raghavan et al. [32] showed that Cl2- and CF4-based 

inductively coupled plasma-reactive ion etching (ICP-RIE) of 6H-SiC (0001) surfaces 

yields a carbon-rich surface layer due to selective etching of Si from the SiC matrix. This 

carbon-rich layer serves as the source material for the graphene film which forms after 

UHV annealing. Graves et al. [33] further extended this process by demonstrating that 

these few-layer graphene films could be consistently produced using atmospheric 

pressure-rapid thermal annealing (AP-RTA) in ultra-high purity (UHP) argon. A critical 

aspect of this process is that the number of graphene layers depends on the plasma 

parameters and not those of the annealing process. In the present work, this process will 

be referred to as plasma assisted synthesis (PAS). As documented previously, [33] these 

films can be characterized as nanocrystalline with a buffer layer that is highly coupled or 

tethered to the underlying SiC substrate. While graphene produced using the PAS 

process has been demonstrated to work well in applications such as gas sensors [224], 

reductions in tethering are highly desirable for these films.  

In the ICP-RIE process, the etchant species include F and CFx (x = 1 - 3) radicals, 

and their corresponding positive ions [225]. The radicals represent “cold plasma species” 

in the sense they are equilibrated with the walls of the system. In contrast, because of the 

bias voltage developed between the substrate and the plasma, the positive ions are 

accelerated to energies on the order of several hundred electron volts before they strike 

the substrate. This gives ICP-RIE its high rate, directional, physical etch characteristics 

due to the ions supplemented by a slower chemical etch due to radicals. Even though the 

radical species are generally present at higher concentrations, the directional ions 

generally dominate the etch process.  

This paper reports the synthesis of few-layer graphene films in which only the 

radical species formed in a CF4-based plasma were involved in the etching process. 

Based on a detailed characterization of the resulting graphene films, these studies 
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provide insight into the differences between ion and radical surface chemistry associated 

with the etching process. The graphene film characteristics are compared with those 

produced using the HTS process as well as those produced using our previously reported 

PAS process. The results demonstrate that the graphene films formed using radical 

species are comparable in many respects to those reported in the literature as quasi-free-

standing graphene.   

2. Experimental Methods 

The 6H-SiC (0001) used in this study was purchased as 2-inch on axis (0.5) n-

doped wafers from University Wafer, Inc. These wafers were diced into 10 x 2.5 mm 

substrates using a Discotech Model DAD3240 wafer dicer. In preparation for etching, the 

SiC substrates were mounted on a 4-inch Si carrier wafer using thermally conducting BN-

based Cool-Grease (CGR7016 from AI Technology). As shown in Figure B1 a – c, the 

 

 

Figure B1: a) Side view of the physical setup used in the graphene synthesis process showing the SiC 

substrate, the Si carrier wafer, the quartz mask, and the Si posts supporting the mask. b) top-down view 

of the setup. c) photograph of the assembly, and d) schematic showing the physical setup in relationship 

of the macroplasma and microplasma.  
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SiC substrate was then covered by a 3-inch x 1-inch quartz mask that was supported by 

Si posts. This assembly was held in place on the carrier wafer using Cool Grease. The 

height of the quartz plate was determined by the thickness of the Si post.  

This assembly was transferred into a Trion Technologies Minilock-Phantom III ICP-

RIE system. As illustrated in Figure B1d, a CF4-based plasma, referred to here as the 

macroplasma, was established over the quartz plate, and a microplasma was established 

between the quartz mask and SiC substrate. As discussed below, the quartz plate 

isolated the SiC substrate from energetic ion bombardment (physical etching), while it 

allowed the microplasma consisting primarily of radicals and neutralized ionic species to 

interact with the substrate surface (chemical etching).  

Following the etch process, the substrates were placed in an atmospheric 

pressure-rapid thermal anneal (AP-RTA) setup. This consisted of a 0.5 in. OD quartz flow 

tube with Ultra-Torr (Swagelok) fittings. The tube was continuously purged with Ar (Airgas 

Research Plus) for which the total impurities did not exceed 3 ppm (N2 ~ 2 ppm, total 

hydrocarbons ~ 0.1 ppm, and O2, H2O, CO, and CO2 totaling ~0.5 ppm). Typical Ar flow 

rates were on the order of 500 sccm. A type K thermocouple housed in a quartz 

thermocouple shield located adjacent to the substrate position was used to monitor the 

temperature of the substrates.  

The details of the AP-RTA were previously described in detail by Graves et al. [33] 

and referred to as RTA1. Briefly, it involved bringing a tube furnace to a steady 1000C 

and then rapidly inserting the quartz tube and samples. As the sample rapidly approached 

940 C (typically 95 sec) and the rate of temperature increase slowed, the anneal clock 

was started and the samples were annealed for an additional two minutes which typically 

brought the samples to 970 ºC, (the quoted anneal temperature). This allowed for 

desorption of fluorinated species as well as the coalescence and growth of the graphene 

film. The quartz tube was then rapidly retracted from the tube furnace and allowed to cool 

naturally to room temperature. In the discussion that follows, this is referred to as 

microplasma assisted synthesis (MPAS) of graphene.   

A parametric study was conducted to determine the effects of the ICP and RIE 

power, the height of the mask above the substrate, and the etch time on the graphene 

produced. The ICP power was varied over the range of 100 to 600 W, while the RIE power 
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was varied over the range of 50 to 300 W. The space between the SiC substrate and the 

quartz mask was varied between 330 and 1650 μm by using Si posts of varying heights. 

Etch times ranging from 1 to 12 minutes were considered. The system was operated with 

a flow of 20 sccm of pure undiluted, ultra-high purity CF4 (Air Gas) at a pressure of 25 

mTorr.  

Following each step of the MPAS process, x-ray photoelectron spectroscopy, 

Raman spectroscopy and atomic force microscopy (AFM) were used to characterize the 

substrate and films. XPS measurements were obtained using monochromated Al Kα x-

rays (hν = 1486 eV) using a PHI 5700 system with Omni Focus V lens. XPS 

measurements were conducted in “bulk analysis mode” in which electrons ejected 45 

relative to the surface normal were analyzed. Scans were obtained using a pass energy 

was 23.5 eV and an energy step of 0.2 eV for survey spectra and 0.025 eV for high 

resolution spectra. The x-ray spot size used in these measurements was 100 µm in 

diameter with a power of ~25 W High resolution XPS spectra were fitted using Phi 

MultiPak analysis software. Background subtraction was performed using an iterated 

Shirley method, and all peaks were fitted using Gaussian-Lorentzian profiles. The spectra 

were resolved into four to five reasonably well-defined components with a 2  1.  Charge 

compensation, when necessary, was achieved by referencing the C1s peak for carbon in 

SiC to 282.5 eV. For the most part, however, analyses of the spectra were obtained using 

energy difference relative to the C1s for either SiC-C or graphene.  

Raman spectra were collected using a Renishaw micro-Raman system with a 532 

nm laser powered at 100 mW and a spot size of 25 µm for a nominal power density of 0.2 

mW/µm2. AFM images were obtained using an Agilent (formerly Molecular Imaging) 

model 5500. Multiple spots were analyzed on each sample to confirm homogeneity.  

The formation of the graphene on the SiC substrate led to attenuation of the 

substrate C1s photoelectron peak. The thickness of the graphene was estimated from the 

ratio of C1s peaks for the substate and graphene layer(s) using a simple layer model 

described by Yates and coworkers [145]. A similar approach has been used by others 

[179,180,181] as well as ourselves [30-33] to characterize the thickness of graphene films 

formed on SiC.   
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3. Results & Discussion 

Figure B2a shows the C1s spectrum for a typical MPAS graphene film synthesized 

on a 6H-SiC(0001) surface. Etching 

was performed using an ICP power 

of 300 W and an RIE power of 150 

W. Following the etch, the sample 

was annealed at 970 ºC using the 

RTA1 process described in the 

previous section. This spectrum has 

been resolved into five components. 

The leading peak at 282.5 eV is 

assigned to the carbon associated 

with the SiC substrate [148]. The 

more intense peak at 284.2 eV is 

associated with sp2-carbon in the 

graphene film. The peaks identified 

as D1, D2, and D3 are associated 

with oxygen-based defects in the 

graphene film as revealed by their 

binding energy shifts relative to the 

graphene peak (∆G) and angle 

resolved XPS as described in our 

prior studies [32,33]. Specifically, 

based on a ∆G value of 1.2 eV, the 

C1s peak identified D1 can be 

associated with C-OH defects on the 

graphene film. Similarly, the D2 and 

D3 peaks with ∆G values of 3.2 eV 

and 5.2 eV, respectively, can be 

associated with carbonyl (C=O) and 

carboxyl (O=C-OH) species. These 

 

Figure B2: (a) C1s XPS spectrum for a typical graphene 

film synthesized using the MPAS process. (b) A replot of 

the spectrum shown in 1a with the broad graphene peak 

resolved into three components associated with the 

buffer layer (S1 and S2) and the graphene peak.  

a)

b)
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species are commonly seen at much higher levels in graphene oxide (GO) [176] and 

reduced graphene oxide (RGO) [177]. In subsequent discussions, this fit to the C1s peak 

will be referred to as the naive fit.   

The C-OH defect species are thought to reside on the surface, while the C=O and 

O=C-OH species are associated with edge sites of the graphene film. The C1s peak due 

to the SiC substrate accounts for 16.5% of the carbon peak intensity (area), while the 

intensity of graphene and associated graphene defect peaks (D1, D2, and D3) account 

for the remainder (83.5%). Using the layer model discussed previously, the ratio of the 

SiC-C to graphene peak intensities observed here indicates that the graphene film 

represented by Figure 2a is ~3.6 ML (3.6 monolayers) thick. As noted previously, this 

model has been well established and described by others [179-181] and as well as our 

previous reports on graphene synthesized on 6H-SiC(0001) [32,33]. 

Of the graphene-related species, graphene (284.2 eV) accounts for 62.1% of the 

C1s spectrum while the oxygen-based defects D1, D2 and D3 account for 21.4% of the 

graphene-based species. Thus, the defect species represent 25.6% of the overall 

graphene film species or approximately 7% per graphene layer. Although there is some 

variation of the defect levels across runs, these values are typical for films seen in the 

one to three-layer film range. They are comparable to defect levels seen in previous work 

with the PAS process for both the AP-RTA and UHV annealing variations [32,33]. On an 

absolute scale, the defect levels observed here are substantially lower than the oxygen-

based defect levels in GO (~60%) and RGO (~35-45%) [191]. Possible sources for the 

oxygen responsible for these defects will be discussed later.   

In prior studies of graphene synthesis using the PAS process, the graphene C1s 

peak was reproducibly observed at 283.5eV. That is, shifted by from the SiC-C peak by 

1.0 eV (i.e., ∆SiC = 1.0 eV). This peak position was associated with graphene that was 

highly tethered to the underlying SiC through a buffer layer [33]. This is in distinct contrast 

to the situation for the MPAS process reported here. Specifically, as illustrated in Figure 

2a, the C1s peak for graphene formed using the MPAS process is reproducibly shifted by 

1.7 eV relative to the SiC-C peak. This shift is in the range expected for free-standing or 

quasi-free-standing graphene (QFSG) as described by Riedl et al. [71] and Sforzini et al 

[182]. Their results were obtained using high resolution photoelectron spectroscopy 
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employing synchrotron photon sources. It is also in good agreement with Kowalski et al. 

[80] who characterized their QFSG films using an XPS system having an x-ray 

source/resolution similar the that employed in this study.  

To gain deeper insight into the potential significance of the buffer layer in the MPAS 

films, Figure 2b shows a replot of the C1s spectrum seen in Figure 2a with the rather 

broad (1.2 eV FWHM) graphene peak at 284.2 eV resolved into three components. 

Specifically, these are S1 with a ΔSiC~1.2 eV, S2 with ΔSiC~2.2 eV, and the graphene (sp2-

C) peak with ΔSiC~1.7 eV. Each peak has a FWHM of 0.9 eV comparable to the SiC peak. 

The peaks S1 and S2 are associated with the buffer layer and their position or more 

precisely their shift relative to the SiC-C peak was established based on the results of 

Oliveira et al. [29] and Langer et al. [192] These shifts also are in good agreement with 

those observed using a variety of synchrotron light sources [76,193,194]. The lower 

binding energy peak (S1) is associated with C-atoms in the buffer layer that are tethered 

to Si-atoms in the SiC substrate, while the higher binding energy peak (S2) is associated 

with sp2-C in the buffer layer that must interact with the tethered C-atoms and the 

graphene film above. In this case, the C-C bonds for these C-atoms will be highly strained. 

This fit to the C1s peak will be referred to as the buffer layer fit. 

Based on this analysis, the S1/S2 intensity ratio observed here is on the order of 

0.8. This is a factor of three lower than the previously reported S1/S2 ratio for PAS films 

[33] for which were adjudged to be highly tethered. Consequently, we believe the MPAS 

films are substantially less tethered than those formed by the PAS process.   

As further evidence of reduced tethering, Figure 3 shows a Raman spectrum 

typical of few-layer graphene films produced by the MPAS process. This spectrum 

represents the difference of the spectrum for the synthesized film (on the SiC substrate) 

and a scaled SiC reference. The subtraction process was performed using the program 

Spectragryph and is described in detail in our previous work [33] and elsewhere [27,196].  

The difference spectra were deconvoluted with the open-source program Fityk 

using Lorentzian peak shapes. As seen in Figure 3, the spectrum exhibits the 

characteristic D, G, and 2D lines expected for graphene. In addition, a D+D’ peak is 

observed. The positions of these peaks and their FWHM values [in brackets] are 1350 

cm-1 [226 cm-1], 1584 cm-1 (the weighted average of peaks at 1508 cm-1 [70 cm-1] and 
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1605 cm-1 [89 cm-1]), 2698 cm-1 

[302 cm-1], and 2943 cm-1 [298 cm-

1]. These peak positions are in good 

agreement with the D, G, 2D (G’), 

and D+D’ (D+G) peaks reported by 

Cancado et al. [197] as well as 

others [198,199], however, 

significant D and G peak 

broadening is observed for the 

MPAS graphene films. Moreover, 

there is no sharp 2D peak but rather 

a broad two-phonon region. In 

addition, the intensity of the D peak 

is significantly higher than expected 

for graphene.  

One explanation for the 

observed peak broadening and intensity variations could be the presence of structural 

defects in the MPAS graphene films. Cancado et al. [197] and Martins et al. [198] 

observed D and G peak broadening when exposing high-quality exfoliated graphene 

monolayers to Ar+ bombardment. As ion induced structural damage increased, they 

observed D and G peak broadening. At the same time, the D peak increased in intensity, 

while the G and 2D peaks decreased in intensity. Based on their data, however, at the 

point where their 2D/G intensity ratio for the ion damaged graphene was comparable to 

that observed for the MPAS film in Figure 3 (~0.2), the D/G ratio for their ion damaged 

film was twice that observed for the MPAS film (~0.6). Moreover, the peak broadening 

observed in their studies was significantly less than that observed for the MPAS films. 

Consequently, it does not appear that structural defects can account for the observed 

peak broadening and intensity variations in the MPAS films.  

A second explanation involves the presence of chemical defects such as the C-

OH, C=O, and O=C-OH species revealed in the XPS analyses. These species are 

observed in abundance in GO and RGO films [176,177] which exhibit significant Raman 

 

Figure B3: Raman spectrum of a typical graphene film 

synthesized using the MPAS process. 
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peak broadening similar to that observed here. The levels of O-based defects in GO and 

RGO are, however, substantially greater than those observed here. Moreover, the D/G 

intensity ratios for MPAS films are consistently between 0.6 and 0.9, while those for GO 

and RGO are typically one or greater. Thus, the relatively low level of O-based defects 

observed in the MPAS films are not the likely origin of the peak broadening and intensity 

variations.  

A third possible explanation of the observed broadening and intensity variations of 

the MPAS Raman peaks is associated with the possibility that the films are 

nanocrystalline. In studies of graphene nucleation on the 6H-SiC (0001) surface, 

Robinson et al. [64] reported Raman spectra for nanocrystalline films which exhibited 

intensity variations similar to those observed for the MPAS films. Daas et al. [7] reported 

similar results for graphene formed on nonpolar 6H-SiC surfaces. In both cases, however, 

the peak broadening was significantly less than that observed here. Consequently, 

nanocrystallinity does not appear to be the reason for the observed broadening and 

intensity variations.   

The fourth, and most likely, explanation for the broadening and intensity variations 

observed in the MPAS films is the influence of a buffer layer. Strupinski et al. [66] used 

Raman spectroscopy to investigate the formation and evolution of the graphene buffer 

layer on SiC. The Raman spectra they report for the buffer layer are remarkably similar 

to the spectra obtained for the MPAS films. This includes peak positions, relative 

intensities, and peak broadening. In addition, just as for the MPAS films, their buffer layer 

Raman does not exhibit a sharp 2D line but rather a broad two-phonon region. Of the 

possible explanations for the observed line broadening for the MPAS films presented thus 

far, the buffer layer seems the most likely.   

Strupinski et al. [66] make the additional observation that the broad two-phonon 

region observed in the buffer layer Raman may be due to the laser spot covering both the 

buffer layer and incomplete or factional graphene layer(s). This idea is further supported 

by the work of Fromm et al. [201]. They report that buffer layer Raman spectra are 

characterized by very broad D and G peaks, but they do not observe a two-phonon region. 

For the MPAS films, we observe the broad two-phonon region for films from ~0.9 to 1 ML 

thickness (i.e., films which would be purely buffer layer). Thus, if the buffer layer indeed 
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has no two-phonon region, this suggests that a second layer (counting the buffer layer) 

must be nucleating on the buffer layer.   

The splitting of the G peak into two components, G1 and G2, as seen in Figure 3 

provides further evidence of the buffer layer tethering in the MPAS films. In studies aimed 

at an in-depth Raman characterization of the buffer layer, Sekine et al. [202] used surface-

enhanced Raman spectroscopy (SERS) to provide a detailed deconvolution of the D and 

G peaks not possible in normal Raman spectroscopy. They found the G peak could be 

resolved into three components associated with graphene and four associated with the 

buffer layer. Similarly, the D peak could be resolved into one associated with graphene 

and four associated with the buffer layer. Given the high sensitivity and resolution of their 

results, we make no attempt to correlate their spectra with ours except to make this point. 

That is, the presence of the buffer layer not only effectively increases the FWHM but 

introduces the possibility that additional resolvable peaks such as the G2 peak may be 

identified here. 

In studies aimed at understanding the transition from the buffer layer to QFSG, 

Wundrack et al. [84] used confocal Raman spectroscopy to resolve the G peak into three 

components. During the annealing of their films, they observed the decoupling of the 

buffer layer from the SiC substrate as well as the emergence of the QFSG film. With 

increased decoupling (i.e., reduced tethering), the two highest wavenumber components 

of the G peak coalesced into a single peak, however, lower wavenumber component at 

~1500 cm-1 persisted until the film was completely free-standing [84]. This corresponds 

very well with the G1-G2 peak splitting observed for the MPAS films.  Significantly, we 

believe this is further evidence that the buffer layer, also evidenced in the XPS results, is 

the dominant factor explaining the Raman peak broadening and intensity variations for 

the MPAS graphene films.   

In comparison with graphene synthesized using the PAS process, MPAS films 

exhibit a significant narrowing off the G2 peak FWHM (~63%) and reduction in G2/G1 

intensity ratio (~57%). Both of these are associated with a reduction in tethering through 

the buffer layer [84]. In addition, the weighted average of the G peak is consistently 

upshifted compared to those of the PAS process (1583 cm-1 with MPAS graphene 

compared to 1566 cm-1 with PAS graphene). This upshift was reported by Riaz et al. [203] 
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to be indicative of greater sp2 hybridization. Both of these observations are consistent 

with the XPS results discussed above which indicate that the that the degree of tethering 

for the MPAS graphene films is significantly less than that for the PAS films.   

While both XPS and Raman reveal major differences between PAS and MPAS 

films, AFM exhibits the starkest difference. Figure 4a shows an AFM image of a typical 

as received 6H-SiC substrate prior to the MPAS process. These were the same 

substrates used in prior PAS studies of graphene synthesis. This image is representative 

of the step and terrace structure of the as received chemo-mechanically polished 6H-SiC. 

Analyses of the substrates used here revealed a nominal terrace width of ~150 nm, a 

step height of ~0.8 to 1.6 nm, and an RMS roughness on the terraces ~0.143 nm. The 

Si-C bilayers which are stacked to form the 6H-SiC structure are 0.252 nm thick, while 

 

(a)

(c)

(b)

Figure B4. a) AFM image of typical as

received 6H-SiC substrate used in

MPAS and Prior PAS studies of

graphene synthesis. b) AFM image of

multilayer graphene film synthesized on

6H-SiC using MPAS. c) AFM image of a

typical multilayer film grown using the

PAS process. Retention of the step and

terrace structure is evident for the MPAS

film, while the PAS film is planarized.



 173 

the corrugations on the bilayer surface are on the order of 0.056 nm deep [150]. This 

places the RMS terrace roughness (0.148 nm) between those two numbers and near the 

atomic scale.  

Figure 4b shows the AFM of a 6 ML graphene film formed on 6H-SiC using MPAS. 

Here it can be seen that the step and terrace structure remain intact after MPAS. 

Moreover, the RMS terrace roughness remains essentially unchanged (0.158 nm) 

compared to the original surface. This is in striking contrast with the situation for PAS 

films. This is illustrated by the AFM image shown in Figure 4c which shows the surface 

of a comparable multilayer graphene film grown by the PAS process on an initially 

stepped and terraced 6H-SiC substrate. The PAS film is essentially planar with an overall 

RMS roughness ~0.136 nm. While this roughness is comparable to, if not less than, the 

terraced surfaces, the surface has been planarized by the PAS process. Moreover, this 

was observed to be true regardless of the number of graphene layers produced in a given 

situation.   

The fact that MPAS preserves the step and terrace structure of the 6H-SiC 

substrate, in contrast to PAS which planarizes the surface, is a result of the fundamental 

difference between these two plasma-based processes. Specifically, the quartz mask 

shields the substrate from the energetic ions normally extracted from the macroplasma. 

As a result, the primary species reaching the SiC substrate include F and CFx (x = 1, 2, 

3) radicals. Ions which reach the SiC surface will have made multiple collisions with the 

Si carrier wafer and the underside of the quartz mask. As a result, these ions will have a 

lower kinetic energy, will no longer be directional, and, most likely, will be neutralized prior 

to reacting with the SiC surface. Ultimately, the quartz mask eliminates the physical etch 

component of the ICP-RIE etch process which is responsible for high etch rates and 

planarization of the surface. Consequently, the MPAS etch process is largely, if not 

completely, chemical in nature, and the substrate and resulting film reflect the initial 

surface which in this case is stepped.  

Since the areal density of carbon atoms in a graphene layer is ~3.13 times that of 

the SiC bilayer, the formation of six graphene layers requires the removal of Si from ~18 

SiC bilayers.  As noted above, each bilayer has a thickness of 0.252 nm.  Given an etch 

time of 12 minutes, this leads to a nominal etch rate of ~0.38 nm/min. This is substantially 
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lower than the etch rate (~120 nm/min) of a buffered oxide wet etch used in the patterning 

of thin SiO2 films [204] as well as the ICP-RIE etch rate (200 nm/min) we observe for SiC 

under the same conditions of the macroplasma used in the growth of the films shown in 

Figure 4.   

In our previous work regarding the PAS process, the RIE plasma power was shown 

to have a strong influence on graphene thickness. This is reasonable since RIE power 

controls the bias voltage and, thus, the kinetic energy of the positive reactive ions striking 

the SiC surface. The kinetic energy of these ions influences their depth of penetration 

and, hence, the depth of silicon depletion / carbon enrichment.  

For the MPAS process the ICP rather than the RIE power has the strongest 

influence on graphene thickness. This is illustrated in Figure 5. Figure 5a shows a plot of 

graphene thickness versus ICP power with RIE power held constant at 100 W. Here it 

can be seen that the graphene thickness increases from approximately 1 ML to 10 ML as 

the ICP power increases from 200 W to 600 W. Figure 5b shows the corresponding plot 

for thickness versus RIE power with ICP power held constant at 300 W. Here it can be 

 

Figure B5: (a) Plot of graphene thickness versus ICP power for a constant RIE power of 100 W. (b) 

Graphene thickness versus RIE power for a constant ICP power of 300 W. The color inserts represent 

the color of the macro plasma above the shielded substrate / microplasma. 

100 W – RIE Power 300 W – ICP Powera) b)
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seen that the film thickness is essentially independent of power within the spread of the 

measurements.  

The reasons for this observed dependence on plasma powers can be related to 

plasma chemistry. In general, while RIE power controls the energy of the ions extracted 

from the macroplasma, ICP power strongly influences the density of radicals and ions 

produced. Insight into this issue can be obtained from the color inserts shown in Figure 

5.  The photo inserts in Figure 5a are representative of the changes in optical emission 

from the plasma as ICP power is increased from 200 W to 600 W at 100 W RIE power. 

Based on reported optical emission literature for CF4 plasmas [140,205,206], the violet-

red color of the plasma at 200W ICP (100W RIE) indicates that the plasma species are a 

mixture of CFx (violet), and F radicals (red) to produce the color displayed. Increasing the 

ICP power is expected to increase the number of etching species (radicals and ions) in 

the macroplasma. This in turn gives rise to an increase in the etch rate and an increase 

in the SiFx etch products (recall the macroplasma can etch the Si carrier wafer). This is 

consistent with the light blue color of the plasma at 600 W ICP (100W RIE) [207]. The 

increase of the etching species in the macroplasma (radicals and ions) gives rise to a 

commensurate increase of radicals in the microplasma, and this leads to an enhancement 

of the chemical etch rate in the microplasma. This, in turn, results in a thicker graphene 

film. 

Within the spread of observed results, it can be seen in Figure 5b that the 

dependence of graphene film thickness on RIE power (i.e., the kinetic energy of the ions 

in the macroplasma) is relatively weak. This is expected since the ions do not interact 

directly with the SiC substrate. Moreover, although there is a change in optical emission, 

that change is not as significant as in the former case. That is, the number of reactive 

radical species in the microplasma is not a strong function of the RIE power. This is 

consistent with the general understanding that the ICP power determines the density of 

radical and ionic etch species, while the RIE power determines the kinetic energy and 

directionality of the ions [136]. 

The effect of parameters other than plasma power (i.e., mask height above the 

substrate and etch time) were also briefly investigated. The space between the SiC 

substrate and the quartz mask was varied from 330 and 1650 μm by using Si posts of 
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different heights. For these studies the ICP power was 300 W, the ICP power was 250 

W, the etch time was 3 minutes, and the reactant flow was 20 sccm and 25 mTorr. Since 

the mean free path of fluorine atoms at 300 K and 25 mTorr is on the order of 26 mm, the 

flow of reactive species to the substrate is mass transport limited for all heights 

investigated. As expected under these conditions, it was found that graphene film 

thickness increased rapidly with increasing mask height. All heights greater than 0.33 mm 

led to graphene film thicknesses well outside the “few layer” film growth regime.  

Using similar plasma conditions, etch time was varied from 1 to 12 minutes for a 

fixed mask height of 0.33 mm. Under these conditions, it was found that 3 minutes 

routinely produced few layer graphene films in the desired thickness range, while longer 

etch times produced films that were too thick. Interestingly, for etch times less than 1.5 

minutes, no detectable graphene was formed. This suggests that there may be an 

induction period during which sufficient carbon to nucleate the graphene film is 

accumulated.   

Based on the results presented here, it is evident that the etch process for MPAS 

is distinctly different from that for PAS. The MPAS etch is dominated by chemical etching 

while PAS includes both chemical and physical etching. Moreover, the graphene films 

produced by MPAS and PAS are distinctly different in terms of their morphology and the 

extent of tethering to the SiC substrate. The step and terrace morphology of the graphene 

formed by the MPAS is comparable to that produced by sublimation, and in our 

experience, the pitting problem is not observed. In addition, the number of layers is 

controlled by plasma parameters just as in the PAS process which represents an 

additional advantage over the sublimation process.   

These results show that radical based etching may indeed provide a chemical 

route to the synthesis of quasi-free-standing graphene. Due to transport limitations (i.e., 

the delivery of reactants under the mask) MPAS is not likely a viable approach to the 

manufacturing of large area graphene films on SiC. This will require the use of plasma 

reactors which allow independent control of radical and ion density as well as ion energy. 

In recent years, plasma systems such as these have been used to investigate the 

processing of a variety of materials and show great promise in this regard [184,226]. It is 

also expected that improvements in the quality if the initial SiC surface combined with 
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post growth hydrogen or oxygen intercalation will provide further advances in graphene 

quality as a result of reduced buffer layer tethering.  

 

4. Conclusions 

We have demonstrated the feasibility of a microplasma assisted synthesis process 

for few layer graphene films on 6H-SiC. This process uses radical species formed in CF4-

based plasmas to selectively etch Si from the SiC substrate to produce a C-rich surface 

layer which can then be annealed to form the graphene film. It was observed that 

graphene thickness was controlled by the ICP plasma power which strongly influences 

radical concentration in the plasma.  

Using XPS and Raman spectroscopy, the graphene films were shown to be 

tethered to the SiC substrate. However, this tethering was substantially less than that 

previously observed for graphene formed by plasma assisted synthesis involving both 

radicals and energetic ionic etching species. In addition, the radical based process was 

observed to preserve the step and terrace structure of the original SiC substrate. These 

improvements were a direct result of the chemical nature of the etch and the absence of 

physical etching due to energetic ions.  

The results from this study suggest that a radical based etching process may 

provide a chemical route to the synthesis of quasi-free-standing graphene on SiC. Key to 

the success of such an approach is the use of plasma methods which allow independent 

control of radical and ion density as well as ion energy. 
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Appendix C: Plasma assisted remediation of SiC 

surfaces 
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Abstract 

This paper describes a three-step process to remediate surface and sub-surface defects 

on chemo-mechanically polished SiC surfaces. In this process, a CF4-based inductively 

coupled plasma with reactive ion etch (ICP-RIE) was used to remove material to a depth 

which is unaffected by surface and subsurface polishing damage. Due to selective etching 

of the silicon, this produced a planarized but carbon-rich fluorinated surface. This surface 

was exposed to a 2 min rapid thermal oxidation (RTO) in air at 1000 oC to oxidize and 

volatilize the excess carbon and fluorinated species, respectively. The resulting surface 

oxide was then stripped using a dilute hydrofluoric acid in water solution. This process, 

referred to as plasma assisted remediation, reproducibly yielded planarized, 

stoichiometric surfaces with low levels of carbon and oxygen contamination suitable for 

subsequent device fabrication. In the supporting studies described here, 4H- and 6H-

SiC(0001) surfaces were remediated and characterized by x-ray photoelectron 

spectroscopy and atomic force microscopy at each stage of the process. Experimental 
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studies under ion rich and radical dominant conditions are also reported which provide 

greater insight into the underlying chemistry and physics of the process.   
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1. Introduction 

The success of the silicon-based semiconductor industry is based upon several 

key factors. One of these is the ability to produce large area, defect free, single crystal Si 

wafers qualified for device manufacture [227]. In contrast, SiC, despite its many 

advantages as a wide bandgap semiconductor, has not developed as rapidly [93]. This is 

in part because SiC was much more difficult to produce at the required bulk and surface 

quality. None-the-less, steady progress over the past 50 years has led to high-quality 

single crystal wafers with diameters up to 8 inches. One of the keys to this progress has 

been the development of the chemo-mechanical polishing (CMP) process [117,228,229].   

Although CMP, as it has evolved in recent years, provides a major improvement in 

the surface quality of SiC substrates, there is an extensive literature dealing with its 

limitations. Sasaki et al., [119] for example, reported the presence small scratches on 

otherwise optically flat wafers. These scratches were accompanied by subsurface defects 

(SSDs) localized along the scratches. Although they further reported that H2 etching was 

effective in removing these SSDs, it led to step bunching and pitting of the surface. These 

detrimental effects are well known and documented in the SiC literature [106,107]. Sako 

et al. [124] made similar observations, and in subsequent studies [118], they provided 

more detailed understanding of the underlying CMP induced defects. Specifically, these 

included high-density basal-plane dislocation loops, Shockley-type stacking faults, and 

chevron- or Y-shaped defects. While reported dimensions varied, a 125 nm wide scratch, 

for example, produced a defect field on the order of 800 nm wide and up to 100 nm deep.   

The studies reported here focus on remediation of defects on the SiC surface and 

near surface layers. They were motivated by several factors. First, the CMP generated 

defects described above have been shown by Sameshima et al. [122], and others [230], 

to have a negative impact on metal-oxide-semiconductor (MOS) device reliability and 

performance. Moreover, these defects have also been shown the produce defects in 

homoepitaxial films grown on 4H- and 6H-SiC [124,230,231]. Consequently, cost effective 

and scalable surface remediation methods are required to advance SiC device 

technology. Second, as small users buying wafers from a variety of vendors, our 

experience is that all vendors and/or CMP processes are not equivalent. Wafers 

purported to have CMP surfaces can range from very high-quality optically perfect 
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surfaces exhibiting well defined step and terrace structure to very low-quality surfaces 

which have highly scratched regions. Thus, methods are required to remediate these 

surfaces if they are to be used effectively. In the present work.   

The approach to surface remediation described here utilizes a three-step scalable 

process. Specifically, it involves CF4-based inductively coupled plasma reactive ion 

etching (ICP-RIE) followed by rapid thermal oxidation (RTO) and then an oxide strip using 

dilute hydrofluoric acid in water solution. This process, referred to plasma assisted 

remediation (PAR), is described in detail in the next section along with the overall 

experimental approach and methods. In the following section, the results are presented 

and discussed. Specifically, the findings are used to provide insight into the surface 

chemistry and physics associated with the process, assess the success of the 

effectiveness of the process, and suggest potential additional steps that can be taken to 

remediate the SiC surface at wafer scale.   

2. Experimental 

The SiC samples used in this study were purchased as 50 mm diameter on axis 

( 0.5º), n-doped, CMP 4H- and 6H-SiC (0001) wafers from a variety of vendors. These 

were diced into 1 cm x 1 cm samples for subsequent experiments using a Discotech 

Model DAD3240 wafer dicer. It is worth noting that most wafers were in the high-quality 

range. That is, there was no evidence of scratches when examined optically, and the 

exhibited step and terrace structure when examined by atomic force microscopy. 

Occasionally, however, a full wafer or a select area of a wafer exhibited a high density of 

scratches. These defective areas comprised the subset of samples used in this study.  

The PAR process investigated here involved three steps. First, the SiC substrates 

were plasma etched using a CF4-based ICP-RIE process. Next, the etched substrates 

underwent RTO for 2 min at 1000 oC. Finally, the resulting oxide was stripped using a 

dilute HF/H2O solution.   

Prior to ICP-RIE each sample was degreased using a mixture of acetone and 

methanol. This was followed by blow drying in ultrahigh purity N2. The samples were then 

adhered to a silicon carrier wafer using boron nitride-based COOL-GREASE (CGR7016 

from AI Technology). The sample and carrier wafer were then load-locked into a Trion 
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Technologies Minilock-Phantom III ICP-RIE system. The samples were etched using a 

CF4 plasma operating at power levels of 600 W ICP and 300 W RIE. The chamber 

pressure was maintained at 25 mTorr with a 20 sccm CF4 flow. These conditions 

produced a nominal SiC etch rate previously reported as 200 nm/min [33]. Samples were 

etched for 12 minutes, which corresponded to a depth of 2.4 µm. This etch time / depth 

was chosen so that the resulting surface was well below the depth of any observed CMP 

related surface scratches or SSDs. 

The RTO operation was performed by loading the substrate into an open ended 

0.5-inch OD quartz tube. A type K thermocouple housed in a quartz thermocouple shield 

located adjacent to the substrate was used to monitor the substrate temperature. The 

quartz tube was rapidly inserted into a furnace operating at a steady temperature of 1000 

°C, the nominal oxidation temperature. The “clock” was started when the sample 

temperature reached 940 oC. After two minutes elapsed time, the sample reached a 

temperature of 1000 ºC, and the tube was rapidly withdrawn from the furnace.  It was 

then allowed to cool to ambient temperature naturally. The initial heating rate for all RTOs 

was on the order of 5 ºC/s [33].  

After the RTO, the resulting oxide was stripped by a 10 min wet etch in a solution 

of 10% HF in H2O. Following this etch, the samples were rinsed in DI water for ~one 

minute. The sample was then dipped in electronics grade isopropanol and then dried with 

house N2.  

At each step of the process, all samples were characterized using tapping mode 

atomic force microscopy (AFM) to establish the surface morphology and x-ray 

photoelectron spectroscopy (XPS) to determine the stoichiometry and chemical state of 

each surface species. Tapping mode AFM was conducted with an Agilent (formerly 

Molecular Imaging) PicoPlus AFM/STM with a PicoScan 3000 controller. Commercial 

silicon probes with spring constant k = 8.4 to 57 N/m and a resonant frequency between 

200 and 400 kHz in high amplitude mode were used. The XPS measurements were 

conducted with a Physical Electronics PHI 5700 VersaProbe with a monochromated Al-

K (h = 1486.6 eV) photon source with an Omni focus V lens. XPS spectra were taken 

in “bulk analysis mode” with a nominal photoelectron takeoff angle of 45º.  



DRAFT 

 183 

The ICP-RIE process involves both directional, energetic ions which give rise to 

physical etching and radicals which give rise to chemical etching.  To delineate the roles 

of these species, several samples were etched using the large area plasma processing 

system (LAPPS) developed by the Plasma Applications Section in the Plasma Physics 

Division at the Naval Research Laboratory (NRL). The details of the LAPPS system have 

been discussed elsewhere [184,185,186,187] and will not be repeated here. The relevant 

attributes of interest are the ability to operate the system under conditions ion-rich and 

radical-dominant conditions and the ability to independently control the energy of the ions. 

In these experiments, SF6 rather than CF4 was used as the source gas. This resulted in 

SFx
+ ions and F radicals as opposed to CFx

+ ions and F radicals in the ICP-RIE process. 

Moreover, the ion kinetic energy was set for 10 eV as compared with several hundred eV 

in the ICP-RIE. Despite the differences, these studies provided an insight into the different 

roles of ions and radicals in the etching process, the nature of the defects, and possible 

methods of remediating these defects and improving the PAR process.  

3. Results and Discussion 

Figures 1a-d show typical 5 x 5 μm AFM images of the SiC surface at each stage 

of the PAR process. Figure 1e shows the surface after a second cycle of PAR. The AFM 

image shown in Figure 1a is typical of high scratch density regions observed on the poor-

quality CMP surfaces of interest here. These observations are in consistent with Sasaki 

et al. [119] and Sako et al. [118] who reported localized surface and sub-surface damage 

which was not uniform across the wafer surface. The origin of these scratches in the CMP 

process has been described elsewhere and need not be repeated here 

[118,119,211,212,213]. For the samples studied here, the observed scratches were 
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nominally on the order of 10 nm deep and 5 nm wide. The overall RMS roughness of the 

surfaces was typically in the range of 1.5 nm – 2.0 nm. As demonstrated by multiple 

studies, these surface defects cause a cascade of sub-surface defects which cannot be 

detected by AFM [118,119,124,214].   

Figure 1b shows a representative AFM image of the surface after CF4-based ICP-

RIE. As is typical, the AFM image reveals a nominal 58% reduction in the RMS surface 

roughness. It should be noted that the surface at this point is representative of material 

several microns below the depth of the original scratches, yet the darker areas in the 

image (corresponding to greater depths) reveal patterns strikingly similar to those seen 

on the as-received surfaces. Since the etched surface is several microns below the 

original surface, these features cannot be the original scratches. Rather, they are most 

likely the result of templating the original scratch pattern due to the directionality of the 

ICP-RIE process. Most importantly, since they are formed by etching and not polishing, 

they will not have the SSDs associated with the original scratches left by CMP.  

 

RMS = 0.864 nmRMS = 1.675 nm

a)

RMS = 0.701 nm

b)

RMS = 0.500 nmRMS = 0.578 nm

d) e)
Figure C1. Typical 5 μm x 5

μm AFM images and overall

RMS surface roughness

values for a) A defective as

received 6H-SiC (0001)

surface, b) The plasma etched

surface, c) the surface after

RTO, d) The surface after HF

etch, and e) The surface after
a second cycle of PAR.

c)
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Figure 1c shows the plasma etched surface after RTO. As described later, the 

RTO not only desorbs volatile halogenated surface species, but also forms a thin SiO2 

film on the surface. The RMS roughness is on the order of 21% greater than the plasma 

etched surface, while the morphology appears to be quite similar. This slight roughening 

is consistent with the formation of a conformal oxide layer on the etched surface.  

Figure 1d shows the RTO’ed surface after the HF etch to remove the oxide layer. 

Here it is seen that the templated scratch pattern is still observable; however, RMS 

roughness is on the order of 18% less than that of the plasma etched surface and 65% 

less than the as-received surface.  

Figure 1e shows the surface after a second complete cycle of PAR. The templated 

scratch pattern is further reduced. This is reflected in a further 14% reduction in RMS 

roughness compared to the first PAR cycle and a 70% reduction compared to the initial 

surface. The 0.500 nm RMS roughness of this surface corresponds to a variation of less 

than two Si-C bilayers [149,152]. This is significantly less than the step heights produced 

by step bunching on H2 etched surfaces [106,107,118,119,124]. Consequently, after two 

cycles of PAR, the surface can be characterized as planar with small hillocks across the 

surface.  
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To gain a better understanding of the surface chemistry associated with the PAR 

process XPS was used to monitor each step. Figures 2a-d show XPS survey spectra 

corresponding to the AFM images shown in Figures 1a-d. As seen by the atomic 

concentrations shown in Figure 2a, the as-received surface is carbon rich and has a 

significant level of oxygen contamination. After ICP-RIE, Figure 2b shows an even greater 

level of carbon enrichment, a significant reduction in oxygen contamination, and a high 

level of fluorine contamination. As observed in prior studies [33], annealing this surface 

 

Figure C2. XPS survey spectra corresponding to the AFM images shown in Figures 1a-d.  

b)a)

c) d)
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in inert gas or ultrahigh vacuum leads to the formation of a tethered graphene film on the 

SiC surface with the C1s becoming the dominant XPS peak.  

Figure 2c reveals that RTO leads to a significant reduction in carbon and a 

substantial increase in the oxygen concentration as expected due to the formation of an 

oxide film. The stoichiometry of this oxide will be discussed later based on the high-

resolution spectra of the Si2s peak; however, based on the attenuation of the silicon 

peaks, the thickness of this film can be estimated to be on the order of 3.5 nm [172,173]. 

The fluorine peak is no longer observed.   

Figure 2d shows that following the HF etch, the oxide film is largely removed with 

only a low level of oxygen contamination remaining. Moreover, the C/Si ratio shows that 

the surface is essentially stoichiometric. In our experience the composition of this surface 

produced by PAR is comparable with the best well-polished CMP and HF etched CMP 

surfaces. Thus, in both composition and morphology the PAR surface represents a 

significant improvement over the poorly etched CMP surface. For completeness, it should 

be noted that the survey spectrum for the surface after the second PAR cycle is identical 

with that for the first cycle.   

Further insight into the surface chemistry and stoichiometry of the processed 

surfaces can be obtained by examining the high resolution C1s XPS spectra. Figure 3a 

shows the C1s spectrum for the as-received surface. This spectrum can be resolved into 

three peaks. The leading peak at 282.5 eV is assigned to the carbon associated with the 

SiC substrate [148]. The peak at 284.8 eV has been extensively reported in the literature 

[143,215] and is thought to be associated with sp2 carbon in the form of graphitic clusters 
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on the surface. We believe the high density of scratches exposes numerous C-atoms with 

dangling bonds, and this facilitates the formation of these clusters. The peak at 286.6 eV 

is associated with oxygen-based defects. Specifically, it may be due to hydroxide (C-OH) 

or epoxide (C-O-C) defects formed on the graphite clusters [216,217] or silicon 

oxycarbide species formed in the SiC surface [190,216].  

The C1s spectrum for the plasma etched surface is shown in Figure 3b. Once 

again, the peak at 282.5 eV is associated with the carbon in the SiC substrate. Based on 

 

Figure C3. High resolution C1s XPS spectra corresponding to the AFM images shown in Figure 1a-d. 

a) b)

c) d)
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our prior studies [33], the peak at 283.7 eV is associated with graphene that is highly 

tethered to Si atoms in the topmost layer of the SiC substrate. The peak at 286.4 eV, as 

before, may be associated with the hydroxide, epoxide or carboxide defect species. 

However, for the etched surface oxygen is present only at low levels (3.0%), while fluorine 

is present at high levels (21.2 %). Thus, it is more likely that these and other higher binding 

energy carbon species represent fluorinated defects. Specifically, based on the work of 

several groups investigating fluorinated carbon surfaces [188,218,219] the peak at 286.4 

eV is likely due to graphitic carbon bound to a CF2 which is denoted as C-CF2 defect. 

Here the underline indicates the atom from which the photoelectron originates. The peaks 

at 288.1 eV and 290.6 eV may be associated with the carbon in CF-CF3, and CF2, 

respectively. Given the stoichiometry of these species, this accounts for more than twice 

the 21.2% fluorine observed in the survey spectrum for the plasma etched surface. This 

to some extent may be accounted for by the way these species are distributed in the near 

surface layers of the substrate. The critical point is that the plasma etched SiC surface 

consists of a tethered graphene film covered with a high concentration of fluorinated 

carbon defects.  

Figure 3c shows the SiC surface after RTO. It is evident that all the fluorinated 

carbon species have been desorbed or oxidized and volatilized from the surface. Aside 

from the substrate C1s peat at 282.5 eV there is only a trace of graphitic carbon present 

at 284.6 eV (1.4%). Oxygen-based carbon defects (e.g., epoxides, hydroxides, carbonyls, 

etc.) are either absent or present at levels below the detection limit which is ~0.2% [220], 

and as discussed below, essentially all the oxygen is associated with silicon and the oxide 

film.  

After the oxide is stripped with an HF acid etch, the C1s spectrum shown in Figure 

3d reveals that only a low level of surface contaminant remains as indicated by the peak 

at 283.9 eV. This peak may be associated with tethered graphene clusters as discussed 

above. Most likely, however, it is due silicon oxycarbide (SiOxCy) since its position is in 

excellent agreement with Socha et al. and Onneby et al. [190,216Error! Bookmark not 

defined.].  

Surface remediation methods like sacrificial thermal oxidation (STO) employ 

longer oxidation times than the RTO step, and they have been reported to form not only 



DRAFT 

 190 

SiOxCy, but also graphite clusters. These result from carbon that is trapped under the 

thicker oxide film [110,213,232]. Due to the rapid nature of the oxidation step in the PAR 

process, this problem appears to be avoided. Moreover, the level of carbon contamination 

is much lower than that of the as-received surface.   

To complete the picture of the surface chemistry and stoichiometry of the 

processed surfaces, Figures 4a-d show the high resolution Si2s XPS peaks 

corresponding to the AFM images shown in Figures 1a-d. Figure 4a represents the as-

received surface. The main peak at 151.8 eV is due to silicon in the substrate [195]. 

Comparing the C1s and Si2s (Figures 3b and 4b) substrate components, it may be seen 

that the C/Si ratio for the as-received surface is on the order of 0.8. This slightly silicon 

rich condition is generally the case. This may be because silicon atoms are the outermost 

species for the (0001) crystal plane. The extent to which the as-received surface appears 

to be carbon rich in the survey spectrum (Figure 2a) is due to graphitic and other carbon 

defects on the surface. The low intensity peak at 153.6 eV is due to silicon suboxide or 

oxycarbide [189].  
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Figure 4b shows the Si2s peak for the plasma etched surface. Again, the peak at 

151.7 eV is due to silicon bound as SiC in the substrate. By comparing this Si2s 

component with the corresponding C1s substrate peak (Figure 3b), it may be seen that 

the C/Si ratio for the substrate species is again on the order of 0.8. As noted previously, 

the low intensity peak at 153.6 eV is due to silicon suboxide or oxycarbide [189]. The fact 

Figure C4. High resolution Si2s XPS spectra corresponding to the AFM images shown in Figure 1a-d.  

b)a)

c) d)
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that no fluorinated silicon species are present is consistent with the idea that that these 

species are preferentially volatilized compared to the fluorinated carbon species.   

Figure 4c shows the Si2s peak after RTO. As expected, the spectrum is dominated 

by a large oxide peak at 154.8 eV. Based on the work of Gross et al. [208], this peak can 

be identified as SiO2; however, based on the 45.3% oxygen concentration shown in the 

survey spectrum (Figure 2c), the O/Si ratio is closer to 1.6/1 than 2/1. Thus, at least on 

average, the oxide layer is slightly nonstoichiometric. Interestingly, the peak associated 

with silicon in the substrate has been shifted to higher binding energy by about 0.3 eV. 

The reason for this is not clear. For this surface the C/Si ratio for the substrate species is 

on the order of 1.0.   

Figure 4d shows the Si2s peak after using HF to strip the oxide layer.  Again, the 

peaks present represent the substrate and suboxide or carboxide species. Comparing 

the substrate components in Figures 3d and 4d, it can be seen that the C/Si ratio for the 

substrate species is approximately 1.0.  

Overall, these results indicate that the SiC surfaces prepared by PAR are 

essentially stoichiometric with very low levels of suboxide or oxycarbide contamination. 

Moreover, the results indicate that these surfaces are essentially planar and scratch free. 

The results presented here deal exclusively with 6H-SiC(0001). Not surprisingly however, 

comparable results were seen for defective 4H-SiC.  

It is important to note that ICP-RIE process used in PAR utilizes physical etching 

due to ions and chemical etching due to radicals. Physical etching component associated 

with the ions gives ICP-RIE its directional and high etch rate characteristics. Chemical 

etching due to radicals is much slower [233]. It is the directionality of the ionic etch 

species, for example, that gives rise to the templating previously discussed.  

In the PAR process, the ion component is needed to rapidly etch below the depth 

of surface scratches and the SSD’s associated with them. While ultimately leaving a 

planarized, stoichiometric SiC surface with very low levels of oxygen and carbon 

contaminants, there is undoubtedly some ion induced damage at the substrate surface. 

These defects most likely include but are not limited to lattice vacancies as well as 

impurity and self-interstitials. To some extent, this damage may be remediated by the 

RTO process. However, to gain at least cursory insight into the nature of this damage as 
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well as the basic process mechanism and a possible means of remediating the damage, 

several well-defined experiments were conducted with researchers at NRL. These 

involved using the LAPPS discussed earlier operating in an ion-rich and radical-dominant 

mode.   

As noted earlier, LAPPS can be operated under well-controlled conditions. Figure 

5 shows a plot of ion and radical 

species concentrations as a 

function of RF plasma power.  

Over the range of RF power 

shown here, the ion 

concentration SFx
+ remains 

relatively constant at a nominal 

value of ~8x1011cm-3, while the 

radical concentration increases 

from 2.5 x 1012 cm-3 to 8 x 1013 

cm-3. In the work done here, 

samples were etched for 5 

minutes under the limiting 

cases identified as A (ion-rich) and B (radical-dominant). The ion energy in both cases 

was ~10 eV.  

Figures 6a and b show the high-resolution spectra for SiC samples after being 

etched under ion-rich and radical-dominant conditions, respectively.  In Figure 6a, the 

peak at 282.5 eV is associated with the SiC substrate, while the peak at 284.0 eV is in 

the range associated with highly tethered graphene. Based on the work of Dementjev et 

al. [188], the remaining peaks can be assigned as to halogen related etch products. The 

peak at 285.5 eV can be assigned to C-CF, while the peaks at 287.0 eV and 288.6 eV 

can be assigned to C-CF2 and CF-CF3, respectively. As discussed previously, the 

underline indicates the carbon atom from which the photoelectron originates which in 

these cases is a carbon atom on the SiC surface or in the very near surface layers. The 

peaks at 290.6 eV and 292.7 eV are in reasonably good agreement with CF2, and CF3, 

 

Figure C5. Ion and radical species concentrations as a function 

of RIE power in the LAPPS [185].   
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respectively. It should be noted 

that the peaks at 285.5 eV and 

287.0 eV may also be 

respectively associated with C-

OH and C=O species [33]. 

However, the survey spectrum 

for this sample is essentially 

identical to that for the etched 

sample shown in Figure 2b in 

that the oxygen level is low 

(~5%) while the fluorine level is 

high (~25%). Consequently, the 

contribution from the oxygen-

based defects is expected to be 

quite small in this case.  

The species identified 

hare as CF, CF2, and CF3 are 

incipient volatile species trapped 

in the near surface layers of the 

SiC matrix. Undoubtedly, they 

occupy interstitial and vacancy 

sites.  If they were present on 

the surface, they would most 

likely have been desorbed or 

reacted with F radicals to form 

volatile CF4. The presence of 

these species beneath the 

surface is consistent with the 

fact that the kinetic energy of the 

incident ions was 10 eV. This 

value is just above the bond energy (6 eV) of Si and C atoms on the SiC surface [234]. 

 

Figure C6. High resolution C1s spectra for samples etched 

under a) ion-rich and b) radical-dominant etch conditions.   

a)

b)
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Thus, it is completely feasible that these ions would not only react on the surface but also 

penetrate and react in the near surface layers.  

Figure 6b shows the C1s spectrum for the sample etched under radical dominated 

conditions. Here the chemical state of the surface and near surface layers is distinctly 

different from that produced by the ion-rich etch. In this case, only peaks associated with 

the substrate, tethered graphene, and C-CF are observed, while the higher binding 

energy fluorinated defect species formed by the ion-rich etch are not observed. This is 

surprising since the ions that formed these higher binding energy species under ion-rich 

are still present under radical-dominant conditions. This suggests that these defect 

species, including those that are subsurface defects, are further fluorinated and desorbed 

(i.e., etched away) under radical-dominant etch conditions. In effect, the radical-rich etch 

remediates the surface and subsurface defects produced by ion component of the ICP-

RIE process.  

Given the above observations and the fact that the ion energies in the ICP-RIE 

process are several hundred eV, it might be expected that the higher binding energy 

fluorinated defect species would be observed to an even greater extent in the XPS 

spectrum shown in Figure 3b. This, however, is not the case, and the absence of these 

species suggests that the radical component of the ICP-RIE etch has been effective in 

removing them to the extent observed. That is, the ion induced defects associated with 

the ICP-RIE process appear to be at least partially remediated by the radical etch 

component. Given this, it is reasonable to speculate that a radical-dominant etch could 

more completely remove the ICP-RIE ion induced damage. This in turn would provide a 

more defect free surface for STO and, ultimately, result in more defect free surface after 

the HF etch.   

The motivation for this work was the remediation of highly scratched regions of 

commercial CMP SIC wafers. The results indicate that PAR removes the material 

associated with the scratches and underlying SSDs, and it produces an essentially planar, 

stoichiometric surface with very low levels of suboxide or oxycarbide contamination. The 

results also suggest that the use of a radical-dominant etch after the ICP-RIE etch may 

provide an even more defect free surface.   
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Given these results, it is interesting to speculate on the potential of PAR to replace 

or complement the CMP process. This, of course, is a subject for future investigation. 

From a manufacturing point of view, however, PAR would be attractive since it uses 

instrumentation and processes already widely employed in the semiconductor industry. 

Moreover, the PAR process is readily scalable to SiC wafer diameter. A further area of 

future research would be the comparison of homoepitaxial films and devices fabricated 

on PAR remediated surfaces with those prepared on CMP surfaces.  A closely related 

area of exploration deals with the extent to which radical-dominant etch can remediate 

ion induced damage.   

4. Conclusions 

A three-step plasma-enhanced surface oxidation (PAR) process has been used to 

remediate high scratch density areas and associated SSDs on defective SiC(0001) 

surfaces. Both AFM and XPS were used to characterize the effects of each step on 

surface morphology and composition. The first step, CF4-based ICP-RIE, removes SiC to 

a depth of several microns. This removes the SiC layers containing the surface scratches 

and SSDs. The second step utilizes RTO to desorb fluorinated carbon surface species 

and oxidize sp2-carbon species formed during the plasma etch. Due to the relatively low 

temperature and brief oxidation time only a thin oxide is formed which avoids the problem 

of graphite cluster formation frequently observed in conventional STO processes. The 

third step, an HF/H2O etch, removes the oxide layer. The resulting surface is essentially 

planarized with an RMS roughness on the order of several Si-C bilayers. Moreover, the 

surface is essentially stoichiometric with only low levels of silicon suboxide or oxycarbide 

present. Mechanistic studies using ion-rich and radical-dominant etch conditions suggest 

that the ion component of the etch produces a carbon rich film with a variety of fluorinated 

defects on the surface and in the near surface layers. The radical component of the etch 

actively etches these defects away and effectively remediates the ion etched surface.   
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