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Deliverable Summary 
 

D1.2 “Quality comparison: epitaxial graphene vs graphene by CVD” 
 

 

From literature data, CVD grown graphene is reviewed and compared with epitaxial 

graphene. CVD graphene has been made on metals and also on SiC substrates. 

Despite the impressive progress of Samsung in producing close to meter scale 

graphene on Cu foils, the quality of such material after transfer to suitable substrate 

is at present inferior to that of graphene grown directly on SiC substrates and does 

not represent an alternative for electronics applications. We have observed a rapid 

progress the last couple of years in all graphene fabrication techniques, including 

CVD and sublimation of SiC, and we expect this to continue. In particular, regarding 

commercial applications, it would be interesting to compare properties of epitaxial 

graphene grown on SiC by CVD and sublimation. 

In this report we update the current status of CVD graphene. 

It may be concluded that both the CVD and sublimation growth method 

approaches should be further explored for graphene on silicon carbide to know which 

technology suits which type of application, and in particular can be taken to a high 

volume industrial production. The graphene on silicon carbide is a system with many 

advantages as pointed out by IBM at the Graphene Week 2013 conference : epitaxial 

graphene on SIC is only large area graphene that has unique azimuthal orientation. 

For some application CVD on metal is the way to go, in other where quality is 

important the graphene on SiC is the solution. Especially the coherence of domains 

is an issue that makes graphene on SiC favorable. 
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1. Graphene by CVD – a literature study 

 

For electronics and optoelectronics applications it is mandatory to have large area 

graphene on an appropriate substrate. Chemical vapor deposition in which graphene 

is formed from carbon containing gaseous precursor and sublimation of SiC where 

the latter serves as a precursor and a substrate, are the two most promising 

techniques. In the following we will review these techniques aiming at demonstrating 

their achievements and providing a critical analysis of the capabilities and 

expectations. 

CVD graphene has been explored on transition metal substrates, such Ni, Pd, 

Ru, Ir or Cu [J. Mater. Chem., 2011, 21, 3324, and references therein] and on SiC 

[Nano Lett. 2011, 11, 1786]. Recent developments on uniform single layer deposition 

of graphene on copper foils over large areas have allowed access to high quality 

material [Science, 2009, 324, 1312; Nat. Nanotechnol., 2010, 5, 574]. Although CVD 

of graphene on copper is relatively new, several groups around the world have 

already reported excellent device characteristics such as mobilities of up to 7350 cm2 

V-1s-1 at low temperature and large area growth (up to 30 inches) [Nat. Nanotechnol., 

2010, 5, 574]. 

 There are some differences in nucleation of graphene on metals. On Ni(111) 

carbon nucleation is indeed primarily initiated at the step edges [Nature 427, 426 

(2004), Phys. Rev. B 73, 115419 (2006)] whereas on Cu(111) it can take place 

everywhere on the surface, in particular on the flat terraces [Phys. Rev. Lett. 104, 

186101 (2010)]. The fundamental limitation of utilizing Ni as the catalyst is that single 

and few layered graphene is obtained over few to tens of microns regions and not 

homogeneously over the entire substrate [Carbon 45 (2007) 2017]. The lack of control 

over the number of layers is partially attributed to the fact that the segregation of 

carbon from the metal carbide upon cooling occurs rapidly within the Ni grains and 

heterogeneously at the grain boundaries. Growth of single layered graphene on 

copper over areas as large as 30-inches has been demonstrated. Over 95% of the 

copper surface is covered by single layered graphene while the remaining graphene 

is 2-3 layers thick, independent of growth parameters like growth time or heating and 

cooling rates. 
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 Growth of graphene by CVD on Cu foils and Cu(111) single crystal has been 

demonstrated up to hundreds of square inches of reasonable quality graphene sheets 

(monolayer with regions of bi- and trilayer) [Nature Nanotechnol. 5 (2010) 574]. The 

high yield of reasonable quality graphene and the relative cheapness of Cu may make 

Cu a candidate catalyst for graphene mass production. Growth mechanism of 

graphene growth on Cu proceeds by a surface catalyzed process rather than a 

precipitation or segregation process because of the low solubility of carbon in Cu. A 

high percentage of monolayer graphene is due to that a deposition of a continuous 

graphene layer leads to the passivation of the Cu surface so that multi-layered growth 

is dramatically hindered. 

Despite these achievements, graphene growth on Cu still displays 

considerable imperfections such as wrinkles and grain boundaries. The wrinkles in 

as-grown graphene can be attributed to differences in the thermal expansion 

coefficients between graphene with respect to copper. 

 

 
 
Fig. 1: Schematic illustrating the three main stages of graphene growth on copper by CVD: 
(a) copper foil with native oxide; (b) the exposure of the copper foil to CH4/H2 atmosphere at 
1000oC leading to the nucleation of graphene islands; (c) enlargement of the graphene flakes 
with different lattice orientations [J Mater. Chem 21 (2011) 3324]. 
 

  
 
 
 

Fig. 2: Transmission electron microscopy 
image (bright field) of few layered graphene 
formed on Cu (111) surface after carbon 
implantation [J. Mater. Res., 1992, 7, 2429] 
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 W. Strupinski et al [Nano Lett. 2011, 11, 1786] have successfully developed a 

technique for CVD of graphene on SiC(0001) substrates. The results show that the 

tuning of dynamic flow conditions in a CVD reactor can halt Si sublimation and at the 

same time enable mass transport of propane to the SiC substrate, which is critical for 

CVD epitaxy of graphene. Adjusting the reactor temperature and carrier gas flow 

enables the formation of a boundary layer. The boundary layer thickness scaling 

argument gives qualitative guidance on the adjustment of reactor pressure and 

chamber temperature. The high quality and the uniform appearance of monolayer is 

evidenced by a combination of STM, ellipsometry, ARPES, and resonance Raman 

measurements that probe the surface morphology, and electronic and vibronic 

properties. In particular the redshift in Raman indicated that the CVD grown layers are 

under considerably less epitaxial strain than graphene grown on SiC by sublimation 

technique. The appearance of a single π-band in the ARPES corroborates the 

ellipsometry data that suggest only one layer over the whole sample. ARPES 

provides further valuable information on the doping level and Fermi velocity and 

suggests that CVD grown graphene has an electron energy gap that is important for 

transistor devices based on graphene. Measurements by the van der Pauw method 

reveal the high quality of CVD-EG layers with ~1800 cm2/(V.s) room temperature 

mobility. Electron concentration significantly depends on thermal treatment of the 

substrate prior to growth. These results point to new routes for electronic grade 

graphene fabrication. 

2. Comparison of epitaxial graphene by sublimation and graphene 
by CVD 

The best quality graphene, in terms of structural integrity, is obtained by mechanical 

cleavage of highly oriented pyrolytic graphite. Thus the efficacy of any new deposition 

method is determined by comparison with properties of pristine mechanically 

exfoliated graphene. Although pristine graphene has very low concentration of 

structural defects, which makes it interesting for fundamental studies, the flake 

thickness, size and location are largely uncontrollable. Several strategies are 

presently being pursued to achieve reproducible and scalable graphene on 

substrates. One example is covalent or noncovalent exfoliation of graphite in liquids. 

These methods, however, can introduce structural and electronic disorder in the 

graphene. 
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Chemical vapor deposition onto transition metal substrates such Ni, Pd, Ru, Ir 

or Cu An is an inexpensive and readily accessible approach for deposition of 

reasonably high quality graphene. This type of concept using metals has 

demonstrated large area graphene. 

 Another example for epitaxial graphene is the conversion of SiC(0001) to 

graphene via sublimation of silicon atoms at high temperatures. Although the price of 

the initial SiC wafer is relatively high compared to that of silicon, the technique maybe 

suitable for radio and THz frequency electronics and metrology where the excellent 

performance of the devices could offset the cost of the wafers.  SiC substrates are 

commercially available of 100 mm in diameter with expectations of 150 mm by the 

end of the year 2011. The material is manufactured as semiconducting of n- and p-

type conductivity and as semi-insulator and therefore different device design is 

possible. 

 Epitaxial graphene on metals suffers from the essential disadvantage that 

many electronic applications require graphene on an insulating substrate. Transfer of 

graphene is therefor necessary which inevitably leads to contamination and trapping 

of impurities between graphene and the target substrate. 

 Epitaxial graphene on SiC was observed by van Bommel et al [Surf. Sci. 48 

(1975) 463] already in 1975. A thin graphitic layer grew on the silicon carbide surfaces 

when hexagonal silicon carbide was heated in ultrahigh vacuum to temperatures 

above 1000oC in vacuum. Single layer of graphite was observed [J. Appl. Phys. 92 

(2002) 2479, 2000 Appl. Surf. Sci. 162 (2000) 406].  

 Graphene growth on SiC substrates can depend on various growth parameters 

including gas pressure in the reactor, temperature, and growth time. The choice of 

substrate polytype, orientation and polarity, as well as the pretreatment before growth, 

is influencing. The growth may take place either in a CVD reactor or a sublimation 

based system like typically used for bulk growth of silicon carbide, but having a 

crucible adapted for heating the silicon carbide substrates. The CVD method permits 

the growth rate of graphene on C-face SiC(000-1) to be substantially lowered so as to 

enable the growth of one monolayer [Nano Letters 11 (2011) 1986], which is difficult 

to achieve in the case of sublimation based growth process. Additionally, multilayer 

graphene can be grown on Si-face SiC(0001) by CVD, which in comparison to a 

maximum sublimation based growth process often results in 2-3 monolayer. Fig. 1 

illustrates the basic principle of CVD and sublimation graphene formation. 
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Fig. 3: Left: CVD principle using propane and argon [Nano Letters 11 (2011) 1986], right: 
Sublimation principle using sublimation of vapor species to leave a graphene layer 
 
 In CVD growth, the process applies a combination of propane and argon at 

high temperature to make a graphene layer. The typical growth temperatures are 

1500-1700oC. Typically, there is a need of in situ etching process of the SiC 

substrates carried out in hydrogen atmosphere. After etching, samples are annealed 

at growth temperatures in argon. In the CVD method, propane diffuses across the 

argon which creates a boundary layer close to the surface. The propane thermally 

decomposes at the surface and the deposition of epitaxial graphene occurs on the 

SiC surface. An advantage of this method is that the process can be directed toward 

two growth modes: one where Si sublimation from the surface is halted by a high 

number of slow-moving Ar atoms close to the substrate surface, and the second by 

propane diffusion through the Ar layer leading to CVD epitaxial graphene on SiC. 

 In carbon face growth there is several layers and islanding. By changing the 

argon pressure in reactor from 5 to 800 mbar, the number of layer can be from one to 

18 without any clear dependence with argon pressure [Phys Rev B 81 (2010) 

245410]. Annealing time from 10 to 40 min at 100 mbar argon pressure shows that 

the resultant number of layers is 8 to 14. Variations in growth temperature and 

pressure were found to dramatically affect the morphological properties of layers 

grown on the C-face. The presence of argon during growth slowed the rate of 

graphene formation on the C-face and led to the observation of islanding [APL 96 

(2010) 222103]. The graphene thickness is greater in the center of the islands than at 

the edges. The results suggest that improvements in morphology in graphene growth 

performed under an Ar ambient arise from a limiting of the number of nucleation sites 

and subsequent island coalescence to produce larger domains. 
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Fig. 4: AFM image of a larger graphene island and three-dimensional representation of the 
island [APL 96 (2010) 222103]. 
 
 

 

Graphene grown by sublimation on SiC substrates has been shown to have 

many of the physical properties characteristic of exfoliated graphene, e.g. half integer 

QHE, weak localization, ballistic transport, etc. This material seems to be the most 

mature for electronic applications presently while CVD method is still lacking an 

understanding and especially on how the chemical reactions and the substrate 

heating commensurate. There are indications, however, that in such graphene the 

buffer layer can be avoided is of particular interest for further studies. 

 

3. Update at month 24 

Graphene by CVD is an increasing activity. The number of papers using search 

words (graphene, chemical, deposition) has increased up to 2012 (183 hits as of Sep 

27) from previous years (77 in 2009, 141 in 2010, 275 in 2011). There is a movement 

from research to industry in the material fabrication. Some companies have emerged 

during the recent year. 

Byung He Hong from Seoul National University, Korea, which works closely 

with Samsung, gave an invited talk at Graphene 2012 in which he pointed out some 

issues with CVD growth that influence the industrial production. They use copper 

since nickel needs fast cooling to quench the growth when using nickel to get thin 

layers. By using copper the thin layers is not a problem. Single crystal copper is not 

needed, polycrystalline copper is used but during growth it becomes (100) oriented. 

Smoother copper surfaces give less ripples and higher quality and it is critical to 
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engineer the surface of copper to get high quality graphene. Most commercial copper 

foils are rough, and not smooth enough for high quality graphene. The cost of bare 

copper film is $5 US, while with graphene film the cost is $1000 US, and the cost 

when processed is $5000 US dollar. Samsung is aiming at price of 50 dollar, 

comparable to ITO. Byung He Hong founded Graphene Square Inc. in January 2012. 

At the same conference Luigi Colombo from Texas Instruments also pointed out the 

challenge of the surface roughness in cupper foils, and that the surface cleanliness is 

very important, both for graphene mobility and the metal contact. 

Chun-Yung Sun was nanoelectronics program manager at IBM using CVD 

graphene on metals and graphene on SiC, and at the Graphene 2012 conference he 

stated that there is at this stage no major difference between the graphene types, the 

issues is more at subsequent steps at the moment. Sun became CEO at Bluestone 

Global Tech (BGT) which was founded in the US in 2011, and Taiwan Bluestone 

Technology was founded in Taiwan on May 23, 2012 as a subsidiary to Bluestone 

Global Tech. Bluestone Global Tech has reported a 60 inch graphene film. 

The users of graphene on metal request a transferred graphene. This was 

described by Graphenea [www.graphenea.com], a private company launched 9 April 

2010 as a joint venture between private investors and nanoGUNE (a nanoscience 

and nanotechnology center that is promoted by the Department of Industry, Trade, 

and Tourism of the Basque Government in Spain). The company raised venture 

capital at the end of 2011. Most customers want to have graphene transferred on 

silicon with silicon dioxide. There is then a need to protect the graphene by polymer 

coating. The subsequent removal (dissolution or heat treatment) of the polymer may 

leave residues.  The company experience that the PMMA removal by dissolution 

leaves PMMA particles, and thermal treatment is better. There is a research market. 

The users typically request small samples, maximum size 4x6 cm2, typically 2x2 cm2. 

The total sales two years after formation are of 30000€. In comparison, Graphensic 

sales are 25000€ in first half of 2012, and Graphene Industries from Manchester has 

sold 1100 flake graphene samples since its start in 2007 at a price ranging from 

200£ to 1500£ per sample. 

 Graphene on SiC shows a strong evolution. In November 2011 Graphensic AB 

was founded [www.graphensic.com]. The company has research groups as 

customers already from the start. In some cases there have been requests for wafer 
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scale material. The company appeared from the activities in ConceptGraphene, and 

applies sublimation growth of graphene on SiC. 

Monolithic graphene/SiC shows a promise that in its simplest realization, the 

fabrication process requires only one lithography step to build transistors, diodes, 

resistors and eventually integrated circuits without the need of metallic 

interconnects [Nature Communications 3 (2012) 957].  The graphene/semiconductor 

interfaces are tailor-made for ohmic as well as for Schottky contacts side-by-side on 

the same chip. The work demonstrates normally on and normally off operation of a 

single transistor with on/off ratios exceeding 10
4 

and no damping at megahertz 

frequencies. The material was grown by a sublimation method. 

The graphene on SiC structure typically has a stepped morphology due to step 

bunching resulting from pre-etching as well as from the process of graphene 

formation itself. The properties of graphene present on step edges and on terraces 

are quite different. Graphene on terraces is uniform with a relatively small thickness 

and strain while graphene on step edges has a larger thickness and more strain 

variations. There seems to be a lower carrier concentration on step edge regions 

compared with terrace regions [Appl. Phys. Lett. 100 (2012) 261604]. 

The step bunching is influenced by pinning from defects in the SiC substrate. 

Graphene samples with similar thickness grown by CVD and sublimation approach 

were compared regarding pinning. The sublimation approach in a CVD reactor 

showed strong pinning to the substrate while the graphene layers of grown by CVD 

showed weaker pinning [J. Appl. Phys. 111 (2012) 114307]. 

The step-bunching and pinning effects are features that will need to be 

considered in device fabrications using graphene on SiC by CVD or sublimation 

methods, in respect to carrier mobilities, carrier concentrations etc. 

3. Update at month 36 

The graphene on silicon carbide is becoming more established, and there are 

at least four commercial suppliers of graphene on silicon carbide: Graphensic AB 

(SWE), Epi-Lab SA (PL), Graphene Works Inc. (US), Graphene Platform Inc. (JP). In 

addition, Graphene Laboratories Inc. (US) has sold graphene on 3C-SiC grown on 

silicon. The companies Graphensic AB and Epi-Lab SA are spin-off companies from 

European research groups at Linköping University and Institute of Electronic Materials 

Technology, both of which are involved in the Graphene Flagship.  
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High-quality uniform graphene layers grown on large SiC substrates are 

needed for the development of technology for the large-scale production of graphene-

based nano-electronic devices. Next step of the commercial suppliers, as well as in 

research groups that produce material, would be to reach common descriptions in 

measurements and data of materials. In measurement with same types of technique, 

but at different places and equipment, the data may differ. The measurement tools 

and operators may be a source of variation, but also one has to consider that there 

are variations over the samples. 

In CVD there is a boundary layer created by a gas, for example argon, which is 

protecting against silicon sublimation from the substrate, and carbon deposition is 

enabled with one monolayer resolution by taking advantage of the high efficiency of 

kinetic processes at high temperature and low pressure. Thus the CVD growth may 

be performed on both semiconducting (SiC) and metallic substrates.  

In sublimation the applied temperature is typically higher, and one result is an 

outstanding material quality. This has shown nice findings in quantum resistance 

standard as research in Concept Graphene has demonstrated. In fact, commercial 

production material has shown similar high quality as demonstrated in reserch [Appl. 

Phys. Lett. 103 (2013) 173509]. 

Both the CVD and sublimation growth method approaches should be further 

explored for graphene on silicon carbide to know which technology suits which type of 

application, and in particular can be taken to a high volume industrial production. The 

graphene on silicon carbide is a system with many advantages as pointed out by IBM 

at the Graphene Week 2013 conference : epitaxial graphene on SIC is only large area 

graphene that has unique azimuthal orientation. For some application CVD on metal 

is the way to go, in other where quality is important the graphene on SiC is the 

solution. Especially the coherence of domains is an issue that makes graphene on 

SiC favorable. 

An issue is how to obtain higher carrier mobility. It is commonly accepted that 

properties of epitaxial graphene grown on SiC are determined by interaction with 

substrate. Like reported at month 24, sublimation grown samples have shown 

stronger interaction with the SiC substrate than epitaxial graphene grown using CVD 

method [J. Appl. Phys 111 (2012) 114307]. Most studies have been performed on the 

Si-face of SiC. The mobility of carriers is typically in the order of 1000 – 2000 cm2/Vs. 
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There are two approaches that could be explored more to increase carrier mobility: 

growth on C-face and intercalation.  

Adjacent layers of graphene grown on C-face SiC have been claimed to stack 

in a different way than on Si-face SiC, and having a rotational disorder between the 

layers [J. Phys. D 2012, 45, 154002:1–154002:9]. However, the growth methods and 

parameter regimes may still give a difference comoaring material grown using two 

types of sublimation methods, and also comparing sublimation and CVD methods. 

Growth at high temperature resulted in fairly large graphene grains with different 

azimuthal orientations and that adjacent graphene layers were not rotationally 

disordered [Crystals 3 (2013) 1].  

Hydrogen intercalation of  graphene grown on SiC substrates is a  promising 

method to increase the mobility of carriers. In both CVD and sublimation cases, the 

remaining strain after intercalation seems to be the influence of steps on terraces 

regions [Grodecki et al, Graphene 2013, April 23-26, Bilbao, Spain]. 

Still many details are not known regarding C-face growth and intercalation, as 

well as the influence of steps, and therefore needs to be further explored to increase 

the mobility. Another issue is the carrier concentration, if a low carrier concentration is 

an intrinsic carrier concentration given by the material, or if there is some 

compensation effect. 


