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Deliverable Summary 
 

D1.1 Report of Substrates and Fabrication Process 
 

This deliverable comprises results on the effect of the substrate surface morphology 

and the SiC polytype on basic characteristics of graphene grown by thermal 

decomposition of the substrate at elevated temperature and Ar gas environment. The 

growth process which was pioneered in the two groups involved here, LiU and ERL, 

has shown advantages over the commonly used thermal decomposition of SiC in 

vacuum. 

 

This type of graphene is called “epitaxial”. SiC substrates of the three most 

developed polytypes, 6H, 4H and 3C, are investigated. 

 

It is shown that while the two hexagonal polytypes do not yield too different results, 

the surface status of the substrate may be crucial for the thickness uniformity and the 

lateral expansion of graphene sheets. 

 

The surface polarity is known to influence the graphene formation mechanism and 

the final properties of the material. Results produced on the Si- and C-terminated 

faces are presented. 

 

Several advanced measurement techniques have been used for characterization of 

graphene material, e.g. scanning probe microscopy, micro Raman, LEEM and 

spectroscopic ellipsometry. 
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1. Epitaxial graphene 

Graphene is an ultrathin two dimensional crystal of carbon atoms arranged in a 

honeycomb structure. The sub-lattice symmetry of this structure along with strong in-

plane chemical bonding (sp2) determines the extraordinaire electronic, optical, 

thermal and mechanical properties of graphene. Graphene was first isolated in 2004 

by K. Novoselov and A. Geim and in 2010 they were awarded the Nobel Prize in 

Physics for “groundbreaking experiments regarding the two-dimensional material 

graphene”. They demonstrated very high electron mobility, half integer QHE, which is 

a finger print of graphene, ballistic transport and other amazing properties on free 

standing graphene flakes produced by exfoliation of HOPG [K. S. Novoselov, A. K. 

Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. 

Firsov, Science 306, 666 (2004)]. 

Graphene on SiC is grown by high temperature decomposition of SiC during 

which Si, because of the higher partial pressure, leaves the solid phase while C stays 

and rearranges as benzene like rings forming graphene net.  The process is 

illustrated in Fig. 1. 

 

  

  

 

 

 

 
Fig. 1: Model of graphene formation on SiC            Fig. 2: The reaction chamber at LiU. 
by sublimation [J. Phys.: Condens. Matter 20, 2008] 

  

At the bottom of the cartoon SiC substrate is shown with a top layer that may 

be reconstructed (Si-face) or not (C-face). A reconstructed interface layer (‘layer-0’) 

between the bulk and the graphene film is also known as “buffer” layer which has an 

important role for some properties of the graphene created on top. D0, D1 and DG 

denotes the distance from the last atom in the interface layer and the first graphene 

layer, the spacing between the 1st and 2nd graphene layer, and the between 

subsequent graphene layers, respectively. σG  is rms roughness of the graphene 

layer.  
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 Decomposition of the solid SiC occurs via sublimation and thus the synthesis of 

graphene produced by this way is commonly called sublimation process. The reaction 

chamber used in our lab is depicted in Fig. 2. SiC substrates enable epitaxial growth 

of graphene due to the hexagonal close packed lattice and the suitable surface 

reconstruction 6√3 x 6√3 at high temperatures. This C-rich phase is a suitable 

template for graphene formation on top.  

We have studied SiC substrates of different polytypes: 4H, 6H and 3C. The first 

two have hexagonal structure and provide a template for graphene growth, as noticed 

above, when oriented in [0001] direction. In this direction SiC has two polar faces-Si 

terminated (0001) and C-terminated (000-1). Cubic (3C) SiC oriented in [111] 

direction has similar surface atom configuration the hexagonal (0001) surfaces. For 

this reason it is possible to grow graphene on such substrates. 3C SiC wafers are not 

available on the market. We took advantage of our expertise in growth of cubic SiC 

and used that to conduct experiments of graphene growth. One big benefit for devices 

made on Graphene/3C-SiC is that the interface states are not electrically active due 

to the smaller energy gap of 3C compared to the hexagonal polytypes. 

Due to the different atomic structure on the Si face (0001) and the C face (000-

1) of 4H and 6H-SiC, it is expected that there are different graphitization processes for 

these two basal faces when graphitized under identical conditions. It was observed 

that graphene multilayers grown on the silicon terminated face are Bernal stacked [J. 

Phys. Chem. Solids 67 (2006) 2172, Science 313 (2006) 951] (as in natural graphite) 

while graphene grows in a unique rotational phase on the carbon face [Phys. Rev. 

Lett. 100 (2008) 125504, J. Phys. D: Appl. Phys. 43 (2010) 374006]. The formation of 

a ‘‘twisted’’ interface on the C-face leads to the decoupling between different layers of 

multilayer graphene. On the Si-face the growth starts with a (6√3x6√3) structure, 

which remains at the interface as a buffer layer during subsequent layer growth. The 

buffer layer formation is a complicated surface reconstruction process before the first 

graphene layer grows on the top. The environment of surface atoms considerably 

differs from that of the bulk atoms inside the crystal. For example, surface atoms with 

unsaturated or dangling bonds can rearrange themselves or bond with adatoms, 

which leads to surface reconstruction (periodic surface rearrangement). A simplified 

view of the buffer layer creation and first monolayer graphene may be given by 

considering the top layers of silicon and carbon atoms. When excess silicon atoms 

are sublimed away from the top surface, the carbon atoms that are left on the top 
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three layers start to collapse and reconstruct into one graphene layer with a 

honeycomb lattice structure. However, dangling bond related states are found in all 

tested geometries. They can interact with the graphene derived state depending on 

the geometry. Their effects on the electronic and transport properties have to be 

considered as well as those of the intrinsic defects of the isolated graphene layer 

[N.M.R. Peres, F. Guinea, A. H. Castro Neto, Phys. Rev. B 73, 125411 (2006)]. The 

interface geometry is presented schematically in Fig 2. 

 

 

 

 

 

 

 

 

 

 

Having in mind that graphene formation on Si-face is buffer layer mediated and 

strongly affected by the substrate surface and bulk defects/structure, it is obvious that 

any substrate surface non homogeneities, e.g. steps, pits, scratches will affect 

graphene quality. In this deliverable we focus on the substrate roughness effect on 

the quality of the graphene. 

2. Growth of graphene on (0001)-Si faces (LiU) 

[Results were presented in 2 invited talks: Graphene week 2011 and VEIT 2011. Two 

journal papers intended for APL are in preparation]. 

 

The effect of substrates has been traced by using different surface finish. Fig.4 shows 

two different substrate surface morphologies and the corresponding morphologies of 

graphene grown on them. 

 

 

 

 

Fig. 3 Side view of the interface 
geometry [PRL 99, 126805 (2007)]  
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Fig. 4 Upper row from left to right: as received 6H SiC substrate containing polishing 
scratches; graphene grown on it; similar substrate after sublimation etching; morphology of 
graphene grown on it. Lower row: left LEEM image of the graphene above showing different 
graphene thickness; right the same but on etched substrate. 
 

Scratches on the substrate result in island (2D) morphology with enhanced non 

uniform thickness of the graphene grown on top. After etching uniform atomic steps 

are formed and the morphology of the subsequent graphene is also improved as a 

result of step flow growth. In case of 3C substrates, we have tried with as-grown 

surfaces, but the roughness was preventing the full graphene coverage. The 2D peak 

of the Raman signal was very week, while LEEM showed 70% coverage by 1ML and 

the rest is a mixture between 2ML and a buffer layer. Raman scattering spectroscopy 

further indicates much higher blue shift of the 2D peak position for the few ML 

graphene grown on 3C-SiC compared to the 4H and 6H SiC samples (Fig. 5). The 

latter can be attributed to a higher degree of compressive strain and nonuniformity of 

the graphene coverage. We show that this is due to the high roughness of the as-

grown 3C surface, which also resulted in the presence of puckers in the few ML 

graphene. Indeed, the 2D peak position of the 2ML thick graphene grown on polished 

3C-SiC redshifts and becomes comparable even lower to the respective values in 

graphene with similar ML thicknesses on 4H and 6H SiC. To further probe the large 

scale uniformity of the ML thickness, electronic and transport properties of graphene 

on the polished 3C-SiC substrate we performed spectroscopic ellipsometry mapping 
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up to 6 eV on 0.2 cm2 area. Figure 6 shows the graphene thickness (a) and scattering 

time maps (b). 

These results revealed that homogeneous large scale 1ML graphene can be 

grown in the case of polished 3C substrate. 

One can also see few areas where the 

carbon bunched up on the surface of the 

substrate and form islands of multilayer 

graphene. In these areas we observed 

decrease in the amplitude and increase of 

the energy of the main van Hove singularity 

transition at ~ 4.5 eV (not shown here) in 

agreement with our results on the different 

SiC polytypes (Fig.1). The maps further 

revealed that low scattering time 

corresponds to the thick carbon bunches. 

The reduction of scatter time indicates lower 

mobility across the graphite-like islands, while nice 1 to 2 ML graphene surrounding it 

has high scatter times (high mobilities) and good graphene-like band energy. 

Our findings strongly indicate that the substrate polytype and surface status are 

important factors that influence the graphene uniformity, ML thickness, electronic 

properties and degree of strain.  We also demonstrate large-scale homogeneous 1ML 

graphene on polished 3C SiC substrates. 

                   (a) (b)  
Fig. 6 (a) Thickness map of graphene grown on polished 3C-SiC; (b) Scatter time map of 
graphene.  
 

Furthermore, graphene grown under identical conditions but onto different SiC 

substrates showed marked differences in both carrier concentration and graphene 

uniformity, as determined from the local work function variations measured by Kelvin 
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Fig. 5 Raman scattering spectra in the 
vicinity of the 2D transition for few ML 
graphene on different substrates. 
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probe force microscopy in ambient. A dependence on the step distance is clearly 

observed, which is in line with the findings in [M. K. Yakes et al, Nano Lett. 10, 1559–

62 (2010)]. This result highlights that better understanding of how to achieve careful 

control of the substrate surface, and more importantly the step-bunching during 

graphene growth, will lead to better control of the unintentional doping of EG on SiC. 

3. Growth of graphene on 6H-SiC(000-1) (C-face) (ERL) 

We have investigated the growth of graphene on the C-face of 6H-SiC. From 

the literature it is known, that on the C-face a fast growth of graphene quickly leads to 

the formation of stacks with a thickness of several layers [see e.g. P. N. First et al., 

MRS Bulletin 35 (2010) 296]. These layers have been thought to be twisted against 

each other restoring the electronic structure of graphene. Transport measurements of 

such stacks are governed by those layers in the stack which have the highest carrier 

concentration, leading to poor understanding of the real transport properties (e.g. 

carrier mobility) of the graphene layers in the stacks. In contrast to that, optical 

studies [e.g. M. Orlita et al., Phys. Rev. Lett. 101 (2008) 267601] measure the 

properties of the neutral layers inside the stack, leading to very high mobilities of 

250.000 cm2/Vs. Only recently the preparation of monolayer graphene on the C-face 

was reported [X. Wu et al., Appl. Phys. Lett. 95 (2009) 223108]. For such a layer the 

typical chiral QHE was observed. In our growth studies of graphene on the C-face of 

6H-SiC we therefore concentrated on obtaining monolayer coverage. In the following 

the key results are briefly summarized. 

Graphene was grown in Ar atmosphere as previously carried out on 6H-

SiC(0001) (Si-face) [K. V. Emtsev et al., Nature Materials 8 (2009) 203] in a home-

build RF furnace [M. Ostler et al., Phys. Stat. Sol. B 247 (2010) 2924]. First the SiC 

substrate was etched in 1 bar of hydrogen in order to remove polishing damage. Then 

graphene was grown using different growth temperatures. 

Hydrogen etching: The etch parameters of the basal plane surfaces depend on 

both polytype and surface polarity. Hence we have first identified the correct 

parameters for 6H-SiC(000-1). It was observed that the results depend on the 

unintentional off-axis angle Θ. This is shown in Figs. 7 and 8. While we obtained the 

best results for the same temperature (T=1600°C) and hydrogen flow rate (Φ=0.5 slm 

at p = 1bar), the steps do not run perfectly parallel on samples with small off-axis 

angle (Θ=0.1°), while they do on the samples with larger off-axis angle (Θ=0.3°). 
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Fig. 7: Examples AFM topography images of 6H-SiC(000-1) with a miscut angle of Θ=0.1° 
after hydrogen etching at different temperatures and hydrogen fluxes. Below T=1550°C, 
polishing damages are not completely removed at low hydrogen flow (Φ=0.5 slm). At 
T=1550°C polishing damage is removed. At T=1600°C and a flow rate of Φ=0.5 slm the 
surface is characterized by steps with single unit cell height. Higher hydrogen flow rates 
increases disorder and leads to decoration of defects. Temperatures higher than 1600°C are 
detrimental for the surface morphology. The best surfaces were obtained at T=1600°C, 
Φ=0.5 slm, p=1 bar. However, the steps do not run completely parallel to each other. 
 

    
Fig. 8: AFM topography image of 6H-SiC(000-1) with a miscut angle of Θ=0.3° after 
hydrogen etching at T=1600°C and a flow rate of Φ=0.5 slm at a pressure of p=1 bar. The 
steps run nearly parallel and the step height amounts to 1.5 nm as can be seen from the 
profile shown on the right hand side. This corresponds to the height of the 6H-SiC unit cell. 
 

Graphene growth: After identification of the proper hydrogen etching 

parameters we studied the growth of graphene on 6H-SiC(000-1). Compared to the 

growth of graphene on the SiC face, where layers with an average thickness of about 

1.1 monolayers can be grown reprodicibly, we observed that the growth on the C-face 

leads to larger variations of the average layer thickness, even when identical growth 

procedures are employed. On the Si face the number of layers is predominatly 

determined by the growth temperature. Hence we have first varied the growth 

temperature and kept other parameters (Ar pressure p, Ar flow rate Φ) constant. 

Characterization of the obtained graphene stacks was done by XPS for determination 

of the average thickness, SEM for determination of the nucleation and thickness 
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distribution, and LEED. Selected samples were also investigated by Raman 

spectroscopy. 

Fig. 9 compares SEM images for layers obtained by annealing for 15 min in 1 

bar Ar (flow rate Φ=0.1 slm) at different temperatures. The nucleation of graphene 

occurs at the step edges as can be seen in fig. 9(a). The bright areas are uncovered 

SiC and the dark areas are graphene flakes. Increasing the temperature up to 1550°C 

increases the size of some of the flakes, while others don’t grow as fast. XPS 

indicates an average thickness of 0.6 monolayers. Pixel counting shows that about 

40% of the SEM image is dark. However, closer inspection of the image shows that 

there are two levels of darker gray with the brighter one corresponding to monolayer 

graphene and dark gray to bilayer graphene, respectively. Hence we have to 

conclude that bilayer graphene is already formed in a considerable portion of the 

surface are. Raising the temperature increases the average thickness of the 

graphene stacks but the flake structure, the wide thickness variations, and uncovered 

areas remain up to T=1675°C. 

The observation of a rather homogeneous nucleation of graphene flakes at low 

T and a fast growth of only a few flakes at higher temperatures inspired us to 

investigate the effect of annealing time. Several runs were carried out where both 

annealing time and temperature were varied systematically. Selected results are 

shown in Fig. 10. In all cases the average thickness determined by XPS was close to 

one monolayer. It is safe to conclude that a better homogeneity of the thickness 

distribution is obtained by growing at low temperature for a prolonged time. Further 

analysis of such films using other surface science techniques as well as transport 

measurements are planned for the future. A major conclusion that can be drawn from 

our investigations is that it is considerably more difficult to obtain homogeneous 

graphene monolayers on the C-face than on the Si-face. Further open questions are 

the presence and nature of grain boundaries between the flakes. The complete body 

of work done on the C-face is currently written up in the form of a Diploma thesis 

(Thomas Kohlmann). 
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(a) Θ=0.1°, T=1300°C, 
~0.1 ML 

(b) Θ=0.1°, T=1400°C, 
~0.5 ML 

(c) Θ=0.3°, T=1500°C, 
~0.5ML 

   
(c) Θ=0.3°, T=1550°C, 
~0.6ML 

(d) Θ=0.3°, T=1575°C, 1 
ML 

(e) Θ=0.3°, T=1600°C, 
>1ML 

   
Fig. 9: SEM images of graphene grown on 6H-SiC(000-1) by annealing in Ar (p=1 bar, 
Φ=0.1 slm) at different temperatures T for 15 min.  
 

(a) T=1575°C, t=15 min (d) T=1550°C, t=30 min (e) T=1500°C, t=60 min 

   
Fig. 10: SEM images of graphene grown on 6H-SiC(000-1) by annealing in Ar (p=1 bar, 
Φ=0.1 slm) at different temperatures T for different times such that the average thickness 
amounted to 1 monolayer.  
 

Additional activities: We have also investigated the growth of graphene on 

intentionally off-axis oriented 6H-SiC(0001) and 4H-SiC(0001). Here we observed the 

nucleation of multilayers at the step edges. This effect is more prominent on the 4H-

SiC surfaces. A possible reason might be the increased step bunching observed on 

that polytype. This work was carried out in the frame work of a Bachelor thesis 

(Patrick Hofmann). 

In the following months we will investigate if and how graphene can be doped 

by nitrogen or boron directly during growth. For that purpose, a new reactor has been 

build, which is the copy of a previously installed system. A new reactor was necessary 

because we plan to change the gas phase composition during growth and expect that 
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memory effect may diminish our ability to reproducibly grow graphene if the same 

reactor is used. The assembly of the new apparatus was completed recently and the 

system is now ready for commissioning. 

 

4. Conclusions 

 

In the presented part of our research within WP1 we have performed extended study 

of graphene growth process by sublimation of SiC substrates and subsequent 

formation of graphene. The process is self contained because of the similar crystal 

structure and no need of external species. The issue under question, e.g. the buffer 

layer is still not well understood in terms of influence on the graphene properties. 

Moreover it does not appear when growing on the C-terminated face.  

Our conclusion here is that this method of graphene fabrication is very 

promising although some challenges still exist. 

Probably a major challenge is the control of given properties, e.g. large are 

homogeneous thickness and charge carrier density. As in any epitaxial growth the 

substrate surface preparation is critical, which is shown here. Step bunching which 

results in larger terraces and higher steps cannot be completely avoided but should 

be kept within certain limits. 

We have succeeded in growing reasonable material on all three available SiC 

polytype, e.g. 6H, 4H and 3C, but further investigations are needed in order to 

conclude on some preferential polytype. Both Si and C face growth have been 

demonstrated. 

 


