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The initial stages of graphitization on 4H- and 6H-SiC (000-1) under ultrahigh vacuum at

temperatures of 1125–1175�C have been studied by atomic force microscopy (AFM), X-ray

photoemission spectroscopy and reflected high energy electron diffraction. A progressive coverage

of the surface by graphene has been observed depending on the time and temperature of annealing.

Graphene growth mainly starts from the step edges, although it sometimes nucleates in the middle of

a SiC terrace. Comparison of the topographic and phase AFM images shows that the latter are the

most efficient for identifying graphene before complete coverage of the surface. VC 2011 American
Institute of Physics. [doi:10.1063/1.3560896]

I. INTRODUCTION

Graphene, a single layer of carbon where the sp2 bond-

ing configuration forms a hexagonal lattice, has attracted the

attention of researchers in recent years. Its exciting elec-

tronic properties include massless Dirac fermions and the

room temperature quantum Hall effect.1–3 The very high mo-

bility and the possibility to tune the electronic conduction

via field effect4–6 make graphene a very promising material

for future microelectronic applications. In the nonelectronic

field, one example of application among others is the ability

to detect single gas molecules adsorbed on its surface.7

Up to now, graphene has been obtained mainly by three

different ways. The first method consists of exfoliating gra-

phene layers from bulk graphite and transferring them onto

oxidized silicon.8 The second one, the so-called graphitiza-

tion process, involves heating bulk silicon carbide to induce

Si preferential sublimation, resulting in epitaxial graphene

growth on the SiC surface.9,10 The chemical vapor deposi-

tion constitutes the third method and relies on growth from

hydrocarbon gases on metallic substrates (for example on

Ni11). Some other processes have also shown their ability to

grow graphene layers, like plasma assisted deposition,12

reduction of graphite oxide,13 and molecular beam epitaxy.14

From the three more mature techniques mentioned before,

graphitization appears to be the most compatible with usual

planar processing for electronic applications without any del-

icate transfer of the graphene films.

Hexagonal SiC crystals have a polar c axis, which means

the two opposite faces of the SiC along this axis terminate

with different atoms, i.e. silicon atoms on the Si-face (0001)

or carbon atoms on the other (000-1). An understanding of

the thermodynamics and kinetics of graphene formation at

the surface of SiC is still lacking. The graphitization-induced

graphene characteristics (growth rate, structure, etc.) are

strongly face-dependent.15 Only a few studies have been

devoted to the initial stage of graphene growth, mainly on the

Si-face of SiC.16–19 Despite the fact that the C face leads to

higher electron mobilities,20–22 a similar knowledge of

graphitization on this face has not yet been reached.23–26 Two

techniques have been used for graphitization on the C-face of

SiC. One involves ultrahigh vacuum (UHV) experiments at

temperatures above 1100 �C, while the other implies low-vac-

uum enclosed furnaces at significantly higher temperatures

(minimum of 1420 �C).15 The latter one leads to the best ma-

terial in terms of domain size and mobility. But, probably

because of a poor control of low-thickness graphene growth,

high-frequency nanodevices using such high mobility low-

vacuum graphene have not been published so far. Indeed, the

best graphene high-frequency nanodevices, which require

thin layers for efficient field effect modulation, have been

achieved with UHV material grown on the Si face.27,28 A bet-

ter knowledge of the growth mechanisms at the onset of

graphitization on (000-1) SiC is thus required. Since this

implies a good control of the growth at low thickness, we

have focused our study on the first steps of UHV graphitiza-

tion on SiC (000-1).

II. EXPERIMENTAL DETAILS

We used 6H- and 4H-SiC (000-1) substrates nominally

on-axis (miscut angle lower than 0.5�) purchased from Cree

and SiCrystal and chemo-mechanically polished by Novasic.

Substrate preparation and flattening was carried out under a

long Si flux exposure at 1100�C as described in a previous ar-

ticle,29 leading to a step-terrace structure with half-period

step height and a root-mean-square (rms) roughness in the

range 0.05–0.07 nm for 1 mm2 single-terrace surface. Samples

were then annealed in the 1125–1175 �C temperature range,

for less than one minute up to 30 mins, in an ultrahigh vac-

uum (UHV) chamber (base pressure in the low 10-10 Torr).

Each sample was used for only one growth test, without any

attempt of regrowth. Real-time surface crystallography was

characterized by reflection high-energy electron diffraction

(RHEED) operating at 15 kV. The sample temperature was
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measured using an optical pyrometer with an effective emis-

sivity set to 0.35. Topographic and phase atomic force mi-

croscopy (AFM) observations were achieved in air by tapping

mode, using Multimode or Picoforce Veeco equipments with

a Nanoscope IVa controler. The WSxM4.0 software was used

for AFM image processing.30 The surface chemical composi-

tion was analyzed by ex situ photoelectron spectroscopy, thus

requiring transfer of the samples at room pressure. Angle

resolved X-ray photoelectron spectroscopy (ARXPS) experi-

ments (at 25, 45, and 70�, measured from the sample surface)

were done to obtain spectra with variable surface sensitivity,

from which the thickness of the graphene layer could be

evaluated.31

III. RESULTS

After the initial smoothening process under Si flux, the

temperature was increased up to 1125–1175�C. The RHEED

pattern first displays the C-rich (3�3) surface reconstruction

and the higher the temperature is, the faster this reconstruc-

tion appears. Figure 1 shows topographic and phase images

of a sample annealed at 1150�C during 1 minute. The initial

step-terrace structure of the substrate is still observed, but the

terrace surface rms roughness has slightly increased: it is now

0.08 nm (measured on a 0.5 mm2 surface) compared with the

initial value of 0.05–0.07 nm. In addition, a modification of

the surface at the step edges is clearly observed on the topo-

graphic image (Fig. 1a), where some kind of erosion/decom-

position appears to have started all along the substrate edges.

Some contrast in the associated phase image (Fig. 1b) is also

observed, which does not strictly correspond to the topo-

graphic one. When the samples are annealed for a longer time

(10, 20 and 30 mins at 1150�C), some remnants of the step-

terrace structure are still observed, as shown in the AFM

topographic images Figs. 2(a), 2(d), and 2(g), but these terra-

ces are no longer flat and steps are no longer straight. Some

erosion also appears in the middle of terraces, as indicated for

example by the circle in Fig. 2(a). A mean depth of 0.3–0.4

nm has been found for the pits located in the middle of the

terraces. The corresponding phase images displayed in

Figs. 2(b), 2(e), and 2(h) show a bimodal distribution after

annealing, as seen in Figs. 2(c), 2(f), and 2(i). Since the phase

image contrast originates from both the surface topography

and the material hardness, this observation suggests the

presence of two different materials on the sample surface.18

For discussion purposes here, we refer to the percentage of

area covered by this second material as the 2nd phase. At a

fixed temperature, when the annealing time increases, the 2nd

phase coverage also increases, as observed in Figs. 2(b), 2(e),

and 2(h). It is also observed that, for an identical annealing

time, a higher annealing temperature leads to a larger 2nd

phase coverage. These two experimental observations are

illustrated in Fig. 3, where the 2nd phase coverage is plotted

versus the annealing time and temperature.

FIG. 1. (Color online) The 2�2 mm2 AFM topographic (a) and phase (b)

images of a 6H-SiC (000-1) substrate annealed one minute at 1150�C. Local

flattening on one single terrace has been achieved in (a) to emphasize the

atomically flat terrace structure. Vertical scales are 4 nm (a) and 3� (b).

FIG. 2. (Color online) The 2�2 mm2 AFM topographic (a, d, g), phase (b, e,

h) images and histograms of phase values (c, f, i), of 4H-SiC (0 0 0 -1) sub-

strates respectively annealed 10 (a, b, c), 20 (d, e, f) and 30 mins (g, h, i) at

1150�C. Vertical scales are 2 nm (a, d, g), 15� (b) and 10� (e, h).

FIG. 3. (Color online) The 2nd phase coverage, from the AFM phase

images, for different annealing times and temperatures. The graphene thick-

ness deduced from XPS measurements is indicated close to the correspond-

ing points.
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When the 2nd phase coverage reaches 50%, a well

defined (3�3) RHEED pattern is observed (Figs. 4(a) and

4(b)) as well as a very weak graphene signal (see arrows

in Fig. 4). The combined SiC/(3�3)/graphene reciprocal lat-

tice is schematized in Fig. 5 for comparison with the experi-

mental diffraction pattern. It must be mentioned that the

diffraction spot shown by the G arrow includes almost super-

imposed contributions from both the (3�3) reconstruction

and the graphene. This is most easily seen in Fig. 4d. When

the 2nd phase coverage reaches 85%, the (3�3) reconstruc-

tion is still observed together with the growing intensity gra-

phene spots (Figs. 4(c) and 4(d)), mainly along the [1-100]

direction (see the G arrow in Fig. 4d). A diffraction pattern

dominated by graphene is observed when the sample is

annealed 25 mins at 1175�C (Figs. 4(e), 4(f) and 5). In this

last sample, the 2nd phase coverage is equal to 100% and

the (3�3) reconstruction has disappeared. The LEED pattern

of this latest sample, (not shown here), displays the (1�1)

SiC spots together with diffuse and incomplete graphene arc

segments with maxima around 610� from the [11-20]

direction.

XPS spectra of three samples with different 2nd phase

coverage are shown in Fig. 6. The AFM images of the 1%

and 60% 2nd phase coverage samples are respectively shown

in Fig. 1 and Figs. 2(a) and 2(b). The corresponding observa-

tions for the 100% 2nd phase coverage sample are not shown.

Two peaks are observed for the C1s signal: the first one, at

�282.8 eV, corresponds to C bonds in the substrate (C-Si);

the second one, which shifts from 284.8 eV down to 284.6 eV

while increasing the 2nd phase coverage, is assigned to C-C

bonds in the graphene layer. Both energy positions corre-

spond to those reported in the literature for these components

on the C-face surface.32,33 Spectra were normalized in Fig. 6

in order to compare their relative contribution. The higher the

2nd phase coverage, the more the C-C contribution appears in

the spectra. The angle-dependent C-Si bulk component

attenuation allows calculating the thickness of a homogene-

ous layer of graphene over the SiC substrate. This procedure

does not work for the 1% 2nd phase coverage sample, for

which the C-Si bulk attenuation is not accurately measurable.

FIG. 4. (Color online) RHEED patterns along the [11-20] (a, c, e) and

[1-100] (b, d, f) azimuths of 4H-SiC (000-1) substrates annealed 10 (a, b)

and 30 (c, d) minutes at 1150�C, and a 6H-SiC (000-1) annealed 25 mins at

1175�C (e, f). Orange arrows show the graphene-related diffraction

components.

FIG. 5. (Color online) The reciprocal lattices of SiC, including the 3�3 sur-

face reconstruction, and of continuously rotated graphene (circle arcs).

FIG. 6. (Color online) Normalized XPS spectra of SiC (000-1) samples, for

different 2nd phase coverage in the AFM phase images. C-Si bulk (282.8

eV) and C-C (284.6-284.8 eV) components are observed.
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ARXPS of a sample that is not completely covered by the

second material (10 mins at 1150 �C; 60% 2nd phase cover-

age) leads to a thickness of 0.8 monolayer (ML) of graphene.

This 0.8 ML value is equivalent to a graphene coverage of

80%, assuming that single layer graphene is only present. For

the sample showing a complete 2nd phase coverage (25 mins

at 1175 �C), the graphene thickness obtained was 2.1 ML.

The ARXPS-calculated thicknesses do not depend on the cho-

sen model for describing the graphene topography, either

continuous31 or discrete.34

IV. DISCUSSION

Since the AFM phase is sensitive to material mechanical

properties,35 the observed bimodal phase distribution suggests

that two different materials are present on the surface after

annealing. Some authors found a correlation between the

phase change on AFM images and the onset of graphitization

complementing the first information by STM,18 LEEM16 and

Raman.36 For the Si-face, Bolen et al.18 obtained a clear

AFM phase contrast between 1 nm deep pits with a graphene-

covered bottom and graphene-free 0.5 nm shallower pits

(probably corresponding to the (6H3�6H3)R30� surface

reconstruction). These results suggest that only graphene is

responsible for an AFM phase contrast, while C-rich recon-

structions without graphene do not. This point is consistent

with the AFM data of the 1% 2nd phase coverage sample (see

Fig. 1), for which a strong (3�3) surface reconstruction has

been observed by electron diffraction, whereas no graphene

could be detected. The corresponding phase contrast

(Fig. 1(b)) can be explained by the sample topography alone.

In this study, we observed that the occurrence of a phase

contrast in AFM experiments is correlated with a surface C

enrichment, as shown by ARXPS measurements, and with

the appearance of graphene diffraction spots, as seen on the

RHEED/LEED patterns. We have also shown that the gra-

phene thickness and 2nd phase coverage are quantitatively

correlated. Indeed, there are discrepancies (60% coverage-

0.8 ML and 100%-2.1 ML) between AFM and ARXPS

measurements, but these could be due to those two techni-

ques not measuring precisely the same quantity. The AFM

2nd phase coverage is related to the graphene-covered sur-

face, whatever its thickness, while the ARXPS experiments

measure the total graphene volume. This discrepancy (60%

coverage for 0.8 ML) suggests that some parts are already

covered with a graphene bilayer before completion of the

first graphene layer on the whole surface. We checked that

the ARXPS-calculated graphene thickness does not depend

on the continuous or discrete topographical model for the

graphene layer. Since the C-rich (3�3) reconstruction leads

to a C1s XPS component very close to the C1s graphene

one,32,33 it can contribute to the ARXPS C-C peak, leading

to an overestimated graphene thickness. This reconstruction

may be located either between graphene regions or even

under graphene. Hiebel et al.26 already observed graphene

over (3�3) or (2�2) reconstructions using STM at the onset

of graphitization on the C-face. Finally, because of the

atmospheric pressure transfer, oxidized bonds C-O may also

contribute to the C-C component (EC-O-EC1s¼ 1.5 eV37).

However, since the discrepancy for an incomplete coverage

(60% coverage and 0.8 ML graphene) remains small, we

consider graphene to be mainly responsible for the AFM

phase contrast.

The AFM topographic and phase images do not strictly

correspond each other (see for example the center area in

Figs. 2(g) and 2(h); numerous other areas might be found on

Figs. 2(d) and 2(e)). This observation has implications about

the graphitization mechanisms. Whatever the SiC polytype,

{0001} SiC is made of a stack of SiC bilayers (see scheme

Fig. 7). It is well known that atomic conservation implies

that the C atoms from �3 SiC bilayers are required to form

one single graphene layer.15 These C atoms may come either

from stacked SiC bilayers, resulting in graphene layers at the

bottom of pits surrounded by SiC bare surface (see model 1

in Fig. 7), or from one single SiC surface bilayer, resulting in

one third of the surface being covered by graphene above the

SiC substrate (see model 2 in Fig. 7). Both models lead to

different step heights on the surface, which are 0.41 nm for

the 1st one and 0.09, 0.25, or 0.34 nm for the 2nd. The prob-

lem becomes even more tricky if one takes into account the

SiC substrate step height, 0.5 nm for the 4H polytype and

0.75 nm for 6H-SiC. The topographic and phase images

should be almost identical in the 1st model, because of the

full coverage of the pit with graphene. On the contrary, they

may differ in the 2nd, because of the simultaneous observa-

tion of very close 0.25 and 0.34 nm step heights correspond-

ing to different set of materials (SiC/SiC for 0.25 nm without

phase contrast, SiC/graphene for 0.34 nm with phase con-

trast). The lack of strict coincidence between the experimen-

tal AFM topographic and phase images and the complicated

surface topography suggests that the 2nd model mostly

applies for UHV graphitization from the step edges in the

1125–1175�C temperature range. On the contrary, the 1st

model seems consistent with the graphitization observed in

the middle of terraces (see Figs. 2(a) and 2(b)), with an ex-

perimental depth of 0.3–0.4 nm to be compared to the

expected 0.41 nm value.

From this point we can observe how nucleation of gra-

phene begins at the step edges, a mechanism which has been

already proposed by other authors for graphitization over the

Si-face.38–41 Similar structures of graphene nucleation parallel

to the step edges have been obtained by Raman spectroscopy36

FIG. 7. (Color online) Stacking of SiC bilayers along the h0001i direction

and graphitization topographical scheme, showing the deep pit with a gra-

phene bottom model (1) and the partially graphitized surface model (2).
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or low energy electron microscopy (LEEM) measure-

ments.16,19 The C-face study of Hiebel et al.26 for samples

annealed at 1175 �C for 15 mins under UHV conditions does

not show images at a scale large enough to see this kind of

structure, but areas covered either with a graphene monolayer

or with the (3�3) reconstruction were simultaneously observed

on STM images. The same incomplete graphitization and

coexistence with (3�3) reconstruction should also apply for

our samples because the preparation conditions were similar.

On the Si face, Robinson36 associated the nucleation of

graphene from the steps with the higher density of dangling

bonds in these steps with respect to the one of the terraces.

Even if we are working with the opposite face of SiC, this

argument still applies. Graphitization should mainly start from

the edges, although a limited number of graphitized zones

have been observed in the middle of the terraces. Next, C mo-

bility could produce the expansion of graphene to both sides

of the edges until the total coverage of the surface is obtained.

During this lateral growth, Si sublimation produces the change

of the substrate topography that degrades the initial step-ter-

race structure. Our AFM observations, which show graphene

nucleation from the step edges, are consistent with previous

studies,25 but clearly differ from the ones by Camara et al.23

These authors have concluded that graphene is mainly

nucleated at defects, such as dislocations. The most obvious

difference between these experiments seems to be the graphi-

tization temperature and pressure range, although the substrate

initial surface and preparation procedures might be important

also. Graphitization is observed at temperatures as low as

1120 �C under UHV conditions,25 while no graphene could be

detected below 1500 �C at 10�6 Torr pressure. One may spec-

ulate that these differences come from temperature-dependent

efficient Si sublimation channels, but further work is required

to fully understand this effect. It is also clear that, because of

the large difference in graphitization temperatures, the growth

mechanisms which are discussed here for UHV graphene

experiments may not directly apply to the low-vacuum case.15

Let us finally mention that the SiC (3�3) reconstruction

has been systematically obtained for an annealing tempera-

ture in the 1125–1175 �C range, before the onset of graphiti-

zation, as was already observed by others26,32,33,42–47 for

similar temperatures. At this point, we can only state that the

(3�3) reconstruction is a mandatory step toward the forma-

tion of graphene on SiC C-face.

V. CONCLUSIONS

The initial growth by Si sublimation of graphene layers

at 1125–1175 �C under UHV conditions was studied on SiC

(000-1) substrates. Nucleation of graphene was observed at

the step edges, followed by a progressive expansion until the

total coverage of the surface is produced. This expansion is

faster for higher temperatures and produces hard changes in

the original substrate step-terrace structure.
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