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a b s t r a c t

Epitaxial graphene layers thermally grown on Si-terminated 6H-SiC (0 0 0 1) have been probed using
Auger electron spectroscopy, Raman microspectroscopy, and scanning tunneling microscopy (STM).
The average multilayer graphene thickness is determined by attenuation of the Si (L23VV) and C (KVV)
Auger electron signals. Systematic changes in the Raman spectra are observed as the film thickness
increases from one to three layers. The most striking observation is a large increase in the intensity of
the Raman 2D-band (overtone of the D-band and also known as the G0-band) for samples with a mean
thickness of more than �1.5 graphene layers. Correlating this information with STM images, we show
that the first graphene layer imaged by STM produces very little 2D intensity, but the second imaged
layer shows a single-Lorentzian 2D peak near 2750 cm�1, similar to spectra acquired from single-layer
micromechanically cleaved graphene (CG). The 4–10 cm�1 higher frequency shift of the G peak relative
to CG can be associated with charge exchange with the underlying SiC substrate and the formation of
finite size domains of graphene. The much greater (41–50 cm�1) blue shift observed for the 2D-band
may be correlated with these domains and compressive strain.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Graphene, a two-dimensional hexagonal network of carbon
atoms arranged in a trigonal planar geometry with sp2 hybridiza-
tion, has received significant attention from the physics, chemistry,
materials science, and electrical engineering communities. Charge
carriers in an ideal graphene sheet behave like massless Dirac fer-
mions and possess potentially useful electronic properties. After
interesting electric field effects were reported in cleaved graphene
(CG) sheets [1], half-integer quantum Hall effects, and exotic trans-
port properties have been probed experimentally [2,3] and de-
scribed theoretically [4,5]. CG sheets are difficult to locate and
pattern, thus their ultimate utility for electronic devices is limited.
A parallel path for the creation of large-area graphene has been
pursued for its potential value to nanoelectronics [6,7]. These
methods produce single-layer or few-layer epitaxial graphene
(EG) on SiC substrates [6–9]. This approach would allow integra-
tion into existing device fabrication paradigms.

The electronic behavior and surface structure/geometry of
epitaxial single-layer or few-layer graphene on SiC (0 0 0 1) (the
Si-terminated face) have been examined using surface sensitive
ll rights reserved.
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techniques such as scanning tunneling microscopy (STM) [10],
atomic force microscopy (AFM) [8], angle-resolved photoelectron
spectroscopy (ARPES) [11–13], X-ray scattering [7,14,15], and
Raman spectroscopy [16–20]. The characteristics and properties
of the carbon-rich buried interface layer have also been examined
using primarily X-ray scattering [15] and ARPES [9,21–23] mea-
surements. The ARPES data indicate that a carbon-rich interface
layer contains largely sp2-bonded carbon, with the graphene p
electrons bonded to substrate orbitals [9].

Raman spectroscopy can be used to distinguish and character-
ize CG since this material has a very characteristic G-band peaked
at �1590 cm�1 and a 2D-band (G0) at �2720 cm�1. The G peak is
due to a one phonon process involving C-point optical phonons,
and is characteristic of sp2-bonded carbon, while the 2D peak re-
sults from a two-phonon resonant scattering process [24]. The
presence of the 2D peak can indicate electronic structure which
is dominated by Dirac–Weyl dispersion and is used as the typical
signature for the presence of single-layer graphene [25]. As a con-
sequence, recent Raman studies of epitaxial graphene grown on SiC
[16–20] are beginning to provide crucial information concerning
the intrinsic doping levels of the interface and compressive strain
in the overlayer film. However, to date these studies have not cor-
related the Raman data with spatially resolved maps of the size
and domain structures involved in the growth of these films. In this
paper, we provide further information regarding the Raman optical
signatures of epitaxial graphene grown on Si-terminated 6H-SiC
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(0 0 0 1) as a function of film thickness and directly correlate this
optical information with STM images. This allows us to collectively
examine the importance of domain size and compressive strain as
well as the role of charge exchange with the underlying substrate
on the optical signatures of epitaxial single-layer and few-layer
graphene.
2. Experiment

All EG samples were grown under ultrahigh vacuum (UHV) con-
ditions. During UHV (base pressure <1 � 10�10 Torr) growth, it is
possible to control the mean epitaxial graphene layer thickness
by adjusting the growth temperature and time. Samples are pre-
pared on n-doped 6H-SiC (0 0 0 1) substrates [26] that are etched
at �1500 �C in 1-atm of 5% H2/95% Ar gas mixture to remove
scratches from the surface. The substrate is then annealed in
UHV by electron-bombardment heating (max pressure �10�8 Torr)
at a temperature of 1200 �C producing a (6

p
3 � 6

p
3) R30� recon-

struction. EG then grows by thermal desorption of Si at tempera-
tures >1200 �C. Low-energy electron diffraction (LEED), Auger
electron spectroscopy (AES) and room temperature scanning tun-
neling microscopy (STM) measurements are done in situ after
growth. All STM data was acquired using chemically-etched tung-
sten probe tips at a constant tunneling current of 100 pA, unless
otherwise indicated. Raman measurements are done ex situ in a
Renishaw RM 1000 Raman microscope at a fixed laser wavelength
of 514.5 nm (2.41 eV) and exit power below 3 mW. The laser is fo-
cused on the EG/SiC surface to �1 lm diameter spot using a 50�
objective. Under these conditions, spectral features scale linearly
with the laser intensity. For background subtraction, Raman spec-
tra are acquired from an ungraphitized control sample by focusing
the laser into the SiC bulk below the surface. A reference sample of
highly ordered pyrolytic graphite (HOPG) obtained from SPI sup-
plies [27] was also studied.
3. Results and discussion

Fig. 1 shows the Auger spectra for three EG/SiC (0 0 0 1) samples
studied in this work and presents a schematic of our present
understanding of this system as inferred from low-temperature
STM [10], photoemission spectroscopy [21], and X-ray scattering
Fig. 1. Auger spectra of 1.4, 1.8 and 2.7 MLe thick samples. The Auger electron
spectra for epitaxial graphene samples show spectral changes in the Si (L23VV) and
C (KVV) peaks as a function of thickness. Changes can be seen in the relative
intensities (in parentheses) of the C and the Si peaks which are used to calculate the
sample thickness. The Si and C peaks are observed at 92 and 272 eV, respectively.
The inset shows a schematic of the epitaxial graphene/SiC material system. The
interface region influences the characteristics of epitaxial graphene layers.
studies [15]. Changes are observed in the shapes of the Auger spec-
tra, and in the relative intensities of the Si (L23VV) and C (KVV) Au-
ger features (see figure caption) as a function of annealing
temperature. The effective thickness of the EG film is estimated
using an attenuation model of the Si:C Auger intensities. Model re-
sults have been published previously [8] and described in detail
[28]. Briefly, we model the dN/dE peak-to-peak intensity of Si Au-
ger electrons emitted at 92 eV relative to the C Auger intensity at
272 eV. Assuming Gaussian Auger peaks in the energy distribution
of emitted electrons N(E), the peak-to-peak amplitude in dN(E)/dE
is proportional to the emitted flux of Auger electrons [29]. The
model presumes exponential attenuation of the normal-incidence
3-keV excitation beam and the exiting Auger electrons (detected
42.2� from the surface normal) with inelastic mean free paths for
electrons in graphite and SiC [30]). Elemental sensitivity and back-
scattering factors are taken from Ertl [29]. Three models were con-
sidered: (1) n layers of C at the graphene surface density
(graphene-equivalent monolayers, MLe) on bulk-terminated SiC,
(2) n MLe on SiC terminated by C adatoms at 1/3 the density of C
in a SiC bilayer, and (3) n MLe on SiC terminated by Si adatoms
at 1/3 the density of Si in a SiC bilayer (models 2 and 3 explore
the effect of a

p
3 � p3 or 6

p
3 � 6

p
3 interface reconstruction).

Differences among the models are small; at a Si:C intensity ratio
of 0.45 (nominally 1 MLe), the disparity is ±0.1 ML and decreases
for smaller ratios (larger thickness).

The Auger thickness model is sensitive to layer densities only. It
does not distinguish electronic properties, which are essential to
the label ‘‘graphene”. We will show that a consistent interpretation
of available data indicates that the interface region (layer 0 or buf-
fer layer) is carbon rich, but with electronic structure that is differ-
ent from graphene. The buffer layer and overlying graphene layers
can be distinguished in STM images by the intensity of interface
states and by the amplitude of the 6 � 6 (referenced to the SiC sur-
face unit cell) corrugation of the graphene; i.e. generically by the
imaged roughness. However, because the detailed structure of
the interface region is not yet known, in this paper we use MLe

to describe the film thickness determined by Auger attenuation.
Based on current understanding, the carbon content of the inter-
face region is close to that of a single graphene monolayer, there-
fore the mean number of graphene monolayers (ML) is less than
MLe by approximately 0.8 layer.

Fig. 2 shows Raman spectra acquired from the SiC bulk and from
samples with graphene-equivalent thicknesses of 1.8 MLe and 2.7
Fig. 2. Raman spectra showing the subtraction of the SiC background from the
Raman raw data. Spectra for SiC and two different graphene coverages (1.8 MLe and
2.7 MLe) are shown, and one (2.7 MLe) after subtraction. The SiC-band extends from
�1000 cm�1 to 2000 cm�1. Changes after subtraction can be traced by following the
dashed lines. D-, G- and 2D-bands are identified at 1420 cm�1, 1590 cm�1 and
2720 cm�1, respectively, for the 2.7 MLe sample after the subtraction. Relatively
small intensity of the 2D peak for the 1.8 MLe sample is observed.
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MLe. Spectra are normalized to have equal intensity at the SiC edge
near 1950 cm�1. In the 2.7 MLe sample, clear differences are ob-
served from the other two spectra. There are additional pro-
nounced peaks near 1420, 1590, and 2720 cm�1. To isolate these
features, the SiC background was subtracted from all spectra. The
background-subtracted 2.7 MLe spectrum is shown for comparison
in Fig. 2. Three major peaks are identified as due to graphene
[25,31]: the D mode near 1420 cm�1, the G mode at �1590 cm�1,
and the 2D (G0) mode near 2720 cm�1. As mentioned previously,
the G peak is due to a one phonon process involving C-point opti-
cal phonons, and is characteristic of sp2-bonded carbon [25], while
a single-Lorentzian 2D peak has been shown to be a signature of
single-layer graphene [25]. The 2D peak for the 2.7 MLe sample is
well-fit by a single-Lorentzian with a full-width-at-half-maximum
(FWHM) of 47 cm�1 (the FWHM of the 2D peak for mechanically
exfoliated graphene is known to be approximately 30 cm�1). The
D peak or the breathing mode is due to a resonance process involv-
ing two inequivalent K and K0 points in the Brillouin zone of graph-
ene [24]. The D peak is not allowed in ideal graphene due to the
large wave-vector of the K-point phonon involved. Its presence is
an indication of disorder, such as finite size domains [32], atomic
scale defects and armchair-type edge defects [33]. The D- and
2D-bands are respectively, one-phonon + elastic scattering and
two-phonon double resonance processes.

The 2.7 MLe sample has approximately 68% layer 2 coverage.
The Raman spectrum for this sample is therefore dominated by
contribution from layer 2. There are fluctuations in the domain size
and layer distribution; thus in this system, the intensity of the 2D
peak cannot be used as a tool for thickness measurement [25]. The
presence of the D peak is an indication of disorder in the system.
Employing the empirical relationship between domain size and la-
ser energy [32]

La ðnmÞ ¼ 2:4� 10�10
� �

k4
laser

ID

IG

� �
; ð1Þ
Fig. 3. Raman spectra for 1.4, 1.8, 2.2, 2.7, 3.3 MLe and HOPG samples. The SiC
background spectrum is subtracted from the raw data. Raman data for all EG
samples has been normalized to the most intense SiC Raman feature. The 1.4 MLe

sample shows no evidence of the 2D peak. A sharp rise in intensity is observed for
the 2D peak in the 2.7 MLe sample. The 2D peak in the Raman spectra for HOPG is
clearly different from the single-Lorentzian observed in EG.
where ID and IG are integrated intensities; the lower bound of the
mean domain size produced under our typical growth conditions
is 32 nm.

The Raman spectrum for five different EG thicknesses (1.4, 1.8,
2.2, 2.7, and 3.3 MLe) in addition to a spectrum on HOPG are shown
in Fig. 3. Despite the large background subtraction, there is some
evidence of the D and G peaks but no signal from the 2D peak
for the 1.4 MLe sample. It should be noted that STM-imaging (dis-
cussed below) shows that the 1.4 MLe sample has only layer 0 and
layer 1 coverage. For 1.8 and 2.2 MLe samples, there is fractional
coverage of layer 2 (13% and 27%, respectively) and some intensity
is observed from the 2D mode. A dramatic jump in the 2D intensity
is observed for the 2.7 MLe sample (see Fig. 3). This coincides with a
substantial increase in the fractional coverage of layer 2 (68%) on
the surface, and the appearance of a small amount of layer 3
(7%). Consequently, we associate the dramatic increase in 2D Ra-
man intensity with the graphene in layers 2 and higher. The obser-
vation of a single-Lorentzian 2D peak in samples dominated by
layer 2 suggests similarities between this EG layer and single-layer
CG. This conclusion, that the second graphene layer is similar to
single-layer CG, is consistent with the substantial differences in
STM-imaging of layer 1 and layer 2, as described below. Note that
when the coverage is predominantly layer 2, the graphene overlay-
er is essentially continuous, even over steps in the substrate [8].
This could enhance the contribution of layer 2 versus layer 1 in
the spectra.

We also observe that the Raman peaks are shifted to higher en-
ergy as compared to Raman peaks from CG. The G- and 2D-band
shifts relative to both cleaved single-layer graphene and HOPG
are shown in Fig. 4a. For undoped graphene, the average position
of the G-band is expected at 1580 cm�1. In our samples there is
an upshift for the G peak of �8 cm�1 which seems to be only
Fig. 4. (a) Peak shift for G and 2D peaks with respect to analogous peaks in the
Raman spectra of single-layer exfoliated graphene on SiO2. The peak positions for
the single-layer exfoliated graphene samples were obtained from [25]. (b) Plot of
the FWHM of the D, G and 2D peaks for 1.4, 1.8, 2.2, 2.7 and 3.3 MLe samples.



Fig. 5. STM images of the EG sample on the SiC substrate grown by thermal
annealing under UHV conditions. The images are acquired at a constant tunneling
current of 100 pA. (a) and (b) are 46 � 43 Å STM images of layer 0 and layer 1 EG at
biases of 0.4 V and 0.5 V, respectively. Figure (a) shows features that do not match
the graphene lattice; (b) shows the graphene lattice, along with adatom like
interface features due to interface states from layer 0; and (c) shows layer 2
graphene having a 6 � 6 period superimposed. The 6 � 6 atomic corrugation is due
to graphene draping over the interface features. (d) 1500 Å � 2700 Å STM survey
image of a 2.3 MLe sample. The layer 0 and 2 regions are marked with red and blue
overlays, respectively, while layer 1 is unshaded (gray height scale). Although the
sample is dominated by layer 1 in this particular region, the average effect is
measured in Raman spectra. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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weakly dependent on thickness, and is likely due to a combination
of doping and disorder effects. In doped systems there is change in
the Fermi surface and this moves the Kohn anomaly. Since the Fer-
mi surface does not follow the Dirac cone displacement, this also
leads to stiffening of the G mode phonons for both hole- and elec-
tron-doping [34]. Electrochemical gating was employed by Das
et al. [35] to reach high doping levels (up to 5 � 1013 cm�2). In
these measurements, phonon stiffening was observed for the G
peak, whereas the 2D peak shows phonon softening (20 cm�1)
for higher gate voltage. A considerable shift to higher frequency
(50 cm�1) for the 2D-band is also shown in Fig. 4 and this shift
seems to be maximum near 2.7 MLe. The shift does not indicate
phonon softening; rather it has been associated with compressive
strain [19].

The Raman peak widths also change as a function of film thick-
ness, as shown in Fig. 4b. Using the D or 2D peak energy width C as
a measure of the mean excitation lifetime s = ⁄/C produces esti-
mates of the hot-carrier transport path length that are close to
the measured domain sizes. The mean transport length can be esti-
mated as vFs/2 assuming ballistic transport up to the lifetime lim-
iting event, or as

p
(Ds) for diffusive transport (elastic scattering

time se much less than s), where D ¼ v2
Fse=2 is the carrier diffusion

constant. Taking se = 10 fs (see Ref. [12]) and a peak width of
50 cm�1 gives transport lengths of 50 nm (ballistic limit) and
25 nm (diffusive limit), which are comparable to measurements
of the domain size from the D/G intensity ratio (see Eq. (1)), from
surface X-ray scattering [14], and as shown below, from STM. Con-
sequently, for films under two graphene layers, the excitation life-
time appears to be limited by domain size and defects. For thicker
films, the peak width is thought to include a contribution also from
multilayer peak splitting plus strain [17].

Note that we see only a weak G-band and no 2D features for the
first graphene layer grown on Si-terminated SiC (0 0 0 1). This is
contrast to the strong Raman bands seen for single-layer CG on a
SiO2 substrate. In cleaved graphene, only the phonons having
q > K contribute significantly towards the double resonance pro-
cess. Kurti et al. [36] suggest that due to trigonal warping, q < K in-
volves an even portion of phase space and q � K does not
contribute at all to this process because of zero electron–phonon
coupling [37,38]. It is possible that for layer 1, the bands warp in
a manner where there is no significant contribution towards the
double resonance process. This discussion assumes a uniform cov-
erage and a well-ordered film. However, as discussed below, the
surface and buffer layer have complicated geometric structures
with a relatively high density of SiC steps and domains of different
graphene thickness. These features and domains may also influ-
ence the intensity of the 2D-band, especially after exposure to
atmosphere.

Room temperature STM images of low-coverage EG grown on
Si-terminated SiC (0 0 0 1) are shown in Fig. 5a–c. These corre-
spond to layer 0, layer 1, and layer 2 respectively on nominal 2.3
MLe EG on SiC (0 0 0 1). The tunnel voltage in these images was
chosen to enable imaging of both the graphene lattice and the sub-
surface interface states [39]. In the empty state image of layer 0
(Fig. 5a), we do not observe any evidence of the graphene lattice.
Bias dependent imaging of this buffer layer also did not reveal
any structural similarities with graphene, consistent with the re-
duced p-band density-of-states found in ARPES [9]. Fig. 5b is a
filled-states image (�0.5 V sample bias) of layer 1 that shows the
unique character of the STM ‘‘topography”, which is dominated
by position-dependent variations in the local density-of-states
due to the subsurface (layer 0) reconstruction. At higher tunnel
bias, the image can be completely dominated by the interface
states [39,40]. Throughout the image, a network of sp2-bonded C
atoms is evident as an underlying honeycomb pattern. We observe
a step-height of �2.4 Å from layer 0 to layer 1, consistent with cal-
culations and recent surface X-ray reflectivity measurements [15],
but much smaller than the 3.41 Å interlayer spacing in graphite.
This suggests substantial interaction between the interface layer
0 and the layer 1 graphene. In the layer 2 filled-states image shown
in Fig. 5c, the graphene atomic lattice is also observed, but the two
sublattice atoms in the honeycomb do not image identically. This
bias-dependent phenomenon is an indication of Bernal stacking
of the two layers [41], which breaks the sublattice degeneracy. Also
evident in Fig. 5c is a superimposed modulation of the graphene
surface height. This 6 � 6 period is due to the deformation of the
graphene sheet as it blankets layer 1 and the interface reconstruc-
tion [42]. We point out that epitaxial graphene layers are always
observed to be continuous over step edges, whether over substrate
steps, or steps between different EG layers (excepting layer 0 to
layer 1 transitions, since graphene was not imaged in layer 0). This
is also the case for small raised domains of layer 2 material occa-
sionally observed within an otherwise layer 1 terrace (for such is-
lands the step-height between layers 1 and 2 is 3.4 Å, essentially
the same as the interlayer spacing of graphite). These observations
suggest that substantial lateral diffusion occurs, perhaps both on
top of the graphene layer and underneath.

STM survey scans on the samples prepared for Raman measure-
ments indicate differences in the thickness and domain size of
graphene. Even though the topmost graphene layer always appears
continuous in STM, substrate steps apparently seed many transi-
tions in graphene layer thickness. A correlation was observed be-
tween the domain size and the intensity of the D peak for two
samples prepared under nominally identical conditions (the
sample having smaller domains had a larger D peak). Note that
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the initial SiC surface (after hydrogen etching) consists of a regular
array of 1.5-nm-high steps (one unit cell) separated by �600 nm
terraces, consistent with the vicinality of the substrate [8]. Most
of the steps observed in Fig. 5d are steps in the SiC substrate that
form during graphitization [14]. The surface coverage (determined
from many additional images) is approximately 50% layer 2 mate-
rial. Counting only layers 1 and 2 (those that image as a carbon
honeycomb) the actual graphene coverage of this sample is �1.5
ML. The difference of 0.8–1.0 ML between the AES film thickness
and the graphene coverage determined by STM implies that layer
0 is carbon rich. Although the detailed structure of this interface
layer is not known [9,21,43], the surface X-ray reflectivity is best
fit by a model where the transition spans one SiC bilayer (in which
carbon largely replaces Si) plus a low-density predominantly Si
adatom layer [15,39].

4. Conclusions

Epitaxial graphene layers thermally grown on Si-terminated
6H-SiC (0 0 0 1) have been probed using Auger electron spectros-
copy, Raman microspectroscopy and scanning tunneling micros-
copy. Systematic changes in the Raman spectra are observed as
the film thickness increases from 1 to 3 layers. Correlating the Ra-
man spectral information with STM images, we show that the first
graphene layer imaged by STM produces no 2D peak, but the sec-
ond imaged layer shows a single-Lorentzian 2D peak near
2750 cm�1, similar to spectra acquired from single-layer microme-
chanically cleaved graphene on SiO2. The 4–10 cm�1 higher fre-
quency shift of the G peak relative to CG can be associated with
charge exchange with the underlying SiC substrate and the forma-
tion of finite size domains of graphene. The much greater (41–
50 cm�1) blue shift observed for the 2D-band for thicknesses >1.8
MLe may be correlated with these domains and with compressive
strain. In general, the >1.8 MLe epitaxial graphene layers are ob-
served to be continuous over step edges, whether over substrate
steps, or steps between different EG layers. This is also the case
for small raised domains of layer 2 material.
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