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Large-area homogeneous quasifree standing epitaxial graphene on SiC(0001):
Electronic and structural characterization
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The growth of epitaxial graphene on SiC has been identified as one of the most promising techniques to
produce graphene for electronic applications. In this paper, we present a systematic study of the electronic and
structural properties of large-area quasifree standing epitaxial monolayer graphene grown on top of the SiC(0001)
surface. For this purpose, we combine the thermal treatment of SiC in Ar atmosphere to achieve a homogeneous
coverage of the surface with the hydrogen intercalation process, which leads to the removal of the interaction
between the substrate and the carbon layer. The band structure in the vicinity of the K point is measured using
high-resolution angle-resolved photoelectron spectroscopy. A detailed analysis of the quasiparticle dynamics
reveals a renormalization of the band velocity estimated to about 3% at energies around 200 meV below the
Fermi level, which mainly originates from electron-phonon interaction. Further analysis of the momentum
distribution curves leads to the formulation of a model for the doping reduction in such a system in the course
of sample annealing above 650 ◦C. The uniformity and homogeneity of the graphene is demonstrated by means
of low-energy electron microscopy (LEEM). Microphotoelectron spectroscopy data confirm the high structural
quality and homogeneity of the quasifree standing graphene. Using LEEM and scanning tunneling microscopy,
we demonstrate that the hydrogen desorption at elevated temperatures of approximately 750 ◦C sets in on the
graphene terraces rather than via the step edges.
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I. INTRODUCTION

Graphene is a single atomic layer consisting of sp2-
hybridized carbon atoms arranged in a honeycomb lattice.1

It possesses a special kind of electronic structure owing to the
linear dispersion relation of its π bands, which are formed
by the pz orbitals of the carbon atoms.2 In graphene, the π

and π∗ bands cross without a band gap at the K point of
the Brillouin zone. The region around the K point where the
electronic dispersion remains linear is usually denominated
as the Dirac cone. The crossing point is noted as the Dirac
point and its energy as the Dirac energy (ED). In pristine,
undoped graphene, the Fermi energy (EF) coincides with
ED as sketched in Fig. 1(a), implying that graphene is a
semimetal with vanishing charge-carrier density. When the
Fermi energy shifts above or below ED, graphene develops
either electron or hole conductivity as sketched in Figs. 1(b)
and 1(c), respectively. Due to these remarkable electronic prop-
erties, graphene displays some peculiar quantum-mechanical
effects,3 and it has been identified as a promising candidate
for future nanoelectronics applications.4 Nonetheless, the most
common technique used in fundamental research for graphene
production, namely, mechanical exfoliation from graphite
single crystals,5–7 can provide flakes just a few tens of μm
in size. Several other techniques to synthesize graphene have
been demonstrated, such as the growth of graphene on metal
substrates8–10 or graphene obtained by chemical exfoliation of
graphite.11 However, the former case necessarily requires the
transfer onto an insulating substrate, while graphene obtained
by the latter method yields only small crystallites. Rather
recently, attempts have been reported to grow graphene by
chemical vapor deposition (CVD) on an insulating substrate.12

In contrast to other methods, epitaxial graphene grown
on silicon carbide13 (SiC) can be produced directly on a

semi-insulating substrate and, hence, does not require any
transfer. Moreover, large single-crystal SiC wafers can be
readily processed to obtain graphene using existing indus-
trial processing technology. Synthesis of graphene on SiC
is achieved by a solid-state decomposition reaction taking
place on the surface of SiC upon annealing at elevated
temperatures. Under such conditions, Si atoms sublimate from
the surface, leaving excessive carbon behind. Decomposition
of approximately three SiC bilayers is necessary to crystallize a
single layer of graphene on SiC. On the SiC(0001) surface, the
first graphenelike carbon layer forms a large unit-cell super-
structure with a (6

√
3 × 6

√
3)R30◦ periodicity.14,15 Although

having the same geometrical atomic arrangement as graphene,
this layer strongly interacts with the substrate via pz orbitals, so
that the π bands typical of graphene can not develop yet.16 The
layer is, therefore, electronically inactive and usually called
buffer layer or zero-layer graphene (ZLG). Further annealing
at higher temperatures leads to additional accumulation of
carbon on the surface, which nucleates into a true monolayer
of graphene (MLG) on top of the ZLG. The MLG is electrically
active and possesses a typical graphene band structure.16 Due
to charge transfer from the interface, the MLG shows a strong
n doping of the order of 1013 cm−2 as sketched in Fig. 1(b). In
the case of strongly doped MLG, renormalization of the energy
dispersion due to many-particle interactions was observed in
the vicinity of both the Dirac point and the Fermi level (see
also Sec. III).17

Our group has recently demonstrated that the ZLG can be
decoupled from the SiC substrate by hydrogen intercalation.18

The effect of this method is to remove the covalent interaction
between ZLG and substrate. Consequently, the ZLG is turned
into quasifree standing monolayer graphene (QFMLG). It was
also shown that the process works for few-layer graphene as
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FIG. 1. (Color online) Schematic representation of the π -band
dispersion relation for monolayer graphene at (a) charge neutrality,
(b) electron doping, and (c) hole doping in the region around the K
point of the graphene Brillouin zone. The high-symmetry points of the
Brillouin zone and the electron momentum coordinates are indicated
in (d). Panel (e) represents the real-space graphene lattice. The two
inequivalent sites belonging to the two interpenetrating triangular
lattices are labeled with A and B, respectively. The unit-cell vectors
are indicated with �a1 and �a2, where | �a1| = | �a2| = a = 2.46 Å. The
distance between two adjacent carbon atoms is a/

√
3 = 1.42 Å.

well. In that case, a MLG can be transformed into a quasifree
standing bilayer and so on.18

In this work, we apply the hydrogen intercalation method to
homogeneous zero-layer graphene samples that were obtained
by annealing SiC in argon atmosphere.19 In this way, large-area
QFMLG on SiC was produced. We analyze the electronic and
structural properties of such high-quality graphene samples
in detail. Using angle-resolved photoemission spectroscopy
(ARPES), we investigate the quasiparticle dynamics for carrier
concentrations close to charge neutrality. Low-energy electron
microscopy (LEEM) and micro x-ray photoelectron spec-
troscopy (μXPS) are used to demonstrate the homogeneity
and the quality of the prepared QFMLG. The atomic structure
of graphene in QFMLG and ZLG environments is studied
by means of scanning tunneling microscopy (STM). The
desorption mechanism of hydrogen at elevated temperatures
of approximately 750 ◦C via the graphene terraces is revealed
using LEEM and STM.

II. EXPERIMENT

Nominally, on-axis oriented single-crystalline 6H- or 4H-
SiC(0001) samples were used in this study, which had been
purchased from SiC crystal with n-type doping with nitrogen
in the range from 1017 to 1018 cm−3. After dicing and wet
chemical cleaning, generally, samples were etched in a flow
of hydrogen at a temperature of 1400 ◦C and pressure of
1 bar in a CVD reactor equipped with a graphite susceptor.
The temperature was measured using an infrared pyrometer
pointing on the graphite susceptor. With this technique,
polishing damage is effectively removed and the resulting
surface contains atomically flat terraces of several hundreds

Zero layer graphene Quasi-free standing
monolayer graphene

H
intercalation

Si C C(gr) H

FIG. 2. (Color online) Schematics of the hydrogen intercalation
process: As-grown ZLG is covalantly bonded to the Si atoms of the
topmost SiC layer (left). These bonds are broken when hydrogen
intercalates between ZLG and SiC. Hydrogen atoms passivate the
Si dangling bonds, so that the carbon layer is decoupled from the
substrate. A quasifree standing graphene monolayer forms (right).

of nanometers in width and unit-cell high steps20 as confirmed
by atomic force microscopy (AFM). The particular sample
used for the LEEM experiment discussed in Sec. IV was
initially flattened by a chemical-mechanical polishing (CMP)
process by NOVASIC and, therefore, did not undergo hydrogen
etching. It was verified that the pre-treatment method has no
significant influence on the morphology and homogeneity of
the graphene layers prepared later.

The same reactor was used to graphitize the SiC surfaces by
annealing the samples in argon atmosphere. The initial carbon
layer (ZLG) forms after annealing at 1400 ◦C for 10 min and
the second carbon layer (MLG) develops at a temperature
of 1450 ◦C after 10 min. This growth technique permits us
to grow graphene layers with high uniformity.19 Successively,
the samples were annealed in molecular hydrogen at a pressure
close to 1 bar and temperatures around 800 ◦C. This treatment
leads to a hydrogen intercalation resulting in an electronic
decoupling of the buffer layer from the substrate.18 The process
is sketched in Fig. 2. The interaction between the ZLG and the
substrate is depicted by the Si–C bonds (left side). After the
intercalation, these bonds are broken and all Si dangling bonds
are passivated with hydrogen (gray balls in the right image).
As a result, the ZLG (electrically inactive initially) is turned
into a quasifree standing monolayer of graphene.18

The electronic band structure of the graphene layers was
characterized by ARPES with synchrotron light. The data
were acquired using a VG-SCIENTA R4000 photoelectron
spectrometer at the SIS-HRPES beamline of the Swiss Light
Source (SLS) at the Paul Scherrer Institute (PSI) in Villigen,
Switzerland. The resolving power of the spectrometer is
E/�E = 104. Measurements were carried out at a pressure
of 2 × 10−11 mbar and at a sample temperature of about
60 K. Samples were illuminated with linearly p-polarized and
circular polarized light with photon energies in the range from
40 to 90 eV. Valence-band energy dispersion relations as well
as constant energy surfaces were acquired in the vicinity of
the K point of the graphene Brillouin zone. The measurement
coordinates within reciprocal space kx and ky are indicated in
Fig. 1(d).

Structural information about morphology and homogeneity
as well as chemical composition of the graphene samples was
collected in a combined LEEM and photoelectron emission
microscopy (PEEM) experiment using the ELMITEC-LEEM
III instrument at the I311 beamline of the MAX-Lab syn-
chrotron radiation facility in Lund, Sweden. The microscope
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has a spatial resolution better than 10 nm in the LEEM mode
and 30 nm in the PEEM mode. In order to measure LEEM
reflectivity spectra, automatic series of LEEM micrographs
were acquired with 0.1-eV energy steps. The spectra were
subsequently retrieved for constant positions on the surface
using a LEED data analysis program. Micro-LEED and
micro-XPS measurements were acquired in the diffraction
plane of the microscope using small apertures down to
400 nm diameter for μ-LEED and 800 nm for μ-XPS. PEEM
and μ-XPS data were acquired using synchrotron radiation.
STM measurements were carried out using a Besocke-type
instrument with a tungsten tip at room temperature. The STM
is contained in a UHV chamber with in situ transfer to LEED
optics, a sample preparation station, and a load lock. The image
analysis was carried out using the WSxM software.21

III. ARPES DATA ANALYSIS

The π bands in the vicinity of the K point of the graphene
Brillouin zone were compared for as-grown MLG and
QFMLG after different annealing stages using high-resolution
ARPES. Figure 3 shows energy dispersion plots (E versus k‖)
together with the respective Fermi surfaces (placed below each
spectrum). For as-grown MLG shown in Figs. 3(a) and 3(e), the
carrier density is estimated to n = (1.0 ± 0.1) × 1013 cm−2, as
derived from Fig. 3(a) using the relation σ = k2

F/π , where σ

is a two-dimensional (2D) charge density and kF = (k‖ − kK)
is the Fermi momentum with respect to the Dirac point [kK =
(1.703, 0) Å−1 in the coordinates of Fig. 1(d)]. The band
velocity measured close to the Fermi level has been estimated
for this system to be vMLG

F = (0.90 ± 0.05) × 106 m/s. Note
that the MLG sample used for the measurements shown in
Figs. 3(a) and 3(e) contains a partial contribution of bilayer
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FIG. 3. ARPES spectra of the π bands taken at the K point of
the graphene Brillouin zone for (a) as-grown monolayer graphene
and (b)–(d) quasifree standing monolayer graphene on the SiC(0001)
surface after (b) initial outgassing at 250 ◦C, (c) annealing at 680 ◦C
and (d) 715 ◦C, respectively. The spectra were acquired at the K point
along the direction perpendicular to the �K direction in reciprocal
space [see Fig. 1(d)]. (e)–(h) Fermi surfaces corresponding to the
images shown in (a)–(d), respectively. The photon energy was 90 eV
for panels (a)–(g) and 40 eV for panel (h). The light was p polarized
for every panel except for panels (c) and (g), where it was circular
polarized.

graphene (visible above and below ED), which originates from
the steps19 as discussed later (Sec. IV).

As reported earlier,17 deviations from the theoretically pre-
dicted linear behavior of the π band near the K point are visible
as kinks in the band structure of as-grown MLG, one at energies
close to ED and another around h̄ωph ≈ 200 meV, which
corresponds to the energy of the longitudinal optical phonon
branch.22 The former was identified as due to electron-plasmon
interactions, the latter to the relaxation of a photohole via
emission of a phonon.17,23 The situation changes if we consider
a QFMLG [Figs. 3(b)–3(d) and 3(f)–3(h)]. In this case, the
band dispersion is in closer agreement with the linear trend
expected for isolated graphene and the measured band velocity
amounts to vF = (1.07 ± 0.05) × 106 m/s. The achievement
of nearly ideal graphene bands has been reported to be possible
without any need of decoupling via an intercalation process
for graphene grown on the SiC(0001̄) surface.24 Nevertheless,
in that case, the system studied was a multilayer epitaxial
graphene with a turbostratic arrangement of the layers. Small
rotations within individual layers limit the single-crystalline
domains to a size of about 1 μm.24 Our system instead contains
truly crystalline single graphene layers on a typical scale of
2–4 μm × 10–20 μm and longer, with a rotation-free periodic
arrangement across the entire surface (see Sec. IV).

The only deviation from linearity still observed is visible
in Fig. 3(b) as a kink near h̄ωph. Details of this feature will
be discussed below. As seen in Fig. 3(b), the as-prepared
and degassed (i.e., after mild annealing in UHV at 250 ◦C
to remove water and organic contaminants from the surface)
QFMLG sample displays a slight hole doping (i.e., EF < ED)
corresponding to p = (2.3 ± 0.1) × 1012 cm−2. Interestingly,
the hole doping can be reduced by annealing the sample in
vacuum at a temperature of 680 ◦C as seen in Fig. 3(c). Further,
after annealing the sample at 715 ◦C, the Fermi level essentially
coincides with the Dirac point, indicating a condition close to
charge neutrality. In the latter case, we estimate the charge
density to be p = (3.1 ± 1.0) × 1011 cm−2. This value is
rather close to the minimum detectable carrier concentration,
which we estimate to be ≈ 1 × 1011 cm−2, corresponding to a
resolution in momentum space of �k ≈ 0.005 Å−1.

The appearance of graphenelike π bands in the ZLG
after hydrogen intercalation as well as the largely reduced
charge-carrier density in the resulting QFMLG as compared
to pristine epitaxial MLG provide strong evidence for the
decoupling of the layer from the substrate. This can be further
corroborated by a closer look at the intensity distribution
around the Fermi surfaces. The emission of photoelectrons
from the A and B sites in the graphene unit cell [see Fig. 1(e)]
can be regarded as a two-source interference phenomenon,
bringing as a consequence the fact that the ARPES angular
maps exhibit an intensity asymmetry along the constant energy
surfaces. In particular, the intensity distribution is such that
for p-polarized light, the intensity vanishes on one side of the
constant energy surface along the �K direction.25 The situation
is more complicated if the light is s polarized.26 On the other
hand, the breaking of the A-B symmetry in the graphene lattice
should lead to a disruption of the anisotropy of the ARPES
angular maps at low energies, resulting in a nonvanishing
intensity at all azimuths around the constant energy cuts.27

An A-B asymmetry, in principle, can be induced by the
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interaction between graphene and the substrate and it might
lead to the opening of a band gap at the K point.27,28 Regarding
the case of as-grown MLG on SiC(0001), this problem was
thoroughly discussed in Ref. 23. Based on the ARPES data
analysis, it was concluded that the MLG is not influenced by
the substrate and/or the buffer layer23 and the effect on the
MLG is restricted to n doping due to charge transfer from the
interface,29 implying that the MLG does not exhibit a band
gap at the K point. The data shown in Figs. 3(a), 3(e), 3(b),
and 3(f) indicate the preservation of the A-B symmetry in our
graphene. We measured the intensity along the �K direction
for Figs. 3(e) and 3(f), finding Imin/Imax � 6 × 10−3 for both.
This value is in excellent agreement with what is reported in
Ref. 23, and brings us to the conclusion that, despite the lack of
any atomic buffer layer between graphene and the substrate in
the case of QFMLG, graphene interacts only weakly with the
substrate in a sense that its electronic structure is similar to that
of a free standing graphene and without observable breaking
of the A-B symmetry in the graphene lattice. Apparently,
the hydrogen-passivated SiC(0001) surface provides an ideal
support for the graphene layer.

As noted above, as-grown MLG shows deviations from
a linear band dispersion in the vicinity of the Dirac point
[see Fig. 3(a)], which can not be reproduced with a simple
single-particle model. In fact, in a recent paper, Bostwick
and co-workers showed that, even in a QFMLG epitaxially
grown on H-terminated SiC(0001) and subsequently strongly
n doped with potassium, a marked renormalization of the
energy dispersion exists due to many-particle interactions in
the vicinity of the Dirac point.30 For our case, Fig. 4 shows
the ARPES spectrum of an as-prepared QFMLG measured
along the �K direction with a photon energy of 40 eV. The
sample, as more clearly visible from Fig. 3(b), displays a
slight p doping. At energies around −200 meV with respect
to the Fermi level, a small kink in the energy dispersion is
observed. Figure 4(a) shows the raw data. In a blown-up
region between −0.5 and 0 eV shown in Fig. 4(b), the effect
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FIG. 4. (Color online) Dispersion of the π bands for a QFMLG
sample annealed at 250 ◦C, taken along the �K direction at a photon
energy of 40 eV. The red solid line represents the position of the
maxima of the Lorentzian fits of the MDC’s, while the yellow dashed
line represents the graphene bare band added to underline the velocity
renormalization near ωph. The raw data [panel (a)] are zoomed in the
region between 0 and −0.5 eV in panel (b) to better visualize the kink
at around −200 meV.

is even more clearly visible. In both panels, a red (solid) curve
superimposed on the spectra reproduces the position of the
maxima of the experimental momentum distribution curves
(MDC) by means of an algorithm that fits each constant energy
line in the ARPES data measured along the �K direction
with a single Lorentzian peak.31 The yellow (dashed) curve
represents instead the graphene bare band [a straight line given
by E = h̄vF(k − kF)], added to better appreciate the velocity
renormalization near ωph.

Within the Fermi-liquid model, the interacting particles are
represented as noninteracting quasiparticles with renormalized
energy. Following the quasiparticle picture,17,23 the spectral
function measured by ARPES can be expressed in terms of the
complex self-energy �(k,ω) = �′(k,ω) + i�′′(k,ω) as32

A(k,ω) = 1

π

|�′′(k,ω)|[
h̄ω − ε0

k − �′(k,ω)
]2 + [�′′(k,ω)]2

, (1)

where h̄ω is the quasiparticle energy and ε0
k = h̄vFk is the

bare band dispersion in the single-particle picture. In the k-
independent approximation [i.e., �(k,ω) ≈ �(ω)], the width
of the ARPES spectrum directly reproduces the imaginary part
of the self-energy. We have evaluated experimental ARPES
widths as full width at half maximum (FWHM) of the
Lorentzian fit curves. The result is plotted as a function of
energy in Fig. 5. Figure 5(a) depicts the FWHM of the MDC for
an as-grown MLG derived from a spectrum measured along the
�K direction with photons of energy 40 eV. Following Ref. 17,
Fig. 5(a) reproduces three main decay processes, namely, the
electron-phonon (e-ph) coupling (region I), the electron-hole
(e-h) pair generation (regions II and IV), and the emission
of plasmons via electron-plasmon (e-pl) coupling (region III).
Our data are both qualitatively and quantitatively comparable
to what has been reported in literature.17,23

Figure 5(b) displays the MDC widths extracted from
ARPES data taken along the �K direction of a QFMLG
for different annealing temperatures. The curves have been
extracted from spectra measured with photons of energy 40 eV
and circular polarization. In fact, we found no correlation
between the light polarization and the MDC width. No visible
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FIG. 5. (Color online) Full width at half maximum (FWHM) of
the MDCs measured by ARPES for (a) as-grown MLG with regions
of different decay processes indicated (see text for details), and
(b) for QFMLG at different annealing temperatures.
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difference in MDC widths is observed for samples annealed at
temperatures of up to 570 ◦C as compared to an as-introduced
sample. As already pointed out, there is a small kink in the
band structure at energies close to h̄ωph [see Figs. 3(b), 3(c)
and 4(a), 4(b)]. This is reflected in a humplike structure in the
FWHM of the MCDs.

A comparison with Fig. 1(c) of Ref. 33 suggests that the
shape of the spectra presented in Fig. 5(b) might be explained
by simply considering the electron-phonon interaction. In
order to check this, we tried to reproduce the curves in Fig. 5(b)
using a corresponding simple model. Since the Einstein
model, although more suitable to model the optical phonon
branch,34 gives a null contribution to �′′(ω) for ω < ωph,35

we considered a zero-temperature isotropic Debye model.36

In a normal metal, the scattering rate for ω > ωph is energy
independent.35 Hence, we added the contribution given by
Eq. (2) of Ref. 33 for ω > ωph, accounting in this way for
the peculiar band dispersion of graphene.33 Using the Debye
model, the Eliashberg coupling function becomes α2F (ω) =
λ(ω/ωph)2 for ω < ωph and zero otherwise.37 λ is the e-ph
coupling parameter and the relation with the imaginary part
of the self-energy is |�′′(ω)| = πh̄

∫
α2F (ω′)dω′. Taking into

account these considerations, we express the imaginary part
of the self-energy as

|�′′(ω)| =
⎧⎨
⎩

h̄λπ
|ω|3
3ω2

ph
, |ω| < |ωph|

h̄λπ
|ωph|

3 +
√

3a2g2

4h̄v2
Fε2 |ω+ωph − ωD|, |ω| > |ωph|

(2)

where a = 2.46 Å is the graphene lattice parameter, g is the
unscreened e-ph matrix element measured in eV, ε = (1 +
εSiC)/2 � 3.8 is the graphene dielectric constant as reported
in Ref. 38, h̄ωD > 0 is the Dirac energy, h̄ωph = −198 meV
and, since EF = 0, ω is always negative.39 To test this model,
we applied it to the data shown in Fig. 5(b) as a yellow and
black curve (450 ◦C and 680 ◦C annealing) and the result is
plotted in Figs. 6(a) and 6(b), respectively, by using the relation
δk = 2�′′/(h̄vF ).40 The curve resulting from Eq. (2) is shown
in blue in Fig. 6 (label e-ph). The value of λ used to obtain the
curve shown in Fig. 6(a) is 0.035, while, for the one in Fig. 6(b),
we used 0.03. Nonetheless, since the fitting procedure does
not give a univocal and unambiguous result, we estimate the
error on λ to be around 30%. For g, we chose 0.53 eV for
both curves in order to keep it close to the result given by
the ab initio calculations,33 i.e., 0.475 eV. The experimental
data are represented by the black dots, and the Dirac energy
h̄ωD was set to 180 meV for the curve in Fig. 6(a) and to
140 meV for the one in Fig. 6(b), corresponding to a doping
level of p � 2.3 × 1012 cm−2 and p � 1.3 × 1012 cm−2,
respectively.

Another way to estimate λ is to derive it from the measured
band velocity as λ = vph

vF
− 1, where vph is the electron band

velocity measured just before the phonon kink.41 vph and vF

were determined via a local linear fit of the band dispersion
(i.e., the curve reproducing the position of the maxima of
the MDCs) taking into account an energy interval of 50 meV
(corresponding to 10 points). As a result, we find λ � 0.03
and the velocity renormalization due to e-ph interaction is
therefore estimated to ∼ 3%.
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FIG. 6. (Color online) Full width at half maximum (FWHM) of
the MDCs measured by ARPES for QFMLG annealed at (a) 450 ◦C
and (b) 680 ◦C. Solid lines are calculated MDC curves that include
(blue) the contribution due to the e-ph interactions using Eq. (2),
(green) contribution due to the e-h pair generation decay mechanism,
and (red) total sum of the two contributions with an additional offset
value of 0.0078 Å−1 for (a) and 0.0145 Å−1 for (b).

Looking at Figs. 6(a) and 6(b), it appears evident that the
model suggested for the e-ph interaction, although modeling in
a rather good way the experimental data up to ωph (aside from
a resolution offset as discussed below), it does not provide
quantitative agreement, in particular, for energies above the
optical phonon emission threshold. To fill this gap, we added
a term representing the contribution to the scattering rate
arising from the decay of a photohole via e-h pair generation.
The result is represented in both panels of Fig. 6 as a green
line (labeled as e-h). The process has been modeled using a
function of the kind ωγ , finding γ = 1.3 as the optimal value
for the exponent [Fig. 6(a)], although we tested other exponents
up to γ = 1.5, as suggested in Ref. 17. This supralinear trend
appears to be less pronounced at lower doping levels, finding
for the data set at 680 ◦C (black curve in Fig. 5) an optimal fit
for γ = 1.25 albeit, of course, also this parameter is affected
by an estimation error.

The red curve in Fig. 6 represents the sum of these
two contributions with an additional offset value to take
into account the experimental resolution and (possibly) the
background due to scattering from impurities and defects. This
offset has been set to 0.0078 Å−1 in Fig. 6(a) and to 0.0145 Å−1

in Fig. 6(b). We note that the data set presented in Fig. 6(b)
is rather well reproduced, despite the simplicity of our model
here suggested with no need to consider a contribution to the
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scattering rate due to the relaxation of a photohole via emission
of a plasmon. The data set in Fig. 6(a) reflects a condition of the
system where the doping is approximately double to the one
in Fig. 6(b), and one observes that the hump is clearly broader.
One could explain this broadening with a simple phase-space
argument since with the higher doping, the Fermi surface is
bigger. Nonetheless, together with the broadening of the peak,
a slight energy shift can be observed, possibly implying the
presence of a weak plasmon peak at the energy of ∼ 300 meV
below EF. We do not have a specific calculation to either
confirm or reject this, but we suggest that electron energy loss
spectroscopy (EELS) measurements might shine a light on
it from an experimental point of view. The fact that a small
hump is still observable, even in the charge neutral case, in our
opinion, can be explained by considering thermally excited
carriers or by simply considering that the system might be not
perfectly charge neutral. The further width increment in the
spectrum after annealing to 715 ◦C for energies smaller than
∼100 meV is instead an artifact due to the fitting algorithm
since, close to the Dirac point, the two branches start to overlap.

By briefly commenting on the reported value of λ, we note
that the accuracy of its experimental estimate by means of
the relation λ = vph

vF
− 1 is always limited by the difficulties in

measuring vph. This is true, in particular, in the case of pristine
MLG, where the energy scales of the e-ph and e-pl kinks
overlap [see Fig. 3(a)]. The value of vph measured in this case
would therefore be artificially high.23 For a carrier density of
n = 5.6 × 1013 cm−2, the two contributions are instead well
separated, and in this case, the value for the e-ph coupling
parameter in MLG was reported in Ref. 41 to be about six
times larger that the one theoretically predicted through the
relation42

λ = 5.55 × 10−9√n, (3)

where n is the carrier density in cm−2. The model that leads
to Eq. (3) takes into account the contribution given to λ by the
in-plane phonon modes E2g (twofold-degenerate center-zone
mode with energy � 195 meV) and A′

1 (border-zone mode
with energy � 160 meV). We do not have reason to believe that
in the QFMLG the phonon modes responsible for λ should be
different than in the case of the MLG. The values of λ presented
in this paper turn out to be consistent with Eq. (3) multiplied by
a factor ∼2.5 which, according to Ref. 42, corresponds to the
inclusion of resolution effects of the ARPES measurements.

The width of the spectral function is a measure of the
quasiparticle lifetime and it is defined as τ = 1/(vFδk). For
an as-introduced QFMLG at E = h̄ωph, we find τ � 7.6 fs
(the upper limit for a lifetime at E = EF is τ � 11.4 fs and
is of the same order of magnitude as the value calculated in
Ref. 42). As visible from Fig. 5(b), there is a direct correlation
between the reduction of the doping level and a decrease of
the quasiparticle lifetime. A possible explanation might be a
partial desorption of H from the interface at higher annealing
temperatures. In that scenario, the depassivation of some
individual Si dangling bonds at the interface causes an electron
transfer from these bonds to graphene as well as an enhanced
scattering in graphene. This explanation is further confirmed
by noting that there is a definite threshold temperature at about
650 ◦C below which the band structure remains unaffected.
Above that temperature, however, we observe a decrease in

the doping level accompanied by a corresponding broadening
of the ARPES spectrum.

In Ref. 18, it was suggested that the origin of the doping
might possibly be found in the presence of chemisorbed
species on the graphene’s surface. However, based on our raw
data, this appears not likely. Indeed, desorption of adsorbates
is clearly evident from the strong enhancement of the intensity
and sharpening of the ARPES spectra after annealing the
sample at temperatures up to 500 ◦C. At the same time, no
significant doping variation is detected in the band structure
itself. On the contrary, as already discussed, the decreasing
in the doping level is accompanied by a decrease of the
quasiparticle lifetime (broadening of the ARPES spectrum),
suggesting that the system has now more scattering centers
than before. This can be understood if we consider the situation
where an individual Si dangling bond is surrounded by a region
of passivated Si atoms. In this scenario, the carbon atom
of the graphene layer lying directly above such a dangling
bond does not interact with it due to steric hindrance, keeping
the graphene in the free standing state. At the same time,
such an isolated dangling bond may act as a scattering center
and is able to donate charge to the graphene layer. On the
other hand, uniform desorption of hydrogen from the surface
at T > 715 ◦C locally reestablishes the buffer layer and is
manifested by a weakening of the ARPES signal without any
further reduction of the graphene doping level.

IV. SURFACE-STRUCTURE ANALYSIS

The spectroscopic analysis in the previous chapter clearly
demonstrates that the H-intercalation process transforms the
electronically inactive (6

√
3 × 6

√
3)R30◦ reconstruction into

a quasifree standing graphene monolayer. In the following
section, we address the question as to what extent the process
yields large-area, homogeneous, and uniformly thick graphene
layers, and present further analysis of the structural properties
of the QFMLG films. Figure 7(a) displays a LEEM micrograph
of a H-intercalated zerolayer sample after outgassing at 550 ◦C,
recorded on a field of view of 25 μm. The image contains
large homogeneous terraces of typically 2–4 μm × 10–20 μm
size displayed with gray contrast. Even far larger terraces
are visible in larger viewfields (not shown). The terraces are
separated by thin dark lines. In the inset of Fig. 7(a), a LEEM
micrograph taken at 2.2 eV is displayed. Here, the lines appear
white in contrast to the dark terraces. Nevertheless, at the
particular primary electron energy of 3.0 eV, which was chosen
for the main image in Fig. 7(a), certain contrast differences in
the form of different gray levels for different terraces can be
identified, which requires a more detailed inspection.

Following the work by Hibino et al.,43 the number of
pristine graphene layers on SiC(0001) can be determined
by means of LEEM reflectivity measurements. It has been
shown earlier that this approach can also be used for quasifree
standing graphene layers.18 In Fig. 7(c), LEEM reflectivity
spectra (IV curves) are shown acquired from different areas
of the sample displayed in Fig. 7(a). Several spectra were
measured and display a typical shape for each contrast type,
i.e., for the dominating darker and lighter gray areas as well
as for the small inclusion of almost white contrast level.
Averaged spectra for the area types A, B, and C as indicated
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FIG. 7. (Color online) LEEM micrographs of (a) QFMLG out-
gassed at 550 ◦C measured with 3.0-eV (inset: 2.2 eV) primary
electron energy and (b) after heating to 900 ◦C where the hydrogen has
been desorbed from the sample measured at 2.7 eV. All three images
were recorded at the same sample position with a field of view of
25 μm. (c), (d) LEEM reflectivity spectra averaged over areas with
similar contrast, i.e., A, B, and C as indicated in panel (a) and (b),
respectively. In panel (c), additional spectra are shown as obtained at
the dark lines between the QFMLG terraces (indicated step) and for
comparison from a pristine graphene monolayer (indicated MLG).
(e), (f) Micro-LEED images measured at electron energy of 111 eV
of QFMLG outgassed at 550 ◦C obtained from (e) the dark gray and
(f) the light gray areas.

in Fig. 7(a) are displayed in Fig. 7(c) as red, blue, and
green curves, respectively. In all cases, a single minimum
stands out at an energy of about 2.0 eV, which identifies all
gray and white areas as monolayer graphene. Notably, the
minimum energy is different from that in pristine MLG on
SiC(0001), where the minimum is at about 2.8 eV.43,44 A
corresponding spectrum acquired from a large-area pristine
graphene monolayer sample is displayed in black in Fig. 7(c).
We note that, for a QFMLG, a further dip appears at 7 eV,
which is not developed for pristine MLG, but is also present
in quasifree bilayer graphene.18 Its origin is still not quite
understood. However, we note that the interpretation of the
dips in the reflectivity spectra as quantum interference peaks
of the (multi)layer graphene film relies on the presence of a
conduction band between 0 and 7 eV along the �A direction

in graphite, with band gaps above and below that represent the
enclosing Bragg reflection peaks.43 Therefore, we suggest that
the new dip at 7 eV is not connected with the number of layers
in the graphene slab, but rather with the detailed structure of
the interface. The contrast differences visible in the 3.0-eV
LEEM image in Fig. 7(a) are manifested in slight differences
in the spectral shape for the different areas. For a closer
inspection of their possible origin, we investigated the lighter
and darker gray areas by micro-LEED (at a different sample
position in order to avoid beam damage). The corresponding
diffraction patterns at 111 eV exhibit a threefold symmetry
of the SiC-substrate spots as shown in Figs. 7(e) and 7(f).
However, the lighter and darker gray regions differ by a rotation
of the substrate diffraction spots of 60◦ with respect to each
other. Indeed, on the surface of a hexagonal SiC polytype
symmetry, equivalent surface terminations rotated by 60◦ are
possible due to a glide symmetry element present in the bulk
unit cell.45 In addition, the surface can be terminated by
different stacking sequences cut out of the bulk sequence. For
the (

√
3×√

3)R30◦ reconstruction on SiC(0001), it has been
shown that a surface termination with three bilayers in identical
orientation (cubic-type stacking) is favored for both 4H-
SiC(0001) and 6H-SiC(0001).46,47 Therefore, we suggest that
also for the (6

√
3 × 6

√
3)R30◦ reconstruction (ZLG), a cubic

SiC bilayer stacking termination may represent a majority
stacking type. The two light and dark gray contrast areas then
reflect the 60◦ rotation of the two possible orientations. For
precise normal incidence of the electron beam, no contrast
difference should be detected for these domains so that the
observed slight deviations have to be attributed to a residual
misalignment of the incident electron beam. We note that only
a small surface fraction is occupied by patches with white
contrast [area C in Fig. 7(a)], which are, however, too small
for a micro-LEED analysis. It can be presumed that these areas
are characterized by a minority-type SiC stacking termination
under the ZLG.

The dark lines visible in the micrographs correspond to the
steps of the SiC substrate. As previously reported, the SiC
starts to decompose at the step edges,19 meaning that when
a terrace is covered with n layers of graphene, at step edges
the formation of the (n + 1)th layer is observed. Reflectivity
spectra taken from the dark lines display two minima at
≈1.5 eV and ≈4 eV [see Fig. 7(c)], which unambiguously
identifies the step areas as quasifree bilayer graphene.18

Consistent at both electron energies shown in Fig. 7(a), a
histogram analysis reveals that the bilayer contribution covers
less than 5% of the sample. We note that it is difficult to
achieve such a homogeneous coverage for pristine MLG,
and indeed data reported in the literature show larger bilayer
contributions.19 Of course, in the case of MLG, two carbon
layers have to be grown, which may cause this different
behavior.

For the same sample area as displayed in Fig. 7(a), a
LEEM micrograph is shown in Fig. 7(b) after annealing to
900 ◦C when the hydrogen has been desorbed from the surface.
Clearly, the morphology of the sample is undisturbed. Even
the slight contrast differences can be observed, which were
also present in Fig. 7(a). These differences are manifested in
slight spectral differences in the LEEM reflectivity curves,
as shown in Fig. 7(d) for the same areas A, B, and C
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FIG. 8. (Color online) (a), (b) C 1s core level spectra measured in
the micro-XPS mode from the QFMLG and the hydrogen-desorbed
sample stage, respectively. The photon energies are indicated in
the respective panels. (c), (d) Micro-LEED images measured at
90 eV from the QFMLG and hydrogen-desorbed sample stages,
respectively.

as indicated in Fig. 7(b) (identical measurement areas as
before annealing). However, for all terraces, the minimum
typical for monolayer graphene is clearly absent in the IV
curves. The spectrum visible is now characteristic for the
(6

√
3 × 6

√
3)R30◦ reconstruction of carbon atoms on top of

the SiC substrate.43,44

Further evidence for the extraordinary homogeneity of our
graphene film is drawn from a core-level analysis of the
different domains by using micro-XPS. The corresponding
C 1s spectra taken from the gray contrast regions before
annealing at a previously unexposed sample position are
displayed in Fig. 8(a). Quite evidently, quasifree standing
monolayer graphene is present for all measured surface
regions since interface components of the (6

√
3 × 6

√
3)R30◦

reconstruction can not be detected in the spectra.18 Note that
both contrast types, i.e., A and B in Fig. 7(a), exhibit identical C
1s signatures. After hydrogen desorption, the C 1s core-level
data from micro-XPS give complementary evidence of the
back transformation. As shown in Fig. 8(b), the spectrum
exhibits the interface components S1 and S2 typical for
ZLG with the (6

√
3 × 6

√
3)R30◦ reconstruction.16,48 Finally,

a comparison between the micro-LEED patterns of the sample
treated with the hydrogen intercalation process and after the
hydrogen desorption reveals the decoupling of the QFMLG
in contrast to the ZLG. The first-order diffraction spot of
graphene and of the SiC substrate are dominating the pattern
for QFMLG as shown in Fig. 8(c). Fractional order spots
of the (6

√
3 × 6

√
3)R30◦ periodicity are fairly weak, which

indicates that a reconstruction due to bonds between SiC and
graphene is practically absent. The remaining superstructure
spots can be explained by double diffraction from the two
layers (graphene and SiC). In contrast, in the case of the

350nm×350nm

50nm

20nm

5.0 eV

750 °C

3Å 5nm

(b)(a)

(c) (d) (e)

1µm

FIG. 9. (Color online) (a) LEEM micrograph of QFMLG after an-
nealing to 750 ◦C. Electron energy: 5 eV; field of view: 10 μm. Inset:
Zoom of the region indicated by the black lines (enhanced contrast,
1.6 × 1.6 μm). (b) STM micrograph of a QFMLG sample showing
depressions after partial hydrogen desorption (350 × 350 nm, 2.5 V,
0.3 nA, flattened for spike reduction). Inset: High-resolution scan
(3 × 3 nm) showing atomic resolution of graphene (2.0 V, 0.3 nA). (c)
Top/left area zoomed from (b) (inset) and FFT filtered (1.1 × 1.1 nm).
The graphene atomic structure is sketched below on the same scale.
Maximum corrugation: 0.15 Å. (d) Magnified scan within the frame
indicated in panel (b), 100 × 100 nm, 2.5 V, 0.3 nA. Depressions
of (b) are resolved with the quasi-(6 × 6) periodicity of ZLG. (e)
High-resolution scan of the top right depression in panel (d) (18 × 18,
2.5 V, 0.3 nA). The (6 × 6) hexagons and the (6

√
3 × 6

√
3)R30◦

unit cell are sketched below on the same scale. Corrugation within
depressions ∼1 Å. Average height difference to flat areas ∼0.5 Å.

back-transformed ZLG, the superstructure spots are intense
[cf. Fig. 8(d)], which can only be explained by a geomet-
rical restructuring of the graphene layer due to the varying
covalent-bond coordination within the (6

√
3 × 6

√
3)R30◦

unit cell, which will be also corroborated in the following
paragraph.

Following an intermediate annealing step at 750 ◦C, the
modification of the surface can be observed in LEEM using a
higher magnification. A corresponding micrograph in Fig. 9(a)
displays small black dots developing within the previously
homogeneous gray terrace regions (with enhanced contrast
in the zoomed inset). A LEEM-IV inspection reveals that
the average terrace is still QFMLG, and also the black lines
still correspond to quasifree bilayer stripes. Thus, in the main
terrace areas as well as in the vicinity of the substrate steps,
the majority of the graphene is still decoupled. Only small
reacted patches appear on the graphene layer. STM provides
insight into the atomic mechanism of the back transformation
from QFMLG to ZLG. Figure 9 shows STM micrographs of a
sample that had been annealed during the SLS experiments to
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a temperature where ARPES and XPS indicate the start of the
hydrogen desorption (approximately 750 ◦C). We emphasize
that the samples investigated by LEEM and STM here have
been annealed to a higher temperature (750 ◦C) as compared
to the situation where the individual dehydrogenation of Si
atoms is indicated by the ARPES analysis in the previous
section (715 ◦C). The sample had been carried through air
and only slightly outgassed prior to the STM measurements.
Thus, a certain amount of noise is visible caused by residual
contaminations. The image in Fig. 9(b) is dominated by flat
areas interrupted by depressions of a typical diameter of
20–50 nm or sometimes smaller. As seen in the inset, which
displays raw data taken with high resolution in the vicinity of
the cross mark, the flat areas can be identified as graphene with
a rather low corrugation, much lower than on pristine epitaxial
graphene on SiC (MLG).15 Figure 9(c) displays a magnified
area (top/left) of the inset in (b) after fast-Fourier-transform
(FFT) filtering.21 The honeycomb lattice fits perfectly to the
atomic structure of graphene as sketched below the STM
image. The maximum corrugation as drawn from line profiles
is 0.15 Å. In contrast to these flat areas, the darker patches [cf.
Fig. 9(b)] display a notably higher corrugation as shown in the
high-resolution micrographs in Figs. 9(d) and 9(e). The corru-
gation in these patches corresponds well to the quasi-(6 × 6)
honeycomb structure of the (6

√
3 × 6

√
3)R30◦ periodicity of

ZLG. The corresponding arrangement of hexagons within the
(6

√
3 × 6

√
3)R30◦ unit cell is depicted below the STM image

in Fig. 9(e). The corrugation within the quasi-(6 × 6) grid is of
the order of 1 Å. As indicated by the depressionlike appearance
of the ZLG patches in Fig. 9(b), the average apparent height
of the (6

√
3 × 6

√
3)R30◦ grid is approximately 0.5 Å below

that of the graphene layer (at the bias voltage of 2.5 V used
in the large-scale micrographs). This provides strong indica-
tion that the borders between QFMLG and ZLG are caused
by the different bonding of the same carbon layer and not by
a substrate step, which would contribute a height difference
corresponding to the thickness of a SiC bilayer, namely, of
2.52 Å. Note also the shape of the ZLG patches, which is
governed by an alignment with the quasi-(6 × 6) hexagons,
which may further hint that the desorption proceeds via the
particular registry between the Si atoms of the SiC substrate
and the carbon (graphene) layer on top of the (6 × 6) hexagon
lines. We note that, occasionally, dehydrogenation is also
observed on small stripes next to SiC substrate steps (not

shown). However, the STM measurements indicate that, in the
case of QFMLG, the hydrogen desorption takes place mainly
on the terraces. Apparently, the hydrogen reaction through a
single graphene layer is possible at elevated temperatures in
contrast to earlier theoretical predictions.49,50

V. CONCLUSION

In conclusion, we demonstrated by means of several
surface-analysis techniques that it is possible to efficiently
obtain large-area QFMLG on SiC(0001) by combining the
thermal treatment of the SiC substrate in Ar atmosphere
with the H-intercalation process. Such a graphene closely
reproduces the theoretically predicted linear band dispersion
for ideal graphene, and the only observable deviation from
the linearity at −200 meV with respect to the Fermi level can
be mainly assigned to e-ph interaction. The scattering rate
has been shown to originate from the e-h pair generation
mechanism at high energies, while at low energies, this
contribution is comparable to the e-ph one. The desorption of
hydrogen from individual Si sites of the substrate is suggested
as a mechanism to explain the reduction of the doping level
with the annealing temperature since it does not imply the
covalent interaction between graphene and Si due to steric
hindrance. LEEM and STM measurements corroborate this
statement. At higher temperatures, hydrogen starts to desorb
on the graphene terraces. This is in contrast to theoretical
considerations49,50 and what one observes for thicker graphene
films.18 For a single carbon layer, it may be possible that
this proceeds by a stepwise reaction of hydrogen with the
carbon lattice via defect configurations, which would be more
difficult in a few-layer graphene film. Our work confirms that
decoupled epitaxial graphene on SiC is a good candidate for
carbon-based electronics.
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