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We measure the adsorption height of hydrogen-intercalated quasifreestanding monolayer graphene on the
(0001) face of 6H silicon carbide by the normal incidence x-ray standing wave technique. A density
functional calculation for the full (6\/§ x 61/3 )-R30° unit cell, based on a van der Waals corrected exchange
correlation functional, finds a purely physisorptive adsorption height in excellent agreement with experi-
ments, a very low buckling of the graphene layer, a very homogeneous electron density at the interface, and

the lowest known adsorption energy per atom for graphene on any substrate. A structural comparison to other
graphenes suggests that hydrogen-intercalated graphene on 6H-SiC(0001) approaches ideal graphene.

DOI: 10.1103/PhysRevLett.114.106804

During the past decade, graphene attracted broad interest
forits structural and electronic properties [ 1,2], which makes
it a promising material for a wide range of applications, e.g.,
transistors in nanoscale devices [3] and energy storage [4].
The exact material properties of graphene depend on the
growth conditions on a given substrate and its interaction
with the substrate. In order to maintain its unique electronic
properties, it is important to understand the coupling
between the graphene layer and the substrate, in terms
of covalent and noncovalent bonding, residual corrugation,
and doping.

Large-scale ordered epitaxial graphene can be grown on
various metal substrates. However, the metallic contact to
the graphene layer determines its transport properties
through, for instance, buckling or doping of the graphene
layer [5,6]. It is therefore paramount to find a substrate for
which the interactions are minimized in order to preserve
the extraordinary properties of a single graphene layer. In
addition, the use of a nonmetallic substrate is necessary to
be able to use graphene, for instance, in electronic devices.

In this context, graphene growth on various faces of the
wide band gap semiconductor silicon carbide (SiC) appears
appealing. Riedl ef al. [7] demonstrated the possibility to
decouple graphene from SiC by intercalation of hydrogen
atoms [quasifreestanding monolayer graphene (QFMLG)].
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It is known from the band structure, core levels, and Raman
spectroscopy of graphene [8,9] that the intercalation
process reduces the interaction with the substrate substan-
tially (removal of covalent bonds, less doping and strain).
However, these measurements are indirect and, moreover,
for weakly interacting graphenes the sensitivity of angle-
resolved photoelectron spectroscopy (ARPES) becomes
insufficient to assess the interaction with the substrate [10].

An alternative criterion to gauge the interaction strength
of graphene with a substrate is its adsorption height.
However, for hydrogen-intercalated graphene, the adsorp-
tion height is not known experimentally. Moreover, it is not
clear whether for such a weakly interacting system this
height can be calculated reliably as it is entirely determined
by the van der Waals (vdW) interaction, which is difficult to
treat. In this Letter, we present a density functional theory
(DFT) calculation of QFMLG using the full unit cell and a
vdW correction to the exchange correlation potential in
which the dispersion coefficients are derived from the
self-consistent electron density [11]. The calculation
yields an adsorption height that is indicative of a purely
vdW interaction. We validate this calculation with an
accurate experimental height determination by normal
incidence x-ray standing wave (NIXSW) and find an
excellent agreement. By comparing our results to the
adsorption height of graphene on various substrates taken
from the literature, we demonstrate that QFMLG on SiC
has the least graphene-substrate interaction among all
studied systems. This is confirmed in our DFT calculations
by a very low buckling of the graphene layer, a very
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homogeneous electron density at the interface, and the
lowest known adsorption energy per atom for graphene on
any substrates.

Experiments and calculations were carried out for
graphene on 6H-SiC(0001). Because of its smoothness
and homogeneity, the Si-terminated surface of the 6 H-SiC
is widely used to achieve a controlled formation of high
quality epitaxial graphene monolayers [12—15]. However,
the first honeycomb carbon layer formed on the SiC(0001)
surface consists of sp? and sp? hybridized orbitals leading
to the formation of the so-called zero-layer graphene (ZLG)
[16,17]. Since some of its atoms are covalently bonded to
the Si atoms of the SiC surface, the ZLLG does not show the
typical Dirac cone in its band structure [8]. To recover the
typical electronic properties of graphene, namely linear
dispersion of the z and z* bands at the K point of the
hexagonal Brillouin zone, the formation of an additional
graphene layer on top of the ZLG is required, generating
epitaxial monolayer graphene (EMLG). Although the
ZLG decouples the EMLG from the substrate, it is still
considered to be a main obstacle for the development of
graphene-based electronic devices because of the residual
interactions. In fact, the Si dangling bonds in the top layer
induce a significant doping in the EMLG even through the
ZLG [18]. Replacing the carbon ZLG by a more passivating
layer is therefore necessary to produce freestandinglike
graphene on the SiC substrate. This can be achieved by
hydrogen intercalation. The hydrogen atoms passivate the
Si atoms in the top SiC bilayer. In this process the bonds
between the ZLG and Si atoms are broken, the s p? atoms in
the ZLG rehybridize, and the ZLG is lifted above the
hydrogen atoms at the interface, forming QFMLG. Thus,
hydrogen takes over the decoupling role of the ZLG layer
in the EMLG.

The NIXSW experiments were performed in an ultrahigh
vacuum end station at the 109 beam line at Diamond
Light Source (Didcot, United Kingdom) equipped with a
VG Scienta EW4000 hemispherical electron analyzer
(acceptance angle of 60°) perpendicular to the incident
beam direction. All data sets were recorded at room
temperature and in a normal incidence geometry. A photon
energy of approximately 2463 eV was used to excite the
6H-SiC(0006) reflection, which has a Bragg plane spacing
of 2.517 A. The NIXSW method, combining dynamical
x-ray diffraction and photoelectron spectroscopy, is a
powerful tool for determining the vertical adsorption
distances at surfaces with sub-A accuracy and high chemi-
cal sensitivity. The samples were prepared by thermal
decomposition of SiC to produce the ZLG and then by
annealing up to 700°C in molecular hydrogen at atmos-
pheric pressure to produce the QFMLG. After being
transported in air to the beam line, the samples were
outgassed in the end station before the x-ray measurements.
ARPES using monochromatized He la radiation and low
energy electron diffraction, shown in Ref. [19], were used
to check the electronic and structural properties. The x-ray

results were obtained from two samples at different spots
and showed no sample and position dependence.

The surface SiC (C3) and graphene components of the
C 1s spectrum are found at binding energies of 283.1 and
284.7 eV, respectively [Fig. 1(a)], and the Si 2s is found at
152.2 eV [Fig. 1(b)] for the surface SiC (Si3i$). The
photoelectron yield of each chemical species is deduced
from the peak area determined by a line-shape analysis of
the core-level spectrum. This is repeated for all photon
energy steps over a 2 eV range around the Bragg energy
(Egragg) for all three species. Following a well-established
procedure [19], we fit the final reflectivity and photo-
electron yield curves with dynamical diffraction theory to
determine the heights of the three different species with
respect to the bulk-extrapolated SiC(0006) atomic plane.
The CSIC atoms are located at 0.61 +0.04 A below the

bulk-extrapolated silicon plane and the Si$$0.05 + 0.04 A
above. Thus, we obtain an experimental Si-C distance of
0.66 +0.06 A, in agreement with the SiC crystalline
structure [20,21]. In the same way, we find the adsorption
height of the graphene layer with respect to the topmost Si
layer to be 4.22 + 0.06 A, as shown in Fig. 2(a). We note
that this height is approximately equal to the sum of the
vdW radii of carbon and hydrogen (plus the Si-H distance
of approximately 1.50 A), and thus indicates the absence of
interactions besides vdW.
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FIG. 1 (color online). NIXSW data measured for QFMLG on
6H-SiC(0001). (a) C Ls core level, fitted with two asymmetric
Lorentzians. G and CSIC correspond to the graphene and the
surface carbon atoms of SiC, respectively. (b) Si 2p core level
fitted with a pseudo-Voigt function. Both were measured with a
photon energy of 2494 eV. (c) Black dots show experimental
photoelectron yield curves versus photon energy relative to the
(0006) Bragg energy (2463 eV). The error bars, estimated
according to Ref. [22], are smaller than the symbols. Fits to
the yield curves for the surface atoms of SiC (SiSlG, CSIC) and
graphene (G) are shown in blue, orange, and green, respectively
[19,23-25]. The reflectivity R is plotted with black diamonds and
its best fit in red. The absolute distances for each component
are given with respect to the bulk-extrapolated silicon planes.

The error bar for each value is +0.04 A.
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FIG. 2 (color online).
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(a) Vertical distances measured by NIXSW on QFMLG. The position of the Bragg planes around the surface are

indicated by blue lines. PBE + vdW calculated geometry for (b) QFMLG and for (¢c) EMLG on 6H-SiC(0001) and histograms of the
number of atoms N, versus the atomic coordinates (z) relative to the topmost Si layer (Gaussian broadening: 0.02 A). N, is normalized
by Ng;c, the number of SiC unit cells. D,, ., is the distance between the layer n and n + 1, d,, gives the Si-C distance within the SiC
bilayer n, and 8, is the corrugation of the layer n. All values are given in A.

To test whether the structure of this predominantly vdW
interacting interface can be predicted using DFT and to gain
a detailed understanding of how hydrogen decouples the
graphene layer from the substrate, we performed DFT
calculations for the QFMLG and EMLG. The calculations
were carried out using the all-electron, localized basis set
code FHI-aims (tight settings) [26-29] and the Perdew-
Burke-Ernzerhof (PBE) functional [30] with a correction
for vdW effects (PBE + vdW). There are many different
approaches to include long-range dispersion effects in DFT
calculations [31]. We use the well-established Tkatchenko-
Scheffler [11] method to efficiently include vdW effects in
large-scale DFT calculations with thousands of atoms. It is
a pairwise approach, where the effective C6 dispersion
coefficients are derived from the self-consistent electron
density. For the bulk lattice parameter of the 6H-SiC
polytype, we find a = 3.082 A and ¢ =15.107 A. We
stress that we investigate the QFMLG and EMLG recon-
structions in the experimentally observed large commen-

surate (6\/§ X 6\/§)—R30° supercell, almost strain-free
(PBE + vdW: 0.1%) [32], consisting of 6 SiC bilayers
under each surface reconstruction (1850 and 2080 atoms
for the QFMLG and EMLG, respectively). We fully relaxed
the top three SiC bilayers and all planes above (residual
energy gradients < 8 x 1073 eV/A).

Figure 2 compares the measured structure of QFMLG
[Fig. 2(a)] and the calculated structure of the QFMLG and
EMLG [Figs. 2(b) and 2(c)] on 6H-SiC predicted at the
PBE + vdW level. In addition, we include a histogram of
the atomic z coordinates relative to the top Si layer
normalized by the number of SiC unit cells. For illustration
purposes, we broadened the histogram lines using a
Gaussian with a width of 0.02 A. For the QFMLG, we
find a bulklike distance of 1.89 A between the SiC bilayers.
The Si-C distance within the top SiC bilayer (0.62 A) and

the remaining Si-C bilayer distances are practically bulk-
like (0.63 A), in good agreement with the experimental
result (0.66 £ 0.06 A). The distance between the top Si
layer and the graphene layer is 4.16 A for 6H-SiC, again in
good agreement with the measured 4.22 +0.06 A. The
0.02 A corrugation of the graphene layer is very small. For
the hydrogen layer and all layers underneath, the corruga-
tion is < 1072 A.

The situation is very different for the EMLG in Fig. 2(c).
Here a significant buckling of the graphene layer is
observed [33,34]. In the EMLG, the interface between
bulk SiC and graphene is formed by the partially covalently
bonded ZLG. This interface layer is corrugated by 0.86 A,
leading to a buckling of the graphene layer of 0.45 A, as
well as a strong corrugation of 0.78 A in the top Si layer.
The interlayer distance (1.92 A) between the top substrate
bilayers is increased in comparison with the bulk value,
while the Si-C distance within the topmost SiC bilayer
is substantially reduced; see Fig. 2(c). In summary, our
calculations provide a valid description of the graphene SiC
interface, as they reproduce quantitatively the NIXSW-
measured Si-graphene distances for both QFMLG and
EMLG [32,33].

Using a smaller approximated (v/3 x v/3)-R30° cell
(50 atoms for QFMLG), we tested the influence of the
exchange correlation functional and the type of vdW
correction on the geometries [19]. The Si-graphene dis-
tance for QFMLG calculated in the approximated cell using
the same methodology as discussed above is 4.25 A.
When we applied the highest level of theory using the
Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) [35]
with a vdW correction incorporating many-body effects
(HSEO06 + MBD) [36-38], the Si-graphene distance
increased slightly to 4.26 A. The difference of 0.01 A
between PBE + vdW and HSE06 + MBD is negligible.
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FIG. 3 (color online). Comparison of the overlap A for different
epitaxial graphene systems. A is calculated by subtracting 785
from the sum of graphene and substrate vdW radii. The empty
and the filled squares correspond to DFT and measured values,
respectively. (a) This work; (b) Refs. [32,33]; (c) Ref. [5];
(d) Ref. [6]; (e) Ref. [42]; (f) Ref. [43]; (g) Ref. [44].

We can thus conclude that changes in the predicted vertical
structure of the (6v/3 x 61/3)-R30° supercell would also be
small even if higher-level approximations to the exchange
correlation functional were employed.

Comparing the buckling of QFMLG (0.02 A) and of
EMLG (0.45 A), we can conclude that QFMLG is much
more ideal for device applications than EMLG. This is
confirmed by a qualitative analysis in terms of overlapping
vdW radii [39,40] where the overlap is defined by A =
rSuw + Ry — 26750 with 8, o8, and 67" being the
vdW radii of graphene and of the atoms immediately below
the graphene layer, and the measured distance between the
graphene and the topmost atoms of the substrate, respec-
tively. A > 0 means that the vdW radii of the graphene and
of the substrate overlap, indicating some degree of chemi-
cal interaction. On the other hand, for A < 0, the graphene-
substrate interaction is expected to be very weak. In Fig. 3,
the overlap is plotted for QFMLG in comparison with other
systems for which the adsorption heights have been
measured or calculated. Epitaxial graphenes on SiC exhibit
the lowest overlaps and QFMLG has by far the lowest
value. This is also reflected in the low adsorption energy
calculated for QFMLG, which is 59 meV/atom, signifi-
cantly smaller than the corresponding values for EMLG
(89.2 meV /atom) and graphite (81 meV/atom) [41].

Finally, we show that purely physisorptive adsorption
with negligible buckling translates into a more decoupled
electronic structure of the graphene. For this purpose, we
calculate the change of electron density at the interface for
QFMLG and EMLG. The calculations were performed with
a 3C-SiC substrate as it allows us to use a smaller substrate
thickness (4 layers instead of 6 for 6H-SiC) and renders the
calculation more affordable. The SiC polytype (3C and 6H)
is known not to influence the surface reconstructions
[45,46]. We confirmed this by DFT for QFMLG and
EMLG on both 6H-and 3C-SiC [19]. The electron density
of the system is represented on an evenly distributed grid for
the full system pg;(r). Similarly, the graphene layer pg(r)
and the substrate pg;,(7), calculated in isolation from each
other, include the hydrogen layer for QFMLG and the ZLG
for EMLG. The electron density difference Ap(r) is given

by Ap(r) = pfull(r) - MG(r) +psub(r)]' Figure 4 shows

(a) 3C-SiC(111) QFMLG
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FIG. 4 (color online). Electron density differences Ap(r) =
pun(r) = lpG(r) + pan(r)] for (a) 3C-SiC QFMLG and
(b) 3C-SiC EMLG, calculated in the x-y plane between the
substrate and the graphene layer (at z/ = 1.08 A below the
graphene layer). The (6v/3 x 61/3)-R30° supercell is shown in
black and the graphene layer in gray.

Ap(r) in the x-y plane at a given height between the
substrate and the graphene layer. The resulting pattern is
very similar for any chosen height [19]. In QFMLG, all Si
atoms are saturated by hydrogen [47], resulting in negligible
variations of the charge density within the x-y plane, as seen
in Fig. 4(a). For EMLG, see Fig. 4(b), the electron density is
modulated by the interplay of saturated and unsaturated
Si bonds to the ZLG layer. The negligible Ap(r) of QFMLG
is an additional indication for the improved decoupling
of the graphene layer from the substrate, thus preventing
its buckling. This is in agreement with STM results
[34] showing no corrugation within the experimental
accuracy.

In conclusion, we have shown that DFT PBE + vdW
calculations, for the large experimentally observed unit cell,
accurately predict the adsorption height of QFMLG, in
agreement with NIXSW measurements. QFMLG is the
system having the largest adsorption distance among
studied graphene-substrate systems; in particular, the over-
lap vanishes, suggesting a very effective decoupling of the
graphene layer. Indeed, the calculations show that in
comparison to EMLG, QFMLG is a very flat graphene
layer with a very homogeneous electronic density at the
interface. This significant difference translates into a
dramatic improvement of transistors after hydrogen inter-
calation [48,49]. It suggests that the adsorption distance is a
valid parameter to assess the ideality of graphene.
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