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Hydrogenation of deuterium-intercalated quasi-free-standing monolayer graphene on SiC(0001) is obtained
and studied with low-energy electron diffraction and high-resolution electron energy loss spectroscopy. While
the carbon honeycomb structure remains intact, it is shown that a significant band gap opens in the hydrogenated
material. Vibrational spectroscopy evidences for hydrogen chemisorption on the quasi-free-standing graphene is

provided and its thermal stability is studied.
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Graphene, a zero-gap semiconductor, presents outstanding
physical properties and raises hope for a new electronic era.
The use of a semiconducting substrate to support graphene is of
importance both for its applications' and for the understanding
of its fundamental properties.? To that purpose, silicon carbide
(SiC) appeared as an ideal substrate for the growth of large-
scale and high quality graphene.’> Graphene can be grown
on SiC by high-temperature annealing in inert atmosphere or
ultrahigh vacuum (UHV).>* The first step is the creation of the
(6\/5 X 6\/§)R30° reconstructed interface layer, the so-called
buffer layer, a carbon honeycomb anchored to the SiC substrate
by covalent bonds. By increasing the annealing temperature,
one or several graphene layers are grown atop the buffer layer.
However, monolayer graphene obtained by this way is coupled
to the buffer layer and is n doped, its Dirac cone being offset
by ~0.4 eV from the Fermi energy level (Ef).>® Recently,
Riedl et al.” devised a method to prepare from SiC a single
layer graphene with the Dirac cone located at Er and most
of the outstanding properties of exfoliated graphene flakes are
approached.® This method consists of intercalating hydrogen
atoms (H) at the buffer layer interface by a mild heating of
the substrate in hydrogen atmosphere’ or in UHV under H
atom flux.” First principles calculations'® and photoelectron’
and infrared® spectroscopies have shown that the buffer layer
bonds to SiC are broken and capped with H and the buffer layer
becomes a quasi-free-standing monolayer graphene, a single
layer of graphite efficiently decoupled from the substrate.®8

A simple method to open a band gap or to induce a
metal-to-insulator transition on supported graphene is highly
desirable to design graphene-based devices. To date, this has
been demonstrated by hydrogenation of the graphene layer
on metallic substrates, such as Ir'' and AwNi.!'?2 In this
Rapid Communication, we provide vibrational spectroscopy
evidences of the successful hydrogenation of quasi-free-
standing monolayer graphene on a semiconducting substrate,
SiC(0001), accompanied by a loss of graphene metallicity.

Experiments were conducted in a UHV preparation cham-
ber (base pressure <2 x 10~!° mbar) equipped with a hydro-
gen atom source of the hot capillary type (Omicron EFM-
H) and connected to a high-resolution electron energy loss
spectroscopy (HREELS) analysis chamber (VSI Delta 0.5,
base pressure <1 x 107'° mbar). Samples of ~0.7 cm? surface
were prepared from semi-insulating 6H-SiC(0001) wafers
(TankeBlue, carrier concentration ~10"> cm™). We prepared
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the buffer layer by first obtaining the Si-rich SiC-(3 x 3)
surface, subsequently annealed to 1450 K.'> We assessed the
quality of the buffer layer (avoiding the formation of coupled
graphene atop) by verifying a low-energy electron diffraction
(LEED) pattern on the entire surface (see the Supplemental
Material'* and Refs. 6,9,13,15, and 16 therein). Deuterium
intercalation, transforming the buffer layer in quasi-free-
standing monolayer graphene (denoted as SiC-D/QFMLG),
was performed with a D atom exposure of ~5 x 10'7 cm™2
at a surface temperature of 950 K and confirmed by LEED
and scanning tunneling microscopy (STM).%!* Finally, hy-
drogenation up to saturation of quasi-free-standing monolayer
graphene was performed at room temperature with a H atom
exposure >3 x 10'5 ¢m™2. The latter sample is denoted
as SiC-D/QFMLG-H to stress the different isotopes used,
first, to prepare quasi-free-standing monolayer graphene (the
D-intercalation step), and second, to hydrogenate it. As it
will be shown in the following, the obtaining of deuterium-
intercalated and hydrogenated quasi-free-standing monolayer
graphene, as well as samples made at intermediate preparation
steps, are clearly distinguishable with HREELS measurements
performed at room temperature.

Figure 1 shows characteristic HREEL spectra taken in
specular geometry (65° angle of incidence with respect to
the surface normal) with a 5 eV electron primary beam energy
for the buffer layer, SiC-D/QFMLG and SiC-D/QFMLG-H
samples. In addition to the elastic peak, the three spectra
present the well known Fuchs-Kliewer (FK) SiC optical
phonon at an electron energy loss of about 115 meV as well as
FK phonon overtones/multiple losses at ~230 and ~345 meV
(denoted as 2FK and 3FK, respectively). The obvious dif-
ference between those spectra are the different widths of
the energy loss features and the corresponding decreasing
background which extends to energy losses up to 500 meV
and higher. We characterize these differences by measuring
the elastic peak’s full width at half maximum (FWHM) as
shown in Fig. 1. Dielectric theory is known to properly describe
HREELS in specular geometry.'” In particular, FWHM and
the shape of the HREELS elastic peak are strongly influenced
by the electronic properties of the layers interacting with the
electron primary beam. Therefore, the change of FWHM we
observe in Fig. 1 between the buffer layer, SiC-D/QFMLG,
and SiC-D/QFMLG-H is a measure of the modification of
electronic structure between the three samples.
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FIG. 1. (Color online) HREEL spectra of the buffer layer (red
triangle), SiC-D/QFMLG (blue square) and SiC-D/QFMLG-H (green
circle) samples.

The buffer layer sample has a semiconducting surface with
a band gap of at least 1.6 eV containing faint surface states
located between 0.1 and 0.5 eV and around 0.9 eV below
E .58 Guisinger et al.'” have shown that these surface states
disappear upon hydrogenation of the buffer layer. We found
that the HREELS FWHM of the buffer layer drops from 13
to 4.5 meV when the sample is hydrogenated (not shown), the
latter value being typical of intrinsic semiconducting surfaces
with the settings of our spectrometer. Therefore we conclude
that the major source of FWHM broadening in the buffer layer
is related to its surface states.

Upon D intercalation, the buffer layer transforms in SiC-
D/QFMLG,%'* which translates in HREELS as an increase of
the elastic peak FWHM from 13 to 30 meV. In this case,
the broadening of the elastic peak is obviously related to
the vanishing band gap of graphene, since FK phonon losses
are efficiently screened by the quasi-free-standing graphene
monolayer (Fig. 1). We note that the FK loss of SiC-D/QFMLG
does not present a two-peak structure, in contrast to what
is observed for monolayer graphene grown atop the buffer
layer.® This absence of FK phonon-plasmon coupling is
further evidence of the efficient decoupling from the substrate
obtained with deuterium intercalation. Furthermore, the elastic
peak asymmetry in the SiC-D/QFMLG spectra is markedly
more important than in the case of the buffer layer. We
tentatively attribute this asymmetry to the Drude damping?!
of a plasmon feature located at the loss energy of ~5.8 eV,
as observed in specular geometry for SiC-D/QFMLG but
absent in the buffer layer sample (primary beam energy 26 eV,
not shown). In summary, the large and asymmetric HREELS
elastic peak observed for the SiC-D/QFMLG is rationalized
by the presence of the delocalized 7 and 7* bands up to Er
of the graphene layer.

Hydrogenation of suspended graphene as well as quasi-
free-standing graphene supported on Ir or Au/Ni is known to
open a wide band gap around Er while keeping the integrity
of the carbon honeycomb structure.'"'>?? Figure 1 shows
that upon hydrogenation of SiC-D/QFMLG, the obtained
SiC-D/QFMLG-H sample presents a dramatic decrease of its
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peaks FWHM, from 30 to 4.5 meV. The latter FWHM is similar
to the one measured for the hydrogenated semiconducting
buffer layer sample, i.e., in the absence of surface states.
Furthermore, 2FK and 3FK phonon losses reappeared and
the ~5.8 eV plasmon feature disappeared. Finally, the LEED
pattern of the SiC-D/QFMLG-H remains very similar to the
one of SiC-D/QFMLG.'* Taken together, these observations
show that, upon hydrogen atom exposure, the graphene lattice
structure and its positioning on the SiC substrate is unchanged
but its metallic character is lost. We measured the evolution
of the elastic peak width as a function of the H dose
(from 2 x 10" cm~2 up to saturation, i.e., >3 x 10" cm~2).
A monotonic decrease of the FWHM is observed, indicating
that the electronic density of states (DOS) near Er is smoothly
decreasing with hydrogen coverage, consistent with the obser-
vation of a band-gap opening of hydrogenated graphene onIr.!!
However, a precise characterization of the physical mechanism
behind the loss of metallicity is beyond the scope of this study.

In addition to the features of Fig. 1 discussed above, the
SiC-D/QFMLG-H spectrum presents several supplementary
peaks not visible in the present scale. These peaks and others
can be better seen when HREELS is performed in a out-of-
specular geometry, where the dipolar lobe induced background
is strongly reduced.” In Fig. 2, we display spectra of two
hydrogenated graphene on SiC obtained with inverted isotopic
preparation, i.e., SiC-D/QFMLG-H and SiC-H/QFMLG-D
samples. The isotopic inversion permits to unambiguously
attribute energy loss peaks to a chemical bonding by looking
at the quantitative oscillator frequency shift when one of the
two oscillator partners is changed (in the present case Si-D to
Si-H or C-H to C-D inversion).

Apart from FK SiC phonon losses and the LO phonon of
graphene at 193 meV,?*? constant in frequency, several peaks
are found to shift upon isotopic inversion. We highlight those
shift in Fig. 2 by arrows, the ones pointing down (respectively
up) highlighting the C-H to C-D (respectively Si-H to Si-D)
substitution. A summary of spectroscopic signatures and their
assignments are presented in Table I. On the SiC-H/QFMLG-D

LB o
—— SiC-D/QFMLG-H x50

—— SiC-H/QFMLG-D x50
—O— full scale spectrum

Intensity (arb. units)

E,=5eV / Out;of-specular
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FIG. 2. (Color online) HREEL spectra of SiC-D/QFMLG-H (top
trace) and SiC-H/QFMLG-D (middle trace) samples. Si and C
related vibrations are marked with star (x) and sharp (#) symbols,
respectively. Arrows indicate peaks shifts due to H — D isotope
substitution.
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TABLE 1. Summary of HREELS vibrational peak assignment
based on isotopic inversion. § and v stand for bending and stretching
vibrational modes, respectively. Mode frequencies are given in meV.

Sample Mode Si-D Si-H C-D C-H
SiC-D/QFMLG-H 8 67 153
v 193 331
v+ FK 306 449
SiC-H/QFMLG-D 8 95 FK
v 263 243
v+ FK 378 358

(respectively SiC-D/QFMLG-H) sample, the peak located at
263 meV (respectively 193 meV, on top of the LO phonon)
is attributed to the signature of intercalated hydrogen bound
to the Si atoms of the SiC substrate. Although slightly shifted
to higher frequency as compared to the Si-H (respectively
Si-D) stretch on silicon surfaces,? the energy loss we attribute
to a Si-H stretch is consistent with the infrared adsorption
measurement of Speck et al.® and the Si-D to Si-H frequency
shift agrees quantitatively to the change of oscillator mass.
Also shifted to higher frequency as compared to silicon
surfaces, the peak at 95 meV (respectively 67 meV) is
assigned to the Si-H (respectively Si-D) bending mode. The
peak at 378 meV (respectively 306 meV) results from the
combination between the Si-H (respectively Si-D) stretch
and the FK SiC phonon. On the SiC-D/QFMLG-H (respec-
tively SiC-H/QFMLG-D) sample, peaks observed at 331 and
153 meV (respectively 243 meV and in the FK phonon)
coincides with stretch and bend vibrations of hydrogen
(respectively deuterium) dimers on graphite.”’?® Similarly to
the case of Si-H, the peak at 449 meV (respectively 358 meV)
is assigned to the combination between the C-H (respectively
C-D) stretch and the FK SiC phonon.

The analysis of out-of-specular HREEL spectra provides
several evidences. For the sake of clarity, we will discuss the
SiC-D/QFMLG-H sample in the following. First, the observa-
tion of Si-D oscillators confirms the nature of the intercalation
used to obtain quasi-free-standing graphene on SiC, i.e.,
the intercalated deuterium is covalently bound to the silicon
atoms of the SiC substrate, consistent with the recent infrared
spectroscopy measurement on SiC-H/QFMLG by Speck et al.®
It is therefore reasonable to assume that prior to intercalation,
the buffer layer binding is made between Si atoms of the
SiC and atoms of the carbon honeycomb layer, as most of
recent calculations have assumed.??° Second, the observation
of C-H oscillators proves the successful hydrogenation of
quasi-free-standing graphene on SiC and is consistent with
the present observation of a drastically reduced DOS near
E 3733 The measured C-H and C-D frequencies (Table I) are
in good agreement with the adsorption clustering in dimers
calculated by several groups on single side hydrogenated
isolated graphene®®* and is consistent with STM observations
on graphite® and n-doped graphene grown atop of the buffer
layer.'>3¢ We note that Kim et al. have measured C-H
and C-D frequencies for hydrogenated graphene supported
on Ir(111),%7 lower than the calculated ones on single side
hydrogenated isolated graphene. In light of our results, we
suggest that the metal substrate has a significant influence on
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FIG. 3. (Color online) Evolution of the HREELS elastic peak
FWHM of SiC-D/QFMLG-H upon annealing. The annealing tem-
perature uncertainty is estimated to be £5%. Error bars represent the
+o variation of FWHM measured across the entire surface of several
samples.

hydrogen adsorption on Ir(111), in contrast to SiC-D/QFMLG-
H samples which present a hydrogenated quasi-free-standing
graphene efficiently decoupled from the SiC-D substrate.
Third, we recall that SiC-D/QFMLG-H samples are obtained
with two steps of hydrogen isotope exposure performed at
different sample temperatures. The first step is the deu-
terium intercalation below the graphene performed at 950 K
and the second step is the hydrogen adsorption on graphene
performed at 300 K. Close inspection of Fig. 2 shows that
the second isotope exposure at room temperature does not
change the nature of the intercalation oscillator, i.e., extended
exposure of SiC-D/QFMLG to hydrogen atoms at 300 K pro-
duces SiC-D/QFMLG-H and not SiC-H/QFMLG-H. Isotope
substitution by abstraction and subsequent adsorption is known
to be efficient on silicon surfaces*® and we did observe isotope
substitution of the intercalated deuterium when performing
the intercalation step a second time with changing isotope,
i.e., SiC-D/QFMLG becomes SiC-H/QFMLG when exposed
to hydrogen atoms at 950 K. Therefore, we demonstrate
that D-intercalated quasi-free-standing graphene on SiC is
impenetrable to hydrogen atoms at 300 K.

This raises the question of why the deuterium intercalation
step needs to be performed at an elevated sample temperature.
In order to investigate this matter, we have tested, first, the
stability of hydrogenated quasi-free-standing graphene on
SiC upon thermal treatment. SiC-D/QFMLG-H samples were
gradually annealed in UHV and their evolution was followed
with LEED and the elastic peak FWHM of HREELS recorded
in specular geometry. In Fig. 3, we observe the transforma-
tion of SiC-D/QFMLG-H into SiC-D/QFMLG at a sample
temperature of 600 K that we relate to hydrogen desorption
from the graphene. Then, when the sample is heated above
1100 K, intercalated deuterium desorbs and the graphene
layer is anchored back to the SiC, recreating the buffer layer,
consistent with the observation of Riedl et al.” The recovered
buffer layer can be used again to prepare (hydrogenated) quasi-
free-standing graphene. Second, we exposed the buffer layer
sample to hydrogen atoms at room temperature and performed
LEED and HREELS measurements as a function of annealing
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temperature. Adsorbed hydrogen atoms on the buffer layer
are found to be remarkably stable upon sample annealing,
desorbing from the buffer layer only above ~750 K. Therefore,
we conclude that preparation of quasi-free-standing graphene
on SiC by hydrogen intercalation is possible in a small sample
temperature window because of the competition between
hydrogen chemisorption on the buffer layer (<750 K), hy-
drogen intercalation below the buffer layer (750-1100 K), and
hydrogen desorption from the intercalation site (>1100 K).
The exact intercalation mechanism (hydrogen diffusion
through the anchored graphene lattice, at defect or at boundary
of the anchored graphene layer) remains an open question.
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In summary, we have obtained hydrogenated deuterium-
intercalated quasi-free-standing graphene on SiC and shown
its stability in vacuum up to 550 K. Hydrogenated quasi-
free-standing graphene conserves its honeycomb structure
and possesses a significant band gap, allowing HREEL
spectroscopy to probe the nature of chemical bonds below
the graphene sheet. Intercalation and hydrogenation-induced
band-gap opening are reversible processes, a promising feature
for the processing of technological devices.
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