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G
raphene currently receives enor-
mous attention due to its peculiar
electronic and mechanical proper-

ties.1�3 Especially by tailoring its electronic
properties employing chemical functionali-
zation, graphene provides an enormous ap-
plication potential regarding electronic devi-
ces,4,5 sensors,6,7 or spintronics.8,9 Hence,
understanding the influence of impurities
on the local electronic properties of gra-
phene is crucial from a fundamental as well
as application-oriented point of view.Model
calculations10,11 as well as microscopic
investigations12,13 of different adatoms on
graphene have shown that functionaliza-
tion by impurities induces disorder in the
system and yields localized states.14

However, most insulating as well as me-
tallic substrates employed for graphene fab-
rication and characterization already act as
dopant or strongly interact with the out-of-
plane π orbitals of graphene.15�20 In order
to study the intrinsic electronic structure of

functionalized graphene using local scale
scanning tunneling microscopy and spec-
troscopy (STM/STS) as well as spatially aver-
aging ARPES, a substrate is required that
does not significantly interact with the elec-
tronic structure of graphene. It was pre-
viously shown by ARPES that intercalation
of a Au monolayer between a CVD-grown
single-crystalline graphene sheet and its
Ni(111) substrate substantially reduces the
interactions and recovers the Dirac fermion
behavior.21�23 Another approach to obtain
graphene that does not significantly inter-
act with its substrate was first demonstrated
by Riedl et al.24 when intercalating epitaxial
graphene on SiC with hydrogen. Hence,
these systems are suitable candidates for
investigations of the local electronic struc-
ture with both local as well as spatially
averaged spectroscopic methods.
Here we investigate the electronic prop-

erties of hydrogenated quasi-free graphene
on a metal substrate on a local scale with
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ABSTRACT We report high-resolution scanning tunneling micro-

scopy and spectroscopy of hydrogenated, quasi-free-standing gra-

phene. For this material, theory has predicted the appearance of a

midgap state at the Fermi level, and first angle-resolved photo-

emission spectroscopy (ARPES) studies have provided evidence for

the existence of this state in the long-range electronic structure.

However, the spatial extension of H defects, their preferential

adsorption patterns on graphene, or local electronic structure are

experimentally still largely unexplored. Here, we investigate the shapes and local electronic structure of H impurities that go with the aforementioned

midgap state observed in ARPES. Our measurements of the local density of states at hydrogenated patches of graphene reveal a hydrogen impurity state

near the Fermi level whose shape depends on the tip position with respect to the center of a patch. In the low H concentration regime, we further observe

predominantly single hydrogenation sites as well as extended multiple C�H sites in parallel orientation to the lattice vectors, indicating an adsorption at

the same graphene sublattice. This is corroborated by ARPES measurements showing the formation of a dispersionless hydrogen impurity state which is

extended over the whole Brillouin zone.

KEYWORDS: scanning tunneling microscopy . scanning tunneling spectroscopy . graphene . hydrogenation .
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STM and STS in combinationwith ARPES. We show that
our starting material, graphene on Au, exhibits a high
crystalline quality with no observable defects or ad-
sorbates on the local scale, which is a crucial precondi-
tion for studies of artificial impurities. We probe the
topography as well as the local density of states (LDOS)
with STM/STS in subnanometer resolution and find
pronounced impurity states at hydrogenation sites
with position-dependent shapes and widths. In con-
trast to measurements of graphene on Ir(111) with
stronger substrate interaction, where a full hydrogena-
tion of the graphene was shown,25 we focus in this
work onwell-isolated hydrogenated sites. The compar-
ison of shape and size of the obtained hydrogenated
patches with density functional based tight binding
method (DFTB) calculations suggests that atomic hy-
drogen adsorbs on graphene in the low concentration
regime giving rise to single and extended double or
triple C�H sites with spatial orientations that follow
that of a meta configuration. The studies of the local
electronic structure of hydrogenated graphene are
corroborated by complementary ARPES measure-
ments. We demonstrate the formation of a hydrogen
impurity state across the Brillouin zone and further
discuss the p-type doping induced by hydrogen im-
purities on graphene.

RESULTS AND DISCUSSION

Figure 1a shows a typical topographic image of as-
produced graphene on a Ni(111) substrate. The inset
represents the fast Fourier transform (FFT) of the image
from which we determine the lattice constant within
given accuracy to 2.4((0.1) Å (consistent with the
expected value for graphene of 2.46 Å). The graphene
layer covers the substrate homogeneously and across
step edges as it is expected from the CVD growth on
single-crystalline substrates.26�28 Furthermore, we do
not observe significant lattice distortions, defects, or
adsorbates neither on the local atomic scale (50 nm �
50 nm) nor on larger areas (shown in Figure S1 of the
Supporting Information) which outlines the high qual-
ity of the obtained graphene. However, its electronic
structure is strongly modified by the Ni substrate due
to hybridization29,30 which in turn affects the spectro-
scopic measurements. Figure 1b depicts a typical STS
spectrum of graphene/Ni(111) obtained at 300 K. The
recorded LDOS exhibits two prominent features at
around �400 mV and þ450 mV bias voltage, which
are related to the spin-split band edges of the Ni band
structure and, thus, the electronic structure of the
substrate rather than that of graphene.31,32 In order
to investigate the local electronic properties of gra-
phene, and subsequently those of hydrogen adsor-
bates, a liberation from the Ni substrate is crucial.
The intercalation of one monolayer (ML) Au effec-

tively decouples graphene electronically from the Ni
substrate21�23 and induces a Moiré superstructure in

topography images due to a lattice mismatch between
Au and graphene22,23 (further topographic images of
larger areas for graphene/Au are shown in Figure S2 of
the Supporting Information). In Figure 1c, a region of
the sample with the superstructure after Au intercala-
tion is shown. The FFT in the inset indicates the
hexagonal graphene lattice as well as the additional
reflexes of the Moiré pattern, which relate to a gold
lattice constant of 27.4 Å, in agreement with previous
values.22,23 The superstructure is also observed for
larger sample areas as well as in low energy electron
diffraction (see Supporting Information) and thus in-
dicates a fully developed Au intercalation.
The electronic properties of the graphene/Ni(111)

system are strongly influenced by the Au intercalation
process, as it shifts the chemical potential of graphene
by 2 eV and recovers the Dirac fermion behavior of
charge carriers near the Fermi level.22 The dI/dU curve
in Figure 1d follows the typical V shape as expected
for the graphene DOS from band structure calcula-
tions.33,34 For graphene on top of 1 ML Au, we identify
the Dirac point at theminimum of the spectrum. In our

Figure 1. (a) Atomically resolved topography image of as-
produced graphene on Ni(111). No significant defects on all
investigated areas were observed. Inset: FFT, spots corre-
spond to lattice constant of 2.4 Å (I = 0.8 nA, U =�250 mV).
(b) dI/dU spectrum (average over 8 � 8 spectroscopic map
of 5 nm �5 nm) of graphene/Ni(111). Shoulders at around
�400mVand400mV refer to theNi electronic structure and
prevent an investigation of bare graphene (I = 0.25 nA,
U = �600 mV, Umod = 10 mV, T = 300 K). (c) Topography of
graphene intercalated with 1 ML Au leading to a lattice
mismatch induced Moiré pattern. Inset: FFT, outer spots
correspond to a lattice constant of 2.4 Å. Inner spots
depicted in the zoomed image are related to the Moiré
patternwitha lattice constantof27.4Å (I=0.5nA,U=�100mV,
T=20 K). (d) dI/dU curves of graphene after Au intercalation,
averaged over a 5 � 5 spectroscopic map of 5 nm � 5 nm.
The quasi-free-standing graphene exhibits a nearly linear,
symmetric shape in the LDOS with a minimum at the Fermi
energy (I = 0.5 nA, U = �100 mV, Umod = 4 mV, T = 20 K).
Inset: larger bias scale, averaged over 10 single-point
spectra (I = 0.5 nA, U = �400 mV, Umod = 4 mV, T = 20 K).
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system, we observe a slight shift of the Dirac point to
positive bias voltage by about 4mV, which is within the
resolution limit. Hence, the intrinsic doping level of
graphene in the investigated system is close to charge
neutrality, which is in agreement with ARPES measure-
ments22 and similar by trend to previous works for
quasi-free graphene on a graphite substrate.35 As can
be seen on the large bias scale in the inset, the features
at �400 mV and þ450 mV in the dI/dU curves, origi-
nating from the Ni(111) substrate, are now sufficiently
reduced, especially the plateau at positive bias voltage.
We also do not observe a significant variation in the
dI/dU curves when comparing spectra obtained from
bright and dark regions of the Moiré pattern (see
Supporting Information). Hence, graphene on 1 ML
Auprovides a suitable base to study the local electronic
properties of adsorbed impurities such as atomic
hydrogen, which is presented in the following.
Figure 2a shows a large area topography scan of

graphene over several terraces after hydrogenation for
10 s at 5 � 10�9 mbar. In addition to the honeycomb
lattice, we observe randomly distributed but yet isolated
bright spots, which are assigned to H impurities,36�38

and further indicate a low concentration of adsorbates.
From the large area scans, we estimate a hydrogen
coverage of approximately 0.02%. The Moiré super-
structure detected in the FFT (inset) is slightly diffuse
due to the step edges of the substrate and the pre-
sence of H impurities which interfere with the lattice
symmetry of graphene. Figure 2b,c contains atomic-
resolution topography images of the hydrogenation
sites, which are representative for all investigated areas
on the sample. Owing to the highmobility of hydrogen
impurities, the mapping of the hydrogen spots with an
STM tip is only possible under particular conditions,
such as low bias and slow scanning speed. With the

chosen scanning parameters, wemeasure very close to
the emerging H impurity state (see Figure 3a) and
probe therefore the spatial extension of this state.
The structural relaxation of the lattice leads to a strong
physical as well as electronic distortion of nearby
bonds, which is observed in the high-resolution STM
images, where the bonding partner of the impurity in
sublattice A results in a localization of the impurity
state in sublattice B and at the impurity atom.11,39 We
have investigated several different hydrogenation sites
on the sample and find two predominant shapes in the
atomically resolved scans (additional topographies of
hydrogenation sites from different regions on the
sample are shown in Figure S3 of the Supporting
Information). Some patches are confined and have a
rather circular or sometimes a triangular form (Figure 2b),
while others exhibit a more elongated shape (Figure 2c).
Hence, the observed structures may correspond to the
theoretically predicted appearance of single site39 as
well as double site impurities40,41 and are further-
more similar to previously reported H monomer
and (extended) dimer structures on top of graphene
on SiC.38

In order to assign the observed topographic shapes,
we have performed DFTB-based calculations of the
charge density distribution for single and double H
impurity sites. In Figure 2e,f, we show the expected
spatial extension of a single and a double site in ameta
configuration, which implies H adsorption on the same
graphene sublattice as indicated in the sketch of
Figure 2d. The blue parts correspond to excess electron
density and are therefore comparable with a high STM
intensity in the negative bias range. According to the
calculation, a single hydrogen impurity introduces a
(D3h) symmetry of the wave function in close vicinity of
the C�H site, which induces a triangular pattern in the

Figure 2. (a) Graphene onAu after controlled hydrogen exposure. TheMoiré patternwith a corresponding lattice constant of
27 Å is also found in the FFT (inset). Bright spots are hydrogen adsorption sites (I = 0.2 nA, U = �50 mV, T = 20 K). (b,c)
Atomically resolved topography images near hydrogen adsorption sites (I= 0.5 nA,U=�20mV, T=20 K). On the bright spots,
the graphene lattice appears distorted. Dashed lines correspond to impurity shapes suggested by DFTB-based model
calculations. (d) Sketch of double hydrogenation sites employed in the calculation. Calculated charge density distributions,
where blue/red color shows a( isosurface, for (e) a single C�H site and (f) a double C�H site inmeta configuration describing
the experimental topographies in (b) and (c), respectively.
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charge density distribution. It becomes nearly circular
with a size of about 10 lattice constants at larger
distances from the C�H bond. The spatial extension
as well as the shape of the calculated charge density
distribution for a single C�H site are in good agree-
ment with the single protrusion in the STM topo-
graphy, shown in Figure 2b. The elongated shapes,
representatively shown in Figure 2c, point at first
toward double C�H sites. In this case, three pos-
sible configurations, illustrated in Figure 2d, ortho,
meta, and para which correspond to additional hydro-
genation of nearest, next-nearest, and third-nearest
neighbor C atoms, are conceivable. However, in our
calculations, only a meta configuration as shown in
Figure 2f gives rise to a spatial extension of the charge
density along the zigzag edges of graphene over
several lattice constants. When comparing the exten-
sion of the calculated charge density with that of the
observed elongated protrusions, we find a difference
in length of about three to four lattice constants.
Hence, it is likely that the elongated protrusions consist
of extended double or even triple hydrogenation sites
oriented parallel to the lattice vectors in a meta con-
figuration. The spacing between individual H atoms in
such a configuration can be a few lattice constants, so
that the high absorption barrier for a meta configuration

can be reduced.41 Nevertheless, we expect for these
sites an emerging impurity state, as the orientation
parallel to the lattice vectors suggests a hydrogenation
of the same sublattice. This breaks, like single C�H
sites, the symmetry between A and B carbon atoms
and leads to the formation of a band gap as was
previously shown by ARPES for higher H/C ratios and
theoretical calculations.9,23

We now turn to the discussion of the local electronic
properties in the vicinity of a hydrogenation site. The
blue line in Figure 3a is a representative spectrum of
the graphene LDOS acquired after annealing and
before hydrogenation. The typical V shape of the
spectrum indicates the electronic structure of quasi-
free-standing graphene. The red dI/dU curve, averaged
over 8 � 2 single-point spectra, is taken after hydro-
genation at a C�H site and clearly shows an emerging
H impurity state as a pronounced peak in the LDOS. At
the energy of 11 ( 1 mV, the LDOS is drastically
enhanced with a peak width (fwhm) of about 30 mV,
in agreement with previous theoretical calculations.39,42,43

Similar effects in the LDOS have been observed for
fluorine-doped graphene44 as well as in graphene and
graphite layers, distorted by a carbon vacancy.45 In the
work of Ugeda et al.,45 it was shown that a carbon
vacancy also leads to a lattice distortion and gives rise
to an enhanced density of states at the Fermi energy.
However, with regard to the absence of significant
defects and adsorbates after the synthesis and inter-
calationprocedure (shown in theSupporting Information),
it is unlikely that the investigated triangular and elon-
gated protrusions originate from single defects in the
lattice. Furthermore, we observe that the density of
bright spots is substantially increased immediately after
hydrogenation and reduced to almost zero after anneal-
ing at 400�500 K, which corresponds to the desorption
temperature of H.36

In Figure 3b, we show several single scan STS point
spectra together with the topographic location of each
spectrum, depicted in Figure 3c. Note that the spectra
are shifted for a better presentation. All dI/dU curves
obtained at or close to a hydrogenation site, as indi-
cated in Figure 3c, exhibit an enhanced local density of
states with maxima near the Fermi energy. A closer
examination of the corresponding topographic sites in
Figure 3c suggests that spectrum 6 is taken directly on
an impurity site, which results in a rather sharp peak in
the LDOS with a fwhm of about 40 mV. Spectrum 5, on
the other hand, may correspond to a position of the tip
over a nearest neighbor site with a less narrow and
intense peak, as was calculated previously for a general
defect site.10 In comparison to the dI/dU curves 5 and 6
of Figure 3b, the peak in the spectra 3 and 4 is
significantly less pronounced and much broader. It is
therefore likely that these curves resemble the local
electronic structure of next-nearest or more distant
carbon atoms.10,46

Figure 3. Tunneling spectroscopy of hydrogenated gra-
phene. (a) Averaged dI/dU spectra of pristine graphene/
Au (blue; I = 0.5 nA,U =�100mV, Umod = 4mV, T = 20 K; 5�
5 spectroscopic map of 5 nm � 5 nm) and hydrogenated
graphene/Au (red; I = 0.4 nA,U =�150mV,Umod = 4mV, T =
20 K; 8� 2 single spectra on H impurities). Normalization to
1 au at�100 mV was carried out. The peak in the LDOS due
to the hydrogen-induced impurity state is located at 11 (
1mV. (b) Single scan STS point spectra for different locations
around hydrogen adsorption sites. The asymmetry of the
V-shaped spectra 1 and 2 for pristine graphene is induced
by the tip ((1,2,4) I=0.4 nA,U=�400mV,Umod = 4mV T=20
K; (3,5,6) I = 0.5 nA, U =�300 mV, Umod = 4 mV, T = 20 K). (c)
Topography of hydrogen adsorption sites along with num-
bered spots and color code corresponding to the individual
scan positions of the STS spectra in (b).
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The sharp peak in the LDOS at an impurity site
provides strong evidence for a well-defined state with-
out significant dispersion in k-space. However, with
STM being a method of choice for unraveling the local
electronic properties, we further employ ARPES to
investigate the long-range electronic structure in
k-space with high resolution. Since ARPES provides
information only on the occupied states of the elec-
tronic structure, it is hardly possible to identify the
impurity state located slightly above the Dirac point
energy. Hence, we dope graphene with additional
electrons from potassium in order to shift the Fermi
level into the conduction band. The H impurity state
can then be directly observed with ARPES, as we have
shown previously.46

In Figure 4a, a 2D photoemission intensity map at EF
of fully potassium-doped graphene is shown. The Fermi
surface contour, obtained from photoemission inten-
sity maxima, exhibits a typical trigonally warped shape
similar to KC8.

47 From the enclosed k-space area, we
obtain a doping of 0.061(3) extra electrons per gra-
phene unit cell which corresponds to a shift of the
Dirac point with respect to EF of about 1.3 eV (for ARPES
spectra along Γ�K�M direction, see Supporting Infor-
mation), in agreement with previous results for KC8

47

and graphene on Ir(111).48 In Figure 4b, we depict the
integrated photoemission intensity as a function of the

binding energy. The corresponding segments in the
2D Brillouin zone along which the integration is carried
out are indicated in Figure 4a. The rather flat and
featureless curve, obtained from a region beyond the
π* cone, is related to the electronic structure of the Au
monolayer below graphene. In contrast, the cut through
the K-point exhibits an increased spectral weight near
EF originating from the occupied π*-band.
After exposing K-doped graphene to atomic hydro-

gen, we observe a reduction of the Fermi surface area,
shown in Figure 4c, which is equivalent to a doping of
0.045(2) extra electrons per unit cell. This implies hole
doping induced by the bonding hydrogen, in agree-
ment with previous results.46,49 Assuming one hole per
attached H atom,49 we obtain an average hydrogen
concentration of 0.8( 0.2%, which corresponds to the
critical concentration for the formation of a hydrogen-
derived impurity state in the long-range electronic
properties.46 Cutting the Fermi surface map at the
same positions as in Figure 4a, we obtain the EDCs
for hydrogenated graphene, shown in Figure 4d. Both
curves clearly illustrate the manifestation of the H
impurity state in the vicinity of the Dirac point. For
both cuts, within and outside the π* cone, the hydro-
gen-related feature is found at the same energy, which
suggests, in agreement with our previous results,46 the
absence of any dispersion and extension of this state
across the Brillouin zone. The impurity state observed
in ARPES has a width of ∼280 meV (fwhm) and is
substantially broader than in the local STS spectra,
which is probably attributed to the spatial insensitivity
of ARPES. Hence, we observe all contributions from
neighboring as well as double C�H sites10,11 in the
spectra.

CONCLUSIONS

We have demonstrated by STM/STS that in situ

synthesized graphene/Au/Ni(111) is sufficiently well
decoupled from the underlying Ni to serve as starting
substrate for investigations of chemical functionaliza-
tion. Furthermore, the system is, with its locally low
intrinsic graphene intrinsic doping level close to neu-
trality, comparable with graphene on graphite35 and
thus a perfect basis to investigate the electronic prop-
erties of impurities on an atomic scale. By controlled
hydrogenation, we have shown, with both local STS as
well as ARPES measurements, the emergence of a
hydrogen impurity state in close vicinity to the Dirac
point and the propagation of the state over the whole
Brillouin zone. Local measurements of the topography
of the hydrogen adsorption sites have shown charac-
teristic patterns, which have been related to simula-
tions of single and double impurities on graphene. For
the observed elongated structures, we have suggested
the presence of extended double or triple C�H sites
which are oriented in a meta configuration, indicating
a hydrogenation of the same sublattice. The spectra we

Figure 4. (a) Fermi surface map of fully K-doped graphene
along with the Fermi surface contour (black dots). Dashed
lines indicate cutting directions for the EDCs in (b). White
solid lines mark the boundaries of the Brillouin zone. (b)
EDCs along the Γ�K�M direction (gray) and outside the
Fermi surface (black). ED indicates the position of the Dirac
point. (c) Fermi surface map after hydrogenation for 10 min
at 1� 10�8 mbar. The dashed contour represents the Fermi
surface of fully K-doped graphene from (a). (d) EDCs
obtained from integrating along the corresponding dashed
lines in (c), showing the emerging dispersionless H impurity
state in the BZ.
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have obtained on a local impurity site support the
theoretical model for the bonding of the H adatom to
the graphene lattice and the induced change of
the electronic properties on nearby lattice sites.11,39 In
a future work, spin-polarized STS on these samples
is suggested in order to experimentally prove the

theoretically predicted spin-splitting.42 Also for vacan-
cies in graphene, magnetic changes in the LDOS are
expected.14,50 Our results based on graphene/Au pro-
vide a suitable basis for further studies of local mag-
neticmoments and spin-resolved studies at impurity or
defect sites.

EXPERIMENTAL METHODS
We prepared pristine monolayer graphene samples in situ

under ultrahigh vacuum conditions by chemical vapor deposi-
tion on Ni(111) thin films, epitaxially grown on W(110).51 Here-
after, one monolayer (ML) of Au was deposited on graphene
followed by intercalation into the graphene/Ni interface by
annealing at 500�600 �C.21�23 Hydrogenation of graphene
was performed at room temperature by exposing the sample
to a beam of atomic H that was produced by cracking H2 at
2800 K in a W capillary using a pressure of 5 � 10�9 mbar for
10�20 s. In order to prevent a full loss of hydrogenmonomers at
room temperature,52 the sample was transferred immediately
after hydrogen exposure to the STM chamber. Further details on
sample preparation and hydrogenation are given in previous
works.23,53

We used a home-built variable-temperature STM for investi-
gation of the samples. The temperatures during STM measure-
ments were 300 K for graphene/Ni(111) or 20 K for graphene/
Au, and the pressure in the UHV preparation chamber was
better than 2 � 10�9 mbar, whereas during data acquisition at
20 K, the base pressure in the STM chamber was e4 � 10�10

mbar. The imaging of graphene was done over a wide bias
range in positive and negative voltages, but most of the images
shown here were taken at similar parameters of I = (0.2...0.5) nA
and U =�(40...500) mV. Calibration of the STS spectra, shown in
this work, was achieved by scanning a Au(111) thin film onmica
prior to and after measuring graphene. Processing of the
topographic images was carried out with the WSxM software.54

ARPESmeasurements were performed at the BaDElPh beamline
of the Elettra synchrotron facility in Trieste (Italy).55 The spectra
were acquired at photon energies of 29 eV with the sample at
50 K and a base pressure better than 8 � 10�11 mbar. The
angular and energy resolution were set to 0.15� and 15 meV,
respectively. Doping of graphene was achieved in situ by K
evaporation from commercial SAES getters followed by thermal
annealing to establish a KC8 stoichiometry.46 Hydrogenation
was carried out with the same H source employed for functio-
nalization in the STM setup but at a pressure of 1 � 10�8 mbar
for 10 min, while the sample was kept at 50 K.
Calculations of the charge density were carried out with the

density functional based tight binding (and more) (DFTBþ)
simulation package56,57 and the visualization by VMD.58 A unit
cell of 450 carbon atoms was applied and the difference in the
two charge densities of a pristine and hydrogenated graphene
lattice simulated. Blue color in the simulated images shows a
positive isosurface and therefore the excess electron density,
which is approximately comparable with a high STM intensity in
the negative bias range.
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