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ABSTRACT: Band gap engineering in hydrogen function-
alized graphene is demonstrated by changing the symmetry
of the functionalization structures. Small differences in
hydrogen adsorbate binding energies on graphene on
Ir(111) allow tailoring of highly periodic functionalization
structures favoring one distinct region of the moire ́
supercell. Scanning tunneling microscopy and X-ray photo-
electron spectroscopy measurements show that a highly
periodic hydrogen functionalized graphene sheet can thus
be prepared by controlling the sample temperature (Ts)
during hydrogen functionalization. At deposition temper-
atures of Ts = 645 K and above, hydrogen adsorbs
exclusively on the HCP regions of the graphene/Ir(111)
moire ́ structure. This finding is rationalized in terms of a slight preference for hydrogen clusters in the HCP regions over
the FCC regions, as found by density functional theory calculations. Angle-resolved photoemission spectroscopy
measurements demonstrate that the preferential functionalization of just one region of the moire ́ supercell results in a band
gap opening with very limited associated band broadening. Thus, hydrogenation at elevated sample temperatures provides
a pathway to efficient band gap engineering in graphene via the selective functionalization of specific regions of the moire ́
structure.
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Graphene is a promising candidate for applications in
postsilicon electronics1 due to its remarkable
electronic properties2 including a carrier mobility

exceeding 200,000 cm2 V−1 s−1.3 However, graphene lacks an
electronic band gap, and therefore graphene based electronic
devices (e.g., field effect transistors based on graphene) cannot
be switched completely off due to a high residual current. To
overcome this disadvantage, band gap engineering in graphene
has attracted tremendous research interest, and several different
routes have been proposed in the literature. For example,
cutting a graphene sheet into nanoribbons confines electrons in
an additional dimension, which will in some cases open a band
gap where the size scales inversely with the ribbon width.4 For
the case of a N = 7 graphene nanoribbon, a band gap of 2.3 eV
has been measured.5 A tunable gap in bi- and trilayer graphene
with broken sublattice symmetry can be achieved by electrical
gating.6−8 Band gaps with a size of up to 250 meV have been

demonstrated using this approach. Also, molecular adsorption
onto a graphene sheet appears to be a promising route to
achieve the desired gap opening. Physisorption of molecules
onto graphene has been shown theoretically9 and experimen-
tally10 to generate a gap via induced periodic modulation of the
electronic structure, and the adsorption of water on the basal
plane of graphene was found to induce a band gap of up to 206
meV.10 However, due to the weak van der Waals interaction
between graphene and physisorbed adsorbates, such systems
may become unstable at the temperatures used for semi-
conductor processing.11 A higher thermal stability of the
adsorbates can be achieved through chemical functionalization
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with atoms or molecules.12 In this regard, functionalization of

graphene by atomic hydrogen has been extensively studied both

experimentally13−16 and theoretically.17−20 A fully hydro-

genated sheet of graphene, with hydrogen bound to every

carbon atom on alternative sides of the graphene plane, has

been coined graphane.21 Calculations predict that such a

material will be a wide gap insulator with a gap size as high as

5.4 eV.22 Balog et al.13 showed that a reasonably large band gap

Figure 1. Hydrogenation of graphene on Ir(111). (A) STM image of graphene/Ir(111) saturated with atomic hydrogen at a sample
temperature of 300 K. Extended hydrogen structures following the moire ́ periodicity are observed, U = −1076 mV, I = 0.93 nA. (B)
Graphene/Ir(111) hydrogenated at a sample temperature of 626 K. Isolated hydrogen clusters as well as extended structures are observed, U
= −926 mV, I = 0.53 nA. (C) Hydrogenation at 645 K. A highly periodic hydrogenation structure following the HCP regions of the moire ́
structure is found with few defects, one of which is marked by a white dashed circle, U = −285 mV, I = 0.69 nA. (D) Hydrogenation at 673 K.
Exclusively HCP regions of the moire ́ structure are now hydrogenated. A few defects in the hydrogen pattern are observed, U = −857 mV, I =
0.54 nA. (E) Increasing the hydrogenation temperature to 693 K leads to an increased defect density in the hydrogen pattern, U = −412 mV, I
= 0.78 nA. (F) At 713 K, only a few hydrogen clusters are observed, U = −427 mV, I = 0.65 nA. (G) STM image of graphene/Ir(111)
hydrogenated at RT followed by an anneal to 645 K for 1 min. The resulting hydrogen structure is found to be disordered, consisting of areas
of high coverage as well as hydrogen-free areas, U = 309 mV, I = 0.30 nA. (H) Atomically resolved image of graphene hydrogenated at a
sample temperauture of 645 K. Areas of pristine graphene are found between the hydrogen clusters, U = 256 mV, I = 1.2 nA. (I) The
probability of populating an HCP region with a hydrogen cluster was estimated from the STM images as a function of deposition temperature.
The population probability decreases linearly with deposition temperature up to ∼700 K. Above this temperature, a rapid decrease is
observed.
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with a size of at least 450 meV can be opened in graphene
through the formation of a periodic pattern of chemisorbed
hydrogen atoms. This was achieved by exposing a graphene
sheet, grown by chemical vapor deposition (CVD) on an
Ir(111) surface, to a flux of hydrogen atoms at room
temperature (RT). However, under these conditions, the
formation of imperfect hydrogen structures with increasing
hydrogen coverage leads to a pronounced scattering of the
charge carriers, and therefore a significant broadening of the π-
band was also observed. Likewise, oxygenated graphene/
Ir(111)23 and hydrogenated quasi-free-standing graphene on
Ni(111)14 show a substantial gap in the π-band, but as in the
previous case, the functionalized patterns are imperfect, and the
gap opening is accompanied by undesired band broadening.
In this study, we demonstrate a symmetry-driven band gap

engineering in hydrogenated graphene/Ir(111). Small differ-
ences in thermal stability of hydrogen adsorbate structures on
graphene/Ir(111) are used to drive a transition from a
hydrogen functionalization superlattice with honeycomb
symmetry to one with a rotated triangular symmetry.24 The
rotated triangular hydrogen functionalization superlattice is
highly periodic leading to significantly reduced electron
scattering and thus limited band broadening. Two different
approaches for tuning the hydrogen adsorption structures and
the resulting band gap are explored in this paper: (1)
hydrogenation while keeping the sample at elevated temper-
atures and (2) hydrogenation at RT followed by annealing the
sample. Using scanning tunneling microscopy (STM), we find
that a highly periodic array of graphane-like hydrogen clusters
can be obtained with the first approach. The size of the most
stable clusters formed at elevated temperatures has been
estimated by comparing STM and density functional theory
(DFT) calculations. The STM measurements reveal that the
chemisorbed hydrogen atoms in graphene-like clusters occupy
only a single site of the moire ́ supercell, namely the HCP site.
Angle-resolved photoemission spectroscopy (ARPES) was
carried out for the samples hydrogenated at elevated temper-
atures, revealing a correlation between size of the band gap and
the deposition temperature, thus demonstrating tunability of
the gap in the graphene/Ir(111) system. Furthermore, the high
periodicity in these structures was seen to result in only very
limited band broadening.

RESULTS AND DISCUSSION

Single crystal graphene was grown on Ir(111) by combining
temperature-programmed growth (TPG) and CVD methods.25

This yields a continuous layer of graphene spanning the Ir
terraces and step edges consistent with a single crystal sheet as
reported elsewhere,26 see Figure S1 in Supporting Information.
The clean graphene sample was subsequently exposed to

atomic hydrogen at various surface temperatures (Ts) ranging
from RT up to 713 K. Hydrogen saturation coverage was
obtained by H deposition at RT with the resulting structure
shown in the STM image in Figure 1A. The hydrogen adsorbs
in a quasi-periodic structure following the moire ́ periodicity and
comprises graphane-like- and dimer structures.13,16 Hydro-
genation at Ts = 626 K yields a structure exhibiting increased
ordering, as seen in Figure 1B. Isolated hydrogen clusters
following the periodicity of the moire ́ structure are now found
abundantly on the surface. These are attributed to graphane-
like structures in the HCP region of the moire ́ supercell (in this
region, the center of the graphene hexagons is located above an
HCP site in the Ir(111) surface, as illustrated in Figure 5C),
details on the assignment are given below. Additionally,
extended hydrogen structures are present on the surface due
to simultaneous population of neighboring FCC and HCP
regions. Increasing the deposition temperature to Ts = 645 K
results in a highly periodic hydrogen structure, as seen in Figure
1C. Mixed site occupancy within the moire ́ (i.e., hydrogen in
both HCP and FCC regions) is no longer present, and only
single site occupancy of HCP regions is observed, giving rise to
a very well-defined hydrogen pattern exhibiting a triangular
symmetry. The hydrogen clusters now appear as isolated
donut-like structures pinned to specific parts of the moire ́
supercell. Some defects in the hydrogen pattern, one indicated
by a dashed circle in Figure 1C, are found for this deposition
temperature, but the occurrence of these is relatively rare even
in large area scans and at various positions on the sample.
Therefore, such a hydrogen pattern can be considered highly
periodic. An atomically resolved image of this structure is
shown in Figure 1H. In this image, pristine graphene is
observed in-between the hydrogen clusters, which demon-
strates that hydrogen binds exclusively on a specific region on
the moire ́ superlattice. Increasing the sample temperature to Ts
= 673 K during hydrogen deposition leads to the appearance of
vacancies, i.e., missing clusters, in the hydrogen pattern, Figure

Figure 2. Angle-resolved photoemission spectroscopy measurements of (A) clean graphene/Ir(111). Graphene hydrogenated at a sample
temperature of (B) 645 K and (C) at 693 K, showing a band gap of at least 290 and 146 meV, respectively. The spectra are cuts through the K
point along the A̅ − K̅ − A̅′ direction of the Brillouin zone, as indicated in the inset. Positions where the widths of the momentum distribution
curves were measured are indicated by the arrows in the figure along with the extracted values.
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1D. Elevating the deposition temperature further sees more
defects appear in the hydrogen cluster pattern, leaving
increased areas of clean graphene as seen in Figure 1E,F for
sample deposition temperatures of 693 and 713 K, respectively.
The fraction of populated HCP regions has been estimated
based on STM images for hydrogenation temperatures of Ts =
673 K and above. The observed hydrogen cluster occupation
probability for HCP regions is plotted as a function of
hydrogenation temperature in Figure 1I, showing a linear
decrease up to a temperature of approximately 700 K above
which the probability rapidly decays to zero in agreement with
previous X-ray photoelectron spectroscopy (XPS) results.27

For comparison, we explored the possibility of forming the
highly periodic hydrogen pattern by postannealing of the
hydrogen-saturated graphene sheet. After deposition of hydro-
gen at Ts = RT (Figure 1A), the sample was annealed to 645 K
for 1 min in order to desorb the least stable structures.27 The
resulting hydrogen pattern is shown in Figure 1G. Areas
exhibiting a periodic hydrogen pattern are now present,
consistent with the high temperature deposition results.
However, large hydrogen structures covering both HCP and
FCC regions, together with relatively large patches of clean
graphene are found, resulting in an overall disordered surface.
Furthermore, we find that annealing the hydrogen-saturated
sample to various temperatures in the vicinity of 645 K did not
improve the hydrogen patterning, and it is therefore concluded
that an extended periodic structure cannot be prepared using
this procedure.
ARPES measurements were performed at the SGM3

beamline of ASTRID228 to determine how the hydrogenation
changes the electronic structure of graphene. Figure 2 displays
ARPES spectra for hydrogen depositions at various temper-
atures. The spectrum of clean graphene/Ir(111) taken along
the A̅ − K̅ − A̅′ direction is shown in Figure 2A. Mini gaps and

replica bands are visible as a consequence of the moire ́
superstructure.29,30 The width of a momentum distribution
curve (MDC) cut through the π-band measured at an energy of
400 meV below the interpolated Dirac point is found to be 0.09
Å−1. ARPES spectra of graphene hydrogenated at sample
temperatures of 645 and 693 K are shown in Figure 2B,C,
respectively. In both cases, the mini gaps and replica bands are
preserved. The observation of well-defined cones and mini gaps
in hydrogenated samples confirms a well-ordered hydrogen
pattern. Importantly, the evolution of a band gap at different
hydrogenation temperatures is clearly visible: Energy distribu-
tion curve (EDC) analysis of the spectra (see Methods section)
reveals that for hydrogenation at Ts = 645 K, the top of the
valence band is at 290 meV below the Fermi level. Since
ARPES measurements probe only occupied states, this
demonstrates the opening of a band gap of at least 290 meV.
For hydrogenation at Ts = 693 K, displayed in Figure 2C, a
band gap opening of at least 146 meV is observed. MDC band
widths measured at an energy of 400 meV below the
interpolated Dirac point energy show only very limited
additional broadening for graphene hydrogenated at these
temperatures. In contrast, a band gap of at least 450 meV can
be achieved for RT hydrogenation.13 This, however, comes at
the expense of a greatly increased MDC width. Thus, the
results presented here demonstrate that the size of the
hydrogen induced band gap in graphene can be engineered
by varying the sample temperature during the hydrogen
deposition. Furthermore, the MDC width of the π-band is
found to increase only slightly compared to clean graphene for
the highly periodic hydrogenated samples formed at high
deposition temperature, indicating a negligible influence on the
scattering of charge carriers.
To identify the preferential adsorption site, an area of partial

hydrogen coverage was investigated as depicted in the STM

Figure 3. (A) STM image of partially hydrogenated graphene/Ir(111) formed at 693 K. In the hydrogen-free areas, it is possible to identify
moire ́ regions based on the STM apparent height. From the overlaid lattice, we are able to assign the hydrogenation regions to the HCP
region (green triangle) on the moire ́ superlattice. No hydrogen clusters are observed in the FCC regions (blue triangle), U = −159 mV, I =
0.73 nA. (B) STM image of submonolayer graphene. The graphene domain is found in the left part of the image and (polluted) iridium in the
right part. From the jagged zigzag interface, the moire ́ regions can be determined. The hydrogen clusters (appearing dark in the image) are
found exclusively in the half unit cell pointing away from the interface, confirming the adsorption site to be HCP, U = 338 mV, I = 0.23 nA.
(C) STM image of graphene hydrogenated at 645 K. Hydrogen clusters appear as depressions. The cluster area, corresponding to the black
areas in the inset, was measured on this image yielding a cluster coverage of 18%.
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image of Figure 3A. It has previously been established that the
different high-symmetry sites of the moire ́ structure can be
identified based on the STM apparent height in most common
imaging modes.26,31 The dark depressions correspond to
ATOP regions, while the bright areas are HCP/FCC regions,
with the HCP region being slightly brighter (see Figure 5C for
an illustration of the positions of the regions on the moire ́
supercell). These regions have been visualized in the STM
image in Figure 3A with the green and blue triangles
representing HCP and FCC regions, respectively. The
hydrogen clusters, imaged as dark depressions, are only found
in the green triangles. On the basis of this, we find that
hydrogen clusters exclusively populate HCP regions at
deposition temperatures of 645 K and above. To further
support this assignment, and to ensure that our image mode is
similar to the ones in refs 26 and 31, a submonolayer of
graphene was hydrogenated at Ts = 645 K. In the STM image
of Figure 3B, a graphene island is found along an Ir step,
forming a jagged zigzag edge.31 It has previously been
established that the graphene areas protruding toward the Ir
are ATOP regions and that HCP (FCC) regions are identified
as the triangular half unit cells pointing away from (toward) the
interface.31 In Figure 3B, a grid has been drawn identifying the
moire ́ unit cell with the ATOP regions at line-intersections.
The hydrogen clusters are found only in the half unit cells
pointing away from the boundary (example indicated by the
green triangle), while the half unit cells pointing toward the
interface (exemplified by the blue triangle) do not contain
hydrogen. This confirms that the hydrogen clusters are
adsorbed only on the HCP regions of the moire ́ structure.
Since the individual hydrogen atoms are not resolved in the

STM images, it is not straightforward to determine the number
of atoms in each cluster, however, an estimate can be made by
considering the cluster area. This was done using the STM
image in Figure 3C, which displays graphene hydrogenated at
645 K, with the hydrogen clusters imaged as depressions. The
inset of Figure 2C shows the hydrogen affected area to be
roughly 18%. It is estimated that in this area, approximately half
of the carbon atoms (every second atom) bind to hydrogen
resulting in a ∼9% coverage, while the remaining carbon atoms
within the cluster are bound to surface Ir atoms.12,13,16 The
alternating bond formation to hydrogen and iridium means that
the carbon atoms in hydrogen clusters are sp3 hybridized.
Therefore, the clusters exhibit a graphane-like nature and are
expected to be highly insulating and are thus expected to
behave like holes in the graphene sheet when considering how
the electronic structure is modified.
A periodic array of holes in a graphene sheet is known as a

graphene antidot lattice, and the electronic effects of honey-
comb, triangular, and square antidot lattices have been studied
theoretically.24,32 Theory predicts that graphene patterned with
a triangular antidot lattice acquires a global band gap which
scales with the lattice and hole size according to the universal
scaling equation:32

≈ ×E K
N

Ng
removed

total

where K is a proportionality constant in eV, Ntotal is the number
of carbon atoms in the antidot unit cell, and Nremoved is the
number of atoms removed to form the hole. For honeycomb
and rotated triangular lattices, however, the gap behavior is
nontrivial and only appears for certain lattice parameters.24 This

closing and opening of a gap has been explained by a Clar
sextet representation which reveals gap formation whenever
only one fully benzenoid structure can be formed and vanishing
or a very small gap otherwise.24 However, this nontrivial
behavior appears to be valid only for perfect antidot lattices.
For example, it has been shown that hydrogen clusters
positioned in a honeycomb superstructure still follow the
universal scaling equation when the size and shape of hydrogen
clusters vary randomly from cell to cell.33 This is in accordance
with earlier experimental results where a large gap opening for
this structure was found.13 In contrast to previous experiments,
the hydrogenation at high T demonstrated here generates a
rotated triangular superlattice. The tight binding model predicts
zero gap for such a superlattice when the lattice parameters are
given by the graphene-Ir(111) moire.́24 Despite this, our
ARPES data clearly show significant gap formation. We
therefore propose that, similar to the honeycomb super-
structure, a rotated triangular superlattice with imperfect
hydrogen clusters (as seen in Figure 3c) may recover the
scaling law behavior.
By using the average number of C atoms in a cluster

determined from Figure 3C, we find the ratio N N/removed total
to be 0.029. For the rotated triangular lattice, a K value of
approximately 23 eV can be extracted from ref 24, yielding a
predicted band gap of 667 meV. In the ARPES data, the
measured distance between the band maximum and the Fermi
energy of 290 meV represents a lower bound for the gap.
Assuming zero doping, the full gap may approach twice the
measured ARPES value, which would be in reasonable
agreement with the prediction. Additionally, the K value may
be overestimated since it is based on parameters for perfect
graphene.33

The hydrogen functionalization at different sample temper-
atures has been followed with high resolution X-ray photo-
electron spectroscopy (HR-XPS). The C 1s spectrum of
graphene acquired before and after hydrogen exposure to
saturation at RT is shown in Figure 4A,B, respectively. After
hydrogenation, the spectrum can be deconvoluted with four
components assigned to C atoms: located in clean but doped
graphene (Cc), located within the graphane-like clusters (Cb
and Cd), and finally located in dimers34 and more disordered
clusters (Ca), in accordance with previously published studies.

27

The Ca component is observed to be significant in this case.
Details about the deconvolution are given in the Supporting
Information. In Figure 4C,D, C 1s spectra obtained for samples
hydrogenated at 626 and 645 K are displayed. Here the Cb and
Cd components associated with graphane-like structures and
clean graphene clearly dominate, while the Ca component has
disappeared. This is in perfect agreement with the STM
measurements showing a decrease in the complexity of the
hydrogen adsorbate structures, with preferential population of
HCP regions at these temperatures. For the 645 K deposition, a
decrease in the Cb and Cd components and an increase in the
Cc component are observed, consistent with the STM
measurements showing a reduction of hydrogen coverage at
this temperature.
The origin of the preference for hydrogenation of the HCP

regions was investigated by DFT. The adsorption energy gained
per hydrogen atom when a graphane-like hydrogen cluster
forms on the basal plane of graphene/Ir(111), as determined by
DFT calculations, is displayed in Figure 5A. The adsorption
energy was calculated for single-site occupancy of either HCP
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or FCC regions (blue and red curves, respectively) as well as
for mixed occupancy with equal size clusters on both the FCC
and HCP regions (green curve). A smaller 8 × 8 graphene unit
cell (compared with the full 10.32 × 10.32 cell) was used to
facilitate the calculations. Justification for the validity of this
smaller unit cell can be found in Supporting Information. The
calculations show that hydrogen adsorption onto sites in the
HCP and FCC regions is almost equally stable, with sites in the
HCP region being slightly more favorable. The most stable
single-site adsorption structures are found for a coverage of
approximately 6−10%, corresponding to 7−12 atoms in the
smaller unit cell used. For this low hydrogen coverage, mixed
occupancy is found to be significantly less stable compared to
single-site occupancy. This can be ascribed to the fact that
addition of the first hydrogen atom forces the graphene sheet to
move closer to the Ir surface.13 But once this has been
accomplished, the addition of subsequent hydrogen atoms to
the cluster results in increased average binding energies and
hence more stable structures. The graphane-like cluster
formation is facilitated by the specific registry at the HCP
and FCC regions between the graphene and iridium surface
atoms, where every second carbon atom is placed right above
an iridium atom. The addition of H atoms continues until this

registry breaks down as seen in Figure 5B. As a result, an
increased binding energy is found for mixed occupancy of both
sites at higher hydrogen coverage reaching an optimal value at
30% coverage.
This situation is in accordance with the presented STM

images, where mixed site occupancy is observed for hydrogen
saturation coverages obtained at RT (Figure 1A). As the
hydrogen saturated graphene is annealed to 645 K, the less
stable adsorption configurations disappear resulting in ordered
hydrogen clusters on the HCP regions as well as large clean
areas (Figure 1G). In the case of hydrogen exposure at
increased substrate temperature, the system is forced to form
only the most stable hydrogen-configurations resulting in a
well-ordered hydrogen pattern following the HCP regions of
the moire ́ superlattice (Figure 1C). Furthermore, it should be
noted that each of the two clusters in a “mixed” configuration is

Figure 4. C 1s XPS spectra of graphene/Ir(111). (A) pristine
graphene/Ir(111) sample. Graphene/Ir(111) exposed to hot
atomic hydrogen with the sample at (B) 300 K, (C) 626 K, and
(D) 645 K. All spectra were acquired at RT. Peak components are
identified as follows: Cc is unperturbed C atoms in the graphene
lattice; Cb and Cd are related to the formation of graphane-like
clusters; and Ca is ascribed to more disordered adsorbate
structures, including hydrogen dimers on the graphene sheet.
Clearly the Ca component is absent for hydrogenation at increased
sample temperatures, consistent with the presented STM data.

Figure 5. (A) DFT calculated average binding energies per
adsorbed H atom as a function of the hydrogen coverage/number
of H atoms in each cluster using an 8 × 8 graphene unit cell on a 7
× 7 Ir(111) surface. Hydrogen clusters adsorbed in the FCC and
HCP regions of the moire ́ structure correspond to the red and the
blue curves, respectively, and show a very similar behavior with
only a small offset. The green curve corresponds to adsorption of
equal amounts of H atoms on both the FCC and the HCP regions.
It is seen that single site occupancy is the most favorable
configuration for low hydrogen coverage, whereas mixed occupancy
becomes increasingly favorable at higher coverage. (B) DFT
derived structure for a 12 atom hydrogen cluster on the HCP
region of graphene/Ir(111). (C) DFT derived structure for two 12-
atom hydrogen clusters on the FCC region and the HCP region of
graphene/Ir(111). The ATOP, HCP, and FCC regions have been
marked by a full, dashed ,and dotted circle, respectively. In (B) and
(C), the side views were cut along the black dashed lines marked in
the top view models.
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less stable than a similar sized cluster would have been for
single site occupancy (e.g., compare the binding energy for a 3H
atom cluster with single site occupancy with that of two 3H
atom clusters, i.e., 6H atom coverage, for mixed site
occupancy). This difference is ascribed to the finding that
placing a hydrogen cluster on each of the HCP and FCC
regions leads to a large buckling of the hydrogen-free graphene
area in-between and therefore induces strain (Figure 5C). This
strain can be relieved by adding additional hydrogen atoms to
the area, leading to the merging of the individual clusters, in
agreement with STM data. In the latter, in fact, a site of mixed
occupation is typically imaged as a continuous cluster rather
than two isolated ones, as can be seen in Figure 1A,B. Thus,
despite the fact that the graphene and iridium atoms are not in
registry in the in-between region, according to the STM images,
hydrogen adsorption appears to be energetically favorable as a
means of strain relief. The size of the most stable clusters for
single site occupancy is captured nicely by the calculations. The
energy minimum is found at a hydrogen coverage of 6−10%,
while the coverage found from the STM experiments is roughly
9%. Also the relatively large spread in cluster sizes, seen in the
STM image in Figure 3C, is in agreement with the broad
minimum obtained by the calculations.
The calculations only show a slightly increased stability for

hydrogen clusters on the HCP regions as compared to the FCC
regions, roughly 20 meV per hydrogen atom for the most
favorable structures. However, a larger difference is observed
for the addition of the first two H atoms in each cluster, where
a binding energy difference of approximately 50 meV per H
atom is found. As this energy difference may be sufficient to
ensure preferred population of the HCP region over the FCC
region even for RT hydrogen atom deposition, the STM
observation of population of both sites under these conditions
is suggestive of the structures formed being governed by kinetic
effects. Furthermore, the STM measurements displayed in
Figure 1G show that annealing these structures to a higher
temperature only results in a limited degree of increased order,
presumably because diffusion of hydrogen atoms on the
graphene/Ir(111) surface is limited. On the other hand, during
deposition at elevated temperatures, repeated adsorption/
desorption events allow for the formation of only the most
stable structures on the surface, in accord with the STM
observations displayed in Figure 1C. This behavior is somewhat
different from that observed for metal clusters on graphene/
Ir(111): While metal clusters also form preferentially in the
HCP regions of the graphene/Ir(111) moire ́31 following a

similar rehybridization mechanism as hydrogenated graphene/
Ir(111), this has been observed to occur preferentially at low
temperatures.31,35 This difference may well be ascribed to
variations in diffusion barriers between the two systems as well
as the strong interatomic metal bonds in the metal clusters
favoring large clusters at high temperature.
The changes to the graphene/Ir band structure induced by

hydrogenation were calculated using DFT. The band structures
were obtained for three different hydrogenation cases: (a) three
H atoms adsorbed in the HCP region of the moire,́ (b) six H
atoms adsorbed in the HCP region, and (c) three H atoms
adsorbed in each of the HCP and FCC regions resulting in a
mixed occupancy. The structures can be seen in Supporting
Information Figure S3. The corresponding band dispersions are
displayed in Figure 6A−C, respectively. The bands for each
structure are shown in light gray on a white background. The
contribution of C 2pz orbitals to each eigenvalue is proportional
to the size of the plotted blue dots, indicating the graphene-like
character of each band. It should be noted that hybridization
with Ir partially delocalizes graphene states, which impedes
unambiguously determining the position of the π-bands. To
more easily identify the π-bands in graphene on Ir, we also
include the band structure of the hydrogenated freestanding
graphene (HFSG) system resulting from removing the Ir slab
from the optimized structures (red lines). The HFSG structures
are not reoptimized after removal of Ir and therefore retain the
same hydrogen configuration and graphene corrugation.
For single site occupancy on graphene/Ir, the π-bands are

slightly upshifted with respect to HFSG. The shift is most likely
induced by doping effects. The position of the filled π-band at
K with respect to the Fermi level is found to be −0.30 eV and
−0.28 eV for 3-atom and 6-atom H clusters respectively. This is
in reasonable agreement with the presented ARPES data in
Figure 2B. We note, however, that for the calculated bands, the
overall hydrogen coverage represents only 5.5% for the 6H case
and is thus smaller than the one estimated for the ARPES data.
The estimated size of the gap in hydrogenated graphene/Ir is
slightly reduced compared to HFSG but remains significant.
This result fully supports the experimental observations. Since
many different effects such as cluster shape,33 symmetry of the
hydrogen structure superlattice,24 and symmetry breaking
between carbon atoms36 influence the formation of the gap,
separating their individual contributions to the gap opening for
the experimentally observed structures is beyond the scope of
this article. We can however conclude that, while calculations
predict that perfect rotated triangular as well as honeycomb

Figure 6. Band dispersion for hydrogenated graphene on Ir(111) for (A) three hydrogen atoms adsorbed in the HCP region of the moire,́ (B)
six hydrogen atoms adsorbed on the HCP region, and (C) three hydrogen atoms adsorbed in each of the HCP and FCC regions. The bands
for each structure are shown in light gray on a white background. The contribution from carbon 2pz orbitals to each eigenvalue is proportional
to the size of the blue dots, which therefore indicate the graphene-like character of each band. The red lines correspond to the band structure
of the same hydrogen/graphene structure but without the Ir slab. Arrows have been added to indicate the corresponding band gaps.
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antidot lattices may not open a gap in graphene, any deviation
from the perfect structures induces a gap. For the same
hydrogen superlattice, the size of the band gap is found to
increase with H coverage in agreement with previous
reports.13,24 However, the size of the gap seems to depend
on the hydrogen superlattice symmetry. For the case of single-
site occupancy of the moire superlattice (rotated triangular
lattice), the estimated gaps are 1.05 and 1.20 eV for three H
and six H clusters, whereas for the mixed occupancy,
(honeycomb lattice) a band gap of 0.74 eV is found.
Additionally, mid gap states are observed in the HFSG due
to the presence of unpaired electrons. We note that considering
spin-polarization for the HFSG would lead not only to
equivalent π-band gaps but also to nondegeneracy and slight
energy shifts of the mid gap states. The latter seem to persist
even in the presence of the Ir slab, although interaction with the
metal surface strongly delocalizes them. The mid gap states for
the mixed occupancy have stronger dispersion and are also
more affected by the interaction with Ir, seemingly leading to
the formation of new bands around the Fermi level.

CONCLUSION
In conclusion, we have demonstrated a hydrogen functionaliza-
tion symmetry-driven approach to band gap engineering in
graphene. A transition from a hydrogenation structure with
honeycomb symmetry to one with rotated triangular symmetry
is observed for increased functionalization temperatures. High-
temperature hydrogenation of graphene on Ir(111) at a sample
temperature of 645 K leads to the formation of a highly
periodic rotated triangular hydrogen pattern with the moire ́
superstructure as a template. In this case, hydrogenation is
found to occur exclusively on a specific single region in the
moire ́ unit cell, namely the HCP region, resulting in localized
hydrogen clusters with 25 Å periodicity. When lowering the
hydrogenation temperature slightly to Ts = 626 K, both FCC
and HCP regions are hydrogenated, leading to a hydrogenation
structure with honeycomb symmetry. On the other hand, an
increase in hydrogenation temperature above 645 K leads to
hydrogen cluster vacancies in the otherwise perfectly periodic
rotated triangular hydrogen pattern. These observations are
supported by DFT calculations demonstrating that hydro-
genation of HCP regions leads to the most stable structures at
low hydrogen coverage, whereas a mixed occupancy of both
HCP and FCC regions becomes increasingly favorable at
higher coverage. ARPES measurements were employed to
investigate the change in electronic structure upon hydro-
genation. It was found that a band gap can be opened in the
graphene with a size controlled by the hydrogenation
temperature. The formation of highly periodic hydrogen
functionalization patterns on graphene revealed by STM in
this study results in negligible relative broadening of the π-
band, as observed by ARPES. The scattering rate of charge
carriers in such modified graphene is therefore barely
influenced by the presence of the well-ordered hydrogen
clusters. These findings are of interest for employing graphene
in electronic devices, where a tunable band gap along with
preservation of the extraordinary electronic properties of
graphene is required.

METHODS
Ir(111) was cleaned in UHV (p < 10−9 mbar) by repeated cycles of Ne
(STM) or Ar (XPS) sputtering at RT, followed by an anneal to 1470
K. A monolayer of graphene was prepared by first forming graphene

islands by TPG25 used for seeding followed by CVD to increase the
coverage to a full monolayer. In more detail, an ethylene saturated
Ir(111) surface was flashed to 1470 K (TPG), while CVD was done at
1270 K in 3 × 10−6 mbar of ethylene for 1 min. This yields a full
monolayer of high-quality graphene as seen in figure S1, where a large
scale STM image is shown. The inset shows an atomically resolved
image of the graphene structure. The large-scale modulation is a moire ́
structure arising from the lattice mismatch between iridium and
graphene. A submonolayer coverage of approximately 50% (as seen in
Figure 3B) was grown by three repetitive cycles of TPG.

Atomic hydrogen was deposited on the surface using a 2000 K hot
hydrogen beam produced using a HABS37 atomic hydrogen source.
Depositions were performed at a hydrogen background pressure of 3
× 10−7 mbar for 3 min for the STM measurements. For the XPS
measurements, the deposition time was 10 min.

STM was performed at RT under UHV conditions on a commercial
Createc STM. The atomic hydrogen depositions in this setup were
performed at temperatures based on a type K thermocouple reading.
The absolute temperature of these readings is subject to an uncertainty
of approximately ±15 K, however, the relative temperature increments
for the different depositions are accurate down to 1 K.

XPS measurements were performed at beamline I31138 at the MAX
II laboratory in Lund. All C 1s spectra were acquired with a photon
energy of 390 eV in normal emission. Binding energies are calibrated
to the Fermi level. The C 1s acquired before and after dosing
hydrogen atoms at different temperatures were fitted with four
Doniach−Šunjic ́ components (Ca, Cb, Cc, and Cd) convoluted with
Gaussians. The Lorentzian full width at half-maximum was fixed to
0.16 eV in our curve fitting procedure in agreement with previous
studies,39 while the Gaussian full width at half-maximum (GFWHM)
was allowed to change. To be consistent with previous curve fitting,27

the core level shifts of Ca, Cb, and Cd components with respect to Cc

components were fixed to +0.81 eV, +0.44 eV, and −0.28 eV,
respectively. To account for doping of the graphene film, the binding
energy position the Cc component was allowed to change. Data shown
in Figure 4 of the main article are fitted by all-at-once fitting with one
common GFWHM for the broad Ca, Cb, and Cd components to
reduce the parameter space. Our curve fitting reveals that the best fit is
obtained with a GFWHM of 0.71 eV for these components.

ARPES measurements were performed on the SGM3 end-station at
the synchrotron radiation facility ASTRID2 in Aarhus.28 Graphene on
Ir(111) was grown in a dedicated chamber using the standard
procedures described above and then transferred in air to the end-
station. Once in vacuum, the sample was annealed at 1000 K and then
hydrogenated as described above. The ARPES data were acquired at Ts

= 80 K using a photon energy of 47 eV with an energy and angular
resolution better than 20 meV and 0.2°, respectively. In situ STM
measurements using an Aarhus STM were performed to check the
consistency of the preparation.

Band gap determination: Energy distribution curve (EDC) analysis
has been performed to determine the top of the valence band using a
Lorentzian function to fit each EDC. In the case of clean graphene, the
Dirac point has been extrapolated from a linear fit of the ARPES
accessible π band.

π Band broadening: Momentum distribution curve (MDC) analysis
has been performed in order to determine the line width of the π band
identified as the full width at half-maximum obtained from a
Lorentzian fit. The MDCs are taken at a binding energy 400 meV
below the extrapolated Dirac point. This binding energy has been
chosen in order to avoid areas of the spectra where characteristic
broadening due to phonons (at 200 meV) and minigaps (at 700 meV)
occurs.

DFT was employed to atomically model the hydrogen atom
adsorption onto graphene over the iridium surface. The real-space,
grid-based projector augmented wave method GPAW was used40,41 in
conjunction with the atomic simulation environment.42 See Support-
ing Information for additional computational information.
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