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Abstract

Superlattice induced minigaps in graphene band structure due to underlying one-dimensional nanostructuration has been
demonstrated. A superperiodic potential can be introduced in graphene if the substrate is periodically structured. The successful
preparation of a periodically nanostructured substrate in large scale can be obtained by carefully studying the electronic
structure with a spatial averaging technique such as high-energy resolution photoemission. In this work, we present two
different growth methods such as temperature programmed growth (TPG) and chemical vapor deposition (CVD) studied by
scanning tunnelling microscopy (STM) and low energy electron diffraction (LEED). In both methods, we show that the original
steps of Ir(332) have modified with (111) terraces and step bunching after graphene growth. Graphene grows continuously over
the terrace and the step bunching areas. We observe that while TPG growth does not give rise to a well-defined surface
periodicity required for opening a bandgap, the CVD growth does. By combining with angle-resolved photoemission
spectroscopy (ARPES) measurements, we correlate the obtained spatial periodicity to observed band gap opening in graphene.

Keywords: Graphene, photoelectron spectroscopy, growth, electronic properties, superperiodicity, bandgap

1. Introduction

The tailoring of graphene electronic properties is one of the
major issues in this material, in particular the introduction of
a sizeable bandgap. Different ways to open a bandgap have
therefore been explored, as substrate-induced bandgap[1-5],
nanostructuration[6—8], strain engineering[9], doping or
functionalization of metal atoms or molecules[10—13]. A
possible way to modify the band structure of graphene is
applying a periodic potential. Periodicities on graphene can be
generated by applying an electrostatic potential[14—18],
magnetic barriers[19,20], using periodically patterned gates,
electron beam induced deposition of adatoms[21] or on
graphene grown on metal surfaces[22-25]. When graphene
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grows on Ir(111) for instance, a superlattice appears due to the
mismatch between the graphene and the substrate lattices
which leads to moiré superstructures. These moirés add a long
range superperiodic potential to graphene, which opens
minigaps in the Dirac cone[24]. Theoretically, it has been
shown that when a periodic potential is applied to graphene,
some interesting properties can appear as Fermi velocity
anisotropy[14,26,27], extra Dirac points[15][27], tunable
bandgap at Dirac point[16] and a new class of massless Dirac
fermions at M points in superlattice Brillouin zone boundaries
(SBZ)[15].

Growth of graphene on vicinal substrates offers a much
more flexible way to control the superperiodicity on graphene,
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since there are different available stable vicinal surfaces with
different step width arrays. It is therefore possible to introduce
a one-dimensional potential affecting the electronic properties
of graphene[5,28-30]. Many of these studies have been
conducted on silicon carbide substrates, where a honeycomb
carbon layer can make covalent bonds to the substrate (usually
called buffer layer) and thus a strong interaction to it.
However, it has been observed that graphene grown on noble
metal surfaces can also feel the effect of underlying
periodicities. When graphene is grown on two different
nanostructured vicinal metal surfaces, namely Ir(332) and
Pt(111) vicinals, the electronic structure shows bandgap
openings at the crossing of the initial Dirac cone with replicas
arising from the superperiodicity[25]. A previous work of
graphene grown on stepped Ir(332) has shown an anisotropic
graphene m bands due to the presence of a periodic potential
originating from steps[31]. We develop here two different
methods for growing graphene on vicinal Ir(332) substrate and
correlate the growth conditions to the atomic morphology and
the low energy electron diffraction (LEED) features. Finally,
by combining with ARPES, we show how the different
preparations can affect the quality of graphene and thus its
electronic properties.

2. Results and discussion

2.1 Structural Characterization

We report here a growth procedure to synthesize epitaxial
monolayer graphene on Ir(332) different from that reported
earlier [32]. Here the synthesis takes place at high temperature
and with different ethylene exposure. Earlier reports obtained
Gr on Ir(332) with two different methods: (i) one TPG cycle
followed by CVD at three different sample temparatures
770°C, 820°C and 930°C while keeping the ethylene pressure
constant and (i) CVD at 775°C and 880°C. In our case, we
study different ethylene exposure versus different
temperatures until we obtain a well-ordered graphene layer.
This will be discussed in detail in the following section.

Iridium substrates are known to have weak interaction with
graphene. Therefore, it allows us to study the electronic
properties of graphene in quasi-free-standing regime of high
quality. (332) crystal plane because it pesents stable steps that
can be used as a template for graphene growth and introducing
a superperiodicity on graphene. We prepared our Ir(332)
substrate by a series of sputtering and annealing cycles. The
pristine Ir(332) surface consists of Ir (111) terraces of 1.2 nm
that extend along the [101] direction and are periodic along
the [121] direction (figure 1a). Figure 1b shows the STM
topographic image of the clean Ir(332) surface with well-
ordered terraces. The LEED pattern of the clean Ir(332)
surface is characterized by a well-defined Ir spots and no
background intensity due to the carbon segregation during
annealing or from residual atmosphere in UHV as shown in

figure S1 in the supplementary information. The red dots
show the (1x1) hexagonal periodicity of the Ir substrate and
the blue dots show the splitting of these periodicities due to
the periodic nature of the vicinal surface along [121] the
direction. Taking the distance between the Ir(1x1) spots as a
reference, the terrace size calculated by LEED is 1.8 + 0.2nm.

Figure 1. Clean Ir(332) substrate. (a) Scheme of stepped
Ir(332) surface. (b) STM topography acquired on large area.
Tunnelling voltage Vr= 1V, Tunnelling current It= 0.5 nA.

Graphene was then grown on top of this substrate by TPG.
TPG on Ir(111) is known to originate separated graphene
flakes[33—-35], being thus promising for obtaining a network
of disconnected nanoribbons instead of a continuous layer of
graphene growing over the substrate steps. In order to obtain
a network of graphene nanoribbons, we studied the growth of
graphene through the diagram of annealing temperature versus
the surface exposure of ethylene (figure 2a). We first
determined the growth temperature of graphene on Ir(332) by
performing one TPG cycle as a function of temperature until
the graphene diffraction pattern appeared in LEED. We thus
fixed that the appropriate temperature for graphene growth on
Ir(332) above 800°C, which is similar to that for graphene
growth on Ir(111)[36]. Graphene is first seen at dosages
around 7 L. Later on, a series of consecutive TPG cycles above
800°C were performed in order to increase the graphene
coverage.

Figure 2b and ¢ show the characterization of the initial
graphene growth obtained after one TPG cycle at an effective
dosage of 7L. In the process of graphene growth, the LEED
spots associated to the initial step network disappear (figure
2b). i.e. LEED does not show the characteristic splitting of Ir
spots that was observed for pristine Ir(332) surface (figure S1
in the supplementary information). A graphene spot with 0°
orientation (R0) surrounded by a moiré pattern was also
observed. STM measurements allow to understand the growth
process on this system. When graphene is grown, a step-
bunching process takes place [32]. Steps coalesce leading to
either partial or full step bunching (arrows in figure 2¢) and
the graphene patches appear on the wider (111) terraces, that
can be easily recognised because of the different morphology
compared to the Ir(332) surface, i.e. their corrugation is much
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less than the clean surface[36,37] , as indicated by a dashed
box in figure 2c. Step bunching has also been observed for
graphene grown on other metal substrates such as flat Ir(111)
terraces[36], Ru(0001)[38] and also on SiC substrate[39].

a
X One TPG cycle P preparation
4: @ Several consecutive 'S
@ TPG cycles
oo
k)
= 100+
Q
73
a L 2
o No graphene Graphene
10 - appearance
X X X

I ] ] I I I I I 1
680 700 720 740 760 780 800 820 840

Temperature (°C)

B Gr(RO)

Ir (1x1)

'\ Ir (1x1)

Figure 2. (a) Dosage vs. substrate annealing temperature for
different TPG preparations. Crosses correspond to one TPG
cycle preparations while blue diamonds correspond to several
consecutive TPG cycles on the surface. The shaded region
shows the boundary of graphene formation (b) and (c) show
the LEED and STM image of initial stage of graphene growth
obtained at an effective dosage of 7L. (b) LEED pattern (at
34eV) shows the first order Ir spots, Gr spots as well as
surrounding moiré (inset). (¢) STM topograph exhibiting the
step bunching (SB) and graphene formation (black dashed
box) on the Ir(111) terraces. Tunnelling conditions Vr =1V,
Ir=1.1nA.

When more TPG cycles are performed on the same surface,
the graphene coverage increases due to the carbon
accumulated on the surface, as seen in figure 3. Figure 3 shows
the STM topographic images of graphene covered areas with
different ethylene exposures. When increasing the effective
dosage of ethylene, the surface is progressively covered as
seen in figures 3a, 3b, 3c and 3d. The LEED intensity does
not change as the coverage is increased, so the quantification

of the coverage is obtained from large scale STM images.
Apart from graphene coverage, we have also observed an
increase of round carbide islands [32].

Figure 3. STM topographic images of graphene covered areas
with different dosages of exylene exposure and several TPG
cycles. (a) an effective dosage of 20L with one TPG cycle, Vr
=1V, Ir=0.5nA (b) 200L, V1= 1V, Ir= 0.6nA (c) 700L, V1
=1V, Ir=0.6nA (d) 1000L, Vr= 1V, Ir= 0.5nA. (b), (c) and
(d) performed respective dosages with several TPG cycles.
Green colour represents graphene covered areas.

Figure 4 depicts our preparation when graphene was covering
most of the Ir (332) substrate. The STM shows that the initial
Ir(332) with a step network is now replaced by an arrangement
of (111) terraces and step bunching areas. Graphene growing
on the (111) terraces is shown in figure 4, where panel a shows
the original data and panel b highlights the regions where
graphene appears.The inset shows the atomic resolution of the
pure monolayer graphene network which is rotated 0° with
respect to Ir. Graphene also grows in the step bunching areas,
were a moiré pattern is visible. A continuous growth of
graphene on terrace and step bunching is shown in figure S2a
and S2b shows its corresponding height profile in the
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supplementary information. The STM shows the difficulty of
obtaining a high periodic system when graphene is grown, so .
we have oriented ourselves to the CVD method. a
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Figure 4. STM image of our best preparation. (a) STM image
showing the Gr/Ir(332) sample obtained after three TPG
cycles with an effective dosage of 1014 1 L. Tunnelling
Conditions Vr= 1V, It= 0.6 nA. (b) Green areas represent
the graphene areas in (a). These areas do not extend across the
whole length of the terrace. The inset of figure b shows the
graphene honeycomb network and a moiré pattern.

In CVD preparations, the growth was completely different,
because a structural superperiodicity appears despite graphene
growth. Fig. 5a shows the different dosage versus the
annealing temperature that we explored until we reached our
optimal preparation. We initially started with half of the
dosage for covering a Ir(111) surface and 150°C below the
typical temperature[40], i.e. 660°C and 22.5 L. The LEED
pattern of this preparation (fig. 5b) shows the characteristic
(1x1) Ir spots and a diffuse background, but no traces of
graphene. The origin of the diffuse intensity prior to graphene
formation is the presence of disordered ethylene molecules
that have not given rise to graphene yet. At a higher
temperature (715°C), that favours molecular dissociation and
hence the graphene formation, and at a dosage of 34 L, some
structure is appreciated in the LEED pattern around the (1x1)
Ir spots (fig. 5c). Graphene spots are visible and aligned with
the Ir(111) spots (RO rotation). A diffuse arc is also visible,
due to multi-domain graphene. It is therefore possible to
optimize the preparation by maximizing the intensity and
sharpness of the graphene spots by varying the dosage and the
temperature. Upon increasing the temperature to 800 °C while
keeping the dosage at 34 L (fig. 5d), LEED features become
sharper, and we distinguish the RO spot, plus two other spots
corresponding to graphene domains rotated 25° and 35°
(further called R25 and R35). Some faint intensity from
smaller rotational domains is still present. We settled in this
way, the temperature to 800°C, while increasing the dosage to
67.5 L (fig. 5e) and we reached our optimal preparation, the
LEED of which is shown in detail in fig. 6. Four major
graphene domains of rotations 0°, 25°, 30° and 35° are present
in the sample(fig. 6a). Moreover, the one-dimensional

_ ! I I ! I ! I
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Figure 5. (a) Dosage vs. temperature diagram for different
CVD preparations. The red rhombus shows the optimal
preparation. (b)-(e) LEEDs corresponding to the different
preparations in (a), as indicated by the square, triangle, star
and rhombus. The beam energies were (b) 232 eV, (c-¢) 66
eV. (b) (1x1) Ir spots and a diffuse background are present,
but there is no graphene signal. (c) the RO graphene spots are
visible along with a diffuse arc representative of multi-domain
graphene. (d) RO, R25 and R35 graphene spots are visible, in
addition to a graphene arc. (¢) LEED of the optimal
preparation.

periodicity associated to the nanostructuration of the substrate

is also observed, corresponding to a period of L=7.1 1.5 nm.
This periodicity is measured from the splitting of the Ir(111)
spots. The STM image corresponding to these growth
conditions is shown in fig. 6b. The surface is composed of
terraces and step bunching areas (marked by the legends T and
SB) giving rise to the superperiodicity obtained by LEED,
while the terrace size is 3.5 + 0.5 nm, roughly half of the
periodicity obtained by LEED. Figure S3 in the supporting
information shows the 3D repesentation of STM image where
the periodicity can be seen clearly . The origin of this new
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Ir splitting

Figure 6. Optimal CVD sample (810°C and 67.5 L). (a) LEED image for an electron beam energy of 63 eV. Spots
associated to Ir, graphene and moiré periodicity of graphene on Ir are indicated by the arrows. The inset shows the Ir
splitting due to a one-dimensional superperiodicity and the moiré spots. (b) STM image of the corresponding surface.
Tunnelling conditions V= 0.9 V, It= 0.5 nA. Terrace (T) and step bunching (SB) areas are indicated. (C) and (d)
STM images of the graphene RO and R30 domains in (a). (Vr= 1V, Ir=2A). The pink rhombus indicates the unit cell
of graphene moiré aligned with the substrate.

periodicity arises from the minimization of the surface energy surface that corresponded to a (332) surface. Moreover, STM
into two stable orientations while preserving the initial optical shows that graphene completely covers the surface, as
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observed by the continuity of graphene across the terraces and
the step bunch areas on Figure 6b, where graphene moir¢ is
evident in the SB regions. Figure 6¢c and 6d show atomically
resolved STM images of graphene RO and R30 domains. The
pink unit cell shows the graphene moire with the substrate.

2.2. Electronic properties

To understand the effect of the observed superperiodicity on
the band structure of graphene, we performed detailed
ARPES measurements.

Binding Energy (eV)

K, A

Figure 7. (a) Scheme of the first Brillouin zone of graphene
indicating the high symmetry points of different rotational
domains of graphene (b) ARPES constant energy cut at the
Fermi level showing different rotational domains (R25,
R30, R35) and RO. (¢) E(k) map of Gr/Ir(332) at the K point
of the RO rotation and (d) its corresponding derivative. The
green lines are a guide for the eye indicating the Ir surface
states S1, S2 and I respectively. The cyan lines highlight the
graphene cones of the different rotational domains (R25,
R30, R35). The black line is the RO-domain band and shows
a p-type doping of 330meV. The black arrows in figure 7d
point to three band gaps in the Dirac cone.

Figure 7a shows the scheme of the first Brillouin zone with
high symmetry points and (b) ARPES constant energy cut at

the Fermi level showing different rotational domains (R25,
R30, R35) and RO from the terrace. (c) the dispersion of RO
graphene, using a photon energy of 32eV (d) and its
corresponding second derivative. The black line in Figure 7c
shows the linear dispersion of the m band of the RO domain. A
doping of 330 meV is appreciated on the experimental band
structure in agreement with previous results[31]. The cyan
lines correspond to the less intense R25, R30 and R35
domains. The green lines are identified as Ir states S1, S2 and
I. S1 is closer to the Fermi level, and its intensity depends on
the excitation energy[41]; in our case, it overlaps with the
graphene band at the Fermi level. The Ir band at -1eV is the
S2 state[42]. Finally, the state at 1.6eV is the I band, whose
spectral weight is also excitation energy-dependent. Along the
graphene linear band, there are some places on which the
spectral weight decreases. This can be better observed in the
second-derivative of figure 7c as shown in figure 7d. Figure
7d shows the decrease of spectral intensity of graphene pi band
at three different locations marked by black arrows,
characteristic of bandgap opening. It is interesting to note that
the observed band gaps of 390 + 20 meV with a separation in
energy between gap is 0.60 £ 0.06eV and in reciprocal space
by a G/2 vector of 0.09 £+ 0.02A"!, which corresponds to a
periodicity of 3.5 + 0.9nm, which is in agreement with the
characteristic width of the terraces and step bunching. There
is therefore an effect of the nanostructuration on the electronic
properties of graphene.

3. Conclusions

In summary, we have studied the growth procedure of
graphene on Ir(332) substrate in order to tailor the electronic
band structure by means of introducing a superperiodicity into
the system. Two different methods have been explored:
temperature-programmed growth (TPG) and chemical vapour
deposition (CVD). TPG growth is performed by annealing the
sample after ethylene exposure. Different temperatures and
doses were examined for optimal growth conditions, which
were monitored by LEED and STM. Despite the fact that the
TPG technique produces graphene domains aligned with the
underlying substrate and covering the (111) facets, it was
difficult to obtain a long-range order surface periodicity. An
alternative growth method was then studied, CVD growth was
performed by annealing the substrate before ethylene
exposure. A temperature versus dosage study was performed
as in the case of TPG. In this case, a high level of ordering is
reached, a factor essential for observing the band gap opening
due to the superperiodicity by spatially averaging ARPES
measurements. The periodicity could be varied by using
different vicinal substrates and therefore tuning the energy
location of the gaps, a promising way of tailoring graphene
band structure. It would be also indeed interesting to supress
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the rotational domains by using other temperatures or dosages,
for the simplicity of the analysis although this will not affect
to the bandgap opening due to the superperiodicity.

4. Experimental Methods

Room-temperature (RT) and low-temperature (LT,77K)
scanning tunnelling microscopy (STM) measurements were
performed at the Surface Laboratory of SOLEIL and at the
Institut Jean Lamour setup respectively. All STM images were
treated using WSXM software[43]. Both setups are equipped
with low energy electron diffraction (LEED). ARPES
measurements were performed at CASSIOPEE beamline,
which is also equipped with a LEED. The beamline spot size
has 50 microns when using photon energies of 150eV and
36eV. Ir(332) was prepared by sputtering and annealing
cycles. The Ar+ sputtering was performed at RT, 1 keV and
with 2x10°® mbar pressure during 10 min. Annealing consisted
in increasing the temperature to 650°C for 15 min and then
slowly cooling down to RT at a rate of 20°C/min. LEED
patterns were checked afterwards.

After the substrate preparation, graphene was prepared by
temperature-programmed growth (TPG) or chemical vapor
deposition technique (CVD). TPG consists of depositing
hydrocarbon (ethylene) at RT onto the catalyst surface,
followed by annealing above 600°C to promote the ethylene
decomposition. While the hydrogen is evacuated through the
UHV pumping system, the carbon remains at the metal
surface. The thermal energy allows atoms to diffuse, nucleate,
grow and/or merge islands of graphene. Since the carbon
diffusion towards the Ir bulk is insignificant due to its low
solubility[44], the annealing only promotes graphene
formation. CVD consists of exposing a hot catalytic surface to
a hydrocarbon gas (we chose again ethylene). Since the
surface is already hot when the hydrocarbon lands at the
surface, the dissociation of the molecule and graphene
formation occur in a single step, contrary to the TPG
technique. Depending on the cooling dynamics, graphene can
form mono- or multi-rotational domains or even
wrinkles[33,34,45,46]. After the hydrocarbon exposure on
surface, the sample is cooled down to RT at 60°C/min. Both
TPG and CVD are self-limiting processes that end once a
graphene monolayer is formed because no catalytic sites from
the substrate are then available to promote further graphene
growth.
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