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Interesting electronic properties arise in vertically stacked graphene sheets, some of which can be con-
trolled by mutual orientation of the adjacent layers. In this study, we investigate the MBE grown multilayer
graphene on Ir(111) by means of STM, LEED and XPS and we examine the influence of the substrate on
the geometric and electronic properties of bilayer graphene by employing XSW and ARPES measure-
ments. We find that the MBE method does not limit the growth to two graphene layers and that the wrin-
kles, which arise through extended carbon deposition, play a crucial role in the multilayer growth. We also
find that the bilayer and trilayer graphene sheets have graphitic-like properties in terms of the separation
between the two layers and their stacking. The presence of the iridium substrate imposes a periodic
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potential induced by the moiré pattern that was found to lead to the formation of replica bands and mini-
gaps in bilayer graphene. From tight-binding fits to our ARPES data we find that band renormalization
takes place in multilayer graphene due to a weaker coupling of the upper-most graphene layer to the
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Introduction

Layered 2D materials offer a plethora of new phenomena
induced by the proximity effects that arise when vertically
stacked in a controllable fashion." Even for the most studied
system, graphene, a variety of exciting new properties emerge
depending on how two or more graphene sheets are placed on
top of each other. For example, the electronic properties of
bilayer graphene (BLG) can depend on the stacking order and
relative orientation of the two layers, and can be additionally
modified by applying an electric field across the layers.””
Unperturbed AB and AA stacked BLG show parabolic and
linear gapless band dispersions, respectively, at the high sym-
metry K-point of the Brillouin zone.* For mutually twisted gra-
phene sheets, different scenarios may occur: the individual
layers generally retain the original graphene properties, if the
twist angle is larger than 20 degrees.® Remarkably, in this
system, coupling between the two layers can be induced by
external means such as charge transfer from a substrate.” At
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30 degrees relative rotation, twisted BLG shows quasicrystal
phenomena.®® For smaller angles, the electronic structure is
dominated by correlation effects,'® which can host a supercon-
ducting state if the twist angle is tuned to the magic angle
(~1.1°) and the system is sufficiently p-doped."*

BLG exhibits excellent transport properties and has
been suggested for use in valleytronics™* and layertronics'® by
exploiting the valley and layer degrees of freedom, respectively.
BLG has also been suggested as a starting system for preparing
diamane, the thinnest diamond material achievable.®

For trilayer graphene (TLG), varying the stacking between
individual graphene sheets again results in different electronic
properties’” and superconductive behaviour: ABA-stacked TLG
was recently predicted to be intrinsically superconducting with
Tc = 1 K.'® On the other hand, ABC-stacked, undoped TLG is
expected to exhibit an exotic spin-triplet exciton condensation
leading to superconducting properties."’

While the growth of both BLG and TLG have already been
reported in the literature, different synthesis procedures yield
slightly different results: on SiC, single- and multilayer gra-
phene can be achieved by annealing. On the C-terminated
surface, the sheets often have a rotation relative to each other,
which allows each sheet to behave as freestanding graphene
rather than as part of a multilayer structure.>® By contrast, on
the Si-terminated surface, a Bernal stacking (AB) of the gra-
phene layers develops during the growth process. Additionally,
a quasi-freestanding BLG can be obtained on these substrates
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through hydrogen intercalation of the so-called buffer layer.”"
Similarly, the growth of tri- and higher layer graphene has
been demonstrated on SiC by means of extended annealing®
and by hydrogen etching,"” although these methods typically
give a non-uniform graphene coverage over the sample.

The properties of multilayer graphene on metal substrates
will, in general, depend on the strength of the interaction with
the underlying metal. When monolayer graphene (MLG) is
grown on Ru(0001), it couples strongly to the substrate and
therefore exhibits a strongly modified electronic structure.
Upon second layer growth, the top layer retains the Dirac cone
as for a freestanding MLG,* although it becomes slightly
modulated in the AB stacked case.** Finally, ordered BLG on Ir
(111) has already been obtained by exposing both the bare
iridium surface and a single graphene layer prepared by CVD
to carbon vapour using molecular beam epitaxy (MBE),>*’
but the subtle changes in the electronic band structure due to
the presence of the iridium substrate have not been revealed.
With regard to the controlled growth of ABA and ABC stacked
TLG using the CVD method on metal substrate, this has
recently been achieved on a curved Cu substrate.*®

Here we present the growth of large domains of BLG, along
with TLG islands, on Ir(111) including a thorough characteriz-
ation of how the stacking order and the presence of the
iridium substrate influence the geometric and electronic struc-
tures of the grown layers. We show for the first time that the
electronic properties of bilayer graphene become modulated
by the presence of the periodic potential induced by weak
coupling between the bilayer and iridium. Additionally, hydro-
genation with vibrationally excited H, is used to separate and
weaken the contribution from bare monolayer patches,
making the trilayer contributions stand out. With such
measurements, we show that, with an increasing number of
layers, band renormalization takes place as a consequence of
decoupling of the upper-most layer from the iridium substrate.

Experimental procedures

Experimental setups

The XPS, XSW, and LEED measurements, as well as the carbon
deposition, were performed under ultrahigh vacuum con-
ditions at the permanent end-station of the 109 beam line*’ at
the Diamond Light Source Ltd. The photoelectron spec-
troscopy, for the XPS and XSW data, were acquired using a
Scienta EW4000 HAXPES analyser that was mounted 90° from
the incidence direction of the photons in the horizontal plane.
The light source of the 109 beam line consists of two separate
undulators that provide soft and hard X-ray light, simul-
taneously onto the same point on the sample.

The LEED data were acquired using an OCI BDL600IR-MCP2
optics.

The ARPES measurements were obtained on a temporary
end station placed on the separate soft X-ray branch of the 109
beam line utilising a SPECS PHOIBOS 225 HV analyser with a
delay line detector that was mounted at 90° with respect to the
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incidence direction of the photons in the horizontal plane.
Transfer between the two branches of the 109 beam line was
performed using a custom built UHV suitcase where the
pressure was not allowed to exceed 1 x 10~° mbar.

The STM measurements were acquired from the Surface
Interface Laboratory at the Diamond Light Source, “off-line”,
i.e. not attached to a beam line, using an Omicron VI-AFM XA.
To enter the sample into the STM chamber, which was kept at
a base pressure of ca. 3 x 107'° mbar, it was removed to air,
and then subsequently annealed in vacuum to remove weakly
adsorbed contaminants.

BLG growth

The bilayer graphene was grown by evaporating a carbon rod
(99.997% purity; Goodfellow) in a commercial metal evapor-
ator (Focus; Omicron).

During the evaporation, the sample surface was kept at
950 °C as measured using a pyrometer. The growth was per-
formed in seven separate steps with durations of between 45
and 60 minutes, for a total exposure time of 6 hours and
15 minutes. For the first stage of the growth, which produced a
monolayer of graphene, the flux was kept at ca. 2 x 10'* atoms
per s per cm?, while the rest of the exposure was done at twice
the flux, ca. 4 x 10" atoms per s per cm?. The flux was esti-
mated from the initial stage of graphene growth on Ir(111) by
assuming sticking coefficient equals one.

Photoemission and standing wave measurements

Soft X-ray spectra were acquired at Av = 435 eV. The XSW
measurements were performed by scanning the photon energy
across the Bragg scattering condition, which for Ir(111) planes
separated by a distance d''* = 2.216 A and normal incidence is
achieved at 2798 eV. Therefore, in the measurement the
photon energy was scanned through the interval from 2792 eV
to 2806 eV. The hard-XPS spectrum was acquired at 2792 eV as
a part of the XSW measurements. The XSW measurements
have low count rates, and therefore the measurement was
repeated several times on different spots on the sample. Prior
to each XSW measurement, the reflectivity was measured in
order to centre the XSW region over the same photon energy
interval with respect to the Bragg energy, for the corres-
ponding spot on the sample. Increasing the number of spots
naturally broadens the spectra, but gives a better signal-to-
noise-ratio and a guarantee that the measurement is represen-
tative of the entire sample. For the highest coverage, 22
different measurements were summed while the intermediate
coverage scan (see ESIt) contains 29 individual scans.

The ARPES experiments were performed at 7'~ 13 K and a
photon energy of 105 eV with an energy resolution of about
60 meV.

Hydrogenation

Selective hydrogenation of the monolayer areas on the sample
was achieved by dosing vibrationally excited hydrogen mole-
cules at a pressure of 1.1 x 10~°® mbar. Hydrogen gas was
dosed through a hot capillary thermal cracking source (HABS;
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Dr Eberl MBE-Komponenten GmbH) while positioning the
sample so that the manipulator blocks any direct line of sight.
The hot capillary will dissociate molecular hydrogen which
will recombine with hydrogen adsorbed on internal surfaces of
the chamber forming highly vibrationally-excited molecules.*”

Tight-binding calculations

To find the E(k) relation near the high symmetry K-point in the
Brillouin zone of monolayer, bilayer, and trilayer graphene we
have used tight-binding calculations. The dispersions of the
bands were calculated in python using the Pybinding
package,® where the relevant hopping parameters were esti-
mated by fitting calculated bands to the experimental data
using a least square minimization procedure. The fits were
optimized only for a low energy range (<1.5 eV). The experi-
mentally measured band dispersion was extracted from the
AKA’ and I'K cuts by fitting the energy distribution curve (EDC)
corresponding to each k-value in a region close to the K-point
by a representative number of Lorentzian peaks and a poly-
nomial background. The peak position of the Lorentzians are
read out as the maximum intensity position of each band for
the corresponding k-value. For monolayer graphene, we have
estimated the nearest neighbour hopping parameter y, and
next-nearest neighbour ¢, using the doping level from ref. 32.
For bilayer graphene we have estimated the nearest neighbour
in-plane hopping parameter y, and three out-of-plane hopping
parameters: y; representing coupling between orbitals on
dimers sites and two ‘skew’ parameters y; and y,. For bilayer
graphene we have first estimated the doping level and y,
through fits to the upper valence band, where the parameters
from single layer graphene were used as an initial guess. Given
the estimated doping level we have then added an asymmetric
potential to two graphene sheets that is responsible for the
band-gap opening. Next, we included the parameter y; that
adjusts the position of the lower valence band and parameters
73 and y,, in order to improve the overlap with experimental
data for both upper and lower band along the AKA’ direction.
We note here that in order to make the fits of the AKA’ direc-
tion reasonably good also for the I'K direction, a small rigid
shift for the 'K data was necessary. This is because of a rela-
tively large uncertainty in the estimate of the high symmetry
K-point in the Brillouin zone. For the trilayer graphene we
have used the position and slope of the linearly dispersing
band along the I'K direction to find y, and the doping level.
The parameters y; and y; were then simply adjusted to overlap
the upper and lower valence band in trilayer graphene with the
upper and lower valence band in bilayer graphene. Here we
note, however, that the assumption that these bands overlap
may not be correct as the intensity of the upper and lower
band in trilayer graphene may be simply too weak to be
detected in our sample.*** Therefore the parameters y; and y;
in trilayer graphene should be taken with caution. We also
note that the choice of the parameters y; and y; has no influ-
ence on the slope of the inner linear band. On-site potential
variation induced by the moiré structure is not included in the
tight-binding calculations.
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Table 1 Tight-binding parameters, doping value and gap in monolayer,
Bernal stacked bilayer and trilayer graphene on Ir(111) as extracted from
the fits to our ARPES data. For monolayer graphene experimental data
from ref. 35 were used. The size of the band-gap included in the tight-
binding fits was estimated separately based on the amount of doping,
see the main text for details

Parameter/eV Monolayer Bilayer Trilayer
70° —2.71+0.11 —2.74 +0.05 -3.1+0.14
tn 0.17 — —

n — -0.35 0.3

73 — -0.35 -0.3

Ya — -0.14 —

p type doping 0.1 0.06 0.13

Gap A 0.0 0.06 0.0

“Uncertainties for y, are obtained by introducing measurements
uncertainties while keeping all other parameters fixed (see Methods
for more details).

In Table 1 we quote error bars for the y, values as those
values indicate interesting phenomena occurring in stacked
graphene layers on Ir(111). The largest contribution to the
error was found to be due to the uncertainty in the ARPES data
that gives rise to misaligned cuts through the K-point in the
Brillouin zone. The monolayer graphene data originate from
high resolution ARPES data from ref. 35 and the largest error
here arises from the uncertainty in estimated doping level,
which is 0.1 = 0.02 eV.*? For the bilayer graphene, the quoted
value is an average from two values obtained from fits along
the AKA' and T'K directions. The linear band in trilayer gra-
phene is visible only along the I'K direction and the largest
error is due to the uncertainty Ak along this direction, which
is about 0.0078 A™*. The error bars for y, were estimated by
repeating the fits with the uncertainties given above while
keeping all other parameters fixed.

Results and discussion
Growth characterization

The C 1s photoelectron spectrum of the final bilayer graphene,
measured with a photon energy of 435 eV is shown in Fig. 1a
(top), exhibiting two main components. The first component
at lower binding energy, E}, = 284.1 eV, is assigned to the layer
in contact with the iridium surface as it agrees with the posi-
tion of the monolayer graphene, Fig. 1a (bottom). The second
component at 284.3 €V is at an energy close to that of graphite,
and is ascribed to the presence of second layer.””> Due to the
attenuation of photo-electrons by the uppermost graphene
layer(s), the component associated with the bottommost layer
has a much lower apparent intensity. Knowing the extent of
attenuation per graphene sheet, which is about 43%,> the
multilayer coverage can be estimated by comparing the relative
ratio of the two components. This attenuation value will in
general depend on the kinetic energy of the photo-electrons
and the geometry of the experimental setup. These parameters
are similar in ref. 25 and our work, allowing us to use a value

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 C 1s XPS intensity of bilayer graphene on Ir(111). (a) Photoemission spectrum acquired at a photon energy of 435 eV. (Top) C 1s spectrum of
2.2 layers of graphene. Two components related to the graphene are clearly distinguishable. The low binding energy component at 284.1 eV (green)
corresponds to the first graphene layer in contact with the iridium surface. The higher binding energy component at 284.3 eV (blue) corresponds to
the upper layer(s). Electrons emitted by the bottom layer are partially attenuated, resulting in a lower intensity of the peak associated with the
bottom layer. Additionally, a small component ascribed to clusters and wrinkles emerges at 284.6 eV (light blue). For comparison, a C 1s spectrum
of approx. 0.9 ML graphene coverage comprising a single component at 284.1 eV binding energy is shown (bottom). (b) XPS intensities of the inter-
face layer component (green) and bilayer component (blue) normalized to monolayer (ML) intensity as a function of dose time. (c) Estimate of the
carbon coverage in terms of graphene layers based on a layer-by-layer-growth as per ref. 25.

of 43% attenuation per graphene sheet to estimate the cover-
age. Fig. 1b and c show the evolution of the two C 1s com-
ponents (starting from slightly below one monolayer coverage)
as a function of carbon dosing time. As depicted in Fig. 1b,
the monolayer component decreases with additional carbon as
expected, since the signal is gradually attenuated. However, no
clear steady-state is observed for the bilayer component, which
rises beyond the expected bilayer coverage. The same trend is
observed also in Fig. 1c, where the total intensity does not
reach a saturation point at two layers coverage. The bilayer C
1s component (blue in Fig. 1a, top) therefore comprises of
carbon from all layers above the monolayer graphene in
contact with the Ir(111) substrate. Additionally, at the highest
coverage a small component appears at 284.6 eV, at an inten-
sity corresponding to 5% of the monolayer coverage, Fig. 1a
(top). This component is ascribed to the wrinkles and clusters
as revealed by STM.*® The MBE growth in our study is thus not
self-limiting to two layers which would consequently lead to
homogenous BL coverage. Instead, from our growth dynamics,
we expect a non-uniform coverage on the surface, including
multilayer islands as confirmed by the STM images discussed
below. This is in contrast to what was found earlier in ref. 25.
Despite this fact, the ratio of these two components has been
used as a fast estimate of the amount of carbon on the surface,
where the carbon deposition was terminated at the assumed
two-layer coverage (exact ratio gives 2.1 ML). In regard to the
different growth dynamics found in our study as compared to
ref. 25 — while the dose rates are comparable in both studies, it
is possible that a variation in the ratio between monomers,
dimers, and trimers in the carbon beam, as well as their
average ionisation rates during deposition, modify the overall
growth dynamics. As the bilayer growth on Ir(111) is strongly
influenced by the sample temperature,® the difference in
methods for measuring the surface temperature of the crystal
in ref. 25 and our experiment can further affect the overall
growth of the bilayer.

This journal is © The Royal Society of Chemistry 2020

Fig. 2a and b show STM images of two different regions of
the MBE grown bilayer graphene with the identified numbers
of layers across each region given in Fig. 2c¢ and d. The
numbers of layers have been estimated by performing a
detailed analysis of the step heights and moiré structures
present in the STM images, which is explained in the ESI
Fig. S1-S3.7 Despite the presence of single-, tri- and quad-layer
islands on the sample, the majority of the substrate is covered
with two graphene layers. Therefore, in the following, we refer
to this sample as a bilayer graphene. The presence of single
and multilayer islands must be considered, however, when
interpreting the results obtained by averaging techniques, as
presented below.

Apart from the flat graphitic domains found by STM, long
straight ridges are visible in both Fig. 2a and b. It has been
suggested earlier that the increasing number of wrinkles
arise from carbon inserted into the graphene sheet during
the MBE growth, which results in an oversaturated topmost
layer.>>??

It has been proposed that BLG on Ir(111) grows such that a
single layer forms initially, and the next layer grows directly on
the Ir(111) surface underneath the first layer.>>*” This mecha-
nism alone could lead to uniform bilayer coverage. In the
image presented in Fig. 2a and b we note, however, that the
ridges often separate two domains with a different number of
graphene layers. Therefore, we propose that the ridges play a
significant role in the multilayer growth, although the precise
mechanism remains unknown. The growth mediated by wrin-
kles may have important implications for the growth of tri-
and multi-layer graphene patches that lead to the observed
non-uniform coverage on the sample. This observation con-
firms the trend found by XPS analysis in Fig. 1b and ¢ where
the carbon contribution from multi-layer islands increases the
intensity of bilayer component beyond the expected two layer
coverage. The growth of bi-, tri- and even quad-layer graphene
patches at the same time indicates that synthesis of uniform

Nanoscale, 2020, 12,19776-19786 | 19779
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Bilayer

Fig. 2 STM and LEED images of bilayer graphene. (a) A region with mono-and bilayer domains. (b) A different region on the sample showing mainly
bilayer graphene, but with the presence of tri-and quad-layer islands, which are usually terminated by wrinkles. (c) and (d) same as (a) and (b), but
the individual domains are colour coded based on the number of graphene layers identified (see ESIT for details). Black indicates areas that remain
unidentified due to the sample topology. (e) and (f) LEED images taken at E, = 71.5 eV of monolayer (e) and bilayer graphene samples (f). The gra-
phene- and iridium-induced diffraction spots are marked with red and yellow rings, respectively. The moiré spots remain circular and distinct during

the growth of additional layers.

large area tri- and quad-layer graphene on Ir(111) may not be
achievable using the presented method.

The LEED images in Fig. 2e and f show the diffraction pat-
terns for two different stages during the MBE growth, which
represent a single layer and the final bilayer graphene, respect-
ively. The layers have the same mutual orientation and appear
to grow aligned with the substrate in the same way as single
layer graphene grown using a CVD method.>>” With increasing
carbon dose the LEED images show only an intensity increase
of the graphene related spots (marked with red circles) and a
weakening of the iridium related spots (marked with yellow
circles) as expected for AB or AA stacked graphene layers. A
small misorientation of ca. 1.8° between the graphene layers as
found in the STM images by the presence of a large periodicity
moiré (upper-left corner in Fig. 2a) is smaller than the resolu-
tion of the LEED and thus cannot be resolved in Fig. 2f. See
ESI7 for details and magnifications of the moiré structures.

Given the XPS, STM, and LEED results above, we therefore
conclude that the dominant phase on the surface is BLG that
is well aligned with the substrate orientation.

Geometrical structure

In Fig. 3a, C 1s XPS data obtained at a photon energy of sv =
2792 eV are shown. Contrary to the C 1s XPS data acquired at a
lower photon energy (Fig. 1a), the data reveal that both C 1s
components, associated with the first and second graphene
layer, are of comparable intensity. This difference is due to the

19780 | Nanoscale, 2020, 12,19776-19786

higher kinetic energy of the emitted electrons, and thus the
associated longer inelastic mean-free path, at higher photon
energies. Considering an emission angle of 75° with respect to
the surface normal and the inelastic mean free path of graph-
ite®® results in an attenuation of 20% by a single graphene
layer. The intensities of the two components are approximately
equal, which indicates an average coverage around 1.8 layers,
not taking the higher attenuation for third- or fourth-layer
areas into account.

Furthermore, we explore the geometrical structure of the
BLG with XSW, which is generated from the interference
between the incident and Bragg diffracted light. As the photon
energy is scanned across the Bragg condition, the phase of the
standing wave varies, such that the maximum intensity varies
in position with respect to the substrate lattice. If the exploited
Bragg plane is parallel to the surface termination, then the
absorption rate of any atomic species immersed in the stand-
ing wave will vary in a specific manner, dependent upon the
distribution of positions that species occupies above the
surface. The resulting XSW intensity profiles are then fitted
using parameterized profiles as derived by dynamical diffrac-
tion theory. Here, two fitting parameters, referred to as the
coherent position (P''') and the coherent fraction (F''"), are
introduced. These two parameters can often be considered to
represent the mean relative position of the layer and the
spread around this mean position (corrugation of the layer),

respectively. Note that P''" + n = P''', where n is any integer,

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 C 1s XSW data for bilayer graphene. (a) XPS acquired at a photon
energy of 2792 eV. At this energy, the photo-electron attenuation by
upper layers is lower, resulting in a comparable intensity for monolayer
and bilayer components. (b) Relative absorption for the upper layer(s)
(light blue data, dark blue fit) and bottom layer peaks (light green data,
dark green fit) with the crystal reflectivity (black data points and fit) as
the photon energy is scanned through the Bragg condition. Arrows indi-
cate appropriate axes.

thus adsorption heights that differ by an integer number of
d""! layer spacings cannot be differentiated a priori.>®

For our bilayer graphene system the XSW modulated inten-
sity profiles of the individual C 1s components and the reflec-
tivity curve as a function of photon energy are plotted in
Fig. 3b, together with their best fits. For the layer in close
vicinity to the iridium substrate we obtain a coherent position
of P = 0.51 + 0.03, which corresponds to a mean adsorption
height of & = 3.35 + 0.07 A. This is similar to the adsorption
height found previously for a single graphene layer on Ir
(111).”° For the upper layer we obtain a coherent position of
P™ = 0.15 + 0.03, from which the most reasonable value for
the mean height is obtained as # = 6.98 + 0.07 A.

The coherent fraction for the bottom layer, according to our
fitted data, is found to be F*'' = 0.40 while that for the upper
layer is F*'' = 0.64. The data clearly show that the coherent
fraction of the low binding energy component (associated with

This journal is © The Royal Society of Chemistry 2020
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the layer in close proximity to the iridium surface) is much
lower than that of the high binding energy component (associ-
ated with the upper graphene layers). A possible cause of this
result is the corrugation is imposed by the iridium substrate.
Such an influence would have the strongest effect on the gra-
phene layer in direct contact with the iridium and would
explain the significantly higher coherent fraction for the upper
graphene layers. A coherent fraction of about 0.75 was found
for a CVD grown single layer graphene on Ir(111) at an esti-
mated two thirds coverage® and full coverage.*' Yet MLG with
a coherent fraction as low as 0.38 was reported for an oversatu-
rated graphene sheet on Ir(111) and was suggested to arise due
to wrinkles, step edges, and increased corrugation.*

The relatively low coherent fraction of the higher energy C
1s component, associated with the presence of additional gra-
phene layers, can similarly be attributed to the presence of
wrinkles as well as to the presence of multilayer islands of
different heights. In the subsequent discussion we consider
both contributions.

During the growth of the BLG, a single layer of graphene
forms initially and subsequent layers grow between the sub-
strate and the initial graphene layer.>” Therefore, when the
growth of the BLG is incomplete, the continuous overlayer of
graphene contributes to both components observed in the C
1s XPS spectra. This graphene sheet is steadily exposed to
carbon radicals and ions during the MBE growth, which leads
to its oversaturation with carbon, and hence the formation of
wrinkles upon cooling. The presence of wrinkles in an incom-
plete BLG will therefore result in a lowering of the coherent
fraction for both C 1s components. It should be noted that
wrinkle formation during MBE growth occurs to a much
higher extent than that with CVD growth.>®

Multilayer islands have a peculiar effect on the XSW contri-
bution: because the individual graphene layers are separated
by approximately 1.5d"", alternate layers are close to being
multiples of the standing wave wavelength apart and thus
nearly in-phase with one another, while two adjacent layers are
nearly out-of-phase, in terms of the standing wave field they
experience. As a result, for a TLG on Ir(111), the combined C
1s yield from the second and third graphene layers shows a
reduced XSW modulation amplitude, leading to a lower F''*
for the high binding energy C 1s component. If the third gra-
phene layer represents a fraction, f; of the high binding energy
C species, this antiphase modulation alone would cancel out
an amount, f, of the signal from the second layer and reduce
F'"'' of this species by 2f in total.*® The fourth layer, on the
other hand, will contribute constructively to F''' and thus
increase the coherent fraction, although this additional contri-
bution is expected to be negligible in our experiment. For a
full or partial BLG system (i.e. without higher layers), these
effects are unimportant as the first and second graphene
layers have separate components in the C 1s photoemission
spectrum. All other layers, however, have the same binding
energy as the bilayer component, and therefore the presence of
tri- and quad-layer islands will affect the coherent fraction of
the bilayer component only.
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These various considerations are supported by the results persion closely resembles that of the tight-binding model for a
for 1.6 ML graphene (see ESIT for XSW data). In this case, the gapped, p-doped BLG as calculated in ref. 43, which exhibits
obtained coherent positions are P'*' = 0.53 + 0.03 for the first two bands with the dispersion characteristic for AB-stacked
layer, corresponding to z = 3.39 + 0.07 A, and a value of P''' = BLG. Although this calculation displays an additional fine
0.06 + 0.03 for the second layer, corresponding to 7 = 6.78 + structure at the top of the valence band, this cannot be
0.07 A. The coherent fractions are increased to F''* = 0.66 and  resolved with the resolution of the present experiment.

F'' = 0.80 for the first and the second layer respectively. The ARPES data show a higher intensity in the upper band

The much lower coherent fractions at high coverage signify than in the lower band, which is expected due to layer asym-
the negative role of wrinkles, clusters and multilayer islands to metry in the BLG imposed by the presence of the substrate.”?
the estimated values. Therefore, the obtained coherent posi- However, due to the presence of MLG areas, it is possible that
tions for 1.6 ML graphene are more accurate estimates of the a fraction of the intensity in the upper branch stems from the
actual mean positions of the individual layers. With this in contribution from the overlapping MLG cone, which is
mind, the interlayer distance is about 3.39 + 0.10 A, which is  expected to be p-doped as well.>* Apart from the main bands,
very close to the separation in graphite. faint replica bands at higher wave vector can be seen in
Fig. 4a. Likewise, in the constant energy map taken at 0.1 eV
binding energy (Fig. 4d), the top of the upper cone is visible,
The electronic structure of the BLG sample has been character- along with six fainter spots (marked with violet dots in the
ized by means of ARPES measurements. Fig. 4a shows the figure) surrounding it. In the same figure, a cut at 0.3 eV
band dispersion obtained through the K-point of the Brillouin shows the upper cone with the tip of the lower cone, and at 0.5
zone, in the direction perpendicular to I'K. The band dis- €V both cones become visible as arcs. As both bands are
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Fig. 4 ARPES data (binned) for BLG on Ir(111) collected at a photon energy of 105 eV and a sample temperature of 13 K. (a) Cut through the K-point
of the BLG Brillouin zone in the direction perpendicular to 'K (AKA'). The two cones characteristic of bilayer graphene are visible, along with fainter
replica cones on either side. (b) Line profile along the upper right branch as given by the blue box in (a). Each point corresponds to the integrated
intensity along the constant energy direction over the width of the box. (c) Positions of the replica cones: Scattering from the K-point of the BLG
Brillouin zone by an Ir(111) reciprocal lattice vector G, (red arrow) gives the origin of new replicas (violet circles), since Gy, is shorter than the gra-
phene reciprocal lattice vector G, (black arrow). The difference between the two vectors is marked as a moiré reciprocal lattice vector Gy, (violet
arrow). The black dashed line indicates the plane shown in (a). (d) Constant energy maps at the K-point for 0.1 eV, 0.3 eV, and 0.5 eV binding energy.
The position of the main cone (blue dot) and six fainter replica cones (violet dots) are marked for 0.1 eV, and all cones can be traced at higher
binding energies.
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visible in the replica cones, we interpret this observation as a
confirmation of the presence of long-range order in large area
bilayer graphene.

Given the lattice vectors of graphene and Ir(111), the posi-
tions of the replica bands can be determined as depicted in
Fig. 4c.”* Replica bands may originate from final-state effects
and/or by a direct modulation by the moiré structure, which
affects the initial states.>> While the latter mechanism has
been observed for single layer graphene on Ir(111),** the
former effect was observed in graphene®® and bilayer gra-
phene** on SiC.

By integrating along the constant energy direction of the
data along the upper branch of the main band we find mini-
gaps that open at the positions where replica bands cross the
outer cone, as shown in Fig. 4b. The appearance of these gaps
indicates that the replica bands are formed due to the pres-
ence of a periodic potential imposed by the moiré pattern.> A
similar set of minigaps is expected at the crossing in the inner
cone, but due to the low intensity in the lower branch, these
cannot be resolved in our data. A small band gap is also
expected to form at the K-point due to the presence of inter- or
intra-layer asymmetry,**> which can arise from a small doping
difference in the two layers induced by the substrate. While
the size of the gap cannot be directly extracted from our data,
the presence of the gap can be inferred from the flattening of
the upper branch close to the Fermi level.

Stacking order and electronic properties of trilayer graphene

To distinguish the higher layers of graphene on Ir(111) from
the monolayer domains, one can expose a sample to vibration-
ally excited H,. Earlier STM-based studies showed that only the
monolayer domains become functionalised with this pro-
cedure, while areas with more than one layer remain
unaffected.’®*” For the hydrogenation, our sample was
exposed to vibrationally excited H, until no further changes in
the C 1s spectrum were observed. Based on the XPS spectra of
the hydrogen exposed sample (see Fig. S6 in the ESI{) it is

o
~
c
~

Binding energy /eV
Binding energy /eV

-0.1 00 0.1
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determined that approximately 15% of the sample area is
covered with monolayer graphene, which is hydrogenated and
gives rise to a third C 1s component on the higher binding
energy side that represents the sp® carbon. Moreover, the esti-
mated coherent positions of the two sp®> components, P''* =
0.57 + 0.03 and P''" = 0.15 + 0.03, which are related to the posi-
tions of the lower and upper layers, respectively, in the hydro-
genated bilayer graphene, agree well with the values found
above for the nonhydrogenated sample. The coherent position
of the sp® component, P''' = 0.98 + 0.04, is close to that of
hydrogenated monolayer graphene found in ref. 41, noting
that coherent positions of 0 and 1 are equivalent. These XSW
results (see ESIT for details) also confirm that only the mono-
layer graphene areas become hydrogenated.

The ARPES data along the AKA' direction of a sample
exposed to hydrogen in this way is displayed in Fig. 5a and is
observed to exhibit a structure similar to that of the non-hydro-
genated sample, but with a slightly reduced intensity in the
upper band. Fig. 5b shows a constant energy map at 0.8 eV
binding energy, as marked by the green line in Fig. 5b. Here, a
contribution from a third band in the region between the two
original bands can be observed. This new band is most easily
recognized along the I'K direction where the most intense
signal from each bands is observed. Fig. 5c clearly shows dis-
persion of three bands along the I'K direction. Close to the
K-point, the top and central bands merge together within our
resolution. In Fig. 5d the EDC measured away from the
K-point, depicted by the vertical dashed line in Fig. 5c, can be
fitted well by three Lorentzians and a linear background.

The appearance of a linear band between two parabolic
bands, as well as the degeneracy between the top band and the
central linear band resembles the electronic band structure of
ABA stacked trilayer graphene.'®*® In non-hydrogenated
samples, the contribution from TLG overlaps with the stronger
and broader signal from the MLG areas. In MLG hydrogenated
at room temperature, the top of the valence band, however,
shifts more than 0.3 eV below the Fermi level due to the

)

Integrated intensity /arb. units

T T T
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T T T
00 02 04
Binding energy /eV
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Fig. 5 ARPES data (binned) acquired at a photon energy of 105 eV after exposing the sample to a flux of vibrationally excited H, overlaid with tight-
binding calculations. (a) Cut through the K-point in the direction AKA'. The two of the bands are easily visible, while the central band is too faint. (b)
Constant energy cut centred at the K-point at a binding energy of 0.8 eV. Three separate cones are visible. The blue line indicates the positions of
the cut shown in (c). (c) Cut taken along the I'K direction. Here again three dispersing bands are detected. The orange dashed line indicates the posi-
tion of the EDC shown in (d). (d) EDC taken along the dashed line in (c). The data points (grey) are approximated well by the fit (black) with three
Lorentzians and a linear background. Each Lorentzian component represents an individual band. Frame colours in (a), (b) and (c) follow the colour of
lines defining the cuts in (a) and (b).
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opening of a band-gap. Additionally, the overall ARPES signal
of the hydrogenated MLG becomes much broader and signifi-
cantly less intense®>*® (see Fig. S7 in ESIf). We therefore
believe that after hydrogenation, the signal contribution from
the MLG areas is effectively eliminated allowing us to detect
the intensity of the linear band in TLG areas.

By eliminating the monolayer signal in the experimental
data we are able to estimate the tight-binding parameters for
bi- and trilayer graphene on Ir(111). The best obtained fits are
overlaid in Fig. 5a and c as red and yellow dots, respectively,
for the AB stacked bilayer and the ABA stacked TLG. The exact
procedure applied to obtain the resulting tight-binding bands
can be found in the section Experimental procedures. The
tight-binding results show good agreement with the data in
the low energy range along both the AKA’ and I'K directions.
Similar to MLG, also BLG and TLG on Ir(111) are found to be
slightly p doped. Given the work function difference between
Ir(111) surface and mono-, bi- and trilayer graphene, a p type
doping is expected,”’ *° see ESIf for details. The resulting shift
of the top of the valence band constitutes 60 meV and
130 meV above the Fermi level in BLG and TLG, respectively.
However, the position of the valence band maxima in BLG and
TLG will be further affected by the presence of a gap. The size
of the gap cannot be extracted directly from the ARPES data in
our p doped samples, but good estimates of gap values can be
made by knowing the amount doping.**! In short, the total
charge transfer from graphene to iridium and an incomplete
screening of charges by individual graphene sheets will induce
a potential drop across the layers. This potential drop induces
a gap approximately equal to the doping shift in BLG.*** In
ABA stacked TLG a small p type doping will lead only to a neg-
ligible gap that is not considered in our fits.** By including
these parameters the tight-binding fits reveal that with an
increasing number of layers, the nearest neighbour hopping
parameter y, increases from its initial value —2.71 eV in MLG
to —2.74 eV in BLG and -3.1 eV in TLG. This result can be
viewed as a consequence of a continuous decoupling of the
upper-most layer from the iridium substrate, noting that the
electronic states in the upper-most layer contribute mostly to
the upper valence band in bilayer graphene*® and to the line-
arly dispersing inner valence band in trilayer graphene.** The
band renormalization, reflected through the change of the y,
parameter, represents a change in the speed of Dirac electrons
at the Fermi level. Using the presently estimated y, parameters
we obtain a change of Fermi velocity from vy = 0.88 x 10° ms™*
in MLG to vy = 1.00 x 10° ms™" in TLG on Ir(111).

Finally, we note that the intensity and thus visibility of the
TLG inner band strongly depends on the beam position on the
surface, which relates to the non-uniform growth of graphene
layers on our sample. The ARPES data shown in Fig. 5 were
thus obtained at the position at which the intensity of the
inner band was relatively high. Additionally, we note that
despite a low signal to noise ratio along the AKA' direction in
Fig. 5a, the replica bands found in non-hydrogenated samples
can also be recognized in hydrogenated samples. This obser-
vation supports the conclusion that the BLG is the dominant
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structure exhibiting long-range order. The inner linear band
from the trilayer islands is too faint to draw any conclusions of
its appearance in the replica.

Conclusions

In conclusion we have shown that large domains of well-aligned
bilayer graphene on Ir(111) can be obtained by molecular beam
epitaxy. Also, islands of additional graphene layers are fre-
quently observed in STM images. The single, bi- and multilayer
graphene domains are typically terminated by wrinkles, indicat-
ing that wrinkles play a significant role in the multilayer growth.
The separation between two adjacent layers in BLG is found to
be 3.39 A, which is close to that of bulk graphite. The large BLG
domains are of very high quality as revealed by ARPES data of
the sample, showing replica bands and a set of minigaps orig-
inating from the long-range periodic modulation by the moiré
structure. Additionally, relatively large trilayer domains appear
to be present on the sample as found by ARPES data from
hydrogenated sample. The band structure of bilayer and trilayer
graphene match those for AB and ABA stacked layers, respect-
ively. Finally we have estimated tight-binding parameters for
mono, bi- and trilayer graphene on Ir(111) and found that
Fermi velocity of Dirac electrons increases with an increasing
number of layers. This behaviour is attributed to the decoupling
of the upper-most graphene layer from the iridium substrate.
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