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ABSTRACT
A broad, bell-shaped intensity component is observed in low-energy electron diffraction from high-quality epitaxial 2D-systems. Three 2Dsystems, graphene on Ir(111), graphene on SiC(0001), and hexagonal boron nitride on Ir(111), have been prepared in situ under ultra-high
vacuum conditions. In all three systems—independent of substrate material—similar strong diffuse intensity is observed, exhibiting a width
as large as 50% of the Brillouin zone and an integrated intensity more than 10 times the intensity of the Bragg spots. The presented experimental results provide evidence for a common origin of such diffuse diffraction intensity in different atomically thin 2D-materials.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0051220

A new and surprising ﬁnding for the well investigated 2Dmaterial system graphene on SiC(0001) recently attracted attention:
the observation of a pronounced, very broad and bell-shaped component (BSC) in low-energy electron diffraction (LEED).1 In general, diffuse intensity in diffraction is attributed to disorder or
defects.2–5 In this case, however, the BSC has been attributed to the
scattering of the low-energy electrons by the spatially extremely conﬁned electrons within the 2D-layer.1 The BSC exhibits a full width at
half maximum (FWHM) of 50% of the surface Brillouin zone (i.e.,
100%SBZ Ⳏ 4p/冑3a0 corresponds to the distance between integer
order spots for a hexagonal surface unit cell with lattice parameter
a0) and is, thus, covering signiﬁcant portions of the LEED pattern.
This strong diffuse background does not originate from disorder or
defects as the BSC has been observed even for the highest quality
graphene ﬁlms with micrometer-sized single crystalline grains.6
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In this Letter, we report on the observation of a strong BSC in
spot proﬁle analysis (SPA)-LEED for three different high-quality 2Dmaterial/substrate systems, namely, graphene on Ir(111), graphene on
SiC(0001), and hexagonal boron nitride (hBN) on Ir(111). Although
these material combinations include graphene on a metal, on a widebandgap semiconductor, and a bi-elemental 2D-material on a metal,
we observe for all three systems a strong BSC with similar very large
FWHM and large integrated intensity, i.e., the diffracted electrons
2D-integrated over the area of the spot in the 2-dimensional reciprocal
space. This ﬁnding from such widely different systems supports a
common origin for the BSC and proves that it is a unique property of
uniform 2D-materials.
The experiments have been performed under ultra-high vacuum
conditions at a base pressure of 2  1010 mbar using high-resolution
SPA-LEED for investigation of the BSC. SPA-LEED provides superior
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signal-to-noise ratio of peak intensity in Bragg spots compared to typical diffuse background intensity and is, therefore, ideally suited for
quantitative analysis of the BSC.7–9 All LEED patterns were taken at
room temperature. We have chosen an electron energy of E ¼ 69 eV
where intense spots and low background intensity of the initial nongraphitized substrates are observed. The background was further
reduced by using the retarding ﬁeld analyzer of the SPA-LEED with
an energy resolution of DE ¼ 0.5 eV at E ¼ 69 eV. All patterns are represented using a logarithmic intensity scale. All samples were prepared
in situ.
Ir(111) substrates were cleaned by sputter annealing followed by
a ﬁnal annealing stepup to 1250  C for 20 min. Sharp LEED spots and
very low background intensity [see Fig. 1(a)] are indicative of a ﬂat
surface with low step density. Graphene was grown on Ir(111) by catalytic decomposition of ethylene at 1250  C at a partial pressure of
5  106 mbar for an exposure time of 90 s. The growth is selflimiting to single layer graphene.10 After exposure, the entire surface
was covered with graphene exhibiting large domains as proven by
low-energy electron microscopy (LEEM).11,12 The LEED pattern
shown in Fig. 1(b) demonstrates the growth of the oriented R0 phase
with very little azimuthal disorder. We use “R0” to denote graphene
with a unit cell oriented along the Ir(111) unit cell, i.e., alignment of Ir
dense-packed rows with the zigzag direction of graphene.13,14 The
intense moire pattern indicates the formation of monolayer
graphene.15
Graphene on SiC(0001) was grown through in situ annealing of
4H-SiC(0001).16,17 Degassing of the samples at 600  C for 1 h resulted
in clear (1  1) spots from the SiC(0001) substrate. After annealing
at 950  C for 1 min, the surface was transformed to a carbon rich
(冑3  冑3)R30 reconstruction. Further annealing at 1100  C for 30 s
resulted in a (6冑3  6冑3)R30 LEED pattern, indicating the formation
of the carbon buffer layer.18,19 Upon a ﬁnal annealing step at
1200–1300  C, a mixture of buffer layer and single layer graphene
formed.18 This situation is shown in the LEED pattern in Fig. 1(c). In
addition, we also used 6H-SiC(0001) samples that were prepared ex
situ in a furnace and that exclusively exhibited single layer graphene.20,21 These samples were clamped on a Si wafer for transfer and
degassing in ultra-high vacuum. Annealing at 650  C for 10 min at a
pressure below 1  109 mbar again resulted in sharp diffractions
spots on a prominent BSC.
Epitaxial hBN ﬁlms were grown by self-limiting catalytic decomposition of borazine (B3H6N3) on Ir(111) at 850  C for 90 s at a partial
pressure of 5  108 mbar.22,23 The sharp spots in the LEED pattern
shown in Fig. 1(d) reﬂect the growth of the oriented R0 phase without
azimuthal disorder. Large domains of micrometer size covering more
than 90% of the surface were veriﬁed by ex-situ AFM and in situ LEEM.
For further characterization of the BSC, we recorded spot proﬁles
that are plotted in a logarithmic intensity scale as gray data points in
the left panels of Fig. 1. The proﬁles were recorded through the (00)spot along the direction toward the next integer order spots of the surface Brillouin zone of the substrate, i.e., along the ½112  direction for
Ir(111) and ½2110 direction for SiC(0001), respectively. Fitting the
data (red curves) allows deconstructing the intensity proﬁles into their
individual contributions (black curves) and provides a quantitative
measure of the contribution of the BSC to the LEED pattern. The
Bragg peaks for the 2D-materials were all ﬁtted by Voigt functions to
account for the instrumental resolution and ﬁnite size effects arising
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FIG. 1. LEED patterns and intensity line proﬁles across the ﬁrst BZ and through the
(00) spot at E ¼ 69 eV. (a) The bare Ir(111) surface, (b) graphene on Ir(111), (c)
graphene on 4H-SiC(0001), and (d) hBN on Ir(111). Spot proﬁles on the Ir substrate
are taken along the ½112  direction and on SiC(0001) along the ½2110 direction.
Gray dots indicate data points, and the red lines are ﬁts to the data, which are composed of individual components shown as black lines. The LEED patterns are
shown using a logarithmic intensity scale with arbitrary units.

from step size distributions of the substrate into account.8,9 The BSC is
well described by a Gaussian proﬁle for all of the 2D-materials investigated. We note that a ﬁt with a Lorentzian proﬁle or Moffat distribution yields systematic deviations on the ﬂanks of the BSC.
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The spot proﬁle of the bare Ir(111) surface in Fig. 1(a) shows the
(00)-spot and the ﬁrst integer order spots. From the narrow FWHM
of these spots of 0.5%SBZ, we conclude that this is only due to instrumental broadening and a coherence length at the surface of 60 nm.
The ratio of the intensities of the (00)-spot and the diffuse thermal
background is 5  103:1. This rather large value is indicative for the
high quality of the Ir(111) substrate with a low step density and without small-angle mosaic spread.8,9
The spot proﬁles of the three investigated 2D-systems are shown
in the left panels of Figs. 1(b)–1(d). They are all composed of a (00)spot, moire or superlattice spots, the BSC, and a low constant background intensity.
The LEED pattern of Gr/Ir(111) in Fig. 1(b) is characterized by
moire spots up to third order surrounding all integer order spots. The
moire spots arise from the approximate 10 to 9 ratio of the graphene
to Ir lattice constant.10,24 The large number of clearly visible moire
spots and the single azimuthal orientation R0 are all indicators of the
high quality of the grown graphene. The weak azimuthal wings of the
moire spots indicate slight azimuthal disorder, which is enlarged by
one order of magnitude by the moire magnifying effect. Such disorder
has been observed for sufﬁciently large single crystalline graphene
domains in LEEM35 and may be inevitable due to wrinkle formation
upon cooling.15,24
The prominent broad and isotropic diffuse intensity of the BSC
surrounds the (00)-spot and all integer order spots of graphene. The
BSC at the ﬁrst order spots is not centered at the Ir spots but on the
graphene spots,24 which conﬁrms that the BSC is related to the graphene layer rather than being a substrate effect.1
The BSC of the (00)-spot is well described by a Gaussian proﬁle
with a FWHM of 49 %SBZ of the Ir(111) substrate, i.e., 1.31 Å1.
Comparing the total 2D-integrated intensity of the BSC to the total
integrated intensity of theÐ sum of Ðthe (00)-spot
and all of its moire
Ð
spots, we obtain a ratio ( I00 þ R Imoire): IBSC ¼ 1:20, i.e., the BSC
exhibits one order of magnitude more scattered electrons than the
Bragg spots. All the moire spots surrounding the (00)-spots are
included in ﬁnding the ratio of BSC to Bragg spot integrated intensities. In any case, the analysis shows that the sum over all moire spots
exhibits a total 2D-integrated intensity comparable to the 2Dintegrated intensity of the (00)-spot, which does not affect the primary
conclusion that the BSC intensity is at least one order of magnitude
larger than the one from the Bragg spots.
The results for Gr/SiC(0001) are shown in Fig. 1(c). The LEED
pattern is dominated by the dense array of (6冑3  6冑3) superstructure
spots arising from the graphene-covered buffer layer.18,19 The integer
order spots of the graphene layer are rotated by 30 with respect to the
SiC(0001) substrate.16 These spots clearly show a signiﬁcant BSC. The
integer order spots from the SiC(0001) substrate do not exhibit any
BSC. Like in the graphene/Ir(111) case outlined above, this result
unambiguously shows that the origin of the BSC can only be found in
the 2D-layer.
Again, the ﬁt to the BSC of the (00)-spot yields a Gaussian proﬁle
with a FWHM of 53 %SBZ of the substrates surface Brillouin zone
(here referenced to the 4H-SiC(0001) substrate), i.e., 1.25 Å1. We
yield a ratio of
Ð
Ð intensities of the Bragg peaks to the BSC
Ð the integrated
component ( I00 þ R I6冑3): IBSC ¼ 1:14.
The results for hBN/Ir(111) are shown in Fig. 1(d). The LEED
pattern is again dominated by intense and narrow moire spots up to
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ﬁfth order that surround all integer order spots. The intense moire
spots also indicate the high quality and large lateral extent of the
grown hBN domains.36 The moire spots arise from the approximate
11 to 10 ratio of the hBN to Ir(111) lattice parameter.23 The broad and
isotropic diffuse intensity of the BSC is clearly visible, surrounding the
(00)-spot and all integer order spots of the 2D-layer. Again, the BSC of
the ﬁrst integer order spots is centered at the hBN spots and not at the
Ir spots. The BSC of the (00)-spot has been ﬁtted by a Gaussian proﬁle
with a FWHM of 52 %SBZ [referenced to the Ir(111) substrate], i.e.,
1.39 Å1. Again, the ratio of Bragg and BSC integrated intensities is
very low (1:12). The results are summarized in Table I.
Our results show that BSC is a very prominent feature in electron
diffraction of different 2D-material systems and that their presence is
not only limited to graphene on SiC(0001).1,6 Surprisingly, our quantitative analysis reveals that the extracted parameters (integrated intensity and FWHM) are very similar across different 2D-material
systems, as summarized in Table I. This implies that the mechanism
causing the BSC must be very general and of fundamental nature. The
origin of the BSC should be independent of the chemical composition
and the underlying substrate, but at the same time, it should also be
present in 2D-systems of high uniformity and superior quality.
Not many mechanisms can be relevant under such widely diverse
material properties. However, it is worth examining whether plasmons
excited in the 2D-material by the incident electron beam might be relevant to the origin of the BSC. Plasmons are longitudinal electrondensity waves formed parallel to the surface by the conduction electrons and exhibit well-deﬁned dispersion relations.
Both, graphene on SiC(0001) and Ir(111), possess conduction
electrons because substrate mediated doping shifts the Fermi level
away from the Dirac point. Such plasmonic excitations in graphene/
Ir(111) were, for instance, studied in Refs. 25 and 26. The plasmon
energy increases monotonically with its momentum. As evident from
the dispersion relation in Fig. 5 of Ref. 25, even for plasmon wavevectors of only 10%SBZ the plasmon energy is already 1.0 eV, i.e., large
enough to be ﬁltered by the SPA-LEED retarding ﬁeld analyzer with
0.5 eV resolution. Such energy ﬁltering is also effective for higherenergy plasmons with wavevectors comparable to the large k-space
extension of the BSC.
Regarding hBN, photoluminescence measurements show that
pristine hBN is an insulator with a bandgap of 6 eV27 and, thus,
delocalized charge carriers do not exist. For 2D-hBN on a metal
TABLE I. Parameters of the bell-shaped component (BSC) for three different material systems. FWHM of the Gaussian proﬁle of the BSC is given in both % of surface
Brillouin zone of the respective substrate and in inverse angstrom. The ratio of integrated intensities of the (00) spot to the BSC and all Bragg spots to the BSC are
given for the ﬁrst SBZ.

Graphene/
Ir(111)

Graphene/
SiC(0001)

hBN/Ir(111)

FWHM of BSC

49 %SBZIr(111) 53 %SBZSiC(0001) 52 %SBZIr(111)
1.31 Å1
1.25 Å1
1.39 Å1
Ð
Ð
1:40
1:52
1:21
ÐI00 : IBSC
Ð
( ÐI00 þ R Imoire)
1:20
1:14
1:12
: IBSC
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substrate, however, the interaction with the substrate reduces the
bandgap.28 A ﬁnite but small carrier density is, thus, most likely present. Even with the presence of delocalized carriers in doped samples,
similar conclusions should hold as for plasmons in graphene. Thus,
plasmons cannot contribute to the BSC in all three discussed 2Dmaterials.
Our quantitative diffraction study reveals that in addition to graphene on different substrates, hBN also exhibits a strong bell-shaped
component in low-energy electron diffraction. The quantitative analysis shows that the extracted intensity ratios and FWHMs are very similar for all substrates and 2D-materials used. In all discussed cases, the
BSC spans across half of the surface Brillouin zone, and its integrated
intensity is at least one order of magnitude larger than the integrated
intensity of the Bragg component. The BSC must originate exclusively
from the 2D-material as it is replicated and centered at all integer
order spots of the 2D-layer—also in the case of the 30 rotated graphene on SiC(0001).
Numerous studies of other groups have revealed the presence of
a BSC in diffraction patterns from 2D-materials, although this strong
effect was never mentioned.1 A quantiﬁcation of its properties or discussion of its potential origin was lacking. Through our comprehensive study of three different 2D-material systems, we are able to
exclude plasmons as origin for the BSC; thus, an alternative explanation for the BSC is needed. Chen et al. suggested the conﬁnement of
the electrons in the p-bonds of the 2D-layer within the interlayer spacing of d  3.3 Å as a plausible but preliminary explanation of the BSC.
The conﬁnement generates a spread in the normal component of the
wavevector of the conﬁned carriers Djz  1/d as measured by angle
resolved photo-emission.29 This momentum spread is transferred to
the incoming low-energy electrons and, after diffraction, generates the
BSC.1 In line with this, graphite that has macroscopic thickness and an
“inﬁnite” number of graphene layers, does not show the BSC.30
Independent of the origin of the BSC, we note that in the three
systems investigated here, the diffraction patterns exhibit very narrow
fundamental substrate spots, a large number of sharp moire spots,
and in Fig. 1(a) only slight azimuthal disorder. In other Gr/Ir(111)
studies—when further annealing eliminates azimuthal disorder and
only the R0 graphene orientation remains—the BSC is also maximal.13
This evidences high crystallinity, single orientation, and low defect density in the examined 2D-materials when growth conditions are optimized. In the systems under investigation, the BSC has been proven to
be isotropic without any azimuthal variation of shape or width.
The presence of very broad diffuse LEED intensity has been studied before. It was discussed in terms of point defects and it was analyzed to extract the type and extent of disorder present on the
surface.31–33 However, 2D-integrated intensity as strong as in our data
has never been observed before and would require more than half of
the atomic sites to be occupied by defects, which contradicts the ﬁndings from numerous STM studies on these systems.
The presence of a strong BSC is, thus, not related to defects
within the 2D-materials but is an inherent feature of these atomically
thin systems.34 As such, observing a pronounced BSC may be simply
evidence for a high-quality uniform and homogeneous ﬁlm.
Hopefully, our surprising ﬁndings will motivate more BSC studies in
other 2D-materials and more theoretical work to provide a comprehensive understanding of the mechanism behind such paradoxical
results.
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