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Diffraction paradox: An unusually broad diffraction background marks high quality graphene
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The realization of the unusual properties of two-dimensional (2D) materials requires the formation of large
domains of single-layer thickness, extending over the mesoscale. It is found that the formation of uniform
graphene on SiC, contrary to textbook diffraction, is signaled by a strong bell-shaped component (BSC) around
the (00) and G(10) spots (but not around the substrate spots). The BCS is also seen on graphene grown on
metals, because a single uniform graphene layer can be also grown with large lateral size. It is only seen by
electron diffraction but not with x-ray or He scattering. Although the origin of such an intriguing result is
unclear, its presence in the earlier literature (but never mentioned) points to its robustness and significance.
A likely mechanism relates to the the spatial confinement of the graphene electrons, within a single layer. This
leads to large spread in their wave vector which is transferred by electron-electron interactions to the elastically

scattered electrons to generate the BSC.
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I. INTRODUCTION

Graphene has been intensively studied as a novel two-
dimensional (2D) material because of its unique band struc-
ture, with potential graphene applications predicted in many
technologically important areas [1-4]. The key goal is to grow
graphene of the highest quality, i.e., of uniform thickness, and
lowest density of defects. Similar goals have become a current
priority for the growth of other 2D van der Waals bonded ma-
terials with electronic band structures similar to graphene [5].
In this study we demonstrate a surprising result: Paradoxically
a very broad bell-shaped component (BSC) emerges around
both the specular (00) and the graphene G(10) spots, signaling
the formation of a uniform layer. Although this component
has been seen in numerous other experiments in the previous
literature, it has been ignored and has not been correlated with
graphene uniform growth [6-11]. The component’s FWHM
is as large as 50% of the surface Brillouin zone (BZ) and,
since in diffraction broad peaks correspond to disorder, it is
intriguing that it signals a high-quality uniform film. This
conclusion is based on the unusual dependence of the BSC on
electron energy found in the current experiments. They show
that the BSC is not related to the scattering condition changing
from constructive to destructive interference between adjacent
terraces [12]. The fundamental nature of the effect is also
seen for graphene grown on metals [13], with the BSC having
similar characteristics [in this case only single-layer graphene
(SLG) is possible]. Although the origin of the BSC is still
not known, its intensity and presence in so many different
growth experiments signals that it must be basic and universal.
One possibility is that the BSC is a consequence of the
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graphene uniform thickness that confines the electrons with
very high precision normal to the surface. As expected and as
seen in angle-resolved photoemission spectroscopy (ARPES)
experiments the spatial confinement causes a large spread in
the normal component of the electron wave vector Ak, [14],
which possibly is transferred to the elastically diffracted elec-
trons. The confinement extends coherently over mesoscale
distances, since graphene is truly a unique, single-thickness
film that overgrows substrate steps. The effect is unusually
strong, fundamental, and general so that it should be present
in other 2D van der Waals materials, of similar single-layer
uniformity over the mesoscale [15].

II. EVOLUTION OF THE BSC IN GRAPHENE GROWTH
EXPERIMENTS

The experiments were performed on 4H-SiC(0001) pur-
chased from Cree, Inc. The samples were graphitized in UHV
(P ~ 1 x 107'° Torr) by direct current heating of the sample
to ~1200°-1400 °C. Spot profile analysis low-energy electron
diffraction (SPA-LEED) is used for the measurements, with its
higher reciprocal-space resolution allowing quantitative anal-
ysis of the patterns [12]. Since elastically scattered electrons
are collected within 0.5 eV below the beam energy, the BSC
does not originate from plasmons [16] that involve higher en-
ergies [7]. The transition from the buffer to SLG is described
in terms of the evolution of a small number of spots: the 6 x 6
spots around all fundamental spots and a three-spot cluster
(close to the 1/3,1/3 position along [1100]). Figure 1 shows
a 2D diffraction pattern of the surface partially covered with
buffer layer (BL) and SLG. The spots in the cluster (the 5/13,
along [1100] and the two neighboring spots along [1210]) are
attenuated as graphene grows with further annealing. Since
the BSC is not seen around the SiC spots, this implies that
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FIG. 1. Diffraction pattern for mixture of BL and SLG at energy
E = 194 eV. The BSC forms around the (00) and G(10) but not the
SiC(10) spots. Several spots are marked including the 5/13 spot and
the two neighboring spots forming a three-spot cluster. Its evolution
tracks the transition from BL to SLG.

it originates from graphene electrons. Although the BSC and
the spot evolution towards SLG were seen before [6—11], they
were not discussed.

Graphene growth on the Si face of SiC is carried out at
high temperatures (above ~1200°C) so Si evaporates while
the remaining C diffuses and forms a uniform layer. Within
a 200 °C window the grown thickness changes progressively
from BL seen by the growth of (6./3 x 64/3), to single-
layer, to bilayer, and multilayer graphene. The earlier work
shows that the BSC evolves as the substrate changes from ini-
tial (64/3 x 64/3) to multilayer graphene. It starts appearing
around the (00) spot after annealing to 1200 °C. With tempera-
ture increase, the 5/13 spot characteristic of the BL disappears
(indicating the formation of SLG) while the BSC becomes
stronger. Although the previous experiments have captured
slightly different snapshots of the graphitization process, they
are in agreement that BSC is a measure of graphene layer
uniformity. Onset of the BSC around G(10) with (/3 x /3)
and (64/3 x 64/3) phases coexisting is seen in Refs. [6,10].
More intense BSC is seen when the SLG forms, with the width
of the BSC starting to decrease after bilayer [7] or graphite
form [2] when the sample is heated to higher temperatures.
The full evolution from BL to multilayer graphene studied in
Ref. [8] shows that the width of the BSC is maximal in the
middle of the temperature range, when SLG grows.

The correlation between strong BSC and high-quality
graphene is also seen in Ref. [17]. The bottom profile shows
the onset of graphitization (black curve at 1200 °C) and
the top profile shows the completion of the SLG (green
curve at 1300 °C). The BSC [shaded areas around (00) and
G(10) spots] increases dramatically after SLG is completed.
Quantitative analysis shows that the normalized area of the
BSC grows three times around (00) spot, six times around the
G(10), while the normalized area of the 5/13 (which measures
the amount of BL present) decreases by a factor of 5. The
electron energy is 194 eV and the normalization is over the
total area of the profile.

The very presence of BSC is perplexing because graphene
is the most uniform layer material. The trend of how the
BSC evolves with temperature (or equivalently with thick-
ness) is very consistent between these diverse papers. Since
such samples of graphene on SiC (with BSC present) were

routinely used to characterize many fundamental properties
of graphene, they show that the BSC correlates strongly with
the highest-quality graphene [7,8,11]. The listed references
[6-11] are only a small subset of many other similar studies.
Concerning our samples (with maximal BSC), STM experi-
ments have shown graphene domains reaching ~5-pum sizes
[18,11]. More recent characterization with three compleme-
natry techniques [SPA-LEED, scanning tunneling microscopy
(STM), and ARPES] confirms the high quality of graphene
from the presence of strong replica Dirac cones [19].

Further confirmation that the BSC is a general feature of
graphene relates to its presence on graphene grown on metal
surfaces, since this type of graphene is also highly uniform
and overgrows steps. For growth on Ir(111), graphene forms
by the thermal decomposition of ethylene above 1400 °C with
dosing pressure of 5 x 10~° mbar. Only the oriented RO phase
is present indicating highest quality of graphene. The BSC
is similar (as for graphene on SiC) with FWHM ~50% BZ,
seen both around (00) and Ir(10) spots (Fig. 1 of Ref. [13]).
A moiré pattern also forms with ten spots between (00) and
Gr(10) (because 9ar ~ 10a,y). Because on this surface the
graphene growth is along the Ir(111) unit cell (while on SiC
it is rotated by 30° from the SiC direction), the BSC around
Ir(10) is centered not on Ir(10), but on the Gr(10) spot. This
confirms that graphene electrons are the cause of BSC [the
G(10) rod is further away from (00) than the Ir(10) rod].

III. DIFFRACTION SPOT PROFILE ANALYSIS WITH
ELECTRON ENERGY

Quantitative diffraction studies of surface morphology are
routinely performed as a function of electron energy to mea-
sure the variation of spot profile shape, as it is decomposed
into narrow and broad components [12]. At conditions of
destructive interference the incoming and diffracted waves are
out of phase with each other, which results in the broad com-
ponent being maximal (and the narrow component minimal),
while at conditions of constructive interference the reverse
is true. From such studies to be described next we conclude
that this is not the case and instead the narrow component
and BSC are correlated in intensity, with their maxima (and
also minima) at the same energies. These conclusions further
confirm the unusual nature of the BSC. Such studies give the
terrace and step height distributions statistically averaged over
the area illuminated by the electron beam.

Figure 2(a) shows one-dimensional (1D) scans at E =
148 eV of the (00) spot [Fig. 2(a) along [1210] and Fig. 2(b)
at 132 eV along [1100] with G(10) seen]. The high resolution
of SPA-LEED is a clear advantage (over normal LEED) be-
cause it shows two distinct components of the (00) spot (while
in Refs. [6-11] this is not possible). The narrow component
has FWHM = 0.5% BZ, and the BSC has FWHM = 33%
BZ. In textbook diffraction, broad spots commonly imply
the presence of disorder and nonuniformity on the surface.
However, the profiles of Fig. 2 are very unusual because
the broad components have FWHMs, which correspond to a
distance as small as ~2a,, with a, = 0.245 nm the graphene
lattice constant. All studies of graphene with different probes
have not identified any feature at this short length scale.
Figure 2(b) shows the BSC around the two G(10) spots; the
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FIG. 2. (a) 1D scan of the specular spot along the SiC direction
[1210]), at E = 148 eV. The FWHM of the narrow component is
0.5% BZ and of the BSC is 33% BZ which corresponds to a distance
~3a,. The ratio of the integrated narrow component to the sum of
narrow and BSC areas is ~0.65. (b) 1D scan of the specular along
the graphene direction, and E = 132 eV. The FWHM of the G(10)
narrow component is 2.25% BZ and of the BSC component is 80% of
the FWHM of the (00) spot at the center of the scan. The integrated
areas ratio of the narrow to the sum of the areas of both components
is 0.5.

FWHM of the narrow component of G(10) is 2.25% BZ and
the FWHM of the BSC of G(10) is smaller than the FWHM
of the (00) spot at the center (by 20%).

Figure 3(a) shows in a pictorial way the spot profiles as
a function of kj; over a range of energies 100-200 eV. The
intensity maxima are at 104, 144, and 200 eV, surprisingly at
the same energies both for the narrow and BSC components;
correspondingly the minima are at 124 and 160 eV again at
the same energy for both components. This paradoxical result
by itself suggests that the origin of the BSC is not related to
changes of the scattering condition between adjacent terraces,
from destructive to constructive interference [12]. If this was
the case the narrow component should be anticorrelated to the
BSC component, i.e., when the narrow component reaches a
maximum (i.e., constructive interference) the broad compo-
nent should reach a minimum (i.e., destructive interference).
Figure 3(b) shows profiles of the G(10) spot as a function
of energy over the same range. Maxima and minima are
correlated to each other as for the (00) spot, although shifted to
lower energy from the extrema of Fig. 3(a) by approximately
15eV.

Intensity
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FIG. 3. (a) 1D profiles of the 00 spot collected every 4 eV from
100 to 200 eV. The color range is shown to the right (from 2 x 10°
to 10°). (b) 1D profiles of the G(10) spot collected every 4 eV from
100 to 200 eV. The color range is shown to the right (from 1 x 10°
to 5 x 10?). The maxima are shifted with respect to the maxima of
the (00) in (a), because of the contribution of the nonzero parallel
wavevector component of the G(10) spot. For both spots the maxima
of the narrow and BSC components follow each other which is not
consistent with scattering interference from adjacent terraces as the
origin of BSC. [The initial bending of the Gr(10) spot is related to the
nonlinearity of SPA-LEED at the edge of BZ and at lower energy.]

Figure 4 shows the integrated areas of the (00) narrow com-
ponent A, (cyan), of the BSC background Ay, (blue) and
their normalized ratios Ry = Apar/(Anar + Apro), confirming
again the correlation. The energy is shown in the top and the
reduced variable s = Ak;/27 /d, at the bottom scale (where
Ak, is the momentum transfer normal to the surface). In
addition the three maxima are close to half-integer values of
s =15.5, 6.5, 7.5, while if the BCS was due to scattering from
adjacent terraces, the maxima of A, should be for integer
values n so the phase shift s is 2nx [12].

IV. FURTHER CHARACTERIZATION AND ORIGIN
OF THE BSC

Epi-graphene (EG) can be grown on either of the two polar
faces of SiC, the SiC(0001) (C face) or SiC (0001) (Si face).
Graphene grown on the Si face of SiC is more uniform and
extends to large lateral size. It has been extensively used to
study its electronic and topological properties [2,3,20] and
more recently to grow 2D materials by intercalation [21,22].
On the other hand graphene grown on the C face has a larger
number of layers (more than ~10) and the domain sizes
are smaller. The BSC is only seen on the Si-face graphene
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FIG. 4. Integrated areas of the narrow component (cyan) and the
BSC (blue) plotted as a function of the scaled momentum transfer
s = (Ak;)/(2m /dg) (shown at the bottom, with the corresponding
energy at the top). The two areas have the same variation with energy
while they should be anticorrelated if the origin of BSC was textbook
scattering. The fraction of the narrow component defined by the
ratio Ryy = Ana:‘ﬂbm is plotted in black with the maxima close to
half-integer values of s = 5.5, 6.5, 7.5. Maxima are expected for
integer values of s if the BSC was originating from interference
between adjacent terraces.

because of the larger domain size and single-layer thickness.
No BSC is seen on the C phase of SiC, which confirms that
less uniform morphology destroys the BSC [20].

A large number of diverse observations have been pre-
sented that show the BSC relates to the graphene single-
layer uniformity, with the film extending without interruptions
across terraces. A plausible physical mechanism generating
the BSC which is related to such uniformity and can account
for all observations can be electron confinement. The position
of the graphene electrons is very precisely known within a
single layer d; = 0.33 nm, so they have a large variation in
their wave vector normal to the surface, as determined by the
uncertainty principle Ak, > 1/d, (i.e., Ap, = li/d,). The in-
coming electron beam primarily interacts with the atomic core
(the atomic scattering factor is determined by the charge dis-
tribution of the protons in the C nucleus and the surrounding
electron clouds in the C atoms). Electron-electron interaction
between the incoming electron wave and the graphene valence
electrons can also play a role (in the change of the electron
wavelength due to the inner crystal potential and scattering
resonances in the image potential, as discussed in scattering
textbooks). Because of the elastic character (E = constant) of
the diffraction process (irrespective of whether the incoming
beam interacts with graphene atoms or valence electrons) the
undefined value of Ak, in graphene electrons is transferred to
the elastically scattered ones.

The spread Ak, of the graphene electrons confined in
graphene of uniform thickness can be transferred to the
diffracted electrons during scattering via beam electron—
graphene electron interactions. Because the scattering is elas-
tic this can generate a spread to the parallel component Ak

of the scattered electrons which can be expressed
Ak = =k, Ak [k = —(E — (h*/2me) (k™) 2 (1/dy) [y,
(1)

where (Ak;, k;) define the spread of the momentum transfer
for the spot under investigation and m, the electron mass.

This type of scattering is unique to graphene (and not to
other ultrathin films) because of the large continuous domains,
which overgrow substrate steps, like a carpet. Graphene is
the only system showing BSC. In all other cases films are
interrupted at a step, which limits the spatial extent of the
electron wave function in the film and the coherency in
scattering between the incoming and valence electrons. As
multilayer graphene of thickness nd, grows with annealing,
electron confinement is reduced and the FWHM Ak, ~ 1/nd,
decreases with n, consistent with the stronger BSC when SLG
is grown.

A special growth study has shown how very large SLG
domains can be grown under Ar pressure [4] that allows
the growth to be performed at higher temperatures, which
effectively increases the carbon diffusion length. Domains
~50 um long and at least ~1 um wide coexisting with 20% of
bilayer graphene were grown. BSC is also seen on this optimal
samples of very large lateral size. Typical SLG domain sizes
in our experiments [11,18] and in Refs. [6-11] are ~5 um, a
factor of 10 smaller. This suggests that the BSC is not sensitive
to lateral size for very large domain sizes, but still highly
sensitive to thickness uniformity. It is also an open question
to determine this minimum lateral size required for a strong
BSC to develop based on the confinement mechanism; this is
more relevant for growth of graphene on metals where bare
substrate and graphene covered areas usually coexist.

The proposed mechanism can explain more experimental
observations in the literature about the dependence of the
FWHM of the BSC on different parameters. As noted in-
creasing k| at fixed E [i.e., comparing the G(10) vs the (00)
spot], the FWHM decreases with k;; as predicted from the
smaller ratio Ak, /k for the graphene spot [in Eq. (1)]. With
increasing beam energy E and for a given spot (so kj is fixed)
the FWHM of BSC overall increases with energy, as expected
from Eq. (1) [16].

More information can be obtained about the BSC by com-
paring scattering experiments using different probes. From the
early graphene studies it was noted that x-ray-scattering on
graphene grown on SiC shows only a single narrow compo-
nent both on Si-and C-phase graphene as seen in Ref. [23].
Similarly, He-scattering experiments on graphene grown on
Pt(111) also show one-component profiles with FWHM sim-
ilar to the clean Ni(111) substrate [24]; this indicates that
only long-range order is probed in the x-ray and He-scattering
experiments and no BSC is present. The interaction between
the graphene electrons (which have large Ak,), with either the
photons in the x-ray beam or the He atoms in the He beam, is
much weaker so there is no transfer of this large momentum
spread to the diffracted beam. Besides the LEED experi-
ments on different types of graphene, the BSC has been also
seen in experiments with p-Low energy electron microscopy
(LEEM) [25] and with reflection high-energy electron
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diffraction (RHEED) [22]. u- LEEM showing the variation
of BSC with rotation was performed on graphene grown on
Ir(111), for graphene domains of different orientations. The
BSC was also seen in RHEED experiments studying super-
conductivity of intercalated graphene on SiC with Ca [22].
The BSC is a strong feature of graphene related to high-
quality samples of uniform thickness. It would be of interest to
search for the BSC in the growth of other 2D materials (which
have not reached the high quality of graphene). Extending the
role of BSC requires better understanding of a few issues:
the dependence of BSC on lateral domain size (especially
when separate islands of 2D materials are grown); domain
orientation when there is a range of rotation angles depending
on growth temperature; and how BSCs from areas of different
thickness are added, if there is a distribution of different
layers. These questions can be best answered from combined
characterization with LEEM and area-selective p- LEED.

V. CONCLUSIONS

In conclusion, an unusually broad background (BSC) seen
in electron scattering experiments was studied quantitatively.
Paradoxically it signals the formation of uniform graphene,
contrary to textbook description that broad features in
diffraction indicate disorder. Detailed studies of the diffraction
profiles with energy rule out the standard analysis in terms
of the variation of the scattering phase from constructive to
destructive interference. The BSC is seen only around the (00)

and G(10) spots but not around the SiC spots; it is seen only on
the Si-face and not the C-face graphene because of larger, uni-
form domains grown on the former and it is seen for graphene
grown on metals. BSC is not seen in x-ray or He-scattering
scattering experiments. Its origin was attributed to the spatial
localization of the graphene electrons, within a single layer,
when uniform graphene is completed. This results in large
spread in the wavevector normal to the surface Ak, > 1/d, as
a result of the uncertainty principle. This spread most likely
is transferred to the elastically scattered electrons through
electron-electron scattering, although details of the interaction
require future theoretical work. The BSC most likely will
be also present in other 2D systems of current interest, also
signaling uniformity in their growth.
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