PHYSICAL REVIEW MATERIALS 6, 124003 (2022)

Formation of graphene nanoribbons on the macrofacets of vicinal 6H-SiC(0001) surfaces
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Thermal decomposition of vicinal 6H-SiC(0001) surfaces with miscut angles toward the [1100] direction
results in the appearance of pairs of (0001) macroterraces and (110n) macrofacets covered with graphene, as
follows. A carpetlike carbon layer grows on the surface, covering both the macroterraces and macrofacets; it
forms a (6+/3 x 6+/3) buffer layer on the former ones, whereas its partial periodic bonding with the SiC steps
on the latter ones generates a pseudographene nanoribbon (pseudo-GNR) array. The nanoribbons have a width
of 1.7-1.8 nm and are aligned in the [1120] direction with a spatial periodicity of 3.3 nm. Scanning tunneling
spectroscopy at a nanoribbon indicated a 0.4-0.5 eV energy gap and the Raman spectroscopy analysis of the
pseudo-GNR array showed the absence of the 2D peak and the polarization dependence of the G and D peaks,

which is typical of the armchair-edge nanoribbon.
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I. INTRODUCTION

Graphene is a two-dimensional material with exotic elec-
tronic properties and very high carrier mobility, which makes
it an interesting candidate for next-generation electronics
[1,2]. Application in traditional logic switching devices,
however, requires a band gap that normal graphene lacks.
Therefore, methods for opening a gap in the graphene
band structure have been investigated. For example, cutting
graphene into graphene nanoribbons (GNRs) with armchair
edges can generate a substantial energy gap, but the ribbon
width must be accurately controlled [3,4]. Lithography [5]
and unzipping carbon nanotubes [6] are traditional top-down
approaches to fabricate GNRs, while bottom-up approaches
include GNR synthesis from molecular precursors [7,8]. Both
strategies present some drawbacks, though; the top-down ap-
proaches struggle with accurate control of width and edge
quality, while the bottom-up ones require specific metal sub-
strates (i.e., the requirement of postgrowth transfer procedure)
and suffer in the ribbon alignment.

Today, GNR growth on semiconductor SiC substrates
is attracting attention as a new bottom-up method [9-16].
Through molecular beam epitaxy, an array of GNRs having
~5 nm width can be grown on the nanoperiodic structure
[17,18] formed on a vicinal SiC substrate [9]; the result-
ing GNRs are periodic with ~10 nm spatial interval and
exhibit a band gap of 0.14 eV, as observed via angle-
resolved photoemission spectroscopy (ARPES). Graphene
grown on a trench or mesa structures premade on SiC(0001)
surfaces has also been studied [10—15]. The edge structure
of GNRs grown on a trench sidewall is controlled by trench
orientation; specifically, the GNRs having zigzag edges grown
on the sidewall along the [1100] direction of 6H-SiC(0001)
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surfaces show the characteristics of ballistic conduction
[10,11]. Furthermore, both the zigzag-edge GNRs grown on
the sidewall of 4H-SiC(0001) surfaces [12] and the armchair-
edge ones grown on 6H-SiC(0001) surfaces [13] exhibit band
gaps.

All in all, the growth of very narrow GNRs (of nanometer
width) on a semiconductor surface with good uniformity, suf-
ficient width control, and aligned within large arrays (which
could be beneficial for device fabrication) has not been
achieved yet.

We have previously studied the formation and growth
mechanism of graphene on terrace-facet periodic structures
(reported as macrostep formation on vicinal SiC(0001) sur-
faces [19,20]). Step bunching during thermal decomposition
results in the formation of macroterraces and macrofacets with
a period of several-hundred nanometers. Ienaga et al. [21]
investigated bilayer graphene formed on macrofacets and ob-
served the periodic modulation of electron-phonon coupling
in the top graphene layer via scanning tunneling spectroscopy.
This result suggests that the bottom carbon layer is not con-
tinuous graphene, but an array of GNRs.

In the present work, we grew a uniform single graphitic
layer on macrofacets (hereafter defined as facet graphene)
and studied its structure and physical properties. This
facet graphene was attached periodically to the underly-
ing substrate structures, and this repetition of freestanding
portions of the carbon layer and those bonded to the sub-
strate formed a pseudo-GNR array. The scanning tunneling
microscopy/spectroscopy (STM/STS) and Raman analyses
revealed features that are characteristic of armchair-edge
GNRs with a width of several nanometers.

II. EXPERIMENT

A 6H-SiC(0001) substrate with a 15° miscut angle toward
the [1100] direction was used to grow the GNR array. Such

©2022 American Physical Society
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FIG. 1. AFM results on the 15° miscut angle sample. (a) Height and (c) phase images of the sample after surface decomposition. (b) Cross-
sectional height profile along the red line in (a); the gray dashed line represents the 27° angle from the (0001) plane. (d) A schematic diagram

of the macroterrace-macrofacet structure after facet graphene growth.

a large miscut angle was used to ensure a large facet/terrace
area ratio, which is important for surface characterization via
macroprobe methods such as low-energy electron diffraction
(LEED), ARPES, and Raman; besides, the resulting lower
facet angle with respect to the sample surface is more ac-
cessible for scanning probe methods due to less interference
between tip sidewalls and high-angle facets. The STM/STS
and the LEED study have also been carried out on the
more common 4° miscut sample, with virtually identical
general results except for a much lower facet/terrace area
ratio. First, the samples were cleaned and etched via high-
temperature annealing (1360°C) in a hydrogen flow under
atmospheric pressure. After confirming by atomic force mi-
croscopy (AFM) the surface morphology and the absence of
polishing damage, we proceeded with surface thermal de-
composition in an Ar atmosphere at ambient pressure and
1500 °C; this treatment led to step bunching, resulting in a
periodic surface morphology consisting of (0001) macroter-
races and macrofacets [typically 27° inclined with respect to
(0001)]. The samples were then analyzed by AFM, LEED,
STM/STS, and micro-Raman spectroscopy. STM/STS mea-
surements have been carried out in the Omicron LT-STM
system at 77 K using a chemically etched tungsten tip. d1/dV
STS measurements have been done using a lock-in amplifier

tuned to 730 Hz with 20 ms integration time for each point
and averaging several spectrum sweeps.

III. RESULTS AND DISCUSSION

The AFM observation of the sample surface after ther-
mal decomposition [Fig. 1(a)] showed pairs of macroterraces
and macrofacets, which had individual widths ranging from
tens to ~200 nm, along the [1100] direction. The corre-
sponding cross-sectional profile [Fig. 1(b)] revealed that the
macrofacets formed an angle ~27° with respect to the (0001)
macroterraces.

In the AFM phase image [Fig. 1(c)] of the same area,
three types of regions of different contrast could be clearly
distinguished: dark areas on the macroterraces represent an
insulating carbon (6+/3 x 6+/3)R30° buffer layer (hereafter
denoted as 6R3) [22-24], while bright and grainy mid-tone ar-
eas on macrofacets are ones paved and unpaved by graphene,
respectively. The facet’s 27° angle, as shown in the schematic
cross section [Fig. 1(d)], does not depend on surface miscut
and is related to the most energetically stable configuration,
as reported in previous studies [14,21]. We will focus on the
facet structures in the following paragraphs.
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FIG. 2. Low-energy electron diffraction patterns, obtained with a beam incidence normal to (a) the macroterraces and (b) the macrofacets,
with an electron energy of 54 eV. The thin blue dotted line indicates the same SiC reflexes on both patterns. (c) A zoomed portion of (b) showing
the superspots of SiC, graphene, and the 6R3 structure. (d) Correspondence between some of the superspots shown in (c) for SiC, graphene,

and the 6R3 structure superlattice; the horizontal scale is doubled.

The LEED measurements were performed at two different
incident beam directions, that is, normal to the macroterraces
and macrofacets. In the first case [Fig. 2(a)], besides the typ-
ical (1,0) spots of epitaxial graphene and SiC(0001) substrate
and the satellite spots of the 6R3 buffer layer, chainlike super-
spots aligned along the [1100] direction were observed. When
the incident electron energy was changed, these superspots
moved not only toward the center of the LEED pattern, as
other major spots did, but also slid along the [1100] direc-
tion; this indicates that they came from the areas not normal
to the incident beam, i.e., from macrofacets and not from
the macroterraces. Indeed, when the sample was rotated 27°,
that is, when the beam was normal to the macrofacets, the
movement of these superspots with varying of the electron
energy became focused toward the pattern center [Fig. 2(b)].
As shown in Fig. 2(c), an enlarged view of Fig. 2(b), the
chainlike superspots were observed around not only the main

graphene spots, but also the SiC and 6R3 reflexes in this case.
As will be discussed below, this was due to the moiré pattern
between facet graphene and the SiC lattice along the [1120]
direction. All the superspots were equidistant and indicated
a real-space periodicity of ~3.3 nm. Figure 2(d) shows a
diagram of the reciprocal cells corresponding to the observed
periodic structures on the macrofacets.

The macrofacets were then studied by STM. An STM
topographic image measured at a tip bias voltage of 0.6 V
(filled states) showed a bright and dark striped pattern along
the [1100] direction [Fig. 3(a)]. A more detailed image of
the region outlined by the red square taken at a lower bias
of 0.3 V is shown in Fig. 3(b). A cross-sectional height
profile along the gray line is shown in Fig. 3(c), indicating
the overall periodicity of 3.3 nm, which coincides with the
calculated one from spacing of the LEED superspots shown in
Fig. 2. The corrugation is rather small at ~0.8 A. The valley
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FIG. 3. (a) STM image of facet graphene on the macrofacet (100 x 100 nm?, V; = 0.6 V). (b) Enlarged area containing pseudo-GNRs
(17 x 17 nm?, V, = 0.3 V). Three rows of protrusions in the buffer-layer-like region are highlighted by arrows. (c) Cross-sectional height
profile along the gray line in (b). (d) STM image of the same area as in (b) with applied additional flattening along the x axis, so the atomically
resolved graphene structure and edges of ribbons are more visible. (e) Cross-sectional atomic structural model of the macrofacets.

(darker) regions exhibited dotlike features lining up in the
[1120] direction. The structure appears to have three rows of
protrusions as indicated by arrows. Notably, as seen from the
line profile in Fig. 3(c), protrusion rows are slightly inclined
relative to the facet plane, causing this area to have ~1.5°
larger angle than the average 27° of the facet. In Fig. 3(d),
the same structure is shown after flattening the image along
the x axis to make atomically resolved features clearer. It is
obvious that the valley areas with dotted features do not ex-
hibit any graphene lattice appearance. Thus, it may be safely
assumed that in these areas, the graphitic layer is bonded
strongly to the substrate similarly to the 6R3 buffer layer.
The bright ridge areas from Fig. 3(b), on the other hand,
have a very distinguishable graphene lattice in the flattened
image [Fig. 3(d)] in form of ribbons with extremely well-
defined width of ~1.7-1.8 nm and abrupt edge structure.
The fact that the graphene lattice is so well resolved and

lacks noticeable defects proves that these are high-quality
GNRs.

Based on the AFM and STM results, we built a structure
model of the macrofacet surface, having an average angle
of 27.3° [Fig. 3(e)], which consists of miniterraces coupled
with 35.3° and 29.5° minifacets, corresponding to the ridges
and valleys, respectively, in the STM image. The overall pe-
riod is 3.32 nm. These two characteristic minifacet angles
arose because, in 6H-SiC(0001), a stacking sequence of Si-
C bilayers is switched for every three of them, resulting in
locally different facet angles relative to (0001). In the 29.5°
minifacets, each row of carbon and silicon atoms is separated
by 0.51 nm intervals, which is consistent with the dot-row
spacing observed in the STM image in Fig. 3(b), and also in
good correspondence with the STM deducted approximate an-
gle of that minifacet (27.3° + 1.5° mentioned in the previous
paragraph).
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We further investigated the stability of each minifacet
under monolayer graphene. The 29.5° and 35.3° minifacets
contain two and one dangling bonds per carbon atom at the
step edge, respectively, and thus are correspondingly more and
less reactive to graphene. As a result, the graphene on each
minifacet can exhibit different characteristics in both bonding
configurations and electronic structure; these differences were
indeed highlighted by the STM image shown in Fig. 3(d). A
bufferlike graphitic layer was formed on the 29.5° minifacets
while quasi-freestanding graphene, in the form of nanorib-
bons, grew on the 35.3° ones. Interestingly, 35.3° minifacets
represent chunks of the m-plane SiC(1100) surface, and previ-
ous study showed that graphene does not form a buffer layer
on this surface [25]. In the following discussion, we define
the bright and dark regions in Fig. 3(b) as pseudo-GNRs and
buffer layer ribbons (BLRs), respectively. Here, we used the
term pseudo-GNRs for our graphene nanostructures, which
continuously connect to BLRs, to contrast the GNR term used
for classical isolated nanoribbons.

One of the expected characteristic features of narrow
GNRs is band-gap opening. Measurements of electronic
properties of the carbon layer on facets by scanning probe
techniques are challenging because of various parasitic in-
teractions between the sides of the tip and facet surfaces.
However, our STS measurements across periodic pseudo-
GNR array structures show consistent periodic changes in the
dl/dV spectra (particularly in values of the gap in the density
of states), indicating the data are reproducible. The STS spec-
tra have been measured in a number of closely located points
across the facet. In Fig. 4(a), the blue curve shows the topog-
raphy of the measured points. The points with larger height
values are at bright ridge positions in Fig. 3(b) and correspond
to the pseudo-GNR’s location. In Fig. 4(b), the corresponding
dl/dV spectra are shown. One may clearly observe the pres-
ence of a band gap in the density of states. The gap value is
varying with good correlation to the measurement positions,
as indicated by a red curve in Fig. 4(a). While the absolute
measured value of the gap may be influenced by a number of
experimental factors, it is clear that in ridge areas correspond-
ing to the pseudo-GNR’s location, the gap is noticeably larger.
Thus, there would be no contradiction in the interpretation of
this gap as one related to the nanoribbon nature. We estimate
the GNR gap to be ~0.4-0.5 eV. The reduced apparent gap
in the BLR regions is believed to originate from the localized
states rather than band conductance as seen in overall STM ap-
pearance, and thus will not hinder isolation of pseudo-GNRs.
It should also be noted here that even though the pseudo-GNR
width appears fairly uniform as shown Fig. 3(d), there could
be a slight variation in ribbon width due to defects or sub-
strate interaction configurations. The band gap of such narrow
GNR'’s is known to be extremely sensitive to even slight
width variation [26]. This could be one of the reasons for the
energy gap fluctuation in the localized STS measurements in
Fig. 4(a).

The samples were successively investigated via micro-
Raman spectroscopy. Given the difficulty in extracting the
Raman spectrum of the facet graphene alone due to the limited
spatial resolution (~1um) of the equipment used, we have
analyzed two areas on the samples: one with a carbon layer
covering the whole surface, i.e., both the macroterraces (in
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FIG. 4. STS data taken along the line across the minifacet [same
area as in Fig. 3(b)]. (a) The height of the point where the STS spectra
were recorded (blue) and the measured band gap (red). (b) Corre-
sponding STS spectra.

the form of the buffer layer [27,28]) and macrofacets, and the
other with a carbon layer only on the macroterraces but not
on macrofacets [as shown in Fig. 1(c), such areas could easily
be identified by phase AFM] [Fig. 5(b)]. Figure 5(a) shows
the measured spectra of both areas and the one of the facet
graphene alone, obtained by subtracting the blue spectrum
from the red one. A Raman spectrum of graphene usually
shows the D, G, and 2D peaks. In this study, the 2D peak,
which is originated from the double resonance two-phonon
inelastic scattering [29], was absent. In the case of a narrow
GNR with armchair edge, however, double inelastic scattering
(with the wave vector directed across the ribbon width) is
much less probable than elastic scattering by the edges, ren-
dering the 2D peak almost negligible and the D peak relatively
high. This phenomenon has also been observed in other GNRs
[30,31]. Thus, the absence of the 2D peak suggests that in our
case, pseudo-GNRs indeed behave similarly to narrow arm-
chair GNRs. In the D and G regions, three peak components
could be recognized [Fig. 5(a)].

To better understand the spectral features, higher-
resolution spectra were also measured at & = 0° and 6 = 90°,
that is, with light polarization parallel and perpendicular to
the pseudo-GNR edges, respectively [Figs. 5(c) and 5(d)],
revealing the light polarization dependence of the Raman
spectra of facet graphene. The experimental spectra were fit-
ted with six Lorentzian peaks, which were categorized into
three origins: GNRs, BLRs, and an unknown component. The
peaks having BLR origin were identified since their positions
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FIG. 5. (a) Raman spectra of the regions covered entirely by a carbon layer (red), only buffer layer on macroterraces (blue), and their
difference (green) corresponding to the Raman spectrum of the carbon layer on macrofacets. (b) Cross-sectional schematic views of the
sample whose spectra are shown in (a). (c),(d) Extracted Raman spectra of facet graphene, measured with light polarization that is (c) parallel
and (d) perpendicular to the pseudo-GNR edge; the intensity of data in (d) is x4.5 smaller than that in (c). The lilac circles represent the
measured values, the blue and red peaks correspond to the pseudo-GNR and buffer layer ribbon regions in facet graphene, respectively, and
the solid black line is the total fit curve (the origin of the yellow peak is still unclear).

approximately matched the peaks in the 6R3 buffer layer
on (0001) macroterraces observed in the blue spectrum in
Fig. 5(a); they were attributed to a carbon sheet with sp
bondings of BLRs (similarly to the 6R3 structure). The origin
of the yellow peak at ~1500 cm~! was difficult to identify,
but it may be associated with the edge mode [32,33]. The
curve with GNR origin consisted of three peaks: one G peak
at ~1610 cm™! and two D peaks at ~1370 cm~!. The latter
ones were probably due to either the bulk- and edge-phonon
contributions or the phonon energy difference depending on
the scattering schemes for the D-band transition. The G peak
was at a higher wave number compared to that for pristine
graphene (~1580 cm™!) reported by Lee et al. [34]. We
could not determine the cause of this blueshift, but it may be
due to compressive strain, hole doping, or band-gap opening
[34-36]. Band-gap opening is the most plausible cause since
our pseudo-GNRs were 2 nm wide and of the armchair-edge
type, which should result in a band gap larger than 0.4 eV,
based on the theoretical GNR calculations [26].

Finally, the polarization dependence shown in Figs. 5(c)
and 5(d) indicates that the spectra at each angle were similar

in shape, but an intensity is reduced by 1/4.5. This is a typical
feature of armchair-edge graphene [37,38]. All the Raman
spectroscopy results described above confirm the formation
of pseudo-GNR arrays on the macrofacets.

IV. CONCLUSIONS

We have studied graphitization phenomena on the macro-
facets formed during thermal decomposition of vicinal
6H-SiC(0001) surfaces with a relatively large miscut angle
(~15°) toward the [1100] direction. The step bunching and
graphitization resulted in the formation of the macrofacets
inclined by 27° with respect to the (0001). Monolayer car-
bon was formed on the macrofacet surface and sectioned by
pseudo-GNR and BLR areas due to the periodically striped
surface structure. An array of aligned pseudo-GNRs, each one
having a width of ~1.7 nm and being lined up with a 3.3 nm
period, was identified. The parameters of the pseudo-GNR
array appear to be solely dependent on the SiC polytype and
not on the substrate miscut angle. The quality and overall size
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of the array can be regulated by the proper choice of substrate
conditions.

An indicated 0.4-0.5 eV energy gap measured by STS,
the polarization dependence of the G and D peaks, and
the absence of the 2D peak by Raman spectroscopy
confirms that pseudo-GNRs exhibit properties of armchair-
edge GNRs with narrow width. The pseudo-GNRs were

separated by BLRs, which implies that they were elec-
tronically isolated. The very high uniformity, density,
ideal alignment, high structural quality, and very nar-
row width of the pseudo-GNRs array on a semiconductor
substrate created via the simple annealing process open
up unique possibilities for applications in next-generation
electronics.
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