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ABSTRACT: The integration of graphene into devices neces- -
sitates large-scale growth and precise nanostructuring. Epitaxial = Call \_/\, A
growth of graphene on SiC surfaces offers a solution by enabling £ , El AN L
both simultaneous and targeted realization of quantum % A */\A\_/\
structures. We investigated the impact of local variations in T © 3 \ 7
the width and edge termination of armchair graphene nanorib- <900 18 | —
bons (AGNRs) on quantum confinement effects using scanning 3600 ] —= /-
tunneling microscopy and spectroscopy (STM, STS), along with @30% . . 0.0 i ;
density-functional tight-binding (DFTB) calculations. AGNRs *~ -1 0 1 , 2 3 4 —03 0.0 0.5
Lateral position (nm) E—Ef (eV)

were grown as an ensemble on refaceted sidewalls of SiC mesas
with adjacent AGNRs separated by SiC(0001) terraces hosting a
buffer layer seamlessly connected to the AGNRs. Energy band gaps measured by STS at the centers of ribbons of different
widths align with theoretical expectations, indicating that hybridization of 7-electrons with the SiC substrate mimics sharp
electronic edges. However, regardless of the ribbon width, band gaps near the edges of AGNRs are significantly reduced.
DFTB calculations successfully replicate this effect by considering the role of edge passivation, while strain or electric fields do
not account for the observed effect. Unlike idealized nanoribbons with uniform hydrogen passivation, AGNRs on SiC sidewalls
generate additional energy bands with non-p, character and nonuniform distribution across the nanoribbon. In AGNRs
terminated with Si, these additional states occur at the conduction band edge and rapidly decay into the bulk of the ribbon.
This agrees with our experimental findings, demonstrating that edge passivation is crucial in determining the local electronic
properties of epitaxial nanoribbons.
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INTRODUCTION

Graphene nanoribbons (GNRs) are attractive building blocks
for carbon-based electronics and even suitable for quantum
electronics.' Similar to carbon nanotubes,”™* graphene ribbons
have been shown to provide ballistic and semiconducting
channels.”~® However, here the edges play a crucial role but, at
the same time, offer the possibility for the synthesis of other
quantum phases after further functionalization.” "'

GNRs of different chirality, ribbon widths, edge orientations,
and edge terminations have been realized by means of an on-
surface synthesis with molecular precursors on metallic
supports.'' "> Targeted modification of the band structure
has been achieved, e.g, by placing specific atoms at
predesigned locations.'™"? In general, the functionalization
of the edges of GNRs is a promising strategy and allows further
tuning of the electronic and optical properties.””*" This often
involves the modification of band gaps of the entire ribbon as
well as the synthesis of edge states and topological phases.””
Furthermore, based on edge functionalization schemes, the
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fabrication of macromolecular networks succeeds and offers
the possibility to grow polymers with sophisticated top-
ologies.”

Large-area and scalable GNR arrays can be fabricated
directly on insulating SiC substrates with appropriate mesas by
high-temperature annealing, eliminating the need for sub-
sequent transfer techniques.””* Thereby, the width and edge
topology of the GNRs is tunable and defined by the SiC-mesas
and allows the growth of both gapped armchair and ballistic
zigzag GNRs due to confinement and hybridization of the

. 8,26,27
edges, respectively.”””
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Armchair graphene nanoribbons (AGNRs) provide a large
flexibility and are either metallic or semiconducting depending
on the number N of sp” hybridized C atoms across the ribbon.
In a recent photoemission experiment the formation of one-
dimensional (1D) confined AGNRs was demonstrated.® The
average ribbon width was around 2 nm, and all features of the
measured two-dimensional (2D) band structure of an
ensemble of around 500 AGNRs were consistent with 1D
confinement effects, assuming AGNRs with mainly three
different widths N = 16, 18, 20. Compared to the on-surface
synthesized AGNRs, the epitaxial ribbons on SiC supports are
different as seen by scanning tunneling microscopy:*>*® the
instability of the SiC sidewall running along the [1120]
-direction and which are on average inclined by approximately
27° comes along with step bunching resulting in the formation
of small stripes of SiC(0001) terraces of 1 nm in width. As a
consequence, the p, states of the selectively grown graphene
get saturated from the dangling bonds of the Si-terminated
SiC(0001) terraces forming stripes of buffer layers (BLs) with
sp>-like hybridized C atoms with suspended AGNRs in
between.”>”® Therefore, quantum confinement is achieved
here not by a sharp edge or by hydrogen-passivation but by the
bonds formed between the edge atoms of the AGNRs with the
substrate or the BL. This different edge scenario should affect
the bonding distances as well as breaking the uniform p,
character of low-energy electronic states in the system.

In this work, we have performed a detailed analysis of the
band gaps of epitaxial AGNRs using both STM measurements
and theoretical modeling. Band gap measurements show a
robust decrease in gap magnitude as we move away from the
center of a ribbon toward the edges. While environmental
factors like strain or electric fields can tune the global band
gap, we find that they are not sufficient to induce this spatial
variation of the band gap. Instead, our calculations show that
passivation effects are required to introduce the edge localized
states responsible for the varying gap size and apparent pinning
of the valence band edge. In particular, a simple passivation
with Si atoms is found to excellently reproduce the variation in
the gap sizes found experimentally. This suggests that edge
passivation effects in epitaxial GNRs play a crucial role in
determining their electronic structure and, in particular, that
states induced by dangling bonds or hybridization with
termination species can dominate behavior near the band
edges.

RESULTS AND DISCUSSION

Growth of Epitaxial AGNRs on SiC Sidewalls. Epitaxial
armchair graphene nanoribbons (AGNRs) were grown on the
sidewalls of SiC mesas running along the (1120) direction, as
shown by the large-scale STM image in Figure la. Similarly to
zigzag-type GNRs grown on perpendicularly aligned SiC
mesas,”’ the GNR grows selectively and carpets over the entire
sidewall structure of around 40 nm. Contrary to the zigzag-
GNRs, the SiC facet for the AGNR decomposes further upon
high-temperature annealing and forms mini SiC(0001)
terraces, as sketched in Figure 1c.> As demonstrated by
high-resolution low-energy electron diffraction experiments,
adjacent mini-terraces are separated by a full polytype unit cell,
ie, six SiC bilayers.® The periodicity of the washboard
structure (Figure 1b) is around 3.1 nm, and the AGNRs
provide on average a width of around 2.1 nm (ie, N = 18
AGNR) in agreement with previous studies.”” This one-
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Figure 1. Selective growth of epitaxial AGNR on the sidewalls of
SiC mesas. (a) STM image of SiC mesa structures along the [1120]
direction revealing AGNR ensembles on each of the sidewalls
between the plateaus and trenches (+2 V, 0.5 nA). From the 3D
STM image (—1V, 0.5 nA) the inclination of the sidewalls of 27° is
visible. The height profile taken across the mesas shows the pitch
size and height of 200 and 20 nm, respectively. The edges of the
plateaus were slightly overgrown with a monolayer graphene
(MLG). (b) Zoom-in of an AGNR ensemble (—1 V, 0.5 nA)
showing a washboard-like structure on a sidewall. (c) STM image
with atomic resolution (—2 V, 0.5 nA) distinguishes the
semiconducting nanobuffer layers and free-standing AGNR on
the nanofacets. Bottom: side-view schematic of the AGNR
formation on the refaceted SiC sidewall. On average, the AGNR
and nanobuffer areas reveal widths of 2 and 1.1 nm, respectively.

dimensional confinement gives rise to robust quantization and
formation of subbands, as seen by recent angle-resolved
photoemission spectroscopy (ARPES) measurements.”
Despite the outstanding homogeneity, which we achieved,
the facets reveal partly irregularities and the local variation of
the widths manifests with the observation of metallic and
semiconducting bands.® Moreover, compared to GNR
structures synthesized by on-surface chemistry where the in-
plane o-bonds are saturated with hydrogen,'"" the edges of
the AGNREs in this study are defined by the BL stripes, i.e., by
bonds of the s-electrons with the dangling bonds of the Si-
terminated surface. Both effects come inevitably along with a
variation of the width; thus, these AGNRs are perfectly suited
to study the effect of edge termination and variation of width
toward the quantum confinement. For the zigzag GNRs
(ZGNRs), we have recently shown that electric field defects of
the SiC surface also play a role and explain, among other
things, the spatial separation of the volume transport
channels.” However, for these ribbons, one of the edges
merges perpendicularly into the SiC face.”” For the AGNRs
here, the edge bonding scenario is different and beyond and
also symmetric. As we will show in addition, electrostatic
potential effects alone do not lead to a significant spatial
segregation of electronic states or variations in measured
quantities, such as the local band gap. Rather, the bonds of the
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C atoms to the Si surface atoms are decisive for the epitaxial
system.

Quantum Confinement and Band Gap Opening. The
formation of edges by saturation of the p, orbitals and,
concomitantly, opening of band gaps is shown in Figure 2.
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Figure 2. Width dependence of the bulk energy gaps. (a, b) High-
resolution STM images (+2.0 V, 0.5 nA) for two AGNRs from the
semiconducting 3p (N = 24) and 3p+1 (N = 28) families. (c, d)
STS-spectra taken in the center of various AGNRs of different
widths for semiconducting 3p and 3p+1. The spectra shifted for
better visibility. (e) Band gaps for various semiconducting AGNRS
determined by STS and TB (circles). (f) Semilog and linear plot of
the dI/dV spectra to show the determination of the gap energies,
exemplarily for an N = 25 AGNR.

Panels (a) and (b) show sections of N = 28 and N = 24
ribbons, belonging to the semiconducting 3p+1 and 3p
families, respectively, with comparatively straight edges. For
clarity, we overlaid a hexagonal grid to highlight the ribbon
width and the armchair direction of the edges. The scanning
tunneling spectroscopy (STS) spectra shown in panels (c) and
(d) are taken at the centers of a range of similar structures and
clearly show an increasing energy gap with decreasing widths.
The evolution of the band gap with ribbon width, from N = 16
to N = 28, is plotted in Figure 2e, where the individual gap
values were determined using both linear and semilog plots of
the dI/dV data (cf. panel f). These gap energies are in good
agreement with those extracted from tight-binding (TB) band
structures (circular symbols in Figure 2e) and also with the
results of first-principle calculations using the local density
approximation (LDA).”’ We note that these theoretical models
consider perfect, H-passivated edges, whereas in our experi-
ment, the ribbons are terminated by the hybridization with
atoms in the BL regions or the underlying SiC substrate. The
reasonable agreement with our TB simulations of finite-width
ribbons suggests that a perturbation of the sp* hybridization is
sufficient to induce a robust quantization and the associated
band gap trends in AGNRs.

The AGNRs investigated here are all charge-neutral; i.e., the
Fermi energy lies within the band gag of the ribbons, in
agreement with previous experiments. 26 Moreover, close

inspection of Figure 2c shows also that the valence band for
many of the AGNRs is pinned approximately 0.1 eV below the
Fermi energy. This pinning is particularly evident for the
GNRs of the N = 3p+1 family (Figure 2c). For the N = 3p
ribbons the pinning is less clear. For AGNRs on Au(111) a
similar Fermi level pinning was found for ribbons with band
gaps lower than 1.7 eV.*” For this system, the authors propose
that metal-induced bandgap states prevent pushing of the
AGNR valence band above the Fermi energy. Such an
explanation is maybe not appropriate for our purely semi-
conducting system consisting of the AGNR quantum well
states, the BL, and the SiC crystal. Instead, the apparent
pinning in our system suggests the presence of states whose
energy is not strongly dependent on the width of the ribbon,
i.e, states arising not from confinement effects but from the
specifics of the edge-substrate interaction.

Variation of Gap Energies: Role of Edge Termination.
The benchmarking of the experimentally determined band
gaps with the results of the simple TB model succeeds when
the energy gaps are determined at the center of ribbon
segments, which are terminated by straight edges. In Figure 3a

<900 -
S
) [
ol
LL’E 0 | i L | L
-04 -02 0 02 04
Lateral position (nm) Sample bias (V)
©)500 =z @ 100 e
—a—N24 ——N24
400 e N22 90 (e N22|
—e— N21 [==—N21
< < 80
% 300 8
3 = 70
g 200 K, 60
u u” 50
100 40
n n n L L n n 30 L L n L
o 0 1 2 3 0 2 3

Lateral position (nm) Lageral position (nm)
Figure 3. Spatial variation of the energy band gaps. (a) Variation of
the energy gap across an N = 28 AGNR. (top) STM image and line
profile were spectroscopy was performed. (b) dI/dV spectra along
the ribbon at various positions across the ribbon. The colors refer
to those in panel (a). The spectra are shifted for better visibility.
(c) Variation of energy gaps for various AGNRs as a function of
the position across the ribbon. (d) Renormalized gap energies of
(c) revealing a universal behavior.

we plot the structure, height profile, and energy gaps found for
an N = 28 AGNR (width of 3.3 nm) with respect to the lateral
position across the AGNR. These results show a clear variation
in the magnitude of the band gap across the width of the
ribbon, characterized by a considerable reduction in gap size
near the ribbon edges, before an abrupt jump to approximately
900 meV, which resembles the gap size previously reported for
the BL.’® Examples of the individual STS curves used to
determine the band gaps are shown in Figure 3b. To remove
possible effects due to local defects, we measured multiple
spectra over a range of 1 nm along the ribbon direction for
each of the different possible lateral positions across the ribbon
width. These are shown by the similarly colored curves in
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Figure 4. Passivation effects on states and band gaps. (a—c) Comparison of the band structures from DFTB calculations for a 21-AGNR with
H-passivated edges, unpassivated edges, and Si-passivated edges, respectively. (d) The densities of states (per atom) for each of the
conditions considered, with the solid lines showing the total DOS and the shaded regions showing the contribution from the edge region
(three carbon atoms nearest the edge together with the passivating atom). (e) LDOS at the upper band edge (shown by arrows in upper
panels) for H-passivated (filled, blue circles) and Si-passivated (open, green circles) ribbons as a function of position from the edge. (f)
LDOS at different positions across the Si-terminated ribbon width, from one edge (bottom, blue curve) to the opposite edge (top, brown
curve). The bold lines represent the averaging of the spectra calculated on nonequivalent C atoms across the ribbon. (g) The band gap
extracted from the LDOS as a function of position from the Si-terminated ribbons. The black curve shows results for individual atoms, with
the bold red curve averaging over three sites to remove the short-ranged oscillations.

Figure 3b, with the curves for each lateral position showing
very similar trends and almost identical band gap values. In this
region, the edges were parallel, and the bulk spectra show no
change in band gap at the center of the ribbon. The typical gap
size value for the N = 28 AGNR, as found at the center of the
ribbon, is about 320 meV, which agrees well with previous
studies.”””*> The band gaps in the center of the ribbon are
therefore consistent with those expected from a simple 1D
confinement, whereas the reduced energy gaps observed near
the ribbon edges deviate from the expected trend and must
originate from the nature of the edges themselves.

The areas next to the AGNRs, as marked by BL in Figure 3a
(cf. also Figure 1c), have a gap consistent or at least close to
values reported for the BL*>' and support the formation of
wide band gap BL stripes, which decouple adjacent ribbons.
Previous work has also reported the formation of armchair
miniribbons on the SiC sidewalls, but these are separated by
so-called pinning regions.”® While these AGNRs have clear and
comparable band gaps to ours, the pinning areas have a finite
density of states at Ep and are metallic. In contrast to our work,
the formation of the AGNRs was found essentially at the top
and bottom edges of the sidewall, while for the 6H-SiC
polytype and other heating protocols used in our work, we
obtained a much more homogeneous size and spacing
distribution, which apparently have led to the formation of
insulating structures between the AGNRs. The jump in band
gap size to the BL value occurs essentially within a single
graphene unit cell, demonstrating that the edges of our
epitaxial AGNRs are atomically sharp. As there is a seamless
connection between the free-standing graphene ribbon and the
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BL, the edges are defined by the hybridization of the p, orbitals
with the dangling bonds of the Si atoms on the SiC(0001)
surface.

The variation of the gap size across the ribbons is a generic
feature and was found for all of the ribbons investigated here.
The variation of gap size with lateral position is shown for a
variety of AGNRs with different widths in Figure 3c. As can be
seen, the central part of each AGNR studied has a constant
band gap, E,, extending over approximately 60—70% of the
total ribbon width. Toward the ribbon edges, the band gap
drops significantly to about half of the bulk gap value. The
qualitative trend is independent of the width of the ribbons, as
the plot in panel (d) highlights. This decrease of the expected
band gap in the direction of the edges seems to be
characteristic for our epitaxial AGNRs. Fortunately, for device
applications, the fact that the band gap is not fully quenched at
the edge still allows for a range of electronic applications with
this material system. Similarly, the transition to the BL presents
a quasi-atomically sharp transition and allows robust
quantization, so that epitaxial AGNRs indeed act as one-
dimensional quantum systems. However, the effective ribbon
band gaps deviate significantly from expected theoretical
values, and this deviation can be easily missed if, for example,
the ribbons are characterized solely by STS measurements at
the ribbon centers. It is therefore crucial to understand the
mechanisms behind the band gap renormalization, both from
fundamental science and device design perspectives.

To explain the spatial variation of the measured band gaps
across AGNRs on SiC, several mechanisms can be considered:
as Figure 3a shows, the AGNRs are slightly concavely curved,
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hand side will show the structure of an edge-disordered ribbon (top), together with gap profiles along (top) and across (bottom) the ribbon.

which can be associated with strain effects.’” Furthermore,
similar to the AGNR/Au(111) system, charge transfer is also
possible, which leads to the formation of dipole moments or
electrostatic fields.”” In the next section, we show that none of
these scenarios lead to the peculiar position dependence
observed in our experiments.

Instead we propose here that the experimental findings are
consistent with the formation of additional edge-localized
states, which arise due to the nonstandard passivation of
epitaxial AGNR edges. Free-standing epitaxial AGNRs merge
with BL stripes whose carbon atoms in turn interact with Si
atoms on the SiC surface, to which the BL is bound. Although
the exact atomic configuration is not known, in Figure 4 we
examine some simplified cases which highlight the range of
effects which result from different passivation scenarios via in-
plane o-bonds. The DFTB-calculated band structures of a 21-
AGNR with H-passivated, unpassivated, and Si-passivated
edges are shown in panels (a—c). We note that a simple
hydrogen passivation of the edges results in a band structure in
excellent agreement with a perfect one-dimensional quantiza-
tion of graphene’s two-dimensional dispersion. This is the case
regardless of whether the hydrogen atoms are explicitly
included, as in the DFTB bands here, or implicitly within a
TB calculation as shown later in Figure Sa. Unlike ZGNRs,
which have distinctive edge states at the Fermi energy, the
electronic states of AGNRs are evenly distributed across the
ribbon width. This can be seen in Figure 4d, where the density
of states (per atom) of the entire ribbon, shown by the solid
blue curve, matches almost exactly with the same quantity
taken only near the edge (shaded area). This is also clear from
the blue curve in Figure 4e, which plots the local density of
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states (LDOS), in log scale, projected onto each atom from the
edge to the center of the ribbon. The LDOS is calculated at an
energy near the conduction band edge, shown by the blue
arrow in panels (a) and (d). Aside from a very short-ranged
oscillation, with a 3-atom period characteristic of quantities
measured along the zigzag direction,*® the distribution of this
state is uniform across the ribbon. As discussed below, this
uniformity is very difficult to break within simple TB models.

Removing the passivating atom altogether introduces a
distinctive band, clearly visible in Figure 4b. This forms due to
coupling between dangling-bond states at the unpassivated
carbon edge sites and has a non-p, character that is not
captured by TB simulations.””> This state resides at the
ribbon edge and results in an enhanced density of states near
the edge of the ribbon (shaded orange area in panel d).
However, at this ribbon width this state is further from the
Fermi energy than the first few confinement-induced sub-
bands and so will not directly influence band gap measure-
ments. This changes, however, if we consider passivation by
other atomic species where more complicated hybridization
can occur. In particular, the passivation of the edges with Si
atoms reveals a state in the vicinity of the band gap, as
highlighted by the green arrow in Figure 4c. Similar to the
unpassivated system, this state is edge-localized and enhances
the density of states near the ribbon edge (shaded green area in
panel d). This is shown more explicitly by the green curve in
Figure 4e, which confirms that the state decays exponentially
toward the center of the ribbon. The presence of an edge-
localized state at the band edge suggests that STS band gap
measurements will be strongly affected by the position of the
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probe and, in particular, the extent to which it samples the
edge-localized states.

In Figure 4f we show the LDOS at different positions across
the ribbon width. To account for the finite size of the probe,
the bold curves presented here are averaged over 6 nearby,
nonequivalent sites, whose individual spectra are shown by
lighter curves of the same color. The different sets of curves
have a relative shift for clarity, with the top and bottom sets
representing opposite sides of the ribbon. The evolution of the
band edges is shown by black dotted lines and is in good
agreement with the experimental data shown in Figure 3b.
Finally, the band gap values extracted from the local density of
states as a function of position are plotted in panel (g). The
gray, dashed curve shows results for individual atoms and again
displays the characteristic period-3 oscillation. The bold red
curve averages over three sites to remove this artifact, and its
behavior is in excellent agreement with the experimental curves
in Figure 3¢, showing a similar band gap reduction as we move
from the center to either edge of the ribbon.

Further Environmental Effects. As already mentioned,
there are other environmental effects that could possibly also
lead to spatial variation of the band gaps. Previous studies
found that local variations in potential” or strain®’ were key to
explaining unexpected quantum transport or spectroscopic
signatures in epitaxial ZGNR structures on SiC sidewalls. In
particular, transverse field effects lead to a spatial segregation of
states in these systems and can be captured within a TB model
using position-dependent on-site energy terms e€; It is
reasonable to expect that a similar effect could emerge in
AGNRs. Similarly, by varying hopping terms in different parts
of the ribbon,* inhomogeneous strain could also act to break
the uniform distribution of states typically expected for AGNR
systems.

The consideration of additional potential or strain effects is
also justified by the experimental conditions. As shown in the
context of Figure 3a,b, there is an atomically sharp boundary
between the BL and the AGNR which resembles a type-1
semiconductor heterostructure, in agreement with our STM
results concerning the band gaps and the positions of the
valence and conduction bands. Furthermore, relying on the
work functions measured for buffer layer %raphene (3.9 eV)
and quasi-free-standing graphene (4.8 eV),”” electric fields of
0.5—1 V/nm can be formed symmetrically at both boundaries.
Indeed, in-plane electric-field modulation effects have already
been observed for free-standing AGNRs*® where at least for
larger ribbons (N > 18) a significant reduction of the band gap
was found for fields exceeding 0.7 eV/nm. However, it is the
global band gap which varies, and the effect depends sensitively
on the ribbon width and electric field. Furthermore, as
sketched in Figure 1c, the AGNRs result from the formation of
mini-SiC(0001) terraces upon annealing of the SiC mesa
structure. Due to this growth mode, strain effects are
unavoidably involved as also apparent from the line height
profile shown in Figure 3a. It has previously been shown that
band gaps in H- or O-passivated AGNRs can be quenched by
applying tensile strain in the order of 12%.”” Indeed, a small
compressive strain on the edge dimers removes the metallicity
of the N = 3p + 2 family of ribbons.*’

In order to analyze the influence of such effects on the
electronic properties of AGNRs, we have carried out TB
calculations for a range of different potential and strain
configurations and present representative cases in Figure S.
Panels (a—c) show results for the unperturbed ribbon, with all

calculations using up to third nearest-neighbor (3NN) terms in
the Hamiltonian. The band structure in Figure Sa is in
excellent agreement with that of the H-passivated ribbon
examined using DFTB calculations in Figure 4a. Panel (b)
shows how the local density of states evolves across the ribbon
width, analogously to the result for Si-passivated ribbons in
Figure 4f, once a local 6-atom average is applied to remove
short-ranged oscillations. It is clear that the gap is uniform
across the ribbon, as confirmed by the red curve in panel (c).
We note that atom-to-atom fluctuations in the gap width,
shown by the gray points here, are unlikely to be resolved in
experiment.

Figure 5d—f shows the corresponding band structure, LDOS
curves, and gap dependence for an AGNR with an asymmetric
potential profile applied, as shown in the inset of panel (d).
Although a small decrease in the overall gap is observed, this is
uniform across the ribbon. Similar results are found for
symmetric, nonlinear, or sublattice-dependent potential
profiles, suggesting that local variation of the on-site energy
is not sufficient to explain our experimental results. Similarly, in
panels (g—i) we consider the effect of a strain near the edges of
the ribbon. This is modeled as a Gaussian height deformation
placed at each edge, as shown in the inset of Figure Sg, which
corresponds to a maximum local strain of ~4%. In agreement
with previous studies, the band gap is considerably lowered.
Nevertheless, although the strain is primarily applied to the
edges, the band gap is reduced across the entire ribbon once
atomic-level fluctuations are averaged out.

CONCLUSIONS

We have shown here high-resolution STM and STS data from
epitaxial AGNR structures. Due to the special growth
procedure, the ribbons are terminated by the BL, which in
turn interacts with the Si atoms of the SiC. The bandgaps
measured at the center of the AGNRs fit nicely to expectations
for freestanding ribbons, which demonstrates that the SiC
substrate plays only a minor role. In contrast to free-stranded
ribbons with suspended edges, our structures show a variation
of the bandgap. Toward the edge, the value decreases by about
a factor of 2. This phenomenon seems to be universal and
could be confirmed by the DFTB calculations. It was shown
that our bond effectively corresponds to that of a Si
termination, which induces a strongly decreasing edge state
toward the center of the ribbon. Although the Si-passivation
takes place via the nanobuffer stripes, the simplified passivation
model used in the calculations explains our findings
reasonably.Changes in on-site energies due to charge transfer
upon passivation play only a minor rule. As we have explicitly
confirmed by calculations, the bandgap variation cannot be
explained by the effects of strain or electric fields. Our results
have shown that the termination of the edges plays an
important role and, e.g, can significantly influence lower
subthreshold slopes for possible MOSFET applications.

MATERIALS AND METHODS

Epitaxial armchair graphene nanoribbons were grown on predefined
mesa structures on n-doped 6H-SiC(0001) wafers (purchased from
SiCrystal GmbH). First, hydrogen etching was applied to flatten the
SiC-substrates. Mesa structures along the (1120)-direction were
defined by means of e-beam lithography using CSARG62 as resist, wet
chemical treatments, and subsequent reactive ion etching. These
structures of around 150 nm in width and 20 nm in height were
observed at elevated temperatures, and AGNRs were selectively
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grown on the facets. The samples were inductively heated in a
graphite crucible at 1800 °C under an argon atmosphere of 850 mbar.
More details are outlined in refs.>**’

The topography and electronic properties of the AGNRs were
investigated by means of low-temperature scanning tunneling
microscopy (LT-STM, Omicron) at 80 K using liquid nitrogen.
The scanning tunneling spectroscopy (STS) spectra were recorded via
a standard lock-in technique (20 meV, 1500 Hz). The samples were
degassed at 800 K for some hours under ultrahigh vacuum (UHV)
before measurement.

The low-energy electronic band structures of graphene systems are
generally well-described using tight-binding (TB) Hamiltonians of the
following form.

H = Z eic:ci+z til-cfcj
i

) (1)

Here, the ¢/ (c;) operator creates (annihilates) an electron in the p,
orbital at atomic site i, €; is the on-site energy of an electron occupying
an orbital at site i, and £; is the hopping amplitude between orbitals at
sites i and j. Thereby, the TB calculations in this work keep up to
third nearest-neighbor (3NN) terms.*>*! These additional terms are
necessary to capture the energy gap behavior reported for AGNRs by
ab initio”” and experimental*’ studies.

Modifications to individual hopping (t,-j) or on-site energy (€;)
terms in the TB Hamiltonian allow for the effects of local strains®® or
potentials”® to be included. In this work, we consider the effects of
nonuniform strain and local electric fields on the local and global band
gaps of AGNRs through the example of Gaussian height profiles and
linearly varying potential terms added near the ribbon edges.

While TB simulations can account for a range of different
environmental effects in AGNRs, they cannot easily account for
passivation scenarios that break the p, character of the low-energy
electronic states. Indeed, TB models implicitly saturate the dangling
bonds present at edge carbon atoms. This means that, although no
passivation species is specified, nanoribbon band structures calculated
using TB models are in better agreement with those of hydrogen-
passivated structures than with their unpassivated counterparts.**>>*
To examine the role of different edge passivations on the band
structure of AGNRs, we emplogr density functional based tight-
binding (DFTB) simulations™*~** as implemented using the open-
source DFTB+ package.”*® This is effectively a simplification of
density functional theory to a TB-like form and allows for greater
accuracy than TB methods at a much reduced computational cost as
compared to ab initio simulations. It has previousl?f been applied to
model both the growth®” and electronic properties® of graphene/SiC
systems.
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