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ABSTRACT: There has been tremendous progress in designing and
synthesizing graphene nanoribbons (GNRs). The ability to control the
width, edge structure, and dopant level with atomic precision has created a
large class of accessible electronic landscapes for use in logic applications.
One of the major limitations preventing the realization of GNR devices is
the difficulty of transferring GNRs onto nonmetallic substrates. In this
work, we developed a new approach for clean deposition of solution-
synthesized atomically precise chevron GNRs onto H:Si(100) under
ultrahigh vacuum. A clean transfer allowed ultrahigh-vacuum scanning
tunneling microscopy (STM) to provide high-resolution imaging and
spectroscopy and reveal details of the electronic structure of chevron
nanoribbons that have not been previously reported. We also demonstrate
STM nanomanipulation of GNRs, characterization of multilayer GNR
cross-junctions, and STM nanolithography for local depassivation of
H:Si(100), which allowed us to probe GNR−Si interactions and revealed a semiconducting-to-metallic transition. The results of
STM measurements were shown to be in good agreement with first-principles computational modeling.
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Cai et al. first demonstrated the synthesis of atomically
precise GNRs via the on-surface Ullmann coupling of

halogenated aromatic precursors into 7-AGNRsarmchair
GNRs that are seven carbon atoms wide.1 The GNR bandgap
and its electronic properties can be tuned by changing the
starting precursor, and 13-AGNRs,215-AGNRs,3 and N = 6
zigzag edge GNRs4 have been synthesized. Unique nanoribbon
geometries such as chevrons and nanoribbon heterojunctions
have also been explored.1,5−7 Nitrogen8,9 and boron10 can be
incorporated into the starting precursors to further modify the
GNR band structures. The versatility of bottom-up synthesis
promises sophisticated GNR electronics, including transistors
and quantum dot qubits,11 which exhibit long spin coherence
times.12 To fabricate GNR devices, the development of a clean
transfer is needed to move nanoribbons from the metal growth
surface onto a device compatible substrate such as SiO2. A wet
transfer method previously demonstrated leaves organic residue
that degrades device performance.13 Although there has been
recent progress in the growth of nanoribbons directly onto
semiconducting germanium substrates, those nanoribbons do
not achieve control over GNR width, resulting in bandgap

variability and widths that increase with increasing GNR
length.14

The scalable fabrication of GNRs via solution synthesis15,16

promises an avenue toward large-scale GNR manufacturing if
problems associated with residue can be addressed. While edge
functionalization facilitates deposition by increasing GNR
solubility,17,18 the alkyl groups may hinder electronic transport,
especially in inter-GNR nanojunctions. So far, detailed
electronic characterization has been limited for solution-
synthesized nanoribbons, in part due to the use of ambient
solvent-based deposition processes that interfere with STM
spectroscopic characterization. In this study, we avoid problems
with residue while depositing armchair edged chevron GNRs
directly onto H:Si(100) using a dry contact transfer (DCT)
procedure previously developed to study carbon nanotubes19

and graphene nanoflakes.20 STM spectroscopy of this clean
system reveals a 2.85 eV GNR bandgap, localized electronic
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states, and metallic behavior for GNRs in contact with
deliberately unpassivated silicon. The high spatial resolution
spectroscopy achieved shows details of the electronic structure
of chevron GNRs that have not yet been previously reported.
Depassivating H:Si(100) via STM nanolithography allows the
study of GNR−Si interactions, showing a semiconducting-to-
metallic transition. We also find bilayer GNR junctions on the
surface, formed by overlapping GNRs. We compare these
results to first-principles density functional theory (DFT)
simulations.
Results. The solution synthesis of chevron GNRs used for

this study (Figure 1a) is described in a previously published
protocol.15 From the synthesis, a graphene nanoribbon powder
is obtained, which is then applied to a fiberglass applicator. A
high temperature degas of the GNR-coated fiberglass applicator
removes solvents and atmospheric contaminants. When the
DCT applicator is manually pressed against the silicon surface
under ultrahigh vacuum, nanoribbons cleanly exfoliate onto the
surface (Figure 1b). Figure 1c is a room temperature STM
image showing two chevron GNRs lying flat on the surface.

Although the STM topographs in Figure 1 were all recorded at
a sample bias of −2 V and a tunneling current of 10 pA,
different imaging artifacts appear, potentially caused by
variations in the density of states of the STM probe.
A high-resolution image (Figure 1e) shows intraribbon

resolution not corresponding to the silicon dimer rows. The
STM images presented in Figure 1 are suggestive of a clean
transfer process when compared to previous STM imaging of
GNRs transferred onto gold via solution deposition.15 The
graphene nanoribbons do not appear to align to the silicon
lattice, indicating a weak coupling interaction (Supporting
Information Figure S1). In Figure 1c−e silicon rows and
individual dimers appear underneath the GNRs. This semi-
transparency effect was previously observed for graphene flakes
on III−V semiconductors and arises when the forces between
the tip and the flake push the graphene closer to the surface.21

A similar effect was not observed for graphene flakes <8 nm in
diameter on H:Si(100).20 In contrast to graphene nanoflakes,
the atomically precise chevron nanoribbons studied do show
semitransparency, due to having a bandgap larger than the

Figure 1. Scanning tunneling microscopy (STM) images of graphene nanoribbons (GNRs) on H:Si(100). Sample bias: −2 V; tunneling current: 10
pA. (a) Schematic showing precursor used for solution synthesis of chevron GNRs; see ref 15 for the detailed synthetic procedure. (b) Sketch of dry
contact transfer method used to exfoliate GNRs onto H:Si(100) (c, d) Graphene nanoribbon transparency; the silicon substrate is visible through
the graphene nanoribbon. Scale bar is 5 nm. (e) Image showing intraribbon resolution corresponding to the graphene lattice. Scale bar is 5 nm.
Tunneling current is 100 pA. (f) Histograms of semitransparent and nontransparent GNR heights.
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underlying substrate, allowing the silicon density of states to
dominate the tunneling current.
Of 115 GNRs imaged at both positive and negative sample

bias, 80 are imaged as nontransparent, exhibiting an average
apparent height of 3.0 Å relative to the surrounding silicon
substrate. The 35 semitransparent nanoribbons had an average
apparent height of 2.0 Å. An example of the analysis applied to
determine GNR heights is shown in Figure S2. Semi-
transparency is not an intrinsic property of GNRs, but an
imaging artifact that arises when the STM probe pushes the
GNR closer to the surface, allowing the tunneling current from
the substrate to contribute to the STM topograph. As shown in
Figure S3, the same GNR can appear as semitransparent or
nontransparent under the same sample bias and tunneling
current. Semitransparency is influenced by the tip−sample
separation which can vary with the work function of the STM
probe as well as the interaction of the graphene nanoribbon
with the surface. Chevron GNRs imaged on Au(111) show an
apparent height of 1.8 Å,1 which is significantly smaller than the
apparent height observed for the nontransparent nanoribbons
on H:Si(100). A previous study determined a 3.1 Å apparent
height for graphene nanoflakes on H:Si(100).20 The graphene
lattice is only observed for nontransparent GNRs, indicating

that the carbon plane is at a height near 3.0 Å. Since the
interlayer spacing of graphite is 3.3 Å, a van der Waals bonding
interaction between the GNR and the H:Si(100) substrate is
possible, although the apparent height indicates the local
density of states (LDOS) and is not sufficient to determine
atomic positions. The H:Si-GNR interaction is weak enough to
enable movement of the GNR using the STM tip as shown in
Figure S4.
DFT modeling of chevron GNRs, including the results

shown in Figure 2e, predicts a 1.50−1.57 eV bandgap.15,22,23

While for graphene nanostructures DFT captures reliable
information about energy level ordering, orbital shapes, and the
spatial distribution of the LDOS,4 it underestimates bandgaps.
Corrections to DFT modeling made with the GW approx-
imation predict an expected quasi-particle bandgap of 3.62−
3.74 eV.22,23 However, when the substrate is included in the
simulation, a screening interaction further decreases the GNR
bandgap.2,24−26 The estimated bandgap for chevron GNRs on
Au(111) is predicted to be 2.96 eV.23

UV−vis−NIR spectroscopy and photoluminescence spec-
troscopy of solution-synthesized nanoribbons suggest a 1.6−1.8
eV bandgap for ensembles of GNRs.16,27 However, these
measurements probe the optical bandgap and neglect the

Figure 2. STS and CITS of graphene nanoribbon. Current imaging tunneling spectroscopy was collected over an array of 50 × 50 points spanning
6.5 × 6.5 nm2. The normalized tunneling conductance dI/dV/(I/V) was numerically calculated, and portions of the data are shown here. (a)
Normalized tunneling conductance at the GNR center, the GNR edge, and over the silicon substrate. The inset shows a topograph of the GNR
studied. (b) Normalized tunneling conductance spectra map across the width of the GNR, corresponding to positions along the dashed white lines in
the inset of (a). The black, blue, and red dashed lines indicate the positions of the spectra points shown in (a). The conduction and valence bands for
the graphene and silicon are indicated. (c) Normalized dI/dV collected at two points along the edge of the GNR and the H:Si(100) substrate. (d)
Normalized tunneling spectroscopy along the dashed line in (c), with lines indicating the positions of the points used to plot the data in (c). (e) Left:
the band structure obtained from both DFT and GW for an infinite GNR with periodic boundary condition (the inset shows the unit cell as
incorporated in the black rectangle). The band energies were shifted so that the Fermi level was located at the midgap position. Right: the projected
density of states (PDOS) for an isolated six-unit cell GNR (atomic structure shown in inset, cyan atoms for C, and red atoms for H) computed using
DFT. Four states VB-1, VB, CB, and CB+1 are marked at the corresponding peaks; the window is set to be 0.1 eV to be consistent with the
resolution of room temperature STM experiments. (f) DFT-simulated normalized LDOS maps of the VB-1,VB, CB, and CB+1 states at 4 Å above
the GNR plane; the color range of [0.1, 0.9] is used to show features more clearly. (g) Normalized dI/dV maps at energies corresponding to the
bands indicated in (d).
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exciton binding energy. The quasi-particle bandgap determined
with angle-resolved ultraviolet photoemission (ARUPS) studies
of chevron GNRs on Au(788) is 3.1 ± 0.4 eV,28 and high-
resolution energy electron loss spectroscopy (HREELS)
estimates a 2.8 ± 0.3 eV bandgap,8 in close agreement with
the theoretical GW predictions. STS data for pristine chevron
GNRs on Au(111) are presented in two recent studies and
similar bandgaps of 2.0 eV were reported.6,27 Studying the
bandgap of solution-synthesized GNRs on H:Si(100) is
important to confirm their electronic properties and in
understanding how GNR-H:Si(100) interactions modify the
bandgap.
STM spectroscopy of GNRs is sometimes limited to point

spectroscopy14 and tunneling conductance (dI/dV) maps2,6

which may not fully capture the electronic landscape of GNRs.
In our work current imaging tunneling spectroscopy (CITS)
was used to collect I−V spectra over 50 × 50 points to examine
a GNR and the surrounding substrate at 512 sample biases
between −2 and +3 V. Bandgap determination of atomically
thin GNRs requires careful analysis because STS simulta-
neously probes both the GNR and the substrate. For GNRs on
Au(111), a broadened surface state prevents the observation of
the edge state of atomically precise zigzag GNRs.4,29 In this
work, the STS measurements of chevron GNRs on H:Si(100)
also show a significant substrate contribution.
Figure 2a shows normalized conductance plots for three of

the points collected with CITS, corresponding to the GNR
center, GNR edge, and the H:Si(100) surface. Spectroscopy
measured at the GNR center shows additional features
resembling the peaks observed over the silicon substrate,
indicating that the surface is contributing to the STS
measurement (see Figure S10). Remarkably, the silicon surface
electronic structure is less pronounced at the GNR edge. A
normalized conductance spectra map shown in Figure 2b shows
how the density of states varies along the width of the GNR.
The dashed vertical lines indicate the positions of the points
plotted in Figure 2a. The normalized conductance at the center
of the GNR shows contributions from the silicon valence band
(VB) and conduction band (CB), shifted from their original
positions due to interactions with the GNR. At higher energies
tunneling conductance peaks appear due to the GNR
conduction and valence band states. To more clearly depict
the GNR states, spectroscopy collected along the edge of the
GNR is shown (Figure 2c,d).
The normalized tunneling conductance spectral traces shown

in Figure 2c and the corresponding spectra map shown in
Figure 2d highlight states at −1.47, −1.17, 2.0, and 2.27 V,
which are identified as the GNR VB-1, VB, CB, and CB+1
states. To ensure that the GNR states are identified correctly,
first-principles simulations were used to simulate an infinite
GNR with periodic boundary conditions and an isolated GNR
comprising six unit cells (all edges terminated with hydrogen
atoms) with a length comparable to that of the GNR
experimentally examined. Figure 2f shows simulated normalized
LDOS maps produced by selecting peaks in the DFT-calculated
projected density of states (PDOS) indicated in Figure 2e and
mapping them onto spatial coordinates for the six-unit-cell
GNR. The LDOS contours are shown at a constant height of 4
Å above the graphene plane. We estimate the distance between
the tip and graphene sample plane is 4 Å. Tip−sample
separation has previously been shown to have a significant
effect on dI/dV imaging because of the three-dimensional
distribution of the GNR LDOS.7 (Additional LDOS maps at

varying heights above the graphene plane and the full LDOS
maps are provided in Figure S6.)
As shown in Figure 2e, the bandgap predicted with DFT for

both infinite and six-unit-cell GNRs is about 1.6 eV. The more
accurate GW approximation was only applied for the infinite
GNR, and the band structure in Figure 2e shows a quasi-
particle band gap of 3.56 eV, which is consistent with previous
studies.22,23 It also reveals that the band orders and band shapes
within quasi-particle band structures are in agreement with
those from Kohn−Sham band structures, confirming the fact
that DFT could accurately capture this information for
graphene nanostructures;4 hence, the LDOS obtained from
DFT are reasonable. The simulated LDOS for the six-unit-cell
GNR is compared to experimental normalized dI/dV maps in
Figure 2g. Because of the huge computational cost, the silicon
substrate was not included for the six-unit-cell GNR. (Figures
S7 and S8 show additional LDOS maps including the substrate
for an infinite GNR.)
The simulated GNR VB-1 and VB states show good

agreement with the normalized dI/dV maps. The valence
band state at −1.17 V is located at the ends of the GNR, while
the VB-1 state observed at −1.43 V is in the middle of the
GNR. Analogous finite length effects were previously observed
in dI/dV maps of carbon nanowires and straight armchair
nanoribbons on gold.30,31 The simulated conduction band
states also show good agreement with the experimental data,
although the observed states appear in a different order. The
CB state is predicted to have a density of states concentrated
along the edges of the GNR as is observed at +2.27 V, and the
CB+1 state is predicted to be concentrated at the ends of the
GNR. However, a state concentrated at the GNR end is
experimentally seen at +2.0 V. Since the state at +2.0 V appears
first, it is assigned as the GNR CB and the state at +2.27 V is
the GNR CB+1 state. The alignment between the substrate
lattice and the GNR may cause energetic shifts in the states as
previously observed for carbon nanotubes on InAs.32

The increased charge density at the GNR edges agrees with
previous STM studies of straight atomically precise graphene
nanoribbons and GNR heterojunctions on Au(111) where an
increased LDOS at the edges was measured.2,14,7,33 The
enhanced LDOS is not due to an edge state but is instead an
extended state with a three-dimensional shape that has a
relatively higher value of LDOS with increased height at the
outer edges of the GNR.7 Localized edge states are seen for 4
nm wide GNRs with disordered edges,34 unzipped carbon
nanotubes,35 and zigzag GNRs.4An enhanced DOS is also seen
at armchair edges of graphene sheets due to the interference of
backscattering electrons.36

The bandgap is determined to be 2.80 eV by choosing the
span between the CB and VB onsets, as was done for the STS
measurement of chevron GNRs on Au(111).27 Chevron GNRs
on Au(111) were shown to have a bandgap of about 2.0 eV6,27

with STS, 2.8 ± 0.03 eV with HREELS,28 and 3.1 ± 0.4 eV with
ARUPS.28 Here we provide an experimental measurement of
chevron GNRs on H:Si(100) and find a 2.8 eV bandgap. The
2.8 eV bandgap measured here approaches the expected 3.6 eV
intrinsic GNR bandgap predicted using the GW approxima-
tion.23 Theoretical modeling has previously shown that the
bandgap of a graphene nanoribbon on silicon is expected to be
larger than the bandgap of a graphene nanoribbon on gold due
to a decreased screening interaction.37 To confirm the
reproducibility of the bandgap measurement, line spectra
collected over 21 graphene nanoribbons are examined. The
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average bandgap is 2.85 eV with a standard deviation of 0.13 eV
(Figure S9).
During dry contact transfer overlapping nanoribbons are also

placed on the surface allowing the study of multilayer GNRs,
which have not been previously examined. While the multilayer
GNR cross-junctions that were investigated in this work
accidentally formed on a surface during the transfer process, the
demonstrated possibility of moving GNRs on H:Si(100) with
an STM tip (Figure S4) suggests that such and other complex
GNR structures may also be formed intentionally via STM
nanomanipulation. Graphene nanoribbon junctions are ex-
pected to play an important role in creating novel electronic
devices, as has been predicted for in-plane graphene nanowiggle
junctions.38 Figure 3a shows several nanoribbons on the

H:Si(100) surface. Two GNRs greater than 20 nm in length are
about 15 nm apart, with a third GNR spanning them to form a
junction, labeled J. To the right of the junction, there is a short
single layer GNR segment that may have torn off during the
DCT process.
Figure 3b shows the height profile along the solid line in

Figure 3a. The single layer GNR in the center of the image is
2.9 Å taller than the silicon terrace it sits on, and the short
single layer segment on the right is about 3.5 Å taller than the
nearby silicon. The junction (J) has an apparent height of 6.4 Å,
which is 3.5 Å taller than the GNR beneath it, which is
consistent with the expected apparent height of a two-layer
GNR junction.
Figure 3c shows a normalized spectra map calculated

numerically from the I−V spectroscopy data. The bandgap at

the junctionis 2.6 eV. The bandgap over the GNR is estimated
as 2.6 eV for the GNR on the left terrace and 2.8 eV for the
GNR on the right terrace. The valence band for both single
layer GNRs examined is at −1.4 eV; however, the conduction
band shifts to a position 0.2 eV lower on the left terrace.
Multilayer armchair GNRs are expected to have decreasing
bandgaps with increasing layer number.39 Figure 3d shows the
PDOS for a two-layer GNR junction calculated by DFT. The
overlapping segment has a bandgap slightly smaller than the
sections of single layer GNR. The experimental measurement
does not show a significant bandgap shift, which is expected
given that computational modeling predicts a small bandgap
shift.
Previous work on graphene nanoflakes revealed that

hydrogen depassivation of a supporting H:Si(100) substrate
causes graphene to take on a metallic character due to charge
transfer and Si−C bond formation.40

Figure 4a shows an STM topograph of a GNR on passivated
silicon before hydrogen depassivation. Silicon underneath part
of the nanoribbon was depassivated by holding the sample bias
at 8 V while moving the tip along the path indicated by the
white arrow in Figure 4b at 100 Å/s and maintaining a
tunneling current of 0.1 nA. The increased height of the
depassivated silicon indicates hydrogen removal and the
presence of silicon dangling bonds. (The local density of states
of the silicon dangling bonds protrudes farther away the surface
than the local density of states corresponding to the hydrogen
terminated surface.41) The apparent height and width of the
nanoribbon are reduced after nanolithography as seen in Figure
4b and the height profile in Figure 4f. The 1.5 Å height
decrease of the GNR after depassivation indicates an increased
coupling to the Si(100) surface. The width decrease reflects a
change in the electronic structure of the nanoribbon.
Spectra were collected along the white dashed lines indicated

in Figures 4a and 4c. As shown in the normalized dI/dV maps
presented in Figures 4d and 4e, the GNR bandgap is 2.9 eV
before depassivation. The metallic behavior seen after
depassivation is attributed to Si−C bonding that modifies the
GNR electronic structure.40 While individual Si(100) dangling
bonds are metallic, multiple neighboring dangling bonds are
semiconducting, indicating that the GNR and not the Si(100)
causes the observed metallic behavior.42 To explain the
electronic changes of the GNR on Si(100) after hydrogen
depassivation, we performed DFT simulations to examine the
geometry and charge distribution of a GNR on a Si(100)
surface before and after hydrogen depassivation. We also show
the PDOS of the GNR in Figure 4g. After hydrogen
depassivation, the PDOS of the GNR shows finite states at
the Fermi level, and there is no longer a bandgap. The dangling
bonds at the silicon surface interact with the pz orbitals of the
GNR to form covalent bonds modifying the electronic structure
of the GNR and leading to metallic behavior. Figures 4h and 4i
show the geometry and normalized charge distribution of the
GNR on H:Si(100) and Si(100). Before hydrogen depassiva-
tion the GNR is flat above the substrate, and there is no charge
density overlap between graphene and H:Si(100). However,
after hydrogen depassivation, we see both the geometry and
charge distribution change. The surface Si atoms move outward
while the GNR above is distorted, and some of the C atoms
move inward to the Si surface. The corresponding charge
density is strongly localized, and there is some overlap between
the GNR and silicon charge densities.

Figure 3. Scanning tunneling spectroscopy (STS) of nanoribbon
junctions. (a) STM topograph showing several overlapping graphene
nanoribbons. Sample bias: −2 V; tunneling current: 10 pA. Scale bar
length is 20 nm. (b) Height profile along solid line in (a). The height
of the GNR relative to the surrounding H:Si(100) is 2.9−3.5 Å. The
junction appears to be 3−3.5 Å taller than the single layer GNRs. (c)
Spectra map taken along the solid line indicated in (a). The regions are
labeled Si-H:Si(100) substrate; GNR = graphene nanoribbon, J = the
graphene nanoribbon junction. (d) DFT-calculated PDOS for
overlapping GNR (top layer) and single-layer GNR, whose atomic
structure is shown in the inset. The atoms in the single layer part are
colored blue while those in the overlapping region are colored pink.
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Discussion. Dry contact transfer enables high-resolution
STM imaging and spectroscopy of solution-synthesized atomi-
cally precise chevron nanoribbons on technologically relevant
substrates such as the H:Si(100)2 × 1 surface. This method
overcomes challenges associated with solvent residue and is
very promising for studies of other atomically precise solution-
synthesized nanomaterials. The nanoribbons are thin enough
that tunneling to the substrate plays a significant role in STS
measurements and must be carefully considered to determine
the bandgap of GNRs. Through the use of normalized dI/dV
images and LDOS simulations, the bandgap of chevron GNRs
on H:Si(100) is determined to be 2.85 eV. The ability to
cleanly place atomically precise GNRs onto H:Si(100) is
unprecedented and is expected to have an enormous impact on
GNR device prototyping.
Methods. Synthesis of GNRs. Atomically precise chevron

GNRs were made in solution by Yamamoto coupling of
presynthesized 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene

(C42Br2H26) followed by oxidative cyclo-dehydrogenation of
the resulting polymer via the Scholl reaction. The synthesis
results in a black solid that is filtered and washed to obtain a
graphene nanoribbon powder. The synthetic details and
materials characterization of solution-synthesized chevron
GNRs can be found in our previous works.15,16

Substrate Preparation and STM Experiments. STM
imaging was performed with a home-built Lyding style
STM43 operating under ultrahigh vacuum (base pressure 3 ×
10−11 Torr). Imaging is performed under constant current
mode at room temperature (sample bias −2 V, tunneling
current 10 pA). H:Si(100) is prepared by degassing a Si(100)
substrate at 600 °C for 8−16 h, flashing at 1200 °C for 5−30 s
several times, and holding the sample at 377 °C during
exposure to 1200 langmuirs of atomic hydrogen. The silicon
wafers used are Sb-doped Montco n-Si(100) (sheet resistance
5−20 mΩ·cm) and B-doped Montco p-Si(100) (sheet
resistance 0.01−0.02 Ω·cm). Iridium-coated field-directed

Figure 4. Hydrogen depassivation underneath graphene. (a) STM image of a GNR on H:Si(100). (b) Nanoribbon after hydrogen depassivation
lithography. The tip was moved along indicated arrow with a sample bias of +8 V, tunneling current 0.1 nA, and a tip speed of 100 Å/s. The
depassivated region appears taller than the surrounding H:Si(100) due to the increased spatial extent of the Si dangling bonds. (c) STM image
collected along with STS over the dashed line. Images collected at −2 V 10 pA. All scale bars are 10 nm (d, e) Normalized dI/dV maps
corresponding to the spectroscopy collected in (a, c). (f) Height profiles along dashed lines in (a) and (c) to show height changes along GNR after
depassivation. (g) Simulated PDOS for GNR on H:Si(100) and Si(100). (h, i) Atomic structures and normalized charge density contour plots for
GNR on H:Si(100) and Si(100) shown to visualize the interactions between GNR and the substrate. The cyan, red, and yellow atoms are for C, H,
and Si, respectively.
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sputter sharpened tungsten probes from TipTek, and etched
platinum−iridium tips were used for STS and STM imaging
experiments. Images were also collected with etched tungsten
probes. The DCT applicator is prepared by fraying a piece of
fiberglass and coating it with GNR powder. The applicator is
transferred into UHV and degassed at elevated temperatures
overnight. Nanoribbons are exfoliated onto the silicon surface
by pressing the fiberglass applicator against the sample.
Scanning tunneling spectroscopy (STS) is collected in variable
spacing mode (dS = 2 Å), with an initial set-point tunneling
current of 100 pA. To convert to constant spacing STS data,
the raw data are scaled by an exponential factor to account for
the change in current due to change in tip−sample
separation.44 Hydrogen depassivation lithography is performed
by moving the tip at 100 Å/s while maintaining a sample bias of
8 V and a tunneling current of 0.1 nA.
Computational Modeling. Density functional theory

calculations for a six-unit-cell GNR were performed with
Quantum Espresso package,45 with a supercell arranged to
separate GNR and its images. Norm-conserving pseudopoten-
tials with the Perdew−Burke−Ernzerhof (PBE) exchange-
correlation functional46 were employed, with a plane-wave
energy cutoff of 100 Ry. A Monkhorst−Pack grid of 1 × 1 × 1
was used for structural relaxations and 2 × 2 × 1 for electronic
property calculations. The structures were relaxed until the
maximum residual force was smaller than 0.05 eV/Å. For the
systems of GNR on hydrogen passivated and depassivated
silicon surface, due to the lattice mismatch, a GNR supercell of
two unit cells was placed upon the substrate with five layers of
silicon atoms. Tensile and compressive strain were applied to
the GNR and silicon substrate, respectively, whose magnitudes
were all less than 1% to ensure the electronic properties of the
systems were not altered too much. The Grimme-D2 van der
Waals corrections47 were used to describe the interaction
between the GNR and the substrate. The structures were also
relaxed with a Monkhorst−Pack grid of 1 × 1 × 1 until the
maximum residual force was smaller than 0.05 eV/Å. Then the
PDOS and charge distribution were calculated with a
Monkhorst−Pack grid of 2 × 1 × 1. The visualization of
geometries and LDOS was performed with XCrysDen.48

The DFT and GW band structures for an infinite GNR with
periodic boundary condition were calculated using the VASP
package49,50 within the Perdew−Burke−Ernzerhof (PBE)
exchange-correlation functional.46 The projector augmented
wave (PAW) pseudopotentials with a 400 eV energy cutoff
were used. The Gamma-point-centered k-point of 4 × 1 × 1
was applied for structural relaxation and band structure
calculations. The structure was relaxed until the maximum
residual force was less than 0.01 eV/Å. Starting from DFT
ground state, quasi-particle energies were calculated using the
single-shot G0W0 approximation51 implemented in VASP.
Concerning the memory requirement and computational time,
the key parameters of NBANDS = 512, ENCUT = 400,
ENCUTGW = 80, and NOMEGA = 36 were used to conduct
the GW simulation. These parameter settings were similar to
those listed in a previous study.52
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