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ABSTRACT 
Graphene nanoribbons (GNRs) attract a growing interest due to their tunable physical properties and promise for device applications. 
A variety of atomically precise GNRs have recently been synthesized by on-surface and solution approaches. While on-surface GNRs 
can be conveniently visualized by scanning tunneling microscopy (STM), and their electronic structure can be probed by scanning 
tunneling spectroscopy (STS), such characterization remains a great challenge for the solution-synthesized GNRs. Here, we 
report solution synthesis and detailed STM/STS characterization of atomically precise GNRs with a meandering shape that are 
structurally related to chevron GNRs but have a reduced energy band gap. The ribbons were synthesized by Ni0-mediated Yamamoto 
polymerization of specially designed molecular precursors using triflates as the leaving groups and oxidative cyclodehydrogenation 
of the resulting polymers using Scholl reaction. The ribbons were deposited onto III-V semiconducting InAs(110) substrates by a 
dry contact transfer technique. High-resolution STM/STS characterization not only confirmed the GNR geometry, but also revealed 
details of electronic structure including energy states, electronic band gap, as well as the spatial distribution of the local density of 
states. The experimental STS band gap of GNRs is about 2 eV, which is very close to 2.35 eV predicted by the density functional 
theory simulations with GW correction, indicating a weak screening effect of InAs(110) substrate. Furthermore, several aspects of 
GNR-InAs(110) substrate interactions were also probed and analyzed, including GNR tunable transparency, alignment to the 
substrate, and manipulations of GNR position by the STM tip. The weak interaction between the GNRs and the InAs(110) surface 
makes InAs(110) an ideal substrate for investigating the intrinsic properties of GNRs. Because of the reduced energy band gap of 
these ribbons, the GNR thin films exhibit appreciably high electrical conductivity and on/off ratios of about 10 in field-effect transistor 
measurements, suggesting their promise for device applications. 
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1 Introduction 
Because of their tunable energy band gap, graphene nanoribbons 
(GNRs) are often viewed as promising materials for electronic 
applications [1–3]. Large quantities of GNRs with different 
structures can be produced by solution methods that involve 
Yamamoto [4–7], Suzuki-Miyaura [8–13] or Diels-Alder 
[14–17] polymerizations of specially designed monomers and 
planarization of the resulting polymers. However, although a 
considerable number of solution-synthesized GNRs have been 
reported over the last decade [18, 19], not many of them were 
electrically characterized or translated into electronic devices [7, 
12, 20–23]. Several approaches were demonstrated for processing 
nanoscopic GNRs into macroscopically large structures, such  

as films or fibrils, that are suitable for device fabrication and 
electrical measurements [20, 22, 24, 25]. However, a fundamental 
issue for the implementation of GNRs into electronic devices 
remains that many solution-synthesized nanoribbons intrinsically 
have large energy band gaps and thus are not expected to 
exhibit high conductivities and charge carrier mobilities. 

This issue can be illustrated by the properties of chevron GNR, 
which was first synthesized by the on-surface polymerization 
of 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene on Au(111) 
followed by the thermally induced cyclodehydrogenation [26]. 
The same monomer can be used to produce chevron GNRs in 
solution [5, 27], and the resulting ribbons can be self-assembled 
into uniform thin films for electrical measurements [22]. 
However, such films show very low electrical conductivities  
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due to the large energy band gap of the chevron GNR of about 
3.7 eV, as predicted by first-principles calculations based on the 
GW approximation [7, 28–30]. When we previously designed 
laterally extended chevron GNRs [31], for which the GW 
simulations predicted a reduced band gap of 3.38 eV, these 
ribbons exhibited improved electrical conductivities in the form 
of self-assembled films compared to the original chevron GNRs 
[7]. Recently, Huang et al. reported another nanoribbon that has 
structural similarities with chevron GNR [6, 32, 33], see Fig. 1(a). 
This new ribbon also has a meandering structure and exactly 
the same width of about 1.7 nm as chevron GNR, if measured 
across the longitudinal axis of a nanoribbon (Scheme S2 in the 
Electronic Supplementary Material (ESM)), but less developed 
concave regions along the edges. Remarkably, these GNRs can 
be translated into thin-film field-effect transistors (FETs) with 
charge carrier mobilities of about 0.3 cm2·V−1·s−1 [6], which are 
higher than previously observed for structurally related ribbons. 
These promising results warrant theoretical and experimental 
investigations of the band gap of this new GNR, which have 
not been previously reported in literature. 

Figure 1(b) shows the band structures of this GNR calculated 
using density functional theory (DFT) and GW approaches. The 

GW simulations predict a band gap of ΔGW = 2.35 eV, which is 
significantly smaller than the GW band gaps of chevron (3.7 eV) 
and extended chevron GNRs (3.38 eV) [7]. This band gap 
reduction is consistent with the improved device performance 
of these new nanoribbons [6]. This GW band gap is also smaller 
than that of the widely studied N = 7 armchair GNRs [26, 34] 
(ΔGW = 3.7 eV) and comparable to N = 9 (ΔGW = 2.1 eV) and N = 
13 (ΔGW = 2.35 eV) armchair GNRs [2], which were recently 
successfully employed in FETs with high on-currents and on/off 
ratios [35]. The DFT simulations, which are less computationally 
expensive than GW calculations but are known to underestimate 
band gaps of GNRs [2], predict a band gap of about 1 eV  
(Fig. 1(b)), which is also significantly smaller than similarly 
computed band gaps of chevron (1.6 eV) [26], extended chevron 
(1.38 eV) [7] and N=7 armchair GNRs (1.6 eV) [26]. 

For atomically precise GNRs that are directly grown on metal 
surfaces, such as Au(111), band gaps can be experimentally 
determined by scanning tunneling spectroscopy (STS) [34, 
36–38]. It should be noted that the resulting STS band gaps are 
smaller than those predicted by GW simulations due to the 
substrate polarization effect [34]. For example, the experimental 
STS band gaps of chevron GNR (ΔGW = 3.7 eV) on Au(111) 

 
Figure 1 Solution synthesis of GNRs. (a) Scheme of the GNR synthesis. Triflate leaving groups in monomer 1 are highlighted in red. Polymerization:
Ni(COD)2, 2,2’-bipyridine, 1,5-cyclooctadiene, dimethylformamide and toluene, 80 °C, 3 days, 89%. Cyclodehydrogenation: FeCl3, CH3NO2, dichloromethane, 
2 days, 90%. (b) DFT- and GW-calculated band structures of the GNR shown in panel (a). (c) Raman spectra of GNRs recorded using 405, 532, 633 and 
785 nm excitation lasers. The inset shows the dependencies of the D band position and the D/G intensity ratio on the excitation laser wavelength. 
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are 2.4–2.53 eV [38–40]. However, STS characterization of 
solution-synthesized GNRs is more challenging, because the 
ribbons should be first transferred from ambient conditions to 
an ultrahigh vacuum (UHV) chamber of a scanning tunneling 
microscope, and the resulting sample should be free of solvent 
residues and other surface adsorbates. Recently, we demonstrated 
that this could be accomplished using the dry contact transfer 
(DCT) approach [7, 30]. In this method, a powder of solution- 
synthesized GNRs is first annealed in UHV conditions to remove 
residual solvent molecules and other adsorbates, and then, 
while still in a UHV chamber, pressed against a clean substrate 
for scanning tunneling microscopy (STM), which results  
in exfoliation of some ribbons to the substrate’s surface. We 
previously used the DCT approach to deliver chevron and 
extended chevron GNRs to semiconductor substrates, such as 
H:Si(100) and InAs(110), and demonstrated adsorbate-free 
samples that were suitable for STS characterization [7, 30]. 
Importantly, on semiconductor substrates the band gap reduction 
due to the polarization effect should not be as large as on 
metal substrates, such as Au(111), and, for example, the STS 
measurements of chevron GNRs on H:Si(100) yielded a band 
gap of about 2.8 eV [30].  

The primary goal of this study was to perform STM and 
STS characterization of these new chevron-family GNRs  
(Fig. 1(a)) with a reduced energy band gap. Our previous 
STM/STS studies of the solution-synthesized GNRs were 
performed on non-functionalized nanoribbons, as the bulky 
solubilizing groups can obscure imaging of fine structural details 
in GNRs and result in their on-surface self-assembly [6, 10, 15]. 
Therefore, for this study we developed a new synthetic approach 
for the non-functionalized GNRs that is illustrated by Fig. 1(a). 
Unlike other studies that used halogenated aromatic precursors 
for Ni0-mediated polymerization [4–7, 27, 32, 33, 41], we 
employed triflates as the leaving groups. We demonstrate that 
this approach yields high-quality nanoribbons and can likely be 
applied to the synthesis of other GNRs. The non-functionalized 
GNRs were deposited on InAs(110) substrate by the DCT 
approach and characterized by high-resolution STM/STS that 
confirmed the high structural quality of nanoribbons and 
revealed details of their electronic structure including energy 
states, electronic band gap and the spatial distribution of the 
local density of states. The experimental STS band gap of GNRs 
was found to be about 2 eV, which is very close to 2.35 eV 
predicted by the DFT simulations with GW correction, indicating 
a weak screening effect of InAs(110) substrate. Because of the 
reduced energy band gap of these ribbons, the GNR thin films 
exhibit appreciably high electrical conductivity and on/off ratios 
of about 10 in field-effect transistor measurements, suggesting 
their promise for device applications. 

2 Results and discussion 
The detailed description of the synthetic procedures for molecular 
precursor 1, polymer P1 and the final GNR is provided in the 
ESM along with the nuclear magnetic resonance (NMR), 
Fourier-transform infrared spectroscopy (FTIR) and matrix- 
assisted laser desorption/ionization (MALDI) mass spectrometry 
data. According to the results of size-exclusion chromatography 
measured with polystyrene standard, the weight average mole-
cular weight of P1 was ~ 36 kDa (see Fig. S4 in the ESM), 
corresponding to ~ 50 monomer units. According to this result, 
the length of these GNRs was comparable to that of laterally 
extended chevron GNRs, which were synthesized by the Ni0- 
mediated Yamamoto coupling using precursor molecules 
containing bromine rather than triflate leaving groups [7]. 

Raman spectroscopy is one of the standard techniques for 
characterization of GNRs. Raman spectra of GNRs depend on 
the energy of the excitation laser. For example, Raman spectra 
with sharp and well-resolved peaks could be recorded for N = 7 
armchair GNRs [26], chevron [5] and laterally extended chevron 
GNRs [7] using a green excitaion laser (532 nm, 2.33 eV). As 
discussed above, these GNRs have rather large and comparable 
band gaps (ΔGW = 3.4–3.7 eV; STS band gaps ~ 2.4–2.8 eV). On 
the contrary, for the GNRs with smaller band gaps, such as  
N = 9 armchair GNR (ΔGW = 2.1 eV; STS band gap ~ 1.4 eV), 
it is useful to also employ an infrared excitation laser (785 nm, 
1.58 eV), which could resonantly excite the important radial- 
breathing-like mode (RBLM) [37]. The RBLM is not observed 
in Raman spectra of N = 9 armchair GNRs recorded with a 
green excitation laser [37]. 

As discussed in the Introduction, based on the results of 
GW calculations (Fig. 1(b)), the GNRs synthesized in this study 
have a comparable band gap to N = 9 armchair GNRs. Therefore, 
it could be expected that similar to the previous study [37], the 
785 nm rather than 532 nm laser should resonantly excite the 
RBLM in these GNRs. Figure 1(c) shows Raman spectra of the 
GNRs synthesized in this study, which were recorded using 
four different excitation lasers: blue (405 nm, 3.06 eV), green 
(532 nm, 2.33 eV), red (633 nm, 1.96 eV) and infrared (785 nm, 
1.58 eV). Indeed, the 785 nm infrared laser excites a low- 
wavenumber Raman mode at 198 cm−1, which is barely visible 
in the spectrum recorded using the red laser and not observed 
in the spectra recorded using green and blue lasers.  

Interestingly, while low-energy lasers enable low-wavenumber 
features in the Raman spectra of GNRs, high-wavenumber 
features are better seen in the spectra recorded using excitation 
lasers of higher energy. Figure 1(c) shows that the peaks at about 
2,630, 2,920 and 3,200 cm−1, which correspond to 2D, D+D' and 
2D' modes, respectively, are not observed in the Raman spectrum 
recorded with the infrared laser and become more visible  
with the increase in the excitation laser energy. The effect of 
the laser energy on the Raman spectra of GNRs can also be 
illustrated by the D/G intensity ratio. The G band at 1,595 cm−1 
has higher energy than the D band at around 1,320 cm−1, so 
the higher the energy of the excitation laser, the more intense 
the G band is relative to the D band. The dependence of the 
D/G intensity ratio on the excitation laser energy is shown in 
the inset in Fig. 1(c). Interestingly, while the spectral position 
of the G band does not depend on the laser energy, the D band 
exhibits such dependence, which is also shown in the inset in 
Fig. 1(c). Overall, since none of the lasers that we used efficiently 
excited both high- and low-energy vibrations of this GNR  
(Fig. 1(c)), these results demonstrate that it could be useful to 
employ several excitation lasers for Raman spectroscopy of 
graphene nanoribbons to reveal their spectroscopic features in 
a broad wavenumber range. 

For the visualization of these GNRs by STM we used the 
DCT procedure [7, 30], which is illustrated by Fig. 2(a). A 
GNR powder was coated onto a fiberglass applicator and then 
brought into the chamber of a homebuilt STM system and 
annealed under UHV to remove residual solvent molecules 
and other adsorbates. Then, the applicator was pressed against 
a freshly cleaved InAs(110) substrate, and some of the ribbons 
were exfoliated from the GNR powder to the substrate’s 
surface (Fig. 2(a)). For this study, we chose to use InAs(110) 
substrates for several reasons. InAs(110) is a well-known III-V 
semiconducting substrate, which has been studied both 
theoretically and experimentally [42, 43]. Its surface structure 
and electronic structure have been thoroughly investigated by 
STM and STS [44]. The electronic band gap of InAs(110) is 
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about 0.36 eV, which is much smaller than the predicted band 
gap of the GNRs synthesized in this work (Fig. 1(b)). The large 
difference in the band gaps of InAs(110) and nanoribbons 
facilitated the locating of the GNR band edges in the STS 
measurements. Unlike the InAs(111) surface, InAs(110) is 
non-polar, thus no significant charge transfer was expected 
[42, 45]. Theoretical work further predicts that only van der 
Waals forces are present between GNRs and the InAs(110) 
surface [46], so the interactions between the two are expected 
to be weak. At the same time, we were also confident that these 
weak interactions are still sufficiently strong to hold the GNRs 
in place for STM/STS characterization, as we found in our 
previous experiments on graphene nanoflakes [47] and carbon 
nanotubes [48] deposited on InAs(110).  

Figure 2(b) is a filled-states STM topographic image taken 
at room temperature showing a GNR on the InAs(110) surface 
after DCT; the left end of this ribbon appears to overlap with 
another GNR that is likely three monomer units long. A small 
amount of debris from the DCT applicator was also deposited 
onto the surface but did not affect the characterization of the 
GNRs. The STM topograph shows the ribbon laying flat on the 
InAs(110) surface, which clearly exhibits arsenate dimer rows 

spaced by 0.6 nm. The measured apparent height of the GNR 
is 0.3 nm (Fig. 2(c)), which is comparable to the previously 
reported values for graphene nanoflakes on InAs(110) [47] 
and chevron GNRs on hydrogen-passivated silicon, H:Si(100) 
[30]. Since the spacing between graphene layers in graphite is 
0.34 nm, the 0.3 nm here indicates a possibly weak van der 
Waals interaction. The width of the GNR was measured to be 
1.58 nm and the periodicity of the protrusions at the ribbon’s 
edge is 1.34 nm (Fig. 2(c)); both values are very close to    
the expected geometrical parameters of this GNR (Fig. 1(a)). 
The high-resolution STM topographic images along with the 
dimensional profiles extracted from them confirm the expected 
geometry of the GNR. 

While scanning in a constant-current mode with different 
parameters, we noticed that the GNRs showed different 
topographic appearances. This could be seen in the STM image 
shown in Fig. S5 in the ESM, which was obtained using a higher 
current. The image shows either a kinked GNR or touching 
termini of two GNRs and reveals the intra-ribbon structure. 
The paired protrusions shown on the GNRs’ edges correspond 
to the two extra benzene rings at each elbow (Fig. 1(a)). The 
intra-ribbon structure represents not the graphene lattice but 

 
Figure 2 STM imaging of GNRs. (a) General scheme of DCT of GNRs on a STM substrate. (b) STM topographic image of a GNR on InAs(110) that 
was imaged with a sample bias of −2 V and tunneling current of 10 pA. (c) Height profiles measured across the GNR from panel (b) and along its edge. 
The positions of the height profiles are indicated in panel (b) by the dashed lines. (d) STM image of a GNR on InAs(110) scanned at a bias of −1.5 V and a 
tunneling current of 10 pA. (e)–(h) Fragments of the same GNR as in panel (d) scanned with the following parameters: (e) V = −1.5 V, I = 10 pA; (f) V = 
−1.5 V, I = 50 pA; (g) V = −2.0 V, I = 10 pA; (h) V = −2.0 V, I = 200 pA. Each STM image is complemented by the corresponding DFT-simulated LDOS 
map. In panels (e) and (f), the increase in the current (decrease in tip-ribbon distance) results in the disappearance of the GNR edge feature. The
corresponding DFT-simulated LDOS maps for State 3 at the heights of 3 and 1 Å above the GNR show the same change in the topographic appearance of a 
ribbon. Likewise, in panels (g) and (h), the edge feature is better seen at a low tunneling current. The corresponding DFT-simulated LDOS maps for a 
mixture of States 1, 2 and 3 at the heights of 4 and 2 Å above the GNR predict a similar topographic change. (i) STM images of a fragment of the same 
ribbon taken at a constant bias of −1.5 V but with increasing current showing the tunable transparency of the GNR. The scans are 6 nm × 5 nm. 
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the distribution of the local density of states (LDOS), which 
will be discussed in detail next. Figure 2(d) shows STM image 
of another GNR, a fragment of which was visualized using 
different imaging parameters (Figs. 2(e)–2(h)). By keeping the 
voltage constant but varying the tunneling current, we found a 
general trend as follows: as shown in Figs. 2(e), 2(f) and 2(g), 
and 2(h), when scanning with a lower current, that is, when 
the tip is further away from the GNR surface, the features at 
the GNR’s edge appear brighter, clearer, and dominate over the 
features in the center. On the contrary, with a higher current, 
that is when scanning at a closer tip-GNR distance, the edge 
features start to disappear and those at the center start to 
emerge with clarity (Figs. 2(f) and 2(h)). The tunneling current 
depends on both the geometric structure and the electronic 
LDOS [49]. Since the geometry is invariant, the only thing that 
can change is the intensity of the LDOS at different heights 
above the ribbon. In other words, the spatial LDOS not only 
distributes inside the planar GNR, but also extends outward in 
the out-of-plane direction. This distribution in the z-direction 
can be treated as the energy states’ decay length. For this GNR 
specifically, even though the states with different energies have 
different three-dimensional orbital shapes, the general trend is 
that the intensity of the LDOS of the edge states is weaker near 
the GNR surface, and decays slowly when further away from 
the surface; whereas the LDOS of the center states is stronger 
near the GNR surface, and decays fast outwards. Previous 
simulations on chevron GNRs also mentioned such changes in 
LDOS with different tip-sample distances [30], but no supporting 
experimental data were provided. Here we present STM images 
that capture such differences in the states’ decay lengths. We 
also did DFT modeling of the LDOS maps at various heights 
above the GNR without the inclusion of the substrate (complete 
LDOS maps are shown in Fig. S6 in the ESM). After carefully 
determining the energy states by STS, we assigned the 
corresponding simulated LDOS maps for each case of Figs. 2(e)– 
2(h). These simulations are in very good agreement with the 
experimental results. 

Previous simulation studies of GNRs on InAs(110) indicate 
that GNRs could show the tunable transparency effect [46], 
which was previously demonstrated for graphene nanoflakes 
on InAs [47]. Similarly, we found that GNRs on InAs(110) 
could be either transparent to the substrate’s arsenate dimer 
rows or conceal them. With 52 images of GNRs on InAs(110) 
taken with different scanning parameters, we grouped them 
into three categories: (1) GNRs that are transparent to the 
substrate; (2) GNRs that are non-transparent with intra-ribbon 
resolution; and (3) GNRs that are non-transparent with no 
intra-ribbon resolution. Height statistics over these 52 images 
show that the average height for the 6 transparent GNRs is 
0.21 nm, whereas for the 46 non-transparent ribbons with 
and without intra-ribbon lattice the average heights are 0.23 
and 0.27 nm, respectively. The smaller apparent height for the 
transparent ribbons agrees with the results previously reported 
for graphene nanoflakes [47], indicating that GNRs were pushed 
towards the substrate and states from the substrate started   
to dominate the tunneling current and were “picked” up by the 
tip. This effect is illustrated by Fig. 2(i), which shows that the 
same GNR changes from non-transparent to transparent with 
increasing tunneling current. When scanned at −1.5 V and   
8 pA, this GNR was non-transparent with an apparent height of 
0.36 nm. When the current was changed to 10 pA, the tip moved 
closer to the surface and the GNR became partially transparent 
with the As dimer rows becoming visible and the ribbon’s 
apparent height decreasing to 0.18 nm. With further current 
increase to 80 pA, the GNR appeared pushed to the substrate, 

becoming completely transparent with an apparent height  
of only 0.12 nm. This transition from non-transparent to 
transparent with increasing current indicates that the InAs 
surface state decay length is shorter than that of GNRs, so the 
charge from the InAs dominates only at smaller distances. This 
makes InAs different from metal surfaces with larger state 
decay lengths, such as Cu(111) and Au(111). Away from the 
surface with a properly chosen tip-sample distance, the coupling 
between the InAs state and the GNR state is so weak that only 
the GNR state is probed by STM. 

To determine the electronic structure of the GNR, we 
performed STS measurements. Figure 3(a) shows three 
normalized conductance (dI/dV) point spectra taken at the 
GNR edge (red curve), center (green curve) and on the InAs(110) 
substrate (blue curve), respectively. The spectrum on the InAs 
shows a band gap of 0.35 eV, which ensures the accuracy of 
the collected data. The point spectrum taken at the GNR edge 
shows six distinct peaks at −2.1, −1.8, −1.1, 0.9, 1.3 and 1.9 V, 
respectively, which we assign as States 1 through 6. For the 
spectrum taken at the center of the GNR, however, we see only 
five states, with a missing State 2. This indicates that State 2 is 
not located at the center of the GNR. Indeed, DFT simulations 
of State 2 (Fig. S6 in the ESM) confirmed that regardless of  
the distance from the GNR, State 2 has low LDOS at the center. 
The normalized dI/dV spectra map across the GNR is shown 
in Fig. 3(b) with three individual spectra marked by three 
dashed lines. Band edges for the GNRs and the substrate, as 
well as variations of the energy states are shown, e.g. State 2 
disappears at the center of the GNR. The substrate conduction 
and valence band states also contribute to a small extent inside 
the GNR gap, but their intensities are rather weak. In order 
to verify the accuracy of the identified energy states, a DFT- 
simulated energy spectrum of an isolated GNR is shown in  
Fig. 3(c). Although DFT often underestimates GNR band gaps 
[34], other information including the energy states splitting, 
the spatial DOS mapping and the orbital shapes can be rather 
accurate [29]. The simulated energy splittings between State 1 
and 2, 2 and 3, 4 and 5, 5 and 6 are 0.42, 0.65, 0.45, and 0.50 eV, 
respectively, which are consistent with the experimental STS 
data. 

The peak-to-peak distance between States 3 and 4 in the 
normalized conductance spectrum (red and green curves in 
Fig. 3(a)) gives a band gap of about 2 eV for this GNR. To 
justify the consistency of the measured band gap, STS data 
were collected over 30 GNRs on InAs(110), and the averaged 
band gap was 2.03 eV. This value is very close to the GW band 
gap of 2.35 eV (Fig. 1(b)), which is only 0.35 eV larger than the 
experimentally determined value. Previous studies of chevron 
GNRs showed much larger differences between the theoretical 
GW and experimental STS band gaps due to screening effects 
from the substrates: ΔGW – ΔSTS ≈ 0.9 eV, when ribbons were 
measured on H:Si(100) [30], and ΔGW – ΔSTS ≈ 1.2 eV, when 
ribbons were measured on Au(111) [38–40]. Thus, compared to 
H:Si(100) and Au(111) substrates, surface states in InAs(110) 
seem to interfere less with the GNR band edge states, indicating 
a weaker substrate screening effect. 

Following exfoliation onto the surface, we found the  
GNRs to be laying on the substrate with random orientations. 
Previously reported work for carbon nanotubes exfoliated onto 
InAs showed that the nanotubes have a preferential alignment 
to the InAs substrate due to formation of a weak chemical 
bond between the nanotube and substrate, and a change in 
nanotube electronic property was associated with changing 
substrate alignment [48]. We counted a total of 164 GNRs 
deposited on the surface and measured the angles between the 
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ribbons and the InAs substrate: 0 degrees representing the 
GNR’s longitudinal axis parallel to the As dimer row direction 
and 90 degrees representing the perpendicular case. From the 
histogram shown in Fig. S7 in the ESM, we observed that the 
GNRs were randomly distributed within the 10 subdivided 
intervals from 0 to 90 degrees, with no preferential registry. This 
indicates that no such chemical bond is present between the 
GNR and the InAs substrate. Figures 3(d) and 3(e) show graphs 
of STS data collected over 30 GNRs with different orientations, 
indicating the energies of the highest occupied molecular 
orbital (HOMO, State 3) and the lowest unoccupied molecular 
orbital (LUMO, State 4), band gaps and Fermi levels. The 
band gap for the GNRs with different orientations varies from 
1.9 to 2.1 eV with an average value of 2.03 eV, a standard 
deviation of 0.05 eV. The Fermi level varies from −0.16 to 
0.167 eV with an average value of 0.02 eV, a standard deviation 
of 0.17 eV (Fig. 3(e)). The narrow distributions of the band gap 
and the Fermi level position indicate no apparent change in 
the electronic structure for GNRs with different orientations. 
The slightly larger variation of the Fermi level could be caused 
by defects or contaminants on the surface. The mid-gap Fermi 
level suggests no significant charge transfer between the GNRs 
and the substrate. We also observed no length dependence   
of the GNR electronic structure in STS measurements of 30 
GNRs with lengths ranging from a few nanometers to tens of 
nanometers. 

The weak coupling between GNRs and InAs(110) enables 
nanomanipulation of ribbons using the STM tip. Figure 3(f) 
shows STM images of a GNR before and after the manipulation. 
The ribbon was rotated by about 60° by moving the tip along 
the direction indicated by the yellow arrow. The resolution 

after manipulation deteriorated possibly due to deposition of 
contaminants on the tip. Because of the tip change, it was 
difficult to analyze the change in electronic structure before 
and after manipulation. However, Fig. S8 in the ESM gives  
an example of spectra maps taken before and after GNR 
manipulation with minimal tip change, showing no obvious 
change in the electronic structure after the manipulation. 

The relatively low band gap of these GNRs compared to 
other ribbons from the chevron family [7, 22, 40] makes them 
promising for device measurements. Previously, these GNRs 
were synthesized with poly(ethylene oxide) (PEO) moieties [6] 
and were therefore well dispersible in common organic 
solvents, such as tetrahydrofuran (THF). A THF solution of 
PEO-functionalized GNRs could be drop-cast on a substrate 
with pre-fabricated Ti/Au electrodes, forming a conductive film 
upon THF evaporation that could be employed for electrical 
measurements [6]. The GNRs that we prepared in this study 
primarily for the STM characterization did not bear any 
solubilizing functional groups, so their solubility in common 
organic solvents was very poor [24]. Yet, these ribbons could 
be processed into uniform few-nm-thick films using the recently 
developed interfacial self-assembly approach [22]. In brief, the 
ribbons were first dissolved in chlorosulfonic acid (CSA), which 
is known as a very efficient solvent for graphitic materials 
[50, 51], and then a solution of GNRs in CSA was delivered 
to the surface of deionized (DI) water. Upon the reaction of 
CSA with water, the GNRs self-assembled on the water surface 
forming a densely packed film of π–π stacked nanoribbons  
[7, 22]. The GNR film was then washed by several consecutive 
transfers to the surface of DI water in other beakers and then 
fished out with a Si/SiO2 substrate with pre-patterned gold 

 
Figure 3 Scanning tunneling spectroscopy and nanomanipulation of GNRs on InAs(110). (a) Normalized tunneling conductance taken at the GNR edge
(red), GNR center (green) and the substrate (blue) with six energy states identified. The inset shows a topographic image of the GNR on which the data 
were collected. Scale bar is 1 nm. (b) Normalized tunneling conductance spectra map along the yellow line across the GNR in the inset in panel (a). The 
blue, green, and red dashed lines indicate the positions of the spectra points shown in panel (a). The white dotted line indicates the point where the tip 
transitions from bare InAs(110) substrate to the GNR. (c) The projected density of states (PDOS) for an isolated GNR computed using DFT. Energy States
1 through 6 are marked at their corresponding peaks. (d) and (e) STS data collected over 30 GNRs with different alignments with respect to the InAs(110) 
substrate. Panel (d) shows HOMO and LOMO peaks of the 30 GNRs and panel (e) shows the corresponding band gaps and Fermi levels. The band gaps 
were found by calculating differences between the HOMO and LUMO energies and the Fermi levels were calculated by dividing the sums of HOMO and 
LOMO energies by 2. (f) Before and after images of a GNR manipulated by the STM tip; the yellow arrow indicates the motion of the tip. Scan parameters:
−2 V, 10 pA. 
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electrodes.  
Figure 4(a) shows optical photograph of a typical GNR device 

fabricated in this study. Two 100 μm ×100 μm Au electrodes 
on Si/SiO2 are bridged by a GNR film, which covers the entire 
substrate. Figure 4(b) shows an optical photograph of another 
area of the substrate with a crack in the GNR film formed 
during the manual transfer, which could be used for the atomic 
force microscopy (AFM) analysis. An AFM image of the area 
indicated by the blue square in Fig. 4(b) is shown in Fig. 4(c). 
Outside of the crack area the ribbons are densely packed, 
and the film exhibits only occasional pinholes. Figure 4(d) 
shows the AFM height profile measured along the red line in 
Fig. 4(c). As we discussed in detail in our previous works, in 
the described approach the ribbons self-assemble in the edge-on 
geometry—as the films form on a surface of water, the GNRs 
in such geometry minimize their area of interaction with the 
hydrophilic interface and engage in π–π interactions with other 
ribbons [7, 22]. Thus, the measured film thickness of ~ 4 nm 
(Fig. 4(d)) may correspond to two monolayers of GNRs 
standing on their edges. AFM measurements performed on 
other cracked regions of the same film yielded comparable 
thickness values. This self-assembly approach therefore enables 
fabrication of very thin and uniform films of GNRs on a large 
scale. 

Despite their small thickness, the GNR devices were elec-
trically conductive as shown in Fig. 4(e). In these measurements, 
the 100 μm × 100 μm Au pads served as source (S) and drain 
(D) electrodes and the heavily p-doped silicon, which was 
separated from the pads and the GNR film by the 300 nm 
thick layer of SiO2, served as a global gate (G) electrode. We 
produced GNR devices with 2 and 4 μm gaps between 100 μm × 
100 μm Au electrodes, and all of them exhibited similar 
drain-source current (IDS)–gate voltage (VG) dependencies as 
shown in Fig. 4(e). Compared to the chevron GNR films that 
we characterized previously in similar measurements [22], 
these GNRs were much more conductive, which was expected 
due to their smaller band gap. They also showed a p-type 
behavior, but unlike the IDS–VG dependencies for the chevron 
GNR films, which exhibited monotonous IDS decay in the 
entire VG range [22], these GNRs exhibit a minimum around 
VG = 0 and then a slight IDS increase at positive gate voltages, 

indicating some electronic conductivity. The devices exhibited 
on-off current ratios ranging from 5 to 12 (Fig. 4(e)), which  
are some of the highest values reported for bulk measurements 
of solution-processed GNRs. All devices showed linear IDS–VG 
dependencies, as illustrated by the inset in Fig. 4(e). Since 
these measurements were performed on GNR thin films, they 
probe not only the intrinsic properties of nanoribbons but also 
multiple inter-GNR junctions. Yet, the reasonably high currents 
obtained even at VDS = 1 V, well-developed and reproducible 
transfer characteristics and on-off ratios of about 10 already 
observed in a bulk form (Fig. 4(e)) suggest that single-GNR 
measurements [35] performed on these ribbons could reveal 
competitive electronic properties for the GNR field.  

3 Conclusions 
In summary, we report solution synthesis and detailed 
STM/STS characterization of atomically precise GNRs with a 
meandering shape that are structurally related to chevron 
GNRs but have a reduced energy band gap. The ribbons 
were synthesized by Ni0-mediated Yamamoto polymerization 
of specially designed molecular precursors using triflates as 
the leaving groups and oxidative cyclodehydrogenation of the 
resulting polymers using Scholl reaction. The ribbons were 
deposited onto III-V semiconducting InAs(110) substrates by 
a dry contact transfer technique. High-resolution STM/STS 
characterization not only confirmed the GNR geometry, but 
also revealed details of electronic structure including energy 
states, electronic band gap, as well as the spatial distribution of 
the local density of states. The experimental STS band gap of 
GNRs is about 2 eV, which is very close to 2.35 eV predicted 
by the GW simulations indicating a weak screening effect   
of InAs(110) substrate. Furthermore, several aspects of GNR- 
InAs(110) substrate interactions were also probed and analyzed, 
including GNR tunable transparency, alignment to the substrate, 
and manipulations of GNR position by the STM tip. The weak 
interaction between the GNRs and the InAs(110) surface 
makes InAs(110) an ideal substrate for investigating the intrinsic 
properties of GNRs. Because of the reduced energy band gap 
of these ribbons, the GNR thin films exhibit appreciably high 
electrical conductivity and on/off ratios of about 10 in field- 

 
Figure 4 Electrical characterization of GNRs. (a) Optical photograph of a representative device, in which a GNR film covers a Si/SiO2 substrate with 
square Au contacts. (b) A photograph showing optical contrast between the GNR film and bare Si/SiO2 substrate in the area where the film formed cracks 
during the manual transfer. (c) AFM image of the area of the GNR-covered Si/SiO2 substrate shown by the blue square in panel (b). (d) AFM height profile 
measured along the red line in panel (c). (e) IDS–VG dependencies measured for several GNR devices with 2 and 4 μm gaps between gold electrodes; VDS = 
1 V. IDS–VDS dependencies for the same devices measured at VG = 0 are shown in the inset. 
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effect transistor measurements, suggesting their promise for 
device applications. 

4 Experimental 

4.1 Synthesis and characterization of GNRs 

The details of the synthesis of GNRs along with the 
corresponding NMR, FTIR and mass spectrometry data are 
provided in the ESM. Raman spectroscopy was performed 
using a Horiba LabRAM HR Evolution Raman microscope 
with 405, 532, 633 and 785 nm excitation lasers. 

4.2 STM characterization 

Cross-sectional STM imaging of InAs(110) and GNRs was 
conducted using a home-built Lyding-style STM [52] operating 
in ultra-high vacuum (base pressure 5 × 10−11 Torr) at room 
temperature. A constant-current scanning mode was used 
throughout the experiment with various sample biases and 
tunneling currents. InAs(110) was prepared by mounting the 
InAs vertically with its cross section facing toward tip. InAs 
samples were degassed at around 120 °C for 8–16 h, then a 
thin layer of titanium was evaporated onto the sample in situ 
to serve as a getter for contaminants. The InAs(110) sample was 
then cleaved in situ, exposing a clean (110) surface with the 
1×1 surface relaxation. The InAs wafers used were p-type 
Zn-doped with a sheet resistance of 5–20 mΩ·cm. Field-directed 
sputter sharpened tungsten probes from Tiptek and chemically 
etched tungsten tips were used for collecting STS and STM 
data. The DCT applicator was prepared by coating a piece of 
fiberglass with the GNR powder. The applicator was translated 
into UHV and degassed at elevated temperatures until the 
pressure reached the base pressure. GNRs were then exfoliated 
onto the InAs surface by pressing the GNR coated fiberglass 
applicator against the cleaved surface. STS data were collected 
in variable-spacing mode (dS = −2 Å) to further eliminate 
electronic noise. The data were then corrected by an exponential 
factor to account for the change in current due to movement 
of the tip [53]. GNR manipulation was performed by moving 
the tip at 80 Å·s−1 with a sample bias of −2 V and a tunneling 
current of 0.2 nA.  

4.3 Device fabrication and electrical measurements 

Square 100 μm × 100 μm Au electrodes separated by 2 or 4 μm 
gaps were fabricated on heavily p-doped Si substrates covered 
with a 300 nm thick layer of SiO2 by standard electron-beam 
lithography using a Zeiss Supra 40 field-emission scanning 
electron microscope and a Raith pattern generator. The electron 
beam deposition of metal contacts was performed using an 
AJA electron beam evaporation system. We first deposited   
3 nm of Cr, which served as an adhesion layer for gold contacts, 
and then 12 nm of Au. The GNR films were prepared from   
a CSA solution using the interfacial self-assembly approach  
as described in our previous work [7, 22]. The films were 
transferred to Si/SiO2 substrates with prefabricated Au electrodes 
and imaged by AFM using a Digital Instruments Nanoscope 
IIIa Dimension 3100 system. Similar to the previous study [6], 
we also annealed the GNR devices in Ar/H2 at 500 °C to remove 
solvent residues and other adsorbates and improve the devices 
contacts.   

The electrical measurements of GNR devices were performed 
using an Agilent 4155C semiconductor parameter analyzer. The 
measurements were performed in a Lake Shore TTPX cryogenic 
probe station at the base pressure of about 2 × 10−6 Torr. The 
devices were evacuated for at least 2 days before the measure-
ments to minimize the effect of surface adsorbates [54]. 

4.4 DFT simulations 

The calculations of projected density of states (PDOS) and 
local density of states (LDOS) for the infinite GNR were 
conducted by QUANTUM ESPRESSO package [55], with a 
supercell periodic in the GNR axis direction and large enough 
in the other two directions to separate the GNR and its images. 
Norm-conserving pseudopotentials with the Becke-Lee-Yang- 
Parr (BLYP) exchange-correlation functional [56] were used 
with a 60 Ry plane-wave energy cutoff. A Monkhorst-Pack grid 
of 2 × 1 × 1 was used for structural relaxations and 16 × 1 × 1 
for electronic property calculations. The structure was optimized 
until the maximum residual force was less than 0.02 eV·Å−1. 
Based on the PDOS, three states above and three states below 
the Fermi level at the corresponding peaks were captured, 
followed by the LDOS calculations. The LDOS for these six 
states were calculated at the planes located 1–4 Å above the 
GNR. The visualizations of GNR geometry and LDOS were 
performed with XCrysDen software [57].  

The DFT band structure for the infinite GNR with periodic 
boundary condition was calculated with SIESTA software [58]. 
We employed generalized gradient approximation (GGA) with 
Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional 
[59]. The double zeta polarized basis set (DZP) was used with a 
mesh cutoff of 300 Ry. A Monkhorst−Pack grid of 2 × 1 × 1 was 
used for structural relaxation and 18 × 1 × 1 for band structure 
calculation. 

The GW band structure calculation for the infinite GNR was 
performed by VASP package with the PBE exchange-correlation 
functional [60]. The projected augmented wave (PAW) 
pseudopotentials with a 400 eV energy cutoff were employed. 
The Gamma-point-centered k-grids of 4 × 1 × 1 was applied. 
The ground state was obtained by performing DFT simulations 
first. Then the quasi-particle energies were calculated with the 
single-shot G0W0 approximation in VASP [61]. The parameter 
settings were similar to our previous work [30]. Since this 
GNR has large band dispersions, the Wannier interpolation 
was performed to obtain the G0W0 bands using WANNIER90 
package [62].  
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