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 ABSTRACT 

Unlike graphene sheets, graphene nanoribbons (GNRs) can exhibit semiconducting

band gap characteristics that can be tuned by controlling impurity doping and

the GNR widths and edge structures. However, achieving such control is a 

major challenge in the fabrication of GNRs. Chevron-type GNRs were recently 

synthesized via surface-assisted polymerization of pristine or N-substituted 

oligophenylene monomers. In principle, GNR heterojunctions can be fabricated

by mixing two different monomers. In this paper, we report the fabrication and

characterization of chevron-type GNRs using sulfur-substituted oligophenylene 

monomers to produce GNRs and related heterostructures for the first time.

First-principles calculations show that the GNR gaps can be tailored by 

applying different sulfur configurations from cyclodehydrogenated isomers via

debromination and intramolecular cyclodehydrogenation. This feature should

enable a new approach for the creation of multiple GNR heterojunctions by

engineering their sulfur configurations. These predictions have been confirmed

via scanning tunneling microscopy and scanning tunneling spectroscopy. For

example, we have found that the S-containing GNRs contain segments with 

distinct band gaps, i.e., a sequence of multiple heterojunctions that results in a 

sequence of quantum dots. This unusual intraribbon heterojunction sequence 

may be useful in nanoscale optoelectronic applications that use quantum dots.
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1 Introduction 

Graphene nanoribbons (GNRs) are considered the most 

promising building blocks for future graphene-based 

electronic devices [1–7] because of their tunable band 

gaps, which are thought to be determined by their 

widths, edge geometries, and dopants [8–16]. For 

example, a variety of armchair GNRs with different 

widths has recently been fabricated via a surface- 

assisted reaction [8, 11, 17]. However, controlling the 

band structures of GNRs using their widths remains 

a challenge because the availability of suitable laterally 

extended monomers is limited [18, 19]. 

Chevron-type pristine or nitrogen-doped GNRs 

(N-GNRs) have been successfully synthesized via 

surface-assisted polymerization of dibromosubstituted 

oligophenylene monomers with or without nitrogen 

atoms, followed by intramolecular cyclodehydrogena-

tion [17, 20]. The arrangement of four N atoms in the 

oligophenylene monomer (Fig. 1(a)) is axisymmetric so 

that N is incorporated uniformly along the backbones 

of the resulting GNRs. However, such a configuration 

can only lead to shifting the band alignment without 

changing the band gap magnitude [17, 20]. 

In the present work, we report that sulfur-substituted 

monomers (6,11-dibromo-1,4-diphenyl-2,3-di-(thien-3- 

yl)-triphenylene, Fig. 1(b)), on a Au (111) substrate 

can evolve into sulfur-containing GNRs (S-GNRs) with 

tunable band gaps. In contrast to the N-substituted 

oligophenylene monomer, this sulfur-substituted 

monomer allows a family of distinct cyclodehydro-

genated constitutional isomers to be derived via 

intramolecular cyclization at different sites [5]. Density 

functional theory (DFT) calculations show that these 

cyclodehydrogenated constitutional isomers can exhibit 

distinct highest occupied molecular orbital (HOMO)– 

lowest unoccupied molecular orbital (LUMO) gaps. 

Due to the versatility of the sulfur-substituted mono-

mers, this feature offers a basis for construction of 

GNRs consisting of a sequence of quantum dots 

(Fig. 1(b)) [21]. Such unique GNRs have been con-

firmed via scanning tunneling microscopy (STM) and 

scanning tunneling spectroscopy (STS). Other isomeric 

oligophenylene monomers with S atoms at different 

sites can be designed and may result in S-GNRs with 

controllable band gaps. Thus, the present approach 

offers a simple way to perform band gap engineering 

using a single type of oligophenylene monomer. 

2 Results and discussion 

When deposited on a Au (111) substrate, the sulfur- 

substituted monomer has three unequal configurations 

(isomers 1-a, 1-b, and 1-c in Fig. 1(b)) because substrate 

interactions restrict the rotation of the two thienyl rings. 

Isomers 1-a and 1-b are the most centrosymmetric of 

the three. In projection, both sulfur atoms point to the 

same side. In isomer 1-c, the sulfur atoms are oriented 

differently and no symmetry axis is present. After 

thermal activation, the carbon–bromine bonds break 

simultaneously (debromination) and some hydrogen 

atoms detach from the carbon atoms (dehydrogenation), 

facilitating formation of carbon–carbon bonds between 

two neighboring monomers (cyclization) [5, 15, 17]. Six 

possible cyclodehydrogenated constitutional isomers 

from 1-a′ to 1-c″ can be derived, are shown in Fig. 1(b). 

The bonds formed by cyclization between thienyl 

rings and their neighbors are marked in red and blue 

respectively. 

DFT calculations show that the six cyclodehydro-

genated constitutional isomers presented in Fig. 1(b) 

have different HOMO–LUMO gaps, which range 

from 2.14 to 2.56 eV. The band gap of this new class 

of S-GNRs is determined primarily by its different 

cyclization sites, α-C (the nearest carbon to sulfur  

in the thienyl ring, with a bond marked with a red 

shadow) and β-C (the second-nearest carbon to sulfur 

in the thienyl ring, with a bond marked with a blue 

shadow). Both isomers 1-a′ and 1-c′ cyclize at α-C on 

the left thienyl ring but no cyclization occurs on the 

right one. 

The HOMO–LUMO gaps of these two cyclodehydro-

genated isomers are similar (2.41 eV and 2.46 eV, 

respectively). However, 1-b′ has a larger HOMO– 

LUMO gap (2.56 eV), with cyclization at β-C on the 

left thienyl ring. These different HOMO–LUMO gaps 

caused by different cyclization sites lead us to infer 

that isomers with cyclization at α-C should have 

smaller HOMO–LUMO gaps than those with cyclization 

at β-C. Further cyclization of the right thienyl ring 

leads to the formation of three more constitutional 

isomers: 1-a″, 1-b″, and 1-c″. We expect that 1-a″ should 
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have the smallest HOMO–LUMO gap and 1-b″ the 

largest, with 1-c″ in the middle, organized by their 

cyclization sites (α-C or β-C). DFT calculations suggest 

the same sequence of HOMO–LUMO gaps: The 

HOMO–LUMO gaps for 1-a″ (cyclized at two α-C 

sites), 1-b″ (cyclized at two β-C sites), and 1-c″ (with 

one cyclized at an α-C site and the other at an β-C site) 

are 2.14, 2.38, and 2.25 eV, respectively. The distinct 

HOMO–LUMO gaps of these constitutional isomers 

enable opportunities to create new GNR heterojunctions 

simply by maneuvering constitutional isomers. 

Figure 2 illustrates the process of fabricating S-GNRs 

by depositing sulfur-substituted monomers (synthetic 

details of the monomer are provided in methods) onto 

a Au (111) substrate (Fig. 2(a)). The thienyl rings  

in the monomers rotate during their deposition on 

the Au (111) surface, forming three different types 

of isomers due to the two-dimensional restriction of  

the substrate. At first, the monomers aggregate into 

clusters on the Au (111) substrate (Fig. 2(b)). When 

the temperature increases, the isomers debrominate, 

polymerize, and cyclodehydrogenate into S-GNRs 

(Fig. 2(c)) [11, 15, 17]. 

Figure 3 displays STM images of monomers and 

the resulting chevron-type GNRs on a Au (111) 

substrate in an ultra-high vacuum (UHV) chamber. 

The monomers prefer to assemble together to form 

molecular clusters when deposited on substrates at 

room temperature (Fig. 3(a)). Higher-resolution imaging 

(Fig. 3(b)) confirms that these small clusters consist  

of isolated monomers. Figure 3(c) is a schematic that 

corresponds to the cluster marked by a green box   

in Fig. 3(b). After annealing at 450 °C, S-GNRs with 

lengths of tens of nanometers can form (Fig. 3(d)). All 

S-GNRs manifest similar topographies (the chevron- 

type structure) when compared to other all-carbon  

 

Figure 1 Monomer, isomer, and cyclodehydrogenated isomer structures. (a) Oligophenylene monomer with four nitrogen atoms. 
(b) Oligophenylene monomer with two thienyl rings. 1-a, 1-b, and 1-c are three distinct isomers of the monomer. The lower two lines show 
each of the three possible cyclodehydrogenated constitutional isomers after debromination, dehydrogenation, and cyclization of the monomer.
The C–C bonds in red and blue are formed at α-C (ortho position to the S atom in a thienyl ring) or β-C (meta position to the S atom in a 
thienyl ring). Isomers 1-a′, 1-b′, and 1-c′ only have one new bond for two thienyl rings, while 1-a″, 1-b″, and 1-c″ have two new bonds.
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chevron-type GNRs [17]. However, the high-resolution 

STM image can reveal some fine structural details. 

Figure 3(e) shows one representative high-resolution 

STM image, overlaid with a structural model of the 

ribbons. One prominent feature can immediately be 

identified: the GNRs exhibit different levels of image 

contrast, which suggests that the local density of 

states (LDOS) is not uniform.  

Due to the different S positions and cyclization 

positions, there are 17 possible distinct S-doped 

 

Figure 2 Bottom-up fabrication of S-GNRs. (a) Configuration of the monomer. (b) Monomers deposited onto an Au (111) substrate.
Distinct isomers are present due to the rotation of the thienyl rings. (c) Schematic of S-GNRs on an Au (111) substrate. 

 

Figure 3 STM images of monomers on Au (111) before and after polymerization and cyclodehydrogenation. (a) STM image of 
monomers deposited separately on the Au (111) substrate (Ubias = –3.0 V, It = 0.05 nA). (b) Magnified image of (a). (c) Schematic of the 
structure in the green box in (b). (d) Large area STM image of the nanoribbons after annealing at 450 °C (Ubias = –3.0 V, It = 0.05 nA). 
(e) High-resolution STM image of S-GNRs with a partly overlaid structural model (Ubias = –0.3 V, It = 1.00 nA). (f) STM simulation 
image of the lower part of the S-GNRs in (e). 
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graphene nanoribbon segments. A high-resolution STM 

image (Fig. 3(e)) clearly shows three distinct segments 

with different structural characteristics: one protrusion, 

two identical protrusions, and a complex feature, 

labeled X, Y, and Z, respectively. By using just three 

types of segments, we constructed a possible S-GNR 

in Fig. 3(e). The resulting STM simulation (Fig. 3(f)) 

shows similar features with the experimental results. 

Only one protrusion can be observed at the position 

with two thienyl groups in segment X of the S-GNRs. 

This is probably due to the non-coplanar nature    

of the two thienyl rings (caused by steric hindrance 

from the nearest H atoms). That is, one of the thienyl 

rings is far away from the Au (111) substrate, while 

the other is close. Hence, only the LDOS of the raised 

ring contributes to the protrusion shown in the STM 

images. The two thienyl rings in segment Y exhibit 

two protrusions with identical heights. This suggests 

that the two thienyl rings have the same geometric 

structure and LDOS. In the STM image, the features 

of segment Z are more asymmetric than those of 

segment Y. Based on the above analysis, we propose an 

S-GNR structure that can explain the STM topography 

(Fig. 3(e)). The corresponding simulated STM image 

(Fig. 3(f)) agrees with the experimental observations 

(Fig. 3(e)).  

We have also performed low-temperature STS 

measurements (4.2 K) to determine the different elec-

tronic structures of various segments in the GNRs 

(Fig. 4(a)). Figure 4(b) shows three selected dI/dV 

spectra marked in red, cyan, and magenta, acquired 

from sites 1, 4, and 5 in Fig. 4(a), respectively. A 

spectrum recorded on a bare Au (111) substrate (black 

curve) with the same tip is shown for comparison and 

used as the background. It exhibits the characteristic 

surface-state-induced Au (111) peak (indicated by the 

black arrow).  

As expected, each GNR spectrum exhibits two peaks 

near the Fermi level. These peaks are marked with 

dashed lines. One is located below the Fermi energy 

(EF) while the other is located above EF. They can   

be interpreted as the valence and conduction band 

 
Figure 4 Electronic structures of the S-GNRs. (a) STM images of the S-GNRs. STS data were obtained from different sites (marked 1 
through 11). (b) dI/dV spectra measured on bare Au (111) (black) and S-GNRs. Red, cyan, and magenta curves correspond to the spectra 
taken at sites 1, 4, and 5 marked in (a), respectively. The spectra are vertically offset for clarity. (c) Band edge distribution at different 
S-GNR sites in (a). VBE (short black lines) and CBE (short red lines) are the corresponding valence and conduction band edges. The 
band edges of sites other than 3 and 6 represent a statistical average calculated from twenty measurements. The tip exhibits abnormal 
behavior on sites 3 and 6. Thus, data on these two sites is missing. 
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edges (VBE & CBE), respectively. Thus, the energy 

difference between them is the band gap (Eg). It is 

clear from comparison of dI/dV spectra recorded at 

different sites that the CBEs and VBEs are variable. In 

spectrum 1 (red curve), the CBE and VBE are located 

at 1.69 and –0.09 V, respectively. Hence, the band gap 

is Eg = 1.78 eV. In spectra 4 and 5 (cyan and magenta 

curves), the CBEs and VBEs both shift close to EF in 

sequence with their counterparts in spectrum 1. Their 

Eg values are 1.48 and 1.28 eV, respectively. 

Figure 4(c) summarizes the band gap magnitudes 

measured along different sites in the ribbon. All of 

the STS data are calculated from the averages of 20 

measurements at each site. The band gap varies from 

1.28 to 1.87 eV. This band gap evolution confirms the 

presence of quantum dots.  

Qualitatively, our DFT calculations for a single 

S-GNR (Fig. 5(a)) composed of various segments 

support the conclusions that we have made from our 

experimental data. As observed via STS measurements, 

the projected local densities of states (PDOS) of 

distinct segments are different (Fig. 5(b)). While the  

 

Figure 5 Schematic structures and the corresponding calculated 
PDOSs of S-GNRs composed of distinct segments. (a) S-GNR 
composed of three distinct segments, marked in red (1), green (2), 
and blue (3). (b) PDOSs of distinct segments in the S-GNR. The 
red, green, and blue lines correspond to the PDOSs of segments (1), 
(2), and (3), respectively, in (a). The green and blue curves are 
vertically offset for clarity. 

experimental tendency towards band gap variation 

qualitatively aligns with the theoretical results, there is 

a discrepancy between the predicted and experimental 

band gap magnitudes. Such a discrepancy is likely 

because: (1) The theoretical calculations are based on 

calculations from free-standing GNRs, while the Au 

(111) substrate apparently influences the band gap 

values; and (2) the generalized-gradient approximation 

is used for calculations, which typically leads to 

underestimation of calculated band gaps. 

3 Conclusions 

In summary, S-substituted chevron-type GNRs com-

posed of segments with various structures have been 

fabricated on a Au (111) substrate via a bottom-up 

synthetic approach. S-substituted oligophenylene 

monomers were used as the precursors. Unlike with 

the N-GNRs described in previous papers, a tunable 

S-GNR band gap can be produced due to the versatile 

monomer precursor configurations available during 

deposition and polymerization. This has been confirmed 

via both experimental STM/STS characterization 

and theoretical DFT calculations. Our development 

of S-GNRs with tunable band gaps determined via 

bond rotation of the monomer configuration can be 

generalized and extended to other systems. This may 

therefore offer novel bottom-up synthetic routes for 

band gap engineering of functional GNRs in the future. 

4 Methods 

4.1 Details of the theoretical calculations 

Density functional theory calculations were performed 

using the Perdew–Burke–Ernzerhof (PBE) generalized 

gradient approximation [22]. The Vienna ab initio 

simulation package [23, 24] was used to perform the 

structural relaxations and band-structure calculations. 

The wave functions were expanded using a plane- 

wave basis set with an energy cutoff of 400 eV. The 

vacuum was set to 15 Å to avoid interactions bet-

ween neighboring nanoribbons. The reciprocal space 

was sampled at the Γ point during optimization of 

each segment and the graphene nanoribbon. The 

band structure was calculated along high symmetry 
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directions in the Brillouin zone. The STM images were 

simulated using the Tersoff–Hamann approach [25]. 

4.2 Experimental details 

The monomer was prepared via a modified Diels– 

Alder reaction procedure [26]: 5,10-Dibromo-1,3- 

diphenyl-2H-cyclopenta[1]phenanthren-2-one was 

reacted with 1,2-di(thien-3-yl)acetylene or 1,2-di(thien- 

2-yl)acetylene in diphenyl ether at 250 °C for 12 h. 

Purification via column chromatography (eluent: 

hexane-dichloromethane (DCM) mixtures) and recry-

stallization from DCM layered with ethanol generated 

the compounds as colorless solids. For the detailed 

synthetic protocol and analytical data, please see the 

Electronic Supplementary Material (ESM) (Table S1 

and Fig. S2). The structures were unambiguously 

confirmed via single crystal X-ray analysis (Fig. S3 in 

the ESM). 

All of the STM and STS experiments were performed 

under ultra-high vacuum with a base pressure of less 

than 1 × 10–10 mbar. The Au (111) surface was cleaned 

using cycles of argon-ion sputtering and annealing 

to 450 °C. The monomers were thermally evaporated 

onto the Au (111) substrate, which was kept at room 

temperature during evaporation. Topographic images 

of the GNRs were obtained in constant-current mode 

using a commercial Omicron low-temperature STM 

operating at 78 K. The STS curves were measured using 

a commercial Unisoku LT-STM at 4.2 K. A lock-in 

technique with sinusoidal modulation of 5 mVrms at a 

frequency of 973 Hz was used during the spectroscopy 

measurements. The bias was applied to the sample. 

Electrochemically etched tungsten tips were used for 

all STM experiments. 
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