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The on-surface synthesis from predesigned organic precursors can yield graphene nanoribbons (GNRs) with atomi-
cally precise widths, edge terminations and dopants, which facilitate the tunning of their electronic structures. Here, we
report the synthesis of novel sulfur-doped cove-edged GNRs (S-CGNRs) on Au(111) from a specifically designed precur-
sor containing thiophene rings. Scanning tunneling microscopy and non-contact atomic force microscopy measurements
elucidate the formation of S-CGNRs through subsequent polymerization and cyclodehydrogenation, which further result
in crosslinked branched structures. Scanning tunneling spectroscopy results reveal the conduction band minimum of the
S-CGNR locates at 1.2 eV. First-principles calculations show that the S-CGNR possesses an energy bandgap of 1.17 eV,
which is evidently smaller than that of an undoped cove-edged GNR (1.7 eV), suggesting effective tuning of the bandgap
by introducing sulfur atoms. Further increasing the coverage of precursors close to a monolayer results in the formation of
linear-shaped S-CGNRs. The fabrication of S-CGNRs provides one more candidate in the GNR toolbox and promotes the
future applications of heteroatom-doped graphene nanostructures.

Keywords: on-surface synthesis, sulfur-doped cove-edged graphene nanoribbons, scanning tunneling mi-

croscopy, non-contact atomic force microscopy

PACS: 73.22.Pr, 68.37.Ef, 85.65.+h, 71.15.Mb

1. Introduction

Graphene has attracted intensive attentions due to its
unique properties and potential applications in nanoelec-
tronics.!'~’1 Graphene nanoribbons (GNRs), which have an
energy bandgap and tunable electronic structures,!*3-111 that
can be directly determined by widths, edge configurations,
and dopants are an important branch in graphene research
as promising candidates for future electronic devices.[!>~!8]
The fabrication of GNRs generally includes top-down and

19221 among which the latter is

bottom-up approaches,|
renowned for its capabilities to yield structurally well-defined
GNRs.[19-23.241 With specifically designed organic precursors,
scientists have achieved various kinds of GNRs, including

armchair-edged GNRs with different widths and their cor-

DOI: 10.1088/1674-1056/abfbd0

responding heterostructures, 131923261 zigzag-edged GNRs,
and cove-edged GNRs.![!627-2%1 Among those, cove-edged
GNRs as a representative semiconductor enrich the families of
GNRs, which could benefit to explore exotic physical proper-
ties of GNRs containing distinct edge configurations.[?7-30-31]
Furthermore, GNRs doped with heteroatoms have been suc-
cessfully synthesized and investigated during the past few
years.!12327341 For instance, the introduction of nitrogen (N)
atoms into the GNRs can shift the bandgap position without
changing its magnitude;['>33-35 while sulfur (S) and boron
(B) atoms can lead to the change of the bandgap values of
GNRs. 3401 particularly, bandgaps of GNRs can be further
tailored by modulating sulfur configurations, which may yield

S-doped GNRs containing a sequence of multiple heterojunc-
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tions with distinct bandgaps. 338!

In this work, we report the bottom-up synthesis of sulfur-
doped cove-edged graphene nanoribbons (S-CGNRs) on
Au(111) using a uniquely designed thiophene-ring containing
precursor, 4,4’-dibromo-10,10’-biphenanthro[2,1-b]thiophene
(DBDPT). Scanning tunneling microscopy (STM) measure-
ments verified the successful fabrication of GNRs, while non-
contact atomic force microscopy (nc-AFM) images confirmed
the existence of S dopants at the cove edges. Scanning
tunneling spectroscopy (STS) spectra demonstrate the con-
duction band minimum of the S-CGNR locates at 1.2 eV.
Density functional theory (DFT) calculations on the well-
ordered S-CGNRs show a bandgap of 1.17 eV, significantly
narrower than that of the pristine carbon-based cove-edged
CNRs (CGNRs) (1.7 eV).?”] Due to the partial cleavage of
C-S bonds and different chirality of the precursor on the
surface, the involved Ullmann-type polymerization and cy-
clodehydrogenation yielded S-CGNRs with branched config-
urations. By increasing the precursor coverage from sub-
monolayer to monolayer, the cross-link of S-CGNRs was evi-
dently reduced, providing linear-shaped S-CGNRs arrays.

2. Methods
2.1. Sample preparation, STM/STS measurement

All experiments were performed in a CreaTec ultra-high
vacuum (UHV) STM/nc-AFM system with a base pressure
of 2 x 10719 mbar (1 bar=10° Pa). Au(111) substrate was
cleaned by repeated cycles of Art ion sputtering and an-
nealing at 700 K for 20 min. The precursor was thermally
sublimated at 560 K onto the Au(111) substrate, which was
held at room temperature during molecular deposition. Sub-
sequently, the sample was annealed at 500 K and 700 K for
40 min each, which led to the surface-assisted polymeriza-
tion and cyclodehydrogenation to form corresponding poly-
mers and S-CGNRs, respectively. All STM and nc-AFM mea-
surements were carried out at 5 K using a qPlus tuning. STM
images were obtained in constant current mode and the volt-
ages referred to the bias on samples with respect to the tip.
AFM images were acquired in the frequency modulation mode

4L.42] Differential conductance

with a CO-functionalized tip.!
(dI/dV) spectra were acquired by using a lock-in technique

at a frequency of 973 Hz.

2.2. DFT calculations

The structural relaxations and electronic-structure cal-
culations were performed within density functional the-
ory calculations by using the Vienna ab initio simulation
package.[*>*1 A generalized gradient approximation (GGA)
in the form of Perdew—Burke-Ernzerhof (PBE) general-

ized gradient approximation was adopted for the exchange—
correlation functional.[*3] The wave functions were expanded
using a planewave basis set with an energy cutoff of 500 eV.
The thickness of vacuum layer was larger than 13 A to avoid
interactions between neighboring nanoribbons. A I'-centered
6 x 1 x 1 k-point sampling in the first Brillouin zone was
used during structural optimization of the GNR. The struc-
tures were relaxed until the residual forces were smaller than
0.01 eV/A. The band structure was calculated along high sym-

metry directions in the Brillouin zone.

3. Results and discussion

Figure 1(a) illustrates the synthesis of S-CGNRs
on Au(l11) from a specifically designed precursor con-
taining fused thiophene rings (4,4’-dibromo-10,10’-biphe-
nanthro[2,1-b]thiophene, DBDPT, synthesis method described
in Section 2 and Figs. S1-S6 of supplementary material). In
principle, the precursors could undergo dehalogenation, poly-
merization, and cyclodehydrogenation when annealed on sur-
face, resulting in the formation of GNRs with sulfur-doped
cove edges as shown in Fig. 1(a).

The DBDPT molecules are prochiral when deposited on
Au(111) substrate, as illustrated in Fig. S7(a). Due to the steric
hinderance between the two groups of hydrogen atoms high-
lighted by the green ovals in Fig. 1(a), the precursors are not
planar on the substrate. At low coverage, the precursors tend
to form clusters that adsorb on fcc and elbow regions of the
reconstructed Au(111) surface as shown in Fig. 1(b). Most of
the clusters consist of 10 bright protrusions with a height of
320 pm (Fig. S7(c)) and assemble into rhomboids. The ap-
parent lateral size of one bright protrusion in STM images is
about 1.95 nm (Fig. S7(c)), which is comparable to the lateral
size of a precursor (1.1 nm) considering the dispersed elec-
tronic states of molecules. Therefore, we attribute each bright
protrusion in Fig. 1(b) corresponds to a single molecular pre-
cursor. By annealing the sample to 500 K, the precursors went
through Ullmann coupling and formed polymers. The poly-
mers defused into islands on fcc regions of Au(111) surface
and modified the Au(111) surface reconstruction as shown in
Fig. 1(c), suggesting a strong interaction between the poly-
mers. Figure 1(d) shows an STM image of the sample after
annealing to 700 K, which results in the formation of GNRs
with a height of 180 pm (Fig. S8). Most nanoribbons exhibit
an appearance of branched structures that indicate complex
inter-ribbon cross-coupling during the cyclodehydrogenation
stage. The straight ribbon segments generally have the lengths
ranging from 2 nm to 9 nm. The strong interaction between the
polymers in previous step is likely the reason for the formation
of the branch-shape GNRs.
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5 nm

Fig. 1. On-surface synthetic process of S-CGNR and the corresponding STM images on Au(111). (a) Structure model of the precursor 4,4’-dibromo-
10,10’-biphenanthro[2,1-b]thiophene monomer, the polymer after Ullmann reaction, and the resultant S-CGNR. (b) STM image of the precursors
adsorbed on Au(111) substrate at a coverage of 0.2 ML (V = —1 V, I = 10 pA). (c) STM image of the polymers after annealing the sample to 500 K
(V=—=1V,I=10pA). (d) STM image of the S-CGNRs after annealing the sample to 700 K (V = —1 V, I = 10 pA).

0.5 nm

4 nm
]

Fig. 2. A segment of branched S-CGNRs. (a) STM image of S-CGNRs
(V=—1V,I1=10 pA). (b) Chemical-bond-resolved nc-AFM image of the
S-CGNR segment obtained on the area marked by a red rectangle in panel (a).
(c) Structure model of the S-CGNR segment. The segment is originated from
isomers with the same chirality.

Despite the branch-like morphology, it is possible to find
short straight segments of GNRs that have ordered peripheries.
To gain further insight into the atomic structure of the resultant
ribbons, nc-AFM measurements were carried out with a CO-
functionalized tip.*6! The AFM image in Fig. 2(b) is obtained
on the area marked by the red rectangle in Fig. 2(a). Combin-
ing the AFM image and the configurations of the precursors,
we infer that the segment in Fig. 2(b) arises from precursors
with the same chirality. To guide our eyes, the corresponding
structure model of the nanoribbon is provided in Fig. 2(c). The
cove-shaped edges are clearly visualized, but not as uniform
as illustrated in Fig. 1(a). The thiophene rings observed in the
AFM image prove the existence of sulfur atoms. However,
some C-S bonds have been cleaved due to annealing at high
temperature and the unsaturated S atoms form new bonds with

adjacent carbon atoms marked with red circles in the structure

model in Fig. 2(c). Carbon atoms detached from other precur-
sors may also be involved in the reaction to form the ribbons,
as referred by the green circles (Fig. 2(c)).

For the purpose of unveiling the electronic properties
of S-CGNRes, differential conductance (dI/dV) spectra were
performed to obtain the local density of states (LDOS) of the
ribbon. Figure 3(a) shows an STM image of a short segment
from a S-CGNR, which was used to acquire the representative
dI/dV spectra. In Fig. 3(b), the red curve was taken on the
S-CGNR as marked by the red dot in Fig. 3(a), while the black
curve taken on bare Au(111) surface for comparison with the
same tip. The significantly increased intensity of LDOS at
1.2 V is attributed to the conduction band minimum (CBM) of
the S-CGNR. The valence band maximum of the S-CGNR is
not detected due to the strong coupling between S-CGNRs and
metallic substrate, which is similar to the situation for zigzag-
edges graphene nanoribbons on Au(111).[1% Meanwhile, the
spatial distribution of the CBM on the ribbon is displayed in
the d//dV map in Fig. 3(c), exhibiting pronounced LDOS
along the coved edges of the ribbon.

To explore the effect of S atoms on the electronic struc-
tures of CGNRs, DFT calculations were also carried out based
on the perfect structure of S-CGNR in Fig. 1(a). Figures 3(d)
shows the DFT calculated density of states (DOS) of S-CGNR,
indicating a bandgap of 1.17 eV. Compared to its correspond-
ing pristine CGNR that has been reported to have a calculated
bandgap of 1.70 eV,[?”! the doping of S atoms significantly
reduces the energy bandgap.

In order to tune the morphology of S-CGNRs, we tried
to adjust the coverage of DBBPT molecules to near mono-
layer. At this coverage, the precursors form self-assembled

structures along the Au(111) surface reconstruction, as dis-
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played in Fig. 4(a). Magnified STM image shows detailed
well-ordered monolayer structure in Fig. 4(b), in which the
DBBPT molecules regularly assemble to form the periodical
nanoporous structures. After annealing the sample to 700 K,
S-CGNRs can be obtained as shown in Fig. 4(c). Long-curved

G
=

dI/dV (arb. units)

S-CGNR

—-1.0 —-0.5 0 0.5 1.0 1.5
Sample bias (V)

ribbons are formed comparing with the branch-like structures
in sub-monolayer coverage. The zoom-in STM image in
Fig. 4(d) shows that well-aligned linear-shaped S-CGNRs can
also be formed in this condition, as highlighted in the red rect-

angle.
(d)
0
=
=1
=}
el
-
=
n
o o
a
: 1.17 eV 1
—>
: AgapfschNR:
I [
1 1
-1 0 1.5

(E—EF) (eV)

Fig. 3. Electronic structure of S-CGNR. (a) STM image of a short segment from a S-CGNR (V =1V, I =50 pA). (b) Differential conductance (df/dV)
spectra taken on a S-CGNR (red) and on bare Au(111) (black). The conduction band minimum (CBM) of the S-CGNR locates at 1.2 eV (open-feedback
parameters: V = 1.00 V, I = 50 pA; modulation voltage Vims = 10 mV). (c) dI/dV map at the energy of 1.2 eV (CBM) (open-feedback parameters:
V =12V, =600 pA, modulation voltage Vims =20 mV). (d) DFT calculated density of states (DOS) of the S-CGNR. The DFT calculations show
that the S-CGNR has a bandgap of 1.17 eV, while the pristine CGNR possesses a bandgap of 1.7 eV.

Fig. 4. STM images of monolayer precursors and the corresponding S-
CGNRs on Au(111). (a) Monolayer precursors deposited on Au(111) sub-
strate (V = —1 V, I = 10 pA). (b) Magnified STM image of monolayer pre-
cursors (V =1V, I =60 pA). (c) STM image of the S-CGNRs shows linear
structures after annealing to 700 K (V = —1 V, I = 30 pA). (d) Zoom-in
STM image on the S-CGNRs presents the well-aligned linear-shaped struc-
tures (V = —1V, I =30pA).

4. Conclusion

We have successfully synthesized sulfur-doped cove-
edged GNRs on Au(111) substrate. Nc-AFM image confirms
the formation of S-CGNRs and resolves the atomic structures
with non-uniform edge configurations due to the C—S bond
cleavage at elevated temperature. STS spectra demonstrate the
conduction band minimum of the S-CGNR locates at 1.2 eV.
DFT calculations reveal that the well-ordered, S-CGNRs have
a bandgap of 1.17 eV, which is much smaller than that of the
pristine carbon-based GNRs with the similar structure. The S-
CGNRs produced with low precursor coverage cross-couple
into branched structures. With increasing the precursor cover-
age to near monolayer, linear-shaped ribbons have been suc-
cessfully obtained. This bottom-up synthesis of S-CGNRs
promotes future applications of heteroatom-doped graphene
nanoribbons in nanoelectronics.
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