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We have fabricated atomically precise nitrogen-doped chevron-type graphene nanoribbons by
using the on-surface synthesis technique combined with the nitrogen substitution of the precursors.
Scanning tunneling microscopy and spectroscopy indicate that the well-defined nanoribbons
tend to align with the neighbors side-by-side with a band gap of 1.02 eV, which is in good agreement with the density functional theory calculation result. The influence of the high precursor
coverage on the quality of the nanoribbons is also studied. We find that graphene nanoribbons
with sufficient aspect ratios can only be fabricated at sub-monolayer precursor coverage. This work
C 2014
provides a way to construct atomically precise nitrogen-doped graphene nanoribbons. V
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884359]
Graphene nanoribbons (GNRs), the quasi-one-dimensional strips of graphene with finite width (<10 nm) and high
aspect ratios, have been considered as one of the most promising candidates for the future electronic devices due to their
unique electronic and magnetic properties.1–3 Among these
properties, the most fascinating one is the band gap opening
at the Dirac point, which is strongly dependent on the lateral
size and the edge geometry of the GNRs.4,5 Therefore, tuning the gap of GNRs has attracted tremendous attention.6–8 It
has been reported that armchair GNRs (AGNRs) possess gaps
inversely proportional to their width,5 and numerous efforts
have been undertaken to fabricate AGNRs with different
width, either by top-down6,8,9 or bottom-up approaches.10–12
Based on the on-surface reaction,13,14 the bottom-up approach
shows the capability of controlling the width and edge structures. Moreover, the surfaces are almost contamination-free
after the bottom-up synthesis processes and thus can be easily
characterized by scanning tunneling microscopy and spectroscopy (STM/STS).10,15 Several kinds of AGNRs have been
synthesized via specific molecular precursors, which were
studied by STM and STS.11,12,16 Nevertheless, the width is restricted by the precursors and the ability to further tune the
gap of AGNRs with certain width remains a big obstacle.
Another promising way to modify the band gap is doping,17–20
while the precise control of the doping sites is still a challenging task so far. Taking the advantage of the bottom-up synthetic technique, precisely doped GNRs can be fabricated by
introducing the heteroatoms into the oligophenylene precursors in advance. Recently, Bronner et al. have put this process
into practice, and a shift of the band gap was observed by
high-resolution electron energy loss spectroscopy (HREELS)
a)
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and photoelectron spectroscopy.21 However, direct imaging
of the nitrogen-doped GNRs as well as the characterization of
their electronic properties by STM and STS are still lacking.
In this Letter, we conduct a systematic study on the fabrication of nitrogen-doped chevron-type GNRs (NCGNRs)
on Au(111), using rationally selected nitrogen substituted
oligophenylene precursors. Combining STM experiments
with the density functional theory (DFT) calculations, we
confirm that NCGNRs have been fabricated. STS data show
the band gap of the as-prepared NCGNRs is 1.02 eV, which
are consistent with our theoretical calculations. The growth
behaviors at both low coverage and high coverage are investigated. We find that high quality NCGNRs can only be
obtained under sub-monolayer precursor coverage.
The experiments were performed under ultrahigh vacuum conditions, with a base pressure of 1  1010 mbar.
Atomically flat Au(111) surface was obtained by cycles of
argon-ion sputtering and annealing to 470  C. The precursor
molecules were thermally evaporated at 180  C onto the
Au(111) surface, which was kept at room temperature. The
samples were characterized by a commercial Omicron low
temperature STM working at 78 K. All STM images are
obtained in constant current mode and processed using
Nanotec Electronica WSxM Scanning Probe Microscopy
software.22 The possible geometrical structures and electronic
properties are calculated using DFT based first principle calculations as implemented in Vienna ab initio simulation
package (VASP).23,24 A 30 Å  30 Å  15 Å supercell and a
19 Å  30 Å  15 Å supercell are used for a free single molecule and the nanoribbons, respectively. Systematic tests demonstrated that the slabs are sufficient separated. The structures
of NCGNRs are relaxed using the conjugated gradient
method without any symmetric constraints. The electronic
properties are calculated after full structural relaxation, using
generalized gradient approximation (GGA) in the form proposed by Perdew, Burke, and Ernzerhof (PBE)25 to express
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the exchange-correlation energy of interaction among electrons, and the frozen-core projector augmented wave method
is used to describe the interaction between ions and electrons.26 The plane wave kinetic energy cutoff is 400 eV. The
convergence criterion of the total energy is 104 eV, and the
maximum residual force allowed on each atom is 0.01 eV/Å.
The Brillouin zone is sampled by (1  1  1) k points. The
simulated STM images shown here are calculated using converged electronic densities within the Tersoff-Hamann
approximation.27
The typical bottom-up approach of fabricating GNRs is
based on the Ullmann reaction, using aryl halides as the fundamental building blocks. Fig. 1 shows the basic NCGNRs
fabrication approach with the 6,11-dibromo-1,4-diphenyl2,3-dipyridyltriphenylene (C40Br2N2H24) molecule as the

FIG. 1. Reaction scheme from the monomers to nitrogen-doped chevrontype GNRs. The monomers are thermally evaporated onto Au(111) and then
undergo the debromination-polymerization process at 250  C, forming the
polymer chains. Further annealing to 450  C, the cyclodehydrogenation process takes place and the NCGNRs form on the surfaces.
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precursor monomer. Two nitrogen atoms are chemically
introduced onto the monomer at particular positions which
can serve as dopants for the resulting GNRs. After depositing
the monomers onto Au(111), the GNRs are obtained via a
two-step annealing process: debromination-polymerization
and intramolecular cyclodehydrogenation, which take place
at 250  C and 450  C, respectively. When the annealing temperature reaches 250  C, the biradical monomers, resulting
from the cleavage of the C-Br bonds, polymerize with each
other and form polyphenylene precursors. By further annealing the sample at 450  C, the polymers undergo the surfaceassisted cyclodehydrogenation process and form the final
product.
First, we studied the adsorption behavior of the monomers before thermal annealing and found that they grew
along the herringbone reconstruction at sub-monolayer coverage, as shown in the large area STM image [Fig. 2(a)]. A
zoom-in image of the green square area in Fig. 2(a) clearly
shows that the monomers preferentially occupy the fcc
regions, leaving the hcp regions totally unoccupied [Fig.
2(b)]. This kind of preferential adsorption phenomenon commonly exist in molecules adsorbed on Au(111) due to the
higher adsorption energy on the fcc region than the hcp
region and ridges.28–30 Fig. 2(c) shows a high-resolution
STM image of the monomers. The monomers adopt a noncoplanar configuration, in which each of the pyridyl rings
and the phenyl groups rotates a certain angle around the single C-C bond due to the intramolecular H-H repulsion21 and
appears as a bright spot in the STM image. These noncoplanar groups significantly contribute to the electronic
states observed by the STM, while the bromo-substituted
phenyl rings keep planar with the Au(111) surface and therefore can be hardly distinguished in the STM image.10
After annealing the sample at 450  C for 30 min, the
NCGNRs were formed via the intramolecular cyclodehydrogenation of polyphenylene precursors [Fig. 3(a)]. At first
glance, we notice that the NCGNRs no longer grow along
the herringbone reconstruction of Au(111) as the monomers
do without annealing process. This is significantly different
from the non-doped chevron-type GNRs fabricated by the
similar precursor monomers without nitrogen components.10

FIG. 2. Self-assembly of the monomers on Au(111). (a) Large area STM
image before the annealing process. The molecules grow along the herringbone structure of Au(111). (b) Zoom-in STM image obtained from the green
square area indicates that the molecules preferentially occupy the fcc regions
of Au(111). (c) High resolution STM image of the molecular chains. Four
configurations are superimposed to guide the eyes. Scanning parameters:
Vs ¼ 3.0 V, It ¼ 50 pA for all three images.
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FIG. 3. STM images of the NCGNRs. (a) STM image after annealing the
sample to 450  C. The NCGNRs aligned side by side with different orientation domains. (b) Zoom-in STM image. (c) High resolution STM image of
the NCGNRs with a DFT-based STM simulation model and a formula structure superimposed. Scanning parameters: Vs ¼ 3.0 V, It ¼ 50 pA for (a);
Vs ¼ 1.0 V, It ¼ 50 pA for (b); and Vs ¼ 2.0 V, It ¼ 0.10 nA for (c).

Taking a close look at Fig. 3(a), we further recognized that
the NCGNRs formed several domains with different orientation with respect to the substrate. They self-organized into
arrays and laid alongside their neighbors within each domain. Fig. 3(b) is a zoom-in image obtained from the blue
square area in Fig. 3(a) and gives more details about the ribbons. One important result is that the ribbons adopt a rigorous side by side arrangement, with the vertexes of the
chevron-shape against to each other. Moreover, the ribbon
interval is uniform and estimated to be just a few angstroms.
It should be noticed that the NCGNRs, with a periodicity of
1.80 nm, have a pure armchair edge structure which is predetermined by the precursor we used and the widths alternate
between N ¼ 6 and N ¼ 9. The particular structure of the
NCGNRs requires that the orientation of the adjacent monomers should be reversed with respect to each other.
Therefore, the pairs of nitrogen incorporation alternatively
distribute at the two sides of the ribbons. Fig. 3(c) shows a
high-resolution STM image of the NCGNRs, with a DFTbased STM simulation model and a formula structure superimposed. The agreement between them further confirms that
we have fabricated the GNRs with atomically precise nitrogen doping and pure armchair edges.
Since the local electronic structure is a crucial feature of
the GNRs, we then performed STS measurements on the asprepared samples with sub-monolayer coverage of NCGNRs.
The STS measurements were carried out in constant tip height
mode, using the lock-in technique with a Vrms ¼ 17 mV sinusoidal modulation signal at 773 Hz. Positive bias voltages correspond to tunneling of electrons from the tip to unoccupied
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states in the sample. dI/dV curves on the bare Au(111) surface
were recorded for many times before and after we measured
the corresponding curves on NCGNRs to make sure that the
tip was in good condition. Fig. 4(a) shows the averaged STS
results recorded on NCGNRs (red curve) and bare Au(111)
surface (black curve). The spectrum of NCGNRs has been
vertically offset for clarity. The dI/dV curve obtained on the
bare Au(111) surface exhibits the characteristic Shockley surface state with a peak at 0.47 eV. As for the curve obtained
on the NCGNRs, two significant peaks are observed: one is
centered at 0.39 eV and the other is centered at 0.63 eV. We
interpret them as the valence band maximum (VBM) and conduction band minimum (CBM), respectively. Thus, the band
gap of the NCGNRs can be derived from these two peaks with
a value of Eg ¼ 1.02 6 0.05 eV. A small shoulder located at
0.5 eV is also observed as indicted by the black arrow, and
we attribute it to the Shockley surface state of the Au(111)
substrate. DFT calculations were also carried out to
explore the electronic structure of the NCGNRs [Fig. 4(b)].
At the C point, the CBM and VBM are found to locate at
(Ef þ 0.96) eV and (Ef  0.23) eV, respectively. Therefore,
the calculated band gap is 1.19 eV, which agrees well with the
experiment result.
The NCGNRs demonstrated here are all fabricated
under the circumstance of sub-monolayer precursor monomers. To further explore whether the coverage is an important factor for the growth of high-quality NCGNRs,
controlled experiments with monolayer monomers were carried out. Interestingly, before the annealing process, the
monolayer molecules adsorbed on Au(111) display unique
orientation [Fig. 5(a)], with the main axis (marked by solid
blue arrow) of each single molecule roughly parallel to the
[112] direction of Au(111) surface but rotated by about
12 from the molecular lattice vector (marked by dotted yellow arrow). This feature persists in all of our samples with
monolayer coverage. A higher resolution STM image is
shown as inset of Fig. 5(a) and every single molecule can be
clearly distinguished. A structural formula of the monomer
as well as its main axis (solid blue arrow) is also superimposed to guide the eyes. After annealing the sample at
450  C for 30 min, the so-called graphene nanoribbons

FIG. 4. Electronic structure of the NCGNRs. (a) Averaged dI/dV spectra
obtained on bare Au(111) (black) and NCGNRs (red). The spectrum on
NCGNRs has been offset vertically for clarity. An obvious Shockley surface
state peak was observed at 0.47 eV, which confirmed the good condition
of the tip. A gap of 1.02 eV was derived (Vs ¼ 1.0 V, It ¼ 0.40 nA, modulation voltage Vrms ¼ 10 mV with the open-feed-back mode.). (b) DFT calculation result of the band structure of the NCGNRs. The CBM and VBM are
located at (Ef þ 0.96) eV and (Ef  0.23) eV, respectively. The calculated
band gap is 1.19 eV.
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1

FIG. 5. STM images obtained from the controlled experiments with high
coverage monomers. (a) STM image of monolayer molecules adsorbed on
Au(111) before the annealing process. The molecules adopt a unique orientation and close-packed on Au(111). The solid blue arrow and dotted yellow
arrow indicate the main axis of the monomer and the molecular lattice vector, respectively. Inset shows the high resolution STM image in which every
single molecule can be identified. (b) STM image of the short and disordered
ribbons after annealing the sample to 450  C. Scanning parameters:
Vs ¼ 2.0 V, It ¼ 0.10 nA for both (a) and the inset; Vs ¼ 3.0 V, It ¼ 50 pA
for (b).

formed on the Au(111) surface, but all the ribbons are very
short and the alignment is disordered [Fig. 5(b)], which is
significantly different from our previous results with submonolayer coverage. This result can be easily understood if
we take a close look into the structure of NCGNRs. As we
have mentioned previously, every monomer has to rotate an
180 angle with respect to its two nearest neighbors to form
the precursor polymers. In the case of monolayer coverage,
the monomers arrange in the same orientation, and the space
between each other is very limited. During the annealing
process, each monomer can only be coupled with its nearest
neighbors, since diffusion and rotation are both restricted by
the high coverage. The special requirement on the orientation of the monomers to form NCGNRs, together with the
unique orientation of the monomers at high coverage, give
rise to the short and disordered NCGNRs. In fact, most of
them are just dimers, trimers, and tetramers, which may not
be called as nanoribbons by definition, due to the rather low
aspect ratios. We thus conclude that high quality NCGNRs
can only be fabricated with sub-monolayer coverage.
In conclusion, we have synthesized the atomically precise
nitrogen-doped chevron-type graphene nanoribbons by selective nitrogen substitution of the precursor monomers. STM
experiments and DFT calculations indicate a band gap around
1 eV. Compared with the similar chevron-type GNRs without
nitrogen doping, our results show that atomically precise
bottom-up nitrogen doping is an efficient way to tune the band
gaps of the GNRs. This work highlights that other nitrogendoped GNRs with different numbers of nitrogen atoms and
different doping sites could be fabricated via this way.
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