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Silicon-based field-effect transistors (FETs) are the building
blocks of modern digital logic circuitry and therefore part of
virtually every electronic device available today. Over the
past decades, continuous downscaling of existing designs has
met the rising performance requirements, but as the size of
FETs approaches the regime of atomic structures, new
concepts are required to maintain the current pace at which
microelectronics is developing.!! At small gate channel
lengths, the applicability of quantum mechanical principles
results in several so-called short-channel effects (e.g. reduced
carrier mobility).”! Since its experimental realization in
20045 graphene has been discussed intensively as a substitute
for doped silicon in FETs because of its high charge carrier
mobility and its unsurpassably low thickness.'"¥ Graphene
transistors have even been realized but cannot be put into the
“off” state because of the lack of a band gap.’**! However,
there are concepts available for opening a band gap, for
example, applying strain/®® along the sheet or biasing
bilayers of graphene.’*®! Also, lateral confinement in quasi-
one-dimensional graphene nanoribbons (GNRs) leads to
a band gap, which furthermore is highly sensitive to the width
and edge shape of the GNR, thus opening possibilities to
tailor the electronic properties of a device.’**< Indeed, FETs
built from nanoribbons show much higher on/off-ratios than
graphene transistors, which makes them more suitable for
integration into logic devices.”'”) However, the ability to
control the electronic properties is essential: while the size of
the gap can be engineered by varying the nanoribbon
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widths,®! the alignment of the GNR band structure with
respect to the Fermi level of a metal electrode is equally
important. Such a shifting of the entire band structure is
observed both in two-dimensional graphene!'!l as well as in
chemically synthesized or lithographically patterned GNRs!'?!
upon doping, particularly with nitrogen atoms.'"” Using
present doping techniques, the distribution of dopant atoms
will not be well-defined on the nanoscale and the band gap
shift upon nitrogen doping depends on the site of the N atom,
that is, the bonding configuration to neighboring carbon
atoms.'"! Generally, for doped and pristine GNRs, fabrication
remains a challenge as well-established top-down approaches
using lithography™ or unzipping of carbon nanotubes!" yield
relatively wide ribbons with an undetermined edge structure.
Particularly for small widths on the order of a few nanometers
(where the band gap reaches a technologically relevant size)
atomically precise edges are necessary and can be realized
using Br-substituted precursor molecules, which are thermally
activated on a surface and—in a bottom-up synthesis—
covalently assemble to a specific nanostructure.'**® In this
study, we employed the latter approach to prepare GNRs with
an atomically precise edge structure and doping pattern
through polymerization of specific monomers directly on the
Au(111) surface and studied the position and size of the band
gap of these GNRs with surface-sensitive electron spectros-
copies.

Besides straight armchair edge GNRs, another type of
chevron-shaped nanoribbons has previously been fabricated
using an on-surface reaction.l® In this process adsorption of
several layers of 6,11-dibromo-1,2,3,4-tetraphenyl-tripheny-
lene (monomer 1 in Scheme 1) on Au(111) and heating at
250 °C leads to desorption of the second and higher layers as
well as halogen dissociation and coupling of the resulting
activated biradical monomers, yielding a sterically crowded
and hence twisted polyphenylene. In a second heating step at
440°C, this polymer undergoes a subsequent cyclodehydro-
genation reaction providing access to the desired chevron-
shaped GNR with armchair edges. Selective substitution of
the parent monomer 1 with either one or two N atoms
provided monomers 2 and 3, respectively, which were used
to generate GNRs with different doping levels (exemplarily
shown for the doubly N doped GNR 5 in Scheme 1) and
accordingly with potentially different electronic structure
properties. Synthesis of the new monomers2 and 3 was
accomplished by Diels—Alder reactions of an appropriate
cyclopentadienone with either mixed phenylpyridyl-acety-
lene or bispyridylacetylene, followed by immediate chele-
tropic CO extrusion (for details see the Supporting Informa-
tion).
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Scheme 1. Monomers for the generation of graphene nanoribbons with
defined edge-doping via on-surface polymerization followed by cyclo-
dehydrogenation. Shown are monomers 1-3 with either none, one or
two doping N-atoms, while the synthesis is exemplarily shown for the
case of the doubly N-doped GNR.

After deposition of the monomers on the surface, we
followed the two heating steps towards GNR formation using
vibrational spectroscopy (Figure 1), namely angle-resolved
high-resolution electron energy loss spectroscopy (HREELS)
in analogy to a similar system.!'”! In the first heating step, the
higher monomer layers are desorbed leading to an overall
increase of the elastic peak (Figure 1b). Zero-order desorp-
tion, representative of multilayer desorption, is observed
using a quadrupole mass spectrometer monitoring the C;HsBr
fragment ion (m/z =158 amu). Furthermore, the loss peak at
257 cm™', which we assign to the C—Br bending mode y(C—
Br), vanishes because the Br atoms are detached from the
molecule. The phenyl ring torsion mode ©(C—C) at 696 cm™
and the out-of-plane bending mode y(C—H) at 798 cm™' show
a higher dipole activity mostly because in the first layer, the
triphenylene moiety lies flat on the surface. A reduced dipole
activity of the C—H stretching vibration v(C—H) at 3063 cm ™!
in the polymer phase results from a large portion of C—H
bonds now pointing parallel to the surface. In the final GNR
phase (Figure 1c¢), the torsion mode t(C—C) is shifted to
higher energies because of the changed environment within
the more rigid graphene structure and the increased inter-
action with the substrate. The dipole activity of the out-of-
plane bending mode y(C—H) is increased since all C—H bonds
are lying parallel to the surface. The quenching of the various
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Figure 1. On-surface synthesis of the undoped GNR analyzed by vibra-
tional HREELS in specular and off-specular scattering geometry for the
three reaction steps: a) adsorbed monomers, b) polymer and c) gra-
phene nanoribbon. E; is the primary energy of the incident electrons.

vibrational modes having dipole moments within the phenyl
ring plane (including v(C—H)) is a consequence of all phenyl
rings lying flat as part of the GNR. To estimate the GNR
coverage after such a preparation temperature programmed
desorption (TPD) experiments on co-adsorbed Xe were used
(see the Supporting Information). From these studies, a GNR
coverage of approximately 2/3 of a monolayer was deter-
mined. The preparation method as well as the character-
ization by means of HREELS and TPD were employed for all
three monomers (1-3), giving similar results. Furthermore,
the electronic HREELS (yielding electronic transition ener-
gies) signature changes drastically during both heating steps
(see the Supporting Information).

Two complementary surface-sensitive spectroscopies
were employed to study the electronic structure, that is,
band gaps and energetic positions of the valence and
conduction bands, of the differently doped GNRs. Electronic
HREELS, which employs higher primary electron energies
compared to the above shown vibrational HREELS, gives
access to the width of the band gap by exciting electronic
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Figure 2. a) Electronic HREELS spectra for the three GNRs with differ-
ent doping concentrations together with fits to the valence band (VB)-
conduction band (CB) transition peak. The primary electron energy is
15.5 eV and the spectra are normalized with respect to the VB-CB
transition peak. b) UPS spectra recorded with a photon energy of 6 eV
showing the gold surface state and the valence band (VB) peak for all
three GNRs. UPS spectra were normalized to the VB peak.

valence band (VB)-conduction band (CB) transitions. While
electronic HREELS gives the size of the respective band gap,
the alignment of the GNR band gap relative to the electronic
structure of the underlying substrate is measured with ultra-
violet photoelectron spectroscopy (UPS). Figure 2a shows
electronic HREEL spectra for the pristine, undoped GNR
produced from monomer 1 and the two doped monomers 2
and 3 in which the VB-CB transition peak has been fitted with
Gaussian fit functions. The peak positions of the pristine
GNR and the singly doped are identical, 2.80 +0.03 eV. The
band gap of the doubly N-doped GNR (5) is slightly lower,
2.71+0.01 eV, which corresponds to a reduction by 3 %. UPS
spectra recorded from the three different GNRs show two
peaks: one at higher energies (i.e. closer to the Fermi level)
that increases in intensity as more nitrogen atoms are present
in the GNR, originates from the gold Shockley surface state.
Its higher intensity relative to the other peak is indicative of
decreasing coverages as we proceed to a higher doping level.
Since the preparation was identical for all three systems, the
varying coverage could be due to repulsive interactions
among the electro-negative N atoms, favoring monomer
desorption in the formation process compared to polymeri-
zation. The second peak originates from the GNR and
exhibits an energy dependence on the degree of doping.
Therefore, we assign the corresponding state to the valence
band. Its binding energy in the pristine GNR is —0.87 +
0.03eV and decreases in the doped GNRs to —1.01+
0.03eV (one Natom per molecule) and —1.10+0.05eV
(two N atoms), respectively. Note that the downward shift in
energy is in agreement with calculations!"! and experiments
on N-doped graphene!! as well as top-down fabricated
graphene nanoribbons, the edge structure of which is not
atomically precise.'"” We thus observe a continuous down-
shifting of approximately 0.1 eV per N atom. Figure 3 sum-
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Figure 3. Summary of band gap size and alignment relative to the
Fermi level of the gold substrate for the three investigated systems.
While the band gap remains unaffected, the entire band structure is
shifted toward lower energies.

marizes the energetic positions of the VB and CB of the
studied GNRs.

In summary, we have successfully doped graphene nano-
ribbons in a well-defined manner by selective nitrogen
substitution of the precursor monomers which does not
interfere with the on-surface synthesis reaction. Using
HREELS in combination with photoelectron spectroscopy,
we could show that the band gap is linearly shifted relative to
the electronic structure of the environment of the GNR but
remains almost unchanged in magnitude, as expected for
pyridine-like nitrogen at the edges of armchair GNRs."*! The
positions of the bands and thus the size of the band gap agree
well with other experimental data on the pristine GNR.['®!
The independence of the size of the band gap on one hand and
its alignment relative to the Fermi level on the other hand
could prove useful in tailoring the electronic properties of
GNR devices. Doping the molecular precursors in a bottom-
up fabrication technique furthermore allows a well-defined
site selection and dosage of the dopant atoms within defect-
free GNRs. This should add another powerful item to the
toolbox of band gap engineering of graphene nanostructures
and, together with width variation and edge shaping, thus
contribute to controlling their properties towards technolog-
ical applications.
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