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ABSTRACT A prerequisite for future graphene nanoribbon (GNR)
applications is the ability to fine-tune the electronic band gap of
GNRs. Such control requires the development of fabrication tools
capable of precisely controlling width and edge geometry of GNRs at
the atomic scale. Here we report a technique for modifying GNR
band gaps via covalent self-assembly of a new species of molecular
precursors that yields n = 13 armchair GNRs, a wider GNR than those
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previously synthesized using bottom-up molecular techniques.

Scanning tunneling microscopy and spectroscopy reveal that these
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n =13 armchair GNRs have a band gap of 1.4 eV, 1.2 eV smaller than the gap determined previously for n = 7 armchair GNRs. Furthermore, we observe a

localized electronic state near the end of n = 13 armchair GNRs that is associated with hydrogen-terminated sp™hybridized carbon atoms at the zigzag

termini.
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raphene nanoribbons (GNRs) are
G two-dimensional strips of graphene

featuring high aspect ratios and
widths at the nanometer scale. Unique elec-
tronic and magnetic properties emerge
from the structural boundary conditions
imposed by the width, crystallographic
symmetry, and edge structure of GNRs.
The ability to control these GNR structural
parameters with atomic precision is essen-
tial for tuning GNR properties between pre-
dicted behaviors such as correlated low-
dimensional magnetism (ie, for zigzag
GNRs (ZGNRs))'~° and strongly gapped semi-
conductor behavior (ie., for armchair GNRs
(AGNRs)).”~'® AGNRs, in particular, have
emerged as a promising candidate for in-
troducing device-relevant energy gaps—
predicted to be inversely proportional to
GNR width—into graphene.”~'® While nu-
merous top-down approaches have been
used to produce GNRs,'' "7 these methods
provide only limited control over the precise
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dimension and symmetry of the resulting
GNRs. Recent advancements in the bottom-
up synthesis of GNRs using molecular pre-
cursors provide a means for potentially over-
coming these limitations.'® This strategy
has been used to synthesize atomically
precise 7-AGNRs (the integer refers to the
number of carbon dimer lines across the
width of a GNR) from 10,10’-dibromo-9,9'-
bianthracene (DBBA) building blocks.'®
Scanning tunneling microscopy (STM) and
spectroscopy (STS) performed on 7-AGNRs
have revealed an intrinsic band gap greater
than 2.3 eV.'%2° A shift in conduction band
edge has also recently been observed for
7-AGNRs that undergo uncontrollable fusion
to form wider ribbons?' Controlling the
GNR structure by the appropriate selection
of molecular precursors, however, remains a
challenging task, as evidenced by the fact
that no GNRs featuring widths greater than
n = 7 have yet been synthesized in a con-
trollable fashion using this technique.
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Figure 1. Synthesis of 13-AGNRs. (A) Schematic representation of the synthesis of 13-AGNRs from molecular building block 1.
The precursor molecules 1 colligate to form polymers (poly-1) following the homolytic cleavage of the labile C—Br bonds at
200 °C on Au(111). At 400 °C a cyclization/dehydrogenation sequence converts the polymers to 13-AGNRs. (B) STM image of
the polymer (poly-1) formed after the deposition of 1 onto a Au(111) surface held at 200 °C (V; = 0.50 V, I, = 3 pA). (C) High-
resolution STM image of the polymer poly-1. The polymers are nonplanar with an apparent height of 3.5 A (V.= —0.30V, I, =
33 pA). (D) STM image of 13-AGNRs formed after annealing poly-1at 400 °C (V;=0.50 V, [, =12 pA). (E) Close-up STM image of a
13-AGNR (Vs =—0.70 V, I = 7.02 nA; a higher tunneling current was used here to obtain higher spatial resolution). A structural
model of a 13-AGNR has been overlaid onto the STM image. Poly-1 tends to align with the Au(111) herringbone
reconstruction, while 13-AGNRs do not exhibit a preferred orientation.

Here we report the synthesis and characterization of
atomically precise n = 13 AGNRs fabricated using a
radical step-growth polymerization of a newly devel-
oped small-molecule building block on Au(111) in
ultrahigh vacuum (UHV). We have performed local
electronic characterization of these new, wider GNRs
using scanning tunneling microscopy and spectroscopy.
The 13-AGNRs feature atomically smooth hydrogen-
terminated armchair edges and 13 carbon dimer lines
across their width. STS reveals the energy gap of these
new GNRs to be 1.4 0.1 eV, 1.2 eV smaller than the energy
gap determined for narrower 7-AGNRs. We have also
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observed localized states at the ends of 13-AGNRs that
extend up to 30 A into the ribbons. These “end states”
are associated with the zigzag structure of the 13-
AGNR short edge (i.e., the edge that terminates 13-
AGNRs at their ends).

RESULTS AND DISCUSSION

In order to precisely control and expand the width of
bottom-up-fabricated AGNRs we developed a small-
molecule building block (1) derived from DBBA (see 1
in Figure 1A). 2,2'-Di((1,1-biphenyl)-2-yl)-10,10'-dibro-
mo-9,9’-bianthracene (1) was obtained through a Suzuki
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cross-coupling reaction of 2,2'-dibromo-9,9'-bianthracene?
(2) with (1,1-biphenyl)-2-boronic acid followed by a
selective bromination of the bianthracene core (see
Scheme S1). The 13-AGNR building block 1 was sub-
sequently sublimed under UHV onto a Au(111) surface
maintained at 200 °C. Thermally induced homolytic
cleavage of the labile C—Br bonds then generated sp?
carbon-centered diradical intermediates,®® which dif-
fused on the surface and recombined with other
diradicals in a step-growth polymerization to form
linear chains of poly-1 (Figure 1A). Annealing these
AGNR precursors at 400 °C induced a stepwise cyclization/
dehydrogenation sequence that yields fully con-
jugated 13-AGNRs (Figure 1A). A home-built low-
temperature (T = 7 K) STM was used to characterize
the polymer precursors poly-1 (by cooling the sample
from T =200 °C to 7 K) as well as the fully cyclized 13-
AGNRs (by cooling the sample from T =400 °C to 7 K).
STM spectroscopy was performed by measuring the
differential conductance (d//dV) of the STM tunnel
junction.

Figure 1B shows an STM image of a representative
sample of linear polymer chains formed from building
block 1 after being deposited onto the Au(111) surface
at 200 °C and subsequently cooled for imaging. The
close-up image of the polymer chain in Figure 1C
clearly exhibits a corrugated pattern along the back-
bone of the polymer chain. The maxima in this image
alternate between the two opposite edges of the
polymer chain. The apparent height of the polymer
chains is 3.5 & 0.3 A, and the period of the corrugation
is 9.5 + 0.1 A. The bright contrast along the center of
the chain is consistent with protrusions expected to
arise from the poly-anthracene subunits,'® while con-
trast arising from the biphenyl groups lining the edges
of the polymer is more diffuse. The significant devia-
tion from planarity in the polymer is attributed to steric
hindrance between hydrogen atoms in the peri-posi-
tions along the poly-anthracene backbone and has
also been observed for polymer chains grown from
DBBA.'

Figure 1D shows an STM image of the surface after
annealing samples of poly-1 at 400 °C for 5 min to
complete the cyclization/dehydrogenation sequence.
The di(biphenyl)-bianthracene subunits have fused
into a fully conjugated linear nanoribbon (Figure 1D)
featuring a width of 19 + 2 A and an apparent height of
2.1 + 0.1 A (significantly lower than the height of the
polymer chains prior to cyclization/dehydrogenation).
The close-up topographic image in Figure 1E confirms
the atomically precise molecular structure of the result-
ing 13-AGNRs. These nanoribbons feature atomically
smooth hydrogen-terminated armchair edges along
the entire length of the ribbon and are composed of 13
dimer lines of carbon atoms at the widest point.

The local electronic structure of 13-AGNRs was
characterized by performing STS measurements on
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Figure 2. STM dI/dV spectroscopic measurement of 13-
AGNR energy gap. (A) d//dV spectra recorded on a 13-AGNR
(blue line) and on bare Au(111) (green line). The 13-AGNR
spectrum is offset vertically by 1 au for clarity (open-feed-
back parameters: Vs = 1.00 V, I, = 35 pA; modulation voltage
Vims = 10 mV). Crosses in inset topographic image indicate
the positions where spectra were recorded (inset V;=1.00V,
I, = 35 pA). (B—D) di/dV maps of 13-AGNR taken at (B)
valence band edge (Vs = —0.12 V, I, = 35 pA), (C) in the gap
(Vs=0.59V, I, =35 pA), and (D) at the conduction band edge
(Vs = 1.19 V, I, = 35 pA). Dashed lines indicate the outer
edges of the 13-AGNR. Band edge states have higher
intensity near the edges of the GNR, while the GNR appears
relatively featureless for energies within the gap.

15 different nanoribbons of varying lengths (from
3 nm up to 11 nm). A characteristic d//dV spectrum of
a 13-AGNR is shown in Figure 2A (blue line). The
tunneling conductance (dl/dV) reflects the energy-
dependent local density of states (LDOS) at the posi-
tion beneath the STM tip. A spectrum recorded directly
on the bare Au(111) substrate with the same STM tip
serves as a background reference (green line). In the
empty states (V > 0) the 13-AGNR dI/dV is featureless
(other than simply reflecting the Au(111) and tip DOS)
until a prominent shoulder rises that is centered at 1.19 eV
above the Fermi energy (Er). The magnitude of this
shoulder varies from position to position on the GNR
(and can also vary with different STM tips), and this
feature often presents as a prominent peak rather than
a shoulder (see Supporting Information), but its energy
remains constant near the average value of 1.21 +
0.06 V for all GNRs measured. We identify this feature as
the 13-AGNR conduction band edge. Other empty state
peaks in the 13-AGNR spectra are often observed at
higher voltages (such as at ~1.6 V), with their amplitudes
also dependent on location within the GNR and the
condition of the STM tip (see Supporting Information).
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Figure 3. Localized end state of a 13-AGNR. (A) STM d//dV spectra taken near the end of the same 13-AGNR shown in Figure 2
(blue line) and on bare Au(111) (green line) (open-feedback parameters: V; = 1.00 V, I, = 35 pA; modulation voltage V,,s = 10
mV). The GNR spectrum is offset vertically by 1 au for clarity. The spectra were recorded at the positions indicated by color-
coded crosses in (B). The 13-AGNR spectrum exhibits an end-state resonance at +0.19 eV (shaded red). (B) STM topographic
image of a 13-AGNR showing a nonreconstructed hydrogen-terminated end (V= 1.00 V, I, = 35 pA). (C) d//dV map at +0.19 V
of the 13-AGNR in (B) shows that the end-state resonance is localized near the short edge of the GNR and extends only 30 A
along the GNR axis (open-feedback parameters: Vs = 1.00 V, I; = 35 pA; modulation voltage V,,s = 10 mV). (D) Close-up STM
image of the end of a different 13-AGNR (Vs = —0.05 V, I, = 2.01 nA). (E) Structural model of the nonreconstructed end of a 13-

AGNR overlaid onto the STM image shown in (D).

In the filled state part of the 13-AGNR d//dV spec-
trum (V < 0) a broad resonance centered at ~—0.2 V is
the first prominent feature. This resonance also varies
in magnitude for different positions on the GNR and
with different tips, but the —0.2 V resonance is present
on all 15 GNRs that we examined. Upon closer inspec-
tion, we observe that this resonance is composed of
two energy-split resonances with the average energy
splitting being 0.11 + 0.04 eV (found via Lorentzian
peak fitting; see Supporting Information, Figure S4).
The filled-state resonance closest to Er is always found
centered near the average value —0.15 £ 0.04 V, and
we identify this feature as the 13-AGNR valence band
edge. Other GNR resonances in the filled states (with
amplitudes depending on position and STM tip) are
often seen at even lower energies (such as at ~—0.6 V;
see Supporting Information).

In summary, an average over all of our 13-AGNR
spectra yields a conduction band edge at 1.21 - 0.06 V
and a valence band edge at —0.15 £+ 0.04 V, thus
leading to an average band gap for 13-AGNRs on
Au(111) of A = 1.4 £+ 0.1 eV. Narrower 7-AGNRs, by
comparison, have an energy gap of A ~ 2.6 eV using
similar measurement criteria'#2%?* (we have also mea-
sured an energy gap of A =2.5 £ 0.1 eV for 7-AGNRs
using the same instrument and characterization techni-
ques that we used here for 13-AGNRs; see Supporting
Information for further discussion of energy gap analysis).

To gain insight into the spatial distribution of the
electronic structure of 13-AGNRs, we performed con-
stant-bias d//dV mapping (Figure 2B—D) of 13-AGNRs
at different sample biases. Figures 2B and D show d//dV
maps at sample biases corresponding to the valence
and conduction band edges, respectively. The bright
intensity along the two longitudinal edges of the ribbon
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indicates a higher LDOS with respect to the gold
surface at these energies (at some biases the surround-
ing gold surface shows oscillatory contrast due to
quantum interference of the Au(111) surface state?).
In contrast, d//dV maps recorded at sample biases that
fall within the band gap exhibit no strong intensity on
the ribbon. Figure 2C, for example, shows the 13-AGNR
dl/dV map at a bias of 0.59 V, and the ribbon edges are
dark. dI/dV mapping at biases corresponding to reso-
nances either lower than the valence band edge or
higher than the conduction band edge also reveal
increased intensity near the GNR edges, but these
maps additionally show stronger longitudinal nodal
patterns than band edge dl/dV maps (see Supporting
Information).

We also observe a midgap state localized near the
short zigzag segment that marks the end of all non-
reconstructed 13-AGNRs (which is the great majority of
all observed nanoribbons). As seen in Figure 3A, the
dl/dV spectrum recorded on the same 13-AGNR as shown
in Figure 2 at a distance of 15 A from such a zigzag end
clearly reveals the presence of an “end state” at 0.20
0.02 eV. The energies of the previously observed
conduction and valence band edges remain un-
changed. The end state feature is absent in “bulk” 13-
AGNR spectra (i.e., recorded at positions remote from
the GNR terminus), as depicted in Figure 2A. We
explored the spatial distribution of the end state by
performing d//dV mapping at a sample bias of 0.19 V
on this nanoribbon. Figure 3C indicates that the end
state is localized in close proximity to the short zigzag
end of the 13-AGNR, extending only 30 A along the
GNR's longitudinal axis. Close-up STM images (Figures 3D
and E, using a different 13-AGNR) reveal the precise
position of all carbon atoms comprising the edges at
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the end of a 13-AGNR (in Figure 3E a structural model of
the 13-AGNR end region has been overlaid onto the
STM image of Figure 3D).

The 13-AGNRs developed herein belong to the same
subfamily of -AGNRs (n=3p + 1,withp=1,2,3,..) as
7-AGNRs, but have a band gap (1.4 eV) that is ~1.2 eV
smaller than the one determined for 7-AGNRs,'92%2
This energy gap vs width trend is qualitatively consis-
tent with theoretical models,”#'° but the measured
energy gaps are consistently narrower than those
predicted by first-principles density functional theory
(DFT) (2.4 eV for a 13-AGNR and 3.8 eV for a 7-AGNR,
respectively).'® This discrepancy likely arises from im-
age charge screening due to the gold substrate, as has
been shown for the n = 7 case.?>***” Another incon-
sistency with theory is the fact that the experimental
LDOS of the 13-AGNR conduction and valence band
edge states are strongly localized along the edges of
the ribbon (Figure 2B,D). This is in clear contrast to the
spatially extended nature of the band edge states
predicted for isolated AGNRs.”?® Similar spatial locali-
zation of band edge states has also been observed for
7-AGNRs on Au(111),">?° but no consistent explana-
tion has been provided so far. The existence of stronger
longitudinal nodal variation in the LDOS intensity
along the 13-AGNR edges for resonances above
(below) the conduction (valence) band edge suggests
that these resonances are higher excited electron-like
(hole-like) states of the GNRs, thus further supporting
identification of the conduction (valence) band edge
state (see Supporting Information). The experimentally
observed 13-AGNR end state (Figure 3A,C) likely arises
from the zigzag segment comprised of sp>-hybridized
carbon atoms localized at the ends of each 13-AGNR
(Figure 3D,E). Related behavior has been observed at
the ends of 7-AGNRs."®

METHODS

A gold single crystal with polished Au(111) surface was used as the
substrate for these experiments. Standard Ar" sputtering/annealing
cycles were applied to obtain an atomically clean Au(111) surface. A
home-built Knudsen cell was used to sublime the precursor
molecule 1 at 206 °C. The deposition rate of the precursor molecule
was 0.5 A/min, as measured by a quartz crystal microbalance.

STM measurements were performed using a home-built STM
with the samples held at 7 K in UHV. A Ptlr tip was used for
topography and spectroscopic measurements. Topography
was obtained using the constant current mode of the STM.
For dI/dV spectra the tunneling current was measured by a lock-
in amplifier, while the sample bias was modulated by a 451 Hz,
5—10 mV (rms) sinusoidal voltage under open-feedback condi-
tions. All STM images were processed by WSxM.*°
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The mechanism by which the linear growth of GNRs
is truncated remains a crucial question. Comparison
between Figures 3D and 3E indicates that, aside from
the substitution of the terminal bromine atom by
hydrogen, no further reconstruction of the edge atoms
can be observed for 13-AGNRs. Since these nonrecon-
structed ends have no apparent bright spots asso-
ciated with bromine atoms or apparent depressions
induced by radical-surface interactions, 13-AGNRs are
likely terminated by single hydrogen atoms (i.e., one per
carbon atom)."®? This is further supported by the ob-
servation of 13-AGNR localized end states (Figure 3A,C),
which are associated with sp-hybridized C—H bonds.
This leads us to deduce that two possible mechanisms
for the truncation of 13-AGNR growth are (i) hydrogen
abstraction during the chain-growth polymerization of
the small-molecule precursor 1 at 200 °C and (ii)
quenching of the aryl radical at the end of the chain
during the 400 °C cyclization/dehydrogenation pro-
cess. We are currently unable to distinguish between
these two mechanisms.

CONCLUSIONS

We have demonstrated the atomically precise synthe-
sis of 13-AGNRs on Au(111) via covalent self-assembly
from small-molecule building blocks. We find that the
energy gap of 13-AGNRsis 1.4 £+ 0.1 eV, 1.2 eV narrower
than the analogously defined band gap of a 7-AGNR.
Spatially localized 13-AGNR end states are observed
at 0.20 eV above the Fermi level in the region near
zigzag ends. Our work demonstrates precise and con-
trolled tunability of band gaps in bottom-up-fabricated
semiconducting AGNRs through width variation. Such
readily modifiable GNRs should help pave the way
toward development of GNR-based semiconductor
nanotechnology.
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