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Abstract

We study the band gap of finite N4 = 7 armchair graphene nanoribbons (7-AGNRs)
on Au(111) through scanning tunneling microscopy /spectroscopy combined with den-

sity functional theory calculations. The band gap of 7-AGNRs with lengths of 8 nm
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and more is converged to within 50 meV of its bulk value of ~ 2.3eV, while the band
gap opens by several hundred meV in very short 7-AGNRs. We demonstrate that even
an atomic defect, such as the addition of one hydrogen atom at the termini, has a
significant effect — in this case, lowering the band gap. The effect can be captured in

terms of a simple analytical model by introducing an effective ”electronic length”.
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Introduction

One of the driving motivations for investigating the electronic properties of two-dimensional
materials, such as graphene, lies in their beneficial electrostatics for field effect transistor
applications, which should enable downscaling of the channel length below conventional
limits.! While large-scale graphene is a semimetal, quantum confinement opens an electronic
band gap in graphene nanoribbons (GNRs) that depends both on the width of the ribbon
and on the atomic structure of the ribbon edge.

Numerous theoretical and experimental studies have investigated the dependence of
the electronic and optical properties of GNRs on their width?? (see also!® and references
therein). It is typically assumed that the GNRs under investigation are long enough for their
finite length not to play a role. Particularly in the context of experimental techniques that
average over the properties of many individual nanoribbons of varying length, such as (in-
verse) photoemission spectroscopy, this raises the question: How long is long enough? More
specifically, how does the electronic structure evolve from a finite molecule to the extended
nanoribbon? In view of future applications in nanoscale devices, these questions are not only

of academic interest.



The answer to these questions naturally depends on the physical quantities that are
investigated and the accuracy that is desired. Hod and coworkers have analyzed the density
of states (DOS) of finite Ny = 9,11 and 13 AGNRs!! using the HSE06 hybrid density
functional. ! From a comparison of the DOS for GNRs of different lengths, they conclude
that the main qualitative features of the bulk electronic structure are recovered only at
lengths 2 40nm. This conclusion, however, depends on the assumed level broadening for
the finite structures, which was chosen to be of Lorentzian form with I' = 10 meV width.

The bottom-up approach to GNRs, based on surface-assisted colligation and subsequent
dehydrogenation of specifically designed precursor monomers, enables the synthesis of some
prototypical GNRs with atomic precision.* Here, we investigate the evolution of their elec-
tronic structure as a function of the number of monomers that make up the ribbon. In order
to focus on a simple and technologically relevant figure of merit, the discussion is restricted
to the band gap A instead of the full DOS. Since the GNRs are synthesized with atomic pre-
cision, the experimental findings reflect intrinsic properties of the class of GNRs under study
and enable direct comparison with tight binding and density functional theory calculations.
In a second step, we study how adding a single hydrogen atom at the terminus affects this

length dependence.

Results and Discussion

Figure 1 shows a N4 = 7 armchair graphene nanoribbon (7-AGNR) imaged by non-contact
atomic force microscopy (AFM) as well as scanning tunneling microscopy (STM). While the
long edges of the 7-AGNR are monohydrogenated, the GNRs may be terminated by one
hydrogen at the central carbon atom (CH, left terminus) or by two hydrogen atoms (CH,,
right terminus), depending on the temperature T, chosen for the dehydrogenation step.!517

The additional hydrogen atom can be considered an atomic defect. By varying 7, from 300°

to 400°, the relative probability of CH and CH,-termination can be tuned from a majority
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Figure 1: Atomic structure of 7-AGNR. a) Scheme of 7-AGNR with length L = 10a ~ 4.3 nm.
b) Non-contact AFM image (oscillation amplitude A = 43 pm, bias voltage V= 0 mV). c)
Zoom-in on the termini using AFM. d) Constant-current STM image (set point I=10 pA,
tip bias Viip, = —200meV). All images recorded on the Au(111) surface.



of CH, to almost exclusively CH. Unless otherwise stated, in the following we consider
only GNRs that have the same termination at both ends. Length and termination of the
GNRs can be identified not only by AFM, but also by high-resolution STM, 617 which is
the instrument used in the rest of the study. The complete knowledge of the GNRs’ atomic
structure forms the basis for the discussion of their electronic structure.

The band gap of finite 7-AGNRs on Au(111) was determined using scanning tunneling
spectroscopy (STS). The STM tip was positioned in the center between the two termini
and differential conductance spectra were recorded on a line scan across GNR using a lock-
in amplifier (modulated at 860 Hz with 16 mV root-mean-square amplitude). Spectra were
recorded by ramping the voltage from -1.5 V to 2.0 V at constant tip-sample distance set by
I =0.2nA and V = —1.5 V. Following reference,'® the band gap was extracted using the
half-maximum of the valence and conduction band onsets.

This technique yields a bulk band gap of 2.3eV for 7-AGNRs on Au(111).!® Figure 2
shows that additional confinement due to decreasing length gives rise to an increase of the
band gap, as expected. For GNRs longer than 8 nm, the band gap is converged to within
50meV. In addition to this, the data points in the length range investigated here seem to
fall into one of two categories — one with higher band gap and one with lower band gap
at the same length. It turns out this finding derives from differences in the termination of
the ribbons under study (determined experimentally as described above): for a GNR with
length L = 10 @ =~ 4nm, adding a second hydrogen atom to the central carbon atom at the
termini lowers the band gap by more than 0.1eV.

In order to rationalize this observation, it is helpful to start with some basic insights into
the electronic structure of graphene nanoribbons provided by Clar’s theory of the aromatic
sextet. 1920 Clar’s rule states that the Clar structure of a hydrocarbon that has the highest
number of aromatic sextets, termed Clar formula, is most representative of its m-electron
distribution. Figure 3 a) shows the Clar formula for the CH,-terminated 7-AGNR. The

Clar formula is unique and contains two aromatic sextets per unit cell of the GNR.1%2! The
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Figure 2: Band gap of 7-AGNRs. a) STM topography of finite 7-AGNRs (V;, = 1.5V,
I =0.1nA, scale bar 2nm). b) Band gaps of 7-AGNRs as determined by scanning tunneling
spectroscopy (markers). The dashed lines follow the averaged values for each length. The
black dashed line at 2.3eV marks the bulk value.
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Figure 3: Electronic structure of finite 7-AGNRs. a) Clar formula for CH, termination. b)
Clar formulas for CH termination. c) Tight binding orbitals of CH,-terminated 7-AGNR
with length L = 6a. The circle area is proportional to the electron density, gray/black
indicates the sign of the wave function. d) Same as c¢), but for CH termination.

case of CH-terminated 7-AGNRs is more complicated, as shown in Figure 3 b). Multiple
Clar formulae exist, but they have only one aromatic sextet per repeat unit, leading to
considerably reduction in aromatic stabilization compared with the CH, case. At the cost of
introducing one unpaired electron near each terminus of the GNR, however, a unique Clar
formula with two Clar sextets per repeat unit is obtained also in this case.

The electronic structure for the CH termination is thus characterized by a competition
between the cost of breaking a m-bond, favoring structure 1, and the energetic stabilization
due to increased aromaticity, favoring structure 2. Since the aromatic stabilization increases
linearly with GNR length, the question arises at which length structure 2 will dominate.
Konishi et al. have studied CH-terminated 7-AGNRs of lengths L. = 2a,3a and 4a using
the complete active space self-consistent field (CASSCF) method and found a biradical
character of 7,54 and 91% (which is in agreement with spin-unrestricted DFT calculations
using the PBE functional, which find a spin-unpolarized ground state for L = 2a, while spin-
polarization appears for L = 3a and above). Further guidance on the stability of aromatic

vs. radical structures is provided by thermochemistry experiments,?? which indicate a gain
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of 90 kJ /mol per aromatic ring vs. a penalty of 272 kJ/mol per couple of unpaired electrons,
also corresponding to a threshold of . = 3a. For the length of 7-AGNRs considered here,
starting from L = 4a, the Clar structure 2 is therefore dominant.

A simple model that captures this on a qualitative level, is tight-binding using one 7-
orbital per carbon atom and considering hopping only between nearest neighbors. Figure
4 (d) and (e) show frontier orbitals for a 7-AGNR of length L = 6a. In case of the CH,
termination, the central carbon atom at the terminus does not contribute an electron to the
m-system. Within the tight binding description, the CH, termination is therefore equivalent
to a so-called cove defect, where the central carbon atom is simply removed.? For the
CH termination instead, each terminus hosts an unpaired electron, giving rise to a highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) that
are exponentially localized near the terminus. 6

Before moving from the effect of the termination on the m-electron distribution to the
effect on the band gap A, a precise definition of A is required. In solid state physics, the
band gap of a periodic crystal refers to the energy difference between the top of the valence
band and the bottom of the conduction band. For a finite crystal, the continuous energy
bands become sets of discrete energy levels and the concept of the band gap is naturally
carried over to denote the energy difference between the highest such energy emerging from
the valence band and the lowest such energy emerging from the conduction band.

While the corresponding electronic states remain delocalized over the crystal, the in-
evitable creation of surfaces can give rise to new, qualitatively different states that are
exponentially localized near the surfaceand whose energies fall into the band gap between
delocalized states. As discussed above, this occurs in 7-AGNRs with CH termination, which
exhibit Tamm states localized at the zigzag termini. In this particular system, both the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) are surface states of the finite one-dimensional crystal and should be disregarded

when determining A. The bandgap of CH-terminated 7-AGNRs is therefore given by the en-



ergy difference between the LUMO+1 and the HOMO-1, while it coincides with the HOMO-
LUMO gap for the CH, termination.

We point out that this definition of the band gap is appropriate in view of electronic
transport applications, where states that are localized near the termini of the GNRs do not
contribute to the current. It is also the quantity that is measured in scanning tunneling
spectroscopy, when positioning the tip in the center between the two termini, as has been

done in this study.
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Figure 4: Electronic structure from tight binding. a) Energy bands of 7-AGNR for hopping
integral ¢ = 3eV. b) Definition of directions k,, k, as well as length L and width W. c¢)
Band gap as function of length and termination (markers), as well as effective length (EL)
model (line).

Figure 4 a) shows the electronic band structure of the infinite 7-AGNR. For a hopping
integral of t = 3eV, a band gap of A &~ 1.41¢eV is obtained. This may then be compared to
the band gap of 7-AGNRs with finite length L, as defined in 4 (b). Figure 4 ¢) demonstrates
that tight binding indeed reproduces the (qualitative) experimental finding: the band gaps
of CH-terminated GNRs are larger than those of CH,-terminated GNRs of the same length.

This result might seem counterintuitive at first, since the hydrogen addition at the ter-
minus completely removes the carbon atom from participation in the 7 system, i.e. the

size of the 7 system decreases for CH,-termination, which one might associate with an in-



crease in band gap. A closer look at the frontier orbitals shown in Figure 3 c),d) suggests a
naive rationalization: considering that each carbon atom hosts one m-electron in total, the
presence of highly localized states near the termini competes with the delocalized states,
and may push the delocalized states in CH-terminated ribbons inwards compared to their
counterparts in CH,-terminated ribbons. Stronger confinement would naturally lead to a
larger band gap. In the following, this observation is put on a quantitative footing using the
analytic expression for the energy levels of monohydrogenated armchair and zigzag GNRs
derived by Wakabayashi.%

The delocalized states of finite armchair graphene nanoribbons with monohydrogenated
edges can be related to the dispersion of graphene F (E) by finding a corresponding wave
vector k = (ky, ky) with components k,, along the zigzag and k, along the armchair direction.

While confinement by the armchair edges gives rise to a simple discretization
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confinement in between zigzag edges results in a transcendental equation for k, = ky(k;).
In the supporting information, this equation is expanded for large length L and small k,.
For the valence and conduction bands of armchair GNRs in the semiconducting N4 = 3p+1

family (p € N), the solution for k, takes the form

T
ky ~s =

s
(Nz+9)% T
2p+1 -
= <
and 9§ [1+1/<2008 [3p+2ﬂ>} <0 (3)

In particular, we note that in the limit of large GNR lengths L, the correction term 9§ is

with s € {1,..., Nz}, s < Ng, (2)

independent of L and depends only on the width W of the GNR. The boundary conditions
at the terminus may therefore be viewed as giving rise to an effective “electronic length”

L + ¢’ that is reduced with respect to the geometric length L.
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As shown in the supporting information, the band gap is then given by

A(L) = A(o0) + (L+—05’)2 +0 (m) for L — oo. (4)
For 7-AGNRs (p = 2), one obtains ¢’ = §§ ~ —0.7nm. Using a hopping integral ¢ = 3eV, one
further finds A(co) &~ 1.41eV and C = 4.46 eVnm?. The above analysis is easily generalized
to GNRs of other widths. For (monohydrogenated) AGNRs of the semiconducting families
Ny = 3pand Ny = 3p+1, the discrepancy between geometric and effective electronic length
grows linearly with increasing GNR width, while it takes a qualitatively different form for
the quasi-metallic AGNRs with N4 = 3p — 1.

For the CH,-terminated 7-AGNRs, where the analytic expressions of reference® do not
apply, fitting equation (4) to numerical tight binding gaps of sufficiently long GNRs yields
0" ~ +0.9nm.

Coming back to the original question, the termination can thus be viewed as influencing
the effective “electronic length” of the GNR: CH,-terminated 7-AGNRs appear 0.9 + 0.7 =
1.6 nm longer than CH-terminated ones, while consisting of the same number of monomers!
Figure 4 c¢) compares the exact tight binding gaps (markers) to those obtained using the
“electronic length” approximation (lines). Despite being derived for the limit L — oo, the
model agrees well with the full tight binding calculation in the length range relevant to this
study.

While single-orbital nearest-neighbor tight binding lends itself to qualitative investiga-
tions, neglecting the variation of on-site energies,? hopping between more than nearest neigh-
bors and the Coulomb repulsion between electrons?* constitutes a serious simplification. In
this respect, an ab initio scheme, such as density functional theory, presents a significant
step forward. For the case of 7-AGNRs, it has been found that the effective single-particle

description of spin-unrestricted Kohn-Sham DFT with a semi-local functional is able to cap-

I This refers to valence and conduction band. See the supporting information for computing 6’ for other
bands.
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ture the essential features when compared to a solution of the many-body Hubbard model.?*

We have computed the band gaps of finite 7-AGNRs consisting of 4,6, ..., 20 anthene units

using the PBE functional,?® both for CH and CH, termination (see methods section for

details).
L [a]
a b 4 6 8 10 12 14 16 18 20
\ m CH (DFT)
2.0F 1
a —CH (EL)
CH (STS-A,)
[m]
1.9r m CH, (DFT) |]
= _ CH, (EL)
S
2. 0* ] 2 1.8¢ CH2 (STS'Ao) B
w <

L I I I I I I I

0.0 0.1 0.2 0.3 0.4 0.5 2 3 4 5 6 7 8 9
k, 2] L [nm]

Figure 5: DFT electronic structure. a) Energy bands of 7-AGNR. The center of the gap has
been shifted to zero energy. b) DFT band gap as function of length and termination. Dashed
lines are averaged experimental values from Figure 2, decreased by a constant Ag = 0.73eV
to aid comparison. The dotted line marks the bulk value of the DFT gap at 1.57 eV.

The resulting Kohn-Sham gaps are shown in Figure 5 (b). The continuous lines are
obtained by fitting A(L) against equation (4), while fixing A(oo) = 1.57eV to the value of
the bulk band gap.? Similar to tight binding, one finds ¢’ ~ —0.7 nm for the CH termination
and ¢’ &~ +0.5nm for the CH, termination, while the values for C' are significantly reduced
due to the weaker dispersion of the DFT bands in 5 a) compared to tight binding.

Figure 5 (b) also shows the experimental band gaps obtained from STS (dashed lines).

2The least-squares fit was performed in the range of L € [12a,20a]. The values with standard errors are
§' = —0.67+0.14nm, C = 1.81 £ 0.12nm (CH) and ¢’ = 40.47 £+ 0.08 nm, C' = 1.66 & 0.05nm (CH,).
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To aid the comparison, the experimental data have been reduced by a constant shift of

Ag=A23eV —1.57eV =0.73eV | (5)

letting both gaps agree in the limit of L — oc.

Kohn-Sham DFT with approximate semi-local exchange-correlation functionals is well-
known to underestimate band gaps of molecules and bulk semiconductors. The size of this
error will, in general, depend on the atomic structure of the system under investigation. Yet,
Figure 5 (b) suggests that a constant shift by Ay brings the PBE Kohn-Sham gap of finite
7-AGNRs with different lengths and terminations into good agreement with experiment.

While there may be no general justification for applying such a constant shift, we note that
for the 7-AGNR the dispersion of the frontier electronic bands in DFT fits the experimentally
determined dispersion rather well.?° If the opening of the band gap in finite 7-AGNRs arises
mainly through the corresponding discretization of the bulk frontier bands,? it then follows
that the difference Ay between experimental and Kohn-Sham gap is independent of length.

Finally, while the electronic band gap of the 7-AGNR converges already for short seg-
ments, we note that this differs from GNRs in the so-called quasi-metallic family of width
W = (Na+1)a.. with Ny = 3p+2. As discussed in reference,?” segments beyond 30 nm are
necessary to converge the electronic band gap for ribbons in this family due to the smaller

effective mass of the charge carriers involved.

Conclusions

The band gap of finite 7-AGNRs has been analyzed as a function of length and termination
through scanning tunneling spectroscopy of atomically precise 7-AGNRs on Au(111). The

combination with tight binding and density functional theory calculations provides a ratio-

30n the experimental side, this may depend significantly on the screening from the underlying Au surface.
For GNRs on insulators and, even more so, for free-standing GNRs, an appropriate treatment of many-body
effects should become necessary — for example, within the GW approximation.
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nalization of the significant difference observed between GNR terminations. The difference
can be expressed in terms of an effective “electronic length” L + ¢’ of the ribbon, which
differs from the geometric length L by a shift ¢’ that depends on the boundary conditions
at the CH, or CH terminus.

In agreement between tight binding, DFT and experiment, CH-terminated ribbons ef-
fectively appear more than 1 nm shorter compared their CH,-terminated counterparts with
the same number of monomers, giving rise to a larger band gap of short CH-terminated
7-AGNRs according to the formula A(L) = A(oo) + ﬁ and illustrating the sensitivity
of the m-electronic structure of GNRs even to single atomic defects.

While simple simple computational schemes can provide valuable insight into trends in the
electronic properties of this class of nanomaterials as a function of their size and termination,

quantitative predictions for device applications call for higher-level methods that include the

dielectric screening by the substrate.
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Methods

All measurements were performed with a commercially available Omicron low temperature

scanning tunneling microscopy (STM)/atomic force microscopy (AFM) system, operating
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in ultra-high vacuum at 4.8 K. We used a tuning fork with a chemically etched tungsten
tip as a force sensor.?® The resonance frequency and the mechanical quality factor were
23067.3 Hz and 26704 Hz, respectively. The high stiffness of 1800 N/m allows for stable
operation with small amplitude.? The frequency shift, caused by the tip-sample interaction,
was detected with a commercially available digital phase-locked loop (Nanonis: OC-4 and
Zurich Instruments: HF2-LI and HF2-PLL).%® For the STM measurement, the bias voltage
was applied to the tip while the sample was electronically grounded. The tip apex was
sharpened ex situ by milling with a focused ion beam. The tip radius was less than 10 nm.
A clean gold tip was formed in situ by indenting to the Au sample surface and applying
several bias voltage pulses between tip and sample. For AFM, the tip apex was terminated
with a CO molecule, which was picked up from the surface.?! Clean Au(111) surfaces were
prepared in situ by repeated cycles of standard Ar* sputtering (3 x 107% mbar, 1000 eV, and
15 min) and annealing at 720 K. 7-AGNRs were grown under ultrahigh vacuum conditions
(base pressure 1 x 107"%mbar) using 10,10°-dibromo-9,9*-bianthryl (DBBA) as precursor
monomer, as reported previously.'* After deposition of DBBA on the Au(111) surface held
at room temperature, polymerization and subsequent cyclodehydrogenation were induced by
annealing to 300 C (400 C) to obtain 7-AGNRs with a majority of CH, (CH) termination.
Identification of termination was accomplished by scanning at low bias, where CH-terminated
7-AGNRs exhibit a specific density of states pattern at the ribbon termini. ¢
Spin-unrestricted DFT calculations have been performed with the PBE generalized gra-
dient approximation to the exchange-correlation functional.?® The Quantum ESPRESSO
package®? was used, together with projector augmented-wave ultrasoft pseudopotentials from
the pslibrary.1.0.03% and an energy cutoff of 46 Ry for the wave functions and 326 Ry for
the charge density. Atomic positions were relaxed until the forces were below 10~ Hartree
atomic units. The band structure of the periodic 7-AGNR was calculated using 64 k-points

in the first Brillouin zone.
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The band gap of atomically precise GNRs with lengths in the sub-10nm regime varies sig-

nificantly both with their length and termination.
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