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Abstract

Graphene nanoribbons (GNRs) are at the frontier of research on graphene materials since the 1D
quantum confinement of electrons allows for the opening of an energy gap. GNRs of uniform and
well-defined size and shape can be grown using the bottom-up approach, i.e. by surface assisted
polymerization of aromatic hydrocarbons. Since the electronic properties of the nanostructures
depend on their width and on their edge states, by careful choice of the precursor molecule it is
possible to design GNRs with tailored properties.

A key issue for their application in nanoelectronics is their stability under operative conditions.
Here, we characterize pristine and oxygen-exposed 1.0 nm wide GNRs with a well-defined mixed
edge-site sequence (two zig-zag and one armchair) synthesized on Ag(110) from 1,6-dibromo-
pyrene precursors. The energy gap and the presence of quantum confined states are investigated
by scanning tunneling spectroscopy. The effect of oxygen exposure under ultra-high vacuum
conditions is inferred from scanning tunneling microscopy images and photoemission spectra. Our
results demonstrate that oxygen exposure deeply affects the overall system by interacting both
with the nanoribbons and with the substrate; this factor must be considered for supported GNRs
under operative conditions.
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Introduction

Graphene, a carbon allotrope consisting of a single layer of sp? hybridized carbon atoms in a
honeycomb lattice, shows relevant mechanical, electronic and optical properties (e.g. high intrinsic
charge mobility, high electrical and thermal conductivity, high optical transparency and high
tensile strength), which made it a promising material for several applications. However, while
some of these properties (including excellent ballistic transport of charge carriers) make graphene
suitable for devices where high electrical conductivity is mandatory (e.g. electrodes), the absence
of a gap prevents its use in nanoelectronics, for which a semiconducting behaviour is required.
For this reason, the attention moved on low-dimensional graphene-based nanostructures such as
carbon nanotubes and graphene nanoribbons (GNRs). The latter are graphene-like, one-
dimensional (1D) nanostructures narrower than 10 nm. = They are of particular interest because
the quantum confinement of the electrons and the presence of different edge geometries (with
possible associated electronic states) cause a bandgap opening, while still retaining the ballistic
transport of charge carriers.

GNRs can be synthesized using several top-down methods, which include sonication,!
lithography® and unzipping of carbon nanotubes (CNTs).”? These approaches allow for a relatively
easy production of graphenic, low dimensional nanostructures which, however, often have a
relatively poor quality in terms of uniformity and defectivity at the edges. Since regularity of shape
and size is required for a variety of applications, and in particular for nanoelectronics, the
alternative bottom-up approach appears more promising.®~'? It usually exploits the surface assisted
polymerization of a molecular precursor (often a halogenated aromatic compound) catalyzed by a
metal surface; the process occurs in two steps since Ullman-coupling is followed by
cyclodehydrogenation and formation of new C-C bonds.!3-1¢
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One of the first precursor molecules to be successfully employed was 10,10'-dibromo-9,9'-
bianthracene (DBBA), which polymerizes forming N=7 GNRs with armchair edges.!! Eventually,
a wide variety of halogenated and non-halogenated aromatic hydrocarbons '7-!® has been employed
to synthesize GNRs with well-defined width and edge sites, either armchair, zig-zag,'® mixed'? or
cove.!” Chiral GNRs could also be produced starting from DBBA on Cu(111).1°

The final product depends, indeed, on several factors, including the nature and geometry of the
metallic substrate 12921 and the structure of the precursor molecule.!%-1217-22-24 The choice of the
proper compound is essential, since not all possible candidates are suitable and/or stable enough
on the surface to allow for the dehydrogenation and C-C coupling processes leading to the
formation of extended graphenic nanostructures. As an example, we mention the case of 1,5 di-
bromo-tetracene (DBT) and 1,6 di-bromo-pyrene (DBP), two halogenated aromatic hydrocarbons
with similar molecular weight and different geometry: some of us produced ordered arrays of
GNRs on Ag(110) from DBP polymerization,'? while desorption prevails for DBT on the same
substrate.?> On the other hand, the use of Br-corannulene on Ag(110) leads to the formation of C-
based ribbons which do not have the spectroscopic signature of graphene because of the non-planar
geometry of the precursor molecule.?*
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It is therefore possible to engineer GNRs (and C-based nanostructures in general) of desired final
geometry, and thus tailored electronic properties, by selecting suitable precursor molecules.
Energy gaps may then range from close to zero up to almost 3 eV1923.2627 depending on the width
of the nanoribbons and on whether they present armchair (AGNRs) or zigzag (ZGNRs) edge sites.
For AGNRs, the band gap depends on the ribbon width and the nanostructures can be classified in
three groups yielding large, medium or small bandgap, respectively.?? On the contrary, ZGNRs
have edge states associated with the zig-zag edge sites,!° for which a nearly flat dispersion and a
magnetic behaviour are predicted.?? The determination of their electronic properties is therefore a
pivotal task for the characterization of such nanostructures.

Another important issue is the chemical activity of GNRs. They are expected to be inert since their
edges are saturated with hydrogen but, as in the case of graphene, their reactivity can be enhanced
by doping with heteroatoms,'®?® thus opening perspectives in the fields of sensoristics and nano-
catalysis.

Independently of their use, GNRs need to be stable under operative conditions. This implies, most
often, after-growth exposure to air or a liquid solution and, possibly, their transfer from the native
metal substrate to a more suitable substrate for the desired application. In this respect, we mention
that GNRs can be successfully transferred with techniques similar to those employed for graphene
films.?° For 7- and 9-AGNRs produced under ultra-high vacuum (UHV) conditions, the transfer
process does not modify the morphology of the nanostructures. On the contrary, bottom-up
synthesis of 7-AGNRs under less stringent, high vacuum (HV) conditions (P=10° mbar)*° is
deeply affected by the presence of a residual partial pressure of water and oxygen. For these
reasons, understanding at the fundamental level of the interaction of these nanostructures with
atmospheric gases is a first step necessary to predict the structure and electronic properties of the
nanoribbons under operative conditions and, if transfer from the native substrate is required, how
these properties are affected by the substrate change.

Our manuscript deals with this field of research. In a previous Scanning Tunnelling Microscopy
(STM) and Density Functional Theory (DFT) analysis, some of us demonstrated that mixed edge-
sites GNRs synthesised on Ag(110) from DBP precursors have a very uniform width of 1.0 nm
and a well-defined geometry alternating two zig-zag and one armchair site.!?> Here, we complete
their characterization by unravelling the semiconducting nature of the nanostructures through
Scanning Tunnelling Spectroscopy (STS) measurements and we assess how the system is modified
by exposure to oxygen in high vacuum conditions, as a first step towards understanding the
behaviour of GNRs under realistic conditions. We measure a gap opening compatible with the one
expected for graphene nanostructures of similar size and we report a double effect of oxygen
exposure: it weakens the interaction of GNRs with the substrate by intercalation and formation of
C=0 bonds and it also causes a partial modification of the Ag(110) surface morphology with the
formation of Ag-O complexes. The overall modification of the system must therefore be
considered when exposing supported GNRs to reactive gases.
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Experimental

Experiments were performed in three different UHV chambers equipped either for Low
Temperature Scanning Tunneling Microscopy or for X-Ray Photoemission Spectroscopy (XPS).
The first setup consists of a preparation chamber, equipped with an evaporator for organic
molecules, gas inlets, a quadrupole mass spectrometer and an ion gun for sample cleaning, and of
a main chamber hosting the low temperature Scanning Tunneling Microscope (LT-STM
manufactured by Createc) for STM and STS measurements.

The base pressure in the chamber is better than 1x10 mbar but, since the LT-STM is totally
shielded by a cold screen either at liquid nitrogen (LN,, 77 K) or liquid helium temperature (LHe,
4 K), the pressure at the scanner is much better and allows data acquisition on the same preparation
for several days without significant sample contamination. STM images were recorded either at
LN, or LHe temperature, using a Pt/Ir tip cut under strain for the set of experiments performed to
determine the surface morphology and a chemically etched tungsten (W) tip for STS
measurements. In all cases the tip was repeatedly reshaped by controlled crashes into the surface,
so that tunneling occurs effectively through an Ag-coated tip.

STM images were acquired in constant current mode, with a typical tunneling current of 0.1 nA <
1<1.0 nA and a bias voltage —1.5 V < J'< 1.5 V applied to the sample. No significant interaction
between tip and sample was observed under these conditions, suggesting an overall stability of the
system.

Surface orientation and image size were calibrated from atomically resolved images of the clean
Ag(110) surface (see inset of Figure 1A) or of the (nx1)-O-Ag(110) added row reconstruction.?!-3?
Similarly, heights were calibrated on monatomic Ag steps.

STS spectra and dI/dV maps were recorded at LHe temperature to minimize thermal drift. The
bias range -0.5 V< V<0.5 V was chosen to measure the gap of the GNRs and the relevant states
within it with sufficient signal-to noise ratio and without appreciable drift of the sample. The range
for dI/dV maps was then extended to -1.0 V< V<1.0 V.

Data acquisition was performed using the STM-AFM software (ver. 3,1 provided by Createc).
Images were processed using WSxM33 (version 9.4).
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High-resolution synchrotron radiation XPS measurements on pristine nanostructures were
performed at the BACH beamline of CNR at the Elettra synchrotron radiation source facility
(Trieste, Italy). The samples were prepared and measured in an UHV chamber with a base pressure
lower than 1x10- mbar. The XPS spectra were collected using a hemispherical electron energy
analyser (VG Scienta, model R3000) at an angle of 60° with respect to the X-ray incidence beam
direction and at an emission angle of 60° from the surface normal. Br 3d and C 1s core levels were
acquired with 277 eV and 379 eV photon energy, respectively. The binding energies are referenced
to the substrate Fermi edge. The energy resolution of 0.15 eV was determined from the width of
the Fermi edge. The C 1s spectra were fitted with slightly asymmetric Doniach-Sunjic line shapes
convoluted with the Gaussian profile 3433, A Shirley type background was applied.
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XPS spectra of the oxygen-exposed GNRs were acquired in a third UHV apparatus, equipped with
a conventional, non-monochromatized Alg, X-ray source and hemispherical analyzer (Omicron,
DAR400 and EA125). Spectra were recorded at normal emission and calibrated to a binding
energy of the Ag 3ds), line of 368.25 eV.

Sample preparation

For the present experiments 1,6-Dibromopyrene (see inset in Figure 1 for the molecular structure)
was synthesized as described in ref. 2.

The samples were prepared in situ in each experimental chamber. The Ag(110) surface was
cleaned by cycles of sputtering with noble gas ions (either Ne* or Ar* with 1 to 3 keV kinetic
energy) followed by prolonged annealing to T=550 °C or T~400 °C for microscopy and
photoemission experiments, respectively. Surface cleanliness and order were checked by STM or
by XPS and low energy electron diffraction.

DBP molecules were sublimated on the clean metal surface at room temperature (RT) from a
Tantalum crucible heated to 70°C - 100°C under UHV until a coverage of DBP on Ag(110) of (0.6
+0.2) ML was obtained, as estimated by XPS and STM. Sub-monolayer coverage is chosen in
order to have some bare Ag(110) areas after GNRs polymerization, a condition preferable both for
STS inspection and for better evidencing the effect of O, exposure.

After DBP deposition, the sample was stepwise annealed to produce GNRs, following the protocol
defined in ref.!?: firstly, the sample was slowly heated to T=150 °C and kept at such temperature
for 15 minutes. Then, the temperature was raised to 400 °C (350 °C for XPS experiments at BACH)
for 5 minutes and eventually slowly cooled down.

GNRs were subsequently exposed to O, at RT or 300 °C for 20 minutes at a background pressure
P=1x10% mbar, resulting in a nominal exposure of 900 L. Since a doser placed at ~2 cm from the
sample surface was employed, we estimate a local enhancement of the pressure by approximately
a factor of 5.3

At each stage of the preparation the sample was cooled down to LN, temperature and inserted
eventually into the LT-STM for inspection. Conversely, XPS spectra were recorded with the
sample at RT.

Results and discussion

i) DBP/Ag(110) at RT

Upon deposition of a sub-monolayer of DBP at RT, the precursor molecules self-assemble into
large islands, often covering the whole terrace, and organize in domains with different geometries.
Such behavior denotes a large mobility of the precursor molecules at RT.

The overview in Figure 1 shows the co-existence of three different self-assembled structures
(denoted as A, B, C in the image), which are better detailed in the enlargements on the right-hand

Page 6 of 23


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cp04051g

Page 7 of 23 Physical Chemistry Chemical Physics
View Article Online

DOI: 10.1039/DOCP04051G

side of the figure. Among B domains, it is possible to distinguish rectangular (B1) and rhomboidal
unit cells (B2), shown in the top right panel. Structures A, B1 and B2 form ordered patterns with
specific periodicities, as shown in the line scans in the bottom panel. Structure C presents a less
regular assembly; it appears less frequently and it is found in small domains at the border between
domains of type A and B.

Apparent height (pm)

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

X (nm)
Figure 1. Left: STM image (V=-150 meV, I1=0.3 nA) showing the co-existence of three different
self-assembled structures (labelled as A, B, C) upon deposition of a sub-monolayer of DBP on
Ag(110) at RT. Top and bottom insets report, respectively, the molecular structure of DBP and the
atomically resolved image of clean Ag(110) from which the high symmetry directions (marked by
arrows) are determined (image size: 1.8x1.6 nm?). Top right: enlarged image of each domain

Open Access Article. Published on 21 December 2020. Downloaded on 12/22/2020 9:57:22 PM.
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(either from the area in the overview or from neighbouring areas). Among B domains, it is possible
to distinguish rectangular (B1) and rhomboidal unit cells (B2). Empirical models deduced from
the periodicities of the self-assembled structures and from XPS results are superimposed to the
STM image for structures A, Bl and B2 (grey: de-brominated pyrene units; blue: Ag adatoms,
red: Br atoms). Bottom right: line scans cut across the paths marked in the overview for structures
A and B1 (follow colour code). Line scans drawn along and across the rows of structure B2 are
not reported since they do not differ significantly from those of B1. The higher and sharper features
in traces 1 and 3 correspond to the Ag atoms within the organometallic chains.

Structure A consists of straight rows oriented, within experimental error, along the <I1-10>
direction. Nearly oval features alternate to small, bright dots; statistical analysis over several line
scans, as the one reported in the bottom panel, yields a periodicity of (8.4+0.9) A (trace 1, blue)
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and (9.0£0.4) A (trace 2, red) along and across the rows, respectively, from which we infer a local
molecular density of ~1.3 10'* DBP units/cm?. These periodicities suggest that each of the large
roundish protrusions in the chain consists of one single DBP unit. Additional bright small features
are also present in-between the rows, the nature of which is discussed in the following.

Structure B consists of chains alternating a larger protrusion, identified with a DBP unit, with a
smaller and brighter one. One or two additional spots per each DBP unit are present in-between
the rows. At variance with structure A, these chains are oriented at either -35° or 88° off <1-10>
and they are rather bent than straight. The less regular geometry causes the DBP units in adjacent
rows to be either aligned, giving rise to a rectangular unit cell (assembly B1), or misaligned,
resulting in a rhomboidal unit cell (assembly B2). Statistical analysis over high-resolution images
of structure B allowed to determine an average periodicity of (9.9+0.5) A along the rows (trace 3,
violet) and (8.7+0.5) A across the rows (trace 4, green), corresponding to a local molecular density
of ~1.2 10'* DBP units/cm?.

XPS was used to determine the possible chemical nature of the self-assembled DBP layer. Upon
deposition of 0.6 ML of DBP on Ag(110) at RT (bottom spectra in Figure 2ab), the Br 3d spectral
region shows the presence of a major Br moiety evidenced by the 3d doublet with Ey(Br 3ds,,)=68.2
eV and a minority one with Ey(Br 3ds,;)=70.4 eV. The latter component is ascribed to Br-C bonds
in the intact DBP molecules, as substantiated by comparison with the corresponding experiment
performed at 1.2 ML DBP coverage!? and by other experiments performed on the less reactive
Au(111) surface’”3. The lower E, species corresponds, on the other hand, to Br atoms
chemisorbed on the Ag substrate and its higher intensity indicates an almost complete
debromination of the DBP admolecules at RT. This picture is confirmed by inspection of the C 1s
spectrum. The main peak at E, 284.3 eV corresponds to the aromatic carbon rings. In addition, a
weaker but clearly visible component is present at 283.1 eV, which is a typical fingerprint of C—
Ag bonds that are formed when metal adatoms from the substrate react with carbon radicals. This
is, therefore, a signature that breaking of the C-Br bond has occurred 233° and that DBP-Ag
organometallic chains have formed. Peak decomposition analysis reveals that the main peak results
from the superposition of at least three unresolved components. The relative intensities indicate
that the two components at 284.1 eV and 284.5 eV could be assigned to carbon atoms bound
only to carbon and to carbon atoms bound to carbon and hydrogen, respectively. The third
component at E, 285.2 eV is rather weak and we ascribe it to Br—C bonds. In accordance with Br
3d spectra, it disappears after a short mild annealing or after some hours at room temperature (not
shown). In this respect we must note that the relative integrated intensity of the C—Ag component
with respect to the total C Is peak area (0.06) is about half of the value expected for complete
substitution of all the C—Br bonds with C—Ag bonds (0.125). Thus, XPS data suggest that at sub-
monolayer coverage and RT the large majority of the DBP molecules undergo complete
debromination and that the detached Br atoms are adsorbed on the substrate, but that not all the
broken C bonds are saturated by Ag. This can be explained by the formation of surface stabilized
pyrene radicals or biradicals adsorbed in conformations not favorable for bonding with the Ag
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adatoms. Formation of covalent bonds between the pyrene derivatives is less probable in view of
the morphology observed by STM and of the models proposed in the following.
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F Figure 2. (a) Br 3d and (b) C Is core level spectra of 0.6 ML of DBP deposited on Ag(110) at RT

and after annealing the sample to the indicated temperature for 5 minutes. (c) Normalized
integrated intensity of Br 3d and C Is peaks as a function of temperature. The intensities are
normalized to the peak areas measured after the deposition.
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The XPS information is valuable for a complete interpretation of the STM image of Figure 1, since
it allows to identify the small bright features present in and in-between the rows. Therefore, by
analogy with what observed for a DBP multilayer annealed to 150 °C,!> we propose that the de-
brominated molecules form organometallic chains with Ag adatoms provided by the sample, most
probably released from the steps,3? while dissociated Br atoms sit in-between these chains. So, the
empirical models superimposed to the enlargements in Figure 1 are proposed: the bright dots in
the chains are Ag atoms (blue circles) bound to the pyrene groups to form organometallic proto-
polymers and the Br atoms occupy interstitial sites in-between the rows (red circles).
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c) 0.25 V @“_0.5‘ :

a) 0.1V @0.08 nA b) 0.1V @ 0.10.nA"

Figure 3. STM images showing overviews of the Ag(110) surface covered by a sub-monolayer of
GNRs and subject to different treatments: a) pristine GNRs; b) same as a) after exposure to O, at
room temperature, c) same as a) after exposure to O, at 300 °C. The nominal O, dose is always
900 L (~4500 L when considering the doser enhancement factor). The green arrows in c) point to
additional features forming both in-between the GNRs and on bare Ag(110) areas.

ii) Synthesis and characterization of GNRs

The preparation reported in Figure 1 was eventually annealed following the protocol described in
ref.'> and summarized in the experimental section, in order to induce the synthesis of GNRs by
surface assisted polymerization (Figure 3a). The so-produced sample was then exposed to oxygen
at RT and at T=300 °C (Figures. 3b and 3c, respectively), as discussed in the next section.

For the pristine GNRs covered sample (panel a), we firstly mention that the nanostructures
obtained starting from a sub-monolayer coverage of the precursor molecules have the same
chemical nature as those observed starting from a DBP multilayer,!? as witnessed by the evolution
of the XPS spectra upon annealing the DBP layer. Indeed, as evident from Figure 2, debromination
is fully completed after mild annealing to 100 °C. The organometallic phase is rather stable up to
200 °C, although the central C 1s peak is changing and the fitting with two components as
described above slightly deviates from the experimental data. These intermediate steps could be
related to the transformation between the different structures observed by STM. More research is
necessary to understand these transition states, which goes beyond the scope of the current work.
For 200 °C <T< 250 °C, we observe the disappearance of the C-Ag component in the C1s spectrum
while the main peak shifts towards higher binding energy, mainly due to the change in the surface
work function and energy level alignment at the adsorbate/substrate interface. '? This is indicative
of a chemical transformation of the deposit, which is correlated with the change in surface
morphology observed by STM and identified with the beginning of the polymerization process.!?
Since, at the same time, the C 1s intensity drops significantly [Fig. 2(c¢)], polymerization must
compete with thermal desorption of the precursor molecules. Annealing to 350 °C does not further
reduce the amount of C containing species, indicating a higher stability of the bonding of the
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structure with the substrate when compared with the molecular and organometallic precursors
present at lower T.

At high temperature the C 1s spectrum broadens. Such effect can be assigned to the increasing
amount of inequivalent C atoms with respect to the substrate but also to a partial decomposition
of the reactants. Finally, we mention that the amount of bromine on the surface reduces by ~50%
upon annealing to 350 °C and it is expected to disappear completely at even higher temperatures
since Br is known to recombine with H atoms and desorb as soon as C dehydrogenation takes place
and polymerization sets in. 1240

STM inspection reveals that the nanoribbons arrange at the surface in arrays oriented parallel to
each other to form locally ordered patterns. The estimated reduction with respect to the initial DBP
coverage is apparently smaller in STM images than deduced from XPS inspection, but this is
probably related to the slightly different heating rate in the two experiments or to the uncertainty
(0.6+0.2 ML) in the initial DBP coverage. The overall degree of order on the surface is lower than
for the case in which GNRs were produced starting from a DBP multilayer; '? the less packed
arrangement of the GNRs, however, may facilitate intercalation of O,. In addition, we remind that
having some bare Ag(110) areas is preferable when performing STS measurements.

AV~530 mV
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Figure 4. STS and dI/dV map of pristine GNRs in the bias range from -500 mV to 500 mV. a)
Topographical image (Image size: 7.0x7.0 nm?, V=50 mV, I=0.02 nA), crosses indicate the sites
where point spectra were recorded. b) Differential conductance spectra recorded at the points
marked in a). The corresponding spectrum recorded on clean Ag(110) is reported for comparison.
A band gap of ~530 meV was observed throughout the GNR. Localized states at -50 meV and +41
meV are present within the gap. Such values were measured reproducibly for 3-5 nm long GNRs,
it is out of the scope of this work to determine a possible length dependence of the energy gap. c)
dl/dV maps taken at selected bias voltage suggested by the STS spectra.

GNRs grown by surface assisted polymerization of DBP precursors are very narrow (~1.0 nm) and
have a peculiar edge-site sequence, which alternates two zigzag and one armchair site.'? Since the
width of the GNRs and the presence of edge-states are known to determine the size of the bandgap,
we performed local STS measurements and dI/dV maps of the GNRs to retrieve this information.
The STM image in Figure 4a shows the morphology of the GNRs. The crosses indicate on which
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nanostructure and at which point the STS spectra were recorded. Such spectra are reported in panel
b and show the presence of a gap of width AV~530 meV approximately centred around the Fermi
energy, Eg. The opening of a gap is expected because of the 1D confinement of electronic states
in the GNRs. We note that the gap is slightly asymmetric with respect to the Fermi edge towards
positive V, corresponding to tunnelling into empty states of the sample. This is not sufficient to
determine if the GNRs are undoped or weakly n-doped; however, n-doping is expected for
graphene on Ag*! and the binding energy of the C 1s peak upon polymerization is consistent with
n-doped graphene structures*>#3. Moreover, additional weak states are present within the gap at -
50 mV and 41 meV and at the negative edge of the gap at ~-250 mV. We ascribe these features
to GNRs. A contribution from the STM tip can be ruled out since the corresponding dI/dV curve
recorded on clean Ag(110) is completely flat, as expected by comparison with literature data .
Based on the STS spectra of panel b), dI/dV maps were recorded at bias voltage approximately
corresponding to these features and to the edges of the energy gap (see Figure 4c). These dI/dV
maps show changes in the image contrast at different V. For negative bias, which allows to probe
occupied states (i.e. the HOMO molecular orbitals), there is a distinct corrugation of the dI/dV
map of the nanoribbon. At V=-50 meV, the image appears more contrasted and some intense bright
spots appear along the nanoribbons; they are especially evident in the short GNR on which STS
spectra were recorded, where they repeat three times with an almost regular spacing. Such
behaviour indicates that locally there is a larger contribution of that state to the HOMO of the
GNR. At -250 meV, the same features appear, although with attenuated brightness. Therefore, the
states generating the modulation of the LDOS when hopping across GNR are different, but they
are spatially localized in the same portion of nanoribbon. For the unoccupied states (LUMO)), i.e.
for dI/dV maps recorded at 50 mV and 260 mV, the contrast is lower and more uniform.

The measured energy gap is relatively small but it falls well in the range expected for GNRs.!6:23
We mention that, though some trends have been determined for the relation between the gap
opening and the GNR width, they refer essentially to AGNRs, while much less information is
available for nanostructures with different edges.

Identifying the nature of the states within the gap, especially the one at -50meV, on the contrary,
is not straightforward. On the one hand, the presence of edge states is usually associated to ZGNRs
and our nanostructures present a periodic edge site sequence in which two zig-zag sites alternate
to one armchair; therefore the almost regular spacing of the brighter spots may correspond to the
location of zig-zag sites along the edges and at the heads of the GNR. On the other hand, edge sites
should vanish, or at least attenuate, on the axis of the nanoribbon. However, there are no significant
differences in the spectra taken at the centre (black trace), at the head (blue trace) and at the border
(red trace) of the nanostructure, except that the rise of the LDOS seems to be steeper in the last
case. In addition, the bright spots associated to the -50 meV state in the dI/dV maps do not seem
to be localized at the edge but rather to be spread across the whole GNR width. Hence, an
alternative explanation is that the -50 meV intensity is be related to a localized state due to quantum
confinement along the GNR long axis. Though a richer statistics is necessary to confirm this
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hypothesis, we mention that, in the ultra-narrow limit, hints are present that the gap size can be
affected also by the ribbon length.¢

iii) Oxygen exposure on GNRs.

When GRNs are grown under UHV conditions, the natural question arises whether their
characteristics are modified by the interaction with the atmospheric environment. It is also
interesting to understand if small molecules can intercalate below the GNRs as they do for
supported graphene monolayers,*>¢ thus possibly favouring decoupling from the substrate. To
give a first answer, we exposed the Ag(110) surface covered by a sub-monolayer of GNRs (Figure
3a) to O, at RT (Figure 3b) or at 300 °C (Figure 3¢) in the 10- mbar pressure range. Oxygen was
chosen since it is one of the most reactive and abundant gases in air and because it is known to
affect the growth of armchair GNRs if present in the UHV chamber above a critical pressure.’®
The temperature of 300 °C was chosen in order to favour the mobility of the adsorbate while
leaving the structure of the GNRs unaffected (they were produced at T=400 °C and prolonged
annealing leads only to a reduction in the coverage, without changes in the morphology of the
GNRs). Any changes in the surface morphology can therefore be ascribed to the presence of the
reactant and not to the effect of prolonged annealing.

The XPS spectra of the C 1s and Ols regions for the GNRs/Ag(110) surface before and after O,
exposure are reported in Figure 5. Since these spectra were recorded with a conventional X-ray
source, the resolution is lower than the one of the spectra of Figure 2. For this reason the C-C and
C-H contribution, differing by only 0.4 eV in binding energy, were not resolved and the major C
Is signal was fitted as only one component. After synthesis of the GNRs, the C 1s spectrum is
compatible with the one of Figure 2, while the O 1s region is completely flat. After exposure to O,
at RT, a minor component at 287.4 eV appears in the C 1s spectrum while the main Cls line
downshifts by 0.25 eV. A similar downshift upon oxygen intercalation has already been observed
for 2D graphene layers on Ir(111)*” and on polycrystalline Cu®, while a coherent increase in the
work function was measured for graphene on Ru(0001)*. The effect is interpreted as an indication
of a detachment of the graphene layer from the substrate, leading to a lower graphene-substrate
interaction and thus to a reduction of the n-doping induced by the presence of the metal substrate.
The O 1s signal can be fitted with two lines at 529.9 eV and 531.2 eV. The former, ascribed to
oxygen adatoms on Ag, is expected considering the sticking probability for dissociative adsorption
of O, on Ag(110) at RT (0.1%) %, the presence of bare areas of the sample and the large oxygen
exposure we performed. The features at 287.4 eV and 531.2 eV, on the contrary, are compatible
with the formation of C-O bonds®'* and suggest that some interaction of dissociated oxygen
atoms with the GNRs occurs. Reaction of oxygen atoms with pyrene compounds, especially in
presence of a metal substrate, is possible and may lead to different oxygenated pyrene species,
such as pyrene containing hydroxyl, carbonyl or epoxy functionalities. From the observed binding
energies, the formation of carbonyl groups is the most probable. Additional O, exposure at 300 °C
causes a reduction of the Cls signal, indicating partial desorption of the nanostructures, and a
relative increase of the high E, components both in the C 1s and O 1s regions.
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Figure 5. XPS spectra of the C s (left) and O s (right) regions recorded on the GNRs/Ag(110)
surface before and after O, exposure.
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Pristine GNRs (full ML) 0.99 +0.06*
E ‘ Pristine GNRs (Sub-ML) 1.10 +0.02 16
0, exposure, RT 1.18 +0.04 9
0, exposure, 300°C 1.20 £0.02 10

Figure 6. Close up images of the three preparations in Figure 3 with corresponding line scans
indicating the periodicity of the GNRs. A: Pristine GNRs,; b) same as a) after exposure to O, at
RT; ¢) same as a) after exposure to O, at 300 °C. In this preparation the small features in-between
the GNRs are evident. d) Line scans cut along the paths marked in panels a-c) showing that the
separation between adjacent GNRs increases after O, exposure. e) Table summarizing the average
separation between GNRs in ordered arrays, together with the number of line scans considered
for each preparation (corresponding to the number of GNRs arrays considered). Values are given

with their standard error. Data indicated with * are taken from ref.

The corresponding STM experiment is reported in the overviews of Figure 3 and in the
enlargements of Figure 6. By comparing the morphology of the GNRs/Ag(110) surface upon the
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different treatments, we note that, apparently, oxygen exposure at RT has the main effect of
inducing some disorder in the nanostructure arrays, which now show little preferential orientation
on the surface. There are no additional features that can be related to oxygen adsorption but the
lower stability of the tip and the worse quality of the images (see also enlarged image in Figure
6b) witness that oxygen must be present on the surface, coherently with the XPS information of
Figure 5). On the contrary, peculiar morphological changes are observed after dosing oxygen at
300 °C. As evident in the STM image of Figure 3¢ and in the enlargement reported in Figure 6c¢,
besides the GNRs, several small round features (indicated by the arrows in Figure 3c) are now
present at the surface, either in-between adjacent nanostructures or on bare Ag areas, where they
organize in short rows. We note that apparently similar features in-between the GNRs were also
observed for the full monolayer of pristine GNRs but not for the sub-monolayer preparation of
Figure 3a. For the full monolayer coverage, they were identified with residual Br and Ag adatoms
deriving from the thermal dissolution of the organometallic chains:'? the Ag adatoms failed to
migrate back to the step edges of the Ag (110) planes due to the compact arrangement of the GNRs.
This constrain is apparently removed for the less dense sub-monolayer of Figure 3a. Upon oxygen
exposure at 300 °C, the small bright dots are more abundant than they were on the full monolayer
of pristine GNRs.!? They are randomly distributed along the edges of the nanostructures but not
necessarily close to them. Therefore, it seems reasonable to identify such bright dots with Ag-
containing features stabilized at the surface by the presence of oxygen. Indeed Ag is prone to react
with oxygen to form a wide zoology of Ag-O complexes.’!3? The height profile of the isolated
dots (not shown) protrudes by ~0.4 A from the bare Ag plane; it has therefore a shape similar to
the one of O-Ag-O added rows and suggests that the observed protrusions consist of Ag and O
adatoms.

Finally, we considered the small arrays of parallel GNRs, which are present for all the three
preparations reported in Figure 6 and we measured the separation between adjacent GNRs. Sample
line scans drawn along the paths marked in panels a-c) are reported in panel d), while the table in
panel e) summarizes the outcome of a statistical analysis over several ordered arrays. The
corresponding value measured for full monolayer coverage is also reported for comparison.!?
Firstly, we note that, also for the sub-monolayer, GNRs tend to form arrays, though less densely
packed than for the full monolayer coverage.'? The distance between adjacent nanostructures
further increases upon oxygen exposure: the line scans present a less regular profile (the distance
between maxima is not always the same, in accord with the more disordered distribution of the
nanostructures) and, on average, the spacing between adjacent structures increases by ~10% with
respect to the pristine sample. We remark that this effect must be certainly ascribed to oxygen
exposure; in fact, the samples in Figures 3bc and 6bc were obtained by exposing the pristine
sample of Figures 3a and 6a, so that the initial density of GNRs is exactly the same. The larger
separation between adjacent nanoribbons upon oxygen adsorption suggests that the O adatoms
adsorbed on the first Ag layer or the O-Ag-O complexes act as “spacers”. It also indicates that,
following oxygen exposure, the bonding of the nanostructure to the substrate gets weaker and the
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GNRs can displace along the surface without changing their geometry. This observation perfectly
matches with the downshift of the main C 1s line observed in the corresponding XPS experiment
(Figure 5). The overall picture suggests therefore that the GNR-Ag interaction is weakened upon
O, exposure; in view of the observed C 1s core level shift, this effect is due more likely to oxygen
intercalation than to modifications of the metal surface upon oxygen adsorption.

STS spectra would be extremely useful to determine if this weakening affects the width of the
band-gap or its position with respect to the Fermi edge but, unfortunately, we were unable to record
them with a useful signal-to-noise ratio due to the instability of the tip for samples exposed to
oxygen. On the contrary, dI/dV maps could be acquired in the bias range -1.0 V<V <+1.0 V after
dosing O, at 300 °C.

Pristine GNRs/Ag(110) Exposed to O, at 300 °C

+250 mV

-250 mV

Figure 7. Comparison of the dl/dV maps of GNRs pristine and after exposure to oxygen at 300 °C.
Bias voltages corresponding to the edges of the energy gap measured for the pristine sample are
presented. The corresponding topographical images are those of Figures 4a and 5c. Z-scale is the
same for all images.
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Figure 7 shows a comparison between such maps recorded near the band-gap edges for the pristine
GNRs sample and for the same sample after exposure to O, at 300 °C. We first observe a contrast
change between positive (empty states) and negative (filled states) bias for the pristine GNRs.
Indeed, at -250 mV the nanostructures appear narrower and the measured corrugation is larger than
at +250 meV. This effect is much reduced after exposure to O,; in this case the images appear with
a very similar contrast and the small differences at the edges are a consequence of the derivative
operation. In addition, the nanostructures appear wider and their edges are much better defined
than on the pristine surface. The effect goes well beyond the improved quality of the tip in this
image. We recall that oxygen has intercalated under the GNRs and that some O adatoms must have
reacted with the nanostructures, as witnessed by the presence of C 1s and O 1s components
compatible with the formation of carbonyl groups in the XPS spectra. It is possible that these
phenomena cause a better confinement of electrons within the GNR.

Finally, we mention that previous literature on AGNRs reports that the nanostructures are affected
by the presence of gases (water or oxygen) during the surface assisted synthesis* but that, if grown
under clean UHV conditions, their properties are stable even at atmospheric pressure.?’ Our results
are not in contradiction with these works since they refer to the morphology of the GNRs, which
is also preserved in our case, while they did not perform any XPS analysis on the investigated
systems.

Conclusion

Mixed edge-site, 1.0 nm wide GNRs grown on Ag(110) were characterized by LT-STM, STS and
XPS and the effect of oxygen exposure in the 10-° mbar range was addressed. An energy gap of
~530 meV is measured for the pristine GNRs, in line with the values reported in literature, and
two localized states, most probably related to quantum confinement, are found inside the gap.

Upon oxygen exposure, the surface appears more disordered and the average separation between
adjacent GNRs increases by ~10%, while a downshift of the main C1s peak is observed in the XPS
spectrum. When O, is dosed on the sample at T=300 °C, a significant modification of the surface
occurs, since Ag-O complexes appear on the surface both in-between the nanoribbons and at bare
Ag patches. The overall appearance of the GNRs in morphological images does not change
significantly, but the formation of carboxyl groups is detected by photoemission spectroscopy,
suggesting that some C atoms of the GNRs have reacted with oxygen adatoms. Coherently, dI/dV
maps recorded on the pristine and oxygen-exposed samples are different, suggesting that oxygen
must play an active role. Its adsorption reduces the interaction between the nanostructures and the
Ag(110) substrate and thus favours their displacement and electronic decoupling.

These results clearly demonstrate that care must be taken about the modification of supported
GNRs upon exposure to reactive gases, not only for their possible interaction with the
nanostructures, but also for the changes induced by the reactant on the whole system. This insight
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opens important perspectives for the optimization of the transfer procedure of the nanoribbons on
a different substrate, as well as for operating nanostructure-based devices under realistic
conditions.
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