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Solution bottom-up approaches can be used to prepare bulk quantities of narrow atomically precise
graphene nanoribbons (GNRs) with various widths and geometries. These GNRs are often considered
as promising materials for electronic and optoelectronic applications. However, the handling and
processing of nanoribbons for practical applications can be difficult because of their entanglement
and aggregation, and thus poor solubility in conventional solvents. In this work, we studied the
aggregation-dependent properties of solution-synthesized chevron GNRs in a variety of solvents. We
demonstrate that the spectroscopic features observed in the experimentally measured absorbance
spectra of chevron GNRs are in a good agreement with the theoretically predicted excitionic
transitions. We also show that the absorbance spectra of GNRs evolve with aggregation time, which is
important to consider for the spectroscopic determination of optical bandgaps of nanoribbons. We

discuss two types of GNR assemblies: bulk aggregates of mw—m stacked nanoribbons that form in
Received 21st July 2017 \uti d rather | _di . | (ID) struct that b d et ¢
Accepted 21st Novernber 2017 a solution and rather long one-dimensiona structures that were observed on a variety o
surfaces, such as Au(111), mica and Si/SiO,. We demonstrate that the few-um-long 1D GNR structures

DOI: 10.1039/c7ra08049b can be conveniently visualized by conventional microscopy techniques and used for the fabrication of
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Introduction

Narrow graphene nanoribbons (GNRs) attract considerable
attention because of their promising semiconductor properties
and potential applications in electronics and photovoltaics.
According to theoretical studies, the properties of GNRs
strongly depend on their width, edge structure and termina-
tion.* Precise control of the structural parameters is very
important for achieving GNRs with well-defined electronic and
optical properties. Because of recent advances in bottom-up
solution synthesis of GNRs, nanoribbons with narrow widths
(w < 2 nm) and atomically precise edges can now be produced
in large quantities.*** However, handling and processing of
nanoribbons for the fabrication of macroscopic structures,
such as fibers or films, could be challenging because of the
GNRs' tendency for entanglement, aggregation, and thus poor
solubility in conventional solvents. This problem appears to be
general for one-dimensional (1D) nanomaterials, such as
metallic and semiconductor nanowires and carbon nanotubes
(CNTs), whose precise nanoscale assembly and alignment

“Department of Chemistry, University of Nebraska — Lincoln, Lincoln, NE 68588, USA.
E-mail: sinitskii@unl.edu

*Department of Physics and Astronomy, University of Nebraska — Lincoln, Lincoln, NE
68588, USA

‘Nebraska Center for Materials and Nanoscience, University of Nebraska - Lincoln,
Lincoln, NE 68588, USA

This journal is © The Royal Society of Chemistry 2017

present a formidable challenge.'** For example, exceptional
thermal, electrical and mechanical properties of single-walled
CNTs are often discussed in regard to numerous applica-
tions, such as high-strength conductive fibers and transparent
conducting films.>* However, translating the unique charac-
teristics of CNTs from nanoscale to macroscale remains a great
challenge due to the difficulties with scalable and effective
assembly of nanotubes. As a result, macroscopic CNT materials
typically exhibit only a small fraction of CNTs' nanoscale
properties.>

In contrast to CNTs that are relatively stiff and often
considered as a model system for nanorods, GNRs are very
flexible objects.”® Also, while CNTs and GNRs share the same
honeycomb arrangement of carbon atoms, the flat structure of
nanoribbons should result in stronger 7w-7 interaction between
individual GNRs compared to CNTs that have curved surfaces.
Poor solubility and aggregation of CNTs remained serious
problems to solve for nearly two decades.”*° Due to their
greater flexibility and stronger mw- interactions, GNRs are ex-
pected to aggregate and entangle even more than CNTs, which
makes their alignment and assembly an even greater challenge.
At the same time, since the research on solution-synthesized
GNRs is still in its infancy, little is actually known about
aggregation of GNRs.

A number of papers have reported investigations of
aggregation-related phenomena in solutions of other graphene-
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like materials and different approaches on decreasing aggre-
gation of thereof. These materials include graphene,**** carbon
nanotubes* and polyaromatic hydrocarbons (PAHs),****” which
due to their small size and atomically precise structure dictated
by the bottom-up synthesis resemble solution-synthesized
GNRs. For example, it was reported that hexabenzocoronene
(HBC), a large PAH molecule, produces different absorbance
spectra when dispersed in different organic solvents, which was
attributed to the HBC aggregation.***® Similarly, properties of
bulk GNR materials could be quite different from those of
individual GNRs due to aggregation effects. Therefore, studies
of aggregation of nanoribbons are important not only for their
processing for practical applications but also for the funda-
mental understanding of the physical properties of GNRs.

In this work, we have studied aggregation of chevron GNRs;
their structure is schematically shown in Fig. 1a. These nano-
ribbons already have been a subject of several theoretical®-**
and experimental studies.>>*~** We investigated chevron GNRs
in solution and found that their optical properties depend on
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their aggregation state. We also found that in addition to
forming bulk aggregates of the - stacked nanoribbons, on
surfaces GNRs can assemble to form long one-dimensional (1D)
structures. The 1D assemblies can be conveniently visualized by
conventional microscopy techniques and used for the fabrica-
tion of electronic devices.

Experimental
Materials

GNRs were synthesized according to the procedure that we re-
ported in our previous work.> Dimethyl sulfoxide (DMSO) and
mesitylene were purchased from Sigma-Aldrich; o-dichloro-
benzene (0-DCB) was purchased from TCI America. Toluene,
methanol, 1,2,4-trichlorobenzene (TCB), N-methyl-2-pyrroli-
done (NMP), and dimethylformamide (DMF) were purchased
from Alfa Aesar. Acetone, tetrahydrofuran (THF) and dichloro-
methane (DCM) were purchased from Fisher Chemicals. All
chemicals were used as received without any purification.
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Fig.1 Dispersions of GNRs in conventional solvents. (a) Atomic structure of a fragment of chevron GNR. (b) Optical photographs of the vials with
~0.1mg mL™* GNR suspensions in water (1), acetone (2), methanol (3), toluene (4), DMSO (5), DMF (6), NMP (7), o-DCB (8), TCB (9), THF (10), DCM
(11) and mesitylene (12) taken immediately after sonication (top row), 1 h (middle row) and 24 h after sonication (bottom row). The bottom row of
vials is illuminated with a green laser. (c) Typical size distribution of GNR aggregates in toluene measured by DLS. The inset represents time
dependence of the average particle size. (d) UV-vis-NIR absorbance spectra of the dispersion of GNRs in DMF that were measured at different
moments after sonication. The inset shows the time dependences of the ratios of the optical absorbance values at 632 and 545 nm for GNR
suspensions in DMF (black) and toluene (blue). The black dotted spectrum shows the optical absorbance of chevron GNRs in mesitylene, which
was reproduced from our previous work;** the arbitrary absorbance units are different for GNR spectra in DMF and mesitlyene and should not be
compared directly. £11 (1.98 eV) and E5; (2.33 eV) are the excitonic transitions calculated for the chevron GNR by first principles calculations using
the GW approachinref. 39. The E;; and E,, energies agree very well with the absorbance features in the experimental spectra of chevron GNRs in
various solvents.
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TEM grids (Lacey carbon, 300 mesh) were purchased from
Ted Pella Inc. Mica (V-4 grade) was purchased from SPI
Supplies. Four-inch heavily doped silicon wafers with a 300 nm-
thick layer of SiO, were purchased from Silicon Quest
International.

Methods

For UV-vis-NIR measurements GNR powder was sonicated in
a solvent (DMF or toluene) for 3 h and the spectra were collected
using a Jasco V-670 spectrophotometer. Raman spectroscopy of
GNRs was performed using a Thermo Scientific DXR Raman
microscope with a 532 nm laser.

Atomic force microscopy (AFM) images were recorded
using a Digital Instruments Nanoscope IIla Dimension 3100
system and Bruker RTESPA AFM probes. An Omicron low-
temperature scanning tunneling microscope (LT-STM) with
an electrochemically etched W tip, kept at a base pressure of
<107'% Torr, was used for the scanning tunneling microscopy
(STM). Scanning electron microscopy (SEM) was performed
using a FEI Nova NanoSEM 450. For AFM, SEM and STM
imaging GNR powder (approx. 0.5 mg) was sonicated for
1 min in a solvent (10 mL) and then heated to reflux. The hot
suspension was sonicated for additional 30 s and heated back
to reflux twice, then two drops of the suspension were
deposited on a substrate (either mica, Au(111) or Si/SiO,)
while still hot.

Solvents that were used to disperse GNRs for imaging
included toluene, DMF, NMP, 0-DCB, DMSO and mesitylene.
Most of these solvents, especially DMF, NMP, DMSO, left
residues after evaporation, which obstructed the imaging.
Toluene was found to produce cleaner samples and therefore
was primarily used for microscopy experiments, but 1D
assemblies of GNRs were also observed via SEM using mesi-
tylene or o-DCB as a solvent.

For TEM experiments GNR powder was sonicated in
a solvent (DCM or toluene) for 30 s and deposited on a lacey
carbon grid. In the case of toluene, the solution was heated to
reflux before and after sonication and the grid was heated on
a hot plate in order to accelerate the solvent evaporation. Both
solvents showed similar results. TEM images of GNRs were
obtained using a FEI Tecnai Osiris transmission electron
microscope at the accelerating voltage of 200 kv.

Size distribution of GNR aggregates was measured using
a Protein Solutions DynaPro DLS system. For the sample prep-
aration GNR powder was sonicated in a solvent (toluene or
DMF) for 1 min at a concentration of approx. 0.025 mg mL ™"
and transferred to a cuvette for measurements.

XRD was recorded with Cu Ko radiation using a Rigaku
Multiflex diffractometer. Gas adsorption isotherms were
collected using a Micromeritics ASAP 2020-accelerated surface
area and porosimetry analyzer.

Nanoribbon devices were fabricated by a standard electron
beam lithography using a Zeiss Supra 40 field-emission
scanning electron microscope and a Raith pattern generator
to define electrodes on GNR nanostructures, and an AJA
electron beam evaporation system to evaporate Cr and Au.

This journal is © The Royal Society of Chemistry 2017
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Results and discussion

Chevron GNRs were synthesized according to the previously
reported procedure using Yamamoto coupling of molecular
precursors followed by cyclodehydrogenation via Scholl reac-
tion.> Based on the STM analysis that we provide in our previous
publications, these GNRs ranged from several to several tens
of nm in length.>* Our prior studies on the solution-
synthesized GNRs also include the results of their bulk char-
acterization by spectroscopic techniques, such as XPS, EDX,
NMR, UV-vis-NIR, FTIR and Raman spectroscopy.>>** Unlike
other solution-synthesized GNRs that have been recently re-
ported,>*7*711134% these chevron GNRs do not contain any alkyl
groups to increase their solubility. In this paper we will not
discuss in detail the advantages (mostly the increased solu-
bility) and disadvantages (such as, for example, inferior elec-
trical contacts between nanoribbons in bulk GNR materials and
composites) of such alkyl-substituted GNRs. However, it is
worth mentioning that the absence of solubilizing groups in
chevron GNRs that were used in this study seems to be appro-
priate for better understanding of the intrinsic inter-ribbon
interactions.

Dispersions of GNRs and their optical properties

First, we compared dispersibility of the GNRs in several
conventional solvents (Fig. 1b). Dry GNR powder was sonicated
for 3 min in 12 different solvents, including water, acetone,
methanol, toluene, DMSO, DMF, NMP, 0-DCB, TCB, THF,
DCM, and mesitylene, to yield GNR suspensions with nominal
concentrations (concentration immediately after sonication) of
~0.1 mg mL~". Fig. 1b shows optical photographs of the vials
with GNR suspensions in these solvents immediately (0 h), 1 h
and 24 h after sonication. GNRs precipitate nearly completely
from all of the suspensions and a thin layer of black precipitate
appears at the bottom of each vial 1 h after sonication.
However, even after 24 h after sonication a small amount of
suspended GNRs is still observed in these vials, as evidenced by
the Tyndall effect (see the bottom row of the vials in Fig. 1b).
Based on the Tyndall effect and visual observations, GNR
dispersions in toluene, DMSO, NMP and 0-DCB appear to be
most concentrated. These observations are in agreement with
the results reported for other graphene-like materials; for
example NMP and o-DCB were shown to be effective solvents
for graphene,*****® carbon nanotubes®®**** and HBC.*® These
solvents, in which a certain amount of GNRs could be
dispersed for hours, are promising for the solution processing
of nanoribbons. Noteworthy, we recently demonstrated that
another solvent that proved to be very effective for dispersing
graphene and carbon nanotubes, chlorosulfonic acid,*?*® can
be also be used to form stable solutions of GNRs'*® at
concentrations as high as 15 mg mL™",* but for some appli-
cations it is preferable to have GNRs dispersed in less corrosive
solvents.

In addition to the visual observations, the aggregation of
GNRs can be monitored by dynamic light scattering (DLS) and
optical spectroscopy; the latter was successfully used in studies

RSC Adv., 2017, 7, 54491-54499 | 54493
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of PAH molecules.*® Representative data illustrating the aggre-
gation of GNRs in two solvents that were considered in this
study, toluene and DMF, are shown in Fig. 1c and d. DLS data
show a wide size distribution of particles in the suspension of
GNRs in toluene immediately after sonication (Fig. 1c), con-
firming strong aggregation of nanoribbons. The inset in Fig. 1c
shows that the aggregates grow with time (each data point in
this graph represents averaged results for several DLS
measurements). For UV-vis-NIR measurements, dry GNR
powder was first dispersed in a solvent (DMF or toluene) by
sonication to yield a GNR suspension with a concentration of
~0.1 mg mL~. A quartz cuvette with the suspension was placed
in a UV-vis-IR spectrophotometer, and absorbance spectra were
measured immediately and then 1, 2 and 3 h after the sonica-
tion (Fig. 1d), while the cuvette was undisturbed inside the
instrument between the measurements. The spectra are shown
in the same units, so the fact that the absorbance of the GNR
suspension decreases with time indicates the precipitation of
GNRs.

Optical properties of GNRs have been investigated in several
theoretical studies.’>*>** It was demonstrated that an accurate
description of the optical properties of GNRs should include
many-body effects.>** The optical spectra calculated for straight
armchair GNRs*>** as well as the chevron GNRs* using the GW
approximation were dominated by the absorption peaks corre-
sponding to various excitonic transitions. In particular, for the
chevron GNR the calculations predicted the first two lowest
energy excitonic peaks at 1.98 and 2.34 eV, corresponding to the
E;; and E,, transitions.** Considering that the GW-calculated
bandgap for the chevron GNR is 3.74 eV, the 1.98 eV exciton
state has a remarkably large binding energy of 1.76 eV.*®

Previously, we reported a UV-vis-NIR spectrum of the
solution-synthesized chevron GNRs suspended in mesitylene,
and pointed out a remarkable agreement between the observed
absorbance peaks and the theoretically predicted energies of
the E;; and E,, excitonic transitions.** In Fig. 1d, we also
include that spectrum from ref. 44 and show that the peak
positions are indeed very close to the calculated E;; and E,,
energies from ref. 39. Interestingly, studies of other nano-
ribbons, including N = 7 armchair GNRs,** and cove-type
GNRs,* also showed an excellent agreement between the
experimentally observed spectroscopic features and theoreti-
cally predicted excitonic transitions, further demonstrating the
efficiency of the first-principle calculations for describing
optical properties of atomically precise GNRs.

When GNRs are suspended in a different solvent, DMF, the
excitonic peak structure looks slightly different and also evolves
with time (Fig. 1d). As the GNRs aggregate after the initial
sonication, the intensity of the broad shoulder at ~632 nm
clearly increases relative to the absorbance maximum at
~545 nm. The inset in Fig. 1d shows that the ratio of the GNR
absorbance values at 632 and 545 nm changes for both DMF
and toluene in a very similar manner. Aggregation-dependent
optical properties were previously reported for solutions of HBC
and some conjugated polymers.***

Importantly, UV-vis-NIR absorption spectroscopy is often
used to probe optoelectronic properties of synthetic GNRs and
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in particular, to measure their optical band gaps.>>”** While it
is generally recognized that the optically measured band gaps of
GNRs are smaller than their intrinsic band gaps because of the
excitonic effects,* understanding bulk properties of GNRs is
important for various large-scale applications of nanoribbons
within thin films, coatings and composites. The results pre-
sented in this study show that (1) the spectroscopic features
observed in the experimentally measured absorbance spectra of
chevron GNRs are in a good agreement with theoretically pre-
dicted excitionic transitions,* and (2) the appearance of an
absorbance spectrum could depend on the aggregation state of
GNRs, which would affect the position of the absorbance edge
and hence the measured optical band gap.

Aggregation of GNRs in bulk

We then studied the packing of nanoribbons in a powder form
(Fig. 2a). Fig. 2b shows that the most pronounced feature in the
X-ray diffraction (XRD) pattern of the GNR powder is the broad
peak at 20 = 26°, which corresponds to d = 3.4 A, the interlayer
distance in graphite.’” This peak is very common for PAH
molecules,*®?® graphene-based materials®*** and GNRs synthe-
sized by other methods,”**** showing their tendency to form -
7 stacked structures. Overall, the XRD results suggest that w-m
stacking is the most favorable arrangement for GNRs in bulk.
The high degree of GNR packing in the bulk form is
consistent with the results of the Brunauer-Emmett-Teller
(BET) surface area measurements. The theoretical surface area
of a single sheet of graphene is 2670 m* g~',* and the theo-
retical surface area of isolated nanoribbons should be even
higher because of the large contribution of the GNR edges. The
experimentally measured surface area of the as-synthesized
chevron GNR powder is about 370 m* g~ '. This is comparable
to the value reported for GNRs synthesized by the chemical

Fig. 2 Aggregation of GNRs in bulk. (a) Optical photograph of a vial
with a GNR powder. (b) XRD spectrum of a GNR powder. The dashed
line indicates the position of the graphite [002] peak. (c) TEM image of
a GNR aggregate. (d) Higher-resolution TEM image of a GNR aggre-
gate showing - stacked nanoribbons.

This journal is © The Royal Society of Chemistry 2017
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unzipping of carbon nanotubes,®* although some other nano-
structured graphene-based materials have been shown to have
surface areas >700 m> g~ '.**% The relatively low surface area of
the chevron GNR powder indicates dense packing of nano-
ribbons in bulk GNR aggregates.

We performed further investigation of GNR aggregates using
transmission electron microscopy (TEM); representative TEM
images are shown in Fig. 2c and d. The only periodic features
that we consistently observed in these images were interpreted
as m—m stacked GNRs. For example, the distance between the
parallel lines in Fig. 2d is ~4 A, which is again close to the
interlayer distance in graphite (3.4 A).”” Thus, both XRD and
TEM of GNR aggregates provide evidence for -7 stacking of
nanoribbons in a powder form.

Aggregation of GNRs on surfaces

In order to gain further insights into the structure of GNR
aggregates we performed microscopy studies of nanoribbons
deposited from suspensions on various substrates, such as Si/
SiO,, mica and Au(111). Scanning electron microscopy (SEM)
images of GNRs deposited on Si/SiO, substrate from a toluene
dispersion are shown in Fig. 3a. In addition to bulky nano-
particles and aggregates, which have a substantial number of 7t
7 stacked nanoribbons, we observed numerous elongated
structures, which were several nm wide and a few um long
(Fig. 3a). Similar elongated structures were also observed by
atomic force microscopy (AFM) on freshly cleaved mica
substrates (Fig. 3b). Fig. 3c shows a height profile across this 1D
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structure indicating an apparent height of 3 to 4 A, which is in
a good agreement with the thickness of a monolayer graphene
sheet (3.4 A). For other AFM images of such 1D structures the
apparent thickness values varied considerably depending on
the substrate (mica or Si/SiO,) and the exact location where the
measurement was taken. However, the heights of 3 to 15 A
observed from multiple scans are comparable with the range of
values measured by AFM for monolayer graphene in other
studies,” which points at the uncertainty of such measure-
ments due to the substrate's roughness, adsorbates, etc. The
values at the lower end of this range, especially when obtained
on a flat mica surface, suggest that in these elongated structures
the GNRs could lay flat and thus arrange in a side-by-side
fashion rather than stand perpendicularly to the substrate.

In general, the assembly of GNRs on a substrate should be
determined by the interplay between the intermolecular inter-
actions (in case of GNRs, primarily the -7 interactions) and
the GNR-substrate interactions. Numerous studies have been
performed to understand and control the packing of m-conju-
gated molecules on a variety of substrates.®® For example, pen-
tacene molecules are known to lay flat on coinage metal
surfaces, such as Au(111)* and Cu(111),”” because of the
interactions between the m-orbitals of pentacene and d orbitals
of the metals, but stand on their edges on a SiO, substrate due
to weaker molecule-substrate interactions.””*

While it is difficult to visualize the packing of GNRs on Si/
SiO, or mica, this could be done on a conductive substrate, such
as Au(111), using scanning tunneling microscopy (STM),
a technique that is capable of imaging GNRs with nearly atomic

e Solvent evaporation

Fig. 3 Aggregation of GNRs on surfaces. (a) SEM images of GNRs deposited on Si/SiO; substrate. (b) AFM image of GNRs deposited on mica. (c)
Height profile measured along the blue line in panel (b). (d) STM image of GNRs on Au(111). Top panel shows the originalimage, and in the bottom
panel one GNR is highlighted by green for the sake of clarity. The inset in the bottom panel shows the scheme of the arrangement of GNRs in this

STM image. (e) Scheme of a possible alignment of GNRs on a surface.

This journal is © The Royal Society of Chemistry 2017
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resolution.>*>*>7>7* Fig. 3d shows STM image of GNRs on
Au(111) substrate. The GNRs were drop-casted from a toluene
solution and dried in air before the imaging. As a result, while
the STM was performed in the ultrahigh vacuum (UHV) condi-
tions, some residual toluene molecules and other surface
adsorbates could still be present on the surface. The GNRs were
found to arrange in a side-by-side fashion, which we also
observed in our previous work.” Top panel in Fig. 3d shows the
original STM image, while in the bottom panel one nanoribbon
is highlighted in green to better illustrate the GNR arrange-
ment, in which GNRs are parallel to each other and the apices of
one ribbon fit into the grooves of another one; the arrangement
of these three GNRs is schematically shown in the inset. The
side-by-side arrangement of GNRs observed in the STM images
is consistent with the ~3 A thickness of larger elongated
structures (Fig. 3c). It should also be noted, that the arrange-
ment of GNRs in Fig. 3d is different from the side-by-side
assembly of nitrogen-doped chevron GNRs (N-GNRs),***®
where the apices of the adjacent N-GNRs face each other and the
entire structure is likely stabilized by the hydrogen bonding.

Overall, the fact that the individual chevron GNRs lay flat on
Au(111) is consistent with similar observations made by STM for
many other PAH molecules on coinage metal surfaces. The
assembly of GNRs in such structures (Fig. 3d), could be
explained by the action of capillary forces upon drying a droplet
of a GNR suspension on a surface (Fig. 3e). There are numerous
precedents of self-assembly processes in evaporating solutions
of colloidal nanoparticles,” viruses” and various
dimensional nanocrystals.”” Fig. 3e shows that while the
solvent evaporates, the GNRs could be drawn to the meniscus
area by capillary flow and concentrate at the triple contact line.
As the contact line moves along the substrate upon the droplet
drying, structures of densely packed GNRs may form. While it is
unclear whether the 1D structures of nanoribbons on Si/SiO,
and mica assume exactly the same GNR packing as on Au(111)
because of the differences in physical properties of these
substrates, overall these observations show the importance of
the interplay between the GNR-GNR interactions and the GNR-
substrate interactions in generating on-surface assemblies of
nanoribbons that are different from their packing in bulk.

The 1D nanoribbon structures, which we will further refer to
as GNR “nanobelts”, are interesting for several reasons. These
results show that different arrangements of GNRs can be real-
ized through the control of the assembly conditions. Interest-
ingly, this idea was further extended in our recent work, in
which in very different assembly conditions - on a surface of
water - hydrophobic chevron GNRs exhibit a yet another
arrangement, a monolayer film of -7 stacked nanoribbons in
the “edge-on” geometry.*® Further work on assembly of nano-
ribbons in different conditions should result in new GNR-based
structures with potentially interesting properties.

From the practical point of view, the formation of the GNR
nanobelts could be useful for device fabrication and testing of
the electronic properties of nanoribbons. Individual solution-
synthesized chevron GNRs are too small for locating them on
Si/SiO, by microscopy techniques, such as SEM and AFM.
However, once assembled into few-pm-long GNR nanobelts,

one-
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they could be easily visualized (Fig. 3a and b). We located several
GNR nanobelts that were >1 um long on a Si/SiO, substrate by
SEM and used them to fabricate electronic devices by a standard
electron beam lithography. Electrical contacts to GNRs were
prepared by an electron beam evaporation of Cr (1 nm) and Au
(15 nm). Fig. 4a shows SEM image of a typical device, where
a GNR nanobelt, which is shown by the black arrow, bridges
source (S) and drain (D) Cr/Au electrodes. The heavily doped p-
type Si used as a gate (G) electrode was separated from the GNR
by a 300 nm-thick layer of SiO,. The GNR-based electronic
devices that were fabricated in this study had a separation
between the S and D electrodes of 500 nm.

We characterized nanobelts in the devices by Raman spec-
troscopy to confirm that they indeed consist of GNRs; repre-
sentative Raman spectra are shown in Fig. 4b. Since the
nanobelts contain small amounts of GNRs, the Raman spectra
measured from them typically had low intensities and, as
a result, low signal-to-noise ratios. But even in such spectra the
characteristic D and G bands at about 1300 and 1600 nm ™ *,
respectively, were clearly distinguishable, which is illustrated by
the black Raman spectrum in Fig. 4b that was measured for the
GNR nanobelt in the device shown in Fig. 4a. For some other
GNR nanobelts we could measure spectra of higher quality, as
shown by the red Raman spectrum in Fig. 4b (the corresponding

1
15‘00 20’00 25‘00 30‘00 3500

Raman shift (cm™)
8.0 Vs=-40V

+40V

= g ~8 A 50

=

z 6 . : ;
53 40 20 0 20 40
T 05760 260 360 400 560 Vi (V)

Length (nm)

Fig. 4 Electrical measurements of GNR nanobelts. (a) SEM image of
a GNR device. The GNR nanobelt is shown by the black arrow. (b)
Raman spectra of GNR nanobelts. Inset shows SEM image of another
GNR device. The black spectrum represents the GNR nanobelt shown
in panel (a), the red spectrum represents the GNR nanobelt shown in
the inset. The arrows in the inset show the entangled ends of the GNR
nanobelt. (c) AFM image of the device shown in the panel (a). The
bottom panel shows the height profile across the GNR nanobelt
measured along the white line in the AFM image. (d) /ps—Vg depen-
dence for a GNR device that was annealed at 300 °C in H,/Ar for 1 h.
Vps =10 V. The inset shows Ips—Vps dependencies for the same device
that were measured at Vg ranging from —40 to 40 V with the step of
20 V.
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device is shown in the inset), which is consistent with the
Raman spectroscopy data that we reported for bulk chevron
GNRs in our previous studies.> In this particular case, the
higher intensity of the spectrum and the improved signal-to-
noise ratio can likely be explained by the fact that the ends of
this nanobelt are entangled forming two GNR aggregates that
can be recognized through the metal electrodes (see the red
arrows in the inset in Fig. 4b). Such aggregates were often
observed for other GNR nanobelts as well (Fig. 3a and b). Since
the Raman measurements were performed from spots with
a diameter of about 1 um, the signals were collected from the
entire nanobelts in Fig. 4a and b. In the second case, because of
the discussed GNR aggregates, a larger amount of the GNR
material was probed, which resulted in higher quality of the
corresponding Raman spectrum. Spectra that were consistent
with the previously published Raman spectra of chevron
GNRs*>® were collected for all fabricated devices.

AFM measurements of the device shown in Fig. 4a reveal that
the GNR nanobelt has an apparent height of about 8 A (Fig. 4c),
which is within the range of thicknesses reported for graphene
monolayers on Si/SiO, in different studies.” While this GNR
nanobelt appears to be thicker than the one in Fig. 3b and c, the
difference in apparent heights may also be attributed to
different substrates, mica and Si/SiO,, on which these nano-
belts were imaged,” as well as the exact imaging parameters,
such as the tip pressure.®’

As-fabricated GNR devices showed very low electrical
conductivities, which could be improved by annealing at 300 °C
for 1 h in H, (1 sccm)/Ar (75 scem) atmosphere. Fig. 4d shows
a representative drain-source current (Ips) - gate voltage (Vi)
dependence for an annealed GNR device, which was measured
at the drain-source voltage (Vps) of 10 V. Similarly to the re-
ported electrical measurements of thin films of chevron GNRs
synthesized in solution*® and by chemical vapor deposition,”
these GNR nanobelts show a p-type behavior, low conductivities
and on-off ratios.

It is important to point out that these electronic character-
istics do not fully represent the intrinsic properties of chevron
GNRs. Since the source-drain distance was significantly larger
than individual GNRs, the electronic transport in these devices
was affected by the inter-GNR junctions. Also, the nonlinear Is-
Vps dependencies shown in the inset in Fig. 4d indicate high
contact resistances. Yet, these results demonstrate the possi-
bility of fabricating electronic devices based on nanobelts of
chevron GNRs, which is simplified by the convenience with
which nanobelts can be located on surfaces by high-throughput
microscopy techniques, such as SEM and AFM. With the device
miniaturization, such that the source-drain distances would
become comparable to the lengths of individual GNRs in
nanobelts, and optimization of the contact resistances, these 1D
assemblies may prove useful for the characterization of intrinsic
electronic properties of nanoribbons.

Summary

In conclusion, using a combination of microscopic and spec-
troscopic techniques we investigated aggregation of solution-
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synthesized GNRs in different conditions. We studied the
behavior of GNRs that were dispersed in variety of solvents and
found that (1) the spectroscopic features observed in the
experimentally measured absorbance spectra of chevron GNRs
are in a good agreement with theoretically predicted excitonic
transitions,* and (2) the absorbance spectra evolve with
aggregation time. We have shown two types of GNR assemblies:
in addition to the - stacked structures that are typical for
graphene-like materials and most favorable for nanoribbons in
bulk, GNRs also form large 1D structures on surfaces. The 1D
assemblies of GNRs can be observed on different substrates,
such as Au(111), mica and Si/SiO, wafers, by conventional
microscopy techniques, which makes them promising objects
for the future fabrication of electronic devices. Insights into the
aggregation of GNRs are also important in the view of their
potential bulk applications in conductive films, composite
materials and as catalyst supports.*®
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