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on metal surfaces.”’ "> However, synthesis of other AGNRs
ABSTRACT: Bottom-up synthesis of low-bandgap gra- has remained elusive due to the difficulty in the design and
phene nanoribbons with various widths is of great synthesis of appropriate monomers that can be efliciently
importance for their applications in electronic and polymerized and precisely cyclized on the surface. An
optoelectronic devices. Here we demonstrate a synthesis alternative approach is lateral fusion of poly(para-phenylene)
of N = § armchair graphene nanoribbons (5-AGNRs) and (PPP) chains'* or narrower AGNRs,"*~'” which are in situ
their lateral fusion into wider AGNRs, by a chemical vapor prepared on the surface from corresponding monomers.
deposition method. The efficient formation of 10- and 15- Formation of AGNRs with N = 6, 14, 18, and 21 has thus
AGNRs is revealed by a combination of different been observed by thermal annealing of PPP and 7- and 9-
spectroscopic methods, including Raman and UV—vis- AGNRs at higher temperatures.*™"” Nevertheless, they were
near-infrared spectroscopy as well as by scanning tunneling mostly rather randomly and/or occasionally generated,
microscopy. The degree of fusion and thus the optical and coinciding with branching of GNRs, and studied only locally

electronic properties of the resulting GNRs can be
controlled by the annealing temperature, providing GNR
films with optical absorptions up to ~2250 nm.

by scanning probe microscopy (SPM) techniques. This
shortcoming precluded other characterization at the macro-
scopic level, such as by Raman and UV-—vis-near-infrared
(NIR) absorption spectroscopy.

Although most of the previous on-surface syntheses of GNRs

raphene nanoribbons (GNRs), a new class of quasi-one- have been carried out under ultrahigh vacuum (UHV)

dimensional nanomaterials, exhibit unique electronic conditions, chemical vapor deposition (CVD) has recently
properties, distinct from graphene sheets, such as semi- been proven to enable a hiéh-throughput synthesis of
conducting behavior with nonzero bandgap'™ and strong structurally defined GNRs."*'>"® Here we report a bottom-
excitonic absorption from UV into infrared range.”” As the up synthesis and lateral fusion of 5-AGNRs by a CVD process.
electronic band structure of GNRs relies critically on their Efficient formation of wider AGNRs with N = 10 and 15 is
width and edge configuration, " it is crucial to synthesize GNRs demonstrated by Raman spectroscopy, in addition to SPM.
with controlled structures. In particular, GNRs with armchair Moreover, high-resolution electron energy loss spectroscopy
edges are chemically stable and promising for application as (HREELS), UV—vis-NIR absorption, and ultrafast photo-
semiconductors.”” Depending on the width, armchair GNRs conductivity measurements corroborated efficient fusion of 5-
(N-AGNRs) can be divided into three subfamilies with atomic AGNRs and simultaneously displayed extension of the
number N = 3n, 3n + 1, and 3n + 2 (with N the number of absorption up to ~2250 nm after annealing at higher
carbon atoms across the width of a GNR, and # an integer).”’ temperatures.
The bandgap in each subfamily scales inversely with the ribbon We first attempted lateral fusion of 7-AGNR into 14- and 21-
width, whereas the bandgaps of AGNRs in different subfamilies, AGNRs under CVD conditions (see Figure S1). Although this
but with the same #, follow a trend as 3n + 2 << 3n < 3n + 1. fusion process has been reported by SPM studies under UHV

Up to now, AGNRs with atomic number N = 5, 7, 9, 13 have

been synthesized by bottom-up protocols through polymer- Received: May 16, 2017
ization and graphitization of different halogenated monomers Published: June 26, 2017
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conditions,"” we could not observe wider AGNRs by Raman
spectroscopy even after annealing at 650 °C (Figure S1). We
next considered fusion of 5-AGNRs, expected to be more
mobile on the surface than 7-AGNR owing to the smaller
width. First, efficient CVD synthesis of S-AGNRs was
established, using an isomeric mixture of 3,9-dibromoperylene
and 3,10-dibromoperylene (DBP) as the precursor, which was
prepared following our previous report (Figure 1).'>"*" In a
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Figure 1. CVD growth of N = § armchair GNRs (5-AGNRs) and their
lateral fusion to wider GNRs.

typical optimized procedure, DBP was sublimed at 235 °C, and
deposited on an Au/mica substrate kept at 250 °C to induce
homolytic carbon-bromo cleavage and polymerization of the
diradical to form linear polyperylenes. Subsequent annealing at
350 °C resulted in the formation of 5-AGNRs through the
surface-assisted intramolecular cyclodehydrogenation.
Although SPM can only provide very local information,
which might not be representative of the majority of the
sample, Raman spectroscopy is a very robust method to
macroscopically characterize GNRs.*”~****" The resulting 5-
AGNRs were first characterized by Raman spectroscopy with
laser excitation at 785 nm (Figures 2, S2, and S3). The spectra
reveal four main peaks at 1564, 1340, 1220, and 532 cm™,
which can be assigned to G, D, edge C—H, and radial
breathing-like mode (RBLM) peaks, respectively.””’ The
RBLM of GNRs is width-specific and varies strongly with
GNR width.”! The sharp and intense RBLM peak at ~532
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Figure 2. Raman spectra of AGNRs annealed at different temperature.
The numbers 5, 10, etc. indicate the position of the RBLM peaks of
respective AGNRs (excitation wavelength: 785 nm).
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cm™! can unambiguously be assigned to S-AGNRs based on the
value simulated by density functional theory (DFT).*" Lateral
fusion of as-formed S-AGNRs was accomplished by annealing
at higher temperatures. Notably, when the S5-AGNRs were
annealed at 400 °C, wider GNRs started to form, as evidenced
by the appearance of new RBLM peaks at 285, 188, and 122
cm™' (Figures 2 and S2). These values were in excellent
agreement with the DFT-calculated RBLM peaks for 10-, 15-,
and 20-AGNRs.””' Peaks from wider AGNRs than these fell
outside the measurement window of our instrument. At 400
°C, the 5-AGNRs appeared to be still dominant as suggested by
the ratio of the RBLM intensity, ie., Ijoa/Iss & 0.1 (Figures 2
and S3), and scanning tunneling microscopy (STM) images
(see Figure 3a,b). Annealed at 500 °C, the fusion of S-AGNRs

Figure 3. (a, b) STM images of the sample prepared at 400 °C
showing S-AGNR domains covering the surface of Au (111)/mica (I,
100 pA, Vi = =02 V and I, = 200 pA, Vi, = —0.65 V
respectively). (c) Line profile along the dotted line in panel b showing
a periodicity of 0.8 nm for the lamellae. (d) STM image showing the
formation of broader GNRs at 600 °C (I, = 200 pA, V;;,, = —0.4 V).
(e) Molecular model depicting the lamellar assembly of S-AGNRs.

further proceeded and the RBLM peak of 10-AGNRs started to
dominate (I;g5/Is5 & 1.9). Moreover, after annealing at even
higher temperature of 600 °C, the RBLM of 5-AGNRs almost
completely disappeared (Ijo4/Is4 > 10.6), demonstrating the
high efficiency of the lateral fusion of 5-AGNRs. It must be
noted here that the ratio of RBLM intensities does not
quantitatively reflect the ratio of the AGNRs, since the RBLM
is starkly dependent on the optical absorption of the GNRs and
the excitation wavelength of the measurement.”’ For instance,
Raman excitation at 488 nm of the 600 °C sample, known to
contain both 10- and 15-AGNRs, displayed significant RBLM
Raman intensity only from 15-AGNRs (Figure S4).
Furthermore, the G peak shows an interesting behavior,
accompanying the lateral fusion. The G peak of S-AGNRs
prepared at 350 °C splits into two peaks, namely a main G~
peak at 1563 cm™" and a weak G peak as a shoulder at 1596
cm™!, which originates from the frequency splitting of the
longitudinal and transverse optical modes in AGNRs
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(corresponding to the E»; mode in graphene).22 For increasing
annealing temperatures, the intensity of the G* peak increased
whereas that of the G™ peak decreased. The G* peak was more
intense after annealing at 500 °C and then became dominant at
600 °C whereas G~ was attenuated to a tiny shoulder peak,
which further corroborated the high efficiency of the lateral
fusion of 5-AGNRs.

Besides Raman spectroscopy, HREELS provides further
evidence for the temperature-dependent GNR fusion (see
Figure SS). The intensity of a so-called DUO C—H out of plane
(opla) bending peak,” characteristic of the armchair edges of 3-
AGNRs decreased with increasing annealing temperature, in
line with the disappearance of the armchair edges at one side of
the GNRs upon the lateral fusion. The emergence of a new
SOLO opla bending peak also supports the formation of wider
GNRs, because the SOLO C—H is present only in fused GNRs
(see Figure SS). Additionally, the very weak C—O—C peak in
HREELS and very small O 1s signal in X-ray photoelectron
spectroscopy (XPS) prove the suppressed oxidation and high-
quality of thus-prepared GNR samples (Figure $6).°

The GNR samples were next characterized by STM,
revealing small organized domains of lamellar features for
samples annealed at 350 and 400 °C (Figures 3 and S7). The
periodicity of the lamellar features is in the range 0.7—0.8 nm,
which is very close to the expected width of 5S-AGNRs (0.9
nm), verifying their formation under these growth conditions.
The fusion of 5-AGNRs into broader GNRs could be
confirmed on samples that had been annealed at higher
temperatures. For example, Figure 3d displays lamellar features
of different widths for a sample annealed at 600 °C. The widths
obtained from STM images correspond to S-AGNRs (~0.9
nm), 10-AGNRs (~1.3 nm), and 15-AGNRs (~1.8 nm), based
on the expected widths of 0.9, 1.5, and 2.1 nm, respectively.

Interestingly, the 5-, 10-, and 15-AGNRs belong to different
subgroups (3n + 2, 3n + 1, and 3n, respectively) of AGNRs and
therefore possess distinctly different band structures. To study
their optical properties by UV—vis-NIR spectroscopy, we have
transferred multiple layers of GNR films prepared at 350, 400,
500, and 600 °C onto fused silica substrates. Notably, the 5-
AGNR sample annealed at 350 °C displays an absorption
maximum at ~900 nm in the IR region and an absorption onset
at ~1400 nm, suggesting an optical bandgap of ~0.9 eV (Figure
4a). Furthermore, the absorption maximum of the sample
annealed at 400 °C redshifts to ~1000 nm, with an extended
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Figure 4. (a) UV—vis-NIR absorption spectra of AGNRs supported by
fused silica substrates. The spectra are normalized to the number of
GNR layers (Njy.); (b) THz photoconductivity of AGNRs. The
dynamics are normalized to the optical density of the samples. The
measurement error, originating from inhomogeneity of the sample, is
~10% by measuring 5 different spots on the sample annealed at 600
°C.
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absorption with an onset at ~1500 nm corresponding to a
lowered optical bandgap of ~0.8 eV. This observation suggests
that the S-AGNRs prepared at 400 °C are longer than those at
350 °C, which could be due to end-end coupling of as-formed
5-AGNRs and/or higher efficiency of the cyclodehydrogenation
at 400 °C, given some open bonds were present after annealing
at 350 °C. It should be noted that the observed optical bandgap
of ~0.8 eV is still larger than the theoretical optical transition at
0.48 €V based on the GW-BSE method,”* indicating that the
obtained S-AGNRs are not yet long enough to have the
properties of infinite S-AGNRs."”

In contrast, the GNR sample annealed at 500 °C exhibits a
largely distinct spectrum with a substantially lower relative
intensity at ~1000 nm from S5-GNRs, and two dominant
absorption peaks at ~650 nm (~1.91 eV) and ~750 nm (~1.65
eV). These two peaks can be assigned to the 10-AGNRs with a
calculated optical transitions of 1.51 and 1.87 eV based on the
GW-BSE method,” again supporting the conclusion of efficient
lateral fusion at this temperature. Finally, the sample at 600 °C
shows emergence of very broad absorption features extending
into the infrared regime up to ~2250 nm, which can tentatively
be attributed to wider GNRs including (i) 15-AGNRs with
GW-BSE-calculated optical transition of 0.73 eV;*° and (ii) 20-
AGNRs that belong to the N = 3n + 2 family and are expected
to have an optical bandgap <0.5 eV. There is also a possibility
that S-AGNRs longer than those at 400 °C are present,
considering the GW-BSE-calculated optical transition of 0.48
eV.”* Although this sample is relatively undefined, the intense
blue-shifted absorption maxima suggest that the main
component is 10-AGNRs.

To obtain further insights into the lateral fusion of the
AGNRs, we have investigated the photoconductivity of the
samples annealed at different temperatures, using optical-pump,
Terahertz-probe (OPTP) spectroscopy. Terahertz (THz)
absorption (AE) by photogenerated free charges in the samples
is proportional to the real optical conductivity Re(s), which can
be further correlated to the intrinsic carrier mobility in GNRs
by Re(6) = n*e*u, where n is the carrier density and u the
mobility. To enable a qualitative comparison of carrier mobility
u among different GNR structures, we report the conductivity
of the samples for the same carrier density n. This is achieved
by exciting all samples by the identical incident photon-density
(22 x 10" cm™) and normalizing the conductivity to the
optical density (OD) of each sample.

As shown in Figure 4b, the GNR samples annealed at 350
and 400 °C exhibit comparable and the highest THz
conductivity among the four samples. Increasing the temper-
ature to 500 °C led to a substantial reduction of THz
conductivity, which is in line with the efficient fusion of S-
AGNRs into 10-AGNRs indicated by Raman and optical
absorption spectroscopy: 10-AGNR is theoretically predicted to
possess lower charge conductivity than that of S-AGNR, due to
a much larger effective mass.”>’ Interestingly, the THz
conductivity is increased again for the sample annealed at
600 °C. This result can be explained by the formation of wider,
and more conductive AGNRs such as 15- and 20-AGNRs with
lower bandgaps than that of 10-GNRs, as suggested by the
enhanced absorption in the infrared. As such, the photo-
conductivity result is in a perfect agreement with the fusion
process observed by Raman, STM and optical absorption
characterizations.

In summary, we have achieved the bottom-up synthesis of
structurally defined narrow 5-AGNRs and their efficient lateral
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fusion into wider AGNRs through a CVD method. A
combination of Raman, UV—vis-NIR absorption, and OPTP
spectroscopy as well as HREELS and STM analyses evidenced
(1) predominant formation of 5S-AGNRs by annealing at 350—
400 °C; (2) highly efficient lateral fusion into 10-AGNRs at
500 °C; and (3) formation of 15-AGNRs and probably also 20-
AGNRs at 600 °C. Moreover, the remarkable optical properties
of thus prepared GNR films with absorptions over visible to
infrared render them highly promising for optoelectronic
applications such as photovoltaics and visible-to-infrared
sensing.
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