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On-surface synthesized N=9-armchair graphene
nanoribbons (AGNRs) are investigated by Raman
spectroscopy and AFM/micro photoluminescence
measurements. In order to perform the optical experiments, the AGNR film is transferred on a glass
substrate through a non-membrane method. The Raman
spectroscopy shows the radial breathing like mode
characteristic of the 1D nature of GNRs, proving the
efficiency of the transfer method. Then, the results
of combined AFM/ micro photoluminescence measurements are discussed. First, the observation of
high-order Raman lines suggests the 1D nature of the
electron-phonon coupling in GNR, similar to the case
of carbon nanotubes. Secondly, the origin of the broad
luminescence line is discussed in comparison with the
predicted gap energy of the 9-AGNR. Due to its width
and energy range, the emission is interpreted as arising
from defect sites, missing phenyl rings for instance, that
occur during the synthesis of these specific armchair
nanoribbons.

Structure of N=9-armchair graphene nanoribbon (9-AGNR).
AFM and PL images of a GNR film.
Copyright line will be provided by the publisher

1 Introduction Graphene nanoribbons (GNRs) have
attracted much attention as good candidates for the nextgeneration of semiconductor materials. In particular they
are promising for use in electronic, optoelectronic and pho-

tonic devices [1–5]. Owing to lateral quantum confinement
effects, a GNR features remarkable physical properties
that are critically determined by its width and edge structure [6]. In the past few years, solution-mediated [7–9]
Copyright line will be provided by the publisher
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and surface-assisted [10–12] ”bottom-up” chemical synthesis have been shown to produce GNRs that, unlike the
one obtained via ”top-down” fabrication [13, 14], possess
a uniform width and a precise edge structure. The electronic and transport properties of ”bottom-up” synthesized
GNRs have been intensively studied, revealing finite band
gaps that fully confirm the theoretical predictions [15–17].
Similarly, it is predicted that GNRs are expected to exhibit
characteristic optical absorption bands and strong excitonic effects [18,19]. Recently, the optical properties of
GNRs have been studied through optical absorption, differential reflectance and femtosecond transient absorption
spectroscopy [20–22]. Nevertheless, the information on
the photoluminescence (PL) properties are still scarce [23,
24]. For the solution-synthesized GNRs, due to their limited solubility in dispersions, the observation of a PL signal
has been difficult. Moreover, our recent study shows that
the main optical features observed in solution arise from
aggregates, leading for instance to an excimer-like emission [24]. In contrast, the surface-assisted method can
grow submonolayer of isolated GNRs on gold substrates.
Nevertheless, metallic substrates typically quench the PL.
Therefore, we report here on a non-membrane method
to transfer on-surface-synthesized GNRs onto insulating
transparent substrates in order to perform optical investigations. The integrity of the transferred GNRs was confirmed
by confocal Raman spectroscopy. Then, by using a laser
scanning confocal microscope, we observed relatively narrow and well-resolved multi-phonon Raman modes of
GNRs, which is characteristic of quasi-1D-systems. Finally, a spectrally broad PL background signal throughout
the whole transferred GNR films was observed, instead
of the expected bright band gap luminescence. The origin of this PL emission is discussed to get insights in the
properties of this promising 1D material.
2 Methods
2.1 Synthesis of GNRs 9-Carbon atom wide, armchair edge graphene nanoribbons (9-AGNRs) (Fig. 1a)
were used in this work. As previously reported in ref [25],
9-AGNRs were synthesized by the surface polymerization
of 30,60-di-iodo-1,10:20,100-terphenyl molecules on Au(111).
Firstly, the 200 nm-Au(111)/mica substrate was cleaned
by two cycles of 1 kV Ar+ sputtering and subsequent
degassing/annealing at 470 °C in UHV. The 30,60-di-iodo1,10:20,100-terphenyl molecules were then sublimed onto
the substrate which was held at room temperature. By
tuning deposition time and rate, the final GNR coverage
can be controlled. In view of the underetch transfer (see
next paragraph), we prepared samples with a relatively
low coverage (less than half a monolayer) of 9-AGNRs
(see Fig. S5). After deposition, the temperature was slowly
increased up to 200 °C, and held for ten minutes to activate the polymerization reaction. Finally, the temperature
was increased to 400 °C and held for ten minutes in orCopyright line will be provided by the publisher

der to cyclodehydrogenate the polymer and to form fully
conjugated GNRs.
2.2 Transfer of GNRs In view of the optical characterization, we transferred GNRs from their growth
substrate (200 nm Au/mica) onto insulating transparent
substrates (Schott Nexterion glass coverslips). A nonmembrane based method (underetch transfer) was utilized in this work as shown in Fig. 1(b). The as-grown
GNRs/Au/mica sample was placed on a surface of a 38%
hydrochloric acid (HCl) solution, which resulted in the
cleavage of the mica substrate. It left the Au layer, with
GNRs on the top of it, floating on the surface of the
solution. After being washed with ultra-pure water, the
GNRs/Au film was picked up by the target substrate in
contact with the Au layer, leaving the GNRs on top. Finally KI/I2 gold etchant was used to etch the Au layer. The
resulting GNRs/glass substrate sample was rinsed several
times in ultra-pure water, acetone, ethanol and dried with
N2 .

Figure 1 (a) Chemical structure of 9-atom wide armchair

graphene nanoribbon (9-AGNR). (b) Transfer process of 9AGNRs grown on Au/Mica substrates to the target glass substrates.

2.3 Characterization methods The structural integrity of as-grown GNRs thin film after transfer was studied by Raman spectroscopy using a Renishaw InVia Reflex
Confocal Raman Microscope equipped with two different
laser lines (532 nm, 633 nm). A 100× objective was used
and the power on the sample was kept below 0.5 mW to
avoid damage. AFM measurements were carried out in
tapping mode using an Asylum Research MFD-3D AFM.
An inverted confocal microscope was combined with the
AFM system allowing simultaneous PL intensity mapping
and AFM characterization of the sample. For the purpose of multi-wavelength analysis, four excitation sources
were used: Oxxius LBX 405 nm laser, Coherent Sapphire
532 nm laser, Cobolt Mambo 100 594 nm laser and Thorlabs LDM 635 nm laser. Samples were illuminated with a
focus beam through an oil immersion objective (60×, N.A.
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= 1.42). Emitted photons were collected with the same objective and detected by a single-photon avalanche diode
(PerkinElmer SPCM-AQR-13) for integrated PL intensity
mapping or by a spectrograph (Ropers Scientific SP2150i)
for PL spectra analysis. All measurements were carried out
in air and at room temperature.
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Figure 2 (a, b) Optical microscope images of the 9-AGNR film

transferred onto a glass substrate. Generally the film shows high
uniformity with faint optical contrast (a). Sometimes a folding
area can be found at the edge of the film (b). (c, d) Raman spectra
of 9-AGNRs transferred onto glass in the (c) low- and (d) highenergy spectral region, measured at 633 nm. (e,f) Raman maps
superimposed onto optical microscope image of a 9-AGNR film.
Raman peak intensity maps of (e) RBLM (at 310 cm-1 ) and (f) G
mode (at 1600 cm-1 ).

3 Results and discussion Theoretical calculations
indicates that AGNRs can be classified into three distinct
families: N = 3p, 3p + 1 and 3p + 2, with p an integer,
where N indicates the number of carbon atoms across their
width. Depending on the family, AGNRs show different
electronic behaviors [1]. Concerning the optical properties,
Prezzi et al. calculate that the lowest-energy absorption
peak of AGNRs arises from transitions between the last valence and first conduction bands (E11 ). Moreover, as in the

case of carbon nanotubes, these transitions are excitonic in
nature with huge binding energies up to 1.1 eV [19]. Finally, the excitonic structure depends strongly on the family type. For GNRs belonging to the 3p + 1 family, a dark
excitonic state is located below the bright state [19]. Since
the excitonic population could relax down to the dark state,
it could dramatically affect the luminescence yield of the
3p + 1 AGNRs. 7-AGNR, from the 3p + 1 family, have recently been explored by Senkovskiy et al. [26]. The authors
interpret the weakness of the luminescence as the consequence of the existence of this dark exciton. On the contrary, 3p AGNRs are not supposed to show such dark state.
In this context, the success of the synthesis of 9-AGNRs
opens the way to the study of the intrinsic emission properties of AGNRs [25].
The 9-AGNRs (see Fig. 1) studied here were obtained
via a on-surface synthesis method (see Methods section
for details). The synthesis results in a film of 9-AGNRs
with an average length of 30 nm (see Fig. S5). The asgrown 9-AGNRs were transferred onto glass substrates by
the underetch transfer method (Fig. 1(c) as described in
the Experimental Methods) for further optical investigation. In contrast to the electrochemical delamination transfer, the underetch transfer used in this work does not involve the use of an intermediate transfer membrane, such
as polymethylmethacrylate (PMMA). Thus, it results in
relatively clean surfaces. Fig. 2(a) and (b) shows optical
microscope images of the transferred samples. The optical contrast in the transferred area is comparable to what
is observed on a single layer graphene sample [27, 28]. It
allows us to locate the GNR film on the glass substrate.
Moreover, at the edge of this film some wrinkles can be occasionally observed, which we assign to the folding of the
GNR layer (white parts in Fig. 2(b)). We performed confocal Raman spectroscopy in order to confirm the presence
of GNRs on the target substrate. Fig. 2(c) and (d) shows
the Raman spectra of the transferred GNRs excited by a
633 nm laser in the low-energy and high-energy region,
respectively. First, Fig. 2(c) shows the radial-breathinglike mode (RBLM) of the 9-AGNRs at∼310 cm-1 . It confirms that GNRs have been effectively transferred from the
gold substrate to the coverslip. Moreover, the G mode at
∼1600 cm-1 , the D mode at ∼1340 cm-1 and C-H bending mode at ∼1240 cm-1 are also observed with frequencies comparable to the ones measured on the gold substrate [25]. The presence of all characteristic Raman peaks,
and in particular of the highly width sensitive RBLM, confirms that the structure of GNRs is preserved throughout
the transfer procedures, in agreement with previous reports on several designs of GNRs [29,30]. Furthermore,
we also performed Raman mapping measurements in order
to obtain spatially resolved information on the transferred
GNRs. Fig. 2(e) and (f) show the peak intensity maps of
RBLM (at 310 cm-1 ) and G mode (at 1600 cm-1 ) superimposed onto an optical microscope image. The intensity of
both two Raman modes on almost transparent GNR film
Copyright line will be provided by the publisher
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Figure 3 Correlation between AFM image and PL maps on a 9-AGNR film. (a) AFM height image. (b, c) Integrated intensity PL maps

of the same area, for laser excitation at (b) 405 nm and (c) 594 nm (false colors). (d, e) Corresponding PL spectra of (b, c). Generally
the spectrum form does not change on the different position of the film.

is homogenous, suggesting its high uniformity and coverage. We also observed that the wrinkles at the edge of GNR
films show stronger intensity, which can be attributed to the
increasing amount of GNRs in the laser spot due to multilayer folding.
Having demonstrated the successful transfer of 9AGNRs onto glass substrates, we then studied their PL
properties. The sample was analyzed on a homemade confocal microscopy setup that is coupled with an atomic force
microscope (AFM). This experimental set-up allows us to
correlate the PL signal intensity with the surface topography (Fig. 3(a)-(c)). Fig. 3(a) is a typical 20 µm × 20 µm
AFM height image of the sample. It shows that the GNRs
film possesses large uniform areas. The cross-section profile reveals that the thickness of this uniform part of the
GNR film is ∼1-2 nm (see Fig. S1(a)). This value is close
to the one observed on monolayer graphene materials [31,
32]. Therefore, it is compatible with the presence of a
quasi-monolayer of GNRs on our sample which proves
the efficiency of the transfer. Meanwhile, at the edge of
the film, rough wrinkles with a height ∼30-40 nm are also
found. This folding of multiple GNR layers is supposed
to be introduced during the transfer process. After AFM
measurements, the same area of the GNR film was scanned
by confocal PL microscopy with an excitation wavelength
at 405 nm. The corresponding integrated PL intensity map
is shown in Fig. 3(b). We observe that the whole film has
PL signal and that thicker regions appear brighter. The corCopyright line will be provided by the publisher

relation between thickness of the film and the PL intensity
is further put in evidence by taking the same cross section
profiles on the AFM height image and the PL maps (see
Fig. S1).
Fig. 3(d) displays a typical PL spectrum of the GNRs
film excited at 405 nm. The luminescence is very broad
and extends from ∼450 nm up to 900 nm. Moreover, a
series of relatively narrow peaks are superimposed on the
luminescence spectrum. By converting the wavelengths of
these lines into Raman shifts, we assigned them to highorder multi-phonon Raman modes of AGNRs (see Fig. S2
and Table S1). Up to the 4th order, the Raman modes are
still narrow and clearly resolved. The further successive
two broad peaks at 550-600 nm and 600-650 nm could be
also tentatively attributed to the 5th and 6th order Raman
modes, respectively, rather than PL. This observation is in
strong contrast with the case of graphene in which the Raman signal decreases dramatically with increasing phonon
order [33]. Moreover, similar results have been reported
on suspended individual single-wall nanotubes (SWNTs)
by Wang et al. [34]. This observation of strong and wellresolved high-order Raman lines has been related to the 1D
nature of SWNTs. Indeed, the matrix element for the high
order Raman scattering, that reflects the strength of the
process, mainly depends on the phonon density of states
(DOS) and an electronic resonance factor. The 1D nature
of the density of states leads to a significant value of this
matrix element [34]. Finding the same behaviour on AG-

pss header will be provided by the publisher

NRs confirms in a sense their quasi-one-dimensional characteristic.
We now discuss the origin of the broad PL. First, theoretical calculations predict an exciton energy of ∼1 eV for
these 9-AGNRs[19]. Therefore, it is unlikely that the broad
PL line, at high energy, observed when 9-AGNR are excited at 405 nm comes from intrinsic excitonic emission. In
contrast, all the features of this PL are quite close to the fluorescence led by defect sites in sp2 carbon structures [35].
Talirz et al. have indicated that during the cyclodehydrogenation step of 9-AGNR synthesis, C-C bond scission
could occur and consequently, sometimes at the edge of
final 9-AGNR, a phenyl ring is missing [25]. This could
be at the origin of the spectra shown in Fig. 3(d). Finally,
we acquired PL spectra on different positions of the film
(both flat and rough parts). All the spectra look very similar
(see Figure S3). This further indicates the homogeneity of
the film. In order to work around these high energy states,
we also performed experiments with a laser excitation at
lower energy. In this way, if the broad PL results from the
inhomogeneous broadening, a selective excitation of a subset of emissive species is expected, which could obviously
change the PL spectrum and may allow the appearance of
the intrinsic emission. First, Fig.3(c) displays the PL map
of the same area excited at 594 nm. The PL map looks quite
similar than the one excited in the blue demonstrating one
more time the homogeneity of the film. Fig. 3(e) shows the
spectrum excited at 594 nm. The signal is clearly dominated by the G and D Raman lines. The fluorescence background is weak and still broad and structure-less. Once
again, it is unlikely that this emission would be intrinsic. To
conclude on this part, further studies are needed to explore
the link between the broad PL observed at high energy and
the nature and density of defects in the 9-AGNRs. Finally,
several explanation could explain the absence of the intrinsic excitonic emission. First, the PL might be quenched due
to: interaction with the substrate; chemical doping during
the transfer process; or non-radiative defects... In this perspective, other transfer processes are currently tested. Secondly, the exact energy position of the first exciton line of
9-AGNRs is not known to date. Therefore one explanation
of the absence of intrinsic PL in the experiments reported
here may be that the bright exciton is more in the infrared,
above 1000 nm. Micro absorption experiments are planned
in order to answer this question.
4 Conclusion In summary, we have shown a nonmembrane method to transfer on-surface-synthesized 9AGNRs onto insulating substrates. The preserved structure of transferred GNRs was confirmed by confocal Raman spectroscopy that shows the RBLM mode of the
GNRs. Moreover, combined AFM and micro-PL measurements demonstrate that the emission is distributed
homogeneously over the entire surface of the film. Then,
by performing spectroscopy measurement with an excitation in the blue, we observed Raman lines superimposed
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on a broad fluorescence spectrum. We observed relatively
narrow and well-resolved high order multi-phonon Raman modes related to a strong electron-phonon coupling
characteristic of quasi-1D systems. Meanwhile, the broad
PL spectrum could be assigned to the emission of defective sites, instead of intrinsic excitonic emission. In order
to elucidate the intrinsic excitonic emission of 9-AGNR,
some other transfer processes are under investigation. At
the same time, micro absorption experiments are planned
in order to identify the exact energy position of the first
excitonic state of 9-AGNRs.
Supporting information Supporting information are available
online.
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L. Liang, V. Meunier, R. Berger, R. Li, X. Feng, K. Müllen,
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Pignedoli, and R. Fasel, ACS Nano 6(8), 6930–6935
(2012).
[16] M. Koch, F. Ample, C. Joachim, and L. Grill, Nat Nano
7(11), 713–717 (2012).
[17] A. N. Abbas, G. Liu, A. Narita, M. Orosco, X. Feng,
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11622–11630 (2014).
[21] R. Denk, M. Hohage, P. Zeppenfeld, J. Cai, C. A.
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