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Abstract

Recent progress in the on-surface synthesis of graphene nanoribbons (GNRs) has given access
to atomically precise narrow GNRs with tunable electronic band gaps that makes them excellent
candidates for room-temperature switching devices such as field-effect transistors (FET). How-
ever, in spite of their exceptional properties, significant challenges remain for GNR processing
and characterization. This contribution addresses some of the most important challenges, in-
cluding GNR fabrication scalability, substrate transfer, long-term stability under ambient con-
ditions and ex sifu characterization. We focus on 7- and 9-atom wide armchair graphene nano-
ribbons (i.e, 7-AGNR; and 9-AGNR) grown on 200 nm Au(111)/mica substrates using a high
throughput system. Transfer of both, 7- and 9-AGNRs from their Au growth substrate onto
various target substrates for additional characterization is accomplished utilizing a polymer-
free method that avoids residual contamination. This results in a homogeneous GNR film mor-
phology with very few tears and wrinkles, as examined by atomic force microscopy. Raman
spectroscopy indicates no significant degradation of GNR quality upon substrate transfer, and
reveals that GNRs have remarkable stability under ambient conditions over a 24-month period.
The transferred GNRs are analyzed using multi-wavelength Raman spectroscopy, which pro-
vides detailed insight into the wavelength dependence of the width-specific vibrational modes.
Finally, we characterize the optical properties of 7- and 9-AGNRs via ultraviolet-visible (UV-

Vis) spectroscopy.

Keywords: graphene nanoribbons, substrate transfer, multi-wavelength Raman spectroscopy,

scanning tunneling microscopy, atomic force microscopy, optical properties



Introduction

Atomically precise graphene nanoribbons have been extensively studied due to their remarkable
electronic and optical properties' . Due to lateral confinement, GNRs exhibit a sizeable elec-
tronic band gap which can be tuned by their width and edge topology'>¢. In order to achieve
such control over the band gap, atomic precision in the fabrication of the GNRs is indispensable.
A bottom-up approach based on surface-assisted covalent coupling of molecular precursors'
allows for the synthesis of ultra-narrow GNRs with defined edge topology and uniform
width"*%” which results in an electronically homogenous material across the entire growth sub-
strate. The possibility of fabricating uniform, atomically precise GNRs with a tunable band gap

makes this material promising for nanoelectronic and optoelectronic applications >+,

Production is, however, just one aspect of a GNR technology, and in order to evaluate and
exploit their properties GNRs must be transferred onto semiconducting or insulating substrates.
Different transfer techniques have been developed to transfer graphene and other 2D materials,
which could potentially be adapted to graphene nanoribbons’ '2. The most widely used transfer
procedure is the polymer assisted transfer (mainly using poly(-methyl methacrylate)
(PMMA))"3, in which graphene or GNRs samples are supported by a thin PMMA layer before
the growth substrate is etched away. In general, the polymer-supported transfer is an easy-to-
handle process, even though the complete removal of the polymer support remains a challenge.
Solvent and thermal treatments have been used for this purpose, but such processes can induce
thermal stress, which can damage the final transferred material'*. Since the purity and integrity
of the GNR surface is of extreme importance for studying intrinsic properties and for GNR

4,8,15

integration in nanoelectronic devices — such as field effect transistors — alternative methods

need to be investigated.



Here we use a polymer-free process, previously reported by Cai et al.'® and Fairbrother et al.*,
which allows the transfer of high quality, structurally intact GNRs. Using this transfer approach,
we avoid any polymer residue resulting in a contamination-free transfer with fewer defects
(wrinkles and tears) and preserved edge topology. Transferring GNRs to arbitrary substrates
opens up the possibility of exploring GNR properties by characterization techniques that cannot
be applied to metal-supported GNRs where intrinsic GNR properties are masked by the metallic
substrate. Within this framework, it is of critical importance to develop reliable characterization

protocols that allow monitoring GNR quality and stability upon transfer and device integration.

Here, we report an unprecedentedly detailed characterization of transferred GNRs including
their morphological and spectroscopic properties using atomic force microscopy (AFM), Ra-
man spectroscopy, and Ultraviolet-Visible spectroscopy (UV-Vis). Using AFM we investigate
the overall morphology of transferred GNR films and evaluate our polymer-free transfer pro-
cedure. Raman spectroscopy results show that GNRs remain structurally intact upon transfer
and have a remarkable stability under ambient conditions, as tracked over a 24-month period.
Additionally, multi-wavelength Raman measurements of GNRs reveal a unique non-dispersive
behavior in a large range of excitation energies. Ex situ characterization furthermore allows for
unprecedented insights into the optical properties of GNRs. Using multilayer GNR films real-
ized through repeated transfer sequences onto suitable substrates, we determine the fundamen-

tal optical transitions of 7- and 9-AGNRs via UV-Vis spectroscopy.

On-surface synthesis of 7- and 9-AGNRs

Samples were produced in a stand-alone ultrahigh-vacuum (UHV) system dubbed “GNR reac-
tor” that has been specifically designed to allow for a fully automatized, reproducible and high-

throughput fabrication of GNR samples (See figure S1 for GNR reactor details). The fast and



reproducible fabrication of GNR/Au(111)/mica samples in the GNR reactor is necessary to pro-
duce the large number of samples needed for efficient optimization of transfer procedures and
ex situ characterization of well-defined GNR samples. As a growth substrate we used commer-
cially available Au(111) thin films supported on mica (4x4 mm?, 200 nm Au; PHASIS, Geneva,

Switzerland)

9-AGNRs were synthesized from 3',6'-di-iodine-1,1":2',1"-terphenyl (DITP) as the precursor
monomer’, and 7-AGNR from 10,10-dibromo-9,9"-bianthryl (DBBA)!. First, the
Au(111)/mica substrate is cleaned in ultra-high vacuum by two sputtering/annealing cycles: 1
kV Ar" for 10 minutes followed by annealing at 470 °C for 10 minutes. Next, the monomer is
sublimed onto the Au(111) surface from a quartz crucible heated to 70 °C (DITP) or 200 °C
(DBBA), respectively, with the substrate held at room temperature. After 4 minutes of deposi-
tion (resulting in approximately 1 monolayer coverage), the substrate is heated (0.5 °C/s) up to
200 °C with a 10 minute holding time to activate the polymerization reaction, followed by an-
nealing at 400 °C (0.5 °C/s with a 10 minute holding time) in order to form the GNRs via

cyclodehydrogenation of the polyphenylene precursors.

Transfer Procedure

In order to explore the GNRs' properties under various conditions, we have transferred the
GNRs from the Au(111)/mica growth substrate onto different target substrates. In this work we
use a polymer-free method*!¢, as illustrated in figure 1. Compared to polymer-assisted transfer
procedures used in previous works our method leads to a clean substrate transfer with low den-
sity of tears and wrinkles in the GNR film®!4!7. These aspects are of critical importance for the
integration of GNRs into FETs and for achieving high device performance. First, the

GNR/Au(111)/mica samples are floated on aqueous HCI solution (38%, room temperature,



3.5mL) with the GNR/Au film facing up (step I in figure 1). After ~15 minutes the mica cleaves
off from the Au film due to the etching of the interface by HCI (step II in figure 1). After the
mica is detached, 3mL of acid is removed and 5 mL of ultrapure water is added. This step is
repeated 5 times in order to substantially reduce the HCI concentration.

Prior to transfer of the GNRs, any impurities need to be removed from the target substrate. This
is achieved through sonication in acetone and ethanol for 10 minutes followed by rinsing with
ultrapure water. In the next step, the target substrate is pushed onto the floating GNR/Au(111)
film (step III in figure 1), which results in the adherence of the GNR/Au film on the target
substrate. At this stage, the Au film is usually not completely flat on the substrate. To increase
adhesion between the Au film and the target substrate we apply a drop of ethanol to the top of
the Au film (dried at ambient conditions for 5 minutes) followed by a hot plate annealing step
at 100 °C for 10 min (step IV in figure 1, see also figure S2 for step IV details). Finally, 1-2
drops of potassium iodide based gold etchant (potassium iodine, no dilution), is used to etch
away the gold film (~5 minutes). The resulting GNR/substrate sample is cleaned by soaking it
in ultrapure water for 5 minutes followed by acetone/ethanol rinsing, and finally dried with
nitrogen (step V in figure 1). This polymer-free process results in a large area transfer of GNRs
onto arbitrary target substrates while fully suppressing the risk of having polymer residues on
the transferred GNRs.

X-ray photoelectron spectroscopy (XPS) measurements were performed to ensure the effec-
tiveness of the cleaning process (with organic solvents and ultrapure water after the Au etching
step). As shown in figure S3, 9-AGNRs transferred to CaF> and Al>O3 have very small iodine
contributions corresponding to ca. 0.3 % and 0.2 % of a monolayer, respectively. GNRs trans-
ferred to a Si0,/Si substrate showed no clear iodine signal, indication of iodine to be below the

detection limit of ca 0.1 % of a monolayer.



Figure 1. Scheme describing the basic steps of the polymer-free GNR transfer procedure:
step I: Floating GNR/Au(111)/mica samples on aqueous HCI solution; step II: Cleavage of
GNR/Au film from mica substrate (~15minutes); step III: target substrate is pushed onto the
floating GNR/Au(111) film; step IV: increase adhesion between the Au film and the target

substrate; step V: etching of Au film resulting in GNRs on target substrate.

Graphene Nanoribbon Characterization

Morphology of as-grown and transferred GNR films

After growth, 9-AGNR samples were removed from the GNR-reactor and inserted in another
UHYV system for STM characterization. In order to desorb contaminants accumulated during
ambient exposure the samples were annealed at 200 °C for 20 minutes. High-resolution STM
images taken at room temperature reveal 9-AGNRs with an average length of ~45nm (figure
2(a)). In order to make a direct comparison of the topography of the GNR film before and after

substrate transfer, a large scale STM image from a 9-AGNR/Au/Mica sample is displayed in



figure 2(b). It reveals the growth uniformity as well as the quasi-continuous film-like morphol-

ogy that is related to the high coverage preparation.

After transfer to AlbO3 substrates, atomic force microscopy shows uniform and smooth 9-
AGNR-films (roughness ~1-2 nm, see figure 2 (c-d) and figure S4 for roughness profile). High
resolution AFM (at ambient conditions) reveals a high coverage of GNRs bundles (2-4 ribbons)
across the whole scan area, figure 2(c). As observed in figure 2(d) the transferred GNR film
contains relatively few tears, wrinkles, and folds in comparison with polymer assisted trans-
fer”!*13, The observed wrinkles and folds in the GNR film are related to folding of the Au film
during the transfer process (see figure S2 for transfer details). This direct comparison of STM
and AFM images is the first indication that the polymer-free transfer procedure allows for the
uniform transfer of GNRs from Au(111)/mica onto e.g. Al2O3, which is crucial before exploring
other non-vacuum characterization methods and the development of further processing steps

for device integration’.

Figure 2. (a-b) STM topography images of 9-AGNRs on Au/mica (RT, 1.5V, 0.02nA) and (c-

d) AFM topography images of 9-AGNRs transferred onto an Al,O3 substrate



Post-transfer stability

Transferring the nanoribbons to SiO»/Si or other insulating substrates opens up the possibility
of investigating the intrinsic properties of unperturbed GNRs. Among the substrates investi-
gated in this work are Si0,/Si substrates that are technologically relevant for device fabrication,
AlO3 and CaF> that are transparent and hence ideally suited to assess the optical properties of
GNRs and transmission electron microscopy (TEM) grids which could potentially be used for
atomic scale characterization of transferred GNRs. Raman spectroscopy is a straightforward
way to demonstrate the integrity and stability of GNRs after the transfer procedure. The first-
order Raman spectra of graphene and other sp? bonded carbon-based materials present a main
band at ~1590 cm™!, the so-called G mode!, which originates from in-plane vibrations and
dominates the optical region of graphene-based materials’* 22, When defects are present, the
Raman spectrum of graphene also shows a band at ~1340 cm™, known as the D mode, which is
activated by an intervalley double resonance process. Unlike graphene, for which the D band is
excited by the presence of defects*>?*, GNRs have a D mode originating from a first-order
process!®?>2%_ Due to the edges, the D mode is an intrinsic excitation for GNRs and is expected
to be non-dispersive as the G mode?’. The D mode of GNRs is characterized by a sharp peak
(FWHM ~14 cm™) around ~1335-1340 cm™. In addition to a well-structured D mode, GNR
spectra also show modes at ~1200-1300 cm™! assigned to the C-H bending modes localized at
the edges?®. The low-energy frequency range also brings valuable information for sp? carbon
with finite width. The radial-breathing mode (RBM) has been widely explored in carbon nano-
tubes to identify the tube’s diameter’®. A similar mode called radial breathing-like mode
(RBLM) was predicted to be related to edge structure and width for graphene nanoribbons'2>-3°,
Sanders et al.’! indicated via tight-binding calculations that the RBLM of GNRs is coherently
excited for photon energies near the GNR’s lowest optical transitions>!. For the 9-AGNR

l. 32

Prezzi et al.”* calculated this value to be 1.0 eV. For our Raman study, we used a 785 nm laser

(1.58 eV), which is sufficiently close to the optical bandgap of 9-AGNRs to yield excitation of



the RBLM?®. In agreement with the prediction by Vandescuren et a/*°, we observe the RBLM
of the 9-AGNR at 311 cm™ ° on the Au substrate (figure 3(a)). After substrate transfer the
RBLM does not show significant changes, indicating that GNRs remain structurally intact upon
transfer (figure 3(a)). Moreover, no significant changes are observed for the main peaks of the
first order Raman spectra; C-H mode (1232 cm™), D mode (1335 cm™) and G mode (1598 cm”
1, showing that the GNR’s atomically precise edges and the sp? network are preserved upon

substrate transfer.

In addition to demonstrating the robustness of GNRs during transfer, it is important to probe
their stability over time under ambient conditions. Achieving long-term stability of GNRs
would be a significant step toward their application as an active material in devices. Samples
of 9-AGNRs on Au(111)/mica and transferred to SiO2/Si substrates were stored under ambient
conditions, and Raman spectra were recorded over a 24-month period. Figure 3(b) shows Ra-
man profiles acquired immediately after growth and transfer (0 months, in black), and after 24
months of storage (in red), normalized to the G mode intensity. For both samples (0 and 24
months) 3 different single spectra were acquired at different locations of the sample. The indi-
vidual spectra exhibited the same Raman features with similar overall and relative intensities
and were thus averaged to yield the spectra shown in Figure 3(b). Compared with the spectra
recorded immediately after synthesis on Au(111)/mica and after transfer to S102/Si, over time
a small change in peak width is observed. For both the as-grown 9-AGNRs on Au(111)/mica
and the 9-AGNRs transferred to Si0;, the full-width-at-half-maximum (FWHM) of the D mode
is 11 cm™ and increases slightly to 14 cm™ after two years. Similarly, for the G mode we see
an increase of the FWHM from 13 cm™ to 16 cm™ which could be associated to adsorbates
(atmospheric contamination)*. The RBLM mode on Au did not show any significant difference
over the 24-month period. For the transferred sample, a detailed analysis of the RBLM mode is

difficult since it falls into the region of the Si mode (302 cm™).



For 9-AGNRs, C-H, D and G peak shifts remain below the experimental accuracy (3 cm™) of
the Raman experiments. Based on these findings, we can affirm that the 9-AGNRs have re-
markable stability with no significant structural modifications even after prolonged exposure to
air. Such long term stability is a key requirement for the further exploitation of GNRs in appli-

cations, and 9-AGNRs have proven to be the most stable GNR system reported so far.

Figure 3. Raman analysis of 9-AGNRs on various substrates (4 = 785nm). (a) 9-AGNRs on
the Au/mica growth substrate and after transfer to SiO»/Si, transmission electron microscopy
(TEM) grid, CaF; and AL,Oj3 substrates. (b): 9-AGNRs on the Au/mica growth substrate (bot-
tom) and after transfer to a Si02/Si wafer (top), taken immediately after growth/processing (“0
months”, black curves) and after storage under ambient conditions for 24 months (red curves).

Average of 3 spectra normalized to the G mode intensity.

Multiwavelength Raman spectroscopy



The unique nature of graphene nanoribbons — with their quasi-infinite length, finite width and
atomically precise edges — offers a very interesting testbed to investigate well-defined vibra-
tional properties. GNRs with armchair edges and semiconducting behavior do not have Kohn
anomalies or linear electronic dispersion 22%32. In the case of cove-GNRs, for example, the K
point folds onto 7”3 resulting in a first-order process for activating the D mode, and therefore,
a non-dispersive behavior is expected. This latter differentiates the Raman spectra of GNRs
from graphene in which the D mode is activated by an intervalley double-resonance process in
the presence of defects and shows a strong dispersion in function of the excitation energy?*2%-3,
In order to investigate the (non)-dispersive behavior of the Raman features of AGNRs, both 7-
and 9-AGNRs transferred to Si02/Si substrates were measured with excitation energies ranging
from 785 to 457 nm (1.57 eV - 2.7 eV, figure 4 and 5, respectively). The D mode of both 7- and
9-AGNRs is non-dispersive (maximum D mode shift of 5 cm™), indicating the absence of dis-
order-induced scattering for these substrate-transferred ribbons (see figures S5 and S6 for de-
convoluted spectra and figure S7 for dispersion plots). This further confirms that our polymer-
free transfer does not induce defects or edge functionalization. In addition, 7-AGNRs reveal
non-dispersive behavior for the RBLM peak, observed at 396 cm™ '*, and for both C-H related
modes at ~1220 cm™ and ~1262 cm’!, showing that both width and edge structure are preserved
upon transfer. It was not possible to evaluate the dispersion of the RBLM for the 9-AGNR from
our experimental data since this mode is only observed with the 785 nm excitation wavelength,
which falls nearest to the lowest optical transition of the 9-AGNR (~1eV) 3!32,

Raman spectra measured for both 7- and 9-AGNR were compared to first-principles Raman
simulations that take the dependence on the excitation wavelength into account. For both, 7-
and 9-AGNRs, we observe an overall agreement between experimental and simulated spectra
(figures 4 and 5). Experimental and simulated Raman spectra show a strong dependence on
excitation wavelength with respect to both, overall and relative intensities of the different

modes. This behaviour originates from the resonant Raman process in which the excitation



wavelength overlaps with (or is very close to) an optical transition. Therefore, increased scat-
tering intensities are expected, making it possible to experimentally access the radial breathing-
like mode and edge-related modes of 7-AGNRs and 9-AGNRs even at sub-monolayer cover-
age.

Additionally, for the 9-AGNR we observe a splitting of the G band with a strong dependence
of the relative intensities on the excitation energy, for both experimental and simulated spectra.
Theoretically, the two G-band components are due to a splitting of the doubly degenerate G
mode of extended graphene induced by the finite size and in-plane anisotropy in 9-AGNRs>.
According to the normal mode analysis (figure S8), this splitting gives rise to two Raman active
modes: the G1 mode at 1599 cm™ with A, symmetry and a second G2 mode at 1623 cm™! with
Bi symmetry. For the 7-AGNR, calculations also indicate two G modes with G1 at 1612 cm’!
and G2 at 1619 cm’! (figure S8). The simulated separation of G1 and G2 modes for the 7-AGNR
is about 7 cm™! and can be observed as a broadening of the G peak measured from 561-785 nm
(figure 4 and S5)

Finally, we note that there are some discrepancies in the overall intensity of the peaks between
the experimental and simulated spectra. Raman intensities are sensitive to many factors, such
as excitonic and substrate effects. In addition, the interface between GNRs and Si0»/Si substrate
causes multiple reflections and interference effects® 37, These effects are difficult to model and
not included in the present simulations, resulting in differences in the relative peak intensities
between experimental and simulated spectra. Nonetheless, the simulated spectra provide in-

sights into the intrinsic Raman properties of isolated AGNRs free from external effects.



Figure 4. Multi-wavelength Raman study of 7-AGNRs (at 0.5 monolayer coverage) transferred
to Si02/Si. (a): low-frequency region. (b): high frequency region (solid line: experimental data;

dashed line: simulated spectra). Spectra are not normalized.



Figure 5. Multi-wavelength Raman study of 9-AGNRs (at 0.5 monolayer coverage) transferred
to Si0,/Si). (a): low-frequency region. (b) high frequency region (solid line: experimental data;

dashed line: simulated spectra). Spectra are not normalized.

UV-Vis spectroscopy

Owing to the pronounced width-dependence of the electronic structure of GNRs, the optical
absorption can also be tuned over a wide range. For small band gap GNRs, optical absorption
can even reach the near-infrared (NIR) region, opening up possibilities for GNRs in technolo-
gies such as photovoltaics**. Here, 7- and 9-AGNRs have been transferred to (transparent)
Al>Os substrates in order to investigate their absorption spectrum in the UV-Vis range (200 nm

to 800 nm) in transmission geometry.

UV-Vis absorption spectra of 7-AGNRs and 9-AGNRs are shown in figure 6. To increase the
intensity of absorption features, an Al.O3 sample with 4 layers of GNRs was measured. The
four-layer coverage was achieved by a sequential repetition of the transfer process described in

figure 1.

For the 7-AGNR we observed strong absorption bands with local maxima at 2.2, 2.4, 4.3 and
5.4 eV (560, 510, 285 and 230 nm respectively). Denk et al.?> computed the optical response of
isolated 7-AGNRs which revealed three main absorption features located at 1.9, 2.3, and 4.1
eV. These are in good agreement with the experimental values obtained in this work (figure 6).
The two low-energy excitonic contributions at 2.2 eV and 2.4 eV are assigned to optical transi-
tions between the last valence band and first conduction band (E11) and between the next to last
valence band and second conduction band (E»>), respectively?. In addition, the absorption bands
are in very close agreement to the ones determined for metal-adsorbed 7-AGNRs ( 2.1, 2.3 and

4.2 eV)?, indicating negligible substrate contributions to the optical response of AGNRs.



For the 9-AGNR we observe strong absorption bands between 200 and 600 nm, with local
maxima at 212, 233, 270, 347, 440 and 520 nm (i.e., 5.8, 5.3, 4.6, 3.6, 2.8 and 2.4 eV, respec-
tively). It is clear that the first optical excitation predicted to be around 1.0 eV>? is not accessible
for this detection range and that the observed absorption features are thus related to higher order
optical transitions. However, the absorption features observed at 2.4 eV, 2.8 eV, and 3.6 eV

agree well with the predicted higher-order transitions at 2.4, 2.9, and 3.3 eV*.

Figure 6. (a): UV-Vis spectrum of 4 layers of 7-AGNR transferred to Al,O3. (b): UV-Vis spec-

trum of 4 layers of 9-AGNR transferred to ALLOs.

Conclusions

In this work, we report substrate transfer and post-transfer characterization of 7- and 9-AGNRs.
AFM imaging reveals that the applied polymer-free transfer procedure yields clean and uniform
large area GNR films. Raman characterization before and after GNR substrate transfer indicates

that width and edge topology are preserved upon transfer onto different target substrates. In



addition, transferred GNRs show remarkable stability over time under ambient conditions, val-
idating their potential for integration in electronic devices. Multi-wavelength Raman measure-
ments further confirm the quality of transferred 7- and 9-AGNRs and experimentally validate
the theoretically predicted non-dispersive behavior of all Raman modes. Finally, UV-Vis spec-
troscopy is used to determine the absorption spectrum. For 9-AGNRs, strong absorption bands
across a wide energy range (6.2 eV — 2.3 eV) are found, while 7-AGNRs present high intensity
absorption features at 2.2, 2.4, and 4.3 eV, revealing the marked width dependence of GNR's
optical properties. Altogether, detailed ex situ characterization allowed us to obtain unprece-
dented insights on transfer uniformity, stability and quality of GNRs, which are key factors
towards the technological application of graphene nanoribbons.

Materials and Methods

Au/mica substrates

Au/mica substrates were purchased from Phasis, Geneva Switzerland. They consist of Au (111)
films with 200 nm thickness and 4x4 mm? in dimension, epitaxially grown on muscovite mica
sheets by magnetron sputtering. The freshly cleaved mica used as substrate for the Au films has
a thickness of around 0.080-0.130 mm. Mica is a silicate material with nearly perfect basal
cleavage and is an excellent substrate for growing high-quality quasi-single crystalline Au(111)

films.

Al2O3 and CaF2 substrates

ADO3 and CaF; were purchased from Crystal GmbH, Germany. Both substrates were polished
on both sides and have dimensions of 7 x 7 x 0.5 mm?>. Both substrates were scratch free under

magnification of 50x (surface quality given by the provider).



Si02/Si substrates

Si0,/Si substrates were purchased from Nova Electronics. They consist of 285 nm dry chlorin-
ated thermal oxide on 525 pm <100> directional Silicon. The 4" wafer was cut in smaller sub-

strates with 7 x 7 mm dimensions.

TEM grids

TEM grids were purchased from TED PELLA, INC. They consist of monlayer graphene TEM

Support Films suspended on a lacey carbon film on a 300 mesh grid.

Au etchant

Potassium iodide based gold etchant was purchased from Sigma-Aldrich CAS No. 7681-11-0

and used with no further dilution.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed in a Physical Electronics Instruments
Quantum 2000 spectrometer using monochromatic Al Ka radiation generated from an electron
beam operated at 15 kV and 32.3 kV. Spectra were collected under ultrahigh vacuum conditions
(residual pressure= 5x10® Pa) at an analyzer pass energy of 46.95 eV to yield a total analyzer
energy resolution of 0.95 eV (for Ag 3d electrons). For compensation of possible sample charg-
ing an electron as well as an Ar-ion neutralizer were simultaneously used. The spectrometer

energy scale was calibrated for the Au 4f7; signal to be at 84.0 + 0.1eV

Scanning tunneling microscopy (STM)



Topographic scanning tunneling microscopy images of as-grown 9-AGNRs on Au/mica sam-
ples were taken with a Scienta Omicron VT-STM operated at room temperature. Constant-

current STM images were recorded with 1.5 V sample bias and 0.02 nA setpoint current.

Atomic force microscopy (AFM)

The topography of substrate transferred graphene nanoribbon samples was characterized using
tapping mode AFM (Bioscope, Bruker) with silicon probes from OPUS (model 160AC-SG
Ultrasharp Cantilever ) with tip radius <I nm (force constant ~26 N m™!, resonance frequency
in the range of 300 kHz). Height diagrams were recorded with scan sizes of 500 nm, 1.5 and 5
pum and scan speeds of 1 Hz ( 512 x 512 points). The WSxM?® software was used for AFM

analysis.
Raman Spectroscopy

Raman spectroscopy with laser wavelength of 785 nm was performed with a Brucker SEN-
TERRA Raman Microscope, operated at 10 mW laser power. Spectra were acquired by 3

sweeps with 10 seconds of integration time and a 50x objective lens.

Multiwavelength Raman spectroscopy (457—633 nm) was performed with an Acton SP2500
spectrometer fitted with a Pylon CCD detector and a grating of 1800 grooves/mm. The samples
were excited through a 100x objective (Numerical Aperture 0.9) with power ranging from 0.5-
2 mW and 1 sweep with 10 seconds integration time. The lasers used are at 532 nm a Millennia

Prime, Newport, at 457 nm, 491 nm and 561 nm Cobolt DPSS and at 633 nm a He-Ne, Newport.
Computational procedures

Plane-wave DFT calculations were performed using the VASP package®® with local density

approximation (LDA) exchange-correlation functionals and projector augmented-wave (PAW)



pseudopotentials. The energy cutoff was set at 500 eV. For one-dimensional 9-AGNR and 7-
AGNR, the lattice constant in the periodic direction (i.e., x direction) is a =4.256 A. In the non-
periodic directions (y and z directions), a vacuum region of about 18 A was used to avoid spu-
rious interactions with periodic replicas. For the unit cell, 24x1x1 k-point sampling was used
and all atoms were relaxed until the residual forces were below 0.001 eV/A. Phonon calcula-
tions were then performed using the finite difference scheme implemented in the PHONON
software.*’ The Hellmann-Feynman forces in the 3x1x1 supercell were computed using VASP
for both positive and negative atomic displacements (5 = 0.03 A), and then used in PHONON
to construct the dynamic matrix, whose diagonalization provides the phonon frequencies and
eigenvectors (i.e., vibrations). Raman intensity calculations were then performed within the

Placzek approximation™*!**? (more details in SI).

UV-Vis spectroscopy

UV-Vis spectra were measured on a Cary 5000 UV-Vis instrument with a sample holder with
I mm mask at room temperature. Absorption/transmission spectra from 200 — 800 nm were
recorded at a scan rate of 30 nm min™' (data integral: 1 nm). The spectral bandwidth was set to
5 nm. The substrate reference spectrum was ran separately and later subtracted from the GNRs

absorption spectra.
Supporting Information

The supporting information includes a description of the GNR reactor, additional information
about the substrate transfer method, XPS and AFM data of transferred GNRs and supplemen-
tary Raman analysis including the fitting of deconvoluted spectra and dispersion plots of the

multi-wavelength Raman measurements and normal mode analysis.
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