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Vibrational modes

Graphene nanoribbons (GNRs) are atomically precise stripes of graphene with tunable electronic properties,
making them promising for room-temperature switching applications like field-effect transistors (FETs). How-
ever, challenges persist in GNR processing and characterization, particularly regarding GNR alignment during
device integration. In this study, we quantitatively assess the alignment and quality of 9-atom-wide armchair
graphene nanoribbons (9-AGNRs) on different substrates using polarized Raman spectroscopy. Our approach
incorporates an extended model that describes GNR alignment through a Gaussian distribution of angles. We not
only extract the angular distribution of GNRs but also analyze polarization-independent intensity contributions
to the Raman signal, providing insights into surface disorder on the growth substrate and after substrate transfer.
Our findings reveal that low-coverage samples grown on Au(788) exhibit superior uniaxial alignment compared
to high-coverage samples, attributed to preferential growth along step edges, as confirmed by scanning tunneling
microscopy (STM). Upon substrate transfer, the alignment of low-coverage samples deteriorates, accompanied by
increased surface disorder. For high-coverage samples, the alignment is preserved, and the disorder on the target
substrate is reduced compared to the low-coverage samples. Our extended model enables a quantitative
description of GNR alignment and quality, facilitating the development of GNR-based nanoelectronic devices.

1. Introduction specific edge extensions giving rise to exotic topological quantum pha-
ses, have been reported [6,7].
To explore the exciting properties of GNRs in functional devices, a

substrate transfer step is necessary to transfer the GNRs from their

Graphene nanoribbons (GNRs) are quasi-one-dimensional stripes of
graphene with an intriguing set of physicochemical properties deriving

from quantum confinement and related bandgap tunability [1]. The
ability to tune the properties of GNRs at the atomic scale by changing
their width [2-5] and edge structure [6-10] has opened up a promising
avenue for their application in electronics [11-23], spintronics [24-26],
and photonics [27-31]. The required atomic precision in GNR synthesis
could only be met by a bottom-up approach based on the covalent
coupling of specifically designed precursor molecules followed by
cyclodehydrogenation on metallic surfaces. Since the pioneering work
of Cai et al. in 2010 [5], GNRs with various widths [2,3,30,32,33], edge
topologies (armchair [34], zigzag [10], cove [35], etc.), as well as
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metallic growth substrate (usually Au(111)) to semiconducting or
insulating substrates suitable for digital logic applications, such as SiOy/
Si [11-13]. Most of the substrate transfer strategies developed so far
involve aqueous solutions or the presence of polymers as a support layer,
which can lead to residues or defects in the GNRs [36]. To successfully
integrate GNRs into devices, GNR properties must be preserved and
monitored, also upon substrate transfer, which remains one of the main
bottlenecks in the development of GNR-based electronics.

Due to its speed, sensitivity, and non-destructive nature, Raman
spectroscopy has emerged as one of the main techniques for probing the
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width, structural integrity [37-39], and even the length [38,40] of
GNRs. Because it probes vibrational modes via inelastic scattering of
photons, Raman spectroscopy is very sensitive to geometric structure
within molecules [41]. This makes it a powerful technique to charac-
terize GNRs from their growth conditions under ultrahigh vacuum
(UHV) to their device integration [11-15]. Owing to the largely aniso-
tropic properties of GNRs, polarization-dependent Raman spectroscopy
is key to characterizing the overall alignment of such quasi-1D structures
[29,38]. From a device perspective, the degree of GNR alignment is a
very important feature [12,13,15,16]. For FETs, for example, the device
yield is significantly improved when transferring GNRs in the same
orientation as the pre-patterned source and drain contacts [13,40].
Similar to optoelectronic devices, where absorption and emission of
light are most efficient for polarization along the GNR axis [27,30].

To characterize the degree of GNR alignment, previous studies
used the Raman polarization anisotropy (P) which is defined
as P=(I - I)/(y+ 1), where I and I, are the Raman intensities
measured with polarization along and perpendicular to the GNR axis,
respectively. Polarization anisotropy P = 1 thus corresponds to perfect
uniaxial alignment of GNRs, whereas P = 0 indicates random GNR
orientation with no preferential direction of alignment [27,29,38].
These studies demonstrated preservation of the GNRs’ overall degree of
alignment upon substrate transfer for the case of a complete monolayer
of 7- and 9-atom-wide armchair GNRs (7-AGNR and 9-AGNR, respec-
tively), with P > 0.7-0.8 [27,29,38]. Despite the fact that GNR align-
ment within a full monolayer was successfully preserved, GNR transport
properties were heavily deteriorated by GNR-GNR bundling, which
resulted in hopping transport (inter-GNR conduction) perpendicular to
the source and drain contacts in FETs with channel lengths of 60 nm
[15]. Theoretical studies on semiconducting carbon nanotubes (CNTs)
also showed that, as the separation between CNTs decreases, the
CNT-FET characteristics are degraded. This degradation was associated
with charge screening between neighboring CNTs in the channel and to
Schottky barriers at the CNT/metal contact interface [42]. It is thus clear
that the alignment and distribution of GNRs are important characteris-
tics that impact device performance. The Raman polarization anisotropy
(P) approach used in previous studies provides the overall alignment by
only taking into account two data points: the intensity parallel and
perpendicular to the assumed GNR alignment direction, which, how-
ever, is generally not precisely known. Therefore, this method is limited
in its ability to provide a complete characterization of the angular dis-
tribution of the GNRs’ long axis relative to an arbitrary in-plane axis,
and it does not consider any other contributions that may arise from
polarization-independent Raman intensities.

In this work, we investigate the influence of 9-AGNR surface
coverage on GNR quality and orientation on the growth substrate and
after substrate transfer. We characterize the overall GNR quality and the
alignment of high- and low-coverage samples by scanning tunneling
microscopy (STM) and polarized Raman spectroscopy. We extend a
Gaussian distribution model to extract the GNRs’ angle distribution
(quality of alignment) and to quantify the polarization-independent
Raman signal (isotropic contribution) upon growth on vicinal tem-
plate surfaces and after substrate transfer. By applying this model to
different coverages of GNRs and substrates, we unveil the main pa-
rameters that influence the GNRs’ quality of alignment and give rise to
the isotropic contribution to the Raman signal.

2. Methods
2.1. On-surface synthesis and STM characterization of 9-AGNRs

The Au(788) single crystal growth substrate (MaTecK GmbH, Ger-
many) was cleaned in ultra-high vacuum (UHV) with two cycles of
sputtering at1 kV Ar* for 10 min and annealing at 420 °C for 10 min. The
9-AGNR precursor monomer 3',6-di-iodine-1,1":2',1"-terphenyl (DITP)
was then sublimated onto the clean Au surface from a quartz crucible
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heated to 70 °C while the substrate remained at room temperature [34].
A quartz microbalance was used to control the deposition rate of the
precursor molecules at 1 A/min. The deposition rate is not calibrated to
correspond to the true surface coverage, but only give a relative mea-
surement that is then calibrated by STM. High- and low-coverage sam-
ples were obtained by DITP deposition for 8 and 3 min, respectively.
Following deposition, the substrate was heated to 200 °C (0.5 K/s) for
10 min to initiate DITP polymerization, followed by annealing at 400 °C
(0.5 K/s) for 10 min to form the GNRs by cyclodehydrogenation [2,4,5,
34].

Scanning tunneling microscopy images of 9-AGNRs grown on Au
(788) were acquired at room temperature using a Scienta Omicron VT-
STM. Topographic images were acquired in constant current mode using
a sample bias of —1.5 V and a setpoint current of 0.03 nA.

2.2. Substrate transfer of 9-AGNRs

Transfer of 9-AGNRs from their Au(788) growth substrate to the
Raman-optimized substrates (ROS) was done by electrochemical
delamination transfer [29,36]. First, a support layer of poly(methyl
methacrylate) (PMMA) was spin-coated (4 PMMA layers, 2500 rpm for
90 s) on the 9-AGNR/Au(788) samples, followed by a 10-min curing
process at 80 °C. To shorten the time required for PMMA delamination,
PMMA was removed from the Au(788) crystal’s edges using a two-step
process: a 80-min UV exposure (leading to the breakdown of the
chemical bonds in the PMMA), followed by a 3-min development in
water/isopropanol (to remove the PMMA from the surface’s edges).
Electrochemical delamination was performed in an aqueous solution of
NaOH (1 M) as the electrolyte. A DC voltage of 5V (current ~0.2 A) was
applied between the PMMA/9-AGNR/Au(788) cathode and a glassy
carbon electrode used as the anode. At the interface between
PMMA/GNRs and Au, hydrogen bubbles form, resulting from the water
reduction: 2H,0(1) + 2e” — Hy(g) + 20H (aq). The Hy bubbles me-
chanically delaminate the PMMA/GNR layer from the Au(788) surface.
The delaminated PMMA/GNR layer was left in ultra-pure water for 5
min before being transferred to the target substrate. To increase the
adhesion between the target substrate and the PMMA/GNR layer, the
sample was annealed for 10 min at 80 °C and then 20 min at 110 °C.
Finally, the PMMA was dissolved in acetone for 15 min, and the resulting
GNR/ROS was washed with ethanol and ultrapure water.

2.3. Raman spectroscopy

Raman spectroscopy measurements were obtained using a WITec
confocal Raman microscope (WITec Alpha 300R) with a laser line of
785 nm (1.5 eV) and a power of 40 mW. A 50 x microscope objective
(0.55 numerical aperture) with a working distance of 9.1 mm was used
to focus the laser beam onto the sample and collect the scattered light.
Calibration of Raman spectra was performed using the Si peak at 520.5
em™L. Also, the laser wavelength, power, and integration time were
optimized for each substrate to maximize signal while minimizing
sample damage. Furthermore, to avoid sample damage, a Raman map-
ping approach with 10 x 10 pixels (10 x 10 pm) was used and samples
were measured in a home-built vacuum suitcase with pressure ~10~2
mbar. The vacuum chamber was mounted on a piezo stage for scanning.

The “VV” configuration was used for polarized Raman measure-
ments, with the polarizer oriented parallel to the polarization of the
incident light. A motorized half-wave plate was used to change the po-
larization direction of the incident laser beam from —90° to +90° in
steps of 10°. To control the scattered light direction and keep it parallel
in the detection path a manual analyzing polarizer and a A/2 plate were
inserted before the detector. For measurements with 785 nm excitation
wavelength, the scattered signal was detected with an analyzing polar-
izer coupled with a 300 mm lens-based spectrometer with a grating of
300 g mm ™! (grooves/mm) and equipped with a cooled deep-depletion
CCD.
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2.4. Raman data processing

Using the WITec software, a cosmic ray filter was applied to all raw
maps for removing signatures of photoluminescence. Afterward, the
Raman maps were averaged and polynomial background subtraction
was applied, followed by batched fitting with a Lorentzian function for
all polarization angles between —90° and 90° for each Raman mode. The
fitting using Eq. (9) was done in IGOR Pro software (Wavemetrics Inc.),
and the fitting parameters were obtained through the lowest stable Chi-
square values.

3. Results and discussion

To synthesize aligned 9-AGNRs the precursor monomer 3',6-di-
iodine-1,1":2,1"-terphenyl (DITP) [34] is deposited on a vicinal catalytic
surface (Au(788)) followed by two annealing steps to activate the
polymerization and cyclodehydrogenation reactions [2,4,5]. Samples
are prepared with two different coverages (~0.4 of a monolayer and ~1
full monolayer, ML, herein referred to as low- and high-coverage sam-
ples, respectively) as shown in Fig. 1. The vicinal surface enables the
growth of GNRs along the low-coordination sites of the Au(788) step
edges, which act as favorable nucleation sites [43,44]. This allows GNRs
to grow gradually with deposition time, and after 8 min with a fixed
deposition rate of 1 A/min, a full monolayer of aligned 9-AGNRs
(high-coverage sample) is formed. A representative STM image of a
high-coverage sample with 9-AGNRs of an average length of 34 nm is
shown in Fig. 1a, the corresponding GNR length histogram is given in
Fig. Sla. For the low-coverage 9-AGNR samples, a deposition time of 3
min is used (with a fixed deposition rate of 1 A/min), which provides
just enough precursor molecules for individual 9-AGNRs to grow along
all Au(788) step edges, resulting in an average GNR length of 37 nm
(Fig. 1c, see Fig. S1b for the length histogram).

While STM is a powerful technique to characterize the atomic
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structure of GNRs, to determine their surface coverage and local align-
ment on metallic growth substrates, it cannot be applied after transfer to
insulating device substrates, which are normally based on SiOy/Si. To
follow the structural quality and alignment of GNRs on the growth
substrate and upon substrate transfer, we thus carry out a detailed
Raman spectroscopy investigation. Raman spectroscopy is a powerful
technique for characterizing sp2-hybridized carbon materials by iden-
tifying their Raman-active phonons [45-47]. The vibrational finger-
prints of GNRs are named in analogy to the terminology of Raman-active
phonons in other sp>-hybridized carbon nanomaterials such as graphite
[45], graphene [48], and CNTs [46]. The most prominent active mode in
the high-frequency range of GNRs is the G mode at ~1600 cm ™!, which
corresponds to the stretching of carbon-carbon bonds within the sp?
lattice of the ribbon [37,49,50]. Besides the G mode, in the
high-frequency region, the D and CH modes are observed [37,49,51]
between 1100 and 1400 cm™!, which are fingerprints of the GNRs’
confinement-derived vibration modes and their hydrogen-passivated
edges, respectively. At low frequency, the radial-breathing-like mode
(RBLM) is observed, which is related to the ribbon width [37,38,50,51].

Here, Raman characterization of the high- and low-coverage samples
is carried out in a home-built vacuum chamber (~10’2 mbar) to prevent
photochemical reactions during the measurements [29,36]. Addition-
ally, an optimal mapping approach (maps of 10 pm x 10 pm) is adopted
to obtain the average characteristics of 9-AGNRs with a high
signal-to-noise ratio [36]. Fig. 1a and c shows the Raman profiles for
both high- and low-coverage 9-AGNR samples, respectively, acquired
with a 785 nm wavelength (1.58 eV) laser on Au(788), with light
polarized parallel to the nominal GNR alignment direction (along the Au
(788) step edges) (full line spectrum) and perpendicular to it (dashed
line spectrum). The spectra reveal the main 9-AGNR Raman active
modes, namely the RBLM, CH, D, and G modes with frequencies of 312,
~1235, 1337, and 1596 cm !, respectively. Interestingly, for the
high-coverage samples (shown in Fig. 1a and b) the CH mode is observed
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Fig. 1. Characterization of aligned 9-AGNRs samples at high (a,b) and low (c,d) coverage before (a,c, blue spectra) and after (b,d, red spectra) substrate transfer.
Raman spectra of the high-coverage sample on Au(788) (a) and after substrate transfer onto a Raman-optimized substrate (ROS)(b) [36]. The spectra are acquired
with an excitation wavelength of 785 nm under vacuum conditions with polarization parallel (I}) to the GNR alignment direction (along the Au(788) step edges) (full
line), and perpendicular (I,) to the GNR alignment direction (dashed line). The inset in panel (a) shows a STM topography image for the high-coverage sample on Au
(788) (black arrow highlighting the GNR growth direction and position) with a scale bar of 10 nm (V}, = -1.5 V, I; = 0.3 nA). The inset in panel (b) shows an optical
micrograph of ribbons transferred onto a ROS, with a scale bar of 180 pm. Raman spectra of the low-coverage sample (c) on Au(788), and (d) after substrate transfer
onto a ROS, with polarizations/full vs dashed lines as indicated above. The inset in panel (c) shows a STM image for the low-coverage sample on Au(788), with a
black arrow highlighting the GNR growth direction and position along the Au(788) step edges of (V}, = -1.5V, I; = 0.3 nA, scale bar: 10 nm). The inset in panel (d)
shows an optical micrograph of GNRs transferred onto a ROS, with a scale bar of 180 pm. All Raman spectra show four main modes: RBLM (width-dependent mode),
CH (C-H bending mode at the edges), D (breathing mode of the sp2 lattice) and G (stretching of C-C bonds within the sp2 lattice).
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at slightly higher frequencies than that for the low-coverage samples
(~1241 vs 1235 cm_l). Another difference is the mode at ~1285 cm™!
only resolved for the high-coverage case. These differences could indi-
cate that at higher coverage, the nearby GNRs are more likely to be in
closer proximity, possibly forming contacts or bundles, leading to higher
inter-ribbon interactions and the emergence of new modes due to such
interactions. Further studies will be conducted to examine this phe-
nomenon in more detail.

To explore and exploit GNRs’ electronic properties in a device
configuration, a substrate transfer step is required to transfer the GNRs
from the catalytic growth surface to the target device substrate. For
transferring aligned GNRs, an electrochemical delamination method is
used [29,36], which was primarily developed to transfer graphene
layers grown by chemical vapor deposition [52,53] (see methods for a
detailed description). As previously demonstrated, GNRs are sensitive to
the electrochemical delamination transfer parameters, such as delami-
nation time, applied current, and PMMA thickness [36]. Raman spec-
troscopy has previously been proven to be the method of choice to assess
the quality of GNRs and monitor changes upon transfer by detecting the
Raman shift, relative intensities, and peak widths of the vibrational
fingerprints [36,37].

Here, we transfer both high- and low-coverage 9-AGNR samples onto
the ROS, consisting of a Si/SiOy (285 nm) substrate with a 80 nm Au
layer and a 40 nm Al,Os top layer. ROS allows for signal enhancement
factors of up to 120 times in comparison with standard SiO,/Si [36].
Fig. 1b and d shows the Raman profiles for both high- and low-coverage
9-AGNR samples transferred to ROS, respectively. While both samples
show the presence of all Raman active modes as measured on the Au
(788) growth substrate, significant differences between the high- and
low-coverage samples are observed after substrate transfer. To follow
the GNRs’ structural quality, we first extract the full width at half
maximum (FWHM) of the RBLM, D, CH, and G peaks. The average
Raman profile of the high-coverage sample shows similar FWHMs before
and after the substrate transfer (~14 cm ™! for RBLM, ~24 cm ™ for CH,
~18 cm ™! for D, and ~12 cm ™! for G mode). On the other hand, the
low-coverage sample shows significant broadening upon transfer for
RBLM (from ~12 to 19 em ™), CH (from ~20 to 40 cm ™), D (from ~11
to 25 crn’l), and G modes (from ~10 to 18 cm’l), accompanied by an
overall decrease in the signal-to-noise ratio, indicating that the GNRs’
overall quality and quantity are not entirely preserved. This behavior
suggests that 9-AGNRs growing along the Au(788) step edges have a
stronger physical interaction with the gold substrate, and are less likely
to transfer efficiently and without defects. As for the Raman shifts, both
samples show similar frequencies before and after transfer for the RBLM,
D and G modes. For the high coverage sample, we observe a more sig-
nificant shift of the CH mode, from 1243 cm ™! to 1239 cm ™!, before and
after transfer, respectively. This could be related to inter-ribbon in-
teractions and/or the interaction of GNR “bundles” with the substrate.

Besides monitoring the GNRs’ structural quality, Raman spectros-
copy is also a powerful technique to characterize their orientation due to
GNR’s anisotropy. Raman polarization anisotropy (P) is the most used
parameter for assessing GNR’s average orientation. We extract P for all
Raman active modes as a function of coverage before and after substrate
transfer. Fig. 1 shows I (full spectra) and I, (dashed spectra), which
represent Raman spectra for incoming and scattered light polarized
parallel and perpendicular to the GNRs’ nominal alignment direction
(the Au(788) step direction), respectively, for both high- and low-
coverage 9-AGNR samples on the growth surface (Fig. la and c,
respectively) and on the ROS (Fig. 1b and d, respectively). The high-
coverage sample shows an anisotropy of P = 0.86 on the Au(788) sub-
strate, which only slightly decreases to P = 0.85 after substrate transfer,
indicating that the degree of GNR alignment is largely preserved. Similar
preservation of GNR alignment upon substrate transfer was reported
previously for high-coverage 7-AGNRs and 9-AGNRs [27,29]. On the
other hand, the low-coverage sample shows very different behavior,
with polarization anisotropy decreasing significantly from P = 0.95 on
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Au (788) to P = 0.58 upon substrate transfer.

The preservation of the overall degree of alignment is thus clearly
coverage-dependent. In a high-coverage sample, the 9-AGNR layer
seems to behave very much like a film, with very low GNR mobility
during substrate transfer, which preserves the overall degree of GNR
alignment. This film-like behavior is absent in the low-coverage 9-AGNR
samples, where only individual GNRs grow along the Au(788) step
edges. In addition, GNRs growing solely along the step edge appear to
show a stronger interaction with the substrate (due to a higher site
reactivity caused by the enhanced negative charge density of the Au
atoms at the lower step edges compared to the terraces [44,54]),
contributing to a less efficient transfer. Although the polarization
anisotropy provides clear information on the overall degree of GNR
alignment, it does not include detailed information on the angular dis-
tribution nor the isotropic contributions of small polyaromatic hydro-
carbons (PAHSs), short GNRs, or PMMA residues to the overall Raman
intensity. To address that, we model the GNRs’ angular distribution as a
Gaussian distribution and quantify the isotropic contribution to the
Raman intensity by taking into account a polarization
angle-independent  intensity in  addition to the wusual
polarization-dependent intensity distribution resulting from the aligned
GNRs.

Raman profiles are obtained by polarizing the incoming and scat-
tered light in parallel (“VV configuration™) with different angles be-
tween the nominal GNR alignment direction and the polarization of the
incident light. Using the VV configuration implies that for the Raman
resonant modes, the intensity of the GNR modes is projected to be
cos*(8) polarization-dependent, which results from a product of two
cos?(9) factors, one for photon absorption and the other for photon
emission, Eq. (1) [55-60]. This means that the Raman signal is
maximum with the incident polarization parallel to the ribbon axis (0°,
180°) and zero when perpendicular to it (90°, 270°) (Fig. 2). In Eq. (1),
9y is the orientation of the long axis of the GNR with respect to an
arbitrary in-plane axis, and 9 is the direction of the light polarization.
Due to the significant absorption anisotropy of the quasi-1D GNRs, all
Raman modes exhibit roughly the same polarization dependency.

pol
IRaman

(9) ~ cos* (9 — ) 1)

To model the polarized Raman intensity as a function of polarization
direction for samples with many GNRs that are not perfectly aligned, we
assume that the GNRs are on average aligned along the direction 9,
with a normalized Gaussian distribution of angles 9 [29,58], G(9) as in
Eq. (2), where ¢ is the standard deviation that is related to the FWHM =

20+v/21n 2.

10~ T IZ (9) = cosi(9 - 8), 9=0 | 0.08
LD(&)=A»G(&)+B«H
— 0.8
2 - 0.06
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8 06—
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Fig. 2. Illustration of the major contributions to the expected polarized Raman
intensity as described by Eq. (9). The Raman intensity of a single GNR follows
cos?(9) dependence (red). In blue, the angular distribution function D(9) is
shown, which includes the normalized Gaussian distribution of angles and the
normalized isotropic contribution. For this particular plot, ¢ = 3°, A = 0.5, and
B = 0.5 have been used.
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In addition to the GNRs aligned according to G(9), we assume that small
PAHs, short GNRs, or polymer residues from the substrate transfer step
give rise to an isotropic Raman intensity contribution that does not
depend on the polarization direction. Such polarization-independent
Raman intensity contributions have been observed in the case of
CNTs, owing to the presence of amorphous carbon and/or carbon
nanocomposites [55,58,60,61]. To account for such contributions in the
Raman and optical absorption intensities in the single-walled carbon
nanotubes (SWCNTs) samples, an angle-independent component was
introduced to the fit function [58]. Here, we use a similar strategy to
account for the isotropic contribution of such Raman
polarization-independent intensity (i.e. intensity that does not depend
on 9) by adding a constant H (Eq. (3)).

H(9)=H (3)

The total angular distribution function D(9) of species contributing
to the Raman intensity (GNRs, PAHs, PMMA residues) is then defined in
Eq. (4) as the sum of G(9) weighted with the fraction of the surface area
A exhibiting aligned GNRs and of H(9) weighted with the fraction of the
surface area B producing the isotropic contribution.

D(9)=AeG(9)+BeH )

For A and B to be meaningful fit parameters, it is necessary to
properly normalize the constant H and the Gaussian distribution G(9).
The Gaussian distribution G(9) is normalized to 1 (integral from 0° to
360° is 1), thus we normalize H(9) correspondingly to an integral from
0° to 360° of 1, implying H= 1/360. Eq. (5) gives the resulting
normalized angular distribution function D(9), including the homoge-
neous background.

A (%)’ B

R (%)

D(9)=
O =/ 360

The expected Raman signal Iexp (9) is obtained from the convolution

of I‘I’(?llman (19) and D(9):
360°
Lesp (9) = / Lonn(9) @ D(9 — p)dp ©
o
360° 4 went B
= 4 L BN ,
/03 cos* (p) ® (0' 2;;6 2 360) v e
A o 4 1 ,Md 360° . ®
=Aae cos L] e 27 +—o cos
/0° (@) oV2rw 7360 /0 () do

The first integral in Eq. (8) is simply the convolution of cos4( 9)with a
normalized Gaussian distribution, whereas the second integral is a
constant that equals 3 ¢ 180°/4, in degrees.

From that, we obtain:

1 o) B

360°
L., (9)=Ae cos* ° e 2  dp+—e
(9) A 2k %7360

30180

In Fig. 2, we illustrate the main contributions to the expected Raman
intensity: The cos*(9) polarization-dependent Raman intensity (in red)
and the angular distribution function D(9) (in blue) which includes
aligned GNRs with an angle distribution G(8) and the isotropic contri-
bution (polarization-independent component) to account for the ho-
mogeneous background.

360°
Ao/ cos*(¢p) ® TR
4 .
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By using Eq. (9) for the fitting of angle-dependent polarized Raman
intensity data, it is possible to extract the following relevant informa-
tion: 9y, the azimuthal angle along which GNRs are preferentially
aligned (the center of the Gaussian distribution); the fraction A of sur-
face area exhibiting aligned GNRs; o, the width of the Gaussian distri-
bution characterizing the angular distribution around 9y (here defined
as the quality of alignment); and the fraction B of the surface area
contributing to the isotropic, polarization-independent Raman signal.
From A and B, we can define the “overall disorder” present on the sur-
face (OD) as follows (Eq. (10)):

OD = ©100% (10)

B
(B+A)

To illustrate the effect of increasing OD for specific values of ¢ (and
vice versa) on the Raman intensity, we plot the Raman intensity versus
polarization angle for varying ¢ from 1° to 30° and OD from 0 % up to 30
%, as shown in Fig. S2. When keeping ¢ constant and increasing OD from
0 % to 30 %, we observe an increase in baseline with a higher vertical
offset of Raman intensity for larger values of OD. The increase in the
baseline is a direct indication of the increased disorder present on the
surface. On the other hand, when we increase the width of ¢ from 1° to
30° while keeping OD constant, we observe a significant decrease in
Raman intensity along with significant broadening — a direct measure of
how well the GNRs are aligned and their angle distribution within the
sample. Furthermore, we discuss the impact of both ¢ and OD on the P in
the supplementary information (Fig. S3). We observe that P is signifi-
cantly affected by OD, with an almost linear decrease as OD increases,
whereas for o, P is only significantly affected for ¢ > 15°. This indicates
that P is a reasonably good indicator of the combined impact of 6 and OD
for larger values of o, but rather insensitive to width differences for
narrow (o < 15°) angle distributions.

To investigate the influence of GNR coverage and substrate transfer
on ¢ and OD, we fit all Raman active modes of high- and low-coverage 9-
AGNR samples on both the growth and ROS using Eq. (9). Fig. 3 shows
the G mode peak intensity as a function of the polarization angle 9 for
the VV configuration and the related polar diagrams for both high-
(Fig. 3a-b) and low-coverage samples (Fig. 3c-d) on Au(788) (in blue)
and after substrate transfer (in red), respectively (see Figs. S4 and S5 for
similar plots for CH, D, and RBLM modes). The intensity of the G mode
as a function of polarization angle (—90° to +90°) is determined from
Raman maps of 10 x 10 pixels in vacuum conditions using a 785 nm laser
energy.

It is important to note that the G peak of GNRs is composed of two in-
plane optical modes: a transverse-optical (TO) and a longitudinal-optical
(LO) mode [2,37,49]. The longitudinal optical (LO) (G1 peak, phonon
mode with A; symmetry) generates an atomic displacement parallel to
the GNR axis and has a maximum intensity along the GNR, whereas the
transverse optical (TO) (G2 peak, phonon mode with Bz symmetry) has
a maximum intensity perpendicular to the GNR axis. Here, all the
measurements are done using a 785 nm laser energy, and in our spectra,
we only resolve the LO (G1) mode, which for simplicity we call G mode.

1 (-0-29)®

3
do + Be— 9
oV2rx ? 8 ©)

Table 1 shows the relevant fitting results for the G mode data: the
quality of alignment (o), and the overall disorder on the surface (OD) for
both high- and low-coverage samples on Au(788) and on the ROS
extracted from Fig. 3. For comparison, we also show the values of Raman
polarization anisotropy for all cases; see Table S1 and Table S2 for P, o,
and OD values for RBLM, CH, and D modes for both high- and low-
coverage samples on Au(788) and the ROS.
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Fig. 3. Polarized Raman intensity of G mode (785 nm, VV configuration). (a, ¢) G mode intensity as a function of polarization angle 8 for high- and low-coverage
samples on Au(788) (blue circles) and after substrate transfer onto ROS (red squares). Blue and red solid lines represent data fits using Eq. (9). (b, d) Polar diagrams
showing G mode intensities for high- and low-coverage samples on Au(788) (blue circles) and after transfer to ROS (red squares). Blue and red solid lines represent

fits to the measured data using Eq. (9).

A small value of ¢ means a narrow-angle distribution and, thus, a
high degree/quality of uniaxial alignment. We observe that ¢ increases
upon substrate transfer from 3° to 13° for the high-coverage sample and
from 1° to 22° for the low-coverage one, indicating poorer quality of
alignment after the transfer, especially for the low-coverage sample.
This behavior can be attributed to two main factors: the strong inter-
action of GNRs with the Au(788) step edges, making it less likely for the
GNRs to transfer efficiently, and the increased GNR mobility (especially
for the low surface coverage), which increases the angle distribution
within GNRs upon transfer. In addition, when comparing ¢ for both
coverages of 9-AGNRs on Au(788), we observe slightly lower ¢ values
for the low-coverage sample, indicating a better quality of alignment for
9-AGNRs grown only on the step edges of the Au(788). This is also re-
flected in the polarization anisotropy measurements, with P = 0.95 for
the low-coverage 9-AGNR sample and P = 0.85 for the high-coverage
one on Au(788), indicating the higher degree of alignment of 9-
AGNRs grown along the step-edge compared to the complete mono-
layer (see Fig. S6 for a STM image of a 9-AGNR high-coverage sample
highlighting the presence of smaller GNRs growing perpendicular to the
terraces in some areas).

From Table 1, it can also be seen that substrate transfer increases the

Table 1
Comparison of high- and low-coverage samples (6, OD, and P) on Au(788) and
after substrate transfer onto ROS.

High-coverage Low-coverage

sample sample
Au ROS Au(788) ROS
(788)
Quality of alignment (o) [°] 3+1 13 £ 1.0 + 22 +
1 0.1 3
Overall disorder on the surface (OD) 8+1 13 + 8+3 39 +
[%] 1 3
Raman polarization anisotropy (P) 0.86 0.85 0.95 0.58

OD fraction from 8 to 13 % and from 8 to 39 % for high- and low-
coverage samples, respectively. The significant increase for the low-
coverage samples is explained by GNRs’ strong interaction with the
Au(788) step edges which makes the low-coverage samples much more
susceptible to inefficient transfer, leading to a higher prevalence of
partially broken GNRs. In addition, the low-coverage sample leaves
considerably more exposed gold substrate to PMMA and other impu-
rities that might react with the Au surface and transfer along with the
GNRs, increasing the OD on the transferred surface.

On the Au(788) growth substrate we observe a similar OD for both
high- and low-coverage samples (8 %). The disorder observed on the
growth substrate may originate from short (and thus non-aligned) GNRs,
irregularly fused precursor monomers, or also the presence of impurities
from the precursor monomer.

4. Conclusions

In this study, we employed polarized Raman spectroscopy and
scanning tunneling microscopy to characterize and quantify the struc-
tural quality and degree of alignment of 9-AGNRs in samples with
different surface coverages on both their growth substrate and after
substrate transfer. Using an extended data analysis model, which de-
scribes GNR alignment by a Gaussian distribution of angles, allowed us
to extract both the quality of alignment (o) and the overall surface dis-
order (OD).

Our results show that low-coverage samples exhibit better uniaxial
alignment than high-coverage samples on the growth substrate. This
behavior results from GNRs in low-coverage samples growing prefer-
entially along the step-edges of Au(788), as observed in our STM in-
vestigations. However, upon transfer, the quality of alignment of low-
coverage samples is significantly reduced, which we attribute mostly
to the strong interaction of GNRs with the Au(788) step edges as well as
increased GNR mobility, whereas high-coverage samples show better
alignment preservation upon substrate transfer, owing to the densely
packed GNR film facilitating the transfer process. With the extended
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model developed in this study, we also quantified the OD, which results
in an isotropic (polarization-independent) contribution to the Raman
intensity. After substrate transfer, low-coverage samples show system-
atically higher OD values than high-coverage samples (39 % vs 13 %
respectively). The significantly higher OD for low-coverage samples is
associated with the strong interaction of GNRs to the Au(788) step
edges, making it less likely for the GNRs to transfer efficiently, as well as
to the fact that more gold surface area is exposed to PMMA and other
impurities that may react with the metal and transfer along with the
GNRs to the target substrate. Based on these findings, strategies to
improve GNR alignment and quality are needed. One approach could be
the passivation of Au(788) step edges with other materials, such as wide
bandgap polymers. The presence of a polymer at the step edges could
simultaneously decrease the strong interaction between GNR-Au and act
as a scaffold, mitigating GNR’s lateral diffusion and preserving GNR
alignment throughout the substrate transfer process.

Overall, our results shed light on the crucial role of surface coverage
in determining the degree of alignment and the OD present on the sur-
face on both the Au(788) growth surface and, in particular, after sub-
strate transfer. Our extended model provided a quantitative description
of GNR alignment and quality, which is a pivotal step toward the
development of integrated GNR-based nanoelectronic devices and es-
tablishes polarized Raman as the method of choice for tracking GNR
quality and degree of alignment during transfer and device fabrication
steps.
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