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Polarization Raman spectra of graphene nanoribbons
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The on-surface synthesis method allows the fabrication of atomically precise narrow graphene nanoribbons (GNRs),
which bears great potential in electronic applications. Here, we synthesize armchair graphene nanoribbons (AGNRs)
and chevron-type graphene nanoribbons (CGNRs) array on a vicinal Au(11 11 12) surface using 10,10’-dibromo-9,9’-
bianthracene (DBBA) and 6,12-dibromochrysene (DBCh) as precursors, respectively. This process creates spatially well-
aligned GNRs, as characterized by scanning tunneling microscopy. AGNRs show strong Raman linear polarizability for
application in optical modulation devices. Different from the distinct polarization of AGNRs, only weak polarization exists
in CGNRs polarized Raman spectrum, which suggests that the presence of the zigzag boundary in the nanoribbon attenuates
the polarization rate as an important factor affecting the polarization. We analyze the Raman activation mode of CGNRs
using the peak polarization to expand the application of the polarization Raman spectroscopy in nanoarray analysis.
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1. Introduction

Compared with semi-metallic graphene, subnanoscale
graphene nanoribbons can open a bandgap of more than 1 eV
due to quantum confinement effects, making it possible for
GNRs to be applied in semiconductor transistor devices.!!:?]
The electronic structures of the GNRs are determined by
their atomic structures, which means engineering the width
and edge structures can tune the electronic properties of
GNRs.3-%1 The bottom-up fabrication provides a method for
the preparation of atomically accurate GNRs, making it pos-
sible to control the array alignment of GNRs precisely.[’-!!]
Therefore, we need to synthesize highly aligned GNRs rather
than randomly oriented GNRs to fabricate nanodevices such
as optical demodulators and field-effect transistors.

Previous work demonstrated that depositing Au gratings
on the surface of monolayer graphene to form strip array de-
vices exhibits excellent optical modulation performance.!!?!
Preparation of GNRs arrays by chemical reaction on periodic
step substrates is more accurate and faster than fabrication of
gratings on single-layer graphene. The vicinal surfaces of Au
(788) and Au (11 11 12) are lined with Au (111) steps that
provide a template for growing GNRs arrays.!!3-1>! In nan-
odevices, the substrate of GNRs is not the Au substrate but
an insulating substrate, such as SiO;. In this case, an effec-

tive method is required to characterize the alignment of the
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arrays before and after the transfer of GNRs. It has been re-
ported that polarized Raman spectroscopy is an effective de-
tection method for armchair GNRs.!'#1¢! Since the Raman G
mode intensity at the armchair edge is proportional to cos” 6,
the polarization Raman spectra of the AGNRs arrays show ev-
ident polarization.!!'”! The polarization degree before and after
the transfer can show the preservation of the arrays during the
transfer process. Nevertheless, the polarization Raman stud-
ies of graphene nanoribbons with different boundary structures
are still not clearly revealed.

On the other hand, Raman spectroscopy, as a widely used
characterization, is fast and sensitive to carbon skeleton struc-
ture, which makes it particularly well suit to investigating the
morphology of carbon materials at the nanoscale.!'®!°1 How-
ever, almost all current polarized Raman spectra of GNRs ar-
rays are characterized by the arrangement of their arrays.[1* 1]
We believe that the application of GNRs polarization Raman
should not be limited to this. Considering that many kinds
of Raman active modes of GNRs have polarization effects
theoretically,?*?!! we expect that the polarized Raman spectra
of GNRs arrays can help us analyze the Raman active mode of
complex GNRs, which is a promising application.

To investigate whether the polarization Raman spectrum
characterizes GNRs, array arrangement applies to all GNRs
and expands other potential applications of polarization Ra-
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man spectrum. The overall experimental exploration scheme
is shown in Fig. 1(a). We synthesized AGNRs and CGNRs
arrays on Au (11 11 12) surfaces. We measured the polar-
ized Raman spectra of both two kinds of GNRs arrays. The
polarization Raman spectrum of AGNRs shows evident po-
larization in all kinds of Raman peaks, while the polarization
Raman spectrum of CGNRs only has weak polarization. We
also discovered that the polarization mode of the Raman peak
in the polarization Raman spectrum of CGNRs is related to the
edge structure of CGNRs.

(a) CGNRs AGNRs
VeV O PR Ve @ O~
Ry -y 3 agegegagageal
soaglinsegglingeg 9892989 %e 29 20 e

""""""

(b) (c) \
Y 600 K A
Br Br —> QgQ:Q:Q
© 2 Au(11 11 12) S~~~
AGNRs
Bottom-up synthesis
2 600 K 2 R
Br-Q Br — Ry
& Au(11 11 12)< W W
CGNRs k

Fig. 1. Schematic diagram and substrate. (a) Schematic of different
GNR polarized Raman spectrum measurements. (b) Bottom-up synthe-
sis method of AGNRs and CGNRs. (c) STM image of the Au(11 11
12) surface with periodic terrace, Iy = 25 pA, Us = 1 V. The surface was
cleaned by Ar™ sputtering and annealing before measurement.

2. Results and discussion

We prepared graphene nanoribbon arrays on Au (11 11
12) surfaces using DBBA and DBCh organic precursors, re-
spectively. Figure 1(b) illustrates the reaction path of the
fabrication of two kinds of GNRs. Spatially aligned GNRs
were fabricated on a clean vicinal Au (11 11 12) surface
(Fig. 1(c)) under ultra-high vacuum conditions, which pro-
motes GNRs to grow with the [112] crystal orientation and
arranged in parallel on unidirectional steps. Considering
that GNRs arrays are fully layered, we need reaction condi-
tions that allow the free diffusion of the precursor. Instead
of holding the substrate at room temperature, we deposited
the precursor on Au (11 11 12) held at 470 K, which al-
lows the precursor to debromination and diffuse to form poly-
mers once they reach the substrate.?”! Further annealing to
600 K induces cyclo-dehydrogenation, resulting in AGNRs
and chevron CGNRs.
length and integrity of GNRs arrays grown on Au (7 8 8) still
need to be improved.[13’16’23] We chose Au (11 11 12) as the
substrate instead of Au (7 8 8) because Au (11 11 12) has wider

Previous literature reported that the

steps than Au (7 8 8), which is more conducive to the diffu-
sion of molecules in the reaction. The large-scale high-quality
GNRs arrays were fabricated by typically bottom-up synthesis
method.
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Fig. 2. Morphology and polarization Raman analysis of AGNR. (a) The
topographic STM image after the growth of the AGNRs, I; = 25 pA,
Us =1 V. (b) A zoom-in image clearly shows the second layer of AG-
NRs with serrated edges, I; = 25 pA, Us = 1 V. (c¢) Polarized Raman
spectrum of AGNRs.

The AGNRs grow along with the surface steps (Fig. 2(a))
and the average length of the nanoribbons is about 30 nm. The
small-scale and high-resolution Fig. 2(b) shows a clear parallel
arrangement of single AGNRs in an array distribution. There
are multiple nanoribbons on each step, still neatly aligned
along the edges. We can see some structures shorter and
brighter than AGNRs, which are the second layer of polymers
formed by excess molecules. The few second-layer GNRs are
challenging to eliminate. Decreasing the deposition rate of
precursor molecules will form short GNRs due to the insuffi-
cient number of monomers coupled into polymers and AGNRs
would grow with the step platform of Au (111).l'1 We con-
trol the appropriate deposition rate to prepare neat GNR array
samples for Raman testing. The polarized Raman spectra of
AGNRs at 10° intervals (Fig. 2(c)) show the significantly po-
larized of each Raman peak. The Raman peaks are strongest
only when the linear light is parallel to the GNRs array and
weak peaks can be observed. Light irradiation will damage
the structure of the AGNRs array, leading the Raman peak in-
tensity to decrease exponentially with irradiation time. Thus,
we modified the G peak intensity according to that the peak
intensity at 0° and 360° should be the same. Theoretically, the
attenuation of the Raman peak caused by light irradiation has
no selectivity, so the compensation formula should be applied
to all peaks. We have modified the intensity of four peaks and

046803-2



Chin. Phys. B 32, 046803 (2023)

found that they could use the same equation. Moreover, the
intensity polarization diagram of these four peaks is very sim-
ilar, as shown in Figs. 3(b)-3(d). The four Raman peaks have
completely different vibration modes but the same polariza-
tion pattern. AGNRs are regarded as a one-dimensional ma-
terial and the specific vibration mode has no evident influence
on polarization indicating that Raman polarization is caused
by the size effect.

When the light and the AGNRs array are parallel or verti-
cal, the peak intensity ratio of GH /G reaches 14, while other
peaks have a similar enhancement in the case of parallel. Thus,
we obtained an enhanced Raman spectrum when the light was
parallel to the AGNRs array, as shown in Fig. 3(a). In this
enhanced Raman spectrum, we can clearly distinguish various
Raman modes. The most active peak is around 1600 cm™!,
known as the G peak. In graphene, the G band is associated
with the doubly degenerate (TO and LO) phonon mode (Ezg
symmetry) at the Brillouin zone center.”*! But in AGNRs,

I and

only LO mode is Raman active.!>! Between 1200 cm™
1400 cm™!, there are three distinct Raman peaks, all of which
are associated with the edges of the nanoribbons.?! The low-
frequency part of the spectrum is contributed by the radial
breathing-like mode (RBLM) with a frequency that scales with
ribbon width.[?*28] The peak at 397 cm~' is RBLM, while
the peak at 955 cm~! is RBLM-3. We can also observe sev-
eral double resonance Raman peaks, which are Raman modes
of GNRs that have been rarely studied. We have identified
several two-phonon bands in Table 1. The wavenumber of
second-order Raman peaks of the nanoribbons is equal to the
sum of the wavenumbers of the two first-order peaks, which is

e.[28-301 A1] observed second-order

the same as that of graphen
Raman peaks are caused by the resonance of the vibrations
of the C atom, which indicates the selection rule of the dou-
ble resonance Raman mode in GNRs. This enhanced Raman
spectroscopy provides an experimental result for the further

study of GNRs double resonance Raman.
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Fig. 3. Polarization analysis of different peaks. (a) Enhanced Raman spectra of AGNRs, the polarization of light parallel to the nanoribbons.
Polarization diagram of (b) G peak, (¢) D peak, (d) D’ peak, and (e) C-H peak. The red line and the black line represent the data after the revise

and the original data, respectively.

Table 1. Raman shift identification of AGNRs.

Raman shift (cm™!) Mode

397 RBLM
955 RBLM-3
1221 C-H bend
1258 D’
1341 D
1601 G
2606 D'+D
2948 D+G

Large-scale STM images Fig. 4(a) show that CGNRs
grow densely along the steps of the Au (11 11 12) surface. The
CGNRs are distributed in parallel arrays on the same surface
instead of epitaxy across the steps (Fig. 4(b)). The precursor
(DBCh) is a chiral molecule on the substrate. Therefore, the
CGNRs have heterogeneous structures due to the lack of selec-
tivity in the growth process, which cannot grow into straight
ribbons like AGNRs. Nevertheless, the growth of CGNRs
on Au (11 11 12) still showed significant anisotropy, which
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proved that the template effect of steps surface was still appli-
cable to the non-linear GNRs. Figure 4(c) shows the polarized
Raman spectrum of CGNRs. The existence of heterostructures
in the GNRs makes the fine structure of the Raman spectrum
invisible, while the high-intensity peaks diffused into wide
peaks due to chemical shifts caused by different structures,
which are similar to an amorphous structure.*!l As we can
see, there is still some degree of polarization in the polarized
Raman spectrum of CGNRs, but it is smaller compared to the
AGNRSs. Specifically, the G| /G is only 2.1, much lower than
of the G /G, in the AGNRs.
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Fig. 4. Morphology and polarization Raman analysis of CGNRs. (a)
The topographic STM image after the growth of the CGNRs, /; =25 pA,
Us =1 V. (b) A zoom-in image clearly shows the presence of multi-
ple heterostructures in the CGNRs, which makes the whole CGNRs
twisted. (c) Polarized Raman spectrum of CGNRs.

In graphene nanoribbons, the TO and LO modes of the G
peak degenerating result in cleavage of G peak. Kenichi Sasaki
calculated that only the LO mode in AGNRs had Raman activ-
ity, while the TO mode in ZGNRs had Raman activity.3?! The
CGNRs have two kinds of edges, which are armchair edges
and zigzag edges, as shown in Fig. 5(b), which should have
different G peak Raman active modes. We did observe signif-
icant G peak splitting in the Raman spectrum. By fitting the G
peak with using a Lorentzian distribution, the G peak mainly
split into the G+ peak around 1600 cm~! and a series of G—
peaks around 1565 cm'. The G peak at 10°, as an example, is
contributed by two peaks around 1565 cm~! which we recog-
nized as G— peaks and one peak at 1600 cm~! as G+ peak as
shown in Fig. 5(a). Due to measurement noise and the effects
of the complex edges of CGNRs, there is a small shift in the
peak position of the G— peak in the Raman spectra at different
angles. Considering that their wavenumbers are concentrated
in a tiny range of 1550 cm~! (G- peak 1) ~ 1575 cm™! (G-

peak 2), we treat this collection of peaks as a G— peak group
for further analysis. It is worth mentioning that due to the loud
noise, we used the peak area to compare the intensity of each
peak when analyzing the CGNRs Raman spectrum.
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Fig. 5. G peak analysis of CGNRs. (a) G peak fitting of Raman spec-
trum at 10°. (b) Description of two kinds of edges in CGNRs. The black
and red arrows mark the armchair boundary and the zigzag boundary of
the CGNRs, respectively. (c) Normalized polarization diagram of Ra-
man G+ peak. (d) The normalized polarization diagram of the Raman
G peak.

Fitting G peaks of CGNRs polarized Raman spectra with
a Lorentzian distribution at all angles, we obtained polariza-
tion diagrams of G+ and G— Raman peak areas. The G+ peak
is around 1600 cm~! and the highest peak intensity appears
around 0° and 180° as shown in Fig. 5(c). Considering that this
is similar to AGNRs, we believe that the G+ peak is the LO
mode of the CGNRs armchair edge. The other two armchair
edges are shorter, which produces the weaker Raman peaks
at around 60° and 120°, as shown in Fig. 5(d). G+ peak has
a distinct polarization phenomenon, even stronger anisotropy
than the anisotropy of the AGNRs LO mode.

On the other hand, the G— peak is stacked by a series of
similar Raman peaks, making their polarization patterns very
complicated. One of the biggest influences is the possibility
of other nanoribbons due to the rotational freedom during the
synthesis. If we consider the perfect CGNRs, it should have
three zigzag edges. Therefore, the intensity of G— peak near
30°, 90° and 120°, as shown in Fig. 5(d) is contributed by
zigzag edges. However, the existing intensity of G— peak at
around 0° and 180° is yet to be explained.

The intensity of the G— peak at 0° and 180° is very simi-
lar to the G+ peak. Consider that the intensity of the G peak
around 0° and 180° are contributed by the armchair edge. It is
reasonable to infer that G— peak at 0° and 180° are also related
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to the armchair edge. There are two possible explanations.
The first is the G peak splitting caused by stress, which results
in the red-shifted. Another possibility is that the LO mode of
the armchair edge generates a red-shift due to Kohn anomalies
(KAs).3?) However, the Raman spectra of AGNRs are entirely
free of stress splitting, which indicates that the growth process
of GNRs does not introduce stress. Then, the stress can only
come from CGNRs themselves. That is, CGNRs as non-linear
nanoribbons cannot form dense row structures on the substrate
and the high coverage will cause the nanoribbons to squeeze
each other, resulting in stress. Unfortunately, we are currently
unable to measure and regulate this possible stress. If the LO
mode of the armchair edge is red-shifted due to KAs, a sim-
ilar problem is that the Raman spectrum of AGNRs does not
observe the KAs red-shift. At the same time, it is challenging
to regulate the Fermi level effectively to determine whether
there are KAs. Therefore, the mechanism of the extra vibra-
tion mode is still an open question. We will consider these
issues further in the future.

3. Conclusions

We successfully synthesized AGNRs and CGNRs arrays
on Au (11 11 12) and measured their polarization Raman spec-
trum. The polarization Raman spectrum of AGNRs shows ev-
ident polarization. This nanoribbon array can be used at light
modulators because of the polarization uniformity. The spe-
cific Raman vibration mode has no apparent influence on the
polarization. The enhanced Raman spectra obtained by using
this polarization effect can observe multiple double resonance
Raman peaks of AGNRs, providing an excellent platform for
theoretical research of double resonance Raman spectroscopy
of GNRs. The polarization Raman spectrum of CGNRs is rel-
atively weak. Therefore, using polarized Raman spectroscopy
to detect the alignment of GNRs arrays is non-universal. The
existence of multiple edges with different vibrational activity
modes in CGNRs leads to complex variations in the intensity
of Raman peaks at various angles. This indicates that the po-
larized Raman spectra of GNRs arrays have great potential to
analyze the Raman active mode of complex GNRs.

Appendix A: Methods
Al. Synthesis

All synthesis steps are performed by the molecular beam
epitaxy under an ultra-high vacuum with 1 x 107! mbar.
The clean Au (11 11 12) single crystal surface is etched
by Art ions, then heated to 800 K and kept for 40 min
to obtain high-quality clean terraces. The molecular pre-
cursors DBBA (10,10’-dibromo-9,9’-bianthracene, Sigma-
Aldrich, >99% purity) and DBCh (6,12-dibromochrysene, Al-
addin, > 97% purity) were deposited onto clean Au (11 11 12)

single crystal surfaces held at 473 K. The crucibles filled with
DBBA molecules and DBCh molecules were heated to evap-
oration temperatures of 373 K and 360 K, respectively. After
deposition, the sample was annealed to 60 K for 30 min in-
ducing the cyclo-dehydrogenation reaction to fabricate high-
quality GNRs arrays.

A2. STM measurement

Topographic scanning tunneling microscopy images of
GNRs on Au (11 11 12) samples were characterized by a
Scienta Omicron LT-STM operated around 4.2 K. Constant-
current STM images were recorded with 1.0 V sample bias
and 0.025 nA setpoint current.

A3. Raman spectroscopy

Raman spectroscopy with a linearly polarized light wave-
length of 532 nm was performed with a Renishaw inVia Qon-
tor Confocal Raman microscope, operated at 5 mW light
power. Three sweeps acquired spectra of AGNRs with 5 s
of integration time and a 50x objective lens. Raman spec-
troscopy of CGNRs was obtained by three sweeps with 15 s of
integration time and a 20x objective lens. Both GNRs have
multi-angle polarization Raman using a homemade rotating
sample holder.
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