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Monolayer Molybdenum Disulfide Nanoribbons with

High Optical Anisotropy
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and Ping-Heng Tan*

2D molybdenum disulfide (MoS;) has shown promising prospects for the
next generation electronics and optoelectronics devices. The monolayer MoS,
can be patterned into quasi-1D anisotropic MoS,; nanoribbons (MNRs), in
which theoretical calculations have predicted novel properties. However,

little work has been carried out in the experimental exploration of MNRs with
a width of less than 20 nm where the geometrical confinement can lead to
interesting phenomenons. Here, MNRs are prepared with width between

5 and 15 nm by direct helium ion beam milling. High optical anisotropy

of these MNRs is revealed by the systematic study of optical contrast and
Raman spectroscopy. The Raman modes in MNRs show strong polarization
dependence. Besides that the E”and A; peaks are broadened by the phonon-
confinement effect, the modes corresponding to singularities of vibrational
density of states are activated by edges. The peculiar polarization behavior

of Raman modes can be explained by the anisotropy of light absorption in
MNRs, which is evidenced by the polarized optical contrast. The study opens
the possibility to explore quasi-1D materials with high optical anisotropy from

Han Wang,*

On the other hand, geometry of 2D mate-
rials plays a critical role in further tuning
their properties. By patterning 2D mate-
rials into narrow (sub-20 nm) ribbons,[16:17]
interesting phenomenon and novel prop-
erties can arise. A variety of properties of
MoS, nanoribbons (MNRs) have been cal-
culated by theory.'®l Monolayer (1L) zigzag
MoS; nanoribbons are predicted with the
ferromagnetic and metallic behavior, irre-
spective of the ribbon width and thick-
ness, and 1L armchair MoS, nanoribbons
are nonmagnetic and semiconducting,
and the band gaps converge to a con-
stant value of 0.56 eV as the ribbon width
increases.l'® Moreover, these properties
of MNRs can be tuned by strain and elec-
tric field.1*-23] However, the experimental
study of the MNRs is still very limited due

isotropic 2D family of transition metal dichalcogenides.

1. Introduction

2D transition metal dichalcogenide (TMD) layered materials
such as MoS, have attracted great interest, due to their remark-
able physical properties and excellent device prospect."%!
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to the many challenges in patterning high
quality sub-20 nm 2D material ribbon.?
Here, we prepared MNRs with different
widths between 5 and 15 nm using direct
Helium ion beam milling. High optical anisotropy of MNRs is
revealed by the systematic study of optical contrast and Raman
spectroscopy on MNRs. The Raman modes in MNRs show
strong polarization dependence. Besides the E” and A’ peaks
are broadened by the phonon-confinement effect, there are
additional emerging modes activated by the edges. The polar-
ization behavior of Raman modes is due to the anisotropy of
the light absorption in the nanoribbons that is a result of the
1D quantum confinement in patterned MNRs. The polarized
optical contrast gives the evidence of such anisotropy in the
nanoribbons.

Raman spectroscopy is one of the most widely used meas-
urement techniques that can reveal rich characteristics of 2D
TMDs.[?2¢] In bulk MoS,, there are two prominent modes, Ey,
(383.6 cm™) and A, (408.7 cm™), which correspond to two
sulfur atoms and molybdenum atom of the same layer moving
in the opposite in-plane direction and two sulfur atoms of
the same layer moving in the opposite direction out-of-plane,
respectively. The E,, and A;, modes reduce to E” (385.3 cm™)
and A% (404.5 cm™) modes from bulk to 1L, respectively.?>2728]
The Ejglike mode shows an anomalous redshift, instead
of a blueshift as for the Alg-like mode, from 1L to bulk, due
to the dominance of long range Coulomb interaction.l?:’)
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External perturbations, such as strain,}%3! temperature,?l and
electric field,3% can be used to tune the properties of 1L-MoS,,
and are reflected in the E” and A’} modes. For example, the
E”and A’} modes soften as temperature increases from 77 to
623 K.3* Therefore, Raman spectroscopy is a useful tool to
study optical properties of MoS, with external perturbations,
including the MNRs.[**]

2. Results

Figure 1a shows the optical image of the MNRs with varied
widths, from 5 to 15 nm. The MNR arrays are patterned by
direct helium ion beam milling (see the Experimental Sec-
tion for details). These five nanoribbons arrays are patterned
along the same direction within a single-crystalline region of
a 1L-MoS, flake. Moreover, the atomic force microscope (AFM)
is used to identify the width of the nanoribbons, as shown in
Figure 1b. The AFM image shows that the nanoribbon arrays
are uniform with the equal spacing and width, as shown in
Figure 1c. The second harmonic generation (SHG) spectra
(Figure 1d), which can be observed in the 1L-MoS, as an effec-
tive tool to identify the lattice orientation,>3¢ are employed to
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determine the ribbon crystal orientation. The intensity of SHG
is proportional to sin2¢, where ¢ is the angle with respect to
the zigzag orientation.l3* Thus, the SHG intensity would reach
the maximum when the laser beam is polarized along the arm-
chair direction, which is 30° with respect to the zigzag direc-
tion. As shown in Figure 1d, the nanoribbon direction has an
angle, about 7°, with respected to the zigzag orientation. The
schematic diagram of the MNRs is shown in Figure le where
the direction of the ribbon with respect to the MoS, crystal ori-
entation is clearly indicated.

In the pristine 1L-MoS,, the most prominent Raman peaks
are F”and A’; modes, which are at =384 and 405 cm™!, respec-
tively. Unlike black phosphorus®’! or ReSe,,1*® the in-plane
crystal structure of 1L-MoS, is isotropic, therefore the Raman
intensity of 1L-MoS, is independent of the polarization of the
incident laser beam. However, it becomes strongly anisotropic
when the 1L-MoS, is patterned into nanoribbons. Figure 2a
plots the Raman spectra of the MoS, nanoribbons with 15 nm
width depending on linear polarization direction of the laser
beam, the Raman spectra of MNRs with another widths and
the pristine 1L-MoS, is shown in Figure S1 (Supporting Infor-
mation). As shown in Figure 2b, the polarization angle of both
the incident laser beam and scattered Raman signal is tuned
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Figure 1. Characterization of the MoS, nanoribbons. a) Optical image of 1L-MoS, nanoribbons. The nanoribbons with different width are milled in
each 10 x 10 ym square. The ribbon direction is marked by the black arrow. b) Atomic force microscopy image of MoS, nanoribbons with 15 nm width.
c) Height data with respect to the distance along cyan line marked in (b). d) Second harmonic generation. The signal intensity depends on the incident
laser polarization angle. The armchair and zigzag directions are marked by green and blue dash lines, respectively. e) Schematic diagram of the MoS,
nanoribbon. The armchair (A) and zigzag (Z) directions are marked by the blue and pink arrows, respectively.
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Figure 2. Polarized Raman spectra of the MoS, nanoribbon. a) Raman spectra in the E”and A"} peak regions of the MoS, 15 nm nanoribbons with
respect to the polarization angle of the incident laser beam. b) Schematic diagram for the polarized Raman measurement, the half-wave plate is used
for both incident and scattered light. The polarization angle 6 is with respect to the direction of the nanoribbons. c) Polar plot of the experimental

6-dependent intensity of the E”and A} modes.

by the same A/2 plate, and the scattered light does not pass
any polarizers after the /2 plate. We denote the angle between
the polarization of the incident laser beam and the direc-
tion parallel to the nanoribbon as 6. The detector efficiency
is sensitive to the polarization of the scattered light. After we
calibrated this detector efficiency difference, this polarization
result is equivalent to the case to ratate the samples with a
fixed polarization of the incident laser beam.3! The polar plot
of E” and A" peak intensity, I,,(E) and I(A"), with respect
to the 0 is shown in Figure 2c. Both I;(E) and I,;,(A%) reach
the maximum value when the incident laser beam is perpen-
dicular to the ribbon direction, and when the incident laser
beam is parallel to the ribbon direction the intensity becomes
the minimum. It is different with the I,,,,0(E) and I,on0(A%)
(E”and A" intensity of monolayer MoS,), which are the same
for both the directions. The Raman intensity in Figure 2c can
be described as asin?(0)+b (a and b are constant), which is
similar to the behavior of the G mode in the graphene nanor-
ibbons.*Yl Moreover, I;™*(A%)/L,™"(A%)=4, which is larger
than that of the E” modes (=2). The polarized Raman spectra
are the direct evidence of the structural anisotropy of the
MNRs.

Figure 3a shows the Raman spectra of the MNRs with dif-
ferent widths in the range of 120-480 cm™.. In this measure-
ment, the incident laser beam is perpendicularly polarized
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with respect to the nanoribbon direction. The Raman
spectrum of the pristine 1L-MoS, is also plotted for com-
parison. In the pristine crystal, the phonon vibration can be
considered as plane waves with finite wave vector g=0, due to
the infinite spatial correlation. Therefore, the phonons at the
center of Brillouin zone can be detected by Raman scattering
and the corresponding Raman mode shows a Lorentzian line
shape. For a nanoribbon, there exist two edges, which will
break the translational symmetry of the crystal. Because of
the Heisenberg uncertainty principle, the fundamental g=0
Raman selection rule is relaxed in MNRs, which makes
phonon uncertainty of Ag=1/W be involved in the Raman
scattering, where W is the width of the nanoribbon. When W
becomes smaller, more phonons with different g can be
involved into the Raman scattering process. It will result
in additional edge-activated Raman modes in the MNRs
via the Heisenberg uncertainty principle. The contribution
from each g can be taken into account by a weighting func-
tion. A Gaussian function is found to agree with the experi-
mental data.[*!l Therefore, for MNRs, there exist two catego-
ries of Raman modes: the intrinsic Raman modes near the
T point broadened by phonon confinement effect!*1#2l and
the edge-activated modes which result from the singulari-
ties in the vibrational density of states (VDOS) away from
zone-center. The edge-activated modes always show a Voigt
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Figure 3. a) Raman spectra of MNRs with different width. Experimental data are shown by gray crosses, and the fitting data are plotted by red solid lines.
The edge-activated modes and the broadened modes (E”and A%) by quantum confinement effect are shown by green and blue solid lines, respectively.
The Raman spectrum of pristine 1L-MoS; is plotted by gray solid line. The scaling factor of each spectrum is provided. b) Vibrational density of states
(VDOS) of 1L-MoS, from ref. [29]. The VDOS singularities of phonon branches at the high symmetry points of Brillouin zone are marked. c) Peak area
of the A, mode, I,,(A"% ), of 1L-MoS; nanoribbons normalized by that (/,(A%)) of pristine 1L-MoS, with respect to the nanoribbon width, and full width
at half maximum (FWHM) of the E”and A, modes with respect to the nanoribbon width.

(Gaussian-Lorentzian) profile. The line shape of intrinsic
Raman modes in the MNRs can be described as/*!]

exp(—¢*W?2a)

L@ [0 O@F +T3

1)

where w(q) describes the phonon dispersion, Iy is the line
width of Raman mode in bulk crystal, o is 87%, and the integral
is extended over the Brillouin zone. For the pristine 1L-MoS,,
W tends to be infinity and Equation (1) turns to a Lorentzian
lineshape, whose center is at @(0). This model has successfully
explained the Raman scattering in the nanocrystals, such as
ion-implanted graphene,*}! graphite* and 1L-MoS$,,*"! micro-
crystalline silicon,*l and the silicon nanowires.!!

In Figure 3a, the E”and A" modes are plotted using the blue
solid lines, and the edge-activated modes are plotted using the
green solid lines. At the low frequency range of 120-280 cm™,
five Voigt peaks are used to fit the experimental data. The
intensity of these low-frequency modes in the MNRs is much
stronger than that of pristine 1L-MoS,. These five sub-peaks
are located at 157.7 + 2.5, 190.0 + 1.3, 216.2 + 2.9, 229.1 £ 0.9,
and 249.1 + 1.6 cm™!, respectively. The peaks at 157.7 + 2.5
and 229.1 + 0.9 cm™! correspond to the two singularities in the
VDOS, as shown in Figure 2b, which is adapted from ref. [29].
The peak at 190.0 £ 1.3 cm™! is linked to the shoulder on the
right of the first singularity. As shown in Figure S2 (Supporting
Information), the two peaks at 157.7 £ 2.5 and 190.0 + 1.3 cm™!
can be assigned to ZA(M) (ZA phonon at M point) and TA(K),
respectively. And the peak at 229.1 £ 0.9 cm™ is assigned to

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the saddle point (SP) of the LA phonon branch (LA(SP)). The
spectra in the range of 320-480 cm™ result from two categories
of Raman modes as discussed above, the edge-activated modes
and the intrinsic broadened modes. As shown in Figure 3D,
three prominent peaks are identified as the modes activated by
defects, which correspond to TO(M) (359.4 £ 1.9 cm™), LO(SP)
(377.5 £ 1.5 cm™), and ZO(M) (411.1 + 0.9 cm™?), respectively.
By adopting the phonon dispersion curve from ref. [29] the pro-
file of E” and A" can be calculated using Equation (1). Com-
bined with the three edge-activated modes, the experimental
curves can be well fitted by the calculated results. Since the E”
mode is degenerated from TO and LO phonons, the contribu-
tion of these two phonon branches is also considered as a fit-
ting factor.

As shown in Figure 3a, the peak areas of the E” and A%
modes, I;(E) and I;(A% ), decrease with the reduction in
nanoribbon width. Figure 3c shows I,(A") of the MNRs nor-
malized with respect to (I,(A%)) of pristine 1L-MoS,. The inten-
sity ratio shows a linear trend with the ribbon width. Using a
linear fitting, we can obtain a relationship between the intensity
ratio and the ribbon width W: I,,(A%)/I,(A%) = 0.027W -0.111.
According to this relationship, the nanoribbon width can be
determined by the measured Iy,(A%)/I,(A%). It is extrapolated
that the ratio will be close to unity when the width is =40 nm,
indicating that 40 nm width is the upper limit of this phonon
confinement effect. Similarly, the fitting also gives the lower
limit of the phonon-confinement effect is 3 nm under which
I;,(A"]) becomes zero. The line widths of E” and A} broaden
with the decrease of the nanoribbon width, as shown in
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a) Raman spectra of the 15 nm MoS, nanoribbons under different

polarization configurations. For the XX and XY configurations, the defect-activated modes and the intrinsic E”and A} modes are shown by the green
and blue solid lines, respectively. b) Raman spectra of the ion-implanted 1L-MoS, under different polarization configurations.

Figure 3c. With decreasing the nanoribbon width, phonons
with large q would be involved, leading to a broader line width.

Figure 4a shows the Raman spectra of the MNR with 15 nm
width under different polarization configurations, the Raman
spectra of MNRs with another widths and the pristine mon-
olayer MoS, are shown in Figure S3 (Supporting Information).
For comparison, the Raman spectra of ion-implanted 1L-MoS,
under the same polarization configurations are also plotted in
Figure 4b. As shown by the schematic diagram in Figure 4a, the
x-direction is perpendicular to the nanoribbon direction. Hence,
the XX configuration means that the polarization of the inci-
dent laser beam is perpendicular to the ribbon direction, and
the scattered Raman signal is collected along the same polari-
zation direction. Similarly, the YX configuration means that
incident laser beam is polarized parallel to the ribbon direction,
and the scattered Raman signal is collected in the cross polari-
zation direction. As shown in Figure 4a, in the nanoribbon, the
intensity of Raman peaks (both low-frequency and high-fre-
quency modes) under the XX configuration is much stronger
than that under the YY configuration. Moreover, the intensities
under the cross configurations (XY and YX) are very similar to
each other, which are weaker than that under XX configuration.
Ion-implantation technique has been widely used to introduce
defects in the bulk materials and obtain different domain sizes
of nanocrystallines for graphite and multilayer graphenes/*—#8]
and 11-MoS,.® The defect-activated Raman modes will appear
in ion-implanted materials because the small size of nanocrys-
tallines makes the fundamental g=0 Raman selection rule
relaxed. Indeed, when 11L-MoS, was implanted by Ar* with the
dosage of 5 x 10!, besides the broadened E” and A’} modes,
several defect-activated Raman modes also appear in the
range of 120-280 cm™, as reported in the previous studies.*’)
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The ion-implanted 2D materials can be modeled as quantum
dots with nano-sized diameter,*”) whose structures do not show
any anisotropy, unlike the 1L-MoS, nanoribbons. Thus, the
polarization-resolved Raman measurement on ion-implanted
1L-MoS, is expected to be very different from that of 1L-MoS,
nanoribbons. Indeed, as shown in Figure 4D, the intensities of
the defect-activated modes and the E” modes under different
polarization configurations are almost identical to each other in
ion implanted 1L-MoS,. This provides a direct evidence that the
peculiar polarization behaviors of Raman modes in 1L-MoS,
nanoribbons result from its structural anisotropy.

Optical contrast has been used to identify layer number of
2D materials on dielectric substrate,*”) which can be measured
by the reflection spectrum (I g(4)) from the flake region of
2D materials on the substrate and that (Ig(A)) from bare sub-
strate not covered by 2D material flakes. The resulting optical
contrast 6(A) is then defined as &(A) = (Isup(A)—Lram(A)/ Lsub(A)-
The optical contrast is so sensitive that the change of electronic
band structures can be revealed from its optical contrast spec-
trum, as demonstrated in twisted multilayer graphenes,” WS,
and WSe, flakes.”!! The optical contrast of MNRs with dif-
ferent widths and that of pristine 1L-MoS, under XX polariza-
tion are shown in Figure 5a. The optical contrast of MNRs is
quite different from that of pristine 1L-MoS,, indicating a sig-
nificant change of band structures after formation of MNRs.
The optical contrast of MNRs is also very sensitive to its width.
With decreasing ribbon width, the optical contrast is decreased.
It suggests that narrower nanoribbons give the weaker absorp-
tion, which results from the more disordered overall crystal
structure due to the defects created at the edges.

It is expected that the optical contrast of the pristine
1L-MoS, flake does not exhibit any anisotropy under XX and
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Figure 5. Optical contrast of MoS, nanoribbons with different width and polarization. a) Optical contrast of MoS, nanoribbons with different width and
that of pristine TL-MoS, under XX polarizations. b) Optical contrast of MoS, nanoribbons with 15 and 5 nm under different polarizations (XX and YY).
The contrast of monolayer MoS, with the same polarizations is shown in the inset.

YY polarization configurations because of its isotropic struc-
ture. Indeed, in the inset of Figure 5b, the optical contrast of
the pristine 1L-MoS, is almost identical under XX and YY con-
figurations. However, for the 15 nm MNR, the contrast under
the YY configuration is smaller than that under the XX con-
figuration within the measured spectrum range. The larger
optical contrast of a 2D material flake means that the flake
exhibits stronger absorption in the corresponding wavelength.
It has been evident in the &(A) difference between AB-stacked
and twisted bilayer (or four-layer) graphenes.’" Therefore, the
different §(A) between the two configurations indicates that
15 nm MNR exhibits bigger absorption for the incident light
under the XX configuration than that under the YY configura-
tion. The 5 nm MNR gives similar results, as demonstrated in
Figure 5b.

The optical contrast data discussed above are consistent
with the result based on Raman spectroscopy. The Raman
scattering is a third-order process which involves the absorp-
tion of an incident photon, the creation (or annihilation) of
a phonon, and the emission of a scattered photon. Thus, the
intensity of Raman mode is proportional to | Mix « My, « M [,
where Ml and M} is the optical transition matrix element
(related to the adsorption) of the incident and scattered light,
and M, is the matrix element of the electron—phonon interac-
tion. In 2D materials with reduced crystal symmetry, such as
ReSe,,% all the three terms contribute to the polarized Raman
modes, and My, plays a more dominant role. Here, we con-
sider the intensity of E”modes in 1L-MoS, nanoribbons, which
is not sensitive to the polarization of the incident laser beam
in pristine 1L-MoS,, Ly (E’) o< @ | Mig(X) My, (XX) s Mig (X) [
and Iyx (') o< o | Mig (Y) » My (XX) « Mg (X) [*. Larger absorption
under the XX configuration leads to stronger Raman intensity.
We find that Iy (E’)lyy(E’) = Ixy(E")Iyx(E”). This indicates that
My, has no contribution to the polarization of the E” mode,
which is different from the anisotropic 2D materials with
reduced symmetry, such as black phosphorus and ReSe,.?-3]
Because the phonon vibration in MNRs is very similar to that

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in pristine 1L-MoS,, it is reasonable that we observe similar
electron—phonon interactions in both of them.

3. Conclusion

In conclusion, All the Raman modes in MNRs show
polarization-dependent intensity. The E” and A’} peaks are
broadened resulting from the phonon confinement effect with
the reduction of nanoribbon widths. The relative intensity
of A’} modes in MNRs to pristine 1L-MoS, can be used to
probe the width of each nanoribbon. The edge of MNRs can
activate additional new Raman modes, which correspond to
the singularities in the VDOS. The polarization behavior of
Raman modes is found to result from the anisotropy of the
light absorption in the nanoribbons, which is supported by
the optical contrast measurement. By patterning isotropic 2D
materials, such as MoS,, into nanoribbons, one can obtain high
anisotropic optical properties.

4. Experimental Section

Sample Preparation: The MNRs arrays were patterned by direct
Helium ion beam milling using a Helium ion microscope (Orion plus,
Carl Zeiss SMT GmbH), which can produce the nanoribbons with narrow
and adjustable widths, high aspect ratios, and relatively high quality.>?
The energy of the Helium ion beam was about 30 KeV. The patterning
was done using 10 m aperture size and beam spot 4, which gave 1.7 pA
beam current. The nanoribbon patterns were formed by cutting arrays of
single pixel lines with step size of 1 nm and dose of 5 nC cm™ into the
MoS, layer. The widths of the ribbons were controlled by the pitch of the
cutting patterns.

Raman Measurement: Raman spectra were measured in back-
scattering at room temperature with a Jobin-Yvon HR800 Raman system,
equipped with a liquid-nitrogen-cooled charge-coupled device (CCD),
a 100x objective lens (NA = 0.90), and several gratings. The excitation
wavelength was 488 nm from an Ar* laser. A 1800 lines per millimeter
grating enabled us to have the spectral coverage of 0.60 cm™' at 488 nm
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for each CCD pixel, which is meticulous enough to the peak fitting. The
detector efficiency of different polarization light was calibrated carefully.
The typical laser power is =0.5 mW to avoid sample heating. The
accumulation time for each spectrum is 600 s.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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