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Direct Exfoliation of Nanoribbons from Bulk van der Waals
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1. Introduction

Confinement of monolayers into quasi-1D atomically thin nanoribbons could

lead to novel quantum phenomena beyond those achieved in their bulk and
monolayer counterparts. However, current experimental availability of
nanoribbon species beyond graphene is limited to bottom-up synthesis or
lithographic patterning. In this study, a versatile and direct approach is
introduced to exfoliate bulk van der Waals crystals as nanoribbons. Akin to the
Scotch tape exfoliation method for producing monolayers, this technique
provides convenient access to a wide range of nanoribbons derived from their
corresponding bulk crystals, including MoS,, WS,, MoSe,, WSe,, MoTe,,
WTe,, ReS,, and hBN. The nanoribbons are predominantly monolayer,
single-crystalline, parallel-aligned, flat, and exhibit high aspect ratios. The role
of confinement, strain, and edge configuration of these nanoribbons is
observed in their electrical, magnetic, and optical properties. This versatile
exfoliation technique provides a universal route for producing a variety of
nanoribbon materials and supports the study of their fundamental properties

and potential applications.
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Facile and versatile preparation methods
are paramount in the development of any
emerging class of quantum materials. A
prime example is the Scotch tape exfolia-
tion technique, which launched the field
of two-dimensional (2D) materials.l'l This
tape exfoliation acts as a universal top-
down strategy that separates nearly any bulk
van der Waals (vdW) crystal into its mono-
layer counterparts. It grants access to a di-
verse spectrum of atomically thin materials,
whose experimental availabilities led to nu-
merous breakthroughs in the fundamental
research of 2D physics. When 2D materials
are further engineered as one-dimensional
(1D) nanoribbons, the 1D lateral confine-
ment and edge states strongly influence
the band structure, transport, and elec-
tronic transitions.’) As a result, nanorib-
bons are predicted to manifest a spectrum
of different properties including emergent
magnetism, topological phase transitions, spin density waves,
and catalytic activity.l>]

Nanoribbon materials also enable the study of electronic, op-
toelectronic, magnetic, and thermoelectric properties of con-
fined materials depending on their width, edge structures, and
strain. For instance, hexagonal boron nitride (hBN) is an insu-
lator with a wide band gap (~6 eV), while edge states can yield
hBN nanoribbons with semiconducting or metallic character.®”]
Transition metal dichalcogenides (TMDCs), such as MoS,, are
semiconductors and nonmagnetic in both bulk and monolayer
form. In contrast, first-principles calculations have predicted that
TMDC nanoribbons with zigzag edges should be metallic and
ferromagnetic,>#% while nanoribbons with armchair edges are
nonmagnetic and semiconducting.[*?]

Despite numerous theoretical studies on the properties of var-
ious quasi-1D structures, existing experimental demonstrations
have primarily focused on graphene nanoribbons. A broad variety
of nanoribbons, especially those beyond graphene, remain rela-
tively underexplored. Current techniques for nanoribbon produc-
tion can be categorized into top-down or bottom-up approaches.

Top-down methods primarily use the unzipping of nan-
otubes, or they use lithography and etching techniques to pro-
duce striped patterns out of monolayers. Examples include
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electron-beam lithography,'% dry/wet etching,''12] scanning
probe lithography, 1314l direct helium ion-beam milling,[*>! ionic
scissoring of macroscopic crystals,!'®! and liquid phase etching
with a reducing agent through a mechano-chemical process.['’]
However, the substantial costs associated with purchasing, in-
stalling, maintaining, and optimizing the operating conditions
of such equipment restrict widespread use throughout research
institutions. Additionally, the processes of writing, resist pat-
terning, and lift-off stages can compromise the structural and
chemical integrity of delicate 2D crystalline materials, which
may result in nanoribbons with rough edges and low crystal
quality.

On the other hand, bottom-up techniques emphasize di-
rected growth or chemical reactions to synthesize nanorib-
bons. Strategies include molecular beam epitaxy,'#1%! guided
growth within carbon nanotubes,[?! growth along substrate crys-
tal atomic alignments/steps/edges,?'>°] and growth with mov-
ing catalyst droplets.[?®] To date, only a limited selection of mono-
layer nanoribbons from the diverse 2D library has been success-
fully synthesized, and these techniques lack control over size,
shape, and adaptability to a broad material selection. The devel-
opment of a universal, scalable, and non-destructive production
technique for a broad variety of nanoribbons is highly desired.

Here, we introduce a universal, reproducible, and large-scale
top-down exfoliation technique to achieve parallel-aligned and
single-crystalline 2D nanoribbons directly from bulk crystals.
The exfoliation approach is built upon the strong adhesion of
metals on monolayers,[?28] and vicinal surfaces that are a com-
mon configuration on vdW bulk crystals. The ability to obtain
nanoribbons directly from an extensive range of vdW bulk ma-
terials will facilitate the exploration and manipulation of the dis-
tinct electrical, magnetic, or optical properties in 1D or quasi-1D
geometry. The results could be instrumental for further break-
throughs that encompass characteristics beyond those currently
explored in monolayer materials.

2. Exfoliation of Nanoribbons from Bulk Crystals

2.1. Modified Tape Exfoliation

A schematic of our exfoliation technique is illustrated in Figure 1.
The slanted surfaces of bulk vdW crystals usually exhibit a step-
wise pattern with a non-zero polar cut angle, 8, termed the vicinal
surface (as depicted in Figure 1a,b, and S2). To initiate the exfo-
liation of monolayer nanoribbons, a 100-nm layer of gold (Au)
is evaporated onto the vicinal surfaces, followed by a spin-coated
polyvinylpyrrolidone (PVP) layer to prevent contamination. The
deposition rate was tuned to be low enough to maintain a rel-
atively high-quality TMDC monolayer.[?”) When the gold layer is
lifted with a rigid and flat thermal release tape (TRT), it effectively
exfoliates monolayer steps from the bulk crystal surface in the
form of aligned nanoribbons. The TRT/PVP/Au/nanoribbon as-
sembly is subsequently transferred onto a destination substrate,
such as SiO,/Si, sapphire, or fused silica. Removal of TRT with
heating and dissolving the PVP in water leaves a clean Au layer,
which is then etched using KI/I~ solution. This etching process
is mild and preserves the integrity of many 2D materials./?:%®]
After a secondary cleaning with water, flat and parallel aligned
nanoribbons are obtained on the chosen substrate (Figure 1c).
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Our method allows for repeated metal deposition and exfo-
liation on the same vicinal surface multiple times, and bene-
fits from high exfoliation yield. The enhanced yield and high-
throughput originate from the substantial binding and ad-
sorption energies of Au on 2D monolayers, which can effec-
tively counteract the interlayer vdW force of a variety of bulk
crystals.[?83031] Ag a result, Au can be employed as a universal
exfoliation scaffold for both large-area monolayers and striped
nanoribbons. Despite the use of Au as an exfoliation medium,
X-ray Photoelectron Spectroscopy (XPS) analysis confirms that
Au is removed to an undetectable level after etching (Figure S2,
Supporting Information), validating cleanliness of the nanorib-
bon crystal surface.

This technique allows us to exfoliate a diverse array of
nanoribbons directly from their corresponding vdW bulk crystals
(Figure 2), ranging from semiconducting TMDCs to insulating
hBN. Notably, these monolayer nanoribbons preserve the flat-
ness, parallel alignment, straight edges, and single-crystalline
nature of their initial bulk crystal surfaces. They feature very
high aspect ratios, including widths varying from 20 nm to sev-
eral hundreds of nanometers and lengths extending up to the
millimeter scale. The dimensions of these ribbons, incorporat-
ing their length, width, and spacing, directly correlate with the
length, width, and height of the original crystal steps present
on the vicinal surface (Figure 1b). The quality, transferability,
and efficiency of this technique stand in contrast to existing fab-
rication and synthesis techniques which often face challenges
in large-scale nanoribbon production, transferring ribbons from
their growth substrates for device integration, and/or compatibil-
ity with a diverse range of 2D materials.

3. Survey of Emergent Nanoribbon Properties

3.1. Width- and Strain-Dependent Optical Properties in
Exfoliated WSe, Nanoribbons

Our TMDC nanoribbons exhibit photoluminescence (PL) that
covers a spectrum from the visible to the near-infrared range,
comparable to their monolayer counterparts (Figure 3). Figure 3a
and Figure 3bcompare the PL from exfoliated WSe, nanoribbons
of widths varying from hundreds of nanometers down to tens of
nanometers. To establish a more direct comparison with TMDC
monolayers, we employed the top-down exfoliation technique to
obtain monolayers and nanoribbons from the same vdW bulk
crystal. As shown in Figure 3D, despite the distribution of PL
peak positions over different ribbon widths, PL peak positions of
the nanoribbons are still located within the wide distribution of
emissions in their monolayer equivalents, albeit shifted slightly
toward the higher energy end. Previous studies on MoS, nanorib-
bons synthesized on Si(001) surfaces pre-treated with phosphine
and through controlled O, etching of monolayers observe similar
PL blueshifts up to 70 meV when the nanoribbon width was re-
duced below 50 nm.[232] Our observed trend of a PL blueshift
in narrower nanoribbon widths is consistent amongst differ-
ing production methods. However, the trend opposes the antici-
pated redshift that is often induced by defects, while the width of
ribbons (at tens of nanometers) is greater than the exciton Bohr
radius in the quantum confinement regime.
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Figure 1. Nanoribbon exfoliation from the vicinal surface of bulk vdW crystals. a) Schematic illustration of the top-down exfoliation technique to obtain
single crystalline nanoribbons: 1) deposit gold onto a bulk vdW crystal with exposed vicinal regions; 2) spin-coat with a layer of polyvinyl pyrrolidone
(PVP) and apply thermal release tape (TRT); 3) pick up the TRT/PVP/Au/nanoribbon stack from the crystal and 4) place the stack onto the destination
substrate; 5) remove the TRT by heating at 100 °C, rinse with water to dissolve the sacrificial PVP layer, and etch gold away in KI/I~ etchant solution;
6) obtain parallel aligned single crystalline nanoribbons. b) Optical image of an exemplary vicinal surface on a bulk WSe, crystal. c), Optical image of a

large area of continuous MoSe, nanoribbons on a 90 nm SiO, /Si substrate.

A possible mechanism for the observed blueshift is compres-
sive strain.®3l As shown in Figure 3c, the E’ Raman mode for
WSe, nanoribbons (253.1 cm™!) resides at a slightly higher fre-
quency than the same mode in monolayer flakes (252.7 cm™)
exfoliated from the same crystal. This shift is consistent among
multiple locations of WSe, monolayer and nanoribbons (Figure
S3, Supporting Information). In WSe, monolayers, a shift of the
E’ Raman peak by 0.46 cm™! to higher frequency correlates to a
compressive strain of 1.62% on average, as estimated in strained
WSe, monolayers.**] The strain appears to be particularly pro-
nounced as a 2D lattice is reduced into 1D structures, indicating
that narrow ribbons can be more susceptible to mechanical de-
formation.

Lastly, exfoliated nanoribbons exhibit an anisotropic second
harmonic generation (SHG) polarization response (purple curve
in Figure 3d) that is distinct from their monolayer counterparts.
TMDC monolayers have significant second-order nonlinear opti-
cal susceptibility and can be used for effective nonlinear light pro-
cessing such as frequency up/down conversion. Typical TMDC
monolayers exhibit a symmetrical second harmonic generation
(SHG) response as a function of the polarization of the pump
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beam, reflecting the symmetry of the hexagonal crystal lattices
(see yellow curve in Figure ). In comparison, 1D nanoribbon
structures made from TMDC materials create a more strongly
anisotropic optical excitation, as a consequence of screeningof
the electric field perpendicular to the edges of the nanoribbons
Therefore, an extrinsic anisotropy is induced in the created non-
linear source polarization. Radiation from the nonlinear source
polarization at the second harmonic frequency is also influenced
by the same dielectric screening effect, further enhancing the
anisotropy of the SHG signal). We note that such effects afford
configurable and versatile control of the far-field amplitude and
polarization distribution of the SHG signal, leading to nonlinear
structured light generation.

We have tested these effects in the SHG response of isolated
nanoribbons by scanning the pump light polarization relative to
crystal orientation while detecting the SHG intensity with the
same polarization. The SHG polarization response depends on
the specific crystalline orientation of the nanoribbons, where
two (for armchair) or four (for zigzag) lobes can be enhanced
for the SHG component with polarization parallel to the pump
beam. Both cases have been observed in our experiments and
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Figure 2. Examples of exfoliated nanoribbons. Top, optical images and bottom, atomic force microscopy (AFM) images.

numerically simulated using COMSOL (Figure S4). Figure 3d
shows a typical co-polarized SHG signal polarization scan mea-
sured from a 100 nm-wide nanoribbon along the armchair
direction. It exhibits an asymmetrical SHG signal with an
optical anisotropy of 22.6% between lobes along and away
from the nanoribbon axis (purple circles in Figure 3d). This
anisotropy agrees with the simulation results which predict a
35.6% anisotropy due to screening of the electric field (purple
lines in Figure 3d). It is important to note that this anisotropy
can be enhanced further by reducing the width of nanoribbons
and additional effects contributing to anisotropy may arise from
anisotropic strain within the ribbons.

3.2. Differential Doping Levels in Exfoliated MoS, Nanoribbons

Many vdW bulk crystals grow with zigzag edge termination due
to their chemical stability over the armchair configuration.*’!
As a result, our exfoliated nanoribbons are predominantly ori-
ented along the zigzag direction. The outer edge of the ribbons
maintains the geometry of the bulk crystal edges, while the in-
ner edge is created from guided tearing where fracture of the
monolayer follows the direction of the crystal step edges on
top.3®) The crystal orientation of these nanoribbons was veri-
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fied with SHG polarization scans (Figure 3d; Figure S4, Support-
ing Information). First principles calculations predict that TMDC
nanoribbons with zigzag edges should exhibit ferromagnetic and
metallic behavior,®] with a magnetic moment that increases as
the width increases so long as the ribbon remains at the nano-
scale.’! To identify if exfoliated nanoribbons are ferromagnetic,
we performed magnetic force microscopy (MFM) measurements
on MoS, nanoribbons. This two-pass AFM technique records
topography and corresponding cantilever oscillation amplitude
and phase at a lifted height, providing insight into the magnetic
or electrostatic interaction forces exerted on the magnetic AFM
probe.[3740]

Figure 4 shows the MFM oscillation phase images of MoS,
nanoribbons and larger area MoS, 2D flakes exfoliated from the
same bulk crystal. The MFM phase shift, calculated by subtract-
ing the response from the substrate, appears uniform across each
nanoribbon as it reaches the limit of spatial resolution (Figure S5,
Supporting Information). The edges on a 2D flake were slightly
repulsive to the AFM probe, with a very small positive phase shift
(Figure 4c). In contrast, for nanoribbons of various widths less
than 300 nm, the phase shift of lifted cantilever oscillation is con-
sistently more negative and therefore attractive (Figure 4d). A his-
togram demonstrating the phase shifts from multiple samples
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Figure 3. Optical spectroscopy of WSe, nanoribbons. a) Photoluminescence spectra. The magenta, purple, and blue spectra correspond to nanoribbons
0f 450, 110, and 37 nm widths respectively. Widths were identified via AFM. The solid lines are Lorentzian fit functions. b) left, Distribution of PL emission
peak wavelength for exfoliated WSe, monolayers; right, PL peak position of WSe, nanoribbons with different widths, exfoliated from the same crystal.
Each point is the averaged signal from several spots along a ribbon spaced over at least 1 um. ¢) Raman spectra for an area of nanoribbons (purple)
compared with an unstrained monolayer area (gold). d) Normalized second harmonic generation intensity of radiation polarized parallel to a linearly
polarized pump as a function of the pump polarization from a 100 nm WSe, nanoribbon oriented along the armchair direction (purple circles) in
comparison to a WSe, monolayer (gold circles) and simulated anisotropy due to screening effects (lines). A nanoribbon oriented along the zigzag
direction is shown in Figure S4.

is shown in Figure 4k. The negative phase is consistent among To illustrate the microscopic electrostatic interaction, we
several ribbon samples, with wider nanoribbons exhibiting conducted electrostatic force microscopy (EFM) on nanorib-
slightly stronger attraction than narrower ribbons. bons and 2D flakes exfoliated from the same crystal, using the

To comprehensively assess the magnetic behavior, we con-  same probe and lift height. In an EFM measurement, the tip
ducted both reflective magnetic circular dichroism (RMCD), oscillates above the sample while it is electrically biased. The
a microscope-based spatially resolved technique (Figure S7, measured phase shift of the tip reflects the electrostatic force
Supporting Information), and vibrating sample magnetome-  gradient, which is related to the potential difference between
try (VSM), a macroscopic characterization technique (Figure the tip and the sample.*®) When a positive (V, = +1 V) or
S8, Supporting Information). We do not observe ferromag- negative (V, = —1 V) bias is applied to the tip (Figure 4g—j), the
netism within individual exfoliated nanoribbons in RMCD. How- ~ EFM phase of the 2D flake is consistently negative. Similarly,
ever, very weak ferromagnetic behavior is detected in VSM for ~ the EFM phase in nanoribbons is negative at V, = +1 V. How-
densely packed nanoribbons and monolayers on a large scale.  ever, when the bias is reversed (V, = —1 V), the response
The macroscopic ferromagnetic responses can be influenced by ~ dissipates at the center of the nanoribbons, while the negative
multiple factors, such as metal vacancies,[!] chalcogen-metal  phase response becomes more pronounced at the nanoribbon
antisites,[***] crystal edges, or grain boundaries,*!**#] ag ob-  edges (Figure 4j). The different phase shifts under nega-
served for weak ferromagnetism in large TMDC flakes and tive bias indicate that nanoribbon edges may have more
bulk crystals.[**#] Indeed, when nanoribbons are grounded  p-doped character, which is consistent with the MoS,
(Figure 4c), the strong attractive MFM phase disappears, indi-  nanoribbons with bare sulfur terminated edges.*”) The
cating that the underlying mechanism of the attractive MFM re-  nanoribbon body is more likely doped n-type, consis-
sponse is an electrostatic interaction instead of a magnetic one.  tent with what is commonly found in TMDC monolay-
The presence of static charges may have arisen from chemical ers with S vacancies. Similar characteristics can be ob-
bond cleavage as the ribbons are torn from the bulk crystal dur-  served in the amplitude signal (Figure S6, Supporting
ing the exfoliation process. Information).
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Figure 4. Scanning Probe Microscopy of 2D MoS, flakes and MoS, nanoribbons. a,b) AFM topography images. c¢,d) Magnetic force microscopy oscilla-
tion phase images, with an overlayed profile of the MFM oscillation phase response and a zero-degree line (blue) for reference. e—j), Electrostatic force
microscopy oscillation phase image at different tip voltages (V,) (e,f) V, =0V, g,h) V, = +1V, and i,j) V; = —1V with an overlayed profile of the EFM
oscillation phase response. k) left, Histogram comparing the MFM phase shift values among nanoribbons (purple) and edges of 2D flakes (gold), right,
MFM oscillation phase of nanoribbons of differing widths. The 2D flakes and nanoribbons are exfoliated from the same crystal with similar thickness.
All MFM/EFM measurements were carried out at 15 nm lift height, and phase traces subtract the phase response of the substrate.

3.3. Electrical Transport in Exfoliated MoS, Nanoribbons

We also evaluated the electrical properties of exfoliated, par-
allel aligned MoS, nanoribbons in fabricated devices with
Au electrodes, as displayed in Figure 5 (see Materials and
Methods for fabrication and measurement details). Each de-
vice comprises several predominantly monolayer nanoribbons
and multiple devices were measured with varying average
nanoribbon widths (W,,). The current density (Ip,) through
the nanoribbon devices was normalized by the totaled width
of the nanoribbons. As the average ribbon width narrows, the
minimum current measured (I;,) increases and the maxi-
mum current (I,.) decreases, causing the ratio of maximum-
to-minimum current (I,,/I.;,) to decrease, as shown in
Figures 5b,c.

This trend suggests that the nanoribbon edges may be some-
what conductive, with increased I;, through edges with par-
tially zigzag (metallic)®! character or from defect states in the
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band gap. At high Vg (devices in the “on” state), the edge
roughness could also play a greater role in narrower ribbons,
consistent with previous observations of graphene and MoS,
nanoribbons.3%%1 As a consequence, narrower ribbons tend
to have higher contact resistance, as well as lower field-effect
mobilities and I, (Figure S9, Supporting Information). The
Lox/Lin 1atio for these nanoribbons reaches 10*, which is
comparable with that previously reported for monolayer MoS,
nanoribbons created via lithography and select chemical va-
por deposition growth,[!'13] as well as nanoribbons of bulk
thickness created through plasma dry-etching and collapsed
nanotubes.[11]

When a single narrow nanoribbon is isolated between two
Au electrodes (Figure S9c, Supporting Information), its trans-
fer characteristics display greater hysteresis between the for-
ward and backward V4 sweeps, with a slight reduction in the
I vax/Iin 1atio. This could be due to an increased influence of
mid-gap edge defects and charge trappings from the surrounding
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Figure 5. Electronic transport properties of MoS, nanoribbons. a) Top-down, scanning electron microscopy (SEM) image of parallel MoS, nanoribbons
with Au contacts. The devices are on SiO, (90 nm) back-gated by the highly-doped Si below. b) Transfer characteristics of parallel nanoribbons with
different average ribbon widths (W,,,) between electrodes. Small arrows on two curves of each kind mark the forward and backward Vs sweeps,[*8]
revealing little hysteresis. c) On/off current (I,,,,¢//min) ratio for several devices with different average ribbon widths. The devices have a channel length

(electrode separation) of 250 nm and Vs = 1V between the Au electrodes.

environment, without annealing or encapsulation with a dielec-
tric layer. Compared to much wider monolayer devices,[*?! the
pronounced influence of edge properties from dielectric and
chemical environments in nanoribbons could enable their ap-
plications in chemical sensing, electrocatalysis, and photocatal-
ysis, and open up opportunities to explore and improve reaction
mechanisms.

4, Conclusion

In this work, we introduced a versatile top-down exfoliation ap-
proach to obtain single crystal 2D nanoribbons directly from
their corresponding bulk vdW crystals. The high-throughput
approach facilitates the production of high-density, flat, and
parallel-aligned nanoribbons from a diverse range of materi-
als, covering large areas on various target substrates. Such ca-
pability is crucial for the extensive exploration of nanoribbons’
distinct attributes through spectroscopic, imaging, and trans-
port techniques. This top-down exfoliation method also offers
a promise for versatile control of the nanoribbon morphology.
Specifically, the nanoribbon width is determined by the polar
cut angle 0, and the atomic alignment along the edge of the
nanoribbons is determined by the azimuthal angle ¢ along the
XY plane. If atomically flat crystal planes can be prepared with
precisely controlled slant angles, such as using advanced con-
trolled cross-section polishing techniques,>>**) monodisperse
nanoribbons with specifically tailored edge morphology and
widths can be realized. Examples of such customization in-
clude TMDC nanoribbons with semiconducting armchair edges,
conducting zigzag edges, or with particular cut directions in
between the two geometries. This newfound accessibility to a
broad variety of nanoribbon samples will unlock empirically ob-
served properties expanding upon existing theoretical frame-
work. It holds the potential to significantly contribute to a range
of future technological applications for various nanoribbons,
bridging the gap between theoretical predictions and practical
implementation.
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5. Experimental Section

Nanoribbon Exfoliation: TMDC crystals (HQ Graphene) and hBN crys-
tals (2D Semiconductors) with exposed vicinal surfaces were deposited
with a 100 nm thick layer of Au in an electron-beam evaporator (Kurt .
Lesker LAB18), at a deposition rate of 0.5 A/s. The crystals coated with Au
were then spin-coated with 10 wt.% polyvinyl pyrrolidone (Alfa Aesar) in
1:1 ethanol (Fisher Chemical) to acetonitrile (Fisher Chemical, >99.95%)
at 400 rpm for two min. Next, a piece of thermal release tape (TRT, Semi-
conductor Equipment Corp., 90 °C release) was applied to the vicinal sur-
face of the crystal covered in Au and PVP. The TRT was gently lifted, whilst
keeping it flat, to remove the Au and top layer/layers of the crystal. The
TRT/PVP/Au/nanoribbon stack was then placed, nanoribbon side down,
onto the desired substrate (90 or 285 nm SiO, on Si, Nova Wafers). The
stack was placed onto a hot plate at 100 °C to release the TRT. The PVP was
then rinsed away thoroughly in DI water. The Au/nanoribbon/substrate
stacks were then placed into a KI/I~ gold etchant (2.2 wt.% I, from
Spectrum Chemical and 8.9 wt.% Kl from Baker Chemical in DI water)
for at least 4 min. Ultimately, samples were rinsed in DI water, then
isopropanol (Fisher Chemical, >99.5), and promptly dried with a N,
gun.

Photoluminescence and Raman Spectroscopy:  Photoluminescence and
Raman spectra were taken at room temperature inside a home-built ni-
trogen cell using a home-built optical spectroscopy setup. A 532 nm cw
laser (CNI laser, at 33 uW for PL and 110 uW for Raman spectroscopy)
was focused on the nanoribbons to the diffraction limit with a 150 X ob-
jective (Nikon Confocal Plan Apochromat). The emitted light from the
nanoribbon passes through a 550 nm long-pass filter (Thorlabs) for PLand
volume Bragg gratings (OptiGRATE) for Raman spectroscopy measure-
ments. The photoluminescence and Raman spectra were collected with a
spectrograph (Princeton Instruments, HRS-300-S) and a camera (Prince-
ton Instruments, PIX-400BR). To extract central wavelength, peaks in the
recorded spectra were fit with Lorentzian functions.

Second Harmonic Generation (SHG): Optical second harmonic gen-
eration measurements were performed using 1030-nm pump pulses from
a femtosecond laser (NKT Origami Onefive 10, pulse duration < 200 fs).
The pump pulses were focused on the sample, held under N, at normal
incidence with a 40 X Nikon Plan Fluor objective. The reflected pump and
SH beams were separated using a dichroic mirror and the SH signal was
recorded, after passing through a short-pass filter, by an EM CCD (An-
dor iXon Ultra). Both the incident pump and reflected SH beams passed
through a rotating half waveplate. This produces an SH response from
TMDC samples with sixfold symmetry as a function of rotation of the half

© 2024 Wiley-VCH GmbH
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waveplate, equivalent to the effect of rotating the sample about its surface
normal.

Numerical Simulations: We performed 2D finite-element simulations
in the frequency domain to model the optical respone of monolayer WSe,
nanoribbons on a 90 nm-thick SiO, on Si substrate using the commercial
software package COMSOL (COMSOL, Inc.). The simulation area was de-
fined as a 2 um-sized box surrounded by a 200 nm-thick perfect matching
layer. Each nanoribbon was modeled as a 0.649 nm-thick dielectric slab
illuminated by a plane wave at the pump wavelength of 1030 nm to extract
the external optical anisotropy at the fundamental frequency. The induced
nonlinear source polarization was then calculated analytically by consider-
ing the nonlinear susceptibility tensor of an ideal, infinite WSe, monolayer.
The response was determined by the input polarization as well as the an-
gle between the crystal axes and the ribbon orientation. We then simulated
the resulting radiation at the second-harmonic frequency using the COM-
SOL package. To compare with the experimental results, we integrated the
Poynting vector for the component of the second-harmonic radiation par-
allel to the pump beam within a fixed range of solid angles. The dispersion
of the WSe, monolayer was taken into account, and the refractive indices
of SiO, and Si were set as 1.45 and 3.54, respectively.

Reflection Magnetic Circular Dichroism (RMCD): RMCD signal was
measured with the sample loaded in an Attocube attoDRY2100 cryostat,
which could apply up to a 9 T magnetic field. The optical path design fol-
lows that of Huang, et al.[*] and Satol*®] in which a photo-elastic modula-
tor was employed to produce states of oscillating circularly polarized light.
Measurements were made at 532 nm with a Coherent Verdi V5 laser. This
probe beam was chopped at 137 Hz with linear polarization at 45° to the
fast axis of photo-elastic modulator (PEM, Hind Instruments, PEM series
1). The PEM had 50 kHz sinusoidal retardation, with a maximum quarter-
wave to produce LCP and RCP light. The probe light, after reflection from
the sample, was collected by a photodiode (Thorlabs, DET36A). Lock-in
amplifiers were used to obtain signals at the chopper frequency and PEM
frequency, from which the reflectivity difference (RMCD percentage) was
determined.[>®]

Atomic Force Microscopy: Topography images of nanoribbon and
monolayer samples were collected at room temperature with Atomic Force
Microscopy (Park Systems, Park NX-10, Park XE-70, or XE-100) and a
MikroMasch HQ:NSC15/Al BS probe. All Magnetic Force Microscopy and
Electrostatic Force Microscopy measurements were taken using a Park
NX-10 and a Nanosensors PPP-LC-MFMR probe at a 15 nm lift height
above the sample surface. Topography and MFM/EFM phase profiles were
obtained from averaging line scans over 32 nm of 1 X 1 um images.

Electrical Measurements:  To characterize the electrical transport prop-
erties, field-effect transistors were fabricated on 90 nm SiO, on p** Si
substrates, which also served as the back-gate. The larger contact pads
and leads were patterned with electron-beam (e-beam) lithography using
PMMA (polymethyl methacrylate) as the resist. Large contact pads and
leads consist of an e-beam evaporated stack with 25 nm SiO,, 3 nm Ti,
and 40 nm Au. The SiO, layer reduces the leakage from the large contact
pads to the substrate, and the Ti layer improves the adhesion of the Au.
The finer leads, which make direct contact with the MoS,, were similarly
patterned with e-beam lithography and consist of 40 nm of pure Au de-
posited with e-beam evaporation at low pressure (10~ Torr or lower).[*”]
Lift-off of the contacts and pads was done in room temperature acetone.
These devices were measured under vacuum (<10~> Torr) at room tem-
perature in a Janis ST-100 probe station with a Keithley 4200 Semiconduc-
tor Characterization System.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Ashley P. Saunders, Victoria Chen, Jierong Wang, Qitong Li, Amalya C. Johnson, Amy S.
McKeown-Green, Helen J. Zeng, T. Kien Mac, M. Tuan Trinh, Tony F. Heinz, Eric Pop, Fang
Liu*

Figure S1. Optical Image of exemplary surfaces on a bulk MoS: crystal. Exfoliation from the
vicinal surface (blue) and a flat area (gold) shown in the optical image leads to production of
nanoribbons and monolayers respectively.
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Figure S2. X-ray photoemission spectroscopy (XPS) on a macroscopic area of WSe2 monolayer
nanoribbons exfoliated on 285 nm SiO2/Si. (a) Broad survey from 0 — 1100 eV. (b —d) Fine
spectra of W, Se, and Au respectively, displaying clean removal of Au. All XPS measurements
were taken with a PHI VersaProbe 3 at room temperature.
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Figure S3. Distribution of E' peak position in Raman spectroscopy of WSe2 monolayer (gold)
and nanoribbons (purple) ranging from 20 to 400 nm wide.
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Figure S4. Determination of Crystal Orientation. (a) Optical image of WSe2 nanoribbons
oriented along the zigzag direction. (b) Second Harmonic Generation (SHG) polarization scan
for a 500 nm-wide WSe2 nanoribbon oriented along the zigzag direction (purple circles) with
overlayed simulated anisotropic nonlinearity (purple line). (c,d) Simulated second harmonic
generation polarization scans for 100 nm-wide WSe2 nanoribbons, showing the anisotropic
nonlinearity for a nanoribbons with edges oriented along the zigzag and armchair axes
respectively (purple lines), in comparison to the intrinsic crystal nonlinearity (gold).



Figure S5. Magnetic Force Microscopy on a large area of MoSz nanoribbons of different width.
(a) AFM topography image with nanoribbons colored brown and the SiO2 substrate in black. The
bright yellow spots are residual carbide contamination from the crystal growth process. (b) MFM
amplitude. (c) MFM phase. These scans were taken at a 15 nm lift height.
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Figure S6. Electrostatic Force Microscopy Amplitude of 2D MoS: flakes and nanoribbons. (a,b)
AFM topography images. (¢ — h) Electrostatic force microscopy amplitude image of the same
respective area of the 2D flake or nanoribbons at different tip biases (Vt): (¢, d) Vi=+1V, (g, f)
Vi=0V,and (g, h) Vi=-1V.

EFM Amplitude




WILEY-VCH

WS, b MoS,
00061, 290K @ Bulk290 K« L 290 K
100 K @ 20K . 0.003F . . 100 K
0004-g 50k ®2K ,° C... ®2K
< ' ~ 0.002 "+ @ Bulk290K
S 0.002F . >
0 ' +*19 0.001f :
O O. ... O ' io
E0.000;.-o-oooo-o:..!ocoooo5 .!=
-0.002} .,.';'.. e I
A -0.001F
'0-0047. 1 1 1 ] ] A ] A ] ) ] ) 2
1.0 -05 00 05 1.0 08 -04 00 04 0.8
B (T) B (T)

Figure S7. Reflection Magnetic Circular Dichroism (RMCD) response of TMDC nanoribbons.
(a) RMCD spectra probing the edge of a 390 nm wide WS2 nanoribbon supported on a 90 nm
SiO2/Si substrate at various temperatures: 2 K (blue), 20 K (purple), 50 K (magenta), 100 K
(gray), and 290 K (gold) in comparison to the flat surface of bulk WSz at 290 K (black). The
positive slope of the temperature dependent RMCD indicates a weak paramagnetic response in
WS: nanoribbons in comparison to the bulk. (b) RMCD spectra probing an area of MoS2
nanoribbons that are less than 150 nm wide supported on a 90 nm SiO2/Si substrate at various
temperatures: 2 K (blue), 100 K (gray), and 290 K (gold) in comparison to bulk MoS:z (black).
The lack of hysteresis in the RMCD is compatible with non-ferromagnetic behavior in the
nanoribbons.
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Figure S8. Vibrating Sample Magnetometry (VSM). (a) Magnetization of MoSez nanoribbons
on 285 nm SiO2/Si as a function of applied magnetic field at 10 K (purple), 100 K (gray), and
300 K (gold). (b) VSM signal from WSz on 285 nm SiO2/Si at 10 K (purple), 100 K (gray), and
300 K (gold), and a bare 285 nm SiO2/Si substrate at 10 K (black). These results on samples with
a high density of WS and MoSe2 nanoribbons reveal very weak ferromagnetic responses at the
macroscopic scale, with the coercivity of WSz nanoribbons being comparable to that observed in
sonicated WSz nanosheets.!®! This could be an effect from multiple factors, such as metal
vacancies, chalcogen-metal antisites, crystal edges, or the remaining bulk pieces on the substrate.
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Figure S9. Auxiliary transport characteristics for MoSz nanoribbon field effect transistors. (a)
Threshold voltage, estimated by linear extrapolation at maximum transconductance, as a function
of average nanoribbon width. Threshold voltages were averaged between the forward and
backward sweeps due to increased hysteresis. This shows a trend of increasing Vi as the channels
become narrower, similar to that previously seen for MoSz channels narrowed through plasma dry
etching.l?l (b) Field-effect electron mobility versus average nanoribbon width. The trend of
decreasing mobility at narrower channel widths is in agreement with that seen in MoS2
nanoribbons fabricated by scanning probe lithography.®! (c) Measured transfer characteristics of
an isolated 40 nm wide nanoribbon, with different Vbs. Small arrows mark the forward and
backward Vs sweeps.
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