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ABSTRACT: Transition metal dichalcogenide (TMD) materials attract
significant research attention thanks to their exceptional excitonic and optical
properties. In this work, we analyze the formation of strained ultrasharp zigzag
edges in MoS, multilayers produced by anisotropic wet etching. The
topography of the edges is determined by the relative stability of the different
crystallographic directions of the multilayer as well as the interlayer
interactions. Furthermore, we study the linear (Raman) and nonlinear
(second-harmonic generation) spectroscopic characteristics of such edges and
observe enhanced second-order nonlinearity originating from the strained
zigzag edges. We also confirm that ultrasharp hexagonal nanoholes in MoS,

grow along the most stable crystallographic directions despite potential stacking

faults or instabilities in the crystal quality. Our results open the way to exploit a broad range of phenomena occurring at the edges of
MoS, material, including the unique determination of crystal orientation for moiré engineering and strongly correlated phenomena
in 2D material-based systems, as well as potential applications in TMD-based electrocatalysis and gas sensing.

1. INTRODUCTION

An emerging family of transition metal dichalcogenides
(TMDs) opened up avenues for diverse research and
technological advancements. These materials combine two-
dimensional (2D) physics with diverse chemical compositions,
which in turn enable a number of advanced electronic,
excitonic, and many-body phenomena, as well as possibilities
for thickness- and stacking-dependent enégineering of band gap
and nonlinear optical properties.' ® Furthermore, the
introduction of controllable stacking of individual TMD layers
into heterostructures has emerged as a powerful method for
constructing ultrathin multifunctional materials and devi-
ces."”®

Structural defects strongly affect the physicochemical
properties of TMDs and have paramount importance for
their electronic applications, similar to the case of Si-based
microelectronics.” > It is worth noting that surface adatoms
and adsorbed species, which are often disregarded in three-
dimensional (3D) semiconductors, become increasingly
important in TMDs because of their ultrathin and van der
Waals nature.'> Nonetheless, the edges, essentially one-
dimensional (1D) or quasi-1D defects,” are the most distinct
features of TMDs as they cause strong changes in the
electronic structure,'™'® leading to modified ogtical and
magnetic responses, as well as chemical reactivity.'*™"”

The most Earth-abundant and widely studied TMDs are
MoS, and WS,. Their most stable polytypes are composed of
S—metal—-S layers with hexagonal symmetry dictating two
principal edge configurations: zigzag (zz) and armchair (ac).
At zz edges, MoS, and WS, exhibit several unique phenomena
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which are not observed in their continuous 2D or bulk 3D
forms, namely, edge-localized metallic states,”%?! ferromagnet-
ism,”**® and enhanced electrocatalytic activity.'” Numerous
random edges can be generated by mechanical grinding of
MoS, powders™* or chemical synthesis of vertically aligned™ or
highly distorted*® flakes. However, controllable fabrication of
dense and precisely arranged zz edges in highly crystalline
MoS, and WS, flakes without decreasing their lateral
dimensions is a challenging nanofabrication task. State-of-the-
art techniques typically imply two-step processing: (i)
perforation of the disulfide flakes in the vertical direction
and (ii) crystallography-guided in-plane etching to develop
high-quality zz edges. The first step can be done using plasma/
reactive ion etching through a lithography-defined mask,””~*’
focused ion beam patterning,”’ or laser ablation.’® The second
step comprises chemical wet-etching by H,0,-based”” or
potassium ferricyanide solution”**” or thermochemical etching
in a controlled atmosphere.”” When using SF, plasma etching,
both steps can be combined (at the cost of somewhat reduced
edge sharpness and spatial controllability).” Crystallography-
driven in-plane chemical etching can also visualize the atomic
orientation and relative angle of TMD flakes on a macro-

Received: June 6, 2023
Revised:  July 17, 2023
Published: August 1, 2023

https://doi.org/10.1021/acs.jpcc.3c03812
J. Phys. Chem. C 2023, 127, 15395—-15405


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adria%CC%81n+Dewambrechies"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Yu.+Polyakov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Betu%CC%88l+Ku%CC%88c%CC%A7u%CC%88ko%CC%88z"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timur+O.+Shegai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.3c03812&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03812?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03812?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03812?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03812?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03812?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpccck/127/31?ref=pdf
https://pubs.acs.org/toc/jpccck/127/31?ref=pdf
https://pubs.acs.org/toc/jpccck/127/31?ref=pdf
https://pubs.acs.org/toc/jpccck/127/31?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c03812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

level.””?%*" Such techniques are of importance for the

fabrication of emerging moiré superlattices,”” a powerful
platform to study new optical selection rules,”” valley physics,
and strongly correlated phenomena.”*** First-principles
calculations of nanopore etching in MoS, are also gaining
popularity nowadays.*®

Strain strongly affects the electronic, optical, and other
properties of MoS, flakes,””~*’ while a high breaking strain
limit of >10% and Young’s modulus of up to 250 GPa"'
facilitate MoS, incorporation into stretchable and strain-tuned
optoelectronic devices. It was also shown that the native zz
edges of mechanically exfoliated MoS, flakes introduce regions
with alternating localized compressive and tensile strain, which
in turn affect the excitonic properties.42 However, no studies
have been conducted on the impact of finely nanofabricated
edges in MoS,/WS, flakes on their optical properties. The
mutual effects of the existing structural defects and nano-
fabricated edges in TMDs are poorly studied as well.

Here, we employ our recently reported nanofabrication
technique®” to produce etching pits bordered by ultrasharp zz
edges in multilayer MoS, and WS,. We performed a thorough
microscopic characterization of the fabricated etching pits,
which sheds light on the anisotropic wet etching of 2D
disulfides. Careful evaluation of the edges and near-edge areas
via Raman and second-harmonic-generation (SHG) spectros-
copies revealed a complex interplay between the mechanical
strain and optical nonlinearities introduced by the nano-
fabricated zz edges. The crystallographic and chemical
differences affecting the anisotropic wet etching of MoS, vs
WS, multilayers are addressed as well. We also demonstrate
that the crystallography-guided wet etching highlights stacking
faults and extended intergrown domains of other polytypes in
MoS, flakes and, in this way, enables the vertical profiling of
their quality.

2. METHODS

2.1. Sample Preparation and Nanofabrication. The
nanofabrication steps were performed in Myfab Nano-
fabrication Laboratory, MC2 Chalmers. High-quality 2H-
MoS, crystal (HQ_graphene, The Netherlands) was used for
exfoliation of tens of nanometers thick flakes by a Scotch tape
technique. These flakes were transferred to polydimethylsilox-
ane (PDMS) stamps (Gel-Pak, USA) and then to n-doped 285
nm SiO,/Si substrates (Graphene Supermarket, USA) by using
the all-dry transfer method.”” The zigzag edge-terminated
hexagons were formed through a sequence of dry and wet
etching processes, being able to choose their dimensions and
density per unit area on the TMD flakes.”” In brief, the
substrates with MoS, flakes were covered with ARP 6200.13
resist (Allresist GmbH, Germany) to create a ~550 nm thick e-
beam patterned mask for dry etching of the circular holes in
MoS,. E-beam lithography was performed using the JEOL JBX
9300FS system (Japan) operating at 100 kV accelerating
voltage. A dose of 450 4C/cm” was applied, and n-amyl acetate
was used as a developer. Reactive ion etching of MoS, flakes
through the ARP mask was performed using CHF; plasma in
an Oxford Plasmalab 100 system (U.K.). CHF; gas flow was SO
sccm. Argon (40 sccm) was used as a carrier/supplementary
gas. Radiofrequency generator forward power (RF power) was
set to SO W, and inductively coupled plasma (ICP) generator
was not employed. The average vertical etching rate of MoS,
by CHF; plasma was 10 nm/min. After CHF;, a short (4 s)
pulse of O, plasma (40 sccm of O,, 40 W of RF power, 200 W

of ICP power) was applied to remove the passivating
fluorocarbon film from the etching pit walls. Then the
remaining resist was removed, and wet etching of the flakes
was performed at 65 °C in a 1:1:10 mixture of 31% H,0,, 25%
NH,OH, and deionized water. The optical characterization by
Raman and SHG spectroscopies of the structures requires their
minimum diameter to be ~1—10 um in order to be accessible
with the smallest diffraction-limited spot size given by a high
numerical aperture objective. Therefore, we chose 2—10 pm
diameters of the dry-etched circular holes. For comparison,
similar samples were fabricated based on WS, flakes.

2.2, Optical Characterization. 2.2.7. Raman Character-
ization. Raman spectroscopy was performed at the Chalmers
Materials Analysis Laboratory (CMAL). The measurements
were carried out at room temperature with a commercially
available setup (WITEC Alpha 300R) in a reflective geometry,
with a 100X NA = 0.9 objective allowing for a diffraction-
limited lateral resolution of ~0.3 pum. A continuous wave
excitation of 532 nm was set to a power of <0.5 mW to avoid
sample heating while producing a strong enough Raman signal
detected by the spectrometer, hosting an 1800 1/mm grating.
The beam was scanned over the sample in a raster scan fashion
to obtain a S X § gm* map. The spectra at each location were
fitted to a Lorentzian function to track the position, intensity,
and spectral width of the different Raman peaks present in the
sample.

2.2.2. Second-Harmonic Generation Characterization. A
home-built scanning nonlinear microscopy setup was used to
perform SHG characterizations (see Figure S1). The strong
optical field needed to induce nonlinear effects was achieved
using pulsed laser excitation at 4 = 1040 nm at a pulse
repetition rate of 80 MHz and pulse duration of ~100 fs,
originating from a Ti:sapphire femtosecond laser (MaiTai HP
Newport Spectra-Physics). The excitation energy (~1.20 eV)
is appropriate since it is far from the photoluminescence signal
due to the MoS, excitonic features, around 1.90 eV.**

The 1040 nm excitation beam is sent first through a pair of
linear polarizers that allow us to control both its power (on the
order of 1 mW) and polarization direction, which we set to be
horizontal, to reduce losses in the multiple reflections that take
place along the setup. The polarized, collimated signal is then
sent through another pair of optical elements consisting of a
broadband linear polarizer and a half-wave plate so that the
polarization direction on the sample can be controlled by
rotating the 4/2 plate. The laser beam is further sent to fill the
back aperture of a 40X air (NA = 0.95) objective, scanning
over the sample with a piezostage in reflection geometry. The
second-harmonic signal (at 4 = 520 nm) is collected by the
same objective and separated from the fundamental beam
using a dichroic mirror and a short-pass filter to be finally
focused into a 50 ym multimode fiber, connected to either a
spectrometer (Andor 500i, Newton 920 CCD camera) or an
avalanche photodiode (APD, IDQ, ID100 visible single photon
detector). These configurations allow us to analyze the
spectroscopic quality of the signal and perform SHG mapping,
respectively.

2.3. Morphological Characterization. The morphology
of the etching pits was analyzed by scanning electron
microscopy (SEM) using an Ultra SS microscope (Carl
Zeiss, Germany). The images were taken at 1 and S kV
accelerating voltage using the secondary electron detector. A
tilted-view image was registered as well. SEM was performed at
Chalmers Materials Analysis Laboratory (CMAL). Tapping-
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Figure 1. Hexagonal etching pits in MoS,: (a) optical image of hexagons of different diameters (2, 5, 7, and 10 ym diameters) of initial holes
etched in a ~75 nm thick MoS, multilayer (scale bar, S gm), (b) optical image of a 2 ym diameter hexagon, labeling the two edge sets (scale bar, 1
pum), (c) tilted/side SEM view of the same etching pit showing the sharp/straight and bent/strained sets of edges (scale bar, 1 ym); insets are top
SEM views of 2 ym hexagon taken at a different accelerating voltage (top, —1 kV; bottom, —5 kV; scale bar, 1 ym), (d) AFM mapping, (e, f) cross
sections of AFM scans showing the profile followed by the labeled lines in (d) for ES1 (red) and ES2 (blue).

mode atomic force microscopy (Bruker Dimension 3100 3. RESULTS AND DISCUSSION

microscope) was used to assess the topography of the etched 3.1. Anisotropic Wet Etching of Multilayer MoS,. The
MoS,. AFM was performed at Myfab Nanofabrication TMD nanopatterning technique used in this work combines a
Laboratory, MC2 Chalmers. A custom Python code was dry etching of lithography-defined circular holes and

used to extract and plot the relief profiles along certain lines subsequent anisotropic wet etching governed by the crystal
perpendicular to the etching pit edges. structure.”” Figure la shows an optical image of hexagonal
15397 https://doi.org/10.1021/acs.jpcc.3c03812
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etching pits formed from the initial circular holes of different
diameters: 2, 5, 7, and 10 ym. In what follows, we use these
diameter values to denote hexagons of different sizes, although
the inscribed circle diameters of the final hexagons are always
approximately 400 nm longer. Note that the hexagons etched
in MoS, are significantly less sharp than the ones in WS,
(Figure S2 and ref 27). An enlarged optical image of a 2 ym
hexagon (Figure 1b) suggests a nonequivalency of two
interlaced groups of its sides. SEM micrographs of the same
hexagon taken at different e-beam accelerating voltages (Figure
1c) demonstrate the complex structure of this etching pit. The
circular hole underneath the hexagon is a dry-etched pattern in
the 285 nm thick SiO,/Si substrate. It formed because the
duration of the reactive ion etching (based on CHF; plasma)
was chosen on purpose in such a way that the MoS, flake
would be assuredly etched through. This replica also represents
the diameter of an initial circular hole in MoS, before wet
etching. When the SEM accelerating voltage is low (1 kV), the
secondary electrons escape from the upper MoS, layers only,
and an image resembling the optical micrograph is observed
(Figure 1c, inset). The same appearance and topography of the
hexagon and its edges can be found in the AFM images and the
corresponding line scans (Figure 1d—f). Considering the top
surface of the flake, we recognize two alternating edge sets
(ES) bordering the hexagon: ES1, where the topmost layers
are etched with stepped structures but the underlying layers are
flat, and ES2, where the near-edge surface is smooth but bent
downward (Figure 1b,c). SEM micrograph taken with higher
(5 kV) accelerating voltage contains information from the
underlying MoS, layers (Figure lc, inset). The large cavities
became visible underneath the bent superficial layers near ES2;
they are followed again by the sharp edges formed by the
subsequent layers in a downward direction. A similar profile
can be elucidated when comparing 1 kV and 5 kV SEM
micrographs of S ym hexagon (Figure S3). This bending of
upper layers near ES2 and the flat layers flooring the cavities
(with the same size of the hexagonal hole as the upper layers)
is also seen clearly in a side view SEM of a 2 yum etching pit
(Figure 1c).

The shape of the etching pits and the differences between
ES1 and ES2 provide crucial information about the
crystallography-guided etching mechanism. S—Mo—S layers
with trigonal prismatic coordination of molybdenum (e.g,
most stable 2H polytype) have hexagonal symmetry, which
predetermines the two key edge structures: armchair (ac) and
zigzag (zz). The latter includes molybdenum-zigzag (Mo-zz)
and sulfur-zigzag (S-zz) edge structures. The corresponding ac
and zz directions in the crystal alternate with a 30° step.
Mechanically exfoliated MoS, flakes can have macroscopic
edges not parallel to these directions, but their atomic
structures can be described as a mix of ac and zz edges in
varying percentages.

In our two-step process, the mask-mediated dry etching
forms precisely positioned circular holes. Their borders can be
considered as an ultimately random combination of ac and zz
edges. It is a unique feature of our CHF;-based etching recipe
that it enables vertical etching throughout MoS, basal planes
but passivates both ac and zz edges equally well. Dry etching
based on CHEF; plasma stands out from other carbon-free
plasmas (e.g., O, plasma, SF, plasma, etc. due to the possibility
of the formation of an inhibiting fluorocarbon film on the
sample surface. At certain recipe parameters (e.g., gas flow, RF
power, supplementary gases content, etc.), this layer efficiently

passivates the walls of the etching pits but still allows vertical
etching of the materials.”*® CHF;-based etching used here
produces arbitrary patterns in MoS, flakes (including circular
holes) with a minimal undercut. Hence it is more versatile
compared to SF¢-based plasma, which inevitably combines
vertical and anisotropic in-plane etching of TMDs.”' In our
case, anisotropic wet etching is a separate second step. In this
process, the dry-etched circular holes act as large penetrating
defects propagating throughout the entire MoS, flake and
enable a simultaneous in-plane etching of all the layers by an
H,0,-based solution. We briefly discuss the chemical aspects
of the wet etching in Supporting Information, section S3.

Let us consider an etching pit that appears at an arbitrary
point of the S—Mo—S slab. With respect to its center, there are
six in-plane directions orthogonal to ac edges (l-ac) and
another six directions orthogonal to zz edges (Ll-zz). The
latter becomes differentiated into two sets alternating with a
60° step: L-Mo-zz and L-S-zz (Figure 2a). The arrangement

*9°9°9°9°9°9°9°9"9°9"9°9
3%9°9°9°9°9"9°9"9°9"9"0"9
AR AR
e*eterean
Mo~ g e ae>s’
O AR A Tad

1-Mo-zz
1-S-zz

Figure 2. (a) Schematic for L-ac, L-Mo-zz, and 1-S-zz directions in
monolayer MoS,. (b, c) Structure of the etching pit walls in ideal 2H-
MoS, far enough from the flake surface: faster-etched zigzag edges
(red) are sandwiched between the slower-etched zigzag edges
(green). All the walls are structurally equivalent, with a one-layer
shift up or down. Due to the mutual influence of the adjacent layers,
all six i-zz crystal faces are etched at the same rate.

of l-ac, 1L-Mo-zz, and L1-S-zz directions predetermines
hexagonal or triangular symmetry of anisotropic etching pits
in MoS, (and similar structures) depending on the stability of
ac, Mo-zz, and S-zz edges.

To explain the formation of observed etching pits (Figure
1), we will start by considering an individual layer etching and
then discuss the case of the multilayer structure. Intuitively, the

https://doi.org/10.1021/acs.jpcc.3c03812
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in-plane etching of an initial hole in a disulfide layer can be
seen as an inverted analog of MoS, monolayer growth (e.g., by
chemical vapor deposition, CVD*") and follow the same
crystallographic considerations, including Wulff construc-
tions.*® The shape of the etching pit is going to be determined
by the etching rate of different crystal faces. In an individual
disulfide layer, the free energy of the edges should be
considered instead. The slow-etching edges become the
largest, and the fast-etched ones either become smaller or
eventually disappear. The edge energies are affected by the
chemical potentials of Mo and S in a particular environment.
In the case of chemical wet etching, they will be strongly
altered by composition, concentration (including its evolution
with time), and temperature of the etching liquid. Mo-zz and
S-zz edges are more stable compared to ac edges in a wide
range of other constructive and destructive conditions, e.g,
CVD growth®” and chemical/physicochemical etch-
ing,”’ 7> respectively. The exact energy difference
between Mo-zz and S-zz determines the final shape and
termination of the pits. In turn, the energy difference between
the ac and the least stable zz edge will define the etching time
required to achieve a well-developed pit and its sharpness.
Usually, a substantial stability difference between Mo-zz and S-
zz results in triangular pits upon long-enough etching of MoS,
monolayer.”” This is also true for the H,0,-based wet etching
used in this work, as demonstrated previously using WS,
monolayer.”” However, if the chemical environment dictates
equal stability of Mo-zz and S-zz, hexagonal etching pits are
formed in MoS, monolayer.”® In Supporting Information,
section S4, we briefly review the reports on the structure/
termination of MoS, zz edges at different etchin% conditions
and their effect on the etching pit shape.””*”***°™>* However,
direct identification of the most stable zz configuration upon
H,0,-based wet etching is beyond the scope of this article.
In this work, we used multilayer 2H-MoS, as a parent
crystal; ie, antiparallel A;B, stacking of adjacent layers is
expected in the exfoliated ~75 nm thick flakes. Hence, on the
border of the etching pit, the Mo-zz edges of one layer are
located above the S-zz of the next layer and wvice versa.
Although the interlayer van der Waals bonds might be
insufficient to limit the chemical reactivity of adjacent S—
Mo—S slabs, the steric limitations for mass transport of
oxidative agents and reaction products will result in a
significant impact of one neighboring layer on another.
Regardless of the relative stability of Mo-zz and S-zz in the
chosen wet etching conditions, faster-etched zz edges of one
layer are going to be sandwiched between the slower-etched zz
edges directions of the very next upper/lower layers, and vice
versa (Figure 2b,c). Conversely, the fastest-etched ac edges
coincide in all the layers. Compared to the independent layer,
the etching of more (less) reactive zigzag edges is decelerated
(accelerated) due to the slower (faster) etching of two
neighboring layers. Eventually, a stack of “interlaced zigzag” (i-
zz) edges with a unified etching rate is formed. In other words,
the further etching propagates along six slower-etched
equivalent l-i-zz directions and six faster-etched L-ac
directions (Figure 2b,c). As a result, even upon different
Mo-zz and S-zz stabilities under given etching conditions,
hexagonal etching pits can be formed. This is a drastic
difference of multilayer 2H-MoS, from the 1H-MoS,
monolayer, where no i-zz can be formed, and triangular
etching pits should develop in the case of different Mo-zz and
S-zz stability. We also briefly discuss the difference between

2H-Mo, and 2H-WS, upon crystallography-guided wet etching
in Supporting Information, section SS.

The flake’s surface/topmost layer is an obvious disruptor of
the i-zz. The top layer of the flake is the least affected by any
interlayer interactions. Therefore, it strives to form a triangular
hole. This tendency is clearly seen in Figure lc upon a closer
look at ES1 and is discussed in more detail in Supporting
Information, section S6.

We assume the cavities under the ES2 regions (Figure lc,
inset, Figure S2b) are formed due to relatively large intergrown
polytype domain(s) in the flake studied here. The guest MoS,
polytypes in the host 2H-MoS, phase usually contain several
consecutive S—Mo—S layers with parallel orientation.” Being
randomly distributed along the vertical direction of the flake,
the polytype intergrowths uniformly propagate for large
distances in the lateral direction of MoS, multilayer and, in
this way, usually are the same across the entire 50—100 pm
flakes used in this work. This is corroborated by a similar
etching profile of the neighboring 2 ym (Figure 1c) and S ym
(Figure S3) hexagons. An additional discussion of stacking
faults and polytype intergrowths in MoS, is given in
Supporting Information, section S7.*”°%** When several
subsequent S—Mo—S layers are oriented parallel to each
other, their less stable zigzag directions are congruent, and at
least a few nanometers deep part of the crystal is etched in a
triangle-like shape. Similarly, a high local concentration of the
stacking faults can also destabilize i-zz faces and promote
triangular etching. At a certain distance from the polytype
intergrowth (or a cluster of stacking faults), the i-zz structure
equilibrates again, and a “normal” hexagon etching pit
continues (see the bottom part of the flake on Figure 1c and
Figure S2b). The parent 2H-MoS, flake used in our
experiments seems to contain a quite extended intergrown
domain with a parallel orientation of the S—Mo—S layers.
Interestingly, it is rotated 60° with respect to the topmost part
of the flake. In turn, individual stacking faults affect just a few
neighboring layers. Therefore, they seem responsible for minor
distortions like the goffered structure on the bottom layers at
the ES2 side visible well in the S ym hexagon (Figure SS).

In general, stacking faults and, especially, sizable domains of
intergrown guest polytypes indicate that the original crystal is
of insufficient quality. However, in our situation, the triangle-
like cavities caused by a polytype intergrowth have led to a
notable downward bending of the upper MoS, layers as they
lack material beneath (Figure 1lc). The large size of the
unsupported region compared to the lattice constant and the
considerable flexibility of MoS, do not allow the crystal enough
rigidity to stay suspended. Thus, it bends down until it meets
the intact layers at the bottom of the cavities and causes
strained regions (Figure 1c,d). This unusual feature allowed us
to study the local stress and corresponding spectroscopic
response in the bent (strained) near-zigzag-edge area of MoS,.

3.2. Raman Characterization of the Edge Region.
Raman spectroscopy is a powerful tool that allows studying of
vibrational fingerprints and related physical properties of
various materials noninvasively. Multilayer TMDs in their 2H
phase exhibit two Raman peaks corresponding to the in-plane
(Ezg) and out-of-plane (Alg) vibrations.”> These modes can
experience a peak shift and intensity change due to strain,
thickness, or doping effects,*****” which may allow the
identification of specific features or regions within a spatially
resolved Raman intensity map.
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Figure 3. Raman maps of 2 ym hexagon in MoS, showing the spectral position (a) and fwhm (b) of out-of-plane vibrational mode Ay, The scale
bar is 1 ym. The etched region and edges are recognizable with the high-NA objective diffraction-limited spot (~0.3 ym). Selected spectra at the
ES2 region (c, green) and the region far from the defects (d, red) are displayed. The inset in (c) shows the optical image of the 2 ym hexagon,

which correlates well with the Raman maps in (a) and (b).

Here, we use Raman spectroscopy to identify the strained
regions caused by the extended cavities formed upon wet
etching of the polytype intergrowth/stacking faults hidden in
the middle of the flake’s thickness (see section 3.1 and Figure
Ic). Raman maps corresponding to the out-of-plane mode (A,
~ 410 cm™") on the 2 ym hexagon show a 0.55 cm™' redshift
at the edges of ES2 (Figure 3a), together with a 20% increase
of the full width at half-maximum (fwhm) (Figure 3b). The
signal change is highly localized at the strained regions, while
the material around the sharp edges of ES1 does not show a
significant variation with respect to the bulk away from the
hexagon. As discussed above, the ES2 hosts strained edges due
to the lack of supporting material below the topmost MoS,
layers. Moreover, the increase in the peak width suggests the
presence of different phonon contributions within the laser
excitation volume interacting with the material at those
locations, which results in different peaks shifting with respect
to the original A;, mode. These are possibly due to highly
localized strain and variations in the thickness of the material,
which are not resolved by the spectrometer and therefore

appear as the Raman peak width. The absence of any electrical
contacts on the flake and the minimal signal change at the ES1
set of edges rule out the possibility of a shift caused by sample
charging. A similar behavior is observed in the E,, mode
(compare Figure 3c and Figure 3d; also see Supporting
Information, Figure S6). It confirms that the strained ES2
suffers from a nonuniform strain in both the in-plane and the
out-of-plane directions.

All these observations support the impact of the strain on
the Raman spectra of MoS,, which was also observed in the
studies by Zhu et al>*>” In those studies, the strain was
systematically engineered, revealing its impact on the Raman
and photoluminescence properties. Similar to our findings, a
redshift of the A;; mode was observed upon increasing the
tensile strain. Furthermore, several works have reported that
compression and tension have an impact on the Raman modes
of MoS, and opposite Raman shifts, redshift and blueshift,
were observed for tension and compression, respectively.®’™®*
Li et al. studied the Raman modes shifts caused by nonuniform
biaxial strain in MoS, monolayers transferred onto an array of

15400 https://doi.org/10.1021/acs.jpcc.3c03812
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Figure 4. Second harmonic generation measurements: left plot shows a scan of the 2 ym hexagon demonstrating an increased intensity at ES1
(green labels) and especially at strained ES2 (red labels) edges. The intensity is color-coded in a logarithmic scale. The scale bar is 1 ym. Polar
plots on the right show polarization-dependent measurements with the intensity dependence versus an angle at all the edges, together with the

fitting to eq 1.

SiO, nanocones.”* The strained MoS, exhibited redshift of
both E,, and A,, modes. At the apex of the nanocone, MoS,
exhibited the highest level of strain, whereas it was lower
between the nanocones. A similar nonuniform stress can be
expected at the ES2 in our work, with the most strained
regions near the hexagon vertices and much less strained MoS,
in the middle of the corresponding edges (Figure 1c). Based
on the calculated Raman spectra, Li et al. estimated ~0.57%
biaxial tensile strain (averaged across the 450 nm diameter
laser spot) for a 0.6 cm™" redshift of Alg,64 which is close to the
0.55 cm™ redshift observed in our work here. For the
calculations of theoretical biaxial-strain-dependent Raman
spectra, Li et al. employed the first-principles density-
functional perturbation theory implemented in the QUAN-
TUM-ESPRESSO package.64 The calculations were further
correlated with experimental Raman spectra and the strain
values measured by scanning tunneling microscopy.”*

Our etched structures can concentrate the strain into
micrometer-sized areas defined by the size of the etching pit.
AFM of one of the ES1 edges (Figure le) shows a height
variation of ~66% of the initial flake height, suggesting a
pronounced symmetry breaking of the crystal structure
compared to the ES2, which has a step-like profile (Figure
1f). It is of interest to investigate the contribution of symmetry
breaking and strain generated at the edges of ES1 to the
enhancement of second-order nonlinearities, as demonstrated
in the following analysis.

3.3. Second-Harmonic Generation from the Edge
Region. Nonlinear optical processes taking place in crystals
give access to important material properties and have been
studied since the short-pulsed lasers enabled widespread access
to intense electric fields. Second-harmonic generation (SHG)
is an important technique used to study the crystallographic
properties of materials, with special importance for the
characterization of TMDs. This is in part due to the strong
polarization dependence of the second-harmonic signal, which
finds a very direct application in the nanofabrication of angle-
aligned heterostructures and moiré superlattices.”*> The
polarization dependence of the signal stems from the nonlinear
nature of the effect, the frequency of which is 2 times the one
of the pump laser.

The setup described in the Methods section above is suitable
for measuring the intensity component parallel to the incoming
laser excitation in polarization-dependent SHG measurements.
This is possible since the rotation of the polarization plane of
the field hitting the sample can be rotated by the 4/2 plate,
while the polarization of the SHG signal is rotated back by the
same angle when the signal passes through the same waveplate
in the detection channel. Thus, the polarizer will always
recover the intensity component of the field coming from the
sample that is parallel to the original excitation.

SHG mapping performed on the patterned flake (Figure 4,
left) allows for the recognition of areas of different thicknesses
caused by mechanical exfoliation and strained defects, as well
as the flake edges and etched hexagons. Notable SHG signal
from unpatterned areas is observed, suggesting the presence of
crystal defects or stacking faults that make the crystal structure
deviate from the ideal 2H-MoS, phase, which should not
exhibit any SHG due to its inversion-symmetric structure.’®
Remarkably, we observe a signal increase of up to 1—2 orders
of magnitude at the ES1 of the 2 ym hexagon and up to S
orders of magnitude increase at the strained edges of ES2
(Figure 4, left). The SHG signal is larger when the asymmetry
of the crystal structure increases; thus, an intensity increase at
the edges compared to the bulk material is expected,'® as well
as an increase at the edges forming ES2 due to additional
symmetry break caused by strain, (Iyx < Igsi < Igsy). Our
results experimentally confirm these expectations and also
provide quantitative measures of the SHG enhancement
caused by the symmetry break at the edges and by strain.

Edge state modulation of the electronic band structure may
result in a bandgap reduction at the edge of the crystal.’’
Studies performed on CVD-grown MoS, domains showed an
increase of the second-harmonic signal due to a resonance of
the incoming excitation with the bandgap present at the edge,
which allowed the identification of different types of edges.
However, the excitation used in our experiments (1040 nm) is
far from the reported resonance wavelength reported for zigzag
edges, ruling out this possibility.”® Furthermore, the wave-
length of our excitation excludes signal enhancement due to
resonances with both intralayer and interlayer excitons present
in Mo$,.%
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To verify the quality and nature of wet-etched MoS, edges,
we performed polarization-resolved SHG measurements
(Figure 4, panels 1—6). Our results show one-to-one
correspondence in the polarization-resolved SHG profiles
(and therefore in crystal symmetry) between edges produced
on the opposite sides of the hexagon. One of these edges is
bent, and the other one is sharp. For example, edges 1 and 6
exhibit the same SHG angular profile but different overall
intensity of the signal (Figure 4). The latter is due to additional
enhancement by strain at the ES2 edges. The polarization-
resolved SHG data can be described by the following equations
(see Supporting Information, section S9):

1(9) = |PZa)(9)|2 (1)
P,(0) = )(952 cos’ 0 + 3)(95;) cos” 0 sin 0

+ 3;(9;2;

sin” @ cos 0 + )(;yzy) sin® @ )
Here, angle 6 = 6’ — ¢ includes both the angle between the
laser polarization with respect to the MoS, crystal structure
(6") and with respect to the laboratory frame (¢), respectively.
The fitting allows extraction of the relative strength of the
elements of the ® tensor, characterizing the second-harmonic
response of our structures (Table 1). The polarization-resolved

Table 1. Fitted Parameters for the )((2) Tensor Extracted
from SHG Measurements”

ES2 edge 1 edge 2 edge 3
2 0.50 + 0.08 1.00 + 0.04 1.00 + 0.05
72 —0.25 + 0.05 —0.30 + 0.05 0.00 + 0.08
72 —-0.97 + 0.03 —0.76 + 0.05 —0.86 + 0.06
15 0.28 + 0.06 —0.20 % 0.04 0.15 + 0.06
ES1 edge 6 edge 4 edge S
72 0.69 + 0.08 1.00 + 0.04 0.99 + 0.05
72 —0.14 % 0.06 —0.25 + 0.05 —0.12 £ 0.05
2% —1.00 + 0.04 —0.87 + 0.04 —0.85 + 0.04
s 0.20 + 0.07 0.01 + 0.07 0.38 + 0.06

“The edge numbers and their order in the table correspond to Figure.

4.

patterns exhibit the 6-fold-like pattern (Figure 4), which is
characteristic of TMD crystal structure, ° with a larger
intensity in the direction parallel to the armchair edges’'
(hence, perpendicular to the zigzag edges). Remarkably, our
polarization-resolved data reveal significant deviations from the
ideal 6-fold patterns. Specifically, we observe that the arm
perpendicular to the edge exhibits weaker intensity compared
to the two arms along the other two armchair directions. This
discrepancy can be attributed to the reduced symmetry at the
edge, allowing us to determine the edge direction exclusively
through polarization-resolved SHG measurements and con-
firming their zigzag nature. The polarization-resolved fits
clearly demonstrate that the edges produced on the opposite
sides of the hexagon are described by comparable 2? tensor
components, highlighting their qualitative similarity. Further-
more, our results show that the strained ES2 edges still
preserve a high-quality crystal orientation in accordance with
their polarization-resolved SHG patterns, and thus, the etching
of the layers is highly confined in the direction parallel to the
plane of the sample without invading adjacent layers in the
vertical direction.

Results of our work confirm that three of the hexagon edges
provide a high-quality platform to study one-dimensional,
edge-related physical processes while the other three may
provide a platform for studies of strained and suspended TMD
for structures smaller than <1 pm. The edge orientation is
respected along the zigzag directions of the crystal, as was the
case for hexagons on WS,,”” making anisotropic wet etching a
solid method to uniquely determine the lattice orientation of
TMD crystals. Moreover, the peculiarities of the etching pit
morphology allow vertical profiling of the stacking faults
density and quality of the MoS, flakes, while the second-
harmonic signal from unpatterned areas may highlight the
deviations from the ideal 2H crystal phase. It would enable the
differentiation of parallel and antiparallel stacking upon
fabrication of angle-aligned heterostructures and the additional
modality to study different moiré patterns even without using
an SHG setup.

4. CONCLUSIONS

In summary, we demonstrated crystallography-driven aniso-
tropic etching of MoS, multilayers and thoroughly correlated
the morphological features of the etching pits (revealed by
SEM and AFM) with Raman and SHG signals sensitive to local
crystal defects and mechanical stress. We explained the
propagation of the oxidative wet etching along MoS, crystal
directions considering the relative stability of zz and ac edges,
the interaction between adjacent S—Mo—S layers, and the role
of stacking faults and polytype intergrowths. Similarities and
dissimilarities with WS, etching”’ (especially the different
relative stability of ac and zz edges) are systematically
addressed as well. Typically, 2H-MoS, stacking results in
hexagonal etching pits with walls composed of interlaced
atomically sharp Mo-zz and S-zz edges. However, the
hexagonal pits studied here had additional cavities with
triangular symmetry, which were associated with a polytype
intergrowth hidden in the middle of the flake and containing
S—Mo—S layers with parallel orientation. These cavities caused
the bending of the upper MoS, layers, which resulted in a
distinct stress-related shift on the room-temperature Raman
features and up to S orders of magnitude enhancement of SHG
signal compared to the unpatterned MoS, areas.

This study extends our understanding of the zigzag edge
enriched features fabricated using lithography-assisted dry
etching and oxidative anisotropic wet etching of MoS,
multilayers compared to other TMDs. It also highlights the
applicability of anisotropic wet etching as a platform for the
study of one-dimensional physics in TMD crystals near the
high-quality and well-oriented edges of the etching pits,
together with a unique and accessible way of determining the
orientation of the crystal. This may find applications in
producing moiré heterostructures and studying highly
correlated phenomena in 2D material-based systems.*”’*”*
The understanding of the mechanisms for the enrichment of
TMD crystals with zigzag edges is also important for the
development of next-generation nanopatterned -catalysts,
stretchable gas-sensing films, and metamaterials for all-TMD
nanophotonics.”*”*
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