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S1. Second Harmonic Generation setup
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Figure S1: Schematic of the Second Harmonic Generation setup described in the Main text,
Section 2.2.
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S2. Additional optical and SEM images of the samples

Figure S2: Optical image of hexagonal etching pits in WS2. The scale bar is 10 µm.
.

Figure S3: SEM images of the same MoS2 5 µm hexagon recorded at 1 kV (a) and 5 kV
(b) e-beam accelerating voltages, respectively. Note that the 5 µm hexagon is etched in the
same flake as the 2 µm (discussed in the Main text) and therefore shares the same stacking
faults and polytype intergrowths.
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S3. Chemical aspects of H2O2-based wet etching

The wet etching mixture applied in this work is essentially oxidative: H2O2 acts as an oxidant

(including indirect reactions via generation of molecular oxygen and hydroperoxyl radicals),

while an aqueous ammonia solution facilitates the dissolution and removal of oxidized Mo-

containing by-products in the form of ammonium molybdate species. The process can be

described by the following idealized equation:

7MoS2 + 63H2O2 + 34NH3 = (NH4)6Mo7O24 + 14(NH4)2SO4 + 46H2O (S1)

H2O2 withdraws electrons from MoS2 and leaves molybdenum and sulfur moieties of higher

oxidation state (most probably, Mo+5, Mo+6, and S+6) in a solid disulfide. Formation of

these moieties is more expected near the sites of H2O2 attack, which are at the edges of the

growing etching pits. Considering relatively large multilayer flakes instead of monolayers, a

certain conductivity of semiconducting MoS2 can lead to a generation of more oxidized atoms

virtually at any site of the flake’s surface. In this way, p-doping can be introduced to the entire

MoS2 flake upon the spontaneous redox reaction with H2O2. To restore the initial electron

balance of the disulfide, the oxidized species must be removed from it. Sulfate fragments

can be dissolved/removed easier, while NH3·aq is required to facilitate the complexation and

dissolution of molybdate species. Still, complete elimination seems to be harder to achieve.

Therefore we can hypothesize that wet-etching used here can introduce a certain p-doping

to the MoS2 flakes and leave oxidized species, predominantly, Mo-containing (hydr)oxide

moieties, on the very edges of the etching pits.
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S4. MoS2 zz edges termination at different etching condi-

tions

Direct identification of Mo/S-zz edge terminations of the triangular etching pits by scan-

ning transmission electron microscopy (STEM) or scanning tunneling microscopy (STM) is

significantly less mature than in CVD-grown MoS2 islands research. The discussion about

termination tends to be limited to generalities and comparisons with other works, often ne-

glecting to consider the differences in the chemical environment. S-terminated triangles were

assumed in the case of 2D etching of the top layer in MoS2 flakes by water steam.S1 Mo-

termination was claimed when monolayer MoS2 was etched by annealing in 41% O2/Ar.S2

However, for a pretty similar etching (annealing in the air), S-termination was predicted

by density functional theory (DFT).S3 According to DFT calculations, Mo-zz energy drops

monotonically during oxidation by O2, while there is a plateau for S-zz, which might make

it the slowest etched edge.S3 Direct edge visualization was performed by annular dark field

STEM for a triangular etching pit in the MoS2 bilayer with parallel stacking.S4 These pits

were fabricated by a two-step etching process: O2 plasma dry etching through a mask (cre-

ated by a block copolymer lithography) was followed by wet etching in a diluted potassium

ferricyanide solution. Mo-zz were found to border the etching pits.S4 Recently Huang et

al. used an integrated differential phase contrast STEM for direct observation of the edge

termination in the thermally etched monolayer WS2.S5 It was corroborated by the etching

pits’ orientation vs. the initial WS2 monolayer single crystal (CVD-grown) and also proven

for monolayer MoS2 and WSe2. The etching pits were also fabricated in two steps: 300-

400 nm circular holes were made by laser irradiation in ambient air and then thermally

etched at 1000◦C in a controlled atmosphere. It was unequivocally demonstrated that tun-

ing the chemical gas composition upon thermal etching enables controllable changing of the

metal-zz and chalcogen-zz edge stability. In Ar/H2 atmosphere, triangular etching pits were

bordered by metal-zz edges, while Ar/S (Se) vapor atmosphere resulted in triangles with
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chalcogen-zz edges. Hexagonal etching pits formed in the Ar atmosphere had alternating

metal-zz and chalcogen-zz edgesS5 a . Note that regardless of the crystallographic edge ori-

entation/termination, the real structure of the very edge can be composed of guest atoms

like oxygen and amorphized regions resulting from the etching process, which deteriorate

the edge properties.S6 For example, electron energy loss spectroscopy in the STEM regime

(STEM-EELS) found an oxygen signal in the edge region of H2O2-etched WS2.S7 An amor-

phized layer or adsorbed by-products can be seen on STEM images of MoS2 edges formed

via treatment with potassium ferricyanideS4 and WS2 edges formed by high-temperature

annealing.S5 Still, the tendency to incorporate guest atoms or amorphized moieties might

differ between S-zz and Mo-zz edges.

S5. Difference between wet etching of MoS2 and WS2

Stabilization of sharp hexagonal etching pits occurs when all the edges containing an armchair

component are etched out significantly faster than i-zz ones. Like in the case of the monolayer

discussed above, the free energy difference between crystal faces composed of ac and i-zz will

affect the stability of the etching pit shape. If the etching rate difference is large, the ac faces

are consumed fast, and i-zz faces self-limit the etching process. Such a self-limiting behavior

was observed upon both WS2 wet-etching by H2O2-containing solutionS7 and reactive ion

etching by SF6 plasma.S8 On the other hand, if the etching rates of the ac and zz edges differ

less, it will take longer for the crystal structure to change the initial circular shape of the

etching pit into a crystallography-defined hexagon, and the final shape will be less sharp. We

hypothesize that the energy difference between ac and zz edges in MoS2 is smaller than in

WS2 upon oxidative H2O2-based wet etching. Therefore, the etching pits in WS2 are much

sharper and have less distorted morphology compared to the ones in MoS2. Similarly, the

final hexagon walls in WS2 always stay closer to the initial dry-etched circle of a given size
aThis study also indicates that MoS2 can be etched in a reducing (Ar/H2) and inert (Ar) atmosphere once

the atoms in the MoS2 structure are affected by high thermal energies. Conversely, at lower temperatures,
oxidative etching is typically required to achieve regular etching pits.
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than in MoS2. Interestingly, a similar result was reported elsewhereS8 for SF6 plasma etching

of TMDs: the wagon wheel etching pits in WS2 and WSe2 had much higher anisotropy and

sharpness as compared to MoS2 and MoTe2.

S6. Destabilizing effect of the topmost MoS2 on the i-zz

and the consequences for the etching pit shape

The flake’s surface / topmost layer is an obvious disruptor of the i-zz. The top layer of the

flake is least affected by any interlayer interactions. Therefore, it strives to form a trian-

gular hole. Although complete single-layer-deep triangles were observed around hexagonal

etching pits in MoS2 multilayer flakes annealed in water steam at 700◦C,S1 we could not

find a complete triangle by either SEM or AFM. Instead, a triangle with rounded vertices is

observed. It might be caused by slower kinetics of MoS2 oxidation in H2O2 solution at 65◦C

compared to annealing in water steam at 700◦C. The topmost layer can also be partially

passivated before any nanofabrication due to oxidation by air, which is typical upon TMD

nanostructures storage in an ambient atmosphere and can be detected by X-ray photoelec-

tron spectroscopyS9). When the top layer is etched in a triangle-like shape along its less

stable ⊥-zz directions, it uncovers the more stable ⊥-zz directions of a second layer and

facilitates the adsorption of oxidative species there. This might also affect the third layer,

which again has less stable ⊥-zz directions under the triangle-like etched topmost layer ar-

eas. As a result, the second layer is destabilized and excessively etched in its least favorable

direction. To a lesser extent, this process is translated to a certain number of layers below.

However, each even-numbered layer stabilizes the edge more and more, and finally, an undis-

turbed i-zz structure is formed. Hence, a hexagonal shape of the etching pit is developed far

enough from the flake surface. This gradual stabilization process is reflected in a stepped

structure near the ES1. Magnified micrographs (Fig. S4) show that many steps have edges

that do not follow zigzag directions, i.e., form other than 0º, 60º, or 120º angles with the

S7



major hexagon edge. This may corroborate a low difference in stabilities of zigzag armchair

edges in MoS2 discussed above, which in turn can explain the tendency of etching pits in

MoS2 to various distortions. Note that such stepped structures were not observed or reported

elsewhere for the etching pits in WS2. On the other hand, the steps with unusual angles

may indicate a more complex local interaction between the etching fronts on adjacent layers

like in the model described in Ref.S10 Pinning of the etching fronts on the point defects of

involved layers can also take place.

Figure S4: Magnified view of ES1 structure near the 2 µm (a) and 5 µm (b,c) hexagons.
The etched steps in the upper layers have edges that do not follow zigzag directions, i.e.,
form other than 0º, 60º, or 120º angles with the major hexagon edge.

100 nm

Figure S5: Magnified SEM view of the goffered structure of the hexagon wall formed by the
bottom layers at ES2 side of the 5 µm hexagon.
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S7. Stacking faults and intergrown polytype domains in

2H-MoS2

Being a van der Waals layered material, MoS2 easily incorporates stacking faults and do-

mains of different polytypes into both its natural and synthesized 3D crystals.S11,S12 The

stacking fault in 2H-MoS2 implies the inclusion of an S-Mo-S layer with the very same

trigonal prismatic Mo coordination but with a shifted or rotated alignment of S and Mo

sheets with respect to the normal A1B2 stacking sequence. Five stacking faults are possible

upon one infraction to the stacking order of 2H-MoS2.S11 The inclusion of more than one

unusually stacked layer can be described as an intergrowth of another polytype within the

2H host domain.S12 The guest polytypes usually contain several consecutive S-Mo-S layers

with parallel orientationS12 (e.g., A1B1C1 stacking). X-ray diffraction can characterize an

average percentage of polytype intergrowth.S13 However, high-resolution STEM enables di-

rect visualization of complex stacking sequences in MoS2 crystals. Noteworthy, intergrown

polytype domains with 3 to 7 parallel-oriented S-Mo-S layers were observed in natural 2H-

MoS2 microcrystals.S12 Several such guest domains can follow one another just in the 50

nm thick part of the crystal. The density of stacking faults in MoS2 increases with more

admixture atoms (like Re, Fe, Pb, etc.). Recently, 2H-MoS2 crystals synthesized via a novel

liquid salt transport method were claimed to have higher quality than commercially available

ones synthesized by chemical vapor transport. Nevertheless, they still contained about 3%

of polytype intergrowths with parallel stacking.S13 Therefore, the stacking faults and guest

polytype domains are not unusual and may exit in MoS2 flakes produced by mechanical

exfoliation of commercially available 2H-MoS2 crystals.
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S8. Additional Raman spectroscopy maps of 2 µm hexagon

a                                                                     b

Figure S6: Raman maps of 2 µm hexagon in MoS2 showing the spectral position (a) and
FWHM (b) of the in-plane vibrational mode E2g. This result is in line with the out-of-plane
mode A1g data shown in the Main text.

S9. SHG intensity derivation

The SHG setup described in the main text is suitable for measuring the intensity component

parallel to the incoming laser excitation I∥(θ). The reflection geometry follows the sequence:

Laser LP−→ Eω
λ/2−→ Eω(θ)

Sample−→ P2ω
λ/2−→ P2ω(−θ)

LP−→ I∥(θ)

Where black text denotes radiation going towards the sample, and red text denotes

radiation that travels from the sample towards the detector. Note that every rotation is

done by the λ/2 plate.

Following this sequence, we will follow the transformation of an incoming electric field

with a fixed polarization along the x̂ direction, which is rotated by the λ/2 plate by an angle
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θ through the rotation matrix T (θ). We assume a reflection geometry, and thus vanishing z

components in the fields and the χ(2) tensor-related elements.

Eω =

1

0

 ; T (θ) =

cosθ −sinθ

sinθ cosθ

 ; Rω(θ) = T (θ)Eω (S2)

And by the definition of the χ(2) tensor:

Pi(2ω0) = ϵ0
∑
jk

χ
(2)
ijk(2ω0;ω0)Ej(ω0)Ek(ω0) (S3)

We obtain for the induced components at frequency 2ω out of the material:

P2ω(θ) =

χxxxR
x
ω(θ)R

x
ω(θ) + χxyyR

y
ω(θ)R

y
ω(θ) + χxxyR

x
ω(θ)R

y
ω(θ) + χxyxR

y
ω(θ)R

x
ω(θ)

χyxxR
x
ω(θ)R

x
ω(θ) + χyxyR

x
ω(θ)R

y
ω(θ) + χyyxR

y
ω(θ)R

x
ω(θ) + χyyyR

y
ω(θ)R

y
ω(θ)


=
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(S4)

Which, by performing a new rotation at the half-wave plate, we obtain P ′
2ω(θ

′) = T (−θ)P2ω(θ),

and by applying Kleimann’s symmetry conditions χ
(2)
xxy = χ

(2)
xyx = χ

(2)
yxx and χ

(2)
xyy = χ

(2)
yxy =

χ
(2)
yyx we obtain:

P ′
2ω(θ

′) =

 χxxxcos
3(θ) + 3χxyycos

2θsinθ + 3χxyycosθsin
2θ + χyyysin

3θ

χyxxcos
3(θ) + (2χyxy − χxxx)cos

2θsinθ + (χyyy − 2χxxy)cosθsin
2θ + χyxxsin

3θ


(S5)

Which will in turn give us the parallel intensity by I∥(θ) = |P ′x
2ω(θ

′)|2.
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