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ABSTRACT: Exposure to oxygen at 300—340 °C results in triangular etch pits with
uniform orientation on the surfaces of atomically thin molybdenum disulfide (MoS,),
indicating anisotropic etching terminating on lattice planes. The triangular pits grow
laterally with oxidation time. The density of pits scarcely depends on oxidation time,
temperature, and MoS, thickness but varies significantly from sample to sample,

Single-layer.

indicating that etching is initiated at native defect sites on the basal plane surface rather

than activated by substrate effects such as charged impurities or surface roughness. Raman spectroscopy confirms that oxygen
treatment produces no molybdenum oxide (MoO3) below 340 °C. However, upon oxidation above 200 °C, the Raman A, mode
upshifts and the linewidth decreases, indicating p-type doping of MoS,. Oxidation at 400 °C results in complete conversion to

MOOs.

B INTRODUCTION

Two-dimensional crystals of layered transition metal dichalco-
genides have been of increasing interest for a wide variety of
applications in electronics and optoelectronics."”” Field effect
transistors (FET) based on thin molybdenum disulfide (MoS,)
flakes exhibit high on/off switching ratios of >10® >* and high
carrier mobilities depending on thickness and dielectric
environment.>® Carrier transport in atomically thin MoS, is
sensitive to chemical adsorbates, making it a candidate for
chemical sensor applications.”® Single-layer MoS, is a direct
band gap semiconductor that emits strong photoluminescence’
and can be applied in photovoltaics, photodetectors, and
photoemitters.'”~"> Additionally, thanks to its huge surface-to-
volume ratio, atomically thin MoS, could be a more efficient
catalyst than bulk MoS, for the hydrogen-evolution reaction."

Nanoscale control of edge structures offers a means to tune
the electronic, optical, chemical, and catalytic properties of
atomically thin two-dimensional materials. For example, the
atomic-scale structure of graphene edges is predicted to have
significant impact on the properties of graphene nanostructures,
and progress toward atomically well-defined edges has been
reported for graphene through chemical etching methods."*~"”
Thermally activated metallic nanoparticles lead to crystallo-
graphic cutting of single- and few-layer graphene upon
hydrogen treatment."*'> Carbothermal reaction'® and hydro-
gen plasma treatment'” result in hexagonal etch pits on the
surface of graphene. Similarly, control of edge structures is
expected to lead to tunable properties of atomically thin MoS,
nanostructures.'® 2% The prismatic edges of semiconducting
MoS, can exhibit metallic edge states'®™' and magnetism,*°~>*
with the properties sensitively dependent on the edge
orientation and atomic reconstruction.”®*' The edge struc-
ture'”** and number of active edge sites”* 2 are also crucial
for electrocatalytic activity of MoS,.
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However, whereas layer-by-layer thinning of MoS, has been
reported,”” > crystallographic etching of atomically thin MoS,
has yet to be experimentally demonstrated. Here we show that
oxygen treatment leads to triangular etch pits on the surfaces of
atomically thin MoS,. The pits have uniform orientations on
the surfaces, indicating that MoS, is etched preferentially along
the crystallographic directions of the zigzag edges with a
preferential [that is, Mo-edge (1010) or S-edge (1010)]
termination. The etch pits grow with increasing oxidation
exposure, and the growth rate is larger for higher temperature.
However, the density of etch pits is largely uncorrelated with
oxidation time, oxidation temperature, and MoS, thickness but
does vary significantly from sample to sample. These
observations indicate that the oxidative etching in atomically
thin MoS, on SiO, is initiated at intrinsic defect sites, similar to
thick graphene (or graphite), rather than being activated by
substrate effects such as charged impurities. Raman spectros-
copy measurements indicate no formation of molybdenum
oxide (MoO,) after oxygen treatment of atomically thin MoS,,
at least below 340 °C. However, oxygen exposure above 200 °C
results in upshift in the frequency and decrease in the linewidth
of the Raman A;; mode, which indicates that the electron
density in single-layer MoS, is significantly diminished by
oxygen treatment. Oxygen treatment at 400 °C does result in
conversion of MoS, to MoOj platelets. Our results may signify
an approach to create MoS, nanostructures with atomically
well-defined edges by oxidation.

B EXPERIMENTAL METHODS

Single- and few-layer MoS, were mechanically exfoliated onto
300 nm thick SiO, from MoS, bulk crystals using adhesive tape
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Figure 1. (a) An AFM image of single-layer (1L), bilayer (2L), trilayer (3L), and four-layer (4L) MoS, on SiO, after oxidation at 320 °C for 3 h.
The inset shows an optical image of this flake before oxidation. (b—e) Close-up images of the areas surrounded by dashed lines on (b) 1L, (c) 2L,
(d) 3L, and (e) 4L in the panel (a). The scale bars are 500 nm. (f) Schematic drawing of hexagonal lattice of the MoS, structure with triangular pits.
Two dashed lines indicate the (1010) S and (1010) Mo edges. The little blue circles correspond to 2 S atoms in outer constituent layers above and
below the Mo (red circles) interior constituent layer. Evidence for MoS, nanocrystal islands suggests that the Mo (1010) edge is more stable, and
that it is decorated by S atoms in one of two possible configurations that cannot be distinguished in our experiment as described in text. (g) Profiles

of pits along the dashed lines in (b—e).

(3M Water-Soluble Wave Solder Tape 5414). The thicknesses
of MoS, were identified by optical contrast, atomic force
microscopy (AFM), and Raman spectroscopy.30’31 To remove
adhesive residue, all samples were annealed in an H,/Ar
mixture for 2 h at 350 °C. The flow rates of Ar and H, are 1.7
and 1.8 L/min, respectively. This hydrogen treatment leads to
no chemical modification of the MoS, basal plane (see
Supporting Information for an AFM image and Raman spectra
of MoS,). After preannealing MoS, samples in H,, they were
exposed to an Ar/O, mixture at temperatures ranging from 27
to 400 °C. The flow rates of Ar and O, are 1.0 and 0.7 L/min,
respectively. The nanoscale structure of oxidized MoS, was
characterized by AFM in tapping mode using silicon cantilevers
with a nominal tip radius of >10 nm (NCH, Nanoworld), and
the composition and oxidation state were determined using
Raman spectroscopy (Horiba Jobin Yvon Raman microscope)
with 2400 gratings per mm and a solid state laser with a fixed
excitation wavelength of 532 nm.

Bl RESULTS AND DISCUSSION

Figure 1a shows a typical AFM topographic image of atomically
thin MoS, supported on SiO, after oxygen annealing at 320 °C
for 3 h (see the inset for an optical image of this flake). The
oxygen treatment results in etch pits on the surfaces of single-
and few-layer MoS,. We observe the formation of etch pits even
after air annealing (see Supporting Information for an AFM
image), suggesting that the etching process is independent of
the partial pressure of oxygen gas. As shown in Figure 1b—e,
the shape of the pits is triangular and their orientations are
identical over each atomically flat terrace. These observations
indicate that the triangular shapes of the pits reflect the lattice
of the MoS, basal plane surface and that the edges of the pits
are along the zigzag directions with only a single chemical
termination, that is, terminated on either the Mo-edge (1010)
or S-edge (1010) (see Figure 1f). The observation of only three
preferred edge orientations rules out armchair-oriented edges
for which there are six possible identical edges. Our
experiments are unable to resolve whether the preferred edge
is the Mo-edge or S-edge; however, evidence from other studies

points to Mo-edge (1010),'®'*>3?¢ though the exact structure

of the reconstructed edge (and locations of additional sulfur
atoms terminating the Mo-edge) likely depends on the
chemical environment and substrate.'”***® Further work
using high-resolution transmission electron microscopy or
scanning tunneling microscopy could resolve the issue and
also elucidate the electronic and magnetic properties of these
edges.

Figure 1g shows the profiles of the pits along the dashed lines
in Figure 1b—e. The pits are mostly single-layer-deep (~0.7
nm) on single- and few-layer MoS,, indicating a very high
degree of anisotropy in etching along the basal plane versus the
c-axis, though we do occasionally observe double-layer-deep
pits on few-layer MoS, samples (see Figure 3ef). (The larger
depth of the pits on single-layer MoS, in Figure 1g is an artifact
caused by the limitation of the tapping mode AFM to
determine the thickness of an atomically thin membrane on
rough $i0,.**) The AFM images do not show any clear sign of
the reaction products (presumably MoOj;); we discuss this in
more detail below.

Our MoS, crystals are expected to have a 2H structure,?
where the triangular lattices of adjacent layers are 180°-inverted
relative to each other. Therefore, the triangular pits formed on
the surfaces are also expected to have 180°-inverted
orientations among even and odd numbers of layers. Such
trends can be seen in Figure 1a. However, we also observe the
triangular pits with same orientations on even and odd layer-
number-thickness regions (see Supporting Information for an
AFM image), suggesting that it is the top surface that is
continuous across the layer-number-thickness boundary.
Because of this ambiguity, we cannot be certain of the
correlation between the stacking order of MoS, layers and the
orientations of the triangular pits; however, the observations of
only a single etch-pit orientation within a single terrace, and the
observation of opposite orientations for different layer
thicknesses within a single crystal, suggests strongly that the
termination is globally determined to be along only one of the
Mo or S terminated zigzag edges.
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In Figure 2a—d, we show AFM images of a MoS, flake of
single- and bilayer thickness after oxidation at 320 °C for 1, 3,
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Figure 2. (a—d) AFM images of 1L and 2L MoS, oxidized at 320 °C
for (a) 1, (b) 3, (c) 4, and (d) 6 h. The scale bars are 2 um. (e) The
average distance r from the center to the apex of triangular pits as a
function of oxidation time. The red line is fit. The inset is an AFM
image of a typical triangular pit formed on single-layer MoS, after
oxidation for 4 h. The scale bar is 300 nm.

4, and 6 h. After oxidation for an hour, etch pits with an average
size of 6.3 X 10> nm” are formed on the surfaces (Figure 2a).
Additional oxygen treatment leads to lateral growth of the
triangular pits, as shown in Figure 2b—d. The distance r from
the center to the apex of the triangular pits increases almost
linearly with a growth rate of approximately 70 nm/h, as shown
in Figure 2e, but the density of pits is nearly constant during
the oxygen treatment, indicating that the oxidative etching is
not initiated homogeneously but at specific sites on the surface
of atomically thin MoS,.

Figure 3a—d shows AFM images of MoS, samples of various
thicknesses after oxidation at 320 °C for 1 h. In Figure 3a, the
density of etch pits formed on the single-layer MoS, film is 7.5
X 10° cm™?, while the pit density on single-layer MoS, in Figure
3b is 2 orders of magnitude larger than that in Figure 3a. Figure
3c shows a MoS, flake of single- to 4-layer thickness with etch
pits on the surfaces. The density of pits on 4-layer MoS, is 3.5
X 10% em™2, which is larger than the densities on surfaces of
single-layer (9.0 X 10’ cm™) and trilayer (2.7 X 10° cm™)

parts. Figure 3d shows an example of a large pit density of ~10°
cm™2 observed on 8- and 9-layer MoS,. These observations
suggest that the density of pits formed upon oxidation has no
obvious correlation with MoS, thickness but shows significant
sample-to-sample variations. Figure 3e—g shows AFM images
of single- and bilayer MoS, after oxidation at 300 °C for 4 h,
320 °C for 3 h, and 340 °C for 2 h, respectively. Higher-
temperature oxygen annealing leads to larger etch pits on the
surfaces. However, the density of pits on single-layer MoS,
oxidized at 340 °C is 1 order of magnitude smaller than when
oxidized at 300 and 320 °C. Hence, the density of pits exhibits
no obvious simple correlation with the oxidation temperature.

The observed oxidative behaviors of atomically thin MoS, on
SiO, are in sharp contrast with oxidation of graphene supported
on the same SiO, surface. Oxygen treatment of graphene on
SiO, results in circular etch pits on the surface.>>>* However,
unlike atomically thin MoS,, the oxidative etching of SiO,-
supported graphene is strongly thickness-dependent with
single-layer being the most reactive. Furthermore, the etch
pits in single-layer graphene on SiO, form homogeneously on
the surface, and the number of pits increases with oxidation
time and temperature. The anomalous reactivity of single-layer
graphene on SiO, is due to charge inhomogeneity induced by
charged impurities in S$i0,.>** The effect of the charged
impurities is significantly reduced with increasing graphene
thickness. Thus, for thicker graphene (or graphite), the etching
is predominantly activated by native defects in the crystal, and
the etch pits have nearly uniform lateral sizes and mostly one-
layer depth.*® The oxidation of atomically thin MoS, appears
similar in character to the oxidation of graphite crystal surfaces,
rather than graphene on SiO,. We thus suppose that the
oxidative etching of atomically thin MoS, is similarly initiated at
defect sites on the surfaces. In Figure 3h, we show a histogram
of the density of pits formed on single- and few-layer MoS,
after oxidation at various temperatures. The pit density ranges
from 10° to 10° cm™2, which corresponds with the previously
reported density of intrinsic vacancy defects and substitutional
atoms such as tungsten and vanadium in the natural MoS,
crystal,*”*® indicating that such defects could be responsible for
initiating etching.

Previous scanning probe microscopy” and X-ray photo-
emission measurements’’ have shown that high-temperature
oxidation leads to the formation of thin MoOj; films on the
basal plane surface of bulk MoS,. The Raman investigations of
microcrystalline MoS, have revealed that oxygen exposure
results in a peak at 820 cm™ that is a stretching mode of the
terminal oxygen atoms (O—M-O) in MoO,, and the
normalized intensity of the mode increases with increasing
oxidation temperature above 100 °C.*' We observe a peak at
820 cm™ in pristine single-layer MoS,, as shown in Figure 4a
(black line). However, the peak intensity at 820 cm™" relative to
the Si peak at ~520 cm™" rarely changes after oxygen treatment,
even at 340 °C for 2 h as shown in Figure 4a (red line). We
conclude that the peak at 820 cm™" in oxidized MoS, is not the
stretching mode in MoOj; but rather the second-order A,
mode of MoS,.* This is also supported by the absence of other
MoOj;-related peaks such as 285 and 995 cm™' in the Raman
spectrum of oxidized MoS,. Furthermore, we find the thickness
of MoS, does not change after oxidation below 340 °C,
suggesting that no MoOj; films are formed. Thus, Raman
spectroscopy clearly demonstrates that single-layer MoS,
remains after oxidation up to 340 °C but shows no evidence
of MoOj; formation, though we cannot rule out the possibility
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Figure 3. (a—d) AFM images of MoS, samples of 1L, 2L, 3L, 4L, 8-layer (8L), and 9-layer (9L) thicknesses after oxidation at 320 °C for 2 h. The
scale bars are 2 ym. The inset in (d) isa 1 gm X 1 ym area in the 8L region, showing triangular pits. (e—g) AFM images of 1L and 2L MoS, on SiO,
after oxidation at (e) 300 °C for 4 h, (f) 320 °C for 3 h, and (g) 340 °C for 2 h. The scale bars are 2 ym. (h) Histogram of the density of pits formed

on single- and few-layer MoS, oxidized at various temperatures.
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Figure 4. (a) Raman spectra of single-layer MoS, before (black line)
and after (red line) oxidation at 340 °C for 2 h. The inset on the right
expands the Raman spectra near 820 cm™". The inset on the left is a
corresponding AFM image of 1L and 2L MoS,. The scale bar is 1 ym.
(b) A Raman spectrum of thick MoS, oxidized at 400 °C for 10 min,
showing MoOj-related peaks. The inset is an AFM image of oxidized
thick MoS, crystals at 400 °C. The scale bar is 1 ym.

that the Raman MoOj; peaks are simply too weak to be
detected.

We find that oxidation above 350 °C rapidly etches away
single- and few-layer MoS,. However, we find that high-
temperature oxidation of thicker MoS, (>40 nm in thickness)
above 400 °C leads to significant structural and chemical
modification. The inset of Figure 4b is an AFM image of 40 nm
thick MoS, oxidized at 400 °C for 10 min. The thick MoS,
decomposes into smaller crystals with a lateral size of about 300
nm in length (see also Supporting Information for optical
images of a thick MoS, flake before and after oxidation). The
Raman spectrum of the crystal (Figure 4b) shows MoO;-
related modes of 189, 285, 820, and 995 cm™" (see Supporting
Information for Raman spectra of oxidized MoS, near 995
em™),*" corroborating that MoOj is formed by high-temper-
ature oxidation of thick MoS,.

Oxygen treatment is expected to modify significantly the
electronic properties of atomically thin MoS,. Indeed, exposing
few-layer MoS, FET devices to oxygen gas leads to
considerable decrease in electron density and conductivity.*>**
We investigate the effects of oxygen on the carrier
concentrations in MoS, using Raman spectroscopy. Previous
Raman measurement of single-layer MoS, using electrolyte
gating, combined with the density functional theory calcu-
lations, has revealed that the Raman A}, mode downshifts and
its linewidth increases with increasing electron density due to
electron—phonon interactions.*” In contrast, the ElZg phonon is
less sensitive to electron concentration than the A, phonon. In
Figure Sa, we show the Raman Elzg and Aj, modes of single-
layer MoS, before and after oxidation at temperatures of 200,
300, and 340 °C for 2 h. Oxygen treatment above 200 °C
results in the upshift of the frequency and the decrease of the
linewidth of the A, mode, indicating that electrons transfer
presumably from MoS, to adsorbed oxygen molecules. Figure
Sb,c shows the frequencies and linewidths of the Raman ElZg
and A;, modes as functions of the oxidation temperature. The
positions of the Elzg and the A, peaks do not shift measurably
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Figure 5. (a) The Raman ElZg and A;; modes of single-layer MoS, before (black) and after (red) oxidation at 200, 300, and 340 °C for 2 h. (b,c)

Frequencies (b) and linewidths (c) of the E',, and A, modes versus oxidation temperature. (d) Raman E!

2 and A;, modes of 1L, 2L, 3L, and 4L

MoS, after oxidation at 320 °C for 2 h. (e) Shifts in the peak position of the EIzg and A}, modes as functions of thickness.

after oxygen annealing below 200 °C. However, above 200 °C
the ElZg mode slightly decreases while the A}, mode increases
with temperature up to 404.5 cm™" at 340 °C. Furthermore, as
shown in Figure Sc, the line width of the A}, mode abruptly
decreases above 200 °C, while the El2g mode shows nearly
constant line width over temperature. Although the cause of the
shift in the E',, mode is unclear, these results suggest that
below 200 °C the electron transfer upon oxidation is minor but
with increasing temperature there is sizable electron withdrawal
by oxygen treatment. Using the results by Chakraborty et al,*
we estimate the density of electrons withdrawn to be of order
10" em™ for 340 °C oxidation.

In Figure Sd, we show the Raman Elzg and A;, modes of
single-, bi-, tri-, and four-layer MoS, after oxidation at 320 °C
for 2 h. The oxidation results in upshift of the A;; mode and
downshift of the Elzg mode of single- and few-layer MoS,.
However, as shown in Figure 5d, the shifts of the El2g and Ay,
modes decrease with increasing thickness. This indicates that
electron transfer from atomically thin MoS, by oxygen
treatment is a surface effect, which is consistent with
observations that atomically thin MoOj; is not formed upon
oxidation below 340 °C.

B CONCLUSIONS

In summary, we find that oxygen treatment of atomically thin
MoS, results in triangular etch pits whose edges are along
zigzag directions which other evidence suggests have Mo
orientations. The pit density is uncorrelated with oxidation
temperature, time, and MoS, thickness, indicating that the
oxidative etching is initiated via intrinsic defects in MoS, rather
than substrate effects such as charged impurities or surface
roughness. We further find that oxygen exposure leads to

25647

sizable electron transfer from MoS, surfaces above 200 °C but
produces no MoOj; below 340 °C. Our results can be applied to
create MoS, nanostructures with atomically well-defined edges
and provide insight into the oxidative reactivity of atomically
thin MoS, on substrates.*®

B ASSOCIATED CONTENT
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An AFM image and a Raman spectrum of MoS, after H,
treatment, an AFM image of MoS, after air annealing, an
additional AFM image of oxidized MoS, with etch pits, optical
images, and an AFM image of thick MoS, before and after
oxidation, and Raman spectra of thick MoS, before and after
oxidation. This material is available free of charge via the
Internet at http://pubs.acs.org.
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