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We report a simple technique for the selective etching of bilayer and monolayer MoS,. In this work, chosen regions of
MoS, were activated for oxygen adsorption and reaction by the application of low doses of He™ at 30 keV in a gas ion
microscope. Raman spectroscopy, optical microscopy and scanning electron microscopy were used to characterize both
the etched features and the remaining material. It has been found that by using a pre-treatment to introduce defects,
MoS; can be etched very efficiently and with high region specificity by heating in air.

I. INTRODUCTION

For 2D transition metal dichalcogenides (TMDs) to be-
come prolific in devices, their stability in diverse chem-
ical and physical environments must be understood and
highly scalable processing must be available. MoS; is one
such material which exhibits diverse properties in its var-
ious forms®1Y allowing potential applications in flexible
electronicsH, photodetectors™® and solar cells!?. MoS, syn-
thesized by chemical vapor deposition (CVD) can be pro-
duced in relatively large crystals (several micrometers) with
control over the density of defects and layer number!#*10,
However, sulfur vacancies are inevitable, even in high qual-
ity samples and a native n-type doping is typically noted! /8,
The oxidation of bulk or powdered MoS; in air to MoOy has
been well scrutinized because of profound impact on its per-
formance as an industrial lubricant—transforming electronic,
chemical, optical, and tribological properties'?*2l,  When
heated in the presence of oxygen, the reaction forms MoO3
and SO, molecules:

MOSZ(S) + 3'502(g) — MOO3<S/g) + ZSOZ(g) @))

The temperature at which the reaction occurs is greatly de-
termined by the condition of the material, reportedly ranging
from 100°C for a powderzo, to 400°C%2 for sputtered MoS;
coatings. The oxidative thinning and/or etching of 2D MoS;
can be achieved by heating in the presence of O, to ~240°C
or higher!™23.  Other oxidants have also been used such
as the more reactive 032423 XeF,2% and oxygen containing
plasmas?"*?. Many reports demonstrate a mesh of quasi-
equilateral triangular pits in the MoS, surface after exposure
to oxidizing conditions 323, These pits are likely bounded by
the p-doped zig-zag-Mo edge, with each Mo atom bonded to
two O atoms in a wide range of O chemical potentials*331,
At temperatures above ~250°C, the density of etched pits de-
pends on the availability of defect sites about which to nu-
cleate. Pit density does not correlate strongly with the envi-
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ronmental conditions®?*, Furthermore, kinetic Raman spec-
troscopy and DFT studies suggest that the reaction energy for
defective MoS; is much lower than the value calculated for
pristine material®2. The sublimation temperature for bulk
MoO3 is normally about 700°C but that value can be sub-
stantially less for nanoscale MoO3 or MoO, as a reaction
product??3334 n reports of bulk, thicker films (=>40 nm) and
some powdered MoS; the oxidized molybdenum remains and
its relative content can be measured®<%3>, Wu et al. used
magnetic force microscopy and atomic force microscopy to
find evidence of MoOs after heating few-layer MoS,!. How-
ever, evidence for the presence of oxide material is mixed for
thin samples (1-4L) and the precise conditions for oxidative
experiments in which the MoO, reaction product sublimes or
endures remain understudied®ZZ. It seems that MoO3 subli-
mation dominates for some kinetic and material conditions
(especially thin samples). Heating experiments and results
from papers discussed here are summarized in table[l]

Raman spectroscopy has been employed extensively in the
characterization of MoS, in various forms such as bulk=>"38
powder”?, nanoparticles***!' and few-layer/monolayer®42-43,
The high-energy optical modes that are Raman active in
monolayer/bilayer MoS; are the following: the E'/E, peak at
~385 cm~! which arises from the intralayer, in-plane motion
of Mo and S atoms with respect to each other and the A|/A |,
peak at ~405 cm~! which arises from the intralayer, out-of-
plane motion of S atoms®“3. The frequency and width of the
Al/A 14 peak has been reported to be sensitive to electrostatic
doping while the position, splitting and width of E'/E, peak
is more sensitive to strain*#24% It has been shown using
symmetry arguments, DFT calculations and experiments that
an upshift in the frequency and decrease in the linewidth of
the Raman A|/A}, modes represent a strong electron interac-
tion for that optical phonon. Electron density is significantly
diminished by oxygen treatment above 200°C causing these
effects on the A}/A], mode!3#247. Since etching/thinning of
2D MoS; has not been found at temperatures of ~200°C, nar-
rowing and upshifting of the A’/A] ¢ modes at temperatures
below 200°C are caused by increased adsorption rather than
oxidation. Neupane et al. performed experiments with dry O;
gas on CVD MoS; and demonstrated in Raman and photolu-
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Etchant Characterisation Oxide

Ref. Synthesis Layer No. T,

I Mech. Exf. 1,2,4L  330°C -
Mech. Exf. 1-4L 345°C -
2 Mech. Exf. 10L+ 345°C -
Mech. Exf. 1-4L

Bl Mech. Exf. >40nm  400°C -
4  cvD 2-3L 240°C -
CVD Few, ~3L 300°C -

320°C 200°C Ar/Oy

Air AFM & MFM  MoO3
Air AFM & Raman None
Air AFM & Raman None
AFM & Raman None

AI‘/OQ AFM & Raman MOO3
O, N/A N/A
Ar/O, Raman None

TABLE 1. Key results from the literature concerning the oxidation of MoS;. This table lists the following details from each study: synthesis
method, layer number of starting material, minimum temperature at which the oxidation reaction is reported to occur (7},,), minimum tem-
perature at which adsorption effects were reported (7,,45), the oxidative species to which the sample was exposed, the characterisation method
used in the search for oxide material and finally the authors’ conclusion on whether solid oxide material remained after etching.
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FIG. 1. Outline of a typical defect-moderated oxidative etching experiment. (a) illustrates the 30 keV He™ beam incident on a rectangular
region of a CVD grown film of MoS,. (b) shows defective MoS, undergoing chemical etching in air at 330°C. (c) shows the same region, now

etched. (d) is a SEM micrograph of one such etched rectangle.

minescence spectroscopies that annealing in H, caused a re-
versal of the effects of adsorbed oxygen on the doping state of
the remaining material”. The adsorption energy of molecular
oxygen on the monolayer MoS; surface is reduced by approx-
imately half in the presence of a surface sulfur vacancy defect.
Therefore, controlling defect density is critical in controlling
the adsorption of oxygen and hence oxidation?Z,

The precise defect-engineering of 2D materials has been
demonstrated using highly spatially resolved ion irradiation
in a helium ion microscope (HIM . In this paper, we use
such methods to moderate adsorption and the oxidative reac-
tion of MoS, in air, demonstrating a high degree of spatial
control over the oxidation reaction, as illustrated schemati-
cally in figure [T} This work facilitates high throughput pat-

terning for preferential oxygen adsorption and oxidation. Our
Raman spectroscopy results indicate that the selective adsorp-
tion of oxygen at defect sites could also be used to create a
localized p-type doping environment. In this paper, unprece-
dented spatial control of the oxidation reaction by pre-treating
with an ion beam is demonstrated, and several aspects of the
reaction are clarified e.g. the presence of MoOQ,, the effects of
temperature, and the influence of ion dose.

Il. METHODS

MoS, was prepared using a previously described CVD
technique'm. The MoS, thickness was checked using the



peak separation of the A}/A}, and E'/E), peaks in Raman

spectroscopy®. The Zeiss ORION NanoFab microscope was
used to irradiate MoS; with He™ at an energy of 30 keV and
an angle of incidence of 0°. Various arrays were irradiated as
detailed in the results and discussion. The dwell time, number
of scans and beam current were varied to ensure that the de-
sired dose was delivered. Beam currents used were between 1
and 4.2 pA.

The heating experiments were performed by loading sam-
ples on a glass slide into the middle of an MTI Multi-Position
GSL-1100X-NT-UL-LD quartz tube furnace. The furnace was
sealed, containing only air at atmospheric pressure without
any flow. The temperature was raised to the desired etching
temperature at a rate in the range of 10 & 2°C min~!. The
sample was heated to its maximum temperature (e.g. 330°C)
at which it was held for the desired time. After being allowed
to cool to room temperature naturally, the sample was imaged
using optical microscopy. A schematic of a representative ion-
moderated etching experiment is shown in figure 1]

Ex-situ Raman spectroscopy was carried out using a WiTec
Alpha 300R system (532 nm laser) with a 100x objective
(NA=0.95) (spot size ~0.3 um) and a 1800 lines/mm grat-
ing. Raman maps were generated by taking four spectra per
um in both the x and y directions over large areas®”. Each
acquisition was for 0.05 s. The laser power was ~1 mW or
less to minimize damage to the samples. The spectra from a
desired region were acquired by averaging. Lorentzian distri-
butions were fitted to the Raman peaks as indicated in Figure
3.

Ex-situ scanning electron microscopy (SEM) was per-
formed with a field emission SEM (Zeiss Supra fitted with
a Gemini column, Zeiss Microscopy GmbH, Jena, Germany).
The microscope was operated at a beam energy of 10 keV.

Ill. RESULTS

Figure[2fa) shows optical microscope images of an array of
Spum x 5 um squares in a bilayer region of CVD MoS; which
were irradiated with 30 keV He™. The irradiation doses range
from 5 x 10'3 He* cm™2 (which is not visible, in the top left)
to 1 x 10'7 He* cm~?2 (notably discolored, in the bottom right
row). There is another square of irradiated substrate which is
barely visible to the bottom right. Figure [2(b) shows the same
region after heating for 50 mins at 330°C. All of the squares on
MoS,; are now much more clearly visible and most (exluding
the lowest doses) appear much more like the irradiated sub-
strate, suggesting they have been etched. The minimum dose
which resulted in etching of the MoS, appears to be 1 x 104
He' cm~2 although some regions with doses up to 5 x 10'4
He™ cm~2 were not fully etched. Doses above this were al-
ways sufficient to remove all material in a region after heat
treatment. In addition, when the heating step was repeated for
a further 50 minutes under the same conditions, even the low-
est dose (5 x 10'3 He* cm~?2) region was almost completely
etched, as shown in figure c).

A new array of rectangles was irradiated in monolayer
regions of CVD MoS, for investigation with Raman spec-

troscopy. The irradiated patterns are overlaid on a low dose
HIM image which is presented in Figure S1 along with Raman
maps. Figure[3|shows two selected sets of MoS; Raman spec-
tra, both non-irradiated and irradiated (5 x 104 Het cm_z),
before and after heating to different maximum temperatures.
For the non-irradiated spectra in figure 3(a), a slight increase
in peak separation and a narrowing of the A} peak are ob-
served as the maximum temperature increases. For the irra-
diated spectra in figure 3(b), the results are more dramatic.
As expected, the peak separation is increased even without
heating, and it is further increased by heating in air. The Ra-
man intensity is observed to decline sharply with heating and
there are no clearly identifiable peaks after heating to 330°C.
It should be noted that no residual oxides of molybdenum
could be detected in the etched regions, suggesting the com-
plete sublimation of MoOj (see Figure $2)>570L,

In order to further clarify the effects at different tempera-
tures, another sample of monolayer CVD MoS, was prepared
and an array of rectangles of various widths and doses was ir-
radiated in it. The sample was put through a series of heating
steps lasting 10 mins at a maximum temperature which was
iteratively increased from 300°C to 335°C in 5°C increments.
Between each heating step the sample was imaged in a field
emission SEM using a through-the-lens (TTL) or "inLens" de-
tector, chosen for its particular sensitivity to the work function
of the specimen. A selection of the SEM micrographs are
shown in figure[d They demonstrate the progression from ir-
radiated MoS; through to the complete etching of irradiated
material after heating. Figure [d[a) shows low dose irradiated
regions which are lighter than surrounding areas and higher
dose regions which are slightly darker. After the 305°C step,
figure [(b) shows the same regions where those that received
lower doses are still relatively unchanged and those that re-
ceived higher doses are now very dark. Figure @c) shows
the same regions once again after the 330°C step where all
irradiated regions now appear to have been etched. Using an
inLens detector, low work function materials typically appear
bright and high work function materials appear dark. Changes
in the signal intensity of a material in SEM images acquired
in these conditions can be used to qualitatively infer changes
in the material work function. The work function of mono-
layer MoS, (~4.0 eV) has been reported to increase as O, be-
comes adsorbed to its surface®?. The work functions of MoO,
and MoOj3 are ~4.4-5.5 eV and 6.6 eV respectively®>® The
range of work functions of possible materials in this system
is represented in figure ff[(d). The work function is expected
to increase after exposure to oxygen, first because of adsorp-
tion (to ~4.5 V)%, and possibly again when the material is
oxidized to MoO if it remains in place (~4.4-6.6 eV). The
increased work function causes a darkening of the sample ev-
ident in figure [b), although the distinction between adsorp-
tion and oxidation is not initially clear here, as will be dis-
cussed further below. Should a region be observed to lighten
after a heating step, it must be due to the oxidation reaction
coupled with evaporation of the MoO, species, revealing the
SiO, substrate underneath which has a work function more
similar to the starting material (4.3 eV)ee

To investigate the effect of ion dose on the size of etched



FIG. 2. Optical images showing the oxidative etching of bilayer CVD MoS, irradiated with a variety of ion doses. (a) includes nine Sum x 5
um irradiated squares in the MoS, flake. The dose of each square increases from left to right starting in the top row. The doses are 1 x
1013, 5% 1013, 1 x 10", 5x 1014, 1 x 1015, 5% 105, 1 x 10'°, 5% 10'% and 1 x 10'7 Het cm~2. Only the four highest doses are clearly
distinguishable before heating. (b) The same region after heating for 50 minutes at 330°C. (c) The same region after heating for 50 minutes at

330°C for a second time. The scale bar is 10 um.
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FIG. 3. Raman spectroscopy of monolayer CVD MoS, with irradiation and heating. (a) and (b) show sets of Raman spectra for non-irradiated
MoS; and MoS irradiated with a dose of 5 x 10'* He cm~2 respectively. The offset spectra are from samples which had been heated to the
indicated temperature for 50 mins in air. The triangles represent individual data points, the black line is the fit to all of the data, and the red
and green lines are fits to the £’ and A} peaks respectively. The E’ and A} peaks are labelled, and their original (non-irradiated, non-heated)
positions are indicated by the dashed black lines on both figures. Each spectra is normalized to the maximum of the non-irradiated A} peak.
The irradiated spectra are multiplied by the factor indicated indicated on the right for visibility.

features, arrays of rectangles with descending widths were ir-
radiated in monolayer MoS, for different doses and etched at
330°C for 50 mins. These arrays are shown in figure [5fa),(b)
and (c) for 2 x 10" Het cm™2, 2x 10" He™ cm™2 and 1x
10'® He* cm™2 respectively. The rectangle widths are indi-
cated schematically in figure [5[(d), varying from left to right
as follows: 1000, 500, 250, 100, 50, 20, 10, 5, 1 nm. Even
the smallest width can be seen for the highest dose but only

rectangles with irradiated widths of ~250 nm or above are
fully etched for the lowest dose. Narrower rectangles for the
lowest dose are observed to be partially etched, being not con-
tiguous. Other etching is observed to occur along previously
hidden grain boundaries in figure 5(a) and (c). Figure [B[e)
shows a graph of the width ratio (Wg), defined as the SEM-
measured width normalised to its designed width, against the
delivered dose (D) for rectangles of different widths. Larger
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FIG. 4. SEM imaging of monolayer MoS, in a cumulative heating experiment. (a) to (c) is a selection of SEM micrographs at various steps
of the cumulative heating process. (a) is after irradiation and before any heating. (b) is after heating to the 305°C step. (c) is after the 330°C
heating step. The scale bar is 2 um for all three images. (d) shows the work functions of pertinent materials.

doses are required to ensure that the smallest patterned fea-
tures are fully etched. Once above the threshold for etching,
the effect of increasing the dose is to broaden the etched fea-
ture. The relationship between Wg and D is of the form:

Wg(D) = aD" )

where a and b are fitting parameters. From the 20 nm to the
1000 nm designed width rectangles, a increases exponentially
from 2 x 107 to 136. At the same time, b decreases exponen-
tially from 0.45 to 0.064.

IV. DISCUSSION

The ion dose demonstrated to induce etching (~ 10'*cm™2)
corresponds to an ion-induced defect density of about one in
a thousand atoms. It is below the dose normally required to
remove material by direct ion milling by ~4 orders of mag-
nitude. It was also less than the dose required for amorphisa-
tion or detectable change in stoichiometry by 2 to 4 orders of
magnitude@.

Figure [f] shows several heat maps, representing a summary
of salient data from the Raman and SEM experiments. We
can use them to label several discrete stages separated by their
temperature range. Stage 0 is the initial state of the irradi-
ated MoS,, before the application of any heating step. When
characterized, a dose-dependent increase in the frequency and
width of the A/ peak along with an apparent increased work
function are observed®5167 From the literature, these ob-
servations are consistent with the material being increasingly
defective.

Stage 1 is applicable after heating to temperatures <305°C.
Unlike in stage 0, the position and width of the A} peak no
longer increase together. While the frequency continues to
increase, the A’1 peak is now observed to narrow and SEM
brightness is slightly decreased. Oxygen adsorption has an
electron withdrawing effect on adjacent MoS,. Therefore,
these are clear indications of increased oxygen content and
resulting p-type dopingmm@. In this range, oxidative etching

#| Temp (°C) | @y [Ty w Description

0|RT All T|H.D. 1|H.D. 1 |Increased Defects

1< 305 All 1|H.D. | [H.D. 1|0, Adsorption at Defect Sites
2

3

305—-320 |AllT|AllL |AllT |O; Adsorption to Saturation
> 320 All-|All- |All ] |Oxidation

TABLE II. Temperature dependent stages of heating monolayer
MoS; in air. "All’ means all doses, H.D. means high doses, 1 and
} indicate increases and decreases respectively, o is the position of

the A} peak, [’y is the width of the A} peak, W is the work function.

is rarely noted in the literature and only for times much longer
than those used in this work. The increased defect density
caused by the ion irradiation has lowered the barrier for oxy-
gen adsorption@@. Since these effects show such a strong
dose relationship in stage 1, it seems that this stage is domi-
nated by activity at the induced defect sites.

The regime between the temperatures of 305°C and ~
320°C is labelled as stage 2. Here, even the A’l peak of non-
irradiated and low dose MoS, is now strongly affected. In
addition, the apparent change in work function is now much
more intense. This is attributed to a highly increased oxy-
gen adsorption rate which is no longer dependent on defects
as was the case in stage 1. The first etched pits in our non-
irradiated material are observed at the top of this range sug-
gesting that oxidation is beginning to occur significantly.

Stage III occurs at 320-325°C. By this stage, it is observed
in the SEM images that brightness is now similar across all
irradiated areas regardless of dose. This stage is therefore
attributed to the complete oxidation and sublimation of Mo
species leaving behind only the SiO; substrate. The key char-
acteristics of these stages are presented in table I}

At the lower temperatures, the effect of ion dose is strong.
However, at temperatures above ~320°C, the distinction be-
tween irradiated and non-irradiated material begins to matter
less and even non-irradiated MoS; begins to etch. This can be
seen in the SEM image in figure fc) and is also clear from
Raman spectra results which show even the lowest doses hav-
ing been fully etched after high temperature treatment. Here,



(d)

THEYE-AAR
5@HA 1
10 nm

—_
o
=
—T

Width Ratio

100k

i
b3
1
#H
®
H
i

Pattern

000nm £ |
500 nm 1
2850nm [— ¥

100nm | e
S0nm b e
20 nm

10nm

0.00

0.25

0.50

075 100 125

Dose (Hetem™2) 10t

FIG. 5. Width dependence of etched features. (a),(b) and (c) show SEM images of arrays irradiated with 2 x 104 Het ecm~2, 2 x 10! He™
em~2 and 1 x10'® Het cm~2 respectively. (d) shows a schematic diagram of the array pattern with decreasing widths from left to right. (e)
shows a graph of the etched width as measured using SEM against irradiation dose for the different irradiation widths. The higher doses have
created larger etched features. The fitted curve for each irradiated width is from equation 2]

- I | ?)

—~
o e IEE
s 105 @
g » g
@ 310 Stage 2 g
%D 305 - 090 5
g=| i
Lo pEmEE

e ISR &

Dose (Het cm—2)

330

©
et
5

Heating Step (°C)

=t

Dose (He™ cm~2)

'S
=]
@

5
B
Aj Position (¢

.
S
o

'S
=)
=

407 Lb)

m—1

Heating Step (°C)

Dose (He™ cm~2)

FIG. 6. Heat maps of SEM brightness and A} peak position and width for monolayer MoS,. (a) shows SEM brightness for irradiated regions—
normalised to the brightness of nearby non-irradiated material—as a function of their camulative heating step and irradiation dose. (b) and (c)
show the position and inverse width of the A peak respectively as a function of the heating temperature and ion dose.



curved lines of material near grain boundaries and many ran-
domly positioned pits at native defect sites are observed to
have been etched.

V. CONCLUSION

In this work, ion irradiation has been successfully estab-
lished as a high throughput tool for moderating the oxygen
adsorption and oxidation of 2D MoS,. Previous studies have
used oxidative etching for the doping and etching of MoS;
but this is the first report of doing so while asserting spa-
tial control, leaving other non-irradiated regions relatively un-
touched. Region-specific, low dose and high throughput ir-
radiation with He™ at 30 keV allowed thermal etching to be
preferentially stimulated in discretionary regions. At heat-
ing temperatures comparable to the literature, doses as low
as 1 x10' Het cm~2 showed a profound effect on oxidative
etching. This method also avoids the use of resists which are
a leading source of contamination in 2D material based de-
vices. A breakdown of effects at different temperatures using
Raman spectroscopy and SEM was also provided, developing
understanding of the stability of defective MoS; in potentially
oxidative environments.

ADDITIONAL INFORMATION

Supplementary Information accompanies this paper at
*%_ It includes Raman maps and Raman spectra in relation
to the absence of oxides.
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