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Atomic defects are controllably introduced in suspended single layer molybdenum disulfide (1L MoS,) using
helium ion beam. Vacancies exhibit one missing atom of molybdenum and a few atoms of sulfur.
Quantification was done using a Scanning Transmission Electron Microscope (STEM) with an annular
detector. Experimentally accessible inter-defect distance was employed to measure the degree of
crystallinity in 1L MoS,. A correlation between the appearance of an acoustic phonon mode in the Raman
spectra and the inter-defect distance was established, which introduces a new methodology for quantifying
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Introduction

Monolayer molybdenum disulfide (1L MoS,) belongs to the
transition metal dichalcogenide (TMDC) family and is being
extensively explored for applications in next-generation elec-
tronics. In general, all TMDC materials can be represented in
form of MX, (M = Ti, Zr, Hf, V, Nb, Ta, Re, Mo, W; X = S, Se, Te),
they are famous due to their ability to crystallize into layered
two-dimensional (2D) structures.”” In this case, the 2D MoS,
crystal is made up of a molybdenum atomic layer sandwiched
between two atomic layers of closely packed sulfur atoms. 1L
MoS, has demonstrated several unique optical and optoelec-
tronic properties for a wide range of applications.>*"* Further-
more, 1L MoS,, being a direct bandgap semiconductor, opens
up the possibility for energy-efficient field effect transistors,
photodetectors, solar cells and other optoelectronic devices.
However, the practicability of realizing these applications
hinges upon the synthesis of high quality, large area of MoS,
monolayers. Large area and high-quality 1L MoS, can be made
by using Chemical Vapor Deposition (CVD). Yet when compared
to mechanical exfoliated samples, the CVD grown monolayers
usually have lower carrier mobility due to inherent defects such
as sulfur vacancies introduced during the growth process."** It
has been reported that these structural defects in 1L MoS, can
influence the mechanical, optical and electrical properties of
the material*® due to local modification of MoS, band structure
in the vicinity of the defected spots.* Also, several approaches
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defects in two-dimensional materials such as MoS.

have been reported in literature for creating and controlling
density of sulfur vacancies by using electron or ion irradiation,
thermal annealing and plasma treatment."*® The development
of these methods is crucial and intensely under investigation
for controlling the material properties to match the require-
ments in different applications. It has been reported that
Raman spectroscopy has emerged a powerful nondestructive
characterization tool to quantify the defects controllably created
in 1L MoS, by calculation the inter-defect distance (Lp).** The
characteristic (E,s, A;y) peaks of the Raman active modes
broaden with increasing defect density. This is accompanied by
a downshift of the position of the E,, peak and an upshift of the
position of the A;, peak.”* With the increase in vacancy
concentration, there are fewer Mo-S bonds involved in the in-
plane vibration; therefore, the E,, peak is weakened and red
shifted. The A, peak corresponds to the out-of-plane vibration
of Mo-S bonds with the Mo atom as a static center for 1L MoS,.
The restoring force constant is reduced because of missing Mo-
S bond. Therefore, the originally static Mo atom is allowed to
vibrate out-of-plane, which strengthens the restoring force
constant from Mo-S vibration. This results in the blueshift of
the A, peak. Additionally, we expect appearance of the longi-
tudinal acoustic mode peak at 227 cm ™" which is attributed to
disorder-induced Raman scattering with momentum g # 0 at M
point.

In this article, we report on using helium ion irradiation, to
controllably introduce defects in 1L MoS, and then, we
quantify the degree of crystallinity of 1L MoS, using Scanning
Transmission Electron Microscope (STEM) and Raman spec-
troscopy. We have also investigated the correlation between
ratio of Longitudinal Acoustic (LA) Raman active mode
with respect to transverse optical A;; Raman mode and the
experimentally accessible inter-defect distance from STEM
analysis.

This journal is © The Royal Society of Chemistry 2020
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Experimental

The MoS, was grown on Si/SiO, substrate on a home-built
chemical vapor deposition (CVD) system. Synthesis was opti-
mized wherein molybdenum(vi) oxide and sulfur precursors
react in vapor phase to deposit 1-2 layers of high quality MoS,
monolayers (thickness ~ 1 nm). Zeiss Orion Helium Ion
Microscope (HeIM) was used to study the morphology and
structure of MoS,. Later, using HeIM's nanofabrication mode
and operating at accelerating voltage of 30 kv, MoS, samples
were irradiated. The exposure was performed using HelM's
patterning software to raster focused helium ion beam over an
area varying between 10-50 pm by 10-50 um in all single layer
MoS,. A blanker current of 5 pA was used for all doses and dwell
time per pixel. The Raman spectra were collected at room
temperature in ambient conditions on both pristine and irra-
diated samples using a Horiba XploRA Raman Confocal
Microscope at 532 nm wavelength excitation, with 2400 L mm ™"
grating. Atomic resolution images of 1L samples transferred
onto Quantaifoil TEM grids were recorded using Nion Ultra
HAADF-STEM operating at 60 kV with 3rd-generation C3/C5
aberration corrector and 0.5 nA current in atomic-size probe
~1.0-1.1 angstrom.

Results

Fig. 1(a) shows a helium ion microscope image of the MoS,
sample transferred onto TEM grid using wet transfer method
(see ESIt). The triangular shaped crystal is mostly single crys-
talline with lateral dimensions up to tens of micrometers. The
atomic structure of MoS, was studied using High angle atomic-
resolution annular dark field (HAADF) imaging on the STEM.
This technique is highly sensitive to variations in the atomic
number of atoms in the sample; therefore, there is a significant
contrast difference between molybdenum atoms of Z = 42 and
sulfur atoms of Z = 16. The HAADF-STEM image shows alter-
nating bright Mo and less bright S sites arranging in hexagonal
rings in Fig. 1(b), 2(a and b). The Fourier transform of the
HAADF-STEM image is presented in Fig. 1(c), with hexagonal
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symmetry in the Brillouin zone. The point defects such as
vacancies, which are particularly observed in CVD grown MoS,
because of the growth process, can also be controllably engi-
neered. In the STEM-HAADF image of pristine (unirradiated)
sample, we can see only a few sulfur vacancies and an antisite
defect, which represent vacancy complex of Mo and nearby
three sulfur (MoS;) atoms. This may be due to the Mo rich
environment in the growth process. We can identify antisite
defects and sulfur vacancies at the lattice sites using atom-by-
atom chemical analysis on the STEM-HAADF. The calculated
defect density (from sulfur vacancies) in the pristine MoS,
monolayer transferred onto TEM grid was found to be 2.8 x
10" em™?, which agrees well with previously reported results.*
The only regions in close proximity to the edges of the MoS,
sample were significantly damaged due to imperfections in the
transfer process.

Morphology and STEM-HAAF atomic structure of 1L MoS,

Helium ion irradiated regions on the suspended samples were
identified and imaged using STEM-HAADF technique. Fig. 3
shows HAADF images of MoS, after varying helium ion irradi-
ation doses, namely 1 x 10", 3 x 10", 3.75 x 10", 4 x 10", 5
x 10M,1 x 10", 5 x 10", 1 x 10'°, and 1 x 10" ions per cm>.
The HAADF intensity allows us to distinguish elements (such as
Mo and S) and the atomic structure of defects. The generated
defects are consistent with the sputtering rate of helium ion
beam. To assess the effect of helium ion on the metal/sulfur
atomic vacancies, the experimental average inter-defect
distance between two defect spots were calculated from the
STEM images. The Ly, value was calculated manually from STEM
image maps, as shown in Fig. 1S (in ESI}) for a representative
dose of 10" ions per cm?®. The Ly, values with corresponding
standard deviations for all doses are presented in Table 1. The
results reveal that the degree of crystallinity of 1L MoS,
decreases as the dose increases. The predominant defects
present were single molybdenum-based vacancies (1Mo + yS)
while the number of missing sulfur atoms differed. Fig. 2(a) and
(b) shows the smallest defect that can controllably resolved and
created respectively. With increasing He' ion dose, the number

Fig. 1

(a) Helium ion image of 1L MoS, samples transferred onto TEM grid (scale bar is 2 um). (b) Atomic-resolution STEM-HAADF image of

pristine monolayer MoS,, bright sites are molybdenum atoms and less bright sites are sulfur atoms (scale bar is 2 nm). (c) Fourier transform of the

atomic structure of pristine 1L MoS,.
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Fig. 2 High-magnification STEM images of atomic vacancies in different configurations (xMo + yS) showing single molybdenum-based
vacancies at x = 1, while the number of missing sulfur atoms y varies: (a) y = 2; (b) y = 3. Scale bar is 0.3 nm.

of double sulfur based vacancies (1Mo + 2S) also increased and
additionally triple sulfur based vacancies (1Mo + 3S) start to
appear (Fig. 2(b)). Similar results were reported for Ga* ions at
10" ions per cm?>2* It is important to note that the low mass of
helium ions create gentle changes in crystallographic structure
of 1L MoS, compared to results reported in literature with
heavier ions.? At the highest dose of 1 x 10" ions per cm?, the
MosS, crystal lattice is significantly distorted and damaged. The
statistical analysis was performed using large area STEM images
(Fig. 3) and plotted in Fig. 4(c).

Defect characterization of 1L MoS,

Fourier transform of the STEM images following helium irradi-
ation in the suspended MoS, samples reveals the crystallographic

1E14 He* /em? 3E14 He/em? 3.75E14 He' /cm?

SE14 Hegem? 1E15 He' /em?

+5E15 He' /om? “JE1¢ Hef /eim?

Fig. 3 Large STEM area characterization of defected 1L MoS, with
different doses of irradiation from 1 x 10 to 1 x 10Y He* per cm?
used to calculate Lp, the FFT in insets show that sample is losing
crystallinity completely at the dose 1 x 10 He* per cm?.

22998 | RSC Adv, 2020, 10, 22996-23001

nature of MoS, (Fig. 3 insets). The broadening of diffraction spots
with increase in dose from 1 x 10" He" per cm”® to 1 x 10" He"
per cm? is representation of breaking of the crystal symmetry and
periodicity due to random scattering events and broadened Bragg
diffraction.>® The crystallinity of MoS, is intact for helium ion
doses below 1 x 10'® ions per cm’. Raman spectroscopy was
additionally used to investigate the disorder effect in 1L MoS,.
For Raman characterization, we irradiated MoS, on Si substrate
(the original growth substrate) with the same doses as used in the
STEM-HAADF analysis. The results were identical to Raman
characterization of suspended MoS, (see ESIt). Similar to the
previously reported data,* (in-plane E,g)/(out-of-plane A,g)
vibrational modes were red/blue shifted and both modes
broadened after helium irradiation. In addition, a shoulder (at
around 362 cm’l) on the left of Ey, peak and another one
(around 415 ecm ™) to the right of A, peak, which are assigned as
defect modes in 1L MoS, were evident.?**® The evolution of
Raman peaks for varying helium ion doses are presented in
Fig. 4(a). Disorder-induced Raman scattering peaks appeared
with the increase in dose from 10 to 10'® He™ per cm?® In
addition, a peak related to the MoS, longitudinal acoustic (LA)
branch at the edge of the Brillouin zone, with the maximum at
227 em~ ' corresponding to the LA phonon at M point* also
appeared. The LA modes were activated when defects were
introduced into the MoS, lattice. Their relative intensities with

Table 1 The calculated value for the inter-defect distance from STEM
imaging, ratio of Raman disorder, and the relation between STEM and
Raman characterization

Helium ion dose I(LA) ¥
(He" per cm?) Lp, nm (from STEM) I(Arg) L2

1 x 10" 10.3 + 1.1 0.071 0.0701
3 x 10™ 9.5+ 1.9 0.083 0.0831
3.75 x 10" 8.6 + 1.6 0.099 0.101
4 x 10" 71+ 1.9 0.107 0.148
5 x 10™ 7.5+ 2.0 0.116 0.13

1 x 10" 5.4 + 1.0 0.120 0.257
5 x 10 41+ 1.0 0.470 0.446
1 x 10 3.7+ 0.4 0.704 0.547

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Raman studies of irradiated 1L MoS, on silicon substrate; the first order Raman modes (Exg/A1g) are red/blue shifted and the second

order mode LA(M) arises upon dosage increase; a peak at 300 cm™' is

related to Si acoustic mode; (b) ratio of intensity of longitudinal acoustic

mode versus out of plane vibration mode of 1L MoS, for doses up to 5 x 10'° He* per cm?, the whole range of doses vs. ratio presented in the
inset; (c) plot of calculated inter defect distance versus helium ion dose from STEM characterization; (d) correlation between the inter-defect

distance and Raman data for 1L MoS,.

respect to the A;; mode can be used as an indicator of the degree
of crystallinity, as suggested previously in:*
I(LA) ¥

I(Alg) - L_Dy )

where v is the correlation constant and L, is inter-defect
distance (calculated from STEM analysis). The results of calcu-
lated ratio are plotted on Fig. 4(b). The dependency is linear
with respect to He" ion doses up to a critical value of 5 x 10"
He" per cm®. The data are in good agreement with the STEM-
HAADF analysis of suspended MoS, monolayers, which also
allows us to calculate the correlation constant y = 7.50 nm?. It is
known that v is dependent on the wavelength of excitation.***
The calculation is based on excitation of 532 nm or 2.3 eV. A
graph of the calculated Ly versus each helium ion doses is
exhibits an exponentially decreasing function whose slope is
equal to the slope of the normalized intensity ratio between
longitudinal acoustic mode and out of vibration mode. Finally,
the Ly and I(LA)/I(Ag) are related by eqn (1) using the table of

This journal is © The Royal Society of Chemistry 2020

values (Table 1). Fig. 4(d) shows a straight-line dependency
when intensity ratio is plotted versus inverse of the inter-defect
distance with the slope equal to 7.

Conclusions

In this report, we presented an elegant and efficient method
that can be used to quantify atomic vacancies with sulfur
terminations in 1L MoS, created by helium ion irradiation. It is
important to note that low mass of helium ion allows us to study
gentle changes in crystallographic structure compared other
data in literature using significantly heavier ions. For the first
time, this paper reports on the generation and identification of
(1Mo + 2S) defects. In addition, a combination of Raman and
STEM measurements were used to calculate the correlation
coefficient y = 7.50 nm®. Finally, the Raman characterization
agrees well with STEM measurements on decreasing degree of
crystallinity in 1L MoS, with increase in ion irradiation dose. In
future, we plan to systematically study and compare the effect of

RSC Adv, 2020, 10, 22996-23001 | 22999
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helium ion irradiation in mono and few-layers of MoS, using
the above techniques in relation to conventional techniques
such as XPS and XRD.
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