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ABSTRACT

We investigate the effects of lattice disorders on the low frequency Raman spectra of bilayer MoS,. The bilayer MoS, was
subjected to defect engineering by irradiation with a 30 keV He™ ion beam, and the induced morphology change was character-
ized by transmission electron microscopy. When increasing the ion dose, the shear mode is observed to red-shift, and it is also
suppressed sharply compared to other Raman peaks. We use the linear chain model to describe the changes to the Raman
spectra. Our observations suggest that the crystallite size and orientation are the dominant factors behind the changes to the

Raman spectra.

Published under license by AIP Publishing. https://doi.org/10.1063 /1.5086366

I. INTRODUCTION

As research on transition metal dichalcogenides (TMDs)
blooms, ™ it is crucial to understand the interfacial dynamics
of these layered semiconductors in the few-layer limit.
Low-frequency interlayer vibrational Raman modes serve as a
fingerprint of the interlayer interactions between van der
Waals-bonded sheets in both homo- and heterostructures.”™
The low-frequency Raman modes of MoS; include the in-plane
shear mode (SM) and the out-of-plane layer breathing mode
(LBM). Layer thickness, stacking order, and angular lattice
mismatch can be directly probed in vertically-assembled
heterostructures of TMDs by investigating changes to these
modes.””™™ On the other hand, Raman spectroscopy has
remained a high-throughput and non-destructive way of ana-
lyzing defects in MoS; flakes in the last decade. In particular,
the Ej, (~ 385cm™") and Ay (~ 403 cm ™) modes are routinely
used to identify layer thickness in exfoliated and deposited
MoS; samples.'”'*”" Relative changes in intensities, positions,
or widths are used to characterise the lattice modification of

MoS,."*?! However, the effects of lattice defects on the low-
frequency (< 50 cm™!) modes of few-layer MoS, have not been
explored, even while low-frequency Raman spectroscopy
should play a vital role in the characterization of interfacial
dynamics of defective layered semiconductors.

Herein, we analyze the low-frequency modes of the
Raman spectrum of bilayer MoS; as a function of increasing
disorder introduced by He™ irradiation at a beam energy of
30 keV. The helium ion microscope has been established as a
tool for site-specific modification of 2D materials."®**"*’ It has
been used to precisely introduce defects,”! fabricate nanorib-
bons, and periodic arrays of nanodots,”®* and introduce
doping on the nanoscale.””

Il. EXPERIMENTAL METHODS

MoS, was prepared using a previously reported chemical
vapor deposition (CVD) technique.” Bilayer flakes of MoS, were
identified on the SiO, surface by optical contrast and Raman
spectroscopy.*’ The Zeiss ORION NanoFab microscope was
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used to irradiate arrays of 4 x 4 um? regions in MoS, with He*
at an energy of 30keV and an angle of incidence of 0°. These
regions received doses ranging from 8 x 108 to 2 x 10
He' cm~2. Further details of the ion irradiation are provided in
the supplementary material. Ex situ Raman and PL spectro-
scopy was carried out using a WiITec Alpha 300R system (532
nm laser) with a 1800 lines/mm diffraction grating and a 100 x
objective (NA = 0.95) (spot size ~ 0.3um). The instrument was
equipped with a RayShield Coupler to detect the Raman signal
close to the Rayleigh line. The laser power was ~ 170 uW or less
to minimise damage to the samples. Raman and PL maps were
generated by taking four spectra per um in both the x and y
directions over large areas. The acquisition time for each spec-
trum was 0.113 s. The spectra from each irradiated region were
acquired by averaging. Raman, PL, and optical images are shown
in Fig. SI in the supplementary material. Lorentzian distribu-
tions were fitted to the Raman peaks as demonstrated in Fig. S4
in the supplementary material.

lll. RESULTS AND DISCUSSION

Figure 1 shows representative Raman spectra. In the low
frequency region [Fig. 1(a)], the SM and LBM peaks are
centred at ~ 23 cm™! and ~ 41cm™}, respectively, which are in
excellent agreement with the reported values for bilayer
MoS,.”"*" For an increasing dose, the SM is clearly observed
to red-shift and broaden while the LBM does not appear to
change. At higher doses (~1x 10 He* cm2), the low fre-
quency modes become indistinguishable from noise. In the
high frequency region [Fig. 1(b)], the characteristic E, and Ay
peaks of bilayer MoS; are found at 384 cm~! and 406.6 cm™,
respectively, thus exhibiting a high frequency peak separation
of ~22.6cm™! typical of CVD bilayer MoS,."**" With an
increasing ion dose, the A;y peak is observed to broaden, while

T
SM {LBM
1 101%He*cmi?

LI YL
By Sopy mm g BS

3 8x 1015He*‘cmg‘2 /5
< oouget0s® P00es, |
2 6 x 101Hetemi2 2
@3 \«.1,3‘:“%«««- 3
§ X 2 x 10°He g2 §
= X 4 x 101 He* crl-2 &
He* cm2 4
10 20 30 4d 50 360 380 400 420 440
Raman Shift (cm ™) Raman Shift (cm~!)
(a) (b)

FIG. 1. A representative selection of Raman spectra of bilayer MoS, excited by
a 532 nm laser after irradiation with He™ at 30 keV with a 0° angle of incidence.
The evolution of the spectra with increased ion dose is shown ascending from
the bottom in black to the top in magenta. (a) shows the low frequency region in
which the SM and LBM peaks are labelled. (b) shows the high frequency region
in which the E; and Ay peaks are labelled. In both high and low frequency
ranges, each spectrum is normalized to its A1y peak. The intensity is rescaled
between high and low frequency spectra for maximum visibility.
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the E4 peak broadens, splits and is shifted downward in energy
as has been reported before in similar conditions.”"***

Figure 2 shows photoluminescence (PL) spectra acquired
from the same regions of bilayer MoS,. We observe peaks at
~1.85eV and ~ 2.01eV, corresponding to A and B direct exci-
tonic transitions, respectively.”* The increased disorder is
strongly associated with a lower quantum efficiency. The
decrease in the A exciton peak intensity is accompanied by a
blue-shift which is attributed to strain caused by ion-induced
defects.”> Above a dose of ~ 2 x 10! He* cm~2, we can no
longer observe a clearly defined emission peak.

Figures 3(a) and 3(b) show the position and width, respec-
tively, of the low frequency Raman peaks as a function of the
ion dose (analysis of the high frequency peaks is presented in
Fig. S3 in the supplementary material). The SM clearly shifts
downward in position as it broadens. However, the LBM does
not appear to change systematically in position or width. The
measured SM frequency, o, is given by

o =wp —2.04 x 1078V, 1))

where o = 22.8cm™! is the frequency of the non-irradiated
bilayer MoS; and S is the ion dose (He" cm~2). The measured
width, T, is given by

[ =Ty + 0.247V5, )

where Ty =19cm™ is the width of the undamaged bilayer
MOSz.

Figure 3(c) shows the heights of the low frequency
modes, I(X), where X = SM or LBM, normalized to the respec-
tive Ay intensity, I(Ayy). While the intensity of I(LBM)/I(Ay) is
virtually constant, I(SM)/I(Ay) is observed to diminish with an
increasing dose. The SM is clearly suppressed more rapidly
than other peaks by increasing disorder. The SM intensity
ratio varies with the dose I(SM) oc I(Ayg)/S%, where d = 0.17 is a
fitting parameter.

Figure 4(a) is a high resolution transmission electron
microscopy (HRTEM) image of mechanically exfoliated bilayer
MoS; showing clearly defined layers with uniform interlayer
spacing (see Fig. S5 in the supplementary material for TEM
sample preparation). Above and below the MoS;, the protec-
tive platinum layer and the SiO, substrate are visible, respec-
tively. Figure 4(b) shows a region of the same sample which
has been irradiated with 6 x 10® He™ cm~2? which is in the
middle-to-high part of the range of doses used in our spec-
troscopic experiments. An additional amorphous hydrocarbon
layer of helium ion beam-induced deposition (IBID) is visible
on top of the MoS,. A clear increase in the surface asperity is
noted after irradiation. In certain regions, MoS; is still visibly
present but separate layers cannot be resolved. This may
suggest amorphization or local twisting of the layers such
that they are imaged off-axis.

Figure 4(c) is a histogram of interlayer separation evalu-
ated from the two TEM images, using a fitting process
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FIG. 2. PL spectra of the same regions with the same color-dose correspon-
dence as in Fig. 1. Xa and Xp label the A and B excitons, respectively. The A
exciton emission is observed to decline rapidly with an increasing dose. The
spectra are normalized to the maximum of each to allow comparison of the two
peaks. The spectra are presented without normalisation in Fig. S2 in the supple-
mentary material.

described in the supplementary material. There appears to be
very little change in the mean layer separation after irradia-
tion. However, the disordered distribution is clearly more
diffuse and skewed toward higher values, reflected in the
increased kurtosis and skewness, respectively.

A linear chain model (LCM) has been used to describe
interlayer restoring forces by treating each layer as a rigid
ball."”*® The model has accurately predicted the frequencies
of the low frequency modes in pristine MoS; as a function of
layer number. The single layer mass per unit area () of pris-
tine MoS; is 3.03 x 10-26 kg A . Since sputtering of specimen
atoms is caused by the ion irradiation, the effects are
accounted for in x4 by applying an approximate correction
related to the ion dose. However, as demonstrated in Figs. S8
and S9 in the supplementary material, this effect would lead

ARTICLE scitation.org/journalljap
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FIG. 4. Cross-sectional HRTEM images and analysis of bilayer MoS,. (a) and
(b) are images of a non-irradiated region and a region irradiated with
6 x 10" He™ cm=2 respectively. Both (a) and (b) have the same scale.
The labels and arrows indicate the various materials and the direction of the
ion beam irradiation. (c) is a histogram of the interlayer separation for non-
irradiated and irradiated MoS,. The filled black bars represent the layer
separation of the non-irradiated region [from Fig. 4(a)], and the unfilled red
bars represent the layer separation of the irradiated region [from Fig. 4(b)].
The mean, skewness, and kurtosis of each distribution are presented in the
respective colors.

to a very small blue shift which by calculation and experiment
is indicated to be negligible.

Given the dose, S, and the sputter yield, y (=0.007 from
the previous reports”"*"*), then u(S) for irradiated MoS; is
given by u(S) = uo(1—yS/n), where n is the atomic density.
This gives the sputtering-corrected LCM as

o(S) = \/%”C /@,/H—cos(g), 3)

af % 2 0.25 —/}
TE 41“§ ii % ii* i % 10t ;;‘0.20'
2]
s [=
& £o.
3 ~ L = % 3
o 1 6 &
£E2le .:g % = 010t
& W SM < = 4r g L]
bl 5
> 005}
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(@) (b) (©)

FIG. 3. Evolution of the low frequency Raman modes as a function of ion dose. Error bars are from the fitting error. (a) shows the change in frequency of the two low
frequency modes. The shear mode frequency is fitted with Eq. (1). (b) shows the change in width of the two low frequency modes. The shear mode position is fitted with
Eq. (2). (c) shows the ratio of the intensity of the two low frequency modes to the Ay, peak. The shear mode intensity ratio is fitted as described in the main text.
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FIG. 5. Evolution of the SM as a function of ion pixel spacing at a fixed dose of
6 x 10" cm—2 and with a probe size of ~ 4 nm. (a) shows the SM with the dif-
ferent pixel spacings labelled. (b) shows the change in position of the SM as a
function of the irradiation pixel spacing.

where ¢ is the speed of light in cms™, N is the layer number
(fixed at 2 in this work), « is the interlayer force constant per
unit area which is related to the interlayer separation, t, and
the shear modulus, C by a = C/t. The shear modulus has been
reported as C ~ 17.9 GPa."” For S = 0, the shear mode position
is calculated to be 23.2cm™! which is consistent with our
experimental value of 22.8 cm™'. The separation of two non-
irradiated layers in bilayer MoS, measured from our TEM
results is t = 0.65 + 0.04nm, in good agreement with the lit-
erature.”” In the absence of other effects, the separation that
would be required to explain the red shift is ~ 0.76 nm (see
Fig. S9 in the supplementary material). This is not consistent
with the TEM results, so we cannot attribute the red shift to a
change in separation.

The two key findings of our Raman spectroscopy experi-
ments clear from Figs. 1 and 2 are related to the shear mode,
i.e., the drop in the normalized intensity (~ 2.3x) and the fre-
quency red-shift (Aw ~1.8cm™) with ion irradiation. Small
twisting angles can introduce a periodicity mismatch between
layers, altering the stacking configuration and causing a sharp
decay of SM intensity and a downward shift in position.””*"
The twisting is evident in the TEM observation (Fig. 4).
However, the twisting alone cannot explain the observed
peak shift (see Fig. S10 in the supplementary material).
Reductions in the shear modulus also contribute to a red-
shift in the SM. This is due to the reduced crystallinity in
MoS; under ion irradiation. The reduced crystallinity leads to
better lubricating properties, attributed to a greater tendency
to exfoliate and therefore a reduced shear modulus.” To
further corroborate this, we studied the effect of varying the
pixel spacing on the SM with a new set of irradiation experi-
ments. We used a fixed dose of 6 x 10 cm~? but we varied
the pixel spacing from 1 to 16 nm. The probe size was ~ 4 nm
(see Fig. S7 in the supplementary material).”” The resulting
Raman spectra are presented in Fig. 5(a). Figure 5(b) shows

ARTICLE scitation.org/journalljap

that as the pixel spacing decreases, the red-shift of the SM is
observed to increase (the total effect is approximately
0.5cm™Y). As pixel spacings decrease, the total undamaged
area is reduced. This suggests that regions of defective MoS;
may have a reduced shear modulus in addition to the twisting
effects.

IV. CONCLUSION

In conclusion, we explored the effects of increased disor-
der on the low and high frequency Raman peaks of bilayer
MoS,. In the low frequency range, we noticed that the shear
mode red-shifted and dropped in intensity with an increased
irradiation dose. We used TEM imaging to investigate and we
suggest that these changes can be attributed to a mixture of
local twisting of layers and a decline in the shear modulus
due to reduced crystallite sizes.

SUPPLEMENTARY MATERIAL

See the supplementary material for further information
on the irradiation, Raman, PL, and TEM experiments, data
treatment, and layer separation calculations.
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