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sulfur atoms that interacted with the electrons were sputtered first and the tungsten atoms
began to sputter when the surrounding sulfur atoms had been sputtered. With an increasing

irradiation time, the remaining tungsten atoms rearranged to form new structures. In addition,

the damage to the WS, nanosheets became more severe with increasing electron energies and

irradiation times.

Introduction

Currently, transition metal dichalcogenides (TMDs) with the
common structural formula AB,, where A stands for transition
metals (such as Mo, W and Ti) and B for chalcogens (such as S,
Se and Te), are receiving a significant amount of attention. In
particular, TMDs have a wide range of applications owing to
their unique structure where a layer of A atoms is sandwiched
between two layers of B atoms (B-A-B layer).! The atoms in
each layer are held together strongly by covalent bonds, while
the interlayers are weakly held together by van der Waals
forces. What is more, TMDs also have versatile electronic
structures, varying from metallic to semiconducting behavior.>?
Among many of the reported TMDs, MoS, and WS, have been
extensively studied. They have been studied as high-
temperature lubricants, as well as intercalation materials in
rechargeable batteries. It is only recently that the focus has
shifted to single layer or few-layer nanosheets of MoS, and
WS,. The effective methods used to synthesize MoS, and WS,
nanosheets are sonication*® and ion intercalation’’. TMDs
have special structures, which enable them to be used in single-
layer transistors,'®'!  rechargeable  batteries'>'*  and
optoelectronic devices.!>!” WS, has also been used as a solid
lubricant in aerospace. In addition, R. Bhandavat et al
synthetized surface-functionalized WS, nanosheets and studied
their performance as Li-ion battery anodes.'®

Recently, unprecedented levels of imaging contrast and
resolution have become available owing to advances in high-
resolution transmission electron microscopy (HRTEM).IQ'21
Many useful materials have been studied using HRTEM, which
have been used in many studies to characterize TMDs materials
with atomic resolution. HRTEM observes the dynamics of
individual atoms under the controlled influence of electron
beams, allowing this method to have the potential to provide an
instrument to measure chemical constants, cross sections of the
damage events and other characteristics of the dynamic
processes that occur on the atomic scale.??
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Incontrovertibly, more and more devices using TMDs are
often required to work in a radiation-hostile environment such
as in space applications, nuclear reactors, and scientific
instruments. Therefore, a good understanding of the radiation
damage to these materials is important for these different fields.
However, very few have studied the effects of electron
irradiation on WS, nanosheets. Jacopo Brivio et al. observed
the electron irradiation of ultrathin MoS, membranes® and the
defects in monolayer MoS, under electron irradiation.>* They
used HRTEM to observe the production of defects in the atomic
structures, because not only does HRTEM create defects in a
controllable manner, it also monitors the variations in situ. In
this paper, HRTEM is used both as an irradiation source and to
study the in-situ morphological and structural changes in WS,
nanosheets under the irradiation of an electron beam. The
effects of electron irradiation on WS, nanosheets are also
studied, because the irradiation damage mechanism present in
WS, nanosheets can be extended to other WS,-based materials
and TMDs. It is believed that studying irradiated WS,
nanosheets will provide useful informations for the selection of
materials that must undergo irradiation either during or prior to
application.

Experimental

To prepare the HRTEM (JEM-2100F) samples, WS,
nanosheets (purchased from Nanjing XFNANO Materials Tech
Co., Ltd., China) were dispersed in ethanol and ultrasonicated
for 30 min. The mixed solution was then dropped onto a Cu
grid. The HRTEM images were carried out at electron
acceleration voltages of 100, 120 and 200 kV with a current
density of 1.0x10° Acm™ and a single frame acquisition time of
1 s. Before the HRTEM measurements, liquid nitrogen was
poured into the reservoir to lower the temperature at 41.15K.
Moreover, the effect of irradiation was reduced at a negligible
level when images were taken to guarantee the image quality.?
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Fig. l.a Pristine WS, nanosheets before irradiation. Atomic-scale structures of the changes in WS, nanosheets after electron
irradiation at 100 keV for durations of (b) 0's, (c) 30 s, (d) 60 s, () 90 s, (f) 150 s, (g) 210 s and (h) 270 s.

To know the impacts of irradiation, the change of atom-scale
structure after irradiation are investigated by HRTEM and a
series of images with various exposure time under electron
acceleration voltage 100 kV are shown in Fig. 1. For the
pristine WS, nanosheets, before irradiation (Fig. 1a), the
ordered atomic structure where the tungsten (black dots) and
sulfur atoms (white dots) aligned had a hexagonal structure in
the WS, unit. According to the contrast between tungsten and
sulfur, their sites can be confirmed. Fig. 1b-l1h shows the
changes of defect with different irradiation times. Compare the
atomic structure of nanosheets to that before irradiation (Fig.
1b), a vacancy was produced when a sulfur atom was sputtered
from the surface of the WS, nanosheets after 30 s of irradiation

(¢) 1268

20 nm 4 20 nm

The evolution of the morphology of the WS, nanosheets after
100 keV of electron irradiation is shown in Fig. 2 as a function

2| J. Name., 2012, 00, 1-3

20 nm

Fig. 2. Evolution of the orphology of thz nanosheets after 100 kV of electron iaition, for different irradiation times.

(Fig. 1c). When the irradiation time was increased to 60 s, a
clear void (the right circle in Fig. 1d) emerged because the top
and bottom sulfur atoms had both been knocked out of the
nanosheets. New vacancies were generated with an increasing
irradiation time, leading to an increase in the vacancy
concentration, as well as the conversion of the triangular
vacancy clusters (Fig. le) into linear defects (Fig. 1f and 1g).
The evolution of these defects also can be found in the MoS,
nanosheets studied by Hannu-Pekka et al** After prolonged
exposure to the electron beam (Fig. 1h), a large hole formed in
the area where the tungsten and sulfur atoms had been sputtered
from.

(¢c) 60s

(d) 90s

20 nm

of the irradiation time. Upon comparing the eight images, only
some holes (the arrows shown in Fig. 2) appeared in the
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nanosheets and they shrank slightly before 150 s of irradiation
(Fig. 2a-2f). In contrast, additional holes and more shrinkage
were observed at 210 s (Fig. 2g) and 270 s (Fig. 2h) of electron

(b) 90s

(d) 270s

Fig. 3. Fast Fourier transformation patterns of WS, nanosheets
after 100 keV of electron irradiation.

(e) 120s

20 nm

20 nm

Fig. 4. Series of images showing the changes in WS, nanosheets after 120 keV of electron irradiation, for different irradiation
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irradiation. This indicates that a 100 keV electron beam focused
on a WS, nanosheets led to the generation of holes and caused
the morphology to shrink slightly. To further study the
structural changes, Fig. 3 shows some of the corresponding fast
Fourier transformation (FFT) patterns for the morphologies of
the WS, nanosheets shown in Fig. 2. The position and shape of
the diffraction pattern did not change, but the intensities of
diffraction spots became weaker. The new diffraction rings in
Fig. 3d were from the amorphous carbon on the Cu grid where
holes formed. This indicates that the 100 keV electron beams
only knocked out some of the atoms and had little effect on the
arrangement of the remaing atoms. This further demonstrates
that the nanosheets hardly changed and still maintained its
original crystal structure under electron irradiation of 100 keV.
The 120 keV electron beams were also used to irradiate the
WS, nanosheets. The morphological changes of the nanosheets
at different irradiation times are shown in Fig. 4. After only 30
s, many holes (the arrow in Fig. 4b) were formed on the
surfaces of the WS, nanosheets. With an increasing irradiation
time, shrinkage of the nanosheets was still observed, but some
of the holes disappeared. In comparison with the WS,
nanosheets under electron irradiation of 100 keV, the
nanosheets were destroyed more easily with a 120 keV electron
beam. This could be because there was enough energy to allow
the remaining atoms to rearrange. To provide more evidence of
the crystal structure in the nanosheets, Fig. 5 shows the FFT
patterns of the nanosheets morphological under electron
irradiation of 120 keV for different irradiation times. Fig. 5a
shows the diffraction spots for WS, and the diffraction

(¢c) 60s

(g) 210s

4 20 nm

times.

rings for carbon. After irradiation for 90 s, the intensities of the
diffraction spots became weaker, indicating that some of the
tungsten and sulfur atoms had been sputtered away, while the
other atoms remained. A similar phenomenon was observed
after 270 s of electron irradiation with energy of 100 keV.
However, changes in the crystal structure did not occur. After
150 s of irradiation (Fig. 5d), diffraction rings for the
polycrystalline  structure of tungsten appeared. This
demonstrates that the remaining atoms continued to rearrange,
transforming the crystal structure of WS, into the
polycrystalline structure of tungsten. In general, the structural
evolutions of the WS, nanosheets after 120 keV of electron
irradiation was not the same as that after 100 keV of electron
irradiation.

This journal is © The Royal Society of Chemistry 2012

As shown in Fig. 6, under electron irradiation of 200 keV
there are obvious and quick changes in the morphological of the
WS, nanosheets for different irradiation times. Fig. 6b shows
that the morphology changed significantly in a short time,
where some areas of the nanosheets were broken and the
volume contracted as a result of the higher electron energy,
which caused the atoms to move quicker after only 30 s of
irradiation. With an increasing irradiation time, the nanosheets
were damaged and they shrank more than those under electron
irradiations of 100 and 120 keV. From the morphological
changes, it was found that holes formed and shrinkage occurred
almost simultaneously, which is different from what occured
with low electron energies. This indicates that higher electron
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energies, made it easier to sputter the atoms and their motion
became quicker.

The interaction between the electron beams and the WS,
nanosheets was different for varying irradiation energies (see

(b) 30s

(d) 150s (e) 210s

Figs. 2, 4 and 6) and the tungsten and sulfur atoms in the WS,
nanosheets had different behaviors during the irradiation
process. The atoms were activated and tended to be sputtered
from the nanosheets, leaving vacancies in the WS, crystal

(¢c) 90s

Fig. 5. Fast Fourier transformation patterns of WS, nanosheets after 120 keV of electron irradiation.

lattice. The remaining atoms rearranged to form a new structure.

At the low irradiation energy of 100 keV, the generation of
holes and the shrinkage of the nanosheets were moderate.
However, there were two distinct stages under -electron
irradiation of 120 keV. The holes were mainly produced at the
start of the 90-s cycle and as the irradiation time increased the
lattice shrank and the holes disappeared. When the electron
energy reached 200 keV, there was no clear boundary between
the two stages, but the nanosheets shrank significantly.

The corresponding FFT patterns are shown in Fig. 7, which
demonstrate the structural variations in the structure of the
nanosheets. In Fig. 7a, the diffraction rings represent carbon
and the hexagonally-arranged diffraction spots correspond to
the WS, lattice plane. These spots become dim after 30 s of
irradiation (Fig. 7b), revealing the changes in the structure of
the nanosheets and the production of vacancies in the WS,
nansoheets. With an increasing irradiation time, the diffraction
spots became blurry, indicating that the crystal structure of
nanosheets was completely damaged (Fig. 7c¢). New
polycrystalline diffraction rings for tungsten emerged (Fig. 7d,
7e and 7f), implying that the remaining tungsten atoms had re-
aligned. The crystal structure evolution derived from the FFT

4| J. Name., 2012, 00, 1-3

images (Figs. 3, 5 and 7) is in good agreement with the changes
in the morphology.

In the HRTEM measurements, the radiation damage can be
divided into two categories. The first one is knock-on damage,
which is related to the displacement of atoms through direct
collisions between the energetic and target atoms. The second is
from excitation of the electronic system of the target.”® Based
on the above observations, the dominant radiation damage
mechanism in the WS, nanosheets was knock-on damage,
which is similar to the MoS, samples under electron irradiation,
studied by Hannu-Pekka Komsa er al?’ Irradiating the WS,
nanosheets followed gradual morphological and structural
evolution processes. At first, sulfur atoms were sputtered away
and vacancies were generated in the nanosheets, then linear
defects formed. With increasing irradiation time, when the
sulfur atoms that surrounded a tungsten atom had been
sputtered away, the tungsten atom had no W-S bonds and had
enough energy to be sputtered, leaving a new vacancy in the
WS, crystal lattice. If the remaining tungsten atoms did not
have enough energy to be sputtered away, they migrated toward
each other and rearranged to form atomic-scale tungsten crystal.

This journal is © The Royal Society of Chemistry 2012
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(b) 30s

To understand the kinetics of WS, sputtering, the interactions
between the electron collisions and atoms were investigated.
First, electron elastic collisions with the WS, nanosheets
transferred part of their energy to the targeted tungsten and
sulfur atoms. The maximum amount of energy transferred to
the target atoms can be calculated using®®

2E,(E, +2m,C*) 0
- Mmc?
where E, is the electron energy, m. and M are the electron and
target atom masses respectively, and C is the speed of light.
According to Eq. 1, E, ., decreases as the mass of the target
atoms increases and is proportional to the incident electron
energy, in other words, the displacement of a heavy tungsten
atom requires a higher incident electron energy than that of a
light sulfur atom. A higher incident electron energy facilitates
the easier displacement of atoms.
If E.x exceeds the displacement threshold energy (T,) of an
atom, a large angle scattering can permanently displace atoms
from their lattice sites and change the crystal structure. When

E
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E,ax = Tg, the electron energy is the minimum incident energy
of a target atom sputtered. And because of m,c’=511 keV >> T
and M/m.,~1823 A >> 1, where A is the atomic mass number
of an atom. The minimum incident energy (E;™") is*’

E™ = (S11keV){[1+ AT, / (561e¥)]"* -1} @)

According to Eq. (2), E;™ increases with an increasing
displacement threshold energy and atomic number.

For electron-induced sputtering, T4 is the sublimation energy
Eqb.>?? The calculated minimum electron energies for sulfur
and tungsten are listed in Table 1. The minimum electron
energy for the sulfur is lower than 100 keV. In contrast, the
minimum electron energy for tungsten is higher than 100 keV.
Therefore, the sulfur atoms were easier to sputter than the
tungsten atoms, which is consistent with the experimental
results. Because of the higher displacement threshold of the
tungsten atoms compared with the sulfur atoms and the
tendency of the tungsten atoms to form metallic clusters, the
tungsten atoms aggregated

J. Name., 2012, 00, 1-3 | 5
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(d) 90s (e) 120s

Fig. 7. Fast Fourier transformation patterns of the images for the duration of (a) 0 s, (b) 30's, (c) 60 s, (d) 90 s, (e) 120 s, and (f)

(f) 150s

150 s.
at the edges of the damaged areas, while the sulfur atoms were
Table 1. The minimum electron energies evaluated for simply sputtered away.’® When the S atoms surrounding a
displacement energies of E . tungsten atom had all been sputtered away, the W-S chemical
Element Atomic wt. | Egp(eV) E.""  (keV) for bonds were broken and the WS, lattice networks became very
symbol T=Eq unstable. This decreased t.he dlsp}acement threshold energy of
the tungsten atoms, allowing the isolated tungsten atoms to be
S 321 6.9 93 sputtered. It can be concluded that the sulfur atoms were
sputtered much easier than tungsten atoms under the same
w 183.9 8.92 501 irradiation conditions and higher electron energies caused the

atoms to be sputtered faster.

Table 2. The S/W ratios under different electron energy with different irradiation time.

Irradiation times (s) 0 30 60 90 120 150 210 270
The ratio (S/W) at 100 keV 1.54 1.27 1.06 1.00 0.82 0.64 0.61 0.60
The ratio (S/W) at 120 keV 1.47 1.12 0.92 0.68 0.62 0.52 0.43 0.37
The ratio (S/W) at 200 keV 1.5 0.65 0.17 0.12 0.06 0.03 - -

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 6
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The energy dispersive spectra (EDS) of WS, nanosheets
irradiated by different electron energy beams were also
examined. Table 2 shows the S/W ratio under different electron
energies for different irradiation times. The corresponding
curves are shown in Fig. 8.The initial S/W ratio was about 1.5.
It was less than 2 because the WS, nanosheets were not fully
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Fig. 8. The S/W ratio curves under different electron
energies for different irradiation times.

S/
o o
o N

intact and some defects were introduced during the preparation
process.’!
reduction of the sulfur atoms than that of the tungsten atoms,
which also occurred in WS2 nanotubes, demonstrated by
Kewang Ding et al.32 Under electron irradiation of 200 keV,
the sulfur atoms disappeared. However, there was a surplus of
tungsten atoms at 150 s and the declining rates of the S/W ratio

was quicker than the other energies, indicating that the sulfur

The decline of every curve indicates the faster

atoms were sputtered quickly under high electron energies. The
EDS results are consistent with the morphological and
structural evolution (Figs. 6 and 7). The S/W ratio at 100 keV
decreased initially, becoming stable after 150 s of irradiation.
This was because the electron energy was close to 93 keV and
at this energy it is not easy to sputter the all of sulfur atoms in
an intact WS, lattice. Compared with 120 keV, after 150 s the
S/W ratio still had a slow decline, which indicates that the
process of sputtering sulfur atoms under irradiation of 120 keV
takes longer and is more serious than that under irradiation of
100 keV. These changes are consistent with the previous
evolution of the morphology (Figs. 2 and 4) and also
demonstrate that our inference is reasonable. In general, the
damage to the WS, nanosheets became worse with increasing
electron energy and was proportional to the irradiation time.

Conclusions

This journal is © The Royal Society of Chemistry 2013
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In summary, this study shows that some of the sulfur atoms
in WS, nanosheets could be sputtered to form vacancies under
electron irradiation of 100 keV and these vacancies generated
linear defects with an increasing irradiation time. Once the
sulfur atoms that surrounded a tungsten atom are sputtered
away, the remaining tungsten atom could be sputtered. The
remaining atoms were attracted to each other and moved,
making a smaller hole, when they had enough energy. This
shows that some parts of the nanosheets shrunk on the macro
level and rearranged to form the polycrystalline structure of
tungsten. What is more, it can be concluded that there were two
stages in the irradiation process. One was that holes formed,
and the other was that the lattice shrank, which was clearly
observed at 120 keV of electron irradiation. In addition, the
nanosheets became more damaged with increasing electron
energy and this damage was proportional to the irradiation time.
On the whole, the WS, nanosheets could be destroyed by
electron beams with energies greater than 100 keV and the
sulfur atoms were easily sputtered than the tungsten atoms. As
the nanosheets had different changes with different electron
energies, the electron energy could be controlled to obtain the
desired structure.
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