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The various morphologies of tracks in MoS, irradiated by swift heavy ions at normal and 30° incidence with 9.5—
25.0 MeV/u 8Kr, 12Xe, '8!Ta, and 29Bi ions were investigated by transmission electron microscopy. The diameter of
ion tracks increases from 1.9 nm to 4.5 nm with increasing electronic energy loss. The energy loss threshold of the track
formation in MoS, is predicted as about 9.7 keV/nm based on the thermal spike model and it seems consistent with the
experimental results. It is shown that the morphology of ion tracks is related to the penetration length of ions in MoS,. The
formation process of ion tracks is discussed based on the cooperative process of outflow and recrystallization of the molten

phase during rapid quenching.
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1. Introduction

Swift heavy ions (SHIs) with specific energy more than
1 MeV/u deposit their energy into the target electrons pre-
dominately by ionization and electronic excitation (i.e., elec-
tronic energy loss) during slowing down in solids. After trans-
ferring the deposited energy to the target lattice by electron—
phonon coupling, !l a permanent damage along the ion path,
so called ion track or latent track, can be produced. Usually,
the ion track is cylindrical with several nanometers in diame-
ter. SHIs can be used to modify the material properties by con-
trolling the incident energy and radiation fluence. Recently,
many potential applications of SHIs have been demonstrated,

such as the nano-filtration membranes, 23]

nanopores for sin-
gle biomolecular detection,*! and ion track templates for elec-
tronic devices.’! Therefore, SHIs irradiation is considered to
be one of the most powerful tools for defect engineering at the
atomic scale in materials.[*-!1]

Molybdenum disulfide (MoS;) has attracted much atten-
tion due to its outstanding electrical, mechanical, and optical
properties.!'>"131 As a typical layered material, it can be ex-
foliated to monolayer or a fewer layers because of the weak
Van der Waals force between layers. In particular, MoS; can
be transferred from indirect to direct band-gap material when
its thickness decreases to single layer. Moreover, a single layer
MoS; transistor was found with ultrahigh mobility and current
on/off ratio at room temperature.[!?]

Ion irradiations in MoS, can introduce nano-defect struc-

ture and thereby change the physical, catalytic, or electronic

DOI: 10.1088/1674-1056/abadle

performance. MadauB e al.!''l observed the nano-hillocks,
foldings, and nano-incisions in irradiated MoS, with the thick-
ness ranging from bulk down to single layer by atomic force
microscopy (AFM). However, due to the limited resolution
and finite curvature radius of the AFM tip, the actual size and
structure inside the bulk cannot be obtained by this technique.
On the other hand, despite the craters, bumps, and onion-like
structures were observed in MoS; irradiated with cluster ions
Ce0,!1%! the electronic energy loss (dE/dx). of the cluster
ions was much higher than that of GeV monoatomic heavy
ions. Until now, the detailed morphology and structure of
ion tracks in MoS; irradiated with GeV heavy ions have not
been illustrated and the formation process and mechanism are
still unclear. More recently, we reported that the morphology
of ion track in rutile TiO, evolves as a function of ion path
length from cylinder to dumbbell-shape and then to sandglass-
shape.!!”! To the best of our knowledge, the conical track near
the surface of the sample was observed only in several metal
oxides, such as rutile TiOz,m] A1203,[18] yttria-stabilized cu-
bic ZrO, (YSZ),["”) and Gd,Zr,O;7 pyrochlore.!?°! Further
work is required to thoroughly explore the interpretation of
the conical track formation in some materials.

In this work, we report the direct observations of the var-
ious morphologies of tracks in irradiated MoS, with the help
of transmission electron microscopy (TEM). Furthermore, we
reveal that the morphology of ion tracks in MoS; is dependent
on the ion path length. Based on the experimental evidence,
the outflow of molten phase and recrystallization during rapid
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quenching are proposed to explain the formation mechanism
of various morphologies of ion tracks in MoS,.

2. Experimental details

The fine powders of MoS, with sample size 200 nm—
2 um were supplied by Goodfellow Corporation, its thick-
ness was around 30-200 nm. After ultrasonic treatment for
the MoS, powders mixed with ethanol, the samples were dis-
persed on TEM copper grids, which were directly used for
irradiation experiments and TEM observation. The schematic
diagram is shown in Fig. 1. Irradiation experiments were per-
formed in Heavy Ion Research Facility in Lanzhou (HIRFL).
The samples were irradiated by 3Kr, '>°Xe, '8/ Ta, and 2*Bi
ions with initial kinetic energies of 25.0 MeV/u, 19.5 MeV/u,
12.5 MeV/u, and 9.5 MeV/u under normal incidence, respec-
tively. Some samples were irradiated by '8! Ta ions with ini-
tial kinetic energy of 1785.7 MeV at 30° oblique angle (rel-
ative to normal direction) at room temperature. The range
of ion fluence was chosen between 5x10'” ions/cm? and
5 x 10'? ions/cm? in order to easily find and observe the tracks
in TEM. The ion flux was detected on-line by the 18 um alu-
minum foils detector which was less than 2 x 10® jons/(cm?-s)
to avoid macroscopic heating in the samples. The fluence was
determined with an uncertainty of 10%—-20%. Aluminum de-
graders (99.99% purity) with different thicknesses were usu-
ally placed in front of the samples in order to change the in-
cident energy. The specific irradiation parameters of MoS;

calculated by SRIM-2013 are displayed in Table 1. As the
(dE/dx). is three orders of magnitude larger than the nuclear
energy loss (dE/dx)y, the influence of the nuclear energy loss
can be neglected. The irradiated samples were characterized
by TEM (FEI Tecnai G2 F20 S-TWIN) with 200 kV acceler-
ating voltages. To determine the average ion track diameter
(D,), more than 100 ion tracks were measured for each irradi-
ated sample using the free software Nano Measurer.

MoSs powder+ethanol

| ultrasonic

I I

ion irradiation

ion irradiation
305/ ... L4

Fig. 1. A sketch map of experiment process.

Table 1. Irradiation parameters for MoS,.

Ton Energy/MeV (dE/dx)e/(keV/nm) (dE/dx)n/(keV/nm) Range/um Fluence/(ions/cm?)
86Ky 2029.4 7.7 3.9x1073 193.6 5x1010

8Ky 1795.3 8.2 44x1073 164.0 5%1010

86Ky 1503.4 9.1 5.1x1073 130.2 5%1010
129%¢ 2047.5 18.9 1.2x1072 96.8 5x1012
181y 1785.7 28.8 3.2x1072 65.8 5x1010
209B; 1390.0 352 5.7x1072 46.8 5%x10!!

3. Results and discussion

Figure 2 shows the plan-view TEM images of the irra-
diated MoS, with Xe, Ta, and Bi ions. A number of tracks
were observed after Xe, Ta, and Bi ions irradiation and it was
found that the number of tracks increases with increasing ion
fluence. The left and right TEM images of the same area were
taken under the over-focus and under-focus conditions, respec-
tively. The different contrasts of the tracks can be seen clearly.
Such Fresnel contrast indicates that the lower density or empty
region than the matrix was formed along the ion path.[17-21:22]
According to the projection charge density approximation, the

intensity distribution of image in TEM is given by!?*!

I(x.y) = 1+2162p(x.y). (1)

where [ is the distance from the image plane, ¢ is interaction
constants, A is the defocus distance, and p(x,y) is the pro-
jected charge distribution. The projected charge distribution
of light elements or low density areas is small, and the phase
contrast reversal will occur when A > 0 or A < 0.

No tracks were observed after Kr ions irradiation, the
(dE/dx). of which are 7.7 keV/nm, 8.2 keV/nm, and
9.1 keV/nm, respectively. Therefore, the electronic energy
loss threshold for the formation of tracks in MoS; induced
by ~ 15 MeV/u heavy ions should fall between 9.1 keV/nm
(1503.4 MeV Kr) and 18.9 keV/nm (2047.5 MeV Xe). More-
over, Szenes et al. proposed the following formula which

could quantitatively predict the energy loss threshold (Se() of
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the track formation: 24

Set = mpcToa®(0) /g, )

where p, ¢, and Ty denote the density, the average specific heat,
and the difference between the melting point 7j,, and the irradi-
ation temperature T, respectively. For MoS,, p is 4.8 g/cm?, ¢
is 0.5 J/g-K,”>>) and Ty = Ty, — T = 1723 K, where Tj; is 300 K
and Ty, is 2023 K.[251 4(0) is 4.5 nm and it is not depend on the
specific ion energy E.[?! The efficiency g considerably varies
with E in the range 0.17 < g < 0.5 which is related to the ve-

(271 and g is 0.17 for the high ion velocities. So

locity effect,
the calculated energy loss threshold of the track formation in
MoS; is 9.7 keV/nm. Previously, Furuno et al.!*8! observed
the discrete tracks of 117 MeV Cl ions (~ 3 MeV/u) in MoS,
at (dE/dx). = 6.4 keV/nm. It should be due to the velocity
effect,[7-2°1 which has already been observed in other materi-
als irradiated with swift heavy ions.%=3?] Tt is known that the
radial distribution of & electrons excited by incident ions in
target materials is velocity-dependent. For high-velocity ion,

the energy deposition is smeared out into a larger radius.

Fig. 2. Plan-view TEM images of MoS; after swift heavy ion irradiation
with (a), (b) 12Xe 5 x 102 jons/cm?, (c), (d) '¥!Ta 5 x 10'° jons/cm?, and
(e), (f) 29Bi 5 x 10! jons/cm?. The left and right rows are the phase con-
trast images obtained at under-focus and over-focus conditions, respectively.

The diameter distribution of ion tracks in irradiated MoS,
with different (dE/dx)e is given in Fig. 3. It can be seen
that the average diameter of ion tracks (D,) increases from
1.9 nm to 4.5 nm as (dE/dx). increases from 18.9 keV/nm
to 35.2 keV/nm. It is consistent with the diameters of tracks
created by 1 GeV Pb ions at (dE/dx)e = 36.0 keV/nm. 33

Although the Fresnel contrast of the tracks was observed
in the irradiated samples under normal incidence, it needs to be
validated further whether the track is partly or entirely empty.

In order to observe the actual morphologies along the entire
length of the ion track in MoS,, the irradiation experiments
under 30° incidence were carried out and the TEM results
are shown in Fig. 4. The morphology of the entire track in
Fig. 4(a) appears to be cylindrical with an apparent length
about 30 nm. The circular features at each end of the tracks
are visible and the diameter is about 4 nm. They can be as-
signed as spherical hillocks formed on the both surfaces of the
sample.[!72!1 According to the thermal spike model,*! it is
known that local melting occurs along the ion path during in-
teracting with SHIs as sketched in Figs. 5(a) and 5(b). Due
to the difference between the densities of matrix (solid) phase
and molten (liquid) phase, the molten matter will flow out to
the top and bottom surfaces to release the enhanced interior
pressure. Then the hillocks are formed (Fig. 5(c)) and they
adopt spherical shapes because the surface area and potential
energy of the sphere are smallest. The whole formation pro-
cess of ion tracks may take about 10~100 ps.3* The formation
of hillocks implies that there are some empty parts in the track,
and it is consistent with the observed Fresnel contrasts in the
plan view of TEM (Fig. 2). We also compared the volume of
two hillocks (V4,) and track on the ion path (V;;) in irradiated
MoS;. In the case of the track shown in Fig. 3(a), the V;, is
83.2 nm> which is significantly smaller than V. (435.4 nm?).
Thus, it can be speculated that the interior of the ion track in
MoS; is not completely empty.

40
: D, =(1.940.2) nm
357 ‘\ Bl 18.9 keV/nm
B 28.8 keV/nm
_E 301 Il 35.2 keV/nm
£ o5t D= (3.7+0.5) nm
Yy
o
= 201
[
Q
g 151
25 D,=(4.5£0.8) nm
10
5
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Diameter of the tracks D/nm

Fig. 3. Statistical diameter distribution of ion tracks in irradiated MoS,
with different electronic energy losses. The average diameters of the
ion tracks (D,) are fitted according to Gaussian curve.

As the apparent length increases to about 180 nm, the
ion track morphology displays a sandglass-like shape and the
“waist” location is marked by the red arrow in Fig. 4(b). The
cones of ion track appear next to the hillocks when the appar-
ent length increases further and it looks like g-tips-like shape
as shown in Fig. 4(c). Those special track morphologies at-
tribute to the recrystallization process of the molten phase,
which starts along the matrix-molten phase interface and has
a similar lattice with initial states (Fig. 5(d)). Moreover, the
tracks seem to be continuous with apparent length of longer
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than 187 nm. The present results are different from our previ-
ous results in the case of rutile TiO;, where the ion track was
discontinuous for the ion path length longer than 150 nm.!”]

The tracks are still continuous in irradiated MoS, when the ion

5 nm
—

path length (or actual track length) is even longer than 216 nm.
The actual track length was estimated according to the sim-

ple relation between the apparent length (L,p) and actual track
length (Lyc), given by Lac = Lap/ c0s30°.

Fig. 4. TEM images of different ion track morphologies of MoS, irradiated at 30° with 1785.7 MeV '8!Ta ions. (a) Nearly cylindrical ion
tracks consist of two spherical hillocks at each end. (b) Sandglass-like ion tracks. The apparent length in MoS, sample is about 180 nm. (c)
The qg-tips-like ion tracks. The size of hillocks increases with increasing apparent length.

(a) (b) (c) (d)
hillock
porous structure
i
tri tri <
matrix matrix
phase phase —> <—
— <
v
hillock
SHIs bombardment melting outflow recrystallization

Fig. 5. Schematics of the formation process of ion track in irradiated MoS, with SHIs. (a) SHIs bombardment. (b) Target material melting
along the ion path. (c) Outflow of molten phase towards the free surface. (d) Recrystallization in ion damage zone.

Table 2. Track related parameters of MoS, with different morpholo-
gies. Morphology, hillock diameter (Dy), apparent track length (Lyp),
and actual track length (L,c) were obtained from TEM measurements in
Fig. 3.

Morphology Lyp/mm Lac/nm Dyp/nm
cylinders 30.5+1.0 352+1.2 4.0+0.2
sunglass 180.3+1.1 208.2+1.3 16.6 £0.7

q-tips 187.4+1.4 2164+1.6 20.6+1.1

Another remarkable feature is that these g-tips-like tracks
have very big hillocks (~ 21 nm), which are five times as big
as presented in Fig. 4(a). The related track data of MoS; with
different morphologies are shown in Table 2. As a compari-
son, the hillocks in various morphologies of ion tracks almost
have the same size in rutile TiO;, and they do not change with
the ion path length.!'”] Thus, it can be deduced that the diam-
eter of hillock and the morphology of ion tracks change as a
function of the ion path length in irradiated MoS,. Until now,
similar morphologies of the ion tracks were also observed in
several oxides such as rutile TiO,, Al,O3, YSZ, and GdyZr,O7
pyrochlore.!'7-201 Here, it is the first time to observe various
morphologies of ion tracks in non-oxides MoS,, which has
typical layered crystal structure and strong anisotropy.

In fact, the cylindrical tracks are more common and they
were always observed in many irradiated materials, such as
NiO, 22! zircon, 3! apatite,[%] and YIG.B3"! During the forma-

tion of ion tracks, the recrystallization ability is a critical factor

117.38] which is considered

determining the track morphology,
to be related to the intrinsic properties of materials, such as the
lattice structure and atomic diffusion velocity. The complex-
ity of material structure can be considered as a crude estimate

[38] The simula-

of the recrystallization ability in SHI tracks.
tion on atomic pair distribution function analysis found that
MgO (3 peaks, cubic system) with “simple” lattice structure
has strong recrystallization ability, so that the SHI tracks can
be recovered to almost the virgin state. For comparison, par-
tial recovery was found in Al,O3 (15 peaks, trigonal system)
and almost no recovery in Y3AlsO;> (YAG, 19 peaks, cubic
system).38! In other words, these “complex” lattice structures
can suppress recrystallization. The lattice structure of MoS;
has 5 peaks*°! in pair distribution function which are slightly
more than those of MgO. Therefore, it can be predicted that
the recrystallization ability of MoS; is poor than MgO but
stronger than YAG. On the other hand, the earlier studies
have revealed that the growth rate of high-energy facets in the
lateral direction is higher than that of the low-energy facets
in the vertical direction in naturally layered materials,[#0:41]
and the competition between the intralayer and interlayer in-
teractions is the key factor for materials growth.[*? There-

fore, the recrystallization growth of MoS, in molten zone
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can be significantly different from those of oxides bulk ma-
terials, which is attributed to the layered structure and strong
anisotropy. The evidence of recrystallization process in irradi-
ated graphite with heavy ions was also found by using Raman
spectroscopy. 4!

Now, we discuss the possible reason for the conical shape
formation. The target material is transiently heated during
interaction with SHIs and generates a molten area. Subse-
quently, thermal expansion causes a compressive stress in the
material. The stress gradients propel the molten matter to-
wards and out of the surfaces from the track interior.[??! The
interior atoms which are farther from the surface in melting
phase require more energy and time to flow out than those
atoms closer to the upper and lower surfaces. The deeper
atoms in melting phase can hardly move to the surface, and
finally are left in materials. In this case, they are easier to
preferentially recrystallize along the interface between the ma-
trix and molten phases in terms of epitaxial growth. Thus, the
formation of the conical shape tracks is attributed to the coop-
eration between the outflow of molten matter near the surface
and the recrystallization during the rapid quenching.

4. Conclusion

The ion tracks in MoS; were created by electronic en-
ergy loss processes above a critical threshold of 9.7 keV/nm.
Fresnel contrast was observed for ion tracks in MoS; by TEM
which indicates the lower density in the ion track. The cylin-
drical, sandglass-like, and g-tips-like morphologies of ion
tracks were observed in SHIs irradiated MoS; as a function
of the ion path length. It was proposed that the recrystalliza-
tion plays a major role in forming different morphologies of
ion tracks, and the recrystallization ability seems to be related
with the complexity of lattice structure in MoS,.
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