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Abstract—Ion beam technology is an excellent tool for changing and investigating the structural and surface
properties of crystals. In this paper, the possibility of modifying the surface of a thin LiF film under irradiation
with low-energy Cs ions with an energy of 1 keV using the SRIM software method is investigated. The results

of the study show that the average range of cesium ions is 51

A, and the average surface binding energy is

2.8 eV. Due to the transfer and distribution of the energy of bombarding ions to the atomic lattice and as a
result of the displacement of the lattice atoms from their initial positions, it is possible to obtain the value of
displacement defects. The defect formation profile was investigated depending on DPA, which implies that
the maximum peaks of defect displacement for LiF are at a crystal depth of 16 A from the surface.
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INTRODUCTION

Optical crystals have gained great popularity as a
material for various radiation technological purposes
due to their interesting lattice structural properties,
which depend on the local arrangement of atoms [1—
6]. At the same time, these structural features can be
modified by changing the local arrangement of atoms
in the crystal lattice using various methods based on
the specifics of the application and application [7—
10]. One of these methods is the diffusion of atoms on
the surface [11—13]. The method of diffusion from the
surface to the volume of a solid has its disadvantages,
the main of which is the low diffusion rate, especially
at low temperatures [ 14, 15]. Another equally effective
method is ion beam technology [16, 17], which uses
ions of different energies to process materials [18, 19].
Also, ion beam etching remains an indispensable tool
for surface cleaning [20]. Various ion sources are used,
including gas discharges, particle accelerators and
nuclear reactors [21]. During such processing, enor-

mous energy is transferred to the material through the
electron-phonon interaction [22, 23]. The advantage
over other material processing methods is that it allows
materials to be processed with high precision and
reproducibility. This makes ion beam technology ideal
for applications where high precision is required, for
example, for the manufacture of microchips or optical
components, as well as for processing materials that
are brittle or sensitive to heat [16, 24, 25]. One such
material is lithium fluoride, with a wide range of
applications in radiation technology [26]. The crystal
has a number of properties—high dielectric strength
and good transparency, which make it ideal for radia-
tion applications. LiF crystals are used as protection
against the effects of X-ray radiation [3, 27], and are
also used as neutron [28], X-ray and gamma radiation
detectors to obtain images of organs and tissues [29].

Any irradiation of a solid results in a huge energy
release, which displaces the atoms of the lattice from
their original positions, and such displacement of
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atoms ultimately causes stress in the geometry of the
crystal lattice, a phenomenon called structural modi-
fication [30, 31]. Structural modification causes the
formation of vacancies and point defects in the regular
crystal lattice [32, 33]. But the use of low-energy ions
when modifying the surface of crystals is often not
attractive due to the small penetration depth and long
irradiation time [34—37]. Analysis of collision events
provides detailed information about the displacement
of atoms. When atoms collide, energy and momentum
are exchanged. As a result, atoms can be displaced
from their positions in the crystal lattice. Analysis of
collision events also allows one to determine the
parameters of atomic displacement, vacancies and
defects [38]. Moreover, the analysis of collision events
also provides results on the formation of defects along
the displacement directions, which carry important
information in the context of ion bombardment. In
addition, the collision cascade increases the surface
sputtering efficiency, which can be used for surface
modification. Thus, bombarding a surface with
atomic particles can be used as a powerful tool to engi-
neer a defective sample surface followed by modifica-
tion (etching, diffusion, defect engineering). Previous
work has shown that the SRIM software product
indeed complements, visualizes and explains some
inexplicable physical phenomena obtained experi-
mentally [32]. In this work, the effect of low-energy
(1 keV) Cs ions on a thin film of LiF crystals was stud-
ied. The purpose of this study is to study the interac-
tion and influence of heavy low-energy ions on the
modification of the surface region of the sample using
a technique for modeling the interaction of ions with
matter. The data obtained in this work can serve to test
the mechanisms of defect formation and modification of
the surface region of ionic crystals using low-energy ions
and to compare previous experimental works [32, 39].

MODELING TECHNIQUE

The SRIM/TRIM (Stopping and Range of Ions in
Matter/Transport of lons in Matter) program is a soft-
ware for modeling the interaction of ions with matter
[40]. She uses the Monte Carlo method to track the
trajectory of an ion in a substance. We used the
SRIM/TRIM software package to study surface and
structural modifications of LiF based on the sputter-
ing coefficient and the surface binding energy of
atoms. Experimental data on the parameters of the
LiF crystal were used as initial data for modeling.

The following parameters were used to simulate the
process:

Crystal type and structure: LiF-cubic face-cen-
tered, lattice parameter: 4.020 A, lithium atom mass —
6.941 amu, fluorine atom mass—18.998 amu, cesium
ion mass—132.905 amu, target density—2.635 g/cm? =
1.2235 x 102 at/cm’.
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During the simulation process, data about the
bombarding ion, the substance, and collision condi-
tions are entered into the SRIM program. The pro-
gram calculates the ion’s trajectory in the material
using the Monte Carlo method and outputs simula-
tion results, such as the ions energy, its position, and
direction of movement. Figure 1 presents the visual
environment of the SRIM program — the formation of
defects and the range of cesium ions through the depth
of the LiF crystal at a 0° angle relative to the surface
normal with an energy of 1 keV. From the figure, one
can obtain the range of cesium ions in the LiF sample,
and based on a detailed collision event, an estimate
can be given on the data about energy release. Also, in
TRIM mode, the program shows how bombarding
cesium ions displace lattice atoms from their original
positions, thereby creating vacancies and point defects
in the periodic arrangement of the LiF crystal. Fur-
thermore, the displacement cross-section value of
atoms and their impact on the modification and struc-
tural properties of the sample surface were determined
and analyzed based on displacement defects, as a
result of bombardment with heavy low-energy ions.
The distribution profile of vacancies, interstitial
defects, and substitution atoms from the surface to the
depth of displacement in the sample was also studied.

Analyzing the sequence of collisions, information
can be obtained about the creation of displaced atoms,
interstitial defects, substitution atoms, and vacancies.
Thus, during the collision events, there is a transfer of
energy from the ions to the sample, leading to surface
and bulk damage in LiF. Finally, the distribution of
damage was studied from the perspective of the defects
created in LiF crystals during the bombardment with
Cs ions, providing information on the depth of inter-
stitial defects in the sample, to which such damage
reaches and creates substitution defects and vacancies.

In this study, to investigate the damages caused by
the impact of Cs ions with an energy of 1keV on LiF
crystals, a full-stage calculation was conducted based
on the Kinchin-Pease model [41]. During the simula-
tion, the thickness of the LiF film was set to 150 A,
cesium ion energy to 1 keV, and displacement energy
and bond energy to 25 and 3 eV, respectively, which are
very important parameters for the study of surface
sputtering.

As is known, the SRIM/TRIM software is used to
understand the interaction of different ions with vari-
ous samples, which is based on Monte Carlo simula-
tion using the binary collision approximation [42].
This method predicts the range of bombarding ions,
the ion deceleration process, energy release, and other
physical properties, such as information on atomic
recoil damage and sputtering.
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Fig. 1. Visual environment of the SRIM program for the formation of defects and the run of cesium ions along the depth of the
LiF crystal at an angle of 0° relative to the surface normal with an energy of 1 keV, obtained by computer simulation of atomic

collisions.
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Fig. 2. The profile of the cesium ion path along the depth of the LiF crystal under irradiation with an energy of 1 keV.

RESULTS AND DISCUSSION

As shown in Fig. 1, the range of cesium ions at a 0°
angle relative to the surface normal with an energy of
1 keV penetrates the volume of the LiF crystal up to a
depth of approximately 34—75 A (this can also be con-
firmed from Fig. 2). Simultaneously, displacement
defects (green dots) of lithium ions, vacancies of lith-
ium atoms (brown dots), displacement defects (light
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blue dots) of fluorine ions, vacancies of fluorine atoms
(dark blue dots), and substitution defects of cesium
ions (red dots) are formed.

Based on the physics of the elastic collision of two
particles, each time cesium with an energy of 1 keV
strikes a fluorine or lithium atom, it transfers a signif-
icant portion of its energy, resulting in a collision cas-
cade (Fig. 1). After the ion changes direction, the par-
ent atom rebounds due to the cascade (forming dis-
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placement defects—green dots), and all its subsequent
collisions result in the formation of vacancies, dis-
played as blue dots. Thus, one atom from the cascade
creates more than 21 vacancies along its path.

It is known that during the bombardment of ions
with the surface of crystals, phenomena such as ion-
ization, electronic excitation, defect formation, sput-
tering, etc., occur. An important factor in stimulating
sputtering is the formation of defects. The higher the
concentration of defects, the higher the sputtering coeffi-
cient and the more effective the surface erosion. The
quantitative character of the sputtering coefficient Kg, of
materials can be expressed in terms of the number of
sputtered or secondary atoms (Ng,) by one ion (Np,):

I<Sp = NSe/NPn (1)

where Ng, is the number of sputtered or secondary
atoms; Np, is the number of incoming ions.

According to Sigmund’s theory, the sputtering
coefficient depends on the electronic and nuclear
stopping powers, as well as on the mass of the incom-
ing ion [43]. According to our SRIM results, the cor-
responding average range of cesium ions in lithium
fluoride crystal is about 51 A (Fig. 2). This means that
the main concentration of cesium-induced defects is
focused at a depth of 51 A within the LiF crystal.
Moreover, this sputtering is also associated with the
energy released during deceleration on the electronic
shells and nuclei of ions. The calculations obtained from
SRIM show that for cesium ions at an energy of 1 keV, the
deceleration on electronic shells equals—1.7 eV/A.

dE/dxg.. =1.7eV/A.

Also, for cesium ions at an energy of 1 keV, the
deceleration on nuclei corresponds to:

dE/dxy,, = 61.8eV/A.

As evident, the deceleration of cesium ions on the
nuclei of the sample is 36 times greater than on the
electron cloud.

Thus, in the case of irradiation with Cs ions at an
energy of 1 keV, atoms of the LiF crystalline structure
are displaced from their positions due to the redistri-
bution of energy release, initiating a cascade of colli-
sions with the displacement of lithium and fluorine
atoms. During the collision cascade, some atoms are
also repelled, contributing to the phenomenon of sur-
face sputtering. Moreover, some atoms, due to recoil
cascades, return from the bulk to the surface and, after
transferring their energy to surface atoms, destroy the
surface binding energy that holds fluorine and lithium
atoms on the surface. Figure 3 shows the distribution
profile of absorbed energy by lithium and fluorine lat-
tice atoms in the LiF crystal depth from bombarding
cesium ions with an energy of 1 keV. As we have
already stated, the energy of bombarding cesium ions,
approximately 810 €V, is distributed among the lattice
atoms during the collision. On the surface, lithium
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atoms receive energy from cesium ions of 221 €V, and
fluorine ions receive approximately 620 eV; the trans-
ferred energy decreases to zero at a crystal depth of
30—40 A. This means that the cesium ion, upon con-
tact with the surface, begins to transfer its energy and
stops at a depth of the crystal of 34—75 A (Fig. 2).

Surface binding energy is the energy that binds
atoms together near the surface, necessary for remov-
ing lithium or fluorine atoms from the crystal surface.
The value of the surface binding energy of LiF,
obtained by ion sputtering methods, is about 2.8—
3.2 eV [44]. When the energy received is higher than
this value, surface sputtering occurs. Therefore, the
sputtering process depends on this surface binding
energy, which must be lower than the energy of the
incoming ion or the energy of the ion cascade. We
obtained the average surface binding energy directly
from the TRIM results. If the energy of recoil atoms is
sufficient to break the valence surface bonds, as shown
in Fig. 4, which is 2.8 €V, then with increasing energy
of the cascade atom, the valence surface bond breaks,
and an atom or molecule detaches from the solid sur-
face and leaves the sample surface. As seen, the distri-
bution of excited atoms below 2.8 eV is very high, but
this energy is insufficient for sputtering from the sur-
face. This means that to detach a lithium or fluorine
atom from the LiF surface, the recoil atom’s energy
must be at least 2.8 eV (Fig. 4). Finally, the recoil
atom’s energy for breaking valence surface bonds
depends on the mass of the primary ion. Thus, by
choosing a suitable heavy ion, one can easily deter-
mine the average surface binding energy. This makes
irradiation ions a suitable tool for surface processing.

The interaction of cesium ions with the atoms of
the LiF sample can be analyzed based on collision
events, as these collisions lead to the formation of
defects and displacement of atoms from their regular
positions in the lattice. Considering each collision
event is very important, as the primary Cs atom
changes its trajectory when it encounters LiF atoms,
due to elastic (nuclear) and inelastic (electronic) scat-
tering, as mentioned above. The trajectory direction
depends on the atomic density in the LiF crystal lat-
tice, as well as on the electronic-nuclear stopping
power of cesium.

After a collision event, the lattice atoms of fluorine
and lithium are displaced from their original positions,
which can cause the formation of various types of lat-
tice defects, such as point defects, vacancies, displace-
ment defects, and substitution defects. Defects formed
during ion irradiation directly affect the structural
properties of the crystal surface. Thus, the distribution
of formed displacement defects, vacancies, and substi-
tutions can be represented depending on the depth of
formation in LiF, as shown in Fig. 5.

The displacement of target atoms can be defined as
the total sum of fluorine and lithium vacancies of the
target, or can be referred to as the target components,
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Fig. 5. Distribution of defects formed after collision with cesium ions with an energy of 1 keV of LiF crystals depending on the

depth of the sample.

as well as substituting collision atoms. From the SRIM
program, not only the concentration of target vacan-
cies and substituting collision atoms can be obtained,
but also information about displacement defects. Dis-
placement defects are defects caused by the displace-
ment of lithium and fluorine atoms. Figure 5 shows
the total number of defects formed due to collision,
obtained from SRIM. As seen, the highest concentra-
tion of defects is associated with the displacement of
target atoms (red). The second place is taken by vacan-
cies of target atoms (dark blue), and subsequent lower
concentrations correspond to fluorine vacancies (light
blue) and lithium vacancies (brown). The curves show
that displacement defects of the parent crystal are
formed first, after which vacancies are formed, hence
their concentration is the same.

The distribution of defects on the surface can be
represented as a function of displacement per incident
atom (DPA). DPA is a unit of measurement for radia-
tion damage to materials when modifying surfaces
with ions. DPA is used to create defects on surfaces for
research or manufacturing purposes to improve or
damage surfaces. DPA indicates the average number
of atoms displaced from the crystal lattice node due to
bombardment.

DPA is a dimensionless quantity and is usually
expressed as a fraction of 1. Ion doses can be converted
to equivalent displacement dose D in units of displace-
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ment per atom (DPA) at the peak of damage, which is
given by the following formula:

k
Ndis

D= ®. )

To determine DPA, we first need to calculate the
cross section of displaced defects Ggrpy, Which can be
determined by the following formula (3) and the dose
of incident ions ®.

Thus, the displacement cross section Gggyy can be
obtained through the ratio of the number of displace-
ment defects to the atomic density of the crystal (3),

*

N ..
Osrim = ]\C}ls ) (3)

where N :is is the number of displacement defects per
ion and per 1 A—unit length, which is determined by
the sum of vacancies and displacement defects. N is
the atomic density of LiF crystals, which is equal to—
1.22 x 10% at/cm?® or 122 at/nm?. Then the displace-
ment cross section Gggpy Will look like in Fig. 6.

The cross-sectional profile of the formed displaced
defects directly depends on the dose of incident radi-
ation and the penetration depth of ions. To deter-
mine the dose of incident cesium ions, the following
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Fig. 6. Cross-sectional profile of the formed displaced
defects depending on the depth of the LiF sample at irra-
diation with Cs ions.

algorithm must be used. Based on Fig. 2, for exam-
ple, if we need a concentration of cesium impurities
of 10?° at/cm?, then the dose of ions @ will be equal to
1.66 x 10'* cesium/cm?. If we go from cm? to nm?, we
get the value ® = 1.66 cesium/nm?. Then, using for-
mula (1), you can obtain DPA—the average number of
displaced atoms from a lattice site of a LiF crystal
under the influence of bombardment with Cs ions. In
Fig. 7 you can see the profile of the destruction of
formed defects depending on the depth of the LiF
sample when irradiated with Cs ions.

DPA modeling using SRIM was performed in the
Kinchin-Pease approximation mode with a threshold
displacement energy of 25 eV. Figure 7 shows the dam-
age profile as a function of DPA, where maximum dis-
placement damage peaks are visible at a depth of 16 A
for a Cs ion with an energy of 1 keV, and the range of
material damage is within 40 A. Thus, by determining
DPA, we can learn about the damage profile of sam-
ples. This means that we can specifically identify
which defects are formed and in what depth range of
the sample they are located. As seen from Fig. 6, the
defect distribution profile does not have a symmetrical
shape; at a depth of 40 A in the sample, the concentra-
tion of defects sharply decreases. Such a defect profile
shape may be due to lattice deformation and changes
in the distance between atoms as a result of ion irradi-
ation. However, it should be noted that the concentra-
tion of defects is directly proportional to energy trans-
fer, which initiates damage by displacement. The pro-
portion of displacement damage can be calculated
considering the specification of the heavy ion. All data
obtained during the experiments are collected in Table 1.

SHAROPOV et al.
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Fig. 7. Profile of destruction of formed defects depending
on the depth of the LiF sample under irradiation with Cs
ions.

As can be seen from the table, the maximum num-
ber of defects when irradiated with Cs ions with an
energy of 1 keV is formed at a depth of the LiF sample
of 16 A from the surface and this can be achieved at a
dose of ® = 1.66 ion/nm?.

Therefore, the displacement cascades formed in
the track of the bombarding heavy ion create a signifi-
cant number of defects. The mass of the bombarding
ions directly affects the structural properties of the
sample. Consequently, this can be utilized to modify
the structural properties of the sample by varying the
displacement cross-section.

CONCLUSIONS

The interaction of low-energy 1keV heavy Cs ions
with the LiF crystal was analyzed using the SRIM
package and demonstrated the possibility of surface
modification of the crystal. Here, the average range of
cesium ions was 51 A. Again, the average surface bind-
ing energy was obtained as 2.8 eV from the study of
changes in sputtering yield depending on recoil energy.
The analysis of collision events was also performed in
terms of target displacement, vacancies, and substitu-
tion collisions, which shows that ion irradiation dis-
places atoms from their original positions and creates
vacancies in the periodic arrangement of the LiF crys-
tal lattice.

The study of the damage profile with displacement
through the depth of the sample shows a peak of cre-

Table 1. Irradiation conditions, displacement cross section (Gggrpv), fluence (@), and displacement dose (D), electronic
energy loss E(e) and nuclear energy loss E(#n), cesium ions energy (FE)

Target depth, A D, dpa Gsrim» dpa nm?

®, ion/nm?

E(e), eV/A E (n), eV/A E, eV

16 0.13 0.08

1.66 1.7

61.8 1000
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ated defects at a depth of 16 A. Finally, the displace-
ment damage cross-section was obtained based on the
displacement of atoms (per 40 A length) per ion and
the atomic density of LiF. Thus, this displacement
damage cross-section can be attributed to displace-
ment damage caused by ion irradiation.

Therefore, based on the structural characteristics
of the crystal, low-energy heavy ion irradiation can be
used to modify the surface of the sample by varying the
displacement cross-section. Consequently, LiF crys-
tals can be effectively used as detectors not only in the
spectrum of high-energy radiation but also in the
spectrum of low-energy ions. Knowledge of the distri-
bution of vacancies, displacement and substitutional
defects can serve as an excellent tool for creating p—n-
junctions in semiconductor electronics and radiation
technology.
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