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A method for calculating the sputtering coefficient of targets during bombardment with light atoms is proposed. It
is shown that taking into account the energy spectrum of reflected particles makes it possible to adequately describe
the behavior of the sputtering coefficient near the threshold. At high energies, the particle reflection coefficient
decreases greatly and the cascade sputtering mechanism proposed by Sigmund is added. Taking into account the
contribution of both mechanisms makes it possible to achieve a quantitative description of the dependence of the
sputtering coefficient in a wide range of energies of incident particles.
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Introduction

Sputtering of materials with ion bombardment is widely
used for the manufacture of thin films in modern micro-
electronics for creating a relief, for cleaning surfaces and for
analyzing the composition of the surface. The destruction
of electrodes due to sputtering plays an important role
in electrical engineering. The interaction of plasma with
the wall in modern thermonuclear installations leads to
the sputtering of structural materials and the entry of
impurities into the plasma, which affects the discharge
parameters. For instance, the entry of tungsten impurities
with a concentration of 107>—~10~* into the plasma from
the plasma concentration because of large radiation losses
makes it impossible to achieve the planned efficiency of a
thermonuclear reactor.

The sputtering of solids is discussed in detail in Ref. [1-7].
The sputtering theory proposed by Sigmund played an
important role [8]. However, Sigmund’s theory does not
describe the behavior of the sputtering coefficient near the
sputtering threshold. The case of sputtering of heavy targets
by light particles still does not have a reliable theoretical
description. Attempts to modify Sigmund’s theory were
made in the papers of Falcone [9]. The contribution of
various mechanisms to sputtering, in addition to the above
reviews, was analyzed in Ref. [10,11]. Currently, the study
of sputtering is intensively conducted by many scientific
groups [12-17]. The impact of nano-roughness and surface
relief on the sputtering coefficient was considered in the
papers [18-21]. Sputtering by light ions of the first tokamak
wall was considered in Ref. [22-24].

We consider in this paper the sputtering by light atoms in
a wide range of bombarding particle energies for the cases
H—Be and H—W, which characterize different mass ratios
of the colliding particles.

1. Difference between the mechanism of
sputtering by light and heavy ions

The use of computer modeling makes it possible to verify
a number of concepts embedded in the theory of Sigmund
and Falcone.

Let us consider the contribution of various mechanisms
leading to sputtering, using the classification proposed
Ref. [25] (Fig.1). We will distinguish between the processes
of formation of sputtered atoms that take place during
penetration of the bombarding particle deep into the target
(index in), and similar processes during movement of
the back-reflected bombarding particles (index out). The
bombarding particle penetrating deep into the solid can
knock out the target atom, which after several collisions
can leave the solid which is called a PKA-in process
(PKA — Primary Knock-on Atom). A similar contribution
can be made by backscattered primary particles which is
called a PKA-out process. knocked out target atoms can
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Figure 1. Diagram of sputtering processes. The figure is taken
from Ref. [25].
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Figure 2. Contributions of various mechanisms to sputtering for
the cases H—Be (a) and H-W (b).

transfer energy to secondary target particles, forming a
cascade of collisions. We will distinguish between cases
when secondary atoms were formed during penetration of
bombarding particles deep into the target referred as SKA-
in (SKA — Secondary Knock-on Atoms) and backscattered
bombarding particles referred as SKA-out. The probabilities
of the contribution of various mechanisms are denoted as
WA, WERA, WEKA, WEKA.

Figure 2 shows the contributions of various mechanisms
to sputtering for the cases H—Be and H—W, calculated
using our program [26-28].

Fig. 2 shows that the mechanism of sputtering of surface
layers by a stream of backscattered bombarding particles
prevail in case of low energies and the mechanism proposed
by Sigmund contributes in case of high energies. In this
case, the bombarding ions transfer their energy to the target
atoms, and some of the atoms change the direction of the
pulse towards the surface after a cascade of collisions and
can leave the solid. This conclusion confirms the generally
accepted ideas.

The knocked out target atom should overcome the surface
potential barrier at the surface—vacuum interface. Two

types of surface potential barriers are usually considered. A
spherical potential barrier is applied to a surface consisting
of atomic-sized points. In this case, the energy of the
sputtered particle & should exceed the energy of the
surface bond, which is often taken as the sublimation
energy Us [29]. A planar potential barrier is used for a
smooth surface. In this case, the perpendicular component
of the energy of the atomized particle should exceed Us,
ie. Eycos?0 > Us, where 0 is the angle of departure
of the sputtered particle relative to the normal to the
surface.

The position of the sputtering energy thresholds for both
cases of the surface potential barrier is considered in detail
in our paper [30]. The authors limit themselves in this paper
to considering the cases of a spherical potential barrier and
a normal beam incidence on a target.

The sputtering threshold Ey, in the case of a mechanism
of sputtering by a flux of backscattered bombarding particles
can be calculated using the formula

S ) (1)

Eh=—"""——
Ty =)0 T dx

Here Us — sublimation energy, dE/dXx — electronic
energy loss, d — average distance between target atoms.
The value of the parameter y is calculated using the formula

L amMm,
YEM My @)

where M; and M, — the mass of the incident ion and the
target atom, respectively. It is taken into account that the
incident ion travels the distance 2d, where d the average
distance between the target atoms, and loses energy due
to electron deceleration. The energy of the backscattered
atom is E; = (1—y)%3Ey in case of scattering by an angle
of the order of 90°, where Ej is the initial energy.
The maximum energy transferred to the target atom is
Ex = yE1 = y(1-»)* Eo.

A simplified formula for estimating the sputtering coeffi-
cient for the mechanism of knocking out of surface atoms
by a flux of backscattered particles can be written as

You = 0 (Em, Eo)ntRnA. (3)

Here o (Ewm, Eg) — recoil particle formation cross section
with energy greater than Us with the energy of the incident
particle Ey, n; — target density, Ry — reflection coefficient,
A — characteristic escape depth of the sputtered particles.

Let’s estimate the cross-section of the process when
energy exceeding the threshold energy is transferred to the
target particle. The dependence of the scattering angle in the
center-of-mass system on the impact parameter b is given
by the expression

1/ro
1

0(b) = 7 — 2b dg, g = -.
u(l/ r
) \/1_ (Ecmg) ~ b2g?
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Figure 3. The cross-sections of transfer of energy exceeding the
threshold for the cases H—Be and H—W for the DFT potential.

Here ry is the trajectory turning point. The energy
transferred in case of scattering by an angle 6 is determined
by the expression

a=amwG) (5)

The value of 6 = 2arcsin([Us/(Epp)]%?) is determined
from the condition E; = Us, and the parameter by from
the ratio (4) is determined from the condition 0(by) = 6.
The cross section is calculated as

o = nb. (6)

Fig. 3 shows the calculation of the cross section for the
systems H—Be and H—W using the potential obtained in
the density functional theory [31] (potential DFT).

It should be noted that the cross section of the process
and, consequently, the sputtering coefficients depend on the
type of potential used. Fig. 4 shows the calculation of the
cross section for various types of interatomic interaction
potentials. Our estimates show that the results of calculating
the cross section for DFT and ZBL potentials give a
difference of more than 30%. This is not surprising, since
the ZBL potential describes the scattering of light particles
less accurately [32]. We use the DFT potential as the most
accurate.

Figure 5 shows the reflection coefficients for the cases
H—Be and H—W, obtained in Ref. [33].

The energies of the knocked out target atoms can be
calculated using the data on the average energies of the
sputtered particles presented in Ref. [26,27]. Let us take into
account that the average energy of the knocked out target
atoms in a solid is greater than the average energy of the
sputtered particles by the value of the surface barrier (Us).

We obtained the dependence of the range on the energy
of Be atoms in Be target and dependence of the range
on the energy of W atoms in W target from the analysis
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of the range data from the SRIM database [34]. These
dependencies in the case of Be—Be are described by the
formula

A[A] = 0.841 - e[eV]°°, (7)

and the case of W—W they are described by the formula
A[A] = 0.705 - e[eV]*37, (8)

where ¢ — the energy of the knocked out target atoms. We
obtain the dependence A(e(Eo)) substituting the average
energy of the knocked out atoms with a specific initial
energy Eg as e. The values of A(e(Eo)) are shown in Fig. 6.

Fig. 6 shows that the characteristic exit depth of the
knocked out particles slightly varies depending on the initial
energy, and the contribution of two or three near-surface
layers prevails.

The application of the estimation formula (3), as shown in
Figure 7, yields the correct value of the sputtering coefficient
in the region of the maximum, but does not correctly
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Figure 4. The cross-sections of transfer of energy exceeding the
threshold for the case of H—Be for different potentials.
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Figure 5. Reflection coefficients Ry depending on the energy of

the bombarding particles for the cases H—Be and H-W [33].
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Figure 6. Characteristic exit depth of the sputtered particles 1
depending on the energy of the bombarding particles Ej.

describe the energy dependence of the sputtering coefficient
near the threshold. It is necessary to take into account
the correction for the energy spectra of reflected particles
dN/dE, which are shown in Fig. 8 for the cases H—Be [26]
and H-W [28].

Fig. 8,a shows that the spectrum is of the same type
in the range of initial energies Ej = 15—70eV. Peaks
associated with single scattering at an angle of more
than 90° are observed with the energy of reflected particles
Ei = (1—p)%3Ey. Faster particles are present in the spec-
trum to the right of the values corresponding to scattering
by 90° due to double and triple collisions, and they affect
the shift of the energy threshold of sputtering towards
lower energies. The energy spectrum data were taken from
Ref. [28] in the case of the system H—W (Fig. 8,5). The
value E; = 0.8Ej in the case H—Be and E; = 0.989E, in
the case H—W. The absence of atoms with an energy greater
than E; in the spectrum of reflected particles results in a
shift of the sputtering threshold towards higher values. This
shift is insignificant in the case H—W.

The coefficient Ry includes the entire spectrum of
reflected particle energies and is proportional to the integral
in the denominator of the formula (9). Only particles with
energy E > Ey should be taken into account. The cross
section o (Eg, E;) and the escape depth of the knocked
out atoms l(e(El)) depend on the energy of the reflected
ions. Let’s make a correction for the spectrum of reflected
particles, taking into account the weight of particles with
energy E; in the spectrum:

?G(Eth, Ei)A(e(Er)) R (Er)dE,

Yout (Eo) = nRy(Eg) 2

Ey
J R (EN)dE
0

The normalization integral in the denominator is pro-
portional to Rn(Ep) and is inserted to account for the
normalization of the spectrum dN/dE. The formula (9)
does not take into account the contribution of the SKA-out
channel and the dependence of the range of the knocked
out particles on the escape angle relative to the normal to
the surface. Estimates show that these two factors cancel
each other out.

Fig. 7 shows estimates of the sputtering coefficient
without correction for the spectrum of reflected particles
(formula (3)) and with correction (formula (9)). Fig. 7
shows that correction for the spectrum of reflected particles
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Figure 7. Dependence of the sputtering coefficient on the energy
of the bombarding particle for the cases H—Be (a) and H-W (b).
The computer calculation for a spherical potential barrier is shown
by a blue curve [26,27]. Red curve shows the estimate Y
without correction for the energy spectrum of reflected particles,
formula (3). Solid green line shows the estimation of the
contribution of the mechanism of knocking out of surface atoms
by a flux of backscattered particles, taking into account the energy
spectra of backscattered ions You, formula (9). Green dashed
curve denotes the accounting for the contribution of the cascade
mechanism Yin. The total contribution Yin + You is shown by the
open circles. The curve obtained by the Sigmund’s formula is
shown for comparison [8].
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Figure 8. Spectra of reflected particles for the cases

H—Be [26] (@) and H—W [28] (b) for various initial energies Eo.

significantly changes the path of the curve and correctly
reflects the dependence of the sputtering coefficient on the
energy of bombarding ions near the threshold.

The contribution of the Sigmund’s cascade mechanism
can be estimated as:
WA + W

Yin = Yout 10,
WERA + WEEA

(10)

Fig. 2 shows the probabilities of the contribution of
various mechanisms.

Fig. 7 shows that the total contribution of both mech-
anisms is in good agreement with the data obtained by
computer modeling of multiple collisions of bombarding
particles with target atoms for the cases H—Be [26]
and H-W [27]. Fig. 7 also shows the results of the
evaluation using the Sigmund’s formula [8], which yield
greatly overestimated values of the sputtering coefficient and
do not reflect the functional dependence Y = f (Ey) near the
sputtering threshold.

The mechanism of knocking out of surface atoms by a
flux of backscattered particles prevails in a wide range of
energies up to the energy of 30keV in the case of H-W.
In our opinion, the decrease of the contribution of the
mechanism of knocking out of surface atoms by a flux of

Technical Physics, 2024, Vol. 69, No. 11

backscattered particles with an increase of the energy of the
bombarding particles is associated with a decrease of the
reflection coefficient. The reflection coefficient decreases in
the case H-W with relatively high energies compared to
the case H—Be (Fig. 5).

Conclusion

The mechanism of knocking out of surface atoms by a
flux of backscattered particles make a prevailing contribution
to sputtering at low energies up to Ep ~ 100Ey;. The
cascade mechanism proposed by Sigmund is added at high
energies.

The characteristic exit depth of the knocked out atoms is
calculated depending on the initial energy, and it is found
that it equals to 2—3 surface layers.

The behavior of the curve near the sputtering threshold
can be quantitatively described by taking into account the
energy spectrum of reflected atoms.

A good quantitative agreement has been achieved be-
tween the data of the presented calculation and the results
of computer modeling both in terms of the absolute value
of the sputtering coefficient and a good description, in
particular, near the sputtering threshold of the functional
dependence of the sputtering coefficient on the energy of
the incident particles.

The proposed model accurately describes the collision
cases H-Be and H-W for a wide range of the ratio of the
masses of the incoming particle and the target particle and
the collision energies.
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