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RADIATION-ACOUSTIC EFFECTS AT DIAMOND-LIKE COATING
DEPOSITION FROM THE FLOW OF HYDROCARBON IONS
AND THEIR INFLUENCE ON KINETIC PROCESSES
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Based on the model of the nonlocal thermoelastic peak (NTP) the ion generalized to the case of the ion of
polyatomic molecule, the acoustic effect of low-energy ion of a hydrocarbon molecule during plasma-ion deposition
of diamond-like carbon coating is investigated. The generation of a stress wave takes place as a result of the
combined action of mechanisms associated with the rapid transfer of energy, momentum, and additional volume to
the NTP volume. The magnitude, shape, and spatial dependence of the stress pulse generated by CH,, C,H,, and
C¢Hs ions have been studied with absorption taken into account. The possibility of accelerating the diffusion of
interstitial defects, as well as the possibility of brittle fracture of the coating at the interface with the substrate under
the action of acoustic pulses from deposited hydrocarbon ions, is discussed.

INTRODUCTION

Experiments show that low-energy ions (E~1 to
10 keV) bombarding the solid body surface affect the
structure and properties of the body at depths
significantly exceeding the length of the ion's path. One
of the examples of such a long-range effect is the so-
called radiation-stimulated diffusion of implanted ions
in the process of irradiation. The distribution of
introduced impurities depending on the irradiation time,
ion energy, and matrix temperature was studied in
[1-3]. The depth of impurity penetration in all
investigated cases significantly exceeded the projected
length of the ion path of such energy. Another example
of the long-range effect of ions on the target structure is
the treatment of thick (tenths of micron) opaque carbon
films with Ar" ions, as a result of which their
transparency increases. The thickness of the film
exceeded the length of the ion path ten times [4, 5].

The purpose of the work is to prove that acoustic
pulses excited by single hydrocarbon ions during
plasma-ion deposition of carbon coating can cause
structural rearrangement, in particular, accelerated
migration of defects and brittle fracture at a significant
distance (up to tens of nanometers) from the coating
surface. In contrast to the time-consuming methods of
molecular dynamics, the proposed macroscopic
approach allows obtaining results in analytical form,
which greatly facilitates their analysis.

In the course of theoretical studies, the concept of
the nonlocal thermoelastic peak (NTP) of the ion that
developed by us earlier for monoatomic ions [6] was
widely used. Further consideration is carried out in
relation to the ion of a hydrocarbon molecule Canl,

where n and n; are the number of carbon and hydrogen
atoms, respectively, included in the molecule. As will
be shown below, ions of polyatomic molecules excite,
as a rule, more powerful acoustic pulses, compared to
carbon ions of the same energy, which increases their
influence on transfer and destruction processes.
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MODEL OF THE NTP
OF HYDROCARBON ION

When determining the characteristics of the
thermoelastic peak generated by the ion of hydrocarbon
molecule, we take into account the fact that the
molecule, falling into the target substance, disintegrates
into its atoms, which fly with speeds equal in magnitude
and direction, and equal to the speed of the original
molecule. The kinetic energy E¢ of the C atom entering
the molecule is equal to

Ec =12E/(12n+n1). Q)

When the condition n; << 12n is met (that is the
most common case), the acceptable approximation of
the energy of carbon atom is Ec = E/n. For energy of the
hydrogen atom, we have:

E E
= ~—<<Ec. )
12n+n  12n

Each ion of the fragmented molecule forms its NTP
independently of other ions of the molecule. The
analysis shows that the size of the peaks formed from
carbon ions significantly exceeds the characteristic
distance between them, which is determined by the
lengths of the carbon-carbon bonds of the hydrocarbon
molecule. Let's introduce the parameter Ilcc — the
maximum distance between carbon atoms in the
molecule, which is estimated from the lengths of
carbon-carbon bonds. For CH,, C,H,, and CgHg, the Icc
parameter is 0, 0.12, and 0.46 nm, respectively. The
condition lcc <<2R(Ec) means that there is the

almost complete spatial-temporal coincidence of carbon
peaks. Here R(Ec) is the initial radius of the carbon

ion peak with energy Ec. As a result, the thermoelastic
peak is formed, the initial radius of which is ~R(E¢).

Similarly, the thermoelastic peak is formed from each of
the hydrogen atoms included in the original molecule.
Calculation using the SRIM2000 package [7] shows that
the peaks of hydrogen ions (ie, protons) lie inside the
combined carbon peak. Thus, if we neglect some
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inhomogeneity of the energy distribution associated
with proton peaks, it can be assumed that as a result of
implantation of the hydrocarbon molecule ion with

energy E, the thermoelastic peak with a radius R(E/n)

and energy content Ez(E/n) is formed. For simplicity
of the analysis, we assumed Icc = 0, since it does not
significantly affect the results. Here 7(E) is the

fraction of phonon losses of the C* ion with energy E.
Note that in this approximation the parameters of the
NTP of the CH," ion coincide with those of the NTP of
C"ion.

The analysis of relaxation processes showed that
taking into account the ionization (inelastic) losses of
the implanted ion does not change the estimate of the
thermal energy density in the NTP. Using the position
of the mathematical model of the nonlocal thermoelastic
peak of monatomic ion [6], we come to the conclusion
that the initial radius of the NTP ion of hydrocarbon
molecule is determined with acceptable accuracy by the

expression R(E/n)=L(E/n)/2+R;, where
R, = 24/kr is the radius of thermal smearing of the
point heat source during the ion-ion relaxation time,
xk~102cm?/s is the coefficient of the thermal

conductivity of the target material (diamond-like carbon
coating), r is the time of ion-ion relaxation, which is
actually the formation time of the NTP. Functions
n(E) and L(E) were determined using SRIM2000

[7]. The presence of n thermal peaks of C* ions, which
coincide in space and time, leads to the revision of the
limit of applicability of the NTP model of the
hydrocarbon ion in direction of significant increase in
acceptable energies, compared to the C* ion. So, for
example, computer modeling showed that the NTP
model for the C¢Hg ion is suitable up to energy
E =10 keV.

The analysis of the momentum transfer process from
the primary ion to the carbon coating material was also
performed. It is shown that, despite a significant part of

the energy E(1-7(E/n)) contained in ionization losses

(in excited electrons), the share of momentum they
carry is negligibly small. The last circumstance is a
consequence of the insignificance of the mass of
electrons constituting ionization losses compared to
mass of hydrocarbon molecule. Thus, it is shown that
the transfer of momentum from the primary ion to the
substance in the NTP, with a sufficient degree of

accuracy, is determined by the expression P =«/2MnE ,
where M is the mass of the carbon atom.

ACOUSTIC IMPULSE FROM THE NTP

The generation of acoustic stresses is caused by the
pulsed change in the volume of the NTP due to thermal
expansion and introduction of additional volume by the
primary ion, as well as the transfer of momentum from
the ion to the substance of the NTP [8]. In the problem
of excitation of the acoustic pulse by the NTP of the
low-energy ion, there are three characteristic times: the
relaxation time of phonon losses 7= (2...5)-10™ s (it is
also the relaxation time of the transmitted pulse); the
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time of acoustic relaxation of NTP
t;= 2R/s ~ (1...5)-10™s; and the cooling time of NTP
t; =R¥4x ~10"s. Here R is the initial radius of the
NTP, s is the longitudinal sound velocity of the target
material. The evaluation of the characteristic times
shows that the relation r<<t; <<ty is fulfilled. In view
of this, the thermal, as well as the impulse, impact on
the material of the peak can be considered as an
instantaneous load.

To find out the dependence of the amplitude of the
acoustic pulse on the NTP parameters and the target
characteristics, the task of exciting elastic oscillations
by the spherical region in the infinite homogeneous
isotropic elastic body, which acquires the energy of
phonon losses Ez(E/n), momentum P =+/2MnE , and
additional volume nV; was considered. Accordingly,
three mechanisms of elastic oscillation generation were
considered.

Thermoacoustic mechanism. The rapid increase in
the volume of the NTP due to thermal expansion during

heating due to phonon losses of the ion En(E/n)

excites thermoacoustic stresses or. The system of
equations of thermoacoustics [9], neglecting thermal
conductivity during the formation of the acoustic pulse,
leads to the single equation regarding the amplitude of
the acoustic displacement:

2g oe(T,t
CACT NV £(FY). 3)
at p or
with zero initial conditions
ﬁ(F,O):O; aﬁ(?,o)/&:o, 4

where G(F,0) is the amplitude of the longitudinal
acoustic displacement wave excited by the NTP, t is the

—

time since the occurrence of the NTP, r — the radius
vector from the center of the NTP to the point of

observation, &(F,t) is the heat energy density in the
NTP, s, p,and T are the longitudinal speed of sound,
density and parameter Griineisen coating material,
respectively. In the “wave zone”, that is, under the
condition r, >> R where R is the effective radius of the

NTP, the expression was obtained for the amplitude of
the acoustic stress pulse [9]:

- r o%7.,.%7.7
n,t)= — | dy|dz
o(i) 4rs?r, Bt_[o y_{) _J;O
The excitation of the acoustic pulse by the
instantaneously and uniformly heated spherical region

was analyzed. The expression for the amplitude of the
stress pulse in the wave zone has the form:

or (y.r)=zom (y-1)[0(y-2)-0(y)], (6
where y=(st—r+R(E/nc))/R(E/nC); O(x) —isthe

og(T t—(1p—x)/s) . (5)
ot

Heaviside's “unit”; o7y, = TEn (E/n)R(E/nc )(2rV (E/n))

V(E) - is the volume of the near-surface NTP of

carbon ion with energy E, for which the following
expression was obtained [6]:
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V(E)=z| SR(E)*+—~ g

(7

We emphasize that it is legitimate to use the initial
parameters of the NTP to determine the acoustic
stresses, since the condition 7 << 2R/s is fulfilled. The

time is counted from the moment of arrival of the
leading edge of the pulse at the observation point r.

In Fig. 1 shows the universal function o (y)/o, .

which specifies the shape of the stress pulse generated
by the instantaneously arising thermal field with the
uniform distribution of absorbed energy over the sphere.
In this case, the acoustic response is the spherically
symmetric bipolar stress wave that propagates from the
NTP volume with the longitudinal speed of sound s and

decreases with distance according to the law o ~ 2.

O/

1 }

1 0 1 2 y

Fig. 1. Thermoacoustic stress generated by spherical
NTP

Deformation mechanism. The rapid increase in the
volume of the NTP by the amount of the introduced
volume nV; excites the deformation stresses op. Here,
V, is the introduced volume of C* ion. In the
approximation of the uniform distribution of the
introduced volume nV; in the volume of the NTP, it is
possible to obtain the amplitude of deformation stresses
op(r,t) from (6) after the substitution TEn(E/n) —
KnV,, where K is the bulk compression modulus of the
target material. As a result, we get:

op(y.r)zoom (y-1)[0(y-2)-0(y)]. (®

where op, = KnVlR(E/nC)(ZrV (E/n))_l. It is clear

that the acoustic pulse excited by the deformation
mechanism coincides in shape with the thermoacoustic
pulse shown in Fig. 1, however, in this case it is
necessary to put oy, = op, -

Thus, the deformation pulse, like the thermoacoustic
one, is the bipolar wave that has the maximum
(compressive stress) on the leading front (y = 0) and the
equal minimum (stretching stress) on the rear front
(y=2).

Impact (dynamic) mechanism. The generation of
the stress wave also occurs as a result of the transfer of
the ion momentum to the substance in the NTP volume
during the ion-ion relaxation time z Considering the
condition 7<<2R/s, it can be assumed that the ion

NTP, being at rest at t <0, instantly acquires speed
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v=\/2MnE/(pV(E/n)) at the moment t=0. This

acceleration of the spherical NTP causes wave
excitation of the elastic medium. In the hydrodynamic
approximation, the acoustic stress field in the wave zone
is given by the expression [10]:

o) (?, y,e):_a,m(r,e) eySin(y_%J' ®

where ., (F,0) = sR (E/n)2MnE cosd (V (E/n)r) ",

@ is the angle between the radius-vector r and the
momentum of the primary ion; M is the mass of the
carbon atom. The impact stress is the spherical wave
with the effective spatial length A~ 2R(E), which
diverges from the NTP at the longitudinal sound
velocity s and decreases with distance as r'. Its
amplitude o is proportional to the momentum of the
primary ion and depends on the angle & according to the
law o) ~cos@ . For the direction =0, the amplitude
of the impact pulse is maximum. In the direction
perpendicular to the velocity vector of the incident ion,
the amplitude of the impact component is zero.

In Fig.2 shows the universal form (time
dependence) of the impact acoustic pulse in the wave
zone in the dimensionless variables y and o /oy, . The

calculation is made for the case when the detection
point lies on the direction =0.

o;@m
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0
{ /
0 4 0 1 2 3 y

Fig. 2. Universal function of the time dependence of the
impact pulse excited by the spherical NTP

As one can see from Fig. 2, the impact acoustic
pulse is the bipolar wave, which has the maximum
(compressive stress) at the leading front (y = 0) and the
minimum (tensile stress) at the time of y = 1.57. At the
same time, the half-waves of compression and
rarefaction are sharply asymmetric: compressive
stresses are about 5 times larger than tensile stresses, but
the half-wave of rarefaction is stretched out in time by
about the same number of times.

The total amplitude of the acoustic pulse is given by
the expression:

o(y.r.0)=cr (y.,r)+op(y.r)+o; (v.r,6). (10)
In Fig. 3 shows the acoustic pulses that are excited

in the diamond-like coating (DLC) by the ions of
hydrocarbon molecules with energy E =100 eV,

formally calculated for the distance r=R(E/n) from

the center of the NTP (case & =0). To obtain the value
of the acoustic stress at the point r >>R(E/n) it is
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necessary to take into account the geometric factor and
multiply the data shown in Fig. 3, on R(E/n)/r.

o,
GPa CeHe
1001
CzHa
CHa l\
of D ~—
a0l
01234 01234 01234 Yy

Fig. 3. Acoustic pulses excited in the DLC by ions of
hydrocarbon molecules with energy
E=100eV(6=0)

The effective duration of the total acoustic pulse, as
well as its components, is At ~ 2R(E/n)/s ~107%s, it

decreases with the number of carbon atoms in the
hydrocarbon molecule and increases with the energy of
the ion (Fig. 4).
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Fig. 4. Dependence of the effective duration of the
acoustic pulse excited by the NTP ion on the ion energy
for various ions of hydrocarbon molecules

Based on the fact that the maxima of all three
components of the acoustic pulse are reached at the
leading front (y = 0), the maximum amplitude of the
total acoustic pulse is given by the expression

o (E.0) =01y (E)+0pn (E)+ 0, (E, 0) cos 6. (11)

In Fig. 5 shows the dependence of the maximum of
the total amplitude of the acoustic pulse on the ion
energy for CH,4, C,H,, and CgHg ionsin DLC at =0.

As can be seen from the presented material, the
acoustic response of the material to the bombardment of
the hydrocarbon molecule ion is the powerful pulse with
the amplitude of tens of gigapascals and subpicosecond
duration which decreases with distance according to the
law o ~1/r. Such pulses expire quickly when passing

through the target material. However, if harmonic
oscillations u, sinwt are characterized by the decay

with distance according to the law ~u,_e ()", then

for a time-limited pulse, which is a superposition of
harmonics with frequencies from the interval
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0<w<s/2R(E/n:), the decay law is determined by

the total contribution of all components and is no longer
exponential. As a result, the shape of the pulse, its
duration and the law of spatial decay also change.

When calculating the pulse passing through the
absorbing medium, the dispersion of the sound velocity
can be neglected and limited only to absorption, since
absorption leads to the disappearance of harmonics with
the large dispersion from the pulse spectrum. In this
case, taking into account the effect of the absorbing
medium on the acoustic pulse is reduced to the integral
transformation of the amplitude in the medium without
absorption and dispersion;

Uy (1,t) = 1 j' u(r,z) Te’ﬁ(’”)r" cos[ o(t—7)]dewdr .(12)
7 0
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Fig. 5. Dependence of the maximum total pulse
amplitude on the ion energy for various hydrocar
bon ions

In the most important case p(o)=po”,

characteristic of absorption in amorphous bodies and
dielectric single crystals, we obtain the following
dependence on r for the point thermal peak [8,12]:

o (r):FEn(E/n)i
N Y R
The resulting expression describes the distance

dependence of the amplitude of the acoustic pulse also
for the non-local peak, but only for the interval

r>rat(E,n):4R(E/n)2/(,Bsz)~3...10nm. At

smaller distances, the expression for the amplitude of
the acoustic pulse obtained without taking into account
absorption should be used for estimations.

Analogous considerations make it possible to obtain
approximate expressions for the deformation and impact
components of the acoustic pulse. As a result, for the
full amplitude of the acoustic pulse from the NTP of the
hydrocarbon molecule ion, we obtain the following
expression:

R TEn+KnV + 25\[2MnE cos @

(13)

JR<r <y,
ou(F)~1 % v (14)
[E7 + KnV, + 2sy/2MnE cos@ ro<r
J27eps?r? Lo

Here, for brevity, we use the notations R =R(E/n)
and V =V (E/n).
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At r ~ ry(E/n), the acoustic stress amplitude of the
passes from one asymptotic dependence to another.
Note that the limiting distance ry(E/n) increases with
the energy E of the ion and decreases with the number
of carbon atoms n in the hydrocarbon molecule.

The acoustic pulse in the interval r > ry(E/n) turns
into a bipolar antisymmetric wave, the spatial length of
which depends weakly on the radius of the NTP and
increases with the distance r according to the law

A(r)z&/ﬁr. In this range of distances, absorption

leads to a power-law (not exponential) dependence on
the distance, and the pulse amplitude depends only on
the integral characteristics of the NTP: E, n(E), Vi, n
and does not depend on the radius of the NTP. The
independence of the pulse amplitude and duration on the
NTP size allows the use of the “point” approximation
for ions with energy E >> 1 keV, although the spherical
NTP model may no longer be applicable to them. The
relative contributions of different mechanisms to the
total acoustic pulse remain valid in this interval as well.

FRAGILE DESTRUCTION

Acoustic stresses arising near the NTP of heavy,
low-energy ions are large enough to lead to brittle
destruction of the material. Dynamic strength of metals
is oy ~ 1 HPa. Such stress occurs, for example, when the
material is instantly heated to temperatures T > 10°K,
which are characteristic of the NTP of low-energy ions.
An additional contribution to acoustic stress is made by
deformation and impact (dynamic) generation
mechanisms. It should be noted that the leading front of
the stress pulse, which has the largest value, is the
compressive stress and cannot cause brittle destruction
of the material. The possibility of destruction occurs
when the pulse reaches the boundary with a material
that has a lower acoustic rigidity and is reflected from it
with repolarization.

Let's discuss the possibility of brittle destruction in
the immediate vicinity of the near-surface NTP. In the
region of peak localization, the stress is a superposition
of the spherical bipolar wave diverging from the volume
of the peak and reflected from the free boundary of the
target, and static thermoelastic stress present in the
material near the peak. The analysis shows that the
contribution of static compressive stress leads to the fact
that compressive stresses constantly prevail near the
near-surface NTP, and, therefore, brittle fracture is
impossible here [11].

Another situation occurs near the interface of the
coating with the substrate, which is distant from the

NTP by a rather large distance of r>2R(E/n)~3 nm.
When an acoustic pulse normally falls on the interface
between two materials, the reflection coefficients D,
and transmission ki, are given by the expressions
Dio =(p252—,11)/(P2S2 +151) . Kao = 20282 /(2252 + p1S1) s
where p;, p, are the densities of the materials, and
S;, S, are the longitudinal velocities of sound. The

acoustic pulse comes from material “1” to its border
with material “2”. If the acoustic pulse from the DLC
arrives at the boundary with the substrate that has a
much lower rigidity (vacuum, polyethylene, silicon),
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then D, =-1 and k;, <<1, i.e., the acoustic pulse is

almost completely reflected with a change in sign. If the
acoustic pulse arrives at the boundary with a material
with the close acoustic rigidity, as in the case of the
DLC on stainless steel substrate, then we have D, <<1

and kj, ~1, that is, the acoustic pulse passes from the

coating to the substrate, practically without being
reflected and without changing in magnitude. Finally, if
the acoustic rigidity of the substrate exceeds that of the
coating, the pulse is reflected from the interface without
repolarization, and the coating does not break down
either.

The stress distribution in the coating near the
boundary is obtained as the sum of direct and reflected
stress pulses:

Ot (X,t) = o (=X +5t/R) + Do (x +st/R), (x<0).
(15)

Here x=0 is the coordinate of the boundary, on
which the stress pulse comes from the negative half-
space; moment t=0 corresponds to the arrival of the
leading front of the pulse at the interface.

In Fig. 6 shows the spatial distribution of stresses at

different time points t=R(E/nc)y/s near the

boundary of the coating with the substrate that has a
much lower rigidity, when the acoustic pulse excited by
the nonlocal elastic peak of the CH, ion with energy of
100 eV is incident.

As can be seen from Fig. 6, the repolarization of the
pulse at the boundary and the combination of the
reflected pulse with the direct that leads to the
occurrence of significant tensile stress near the
boundary, which can lead to brittle destruction (peeling)
of the material. The maximum tensile stress is observed

at distance R(E/n) from the boundary and is equal to

~1.20;, in magnitude, where o, is the maximum
compressive stress in the direct impulse. Thus, the effect
of brittle fracture must be taken into account when
depositing nanometer DLC on materials with low
stiffness, for example, on polymers.

The obtained pattern of stress distribution is correct
if the distance from the NTP to the boundary does not

exceed I, . Otherwise, it is necessary to take into

account the effect of absorption on the amplitude of the
acoustic pulse.

In Fig. 7 shows the dependence on the distance of
the maximum of the acoustic stresses generated by the
NTP of CH," and C¢Hg" ions of different energies in the
DLC carbon coating. In connection with the above,
Fig. 7 also displays the maximum tensile stresses that
occur when the acoustic pulse is reflected from the
boundary with a “soft” substrate, which is distant from
the NTP by distance r.

The horizontal dash-dotted line shows the level of
critical stress that causes brittle failure of the coating
material, the vertical dashed-dotted lines mark the
distances from the NTP corresponding to the critical
stress for different ions. As can be seen from Fig. 7, the
maximum coating thickness at which brittle fracture is
possible does not exceed 10 nm for ions with energy of
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less than 1 keV. That is, such a danger exists only for
nanometer-thick films and coatings. For ions of higher
energies, this thickness, of course, increases. So, as can
be seen from Fig. 7, for CgHs" ions with energy of
10 keV, the limit thickness is 20 nm.
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Fig. 6. Spatial distribution of stresses created by the
acoustic pulse reaching the free boundary of the DLC
film at different time points

ACCELERATION
OF DEFECT MIGRATION
When the acoustic stress arising around the NTP
exceeds the corresponding activation thresholds, various
kinetic processes can be stimulated in the deposited
material: diffusion of defects and impurities, structural
rearrangement, and creep [12]. Thus, the equation for

the boundary of the region r (E,®,n), inside which the

[}
acoustic pulse from the NTP activates the movement of
interstitial atoms, has the form:

O'at(ﬁs(Evevn)):Uis/Qis ) (16)

where U is the activation migration energy of the
interstitial atom; (2 is its volume. Taking U;s = 0.1 eV,
025102 cm® (the volume of the interstitial atom in
carbon), we obtain o =U; /€, ~0.3 GPa for the
stress that activates the migrants. Activation will occur
everywhere around the NTP, where the amplitude of the
acoustic wave exceeds o. The set of solutions
F =T (E,6,n) of equation (16) lies on the surface of
the ellipsoid of rotation extended in the direction 6 = 0
due to dipole component in the amplitude o (). This

surface is the boundary of zone of interstitial activation.

maximum brittle fracture distance
for different ions

o, CeHs
GPa
100
CHa
10
1 brittle fracture threshold
| __interstial 99ti,vatpnzh,re,s,hq|q%,
0.1+
0.1 1

|
\
| \ | \} f, nm
maximum Interstitial activation
distance for different ions

Fig. 7. Spatial dependence of acoustic stresses excited in DLC coating at implantation of CH,*
and CgHs" ions with energies of 10° and 10% eV

The limit of the area of activation of interstitial
defects in the longitudinal direction is determined using
the graph of the spatial dependence of acoustic stresses
excited in diamond-like carbon by hydrocarbon ions
(see Fig. 7). The horizontal dashed line shows the level
of the critical stress that activates the movement of
interstitial defects, the vertical dashed lines mark the
distances from the NTP corresponding to the critical
stress for different ions. As can be seen from Fig. 7, the
dimensions of the activation region, where the over-
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barrier movement of migrants occurs, significantly
depend on the type and energy of the ion. Thus, for the
NTP of the CH," ion with energy of 102eV, the limit of
the activation region is distant from the peak by distance
of rc(loz) =8 nm, while in the case of the CqHg" ion
with energy of 10°eV, the limit is moved to 20 nm.
Note that at a relatively small activation energy
Uis<0.1eV, which is characteristic of interstitial
defects, the radius ri;, which determines the limit of the
activation region, lies in the region r>ry. In this
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region, it is the absorption that determines the size and
shape of the stress pulse. This also leads not to
exponential, but to a slower power-law dependence of
the stress on the distance oy(r) ~ 1/r% In this range, ris
increases both with energy and with the number of
carbon atoms in the hydrocarbon molecule (see Fig. 7).
In addition, in this range, the pulse amplitude depends
only on the integral characteristics of the NTP, namely

onE, 7(E), Vi, and n, and does not depend on the NTP

size. This makes it possible to estimate the amplitude of
the acoustic pulse for ions of high energies, for which
the NTP model is no longer applicable. So, in Fig. 7
shows the distance dependence of acoustic stress
excited by the CgHg" ion with energy of 10 keV, for
which the activation zone of the interstitial ris is shifted
to 40 nm.

It is likely that the influence of acoustic pulses
generated by NTP ions is not limited to direct activation
of defects. The well-known thermal activation of a
kinetic process can accelerate the migration of defects
by reducing the activation energy U in the stress field of
the acoustic pulse from the NTP:

Ug (E.Nn,0) ~U — Q0 (T (E.N,0)). (17)

Here €). is the volume of the interstitial defect. The
acceleration coefficient K of the kinetic process at the

point I where the acoustic stress is currently present is
approximately equal to

K = exp{ Q0 (7 (E.1,0)) /(KsTo )} (18)

where T, is the temperature of the target, kg is the
Boltzmann constant. It can be seen from (18) that the
lower the temperature of the target T,, the greater the
relative acceleration of the kinetic process due to
acoustic activation. Estimates show that heavy ions,
including hydrocarbon ions, can significantly accelerate
the diffusion of interstitial defects at distances up to
300 nm at room temperature of the target material. Such
an effect can ensure the defect-freeness of nanometer
coatings deposited from ion flows of hydrocarbon
molecules. This conclusion agrees with the available
experimental data on the enlightenment of ~ 0.1 um
thick carbon films by Ar* ions with energy of ~ 1 keV
[4, 5].

CONCLUSIONS

1. The acoustic effect of the single low-energy ion
of hydrocarbon molecule falling on the diamond-like
carbon coating was studied. The analysis showed that
the generation of the stress wave occurs in the NTP i. e.,
in the nanometer region, where the energy and
momentum transferred from the ion to the target
particles are contained. The NTP model for the
monatomic ion, which was developed earlier, was
generalized to the case of hydrocarbon molecule ions
when determining the space-time and energy parameters
of the NTP.

2. The generation takes place as a result of the joint
action of the following mechanisms: (a) thermoacoustic,
associated with rapid heating of matter in the NTP;
(b) deformation caused by the rapid introduction of the
introduced volume of the ion into the volume of the
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NTP; (c) impact, associated with the transfer of the ion
momentum into the volume of the NTP.

In the linear acoustic approximation, the total
amplitude of the stress pulse excited by the spherical
NTP was found. The size and shape of the stress pulse
generated by CH,, C,H,, C¢Hg ions were investigated.

It was established that sound absorption affects the
size and shape of the stress pulse at distances r > ry.
The extinction length ry lies in the interval from 3 to
10 nm for the considered ions CH4, C,H,, CgHg with
energy from 100 eV to 1 keV. For a realistic quadratic
dependence of the absorption coefficient on the
frequency, the spatial attenuation of the stress amplitude

is given by a power-law dependence o ~ r2 instead

of the exponential that which is typical for harmonic
oscillations. This relatively slower spatial decrease of
the amplitude of the stress pulse expands the role of
acoustic effects in the kinetic processes occurring in the
material under ion radiation.

3. The spatial dependence of acoustic stresses
generated by CH,, C,H,, CgHg ions in DLC coating was
studied in order to determine the influence on the
processes of transport and destruction. Acceleration of
the migration of interstitial defects takes place in the
zone where the acoustic stress exceeds the limiting
stress of defect activation ojs= 0.3 GPa. The maximum

depth of acoustic activation is from 8 to 40 nm,
increasing with energy and the number of carbon atoms
in the incident ion. The activation zone has the shape of
the ellipsoid of rotation, elongated in the direction
@ =0 due to the impact component in the amplitude of
the stress pulse.

The possibility of the defects migration accelerating
outside the activation zone by reducing the effective
activation energy in the field of the acoustic wave
excited by the NTP ion is discussed. Estimates show
that hydrocarbon ions can significantly accelerate the
diffusion of interstitial defects at distances up to 300 nm
at room temperature in a diamond-like target. Such an
effect can ensure defect-free nanometer coatings
deposited from flows of hydrocarbon ions.

The possibility of destruction of the coating occurs
when the acoustic pulse from the NTP reaches the
boundary with a substrate with lower acoustic rigidity.
The combination of direct and reflected pulses leads to
the occurrence of significant tensile stresses near the
boundary, which can lead to brittle fracture (to peeling)
of the material. The maximum thickness of the coating,
at which brittle failure at the boundary with the
substrate is possible, lies in the range of 3 to 10 nm for
ions CH,4, C,H,, CsHg with energy less than 1 keV, and
the maximum thickness increases with increasing ion
energy. This effect can be manifested when DLC are
deposited on materials with relatively low rigidity, for
example, on polymers.
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PAIAIIMHO-AKYCTHUYHI EQ@EKTH ITPU OCAIKEHHI AJIMA3OIIOAIBHUX
IIOKPUTTIB 3 IIOTOKY IOHIB BYIVIEBOTHIB
TA IX BIIJIUB HA KIHETUYHI TPOHECH

O.1. Kaniniuenko, B.€. Cmpenvnuyvxuii

Ha ocHoBi Mozeni HenokanpHOTO TepMmornpyxHoro mika (HTII) iona, mo Oyna y3arambHeHa Ha BHITQJOK 10HIB
BYTJICBOJAHEBUX MOJIEKYJI, JOCIIIKEHO aKyCTHYHHH e(eKT HU3bKOCHEPIeTHYHOTO i0HA BYIJIEBOJHEBOI MOJIEKYIIH
IPH TJI1a3MOBO-I0HHOMY OCAJPKEHHI aJIMa30IoAi0OHOTO BYTIJIEHEBOTO MOKPHUTTS. ['eHepamis XBHiIl HanmpyXeHHsS Mae
MICIle B pe3yNbTaTi CIIBHOI [ii MEXaHi3MiB, IO MOB’s3aHI 31 IIBUAKOI TIepelavyero eHeprii, IMITyIbCy Ta
nmomatkoBoro o6’emy B 00’em HTII. [locmimkeHO BeIW4YUHY, (OPMY Ta IPOCTOPOBY 3aJEKHICTh IMITYIBCY
HanpyKXeHHs, 10 reuepyersest ionamu CHy, C,H,, CsHg 3 BpaxyBanusam norimuHanHs. OOroBOPIOETHCS MOKIIMBICTh
NPUCKOPeHHs TU(Y3ii MDDKBY30JIbHUX Ae(EKTIB, @ TAKOXX MOXKJIMBICTb KPUXKOTO PYHHYBaHHs HOKPUTTS Ha MEXi 3
MIAKIAAKOO i Ai€f0 akycTUIHUX iMmyJibeiB Big HTII i0HIB BYTJIEBOIHIB, 10 OCAKYIOTHCS.
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