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The diffusion of defects in a carbon coating when its surface is bombarded with heavy low-energy ions is
theoretically studied, taking into account a sharp increase in the rate of kinetic processes in nonlocal
thermoelastic peaks (NTPs) of ions, i.e., in superheated nanometer regions that arise around ion trajectories in the
target material. The thermal energy density in NTP is comparable to or exceeds the activation energies of many
physical and chemical processes, as a result of which their contribution to the total diffusion of defects in the
near-surface layer of the target can be significant. Based on the NTP model, expressions were obtained for the
average diffusion coefficient in the near-surface layer of the target, controlled by a beam of incident ions, as well
as for the diffusion acceleration index. The dependences of the diffusion acceleration index on the ion energy are
presented for various species of ions at selected activation energies and ion flux densities. Numerical calculation
of the obtained expressions using the SRIM2000 software package showed that, at the selected ion flux density J,
diffusion acceleration occurs only for processes with the activation energy exceeding a certain threshold value

determined by the value of J, the type and energy of the ions.

PACS: 66.30.Dn, 61.80.Az

INTRODUCTION

Kinetic transfer processes occurring due to thermal
movement and interaction of microparticles play the
important role in the solid under irradiation. Transfer
processes include diffusion, viscosity, creep, thermal
diffusion, thermal conductivity, electrical conductivity,
thermoelectric phenomena, etc. Of particular interest is
the diffusion of radiation defects in amorphous and
nanocrystalline coatings during their deposition from a
beam of low-energy ions. This interest is due to the fact
that this process directly affects the structure of the
coating: the degree of defects and intrinsic stresses in
the coating.

In accordance with experimental data, the rate of
diffusion of impurities in the irradiated substance
increases. The distribution of introduced impurities
depending on irradiation time, ion energy and matrix
temperature was studied in [1-3]. The penetration depth
of impurities for all studied cases significantly exceeded
the projective path length of ions of a given energy.

Another example of the long-range effect of incident
ions on the target structure is the increase in the
transparency of carbon films when they are treated with
Ar* ions with energy E ~ 1.2 eV. The thickness of the
film exceeded the ion path length by tens of times [4].
All this requires explanation within the framework of
existing views about processes in a solid body under
irradiation.

In [5], the mechanism of ‘“radiation shaking” was
proposed, the essence of which was that during the
generation and annihilation of the Frenkel pair, the
wave of elastic stress is formed in the material,
associated with the change in atomic volume. The
interaction of such waves with defects lowers their
migration barriers and promotes their movement.

In [6], radiation stimulation of diffusion processes
was associated with the deviation of the temperature
dependences for the frequencies of atomic transitions
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from equilibrium positions from the Arrhenius law.
Previously, we proposed a mechanism for remote
influence on defects, according to which elastic stress
pulses excited in nonlocal thermoelastic peaks (NTPs)
of ions bombarding the target surface interact with
defects [7-9]. The excitation of such pulses by ions of
carbon, noble gases, and hydrocarbons bombarding the
surface of the carbon coating, as well as by Ti* and Cr*
ions during the deposition of nitride coatings, was
studied. In particular, it was shown that such pulses are
capable of “sweeping out” interstitial defects from
nanocrystallites of size d <30nm and accelerating

their migration over distances d <100 nm.

At the same time, the question of the influence of
high temperature in the NTPs of ions on the diffusion
rate remains unclear. As is known, the rate of any
kinetic process depends significantly on temperature, so
it is obvious that in NTPs characterized by high
overheating temperatures, the diffusion rate increases
significantly compared to the substance located outside
the ion peaks. However, it is not clear whether its
acceleration in nanometer-sized objects such as NTP
ions can significantly change the average rate of
diffusion in the irradiated material.

In this work, using the NTP ion model, we
theoretically study the diffusion of defects in coating
when its surface is bombarded with heavy low-energy
ions, in particular, ions from the flow of which the
coating is deposited.

MATHEMATICAL MODEL

In [10], based on computer modelling using the
SRIM2000 package [11] of energy transfer from the ion
to atoms of a substance and taking into account
relaxation processes, it was shown that phonon energy
losses of the low-energy ion are contained in the
nanometer region that arises around the trajectory of the
ion in the material target, i.e., in nonlocal thermoelastic
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peak (NTP). The thermal energy density in NTP is
comparable to the activation energy of many physical
and chemical processes. According to the analysis, the
peak can be approximated by the spherical segment
containing the phonon losses of the ion #(E)E,
centered at the middle of the mean projective path of the
ion L(E) with initial radius

R(E)=2kr +L(E)/2. 1)

Here E is the ion energy; z is the thermalization time
(ion-ion relaxation time); x is the thermal diffusivity
coefficient ; p is the density of the target substance, and
n(E) the fraction of ion energy converted into phonon
excitations.

The initial volume of near-surface NTP is found by
the formula

Ve (E) = [—R(E)3+—

R(E)Z‘EL(Ef]'(Z)
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The temperature in the peak is determined by
numerically solving the equation [10]:
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where p is the density; C=3v,kg/M is the high-
temperature limit of the heat capacity of the target
material; Ty is the average temperature of the target
(coating), @ is the Debye temperature of the target
material; kg is Boltzmann’s constant; v, is the number of
atoms in molecule of substance (for the carbon coating
0 =2250 K, v, = 1), and D(x) is the Debye function,

which has the form:
3128 dz

D(x)=— . 4
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The lifetime of NTP is determined by thermal
conduction processes:
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Let us dwell on determining the parameters of the
NTP of ions of hydrocarbon molecules when they are
implanted into the carbon coating. As shown in [9], as a
result of implantation of the ion of a C,H,; molecule
with energy E, the thermoelastic peak with radius

Rc (E/n) and energy content Ezc (E/n) is formed,

where R¢(E) and 7c(E) are the parameters of the NTP of
the C* ion in the carbon coating.

When the coating is bombarded with the ion flux
with the flux density J, in its near-surface layer there are
simultaneously Jz; peaks, per unit surface of the target.
The total volume occupied by the NTPs is equal to

V(E)=Vyrp (E)J7L. (6)
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All peaks are located in the near-surface layer, the
thickness of which is equal to the height of the NTP

h(E)=L(E)/2+R(E) and numerically coincides with

the volume of the layer, per unit area.

In accordance with the Arrhenius law, the
dependence of the diffusion coefficient on absolute
temperature T has the form:

D(T)=D, exp{—ﬁ] , ©)
B

where ¢ is the activation energy of the diffusion and kg
is the Boltzmann’s constant.

The average diffusion coefficient over the surface
layer is given by the expression

5 V(E) e, [y V(E))hn
B(E)=D, ") ()+(l—ﬁ]e . ®

Let us introduce the index of the acceleration of
diffusion in material under irradiation in comparison
with the diffusion coefficient of non-irradiated material:
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As estimates show, in the entire range of ion
energies E < 1keV the inequality is satisfied with a
large margin

b _v(E),

V(E)<<h(E). (10)

Therefore, expression (9) takes on the form:

(11
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Expression (11) allows us to study the influence of
the energy of incident ions E on the rate of defect
diffusion with a particular activation energy &.

RESULTS AND DISCUSSION

The main characteristics of the NTP of C*, Ar* and
hydrocarbons ions in the carbon coating, necessary for
calculating diffusion coefficients (7), as well as
expressions (8), (11), are given in [9, 10]. For carbon

coating, p = 2.4 glem®, r=2-10"*s, were taken
& =10 cm?s. When determining the average projective
path of the ion L(E) and the fraction of phonon losses
n(E), the SRIM2000 software package was used [11].
Analysis of expression (11) showed that the
diffusion acceleration index begins to significantly
exceed 1 only at defect migration activation energies &>
0.6 eV. In Fig. 1 shows the acceleration coefficients for
the diffusion of defects with activation energy
£=0.6 eV when bombarding the carbon coating with
flows of C*, Ar’, C,H," and C¢Hg" ions (curves 1-4,
respectively). The flux density for all species of ions

was taken equal to J =3-10""cm™ s, As can be seen
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from the Fig. 1, at such an activation energy, there is
practically no acceleration of diffusion for the entire
considered ion energy range 25<E <1000¢eV.
However, as the activation energy increases, the rapid
increase in the rate of such radiation-stimulated
diffusion is observed. So, in Fig.2 shows similar
dependences of the diffusion rate acceleration indexes
with activation energy & = 1eV. As can be seen from
the Fig. 2, diffusion with such activation energy
accelerates from 10% to 10* times or more, depending on
the type of ions. In Fig. 3 shows the dependences of the
diffusion acceleration indexes kp on the activation
energy ¢ in the range 0.5 < &< 1eV, confirming the
above.
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Fig. 1. Indexes acceleration of diffusion with activation
energy &£ = 0.6 eV when bombarding carbon coating
with flows of C*, Ar*, C,H,", and CgHg" ions
(curves 1-4, respectively)

It follows from the form of expression (11) that for
relatively small J, at which the first term in (11) is less
than unity, the diffusion rate is equal to the diffusion
rate in the non-irradiated material and practically does
not depend on J. With increasing flux density, the first
term in (11) becomes the main one, while the diffusion
rate changes proportionally to J. It should also be noted
that as J decreases, the minimum activation energy at
which diffusion begins to accelerate increases. Thus, at

a flux densityd =3-10"°cm?.s?, a noticeable
acceleration of diffusion occurs at £ >0.75eV .
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Fig. 2. Indexes acceleration of diffusion with activation
energy ¢ =1 eV when bombarding carbon coating with
flows of C*, Ar*, C,H,", and CgHg" ions
(curves 1-4, respectively)
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Fig. 3. Dependence of indexes acceleration of diffusion
on activation energy & when bombarding the carbon
coating with flows of C*, Ar", and C¢Hg" ions
(curves 1-3, respectively) lon energy E = 1000 eV

CONCLUSIONS

It is shown that the presence of superheated
nanometer-sized regions near the trajectories of low-
energy ions bombarding the target leads to an
acceleration of diffusion in the surface layer of the
target, controlled by the ion beam. Based on the model
of the nonlocal thermoelastic peak of the low-energy
ion, expressions are obtained for the average diffusion
coefficient in the near-surface layer of the target
controlled by the beam of incident ions, as well as for
the diffusion acceleration index. The dependences of the
diffusion acceleration index on the ion energy are
presented for various types of ions at selected activation
energies and ion flux densities. Numerical calculations
showed that diffusion acceleration occurs only for
processes with the activation energy exceeding a certain
threshold value determined by the value of J, the type
and energy of the ions. The minimum activation energy
at which diffusion acceleration begins increases with
decreasing flux density of incident ions.
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PANIAIIMHO-CTUMYJIbOBAHA TA®Y3ISI
ITPHU IIVIASMOBO-IOHHOMY OCA/IZKEHHI IIOKPUTTIB

O.1. Kaniniuenko, B.€. CmpenvnuybKuii

TeopernuHo nocniKyeTbest Audy3is nedeKTiB y BYIJIeLeBOMY MOKPHUTTI npu O0MOapayBaHHI HOr0 MOBEPXHI
BaXKNMH HU3bKOCHEPTETUYHUMH 10HAMH 3 ypaxXyBaHHSAM Pi3KOTO 30UTBIICHHS MIBUAKOCTI KIHSTHYHHX TMPOIIECIB Y
HenmoKasHUX TepMonpykHuX mikax (HTII) ioHiB — meperpiTHx HAHOMETPOBHUX 00JACTAX, 0 BUHUKAIOTH HABKOJIO
TpaekTopiii i0HIB y Marepiani mimeni. [lineHicTh TermoBoi eneprii B HTII mopiBHSHHA 3 €HEpTri€l0 aKTHUBAIil
OaraTpoX (I3UYHUX Ta XIMIYHHX TPOLECIB, BHACIIJIOK YOTO IXHI BHECOK y cyMapHy audy3ito medexTiB y
MPUTIOBEPXHEBOMY mIapi MimeHi Moxke Oytm 3HauHmM. Ha ocHoBi mozenmi HTII oTpumani BuUpakeHHS OIS
cepeqHboro Kkoedimienra audys3ii B HPUIOBEPXHEBOMY INApi MIIIEeHI, KOHTPOIHOBAHOMY ITyYKOM i0OHIB, MIO
NajarTh, a TAKOXK JJIsI HOKAa3HMKA IpUCcKopeHHs nudys3ii. HaBeaeHo 3anexHICTh MOKa3HUKAa NPUCKOPEHHS Andy3ii
Bijl eHeprii i0Ha Ay pi3HUX BB 10HIB PH BUOpAHUX €HEPTisX aKTHBALIl Ta MIIJIBHOCTI NOTOKY i0HIB. UncenbHUi
PO3paxyHOK OTPUMAaHUX BHPa)KeHb 3 BUKOPUCTAaHHAM Nporpamuoro nakera SRIM2000 mokasas, mo npu oOpaHiii
IIIJIBHOCTI MOTOKY iOHIB J mpuckopeHHs nudy3ii Mae Micle TUIBKH AJIsl NPOLECIB 3 CSHEprielo akTHBaLil, 10
MEPEBUIIYE NICBHE TPAaHINYHE 3HAYCHHS, SIKE BU3HAYAETHCS BEIMUUHOO J, COPTOM 1 CHEPTIEIO 10HIB.
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