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Process of thermal smoothing at bombardment of metal surfaces by low energy heavy ions is investigated. It is
shown, that smoothing can occur in nonlocal thermoelastic peak of ion under action of forces of surface tension at
spreading the melted material on the surface. The model of thermal smoothing alternative to model of ion polishing
due to ion sputtering of target atoms is developed. Criteria of applicability of model for any combination “ion—
target”, and analytical expressions for basic parameters of process of smoothing (size of smoothing area created by

single ion, time of smoothing) are received.
PACS: 61.80.Az, 81.65.-b

INTRODUCTION

Interest to physical processes on the surface of
materials at ion bombardment is associated with the
development of nanotechnologies, requiring tools for its
realization, ability to create and/or modify the nano-
sized objects. Especially it is important for fine
finishing of sample surfaces and manufacturing of
details in the size less than 100 nanometers [1].

It is known that ion bombardment can lead to
smoothing of surface relief of solid target. Smoothing
processes were associated with ion sputtering and
considered in the approximation of linear theory of
collision cascades valid only at low density of binary
collisions [2]. So, the relief smoothing was explained by
preferential sputtering of hillocks and smoothing of
hollows due to accumulation there atoms sputtered from
the surface of adjacent areas, as well as the atoms
ejected from their places by the ion bombardment and
diffusing on the surface [3].

However, at sufficiently high density of collisions in
cascades the process of modification of metal surface
can get qualitatively different character obeying the
laws of thermodynamics and continuum mechanics.
Smoothing processes as well as surface roughening
processes of the amorphous metal target bombarded by
heavy ions at MeV energies were considered in [4]. It
was shown that the change in the morphology of the
irradiated surface is mainly due to collective effects of
formation of ion thermal peaks, as the result of viscous
flow of target material in the thermal peaks. It is
interesting to consider from similar viewpoint processes
of surface smoothing of metal target under the action of
heavy ions of low energy E ~ 1...30 keV.

Interaction of heavy low-energy ion with solid body
leads to formation around ion trajectory superheated
nanometer-sized region — nonlocal thermal peak (NTP)
[5]. The energy density ¢ in NTP depends on species
and energy of the ion as well as on parameters of target
material. As show estimations, & can exceed the value
necessary for target material melting. In this case
smoothing of curved surface which adjoins to NTP can
occur due to material flow under the action of surface
tension. It is supposed that there is no ejection of molten
material from peak volume and formation of damages
on target surface.

The purpose of this work is determination of
physical conditions and basic parameters of smoothing
process of metal surface by heavy ions of low energy in
the model of nonlocal thermal peak of the ion, and
analysis of the possibilities of its practical use for
smoothing nanometer-sized irregularities on the surface
of construction materials with different structures.

NANORELIEF SMOOTHING IN MODEL
OF NONLOCAL THERMAL PEAK OF ION

The simulation results using SRIM2008 program
package showed that singly connected subsurface
cascade of excited atoms with stored phonon energy
Epn(E)=n(E)E is formed at low-energy heavy ion

incident on the target surface. Here 7(E) is relative part
of phonon loss of ion energy E. The peak arising on the
basis of such a cascade can be approximated by a
spherical segment with the center in the middle of the
average length of ion projected range I(E) and with
initial radius R(E,d)=1(E)/2+R;(d) where Ry is the
radius of thermal spreading of point heat source. Ry is
determined by the diffusion of thermal phonons during
the ion-ion relaxation time 7, and depends on the
effective size of target crystallite d. Temperature and
phase state of the material in volume V of spherical NTP
are determined the average density of thermal energy
¢(E,d)= Ex(E)/V(Ed).

Such approach for the description of physical
processes arising at ion interaction with solid body,
remains valid in following range of energies:

Emin <E<Eprp- 1)
The maximum permissible energy Eyrp characterizes
the qualitative change in cascade structure, leading to
the formation of several weakly connected overheated
areas. The minimum energy E,;, is determined by the
opportunity of the thermodynamic description of the
physical processes in the NTP [5].

Smoothing the target surface in the ion NTP is
possible with obligatory fulfillment of several
conditions. First of all, the initial density of thermal
energy ¢ at the peak should exceed energy density
émz = PC(Tyn —To)+ 0y, required to melt the material

in the NTP volume. Here Ty is initial temperature, T, is
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melting point of the target material, p, C and q,, are

the mass density, the specific heat and the specific heat
of melting of target material, accordingly. In the sequel,
NTP “spreads thermally” increasing its radius and
decreasing density of thermal energy and average
temperature.

Secondly, the effective smoothing is possible only
under the condition that the lifetime of molten region
71 exceeds the time zp necessary for smoothing of the

curved surface by surface tension forces. Estimates
indicate that the condition is usually satisfied for
nanometer-sized thermal peaks in metals.

Finally, it is necessary to ensure the conditions
excluding the droplet sputtering and cratering. Ejection
of melted material with cratering is impossible if elastic
energy W, spent on drop ejection does not exceed the

energy W, spent on formation of droplet and crater

surfaces [5]. In addition, it is necessary to satisfy the
condition & < g, , where &, is the energy density of

the start boiling, as the boiling also leads to the
vaporization and cratering of target surface.

Thus, smoothing effect of the NTP takes place in
energy ranges determined by relation (1), and also at
satisfying the following conditions:

emp<e(E.d)<gy ()

We (E,d) <W (E,d). 3)

In order to estimate the parameters of the smoothing

process (Fig. 1) we also suppose that thermal peak

maintains sphericity and position of center during

thermal spreading. Maximum radius Rs of the molten

region which determines the smoothing effect of the

thermal peak, calculates from the equation
e(E,d)=¢5:

3n(E)E
R, (E) =k3 77( ) ,
\[4ﬂp[c (T —To )+l |
where kg is the coefficient taking into account the
shape of the forming peak. The value kg weakly varies

(4)

(between 1.0 up to A ) at the change of peak shape
from spherical to hemisphere. In following calculations
we assume kg =1.1. Diameter of thermally smoothing

area of single ion (see Fig.1l) is equal to

Dy E =4R2 12,

Let's estimate the smoothed volume by example of
smoothing of hemispherical hillock in radius R, (see
Fig. 1). The smoothed volume V; has the shape of

spherical segment in height hy and radius R, and in this
approximation is equal V1=7rh32Ra. At Ry <<R,,

average height hy smoothed by thermal peak of single
ion on spherical irregularity, may be taken as:

2 2
h (E):RS(E)h”“” P ®)
° Ry’ 4R ) 2hmin

where Ay, is the final height of roughness, at which the
smoothing process is terminated.

Fig. 1 displays scheme of formation of subsurface
melted region of radius R, at incidence of single low-
energy ion on convex surface of hillock of radius R,.

The smoothing time #; of the target surface can be
estimated on the basis of the volume V, = 7R, /6 of
the roughness of target surface and the rate of volume
smoothing Vg = jV; :

tS(E):\\j—a: L (6)
s Gjhs
Here j is the density of ion flow falling normally on
target surface.

Fig. 1. Scheme of formation of subsurface melted region
at incidence of single ion on hemispherical hillock

RESULTS AND DISCUSSION

The simulation performed using the program
package SRIM2008 has permitted to determine the
shape and geometry parameters of the NTP generated in
targets of constructional materials (Al, Fe, Zr, Cu, Ag,
Au) at normal incidence of ions Ar *(Xe") with energy
E < Entp OnN the target surface, the phonon loss of ions

Eph and the maximum permissible energy Enrp for

various targets.

These parameters permitted to determine all other
ones necessary for analysis of smoothing ability of the
ion bombardment.

Fig. 2 shows dependences of the energy density &
in the NTPs of Xe* ions on their energy E for the
amorphous, nanocrystalline (d =2 nm) and
polycrystalline targets of Fe (see Fig. 2,a) and Cu (see
Fig. 2,b) (curves 1-3 respectively). The hatching marks
energy ranges where thermal smoothing is possible. The
dotted line 4 limits the applicability of the NTP model
from high energies and corresponds to the maximum
permissible E.

As one can see from Fig. 2,a, condition (2) for
polycrystalline iron target is not satisfied. Thermal
smoothing effect can be observed for copper targets
with different structures (see Fig. 2,b). The minimum
threshold energy E; of thermal smoothing increases
with crystallite size d. The maximum threshold energy
Entp also increases with d.

Analysis of expressions (4—6) shows that diameter D,
of thermally smoothing area increases and smoothing time
decreases with ion energy E. Both parameters are weakly
dependent on the structure of the target (i.e., on d).
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Fig. 2. Dependence of energy density ¢ in NTP of Xe" ions from energy E for targets of Fe (a)
and Cu (b) with various structures

The results allow to estimate diameter Dg of
thermally smoothing area formed by single ion, and
smoothing duration ts. So, diameters Ds, corresponding
to bombardment of polycrystalline targets of Au and Cu
by Xe* ions with energies Eyrp are equal to 10 and
7 nm, respectively; the average heights hs of smoothing
are 0.03 and 0.015 nm respectively. The time t, of
thermal smoothing of polycrystalline target of Au with
the height of roughness R, = 100 nm and with the final
height of roughness hy, =10 nm at the bombardment
by Xe* ions with flux density j = 1 mA/cm? and energy

E = 3 keV is equal to t; ~ 30 s. This time is comparable
with estimate of smoothing time, resulting in model of
atom sputtering [6].

The results of investigations allowing to compare
opportunities of thermal smoothing some amorphous
(am.) and polycrystalline (cr.) constructional materials
by ions Ar* and Xe®, are presented in Table. The sign
“+7/7-“ indicates that the thermal smoothing is
possible/impossible, value A Eg defines the range of ion
energies (in keV), where thermal smoothing is possible.

lon Target
A Es, keV Al Fe Zr
am. cr. am. cr. am. cr.
+ - + - + -
Ar 0.07...0.43
0.08...0.3 1.16...2 0.18...4
- - + - + -
xe 0.18...7.5 0.11...11
lon Target
A Es. keV Cu Ag Au
am. cr. am. cr. am. cr.
A + - + - + -
r 0.04...0.13 0.12...0.32 0.06...0.27
X + + + + + +
€ 0.1...06 |[4.35...10 | 0.1...0.3 2...~20 0.06...0.75(2.4...~30

As seen from Table, the effect of surface thermal
smoothing of constructional materials depends on the
target structure, physical properties of the target
material, and ion species. In the case of crystalline
targets criterion of thermal smoothing is satisfied only
for heavy materials (Cu, Ag, Au) and ions (Xe"). For
amorphous targets criterion of thermal smoothing is
satisfied for all examined combinations of "ion-
material” except for the combination “Xe*— Al”. In
case of nanocrystalline targets there is range crystallite
size d depending both on material and on ion species,
wherein the criterion (2) is satisfied, except
combinations “Xe* — Al”.

CONCLUSIONS

1. Model of thermal smoothing of metal surface at
bombardment by heavy low-energy ions alternative to
model of ion polishing due to ion sputtering is offered.

2. Criteria are obtained allowing for any
combination “ion—target” to determine the ion energy
range where the proposed model is applied and thermal
smoothing is possible.

3. The analytical expressions for the basic
parameters of smoothing process (diameter of thermally
smoothing area formed by single ion, the time of
smoothing) are obtained.



4. 1t is shown that the effect of surface smoothing in
ion thermal peak depends on structure and physical
properties of the target material, species and energy of
ion, and can make a significant contribution to the
overall smoothing process of metal surface.
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N3MEHEHME HAHOPEJIBE®A ITIOBEPXHOCTHU KOHCTPYKIHMOHHbBIX MATEPHUAJIOB
P BOMBAPJIUPOBKE HOHAMHW HU3KUX SHEPT U

A.U. Kanunuuenxo, C.C. Ilepenénkun, B.E. Cmpensnuykuii

TeopeTnyecku UcciIeIOBaAICS MPOLECC TEIJIOBOTO CIIIaXXHBaHUS NMPH O0MOapIHPOBKE MOBEPXHOCTH METAILIOB
TSOKSIBIMA MOHAMH HH3KOW 3Hepruu. [loka3aHo, 4TO BBIPaBHHUBAHHE IMOBEPXHOCTH MOXET IPOUCXOIMTH IO
JICHCTBUEM CHJI MOBEPXHOCTHOTO HATSHKCHUS TPH PACTCKAHUHM BIIOJh MOBEPXHOCTH PACIUIABICHHOTO MaTepHaa,
00pazyromuierocsi B HeJIOKAJIbHOM TEIUIOBOM IMHKe. Pa3paboTaHa MoJellb TEIJIOBOTO CIIIaKUBAaHUS, allbTePHATHBHAS
MO/JICSI MOHHOH MOJIUPOBKH, 33 CYET HOHHOTO pacibuieHus. [loNydeHbl KPUTEPUH, ONPEACISAIONINE IPUMEHUMOCTD
MOJICNH JIJI1 TPOM3BOJBHON KOMOWHAIIMU «MOH—MHIICHB», a TAKXKE AHAIUTHYCCKUEC BBIPAKCHHS IS OCHOBHBIX
napaMeTpoB Tpolecca CriaxuBaHus (pa3Mep OONACTH CrIaKHBAHUS, CO3/1aBAEMOU OJMHOYHBIM HOHOM, BpEMsI
CITAXKUBAHUA).

3MIHA HAHOPEJILE®Y IMOBEPXHI KOHCTPYKIIMHUX MATEPIAJIIB
TP BOMBAPAYBAHHI IOHAMMUW HU3bKUX EHEPI'IN

O.1. Kaniniuenxo, C.C. Ilepenenxin, B.€. CmpenvHuybKui

TeopeTH4HO OCITIKYBABCS IPOLEC TEILUIOBOTO 3TIAJDKYBaHHS NMPH OOMOapayBaHHI METAJCBHX ITOBEPXOHB
BaXKUMH 10HAMH HH3BKHX eHeprii. [loka3zaHO, IO BHPIBHIOBaHHS IOBEPXHI MOXKE BiIOYBaTHCS IiJl €O CHII
MTOBEPXHEBOTO HATATY MpPH pO3TIKaHHI Y3I0BXK IOBEPXHI PO3IDIABICHOTO MaTepialy, IO YTBOPIOETHCSA B
HEJIOKAIFHOMY TEIUIOBOMY ITiKy i0HA. PO3po0iieHO MoJeNb TEeIIoBOro 3riIaKyBaHHS, sIKa aJbTePHATHBHA MO
IOHHOTO TIOJIPYBaHHS 32 PaXyHOK PO3MHUIICHHS 10HIB MimeHi. OTprMaHO KpPHUTEpii, 0 BH3HAYAIOTh 3aCTOCOBHICTH
Mozemi s AOBUTBHOI KOMOIHAIii «iOH—MilleHb», 1 aHANITHYHI BHpa3d Ui OCHOBHUX ITapaMeTpiB IPOIeCy
3T DKyBaHHs (PO3Mip 00J1acTi 3TIaKyBaHHS, sIka CTBOPIOBaHA OJIMHOYHUM 10HOM, Yac 3MIIaJ[KyBaHHs).



