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ABSTRACT

Methods for modification of surface and near-surface layers of materials and coatings by ion beams
have prospects for application in many fields of science and technology. The method of high-intensity
implantation by high-power density ion beams with submillisecond duration involves significant
pulsed heating of the irradiated target’s surface layer, followed by its rapid cooling due to heat
removal into the material due to thermal conductivity and the implementation of repetitively-pulsed
radiation-enhanced diffusion of atoms to depths significantly exceeding the projective ion range. This
paper considers features of thermal processes and the effect of pulsed heating of near-surface titanium
layers on diffusion transfer under conditions of synergy of high-intensity titanium ion implantation
and energy impact of a high-power density repetitively-pulsed beam on the surface to increase ion
doping depth due to radiation-enhanced diffusion under conditions of limited heating of the entire
sample. The paper presents the data of numerical simulation of dynamic changes in temperature fields
in titanium and titanium self-diffusion under the action of ion beams with a submillisecond duration
and a pulse power of tens of kW/cm? and fluence of ions in a pulse 1.25x10" ion/cm?.
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HA U ®PY3MOHHBIA NEPEHOC NPUMECEN ITPU BBICOKOMHTEHCUBHOM
MOHHOW UMILJIAHTAIIUH
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MCTOJIBI MO,[[I/I(I)I/IKaLII/II/I MMOBCPXHOCTHBIX U TPHUITOBCPXHOCTHBIX CJIOCB MATCPUAJIOB U HOKpLITI/Iﬁ HOH-
HBIMHW ITyYKaMW UMCIOT MEPCICKTUBLI IPUMCHCHUS BO MHOTHUX o0macTsIx HAyYKHW U TCXHUKMU. MGTOlI
BBICOKOMHTEHCHUBHOM HUMIUIAHTAlMK ITyYKaMH HOHOB BBICOKOM IJIOTHOCTHU MOIITHOCTH CY6MI/IJ'IJ'II/IC€-
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KyHJHOH JUTMTELHOCTH MPEIOIaracT 3HaYUTEIbHbI UMITYJIbCHBIA Pa30rPeB MPHIIOBEPXHOCTHOTO
ciost 00ITyyaeMoi MUIIEHH, C TOCIEAYIOMUM OBICTPBIM €r0 OXJIaXKJICHHEM 3a CYeT OTBOJA Teruia
BHYTpPb MaTepHaia Onarofaps TEIIONPOBOJHOCTH H PEAIN3AIMIO0 HMITYJIbCHO-TIEPUOAMYECKON paiu-
AlIMOHHO-YCUIICHHON Anu(Qy3un aTOMOB Ha TITyOUHBI, CYIIECTBEHHO MPEBHIMIAONIINE TPOCKTHBHBIH
npoOer HOHOB. B HacTosIieil paboTe MCClenyTess 0COOCHHOCTH TEIUIOBBIX TPOIIECCOB U BIMSHHE
UMITYJIbCHOTO pa30rpeBa MPHUIIOBEPXHOCTHBIX CJIOCB TUTaHA Ha TU((Y3MOHHBIH IEPEHOC B YCIOBH-
SIX CHHEPI'MU BBICOKOMHTCHCHBHOMN MMIUIAHTAIIMU HOHOB M YHEPTreTHYECKOTO BO3/ICHCTBHS MMITYJIb-
CHO-TIEPUOMIECKOTO MTyYKa BBICOKOW TJIOTHOCTH MOIIIHOCTH Ha MOBEPXHOCTD C IETIbI0 YBEITHUCHHUS
DIyOUHBI HOHHOTO JICTHPOBAHMS 33 CUET PaJUAllMOHHO-CTUMYIUPOBAHHON NTUBQY3UH B YCIOBUIX
OrPaHMYCHHOTO pa3orpesa Bcero odpasua. [IprBeeHbI JaHHBIC YUCICHHOTO MOJICIIMPOBAHUS JINHA-
MHUYECKOTO U3MEHEHHSI TEMIIEPATYPHBIX MOJIeH B TUTaHe U caMoauddy3un TuTaHa IPH BO3EHCTBUH
Ha TIOBEPXHOCThH ITyYKOB MOHOB CYOMWJIIMCEKYHIHOW JUTMTEILHOCTH C UMITYJIbCHOW MOIIHOCTBIO
B iecsaTKU KB1/cMm?, hiroeHc nonoB B umtynbce 1,25%10' non/cm?.

KJIFTOYEBBIE CJIOBA

VoHHas MMILIAHTalUs; YHEPIeTHUECKOE BO3ACHCTBUE, MOAMMDUKAIUS TTOBEPXHOCTH; MPUIIOBEPX-
HOCTHBIE cJIoH; MU dy3usi aTOMOB; YUCICHHOE MOACIUPOBAHUE; TUTaH; caMoaudPy3usi; TeTIOBbIE
MIPOLIECChI; TUHAMHKA TEMIIEpPaTypHBIX MOJIeH; paJuallMOHHO-CTUMYIUpoBaHHas nudysus; nryoo-

KOC MOHHOC JICTUPOBAHHUC.

Introduction

The ion implantation method has unique
opportunities for changing the elemental
composition, conductivity, microstructure, and
properties of a wide range of materials, including
semiconductors, metals, and alloys [1-17]. The
wide-scale application of ion implantation is
limited by the short ion range in a solid.

Radiation enhanced diffusion as applied to
ion implantation can expand the possibilities of
its practical application for deep ion doping of
both semiconductor materials and metals and
alloys. In [18], for the first time, the possibility
of forming high-intensity ion beams with a
current density up to 1 A/cm? at the ion energy
of a few keV was experimentally shown. The
method of high-intensity implantation of low-
energy ions using such beams showed the
possibility of increasing the ion-doped layer
depth due to radiation enhanced diffusion to
several tens and even hundreds of micrometers
[19, 20]. The high current density in the ion
beam and the significant heating of the irradiated
materials contribute to the implanted atoms’
diffusion to depths many times greater than
the ion projective range. At the same time in
many cases, the heating of irradiated samples
to high temperatures during ion implantation
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negatively changes the microstructure of entire
volume of the material. Paper [21] proposes a
new method of modifying the near-surface layer
with a high-intensity repetitively-pulsed beam
without a significant change in the microstructure
and properties of the irradiated material outside
the doped layer. The method involves the
synergy of high-intensity ion implantation and
energy impact on the surface of ion beams with
a high-pulsed power density [22]. In this case,
the irradiated target’s average temperature can
be limited to values at which its microstructure
does not deteriorate.

For a more detailed study of these processes,
modern science cannot do without mathematical
simulation of physical processes, reducing the
time of research when carrying out a physical
experiment. Simulation is an indispensable
tool in the study of regularities and features of
various physical processes under conditions of
replacing the real process with a model similar
to the original.

This paper considers thermal processes’
features and the effect of pulsed heating of near-
surface titanium layers on diffusion transfer
under conditions of synergy of high-intensity
titanium ion implantation and energy impact of
a high-power density repetitively-pulsed beam



on the surface to increase ion doping depth due
to radiation enhanced diffusion under conditions
of limited heating of the entire sample.

1. Studying the dynamics of changes
in the spatial distribution
of implanted dopant

1. 1. Description of the numerical model

The study is carried out within the
development of a new method for modifying
the surface properties of various materials
by implanting dopant atoms as a result of
irradiation with an intense repetitively-pulsed
ion beam.

The power density of a similar beam is
such that the surface layers can be significantly
heated. Consequently, the diffusion transfer
of implanted atoms should be enhanced. In
high-intensity implantation, it is important that
the deeper layers of the irradiated material do
not undergo recrystallization or melting. To
implement this, it is required to identify the range
of operating beam parameters that will ensure a
noticeable diffusion penetration of dopant atoms
into the deep layers of the processed material.

To solve the problem, a mathematical
simulation of thermal and diffusion processes in
a metallic material was carried out, developing
under the action of a repetitively-pulsed ion
beam with operating parameters corresponding
to the technical capabilities of the experimental
setup. The most appropriate working parameters
of ion irradiation were determined using an ion
beam with energies up to ZeU ~100 keV (Z is
average ion charge state; for titanium in DC
vacuum arc plasma, Z is about 2) as an example.
Current pulse repetition rate is 1 p.p.s., pulse
duration (Timp) is 500 ps. The experimentally
obtained shape of the current density distribution
over the beam cross-section radius is shown
in Fig. 1.

The diffusion transfer change was studied
using the example of titanium self-diffusion
(i.e., a titanium ion beam acts on the titanium
target surface).
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Fig. 1. Shape of the current density distribution along
radius (7) of the ion beam cross-section

Puc. 1. ®opma pacnpeaeneHus IIOTHOCTU TOKa
0 paguycy (7) MONepeYHOTro CEYEeHHs] HOHHOTO ITy4Ka

A joint solution of the thermal problem
was carried out based on the heat conduction
equation (described in [23]) and the diffusion
equation in the following form:

0C(z,t) oC 6C(z t)
_— —D(T'(t +S(z,1).
SV D)=+ S(z)
Initial and boundary conditions: C(z,0) = 0.
D GCéz,t Nz =0y=p2ED aC(Z O - = back) = 0.

Here 7(f) — temperature change during
the repetition period of beam current pulses;
C(z,t) — function of spatiotemporal distribution
of the implanted atom concentration, which
will be referred to as dopant atoms; Vo —
sputtering rate of the irradiated target surface,
Vou = Yo x I(t)q,; Y ot sputtering ratio;
I(t) — current density during a pulse; g, —
electron charge (here it is assumed that all ions

are double-charged with energy 100 keV);

1) @—RQZJ
S(z,t)=————exp| ————— —
=0 G, 2TAR p[ 20R;
embedding power density of dopant atoms; R
u AR — average projective range and straggling
of the projective range of beam ions.
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In the frequency-pulse mode of impact,
the energy release in the surface layers of the
substance due to the beam ion deceleration
occurs during the action of a current pulse
with duration Tip? then there is a pause in the
bombardment of the target until the end of
the period in the repetition of pulses (i.e. until
T, = 1/v). In this case, the change in the target
temperature (including in its surface layers
(T,,,) can be represented as follows:

Tsurf(t) - Tback + A711mp(t)

Here T, , — temperature against the
background of which the target is heated by

AT, during the action of one current pulse.
ac

1.2. Numerical simulation of the target
temperature field evolution during pulsed and
repetitively-pulsed high-power density ion beam
implantation

Fig. 2 shows the stabilization of the residual
temperature 7, A in a titanium target with a
thickness of 3 mm at different beam powers,
averaged over the period (Q, ). It can be seen that
the greater the power, the faster 7, , stabilizes.
For each Q , T, reaches its definite constant
value.

1200
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Fig. 3 shows the evolution of 7(¢) on the
titanium target surface during one ion beam
current pulse. The -calculation was carried
out under conditions of a steady temperature
T, for O =50 W and T, , = 300 K (this
corresponds to the initial irradiation or a
situation with intense cooling of the sample’s
back surface). Temperature evolution analysis
shows that the maximum heating in the target
surface layers is reached by the pulse end. Then
they cool down due to thermal conductivity into
depth and thermal radiation of the target. The
residual temperature 7, ., which takes place
by the beginning of the next pulse, depends
on their repetition frequency, as well as the
energy introduced by the beam into the target
material during the pulse, the sample size,
and the intensity of its heat exchange with the
environment. In any case, it stabilizes as the
beam impacts the target due to the establishment
of a thermal balance with the environment.
For the case of frequency-pulsed mode with
T, = 918 K, a melting temperature of 1940 K
is reached on the surface. When heated by one
current pulse against a background of 300 K,
T_ = 1402 K. Obviously, a higher power will
increase T_ .

0 250

500 750 1000

t,s

Fig. 2. Temperature stabilization of a titanium target with a thickness of 3 mm during its irradiation
with an ion beam with different power averaged over the period Q :
1=-25W;2-50W;3-75W; 4—-100 W

Puc. 2. Crabnunnzanms TeMneparypbl TATAHOBOW MUIIEHH TOJIIMHOM 3 MM B Iporiecce ee 00IydIeH!UsI HOHHBIM ITyYKOM
C pa3HOU MOLHOCTbIO, YCPEIHEHHOW MO EPUOAY Qcp:
1—25Bm; 2—-50Bm; 3—75Bm; 4— 100 Bm
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Fig. 3. Temperature evolution on the Ti target surface during one period of beam current pulses
with the power averaged over the period, 50 W:
= =T,=918K 2-T, =300K

back st

Puc. 3. DBouronius TeMIiepaTyphl Ha IIOBEPXHOCTH TUTAHOBOW MUIIICHH B TCUCHUE OHOTO TICPUOA
HMMITYJIbCOB TOKA ITy4Ka C MOIIHOCTBIO, YCPEAHEHHOH 1o nepuony, 50 Bt:
1- =T,=918K;2-T, =300K

back st

Table 1 summarizes the data on the maximum
heating of the target’s surface layers under the
action of a beam with different power, averaged
over the period, at Ty = 000 ps. Two cases of
steady heating are presented here.

Repetitively-pulsed beam with 9 > 50 W
W = 2x10% W/m?) is the most promising

in terms of enhancing diffusion mass transfer
due to high-temperature heating. However, the
power of 100 W (W, == 4x10% W/m?) seems to
be too high due to the need to comply with the
restrictions on the level of heating. Nevertheless,
against a background of 300 K, irradiation may
be quite acceptable.

Table 1. Maximum temperature on the titanium target surface as a result of the action of one current pulse under
conditions of a steady residual temperature T, , in the repetitively-pulsed irradiation mode and against a background

of 300 K

Tadnmuma 1. MakcuMmanbHas TeMmIepaTypa Ha IMOBEPXHOCTH THUTAHOBONW MHUIIEHH B pe3yabraTe JCHCTBHSA OTHOTO
UMITYJIbCa TOKa Ha (JOHE yCTaHOBMBLIEHCS OCTaTOYHOM TemnepaTypsl T, = B 4aCTOTHO-UMITYJILCHOM PEXMME OOIydeHHs

u Ha Gone 300 K
HacTOTHO-MMITYJIBCHBIA PEKUM /
8 2 Repetitively-pulsed mode r npnT  =300K/
Qav’ B\;[/ %p’ 11008?;]//M 2/ Tmax at Tback: 300 K
Qav’ imp? m Tcraé’ K / makc’ K /
Tstab’ K Twmax’

25 1 695 1260 864

50 2 918 1940 1402

75 3 1085 2222 1940

100 4 1243 2968 1971
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1.3. Numerical simulation of pulsed self-
diffusion of titanium

Fig. 4 shows the concentration profiles of
dopant atoms embedded in the surface layers
during one beam current pulse for O = 50 W.
It can be seen that in the case of 7, = 918 K,
the dopant propagated into the deep layers of
the target rather noticeably even by the end
of the pulse. After its completion, diffusion
transfer continues for some time (up to about
5 ms from the beginning of the period). To
determine the self-diffusion coefficient of
titanium, the following parameters were used in
the simulation: diffusion factor (pre-exponential
factor) — 6.4x10® cm?/s; activation energy —
123 kJ/mol [24].

When irradiated under conditions of 300 K,
a slight dopant redistribution occurs in the

C, 10% atoms/m’

010 015 020 025 030
Z, um

0 1
0.00  0.05

a

most surface layers; i.e. in the area of primary
implantation of particles.

To estimate the diffusion transfer level for
different operating parameters of the beam, the
diffusion transfer’s intensity index of the dopant
is introduced in the following way:

Ky = (hye—R)/R,

diff

where R - ion projective range; & . — diffusion
length, which is defined as depth (Z) at which
at the current moment of time (¢) the dopant
concentration C (¢, Z) is 0.3xC(t, Rp).

The dependences of K. on the beam power
density averaged over a pulse with duration of
500 ps are shown in Fig. 5. It can be seen here
thatat W, '>1.5x 10®* W/m?, the diffusion length
is several times greater than the depth of the
initial embedding of dopant atoms.

10p
e 8 L n]
s
=
|
S
= 4=\
4
2
4
O 1
0.0 0.2 0.4 0.6 0.8 1.0
Z, um
b

Fig. 4. Change in the concentration profile (C) of the implanted dopant in the surface layers
of titanium target during the ion beam current period with the power density averaged
over the period, O =50 W (Wimp = 2x10® W/m?) under conditions of a residual temperature
of 300K (a) and T, =918 K (b)

Puc. 4. smenenue nmpoduiist BHEAPESHHON MPUMECH B TIOBEPXHOCTHBIX CIIOSIX
TUTAaHOBOM MHUIIEHU B TEUEHUE IIEPUOAA TOKA HOHHOTO Iy4Ka € INIOTHOCTbIO MOIIHOCTH,
I3 — — 8 2 o
YCPEHEHHOM IO TIEpUOTY, QCp =50 Bt (Wimp = 2x10® B1/mM?) Ha (hOHE OCTATOUHOM TeMIIepaTyphbI
300K(@)uT_, =918 K (b)
stab
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Fig. 5. Dependence of the diffusion transfer intensity index on the ion beam power density in the repetitively-pulsed

mode of irradiation under conditions of residual heating T

(1) and 300 K (2); dependence of the steady-state residual

temperature of the target surface layer (7, ) on the beam power density (3)

Puc. 5. 3aBHCHMOCTP TI0Ka3aTelsi HHTCHCUBHOCTH AU (Y3HOHHOTO NEepeHOca OT INIOTHOCTH MOIITHOCTH HOHHOTO
My49Kka B YaCTOTHO-MMITYJILCHOM pEXHMeE 00mydenus Ha pone ocrarounoro Harpesa I, (1) m 300 K (2); 3aBucumocTsb
YCTaHOBHBILEHCSA 0CTaTOYHOM Temmeparypsl 7' TIOBEPXHOCTHOTO CIIOS MUIIECHH OT IVIOTHOCTH MOIHOCTH My4Ka (3)

The maximum values of K reach 20 in the
admissible range of power density (i.e., in terms
of compliance with the restrictions on the target
heating level) during one beam current pulse
against the background of 7, , = T . Diffusion
transfer by single pulses against a background
of 300 K is characterized by K. from 3 to 7 in

the range w,,=(B-4)x 108 W/m?,

Conclusions

A model has been developed for numerical
simulation of the dynamics of changes in
temperature fields in a solid and diffusion of
dopants under conditions of high-intensity ion
implantation and simultaneous energy impact of
an pulsed ion beam on the surface.

Numerical simulation showed that exposure
of the titanium surface to a submillisecond ion
beam (500 ps) at a power density in the range
of 1.5x10% to 3x10® W/m? provides pulsed
heating of the near-surface layer to temperatures
approaching the melting temperature, while
the temperature does not rise significantly
throughout the entire volume of the target
material.

It has been established that in the specified
range of power density and pulse duration, even
at a frequency of 1 p.p.s., the diffusion transfer
of the dopants increases by almost an order of
magnitude. It is shown that under conditions
of target forced cooling or in the single-pulse
mode, i.e. when the residual heat is at the
level of 300 K, the pulse power density above
(3—4)x10®* W/m? should produce a noticeable
diffusion dopants transfer.
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