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ABSTRACT

A kinet ic model has been developed to investigate the synergistic
effects of radiation-enhanced d i f f us ion , radiation-induced segregation and

I preferent ial sputtering on the spatial red is t r ibu t ion of implanted solutes
| during implantation at elevated temperatures. Sample calculat ions were
; performed for A l+ and Si+ ions implanted into Ni . With the present model, '
the influence of various implantation parameters on the evolution of
implant concentration prof i les could be examined in de ta i l s .

INTRODUCTION

During ion implantat ion, nonequilibrium point defects are produced in
large numbers by the violent si owing-down of energetic ions in the host
matr ix. Spatial nonuniformity in the defect production and annihi lat ion
gives r ise to persistent defect f luxes, e .g . , towards the surface, or from
the peak-damage region towards the mid-range and beyond-range regions where
the defect-production rates are s ign i f i can t l y lower. At elevated tempera-
tu res , these defect fluxes can pre ferent ia l l y transport certain al loying
elements via defect-solute in teract ions, which causes a spatial r e d i s t r i -
bution of implanted species. This nonequilibrium phenomenon, cal led radia-
tion-induced segregation (RIS), acts ynerg is t i ca l l y with rad ia t ion-
enhanced d i f fus ion (RED) and preferent ia l sputtering (PS) during ion implan-
t a t i o n , introducing a great complexity to the understanding of th is process.

A comprehensive k inet ic model has been developed recently to i nves t i -
gate the synergistic effects of a l l the processes mentioned above on the
spatial red is t r ibut ion of implanted atoms during implantat ion. The effects

.of spatially-nonuniform rates of damage and ion deposit ion, as well as the
movement of the bombarded surface as a result of sputtering and introduc-
t ion of foreign atoms into the system, were taken into account. The evolu- •-

. t i on of implant concentration p ro f i l e in time and space was calculated for
, various temperatures, ion energies, and ion-target combinations. The ^
. results of the present work may be useful in elucidat ing the essential
physics of the elevated-temperature ion implantation process. -P

BASIC KINETICS

We consider a metal substrate B into which A atoms are implanted at a
f lux <f> (ions/cmz«s). A number of A atoms w i l l end up in i n t e r s t i t i a l s i t e s ,
and the rest in subst i tut ional sites of the host l a t t i c e . The respective
rates of implantation into these sites are f^ (|> and fs<f> (atom f r a c t i o n / s ) .
During implantat ion, point defects - vacancies and i n t e r s t i t i a l s - are
created by ion impact at a rate K (displacements per atom per second,
dpa/s). Since the i n t e r s t i t i a l defects are d ist inguishable, the rate of ,_
i n t e r s t i t i a l production is part i t ioned into KC^ and KCsB = K(l-CsA) for A-
and B - i n t e r s t i t i a l s , respectively, with C?A and CSD being the respective
concentrations of A and B atoms in subs t i tu t ion . The i n t e r s t i t i a l s and
vacancies annihi late by mutual recombination and/or d i f fus ion to defect
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-~ sinks. In addit ion, vacancies and B- in terst i t ia ls can interact with free
solute atoms, giving rise to the formation of vacancy-solute complexes and
conversion of B- in ters t i t ia ls to A - in te rs t i t i a l s , respectively.

The local concentrations (in atomic fractions) of vacancies (v) , B-
i n te rs t i t i a l s ( iB) , A- in ters t i t ia ls ( iA) , A-vacancy complexes (vA) and free
substitutional solutes (sA) change with implantation time according to the
following system of kinetic equations:

• V-Jv + K - fscfr + Fv

' v* J iB + Kd-CsA) + FiB

V i i \/r* , £ , , f- / 1 \

I n Of* I I r\

3C1B

3C

FvA

sA _ - KC_ A + f _ d> + F," 3 T ~ = " v* JsA " ^ s A + T s * + rsA

where the F's denote the loca l rates of c rea t ion and loss of species by
chemical-type reactions ( i . e . formation and dissociation of defect-solute
complexes, and defect recombination and annihi lat ion), and the J's are the
fluxes of the mobile species, defined as [ 1 ] :

J v = - (1 + CJVC3A)DVVCV (2a)

i R = — (^ "̂" ^i ^Q A / i R i R * '

w-i A = — *JA A V L - i AI n i n \ r\

JvA = " °vAvCvA

JsA = " a icsAD iBvC iB + avCsADv7Cv •

Here, the fluxes of defects and defect-solute complexes are proportional to
thei r concentration gradients, the proportionality constants being the ; _•
diffusion coefficients Dy, D^g, D^A and DvA. The constants av and cr̂  are '__. 5
the capture factors for vacancy-solute and in te rs t i t i a l - so lu te encounters i._ "•

• [ 1 ,2 ] . For strong defect-solute binding, av = 6 and Oj = 6, and for repul- .._ V
sion or no interact ion, Oy = 2 and Oj = 0. The free solute f lux arises
from the coupling of A atoms with free B- in ters t i t ia l and vacancy fluxes.
Note that the vacancy flux-induced solute current, which is the last term _ z
of equation (2e), has the opposite sign of the other terms, because atom
transport occurs in the direction opposite to that of the vacancy f lux . *?
The reader is referred to ref . [3] for more details of the model. r-

Concurrently with the buildup of solute concentration in the host |
matrix, the surface is subjected to displacements, due to the introduction
of foreign atoms into the system and sputtering. The former gives rise to
surface relaxation in the - x d i rect ion, at a rate §_, whereas the la t te r
causes surface recession in the + x di rect ion, at a rate 6+. The
rate 5 can be calculated from the net atom f lux towards the surface:

5- = J iA + J iB " Jv " JvA • ( 3 )

while the rate 6 is determined by the ion flux, the partial sputtering KJ
coefficients, SA and SB, and the surface concentrations of A and B atoms:

+ A ^ + SB(1 - C\)] , (4)

where n is the average atomic volume. The net surface displacement rate,



is therefore controlled by the competition between the rates of ion
collection and sputtering.

Equations (1) and (5) were solved numerically for a semi-infinite
medium with the aid of the LSODE package of subroutines [4], starting from
the thermodynamic equilibrium conditions. A moving boundary, which
represents the receding surface, was accommodated by a transformation of
the physical space x to a reduced space z:

2 = 1 - exp[-B(x - 6)] (6)

where & is a scaling fac tor . With th is transformation, the region 6 < x < «
was mapped into the f ixed region 0 < z < 1 .

Sample calculations were performed for two model systems: A l + and Si+

implantations into Ni . The physical parameters used were tabulated in re f .
C3]. The ions were implanted at 50 and 400 keV. The spatial dependence of
the rates of defect production and ion deposition was calculated using the
TRIM code [ 5 ] , with a displacement energy of 30 eV. The most-probable
damage and ion ranges for 50-keV A l + and Si+ in Ni are ~13 and 27 nm, and
~12 and 24 nm, respectively. For 400-keV Al+ and Sv in Ni , the respective
most-probable ranges are ~175 and 235 nm, and -160 and 215 nm. At 50 keV,
sputtering is s ign i f i can t ; the sputtering coeff ic ients for the host and
solute atoms, SB and S^, in Ni-Al and Ni-Si al loys were taken to be 3.5 and
2.0 atoms/ion, and 3.5 and 1.0 atoms/ion, respectively [ 6 ] . Here, we
assumed that Sn and Sg were equal to the coeff ic ients for the respective
pure A and B elements. At 400 keV, sputtering is s ign i f i can t ly reduced
[ 6 ] ; i t was, however, assumed to be negl igible in the present calculat ions.
For each ion-target combination, the defect-production rate K was taken as
0.3K0, where Ko is the calculated rate of defect production, and the factor
0.3 i s the defect-production eff ic iency [ 7 ] .

SAMPLE CALCULATIONS

Time and temperature dependence of implant redist r ibut ion during high-
energy implantation

The time evolution of the Al redist r ibut ion during 400-keV implantation
at 100, 500 and 800°C is shown in Fig. 1 . The ion f lux was 6.25 x 1013

ions/cm *s and the corresponding peak-damage rate was calculated to be
Kmax _ 4^92 x \Q-2- dp a /s . The most-probable damage and ion ranges are
marked by Rd and Rj . The dislocation density was assumed to remain
constant at 10° d is l / cn r throughout the target during implantation. Since
sputtering was assumed to be negl ig ib le , the surface relaxed in the - x
d i rec t ion ; the calculated surface displacements, 6, are indicated in the
figure f j r various times. During implantation, under the influence of
damage-rate gradients, point defects flow out of the peak-damage region
towards the surface and into the beyond-range region. Since Al solutes
segregate in the direct ion opposite to the defect fluxes in i r radiated Ni ,
there exists a net f lux of Al atoms into the peak-damage region [ 8 ] .
Consequently, there is no sh i f t of the implant p ro f i l e towards the sample
i n t e r i o r ; the ion d is t r ibu t ion simply broadens with t ime. The effect of
RIS on the implant d is t r ibu t ion can also be demonstrated by the near-
surface Al depletion on high-dose p ro f i l es , especially around 500°C where
Al depletion is most severe. Long t a i l s extending deep into the bulk,
result ing from RED of Al atoms from the ion-peak region, are observed on
the solute prof i les for t > 10zs. The contr ibution of RIS to the evolution
of the Al t a i l s is unimportant, because Al atoms and point defects migrate
in opposite d i rect ions. The temperature dependence of the penetration
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Fig. 1. Time evolution of the Al concentration prof i les during 400-keV
implantation at 100, 500 and 800°C.

t a i l s i s , however, rather weak, because Al transport occurs via the
dominant in te rs t i t i a l cy mechanism. I t should be pointed out that RED is
ef f ic ient during implantation because the effective rate of i n t e r s t i t i a l
production is always larger than the vacancy-production, rate.

Figure 2 i l lus t ra tes the time dependence of the Si redistr ibution
during implantation at 100, 500 and 900°C. The calculated peak-damage ra^.e
was K^ax = 5.6 x 10"2 dpa/s. The values of <5 are indicated in the
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Fig. 2. Time evolution of the Si concentration prof i les during 400-keV
implantation at 100, 500 and 900°C.

f igure. During implantation at elevated temperatures, the preferential
association between Si atoms and N i - in te rs t i t i a l s induces a net f lux of Si
in the same direction as the defect f luxes, out of the peak-damage region
t.8,9]. As a resul t , after a short implantation time a t , e .g . , 500°C, a



-—depression in the Si concentration occurs in the peak-damage region, and a
^ / pronounced increase is seen at the surface and in the beyond-range region.

_ 1 ^ ^ The implant distr ibut ion peak moves inward, and eventually stops at a
position near the end of the ion range. Unlike the Al-implantation case,
the penetration ta i l s on the Si profi les are caused by a combination of RIS
and RED via an in te rs t i t ia lcy mechanism. For a given temperature and dose,
these ta i l s are signi f icant ly higher and longer than those on the Al
concentration profi les shown in Fig. 1. At 100°C, the Si distr ibut ion peak
is not sh i f ted, only solute enrichment at the surface and long t a i l s are
observed. The ta i l s on the 100 and 900°C prof i les are, however, shorter
than those at intermediate temperatures, e.g. 500°C, because of the
decrease in the effectiveness of RIS at low (i, 0.2T_) and high (> 0.7Tm)
temperatures. The predicted shi f t of the Si d is t r ibut ion peak into the
bulk is consistent with recent experimental measurements by Mayer et a l .
[10] in Si-implanted Ni at elevated temperatures.

Effect of preferential sputtering on implant d is t r ibut ion during low-energy
implantation

Redistributions of Al and Si solutes in Ni during 50-keV implantation
at 500°C are presented in Figs. 3 and 4, respectively. The rates of defect
production and ion deposition, normalized to their peak values, are inc lu-
ded in the top portions. For the ion f lux used, 6.25 x 1 0 ^ ions/cm^«s.
the calculated peak-damage rates were K^ax = 7.92 x 10"2 and 8.63 x 10"*
dpa/s for Al+ and Si+ bombardments of Ni, respectively. Since sputtering
is signif icant at this energy, the bombarded surface recedes into the
sample with time. The surface displacements are indicated in the f igures.

In the Al-implantation case (Fig. 3), the Al concentration at the
surface, C5^, increases with time to a quasi-steady-state value, which is
mainly determined by the sputtering coefficients and the sub-surface
implant concentration. The time required to achieve quasi-steady-state is

. ~104s. The quasi-steady-state value of Cj^ , 45.9 at.%, is s igni f icant ly
larger than that obtained in the high-energy implantation case, where C^
Jfs controlled by RIS. The total implant concentration remaining in the
substrate i s , however, smaller due to sputtering. The quasi-steady-state
llBolant prof i le does not resemble the high-energy implantation prof i le
(compare with Fig. 1); i t decreases monotonically with depth from the value
of C|

al evolution of the Si prof i le (Fig. 4) is quite dif ferent
from that for f \ l , due to the dif ferent RIS behaviors. After a short t ime,
e.g. 0.1 s, SiKsjirichment occurs at the surface, because of RIS and _
relat ively small>on range, and the Si d ist r ibut ion peak starts moving into
the sample in te r io r ! However, as the implantation goes on, the Si concen- tr
t ra t ion at the surface, C|| , decreases with time and eventually attains a §
quasi-steady-state |alue of -3.3 x 10"4 at.% for t > 104s. This value is
five-ordersWf-magnitude smaller than C§j, because, in th is case, most of
the implantecKSj^^atwns segregate into the bulk. The Si prof i le always
changes with time, even though C|̂  does attain i t s quasi-steady-state
value. The implant distr ibut ion continuously shif ts towards the in te r io r ,
and high-level t a i l s extending deep into the sample are observed behind the
distr ibut ion peak for T > lO^s.
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F i g . 3. Development of the Al p ro f i l e s during 50-keV implantat ion at
500°C. The normalized damage (KQ) and ion-deposi t ion (P^x)
are included in the top p o r t i o n . The surface displacements, 6,
resu l t i ng from sput ter ing are i nd i ca ted .

F i g . 4. Development of the Si p r o f i l e s during 50-keV implantat ion at
500°C. The normalized damage and ion-deposi t ion rates are shown
in the top p o r t i o n . Note that the depth scales in p lots fo r
t = 0.1 s and t > 10 s d i f f e r by a fac to r of 10.
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