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In the framework of the diffusion approximation, a mathematical
model of thin film deposition which takes into account mass
transport under the action of an ion beam has been developed.
The bulk profiles of component concentrations at the Ni-film
deposition onto a copper substrate have been calculated for ion
energies of 100, 200, and 400 eV and an ion flux of 101%, 1016 and
1017 em~2s~!. The model parameters of the deposition process
have been estimated using the SUSPRE and SRIM programs, and
the corresponding profiles of component concentrations have been
compared.

1. Introduction

Many technologies for fabricating the electronic devices
use the treatment of materials with ion beams, in
particular, film sputtering with low-energy ions. A
plenty of theoretical and experimental researches dealing
with this technological direction is in progress [1-3].
If an ion beam is used to deposit a film onto a
substrate, there emerge the transfer processes in near-
surface regions of the substrate, in particular, at the
film—substrate interface. Therefore, the development of
a mathematical model for sputtering, taking the near-
surface transfer of a substance into account, is of both
technical and scientific interest. The most common
approach in simulating similar systems is the diffusion
approximation [4-9]. In those and other works, the
sputtering of films making use of low-energy (up to
500 eV) ion beams at room temperature has been
analyzed; as the main processes of substance transfer
in near-surface layers, ionic mixing [10-15|, preferential
sputtering [16,17], and deposition of the substance onto
a surface [18] have been considered, the description
of which in the diffusion approximation enables one
to obtain realistic results. Such an approach allows
one, making use of a computer program based on
proposed model ideas, to construct the level-by-level
concentration profiles of the deposited material, as well
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as their dependences on the deposition time, with regard
for various parameters of the applied ion beam.

2. Description of the Model

The model proposed for simulating the process of film
sputtering supposes that a substrate with a perfect
crystalline lattice is subjected to the bombardment with
low-energy ions. In so doing, the surface of the specimen
is being sputtered as well, and some portion of ions
is being simultaneously deposited on the bombarded
surface. The process runs at room temperature. The
concentration of lattice sites in the substrate is admitted
constant, and atoms are supposed to be located at the
crystal lattice sites only. The model is calculated in
the case where the lattice constants of the film and
substrate materials are close by value. The ratios of
the film and substrate material atom concentrations to
the concentration of lattice sites — hereafter, taken as
dimensionless concentrations C7 and Cy, respectively —
were normalized by the relation

Cl(ZE,t) + 02(1'72‘:) =1, (1)

where x is the the coordinate reckoned from the instant
position of the specimen surface towards the target
depth, and ¢ is the bombardment time. In what follows,
the arguments of the functions will be omitted.

To describe the evolution of the concentration
profiles of the deposited material and the sputtered
substrate, the following system of equations was used:
oC; 0%C; oC; 0
ot Ox? v ox + ox (LCi). )
where the subscript ¢ distinguishes between film (i = 1)
and substrate (i = 2) atoms, D; are the coefficients of ion
mixing of the film and substrate atoms, V' is the motion
speed of the surface exposed to the bombardment, and
I. is the collective flux [19,20]. In order to take the

151



V.I. KEEPRICH, G.V. KORNICH, A.I. BAZHIN

simultaneous processes of sputtering and deposition into
account, the following expression for the speed of surface
motion was offered:
V(t) = Nio (—a11C1 — 1203 + Y1101 + Y1203), (3)
where «aq; and «j9 are the coefficients of film
atom sticking to the substrate and to one another,
respectively; Y77 and Y7o are the sputtering coefficients
of film and substrate atoms, respectively; I is the ion
flux density; and Ny is the concentration of lattice sites.
The third term in Eq. (2) ensures the validity of the
normalizing relation (1) throughout the whole specimen.
In the framework of the given model, the collective flux
allows the total concentration of the substance to be
maintained at a constant level; ultimately, it is caused by
the target relaxation in the cascades of atom collisions at
the bombardment. For the description of the collective
flux, the following relation was derived from Eqs. (1)—

(3):

oC
I. = (D1 — D>) 87171 (4)

The substrate surface was supposed perfectly clean
at the initial moment: C;(x,0) = 0 and Cy(z,0) = 1.

The boundary conditions on the surface for system
(2) were written down as follows:

0C1(0,t I

% = [Fo(aucl(oﬂf) + a120(0,1)—
0C1(0,t

-Y11C1(0,t)) + Dl%ﬂ'

1
+V Oy (A, t) + C1 (0, t)IC} —

Az’
0C5(0,) [ I 8C(0,1)
o = TR YiCa(0.0 + D5
1
FV (A, t) + Co (0, t)fc} = (5)

In Egs. (5), the terms including the coefficients of
sticking and sputtring describe the fluxes of atoms
which come to the surface and go away from it; the
terms including the mixing coefficients and the speed
of surface motion describe the diffusion (owing to the
energy carried by ions) and convective fluxes of the
substance, respectively. The terms of Egs. (5) including
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the collective flux implicitly make allowance for the
influence of substance relaxation. The quantity Az is the
minimal coordinate step used in the numerical scheme,
and C;(Aux,t) is the concentration at the depth Az from
the surface calculated at the computation time-layer ¢.

For the description of the substance concentration
evolution to be correct, two cases should be considered
at the distant boundary of the mixing region in the
specimen bulk: with either the dominant deposition
or the dominant sputtering of the substance at the
bombarded surface. In the former case, the system of
equations for mass transfer at the distant boundary
(x = L) was written down in the following form:

0CiL,t) _1_p 0Git) o g
(‘)t 7[ D= V(L — Az, t)+
1
FVCI(L,t) + CilL, )] - (6)

where C;(L,t) are the values of relative concentrations
at the distant boundary of the mixing region, and
C;(L—Auwz,t) are the values of component concentrations
before the distant boundary.

For the prevailing sputtering of the substance at the
bombarded surface, the system of equations for mass
transfer at the distant boundary was written down in
the form

ACi(L,t) [ OCi(L,1) |
N T [—Dl TS A VGH(L+ Axt) -
—VO(L,t) + Cy(L, t)IC] Aix, (7)

where C;(L 4+ Az, t) are the values of concentrations
beyond the mixing region, i.e. in that part of the
substrate, where there is still no ion mixing at
the present time moment. The profiles of substance
concentration in the region deeper than the mixing
one were calculated making use of system (2), where
the diffusion component and the collective flux were
omitted.

3. External Parameters of the Model

The external parameters of the given model include
the sticking and sputtering coefficients, the coefficients
of mixing, and the depth of mixing region, as well as
the density of ion flux and the energy of particles that
bombard the substrate. Nickel and copper were selected
as materials of the film and the substrate, respectively.
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Some coefficients of the model were calculated with the
help of the known programs SUSPRE [21] and SRIM-
2003 [22]. The former uses an analytical approach, while
the latter is based on the Monte-Carlo method. The
sticking coefficients were evaluated making use of the
formula

a=1- %erfc (\fgg) , (8)

where the values for the parameters xy — the coordinate,
where the concentration profile reaches its maximal
value — and o — the standard deviation of the
concentration — were obtained making use of the
SUSPRE program. The calculated values for the sticking
coefficient at various energies of bombarding particles
are listed in Table 1. One can see that the variation of
the energy of particles that bombard the substrate in the
investigated energy range affects the numerical values of
the sticking coefficient insignificantly, and they are close
to unity.

The values of the sputtering coefficient were
calculated making use of both programs indicated above.
For Ni atoms on the surface of a Cu substrate, the
corresponding results of calculations differ from each
other by approximately a factor of two, whereas the
values given for the sputtering coefficient by both
programs differ slightly in the case of clean copper. The
results of calculations of the sputtering coefficient are
presented in Table 2.

The values of the mixing coefficient were calculated
by the formula [23]

0.07 (r?)
D=—1IFp yv~—= 9
NO D7 Ed ) ( )
where Ej is the energy needed for an atom to move from
its lattice site by the distance r (about 4 A) (as usual, it
does not exceed 15 eV for the majority of materials [24]),

T a ble 1. Sticking coefficients

Fp is the function that describes the distribution of
energy released at elastic collisions of ions over the target
depth,

4mimi

10
(e ) (10)

'7:

is the coefficient of energy transfer, and m; and m,,
are the masses of a bombarding ion and a matrix
atom, respectively. The distribution function Fp can be
approximately estimated — by neglecting inelastic losses
— by the formula Fp ~ E/L. Here, E is the energy of
bombarding particles, and L the depth of mixing region.
The calculated values of mixing coefficients are given in
Table 3.

The depth of the mixing region was estimated on
the basis of the maximal values given by both programs
for the distribution of bombarding particles over the
depth L', and the values obtained turned out equal to
each other to an accuracy of one Angstrom (Table 2).
However, both computer programs were created for the
case where the medium is characterized by a random
distribution of atoms, and do not take into account that,
if the energy is low, the dimensions of the mixing region
in a crystalline medium are significantly influenced by
the chains of substitutional atoms which arise in collision
cascades and are directed from the central region of
the cascade towards external layers [25,26]. The chains
enlarge the mixing region by approximately 10~7 cm.
The values of L, adopted in such a way, are presented
in Table 3. The energy E of ions in the sputtering beam
was selected equal to 100, 200, and 400 eV. The ion flux

density was taken equal to 10'°, 10'6, and 107 cm 257 1.

4. Results and Their Discussion

On the basis of the model expounded in Sections 2 and
3, a computer program was created, which allows the

T able 3. Mixing coefficients

—8
Qaij Energy of bombarding particle, eV L-107° cm
100 [ 200 [ 400 I, 1/(cm?ss) 14 \ 16 \ 18
a11 0.916 0.919 0.911 E, eV
a1z 0.91 0.905 0.905 100 \ 200 ‘ 400
2
T a bl e 2. Sputtering coefficients calculated with the 17 — Dy em ZS_'M —1
SRIM and SUSPRE programs 10 5.84 x 10 1.02 x 10 B 1.82 x 10
1016 5.84 x 10716 1.02x 10715  1.82 x 107 1°
Energy of bombarding 100 200 400 1015 5.84 x 10—17 1.02 x 1016 1.82 x 10—16
particle, eV
Dy cm? /s
Program SRIM | SUS [SRIM | SUS |SRIM | SUS — — —
1017 6.30 x 10715 110 x 10714 1.96 x 10714
Yi1 0,315 0.21 0.686 0.54 1.32 1..02 1016 6.30 x 10—16 1.10 x 10—15 1.96 x 10— 15
Yi2 0.53 0.24 1.04 06 1893 1.14 1015 6.30 x 10—17 1.10 x 10—16 1.96 x 10—16
L', nm 0.4 0.414 0.6 0.556 0.8 0.761
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0 5 10 15 20 25 30
Fig. 1. Bulk profiles of the admixture concentration at different
time moments for E = 100 eV, I = 10'® cm™ 257!, a3 =
0.916 atom/ion, ag = 0.91 atom/ion, D1 = 5.84 x 10717 cm?/s,
D2 = 6.30 x 10717 cm?/s, and (SUSPRE) Y; = 0.21 atom/ion
and Yo = 0.24 atom/ion or (SRIM) Y7 = 0.315 atom/ion and
Y> = 0.53 atom/ion

0 5 10 15 20 25 30
Fig. 2. The same as in Fig. 1, but for I = 106 cm—2s~!

concentration profiles in the deposited film to be
calculated. In the presented figures, the concentration
profiles are plotted for the cases of sputtering coefficients
that were calculated by the SRIM (dotted curves) and
SUSPRE (solid curves) programs. From Figs. 1-3, one
can see that the distinctions in the concentration profiles
given by those two programs are small at low intensities
of the ion flux; however, they are gradually accumulated
with the increase of the sputtering time.

The data obtained testify that the higher is the flux
density of bombarding particles (and, accordingly, the
speed of surface motion), the larger are the differences
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5
Fig. 3. The same as in Fig. 1, but for I = 107 cm—2s~!

between the corresponding concentration profiles. The
dependences of the component concentrations on the
depth for various energy values of bombarding particles
are depicted in Figs. 1, 4, and 5.

One can see that the behavior of the concentration
profile in the film bulk at an energy of 400 eV differs
essentially from those obtained at 100 and 200 eV. This
fact is associated with the circumstance that, if the ion
energy equals 400 eV, the process of surface sputtering
prevails over the deposition one. In this case, the film
can be created on the surface only owing to ion mixing,
so that the transition layer at the interface between the
film and the substrate will be very narrow, because,
provided that the etching of the surface dominates, the
transfer of the admixture does not take place beyond the
mixing region. It is worth noting that, in the framework
of the given model, the transition layer does not arise
in this case, because the mixing coefficients D; are
considered independent of the depth over the whole
mixing region L.

The concentration profiles for the energies of
bombarding particles of 100 and 200 eV (Figs. 1 and 4,
respectively) are similar to each other at the initial stage
of bombardment, provided that all other parameters
are equal. Divergences become accumulated as the time
grows, owing to a shorter time of film deposition at
100 eV. In addition, at 200 eV, the broadening of
the profile is larger, and the depth of the transition
layer (beyond the mixing region) is smaller. The larger
broadening is associated with higher values of the mixing
coefficient at 200 eV (see Table 3). The narrowing of the
transition region at this energy, as well as the longer time
needed for the emergency of similar profiles, is caused by
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0.81\%
0.6
0.4+
0.24
R A
0 5 10 15 20 25 30
Fig. 4. The same as in Fig. 1, but for £ = 200 eV, I =
10 cm™2s71, a3 = 0.919 atom/ion, as = 0.905 atom/ion,
D; = 1.02 x 10716 cm?/s, Dy = 1.10 x 10716 c¢m?/s, and

(SUSPRE) Y1 = 0.54 atom/ion and Y2 = 0.6 atom/ion or (SRIM)
Y1 = 0.686 atom/ion and Y2 = 1.04 atom/ion

a reduction of the rate of film deposition owing to the
growth of sputtering coefficients (Table 2).

The difference between bulk concentration profiles
for different intensities of the ion flux (Figs. 1-3 for
the flux of 10'°, 1016, and 10'7 cm~2s7!, respectively),
provided that all other factors are equal, stems from a
significant modification of the speed of surface motion.
It was demonstrated that, if the fluxes of bombarding
particles differ by an order of magnitude and the times
of bombardment also differ by an order of magnitude,
the resulting films are approximately identical by their
depths and concentration profiles. For instance, if the
time needed for sputtering a film with a required
concentration is of the order of tens of seconds for
the flux I = 10" cm™2s7!, then, for the flux I =
10'6 em~2s~1, this value will be, accordingly, less by
an order of magnitude; and, for I = 107 ecm™2s7!,
the time of film deposition falls within the limits of a
one-tenth-second interval, which enables one to speak
— in the latter case — about a possibility of pulse
deposition.

The variations of mixing coefficients under the
action of various parameters can substantially affect the
shape of concentration profiles. The calculations have
been carried out, which showed that, if the mixing
coefficient increases by an order of magnitude, the
profiles that correspond to those demonstrated above
reveal a much larger broadening, a wider transition
layer, and, accordingly, a higher predicted adhesion.
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of 5 10 15 20
Fig. 5. The same as in Fig. 1, but for £ = 400 eV, I =
1015 em~2s71, a; = 0.911 atom/ion, az = 0.905 atom/ion,
Dy = 1.82 x 10716 cm?/s, Dy = 1.96 x 10716 cm?/s, and
(SUSPRE) Y1 = 1.02 atom/ion and Y2 = 1.14 atom /ion or (SRIM)
Y1 = 1.32 atom/ion and Y2 = 1.893 atom/ion

5. Conclusions

The model developed for describing the deposition of a
thin film by bombarding a surface with low-energy ions
allows one to evaluate the geometrical characteristics of
the concentration profile of the deposited material. The
concentration profiles for various values of the ion flux
density have been calculated. They demonstrate that
the growth of the flux of the deposited substance by an
order of magnitude gives rise to a similar reduction of
the characteristic time of film deposition. In the case of
the prevailing deposition, the broadening of the profile
for higher energies of bombarding particles was shown
to increase in the mixing region and to decrease beyond
it. In case of even higher energies, when the surface
etching becomes prevailing, the film formation occurs
owing to ion mixing, but the film thickness is practically
confined at that by the depth of the mixing region.
The external parameters of the model were calculated
making use of the SRIM and SUSPRE programs. The
results of calculations revealed substantial differences
in the estimated concentration profiles of the system
components, the discrepancies being more considerable
for higher energies of bombarding ions.
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OBYNCJIEHHA KOHIIEHTPAIIIMHNX
ITPO®UIIB ITPU OCAIZKEHHI ITJIIBOK
3 HUBbKOEHEPT'ETUYHOI'O IOHHOI'O ITYYKA

B.I. Kinpiu, I'B. Kopniu, A.I. Baostcun
Pezmowme

Ha ocuosi mudysiitHoro HabIMAKEHHST ONHCY MNEPEHECEHHS pPedo-
BHHH IIiJT JI€I0 I0HHOrO Iy4YKa PO3POOJIEHO MATEMATHIHY MOIEb
[IpOILleCy HAIMJIEHHS TOHKHX ILTBOK. Po3paxoBanHo o6’e€MHi 1po-
&ini KoHIEHTpaIi#f KOMIIOHEHTIB, 0 (POPMYIOTHCS IPU HAIIHIJIIO-
BaHHI IJIIBKY HIKeJIIO Ha MiJHYy HiJIKJIaJKy Juist eHepriit ionis 100,
200 i 400 eB i mineroCTi iommOro moroxy I = 101%, 1016 i 1017
1/(cM?- ¢). OniHKy MOJETbHUX NapaMeTpiB HATU/ICHHs OTPHMAHO
3a pnomomororo nporpam SUSPRE i SRIM. IIposeneno nopiBusHHES
ojiep2KaHuX MpodiiB KOHIIEHTPAIIl KOMIIOHEHTIB.
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