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Relocation of Si atoms in kilo-electron-volt and mega-electron-volt Si-ion
irradiation of crystalline Si
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Ion-beam mixing of tracer ' Si impurity in crystalline Si sample, irradiated with 2.0X10' 100-
keV and 2.0X 10"4-MeV "Si/cm' at room temperature, has been investigated in order to obtain
knowledge about the displacement processes in ion bombardment of Si. The tracer ' Si impurity
was deposited by implanting a fiuence of 1X10' 10-keV ' Si/cm into Si(100) substrates. The mix-

ing of the collisionally similar and chemically identical atoms was studied with the nuclear-
resonance-broadening technique. In the simulation of the experimental data, the collisiona1 mixing
was described with a new computational method and analytica1 calculation. The results suggest
that the collisiona1 mixing is a dominant contribution to displacement processes in room-
temperature ion bombardment of crystalline Si.

I. INTRODUCTION

Ion implantation of crystalline silicon (c-Si) is a basic
technique in semiconductor technology. In ion-beam
modifications of c-Si, a fundamental knowledge of the dis-
placernent processes in collision cascades is desirable.
Processes that generate damage in c-Si during the implan-
tation of keV and MeV ions have been studies extensive-
ly, e.g., Refs. 1-7, and references therein. Due to several
implantation variables (temperature, flux, fluence, ion
mass, and energy), there is still some controversy about
importance of different processes. Quantitative analysis
of ion-beam-mixing experiments can also be utilized to
obtain information on basic processes in displacement
cascades produced by the slowing down of energetic
ions. Concerning underlying mechanisms, the ion-
beam-mixing studies reported for both silicide-forming
elements and fully miscible element Ge are subject to
considerable ambiguities since so many physical effects
have been found to contribute to ion-beam mixing. '

Initially, ion-beam mixing of layered solid systems has
been thought to be due to energetic collisional process-
es. " ' The amount of measured mixing has been
characterized by the mixing efficiency that is proportion-
al to the spread of a marker or interface of a bilayer dur-
ing ion-beam bombardment. ' Mixing efficiency has been
observed to correlate with thermodynamical or chemical
properties of the substrate and mixing materials. ' In ex-
periments done with bilayers, correlation with the heat of
mixing has been seen. ' ' In recent marker measure-
ments, the mixing efficiency has been observed to corre-
late with the cohesive energy and tracer impurity
diffusion. ' The measured mixing efficiency has in
many cases been claimed to be an order of magnitude
higher than predicted by collisional models. ' ' These
observations have been interpreted to indicate that col-
lisional mixing is a secondary contribution at low temper-
atures and that the diffusion within the thermal spike is
the most important contribution to ion-beam mix-

ing. ' ' ' ' This conclusion is, however, not unambigu-
Ous.

The estimates of collisional mixing have been based on
the results of theoretical calculations that include ap-
proximations whose validity is questionable. "'3's Com-
puter simulations have recently given indication that col-
lisional mixing may be larger than expected on the basis
of the earlier theoretical estimates. ' It has been
claimed that theory with more realistic parameters would
give results comparable with computer simulations. 2s

Furthermore, collisional mixing may well be dominated
by low-energy collisions that are sensitive to interaction
potential in the electron-volt region. The reduced
vacancy-migration enthalpy in a thermal-spike phase
confuses also a direct comparison of the mixing
efficiencies with the chemical properties of a target. Re-
cent calculations with a new two-step computational
method further support a more important contribution of
the collisional mixing than taken into account previous-
ly

27

The present work was undertaken to investigate the re-
location of matrix atoms in collisional processes. Infor-
mation about the displacement was obtained in experi-
ments carried out by using a thin tracer Si impurity lay-
er implanted into c-Si and irradiated with Si ions at
room temperature. In Si-ion irradiations, no chemically
different impurities were introduced into the samples and
no impurity atoms were included in collisional cascades.
Effects due to different spatial structures of collision cas-
cades were studied by the use of the 100-keV and 4-MeV
irradiation energies. Since only Si atoms were present,
the stopping conditions remained constant during the ir-
radiations. Therefore, the cumulative mixing could be
calculated accurately. Predominant vacancy defects in
c-Si ion implanted at room temperature, have been shown
to be divacancies. ' Based on this observation and
the migration of vacancies at room temperature, ' the re-
laxation of the highly nonequilibrium state following the
displacement process includes the effects of vacancy mi-
gration into the bulk.
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II. EXPERIMENTAL PROCEDURE AND RESULTS
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FIG. 1. Measured ' Si distribution corresponding to a virgin
region (open circles) and to a region irradiated with 2.0X10'
100-keV "Si/cm (solid circles). The computer simulations of
the mass distributions after the irradiation are shown by the
solid line. A possible sputtering (less than 2 nm, see the text) is
not taken into account in the location of the simulated mass dis-
tribution. The mass distribution used in the computer simula-
tions for the virgin sample is shown by the dashed line.

The samples were prepared at the isotope separator of
the laboratory by implanting a fluence of 1 X 10' 10-keV

Si/cm into n-type Si(100) slices (Czochralski grown,
doped uniformly by P to a resistivity of 2.5—3.5 0 cm) at
room temperature. The irradiations were carried out at
room temperature, with electrostatically scanned (over a
9-mm-diameter area) 100-keV (1.3 pA) Si+ beam from
the isotope separator and 4-MeV (400 particle nA) Si +

beam from the 5-MV tandem accelerator EGP-10-II of
the laboratory. The heating of the samples during the ir-
radiations was avoided by the use of the low beam
powers. During the implantations and irradiations, the
specimen normal ((100) axis) was aligned 6' from the
beam axis.

To probe the Si concentration distributions in the
samples, the nuclear-resonance-broadening (NRB) tech-
nique was used. The use of the sharp (I =68 eV, Ref.
33), strong (S=5 eV, Ref. 33), and isolated resonance of
the Si(p, y) 'P reaction at E =620 keV made it possible
to profile Si distributions with a good depth resolution.
The proton beams of about 1 pA were supplied by the
2.5-MV Van de Graaff accelerator of the laboratory. The
resolving power of the beam, typically 400 eV, corre-
sponded to the depth resolution of about 5 nm at the sur-
face. The beam was focused to a spot of 3X3 mm .
Effects associated with the probing proton beam were
controlled by repeating the measurement of each distri-
bution two times at each beam spot. By attaching a tar-
get with clamps to a copper plate kept at room tempera-
ture, no effects were observed. The y radiation was
detected in a 12.7-cm-diameter X 10.2-cm NaI(T1) crystal
shielded against the background radiation by 5 cm of
lead.
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FIG. 2. Measured Si distributions corresponding to a virgin
region (open circles) and to a region irradiated with 2.0X10'
4-MeV Si/cm (solid circles). The computer simulations of the
mass distributions after the irradiation are shown by the solid
line. The mass distribution used in the computer simulations
for the virgin sample is shown by the dashed line.

The measured Si distributions corresponding to a vir-
gin region and to a region irradiated with 2.0X10' 100-
keV Si/cm are shown in Fig. 1 and those correspond-
ing to a virgin region and to a region irradiated with

2.0X10' 4-MeV Si/cm in Fig. 2. The width is con-
tributed to by the range distribution of 10-keV Si im-
plants, the natural width of the resonance, the energy
resolution of the proton beam, and the width of the
energy-loss distribution for protons after traversing in Si.
In the nuclear-resonance-broadening (NRB) measure-
ments of the samples, the concentration profiles of doped

Si atoms were obtained by comparison of the y-ray
yields from the doped Si nuclei with those from isotope

Si in natural silicon (3.1 at. %). In the calculation of
the depth scale, the stopping power of silicon for pro-
tons was taken from Ref. 34. The areas of the distribu-
tions illustrated in Figs. 1 and 2, indicated that the
amounts of sputtered Si atoms due to the Si bombard-
ments were negligible. Because of low abundance (3.1

at. %) of the isotope Si in natural silicon, low concen-
trations of implanted Si could be measured reliably.
The fluences were measured by integrating ion current
collected on a target equipped with a suppression for
secondary electrons. The irradiation fluences 4 were
selected so that the same total deposited energy
CFD ——5X 1017 ev/A in the region of the implanted 30si

atoms was obtained in the 4-MeV and 100-keV irradia-
tion. FD is the energy (eV) per ion deposited in nuclear
collisions in the lattice per unit depth (A). The numerical
values were obtained in collision cascade calculations, see
below.

In order to accurately know the deposited energy dis-
tribution in the 100-keV irradiation, the range distribu-
tions of 10-, 50-, and 100-keV Si ions in c-Si were mea-
sured and simulated by computer calculations. The mea-
sured and computer simulated (see below) profiles are
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shown in Fig. 3. The samples were prepared by implant-

ing the fluences of 1X10' 10-keV, 2X10' 50-keV, and
1X10' 100-keV Si+/cm into Si(100) specimen, whose
normal was aligned 6' from the axis.

In order to study the relaxation of c-Si during the Si ir-
radiation, a Si(100) sample implanted by 3-keV protons in
an ultrahigh-vacuum chamber (the vacuum about 0.1

@Pa) at room temperature to a fluence of 1 X 10'6
protons/cm was also prepared. In the room-

temperature implantation, the c-Si sample was recovered
from the proton-induced damage that would afFect the re-

sults of Si irradiation at or below the room temperature.
The reason behind the use of the 3-keV-proton-implanted
sample, was the sensitivity of hydrogen migration to de-
fects in c-Si. The sample was irradiated by 4-MeV

Si + ions to a fluence of 2.0X10' Si/cm at 12 K. The
depth profilings of H by the NRB technique were carried
out at 12 K and consequently at room temperature at the
tandem accelerator EGP-10-II of the laboratory, using an
about 100-nA ' N + beam in conjunction with the 6.385-
MeV resonance in the reaction 'H(' N, ay) ' C. The H
distributions are illustrated in Fig. 4.

In the irradiation of the sample at 12 K, which is below

the temperature of monovacancy migration (150 K, Ref.
31), the monovacancies were accumulated in the
collision-cascade region of the sample. Release of these
defects by rising the temperature to the room tempera-
ture lead to a strong relaxation of the lattice and to a loss

of H from the implanted region, Fig. 4. In a room-
temperature irradiation with the 4-MeV Si~+ ions, no

change in the H profile was observed. This demonstrates
the importance of the monovacancy migration for the lat-
tice relaxation after each collisional cascade during irra-
diations at room temperature.
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For the comparisons of the simulated mass distribu-
tions of Si with the measured distributions (Figs. 1 —3),
the calculated mass profiles were convoluted with the
natural width of the resonance, the energy resolution of
the proton beam, and the width of the energy-loss distri-
bution for protons after traversing in Si. The width of
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FIG. 3. Range distributions of 10-, 50-, and 100-keV Si
ions. The measured distributions are compared with mass dis-
tributions obtained from Monte Carlo simulations.
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FIG. 4. Hydrogen distributions of the 1 X 10' 3-keV
protons/cm in c-Si irradiated by 4-MeV Si ions at 12 K to a
fluence of 2.0X10" Si/cm and measured at 12 K and conse-
quently at room temperature.
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the energy loss distribution for protons will be considered
in the following, since it was determined in the present
work.

In the numerical convolution we used a function f (z),
which approximates well Vavilov s energy straggling dis-
tribution at depth x

1 S (x —z)
(z) = exp

(pg/z)~~z

where S is the stopping power for protons and 0 is the
energy straggling at depth x. Near the surface, the best
agreement between the simulated and experimental range
distributions was obtained when the energy straggling 0
calculated according to the Lindhard-Scharff model was
multiplied by 0.5.

Excluding the tails of the experimental 10-, 50-, and
100-keV range profiles, the simulated Si distributions
are in a good agreement with the measured distributions.
The reason for the tail is Si atoms channeled during the
slowing-down process in c-Si. In the Monte Carlo simula-
tions ' of the range profiles, the Si sample was assumed
to be amorphous. The stopping power used for Si ions
will be discussed in the connection of the mixing.

B. Collisional mixing, a two-step method

Conventionally, the amount of measured mixing has
been characterized by the spread of a marker or interface
of a bilayer during ion irradiation. In the present
geometry, the displacement of tracer Si atoms had to be
studied in the whole region of the implanted concentra-
tion distribution.

The two-step method used in this work to simulate the
measured mixing is explained in Ref. 27. If the initial po-
sition of an atom within the 10-keV range distribution is
x from the surface, the Monte Carlo simulation ' is
very well suited to calculate the differential cross section
do (x,z) for the scattering process that causes the atom to
relocate from x to (x +z, x +z +dz) due to a single-ion
collision. The calculated relocation cross sections per re-
location depth unit dz at x =15 nm are shown in Fig. 5
for 100-keV and 4-MeV Si irradiations. The depth 15
nm corresponds to the modal range of 10-keV Si ions in
c-Si.

The recoil cross sections were based on a mean poten-
tial, where the interaction potential is assumed to be a
screened Coulomb potential with a Thomas-Fermi
screening length. The screening function was obtained by
fitting a polynomial consisting of a sum of exponentials to
50 ion-atom potentials obtained using Dirac-Fock calcu-
lations of the electron densities. This mean potential is
close to the so-called Ziegler-Biersack-Littmark poten-
tial. ' ' The electronic energy loss was described by a
frictional force from the Lindhard-Scharff'-Schis(tt
theory. The recoils in a cascade were followed until
their energy fell below 4 eV.

The relocation of atoms during an ion bombardment to
a fluence 4 was calculated by describing the movement of
an atom as a random-walk process with various step
lengths of different probabilities obtained from the Pois-
son distribution. Repeated to a large number of impurity

C. Collisional mixing, an analytical analysis

In the present case the cumulative efFect of the succes-
sive relocations can also be calculated analytically. In an
isotropic cascade mixing, ' the relocation cross sections
are predicted to be symmetric. Excluding the small
asymmetry, this condition is fulfilled by the calculated re-
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FIG. 5. Relocation cross sections per relocation depth unit at
the depth of 15 nm, which corresponds to the modal range of
10-keV Si ions in c-Si.

atoms, this yields a relocation profile of a thin tracer
marker.

For a comparison with an experimental concentration
profile, calculated relocation profiles of thin markers were
convoluted with the mass distribution of implanted 10-
keV Si atoms. As shown in Fig. 3, the calculated range
distribution does not include channeled atoms. For an
accurate comparison with the experimental profiles after
the Si irradiations, a mass profile was searched that
yielded an identical range distribution with the experi-
mental one shown in Fig. 3. This mass profile was then
convoluted with the relocation profile of a thin marker
and the straggling of the proton energy loss, Eq. (1). The
final computer-simulated distributions are compared with
the experimental ones in Figs. 1 and 2.

Sputtering of the sample surface due to the 2.0X10'
4-MeV Si bombardment should be negligible, whereas the
2.0X 10' 100-keV Si bombardment could yield some ero-
sion of the surface. Since the corresponding sputtering
coef6cients have not been measured, the sputtering
yield reported for 100-keV Ne+ ions incident on Si was
used to estimate an upper limit of 2 nm for the erosion of
Si surface in the irradiation with 2.0X10' 100-keV

Si/cm . The corresponding loss of implanted Si atoms
is so low that it could not be obtained experimentally.
No correction for sputtering was done for the simulated
concentration distribution. On the basis of the reported
sputtering yield curve for Ne+ ions, the sputtering in
the 2.0X 10' 4-MeV Si bombardment is negligible.
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2(a+1) A

Z
d 7 (2)

where N is a particle density, A, a, and I are well-
defined constants' and Fo(x) is deposited energy per
unit depth. The cross section depends only slightly on x
through FD(x).

Adopting the so-called diffusion approximation, ' relo-
cation profile P(x,z) for a marker is easily shown to be

P(x,z)=, exp[ —[z —m(x)] /[2o (x)]],1

[2mr (x)]'rz

(3)

where

m (x)=4f z acr(x, z)
z

and

o (x)=4f z do(x, z)

are the first and second moment of the relocation cross
section, respectively, for a fluence 4. For nearly sym-
metric relocation cross sections, the moments m (x) and
o (x) can be expressed in terms of corresponding mo-
ments at the depth x0, which was chosen to be 15 nm,
i.e., the modal range of 10-keV Si ions in c-Si;

FD(x)
m (x)= mp

D xp

FD(x)
o (x)= o20.

D xp

Note that the moments are proportional to the deposited
energy FD(x). This is a consequence of the relocation
cross section given in Eq. (2).

Once the relocation profile P (x,z) is known, the mixed
concentration distribution is calculated by convoluting
the initial concentration distribution cp(x) with P (x,z)
(Ref. 12)

c (x)= f P (x, x —x')cp(x')dx' .
X

(8)

By the use of Eqs. (3) and (8) the matrix relocation is
omitted. For the inclusion of the effect, the analysis
should be done by means of balance equations. ' ' '
Ho~ever, because of the relatively low tracer atom con-
centration and the fact that the tracer Si atoms do not
change the stopping conditions, the effect of the matrix
relocation is small and was estimated in the following
way. ' The change of the depth scale x ~x +5z(x } was
calculated assuming that macroscopic density gradient
5N(x) due to matrix relocation relaxes. If the deposited
energy is a slowly varying function of x, the change of the
depth scale is given by the following equation:

5z(x) = —m (x)+cr (x) [InFD(x)] .
d

location cross sections do(x, z} as illustrated in Fig. 5.
The cross sections can be described by the power-law
equation

—1 —1/a

In the studied cases only the first term is significantly
different from zero in the region of interest. Then 5z(x)
cancels the peak shift m (x) given in Eq. (4}.

The calculated results agree completely with profiles
simulated with the two-step method. The sputtering (see
above) and its effect on the relocation cross section were
not taken into account in the calculations.

IV. DISCUSSION

In the Si-ion irradiations of the Si-implanted c-Si, the
spike and long-range transport effects are reduced in the
relocations of Si atoms due to the similar and light atom-
ic masses. In the region of collisional cascades where all
the atoms are chemically identical, chemical driving
forces (e.g. , heat of mixing) have no effect on the mixing.
It is most likely that diffusional mixing due to defect mi-
gration plays a role during the mixing process. A corre-
lation with cohesive energy could be a way to try to ex-
plain the observed mixing as a radiation-enhanced
diffusion process. ' However, the agreement between the
experimental results obtained in the 100-keV and 4-MeV

Si-ion irradiations to fluences of 2.0X 10 and 2.0X10'
ionsjcm cannot be explained in accordance with the
model presented in Ref. 16. On the other hand, the
agreement between the measured and simulated profiles
indicates that the collisional mixing dominates the reloca-
tion of Si atoms. The movement of Si atoms was as-
sumed to be due to knock on by the projectiles (recoil im-
plantation) and recoiling target atoms (cascade mixing).
By the use of the keV and MeV energies, the spatial
structures of collision cascades were different. The agree-
ment between the experimental results and between the
calculated and experimental results shows that the relo-
cation of Si atoms depends predominantly on several
low-energy two-body collisions during the ballistic phase.

If the matrix relocation does not broaden the Si dis-
tribution but results only in its shift as assumed above, all
the ballistic processes were included in the calculations.
In fact the numerica1 solution of the balance equa-
tions' ' ' describing the mixing and matrix relocation
does not either yield an additional broadening of the Si
distribution due to the matrix relocations. Phenomena
related to vacancy and atom migration, such as the ma-
trix relaxation through the migration of vacancies and
migration during the cooling period of the cascades, were
neglected in the calculations.

In our earlier studies, mixing of Al marker in c-Si irra-
diated with Ne ions or Al bilayer on c-Si irradiated with
Ar ions was obtained to be 3-7 times larger than expect-
ed according to the conventional estimate for the ballistic
mixing. The reanalysis of those experimental results with
the present calculations shows that the mixing of Al
atoms in c-Si is dominated by the collisional process.

In conclusion, we have shown that in Si-ion irradiation
of c-Si at room temperature, relocation of Si atoms is
dominated by the collisional process.
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