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Abstract

Spatial distributions of ions implanted into crystals can be of a very complex shape with ``lobes'' due to ions pen-

etrating through open channels in several directions. This paper suggests an analytical model which represents such a

distribution as a linear combination of ``random'' distribution and one or more ``channeled'' distributions. This study is

focused on the algorithm of the separation of ion trajectories into several distributions. The ®rst distribution includes

those ions which have undergone predominantly random collisions. The other distributions include those ions which

have undergone mainly ``weak'' collisions and traveled mostly along the main channeling directions. Our binary col-

lision approximation (BCA) simulator is used for generating and analyzing ion trajectories. The spatial moments can be

extracted from each separated distribution. It is shown that 2D analytical distributions obtained as a linear combi-

nation of distributions derived from these moments and aligned along corresponding channeling direction are in a very

good agreement with direct BCA calculations. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Predictive ion implantation modeling has al-
ways been very important component of Tech-
nology Computer Aided Design (TCAD). With
emerging of subquartermicron technologies even
more accurate ion implantation simulations are
needed for controlled formation of ultrashallow
junctions. As the result the semiconductor tech-
nologists turn to Monte Carlo (MC) or even mo-
lecular dynamics (MD) simulators more often.
However, although the MC and MD codes o�er
extremely high accuracy of implantation simula-
tion they can be too slow and not practical when

hundreds of 2D simulations are performed in or-
der to control and optimize process conditions.
Therefore a predictive analytical model with ac-
curacy comparable with that of MC simulators is
still needed.

In our previous paper [1] we suggested an an-
alytical 2D ion implantation model which was
based on the separation of the spatial MC distri-
bution into ``random'' and ``channeling'' portions
with subsequent extraction of longitudinal and
transversal moments. It was also shown that each
of the partial distributions can be reconstructed
from these moments by integral convolution of a
longitudinal function and a depth-dependent
transversal function. The model described in [1] is
limited to only ``random'' and h0 0 1i-channeled
trajectories while those ions which traveled mostly
along secondary or ``tilted'' channels were arti®-
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cially ignored. This approach is reasonable for
medium and high energy implants since the por-
tion of such ions is negligible for such energies.
However for low energies the contributions from
other channels are relatively high which results in
distributions with pronounced ``lobes'' along the
secondary channels (see Fig. 1). This paper extends
the model by including contributions from the
secondary channels. Therefore ``channeled'' tra-
jectories have to be further separated with domi-
nant directions taken into account.

This paper is divided into three parts. First, the
BCA simulation code is brie¯y described and the
algorithm of channeling characterization and the
separation of trajectories is outlined. Results of
such separation in the case of low energy (0.5±5.0
keV) 11B� implant into h1 0 0i Si are presented and
analysed. Second, the spatial moment extraction
procedure and spatial distribution functions are
discussed. Third, the 2D point response pro®les
obtained from the proposed analytical model are
compared with the BCA simulations.

2. Simulation model and channeling characteriza-

tion

2.1. BCA simulation

To calculate the penetration and depth distri-
bution of bombarding particles, the model uses the
BCA, in which the de¯ection of the trajectories of

moving particles is calculated in a strict binary way
± between the moving atom and closest atom from
the lattice. This gives an approximation to the real
dynamics of the penetration of energetic particles
in matter, in which the real trajectory of the
moving particle is replaced by straight lines be-
tween de¯ection points. The true bene®t of this
approach is the moderate speed of calculation
combined with the possibility of including single
crystal structures in the calculation.

The BCA code CRYSTAL used in this study
originated at the University of Surrey [2] and was
further developed within the ATHENA process
simulator [3]. In order to simulate the channeling,
CRYSTAL uses nonlocal and local inelastic en-
ergy loss models. The local, i.e. impact dependent
inelastic energy loss model, Q � Q�p;E�, is based
on Firsov's theory [4,5], while the non-local elec-
tronic energy loss, ÿDE=Dx � f �E�, follows the
theory of Ma et al. [6].

The scheme implemented into the BCA code to
describe the target crystal use the translational
symmetry of the crystal. A list is made of the po-
sition of silicon atoms in the crystal, using one of
the lattice sites as the origin of coordinates. A
simple model of thermal vibrations is included in
the program as an option. The vibrations are re-
garded as producing randomly displaced but static
lattice atoms. The displacement parallel to each of
the three Cartesian axes is distributed according to
a Gaussian. The mean square displacement is
based on the Debye model, the only parameters
required being the temperature of the target and
the Debye temperature for the silicon.

Since the binary collision procedure used in the
BCA cannot deal directly with questions of defect
stability and interactions, a simple model was in-
cluded describing the conditions under which at-
oms may become permanently displaced from
lattice sites. The displacement model corresponds
to the familiar one of Kinchin and Pease [7] with
additional modi®cation to take into account the
elastic and inelastic energy losses to the recoils [8].

2.2. Algorithm of trajectory separation

Special provision was made in the program to
statistically classify the penetrating particles
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Fig. 1. BCA simulation of 0.5 keV, 0� tilt 11B� implant into

h1 0 0i silicon projected on the �0 1 0� plane. The x axis corre-

sponds to the [1 0 0] direction. The z axis corresponds to the

[0 0 1] direction. Implantation takes place from the top of the

structure at the point (0,0).
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according to their motion in the crystalline struc-
ture. Because of the complex motion in 3D a two-
step criterion was used. First, penetrating particles
are separated into two categories ± random parti-
cles and stenon (or channeled) particles, which
experience weak interaction with lattice atoms. The
separation criterion is based on the energy T
transferred to the recoils at each collision. If a
moving particle has undergone more than half of
its collisions with T < Tc (where Tc is a prede®ned
threshold value) then it is considered to be a ste-

non, otherwise it is classi®ed as a random particle.
At the second step, all stenon particles are analysed
for their directional motion and further classi®ed
with respect to the major open crystal directions,
h0 0 1i, h0 1 1i, etc. The criterion of the directional
separation is based on the de¯ection angle h at each
collision. If a particle moving along a certain di-
rection has undergone more than a half of its col-
lisions being de¯ected by the angle h < hc (where hc

is a prede®ned threshold angle) then it is classi®ed
as channeled in that particular direction. Other-

Fig. 2. Separated channeled distributions for 0.5 keV, 0� tilt 11B� implant into h1 0 0i silicon projected on the surface (1 0 0) plane. The

horizontal axis corresponds to the [1 0 0] direction. The vertical axis corresponds to the [0 1 0] direction. Implantation takes place at

the point (0,0) in the [0 0 1] direction, i.e. normal to the surface. Coordinates in microns.
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wise, this particle is additionally analysed whether
it can be assigned to the ``random'' category or, due
to its very complex 3D motion, it cannot be de-
®nitively classi®ed and is to be considered as ``un-
known''. In our test runs which were limited to low
energy zero tilt boron implants into h1 0 0i silicon,
only less than 3% of the moving particles had to be
identi®ed as ``unknown''. It should be also noted
that all simulations were done with a very thin (two
atomic layers) surface SiO2 layer.

Twenty ®ve speci®c channelling directions were
considered in this directional analysis. They are
combined into seven groups of equivalent direc-
tions. The ®rst group h0 0 1i consists of only one
direction �0 0 1�. All other six groups consist of four
speci®c directions. For example, the h0 1 1i group
consists of the following speci®c directions [1 0 1],
[0 1 1], [0 �1 1] and [�1 0 1], while the h1 1 0i group

consists of the directions parallel to the surface
[1 1 0], [1 �1 0], [�1 �1 0] and [1 �1 0]. Four other groups
are h1 1 1i, h1 1 2i, h1 2 5i and h2 1 2i.

2.3. Results of trajectory separation

The separated random and seven channeled
distributions are determined using this procedure.
Figs. 2 and 3 illustrate the results of such separa-
tion. As expected for low energy ions, the longest
distributions are h0 1 1i and h1 1 0i, while h1 1 2i
and h2 1 2i distributions are comparable with the
implant direction distribution h0 0 1i. All these ®ve
distributions are extended beyond the range of the
``random'' distribution though the last three by
only small margin.

It is interesting to analyze the projection of the
separated distribution on the vertical depth axis.

Fig. 3. Separated channeled distributions for 0.5 keV, 0� tilt 11B� implant into h1 0 0i silicon projected on the (1 0 0) plane. The

horizontal axis corresponds to the [1 0 0] direction. The vertical axis corresponds to the [0 0 1] direction. Implantation takes place from

the top of the structure at the point (0,0). Coordinates in microns.
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Fig. 4 shows the 1D-projection for the lowest en-
ergy considered in this study. Indeed, the total 1D
pro®le could be marginally interpreted as a sum of
two distributions: a random body and a ``chan-
neling'' tail. Such simple separation is the basis for
the dual Pearson empirical approximation widely
used in analysis of experimental pro®les [9]. Even
from this simple case it is clear that the dual
Pearson approach oversimpli®es the implantation
behaviour. Fig. 5 obviously shows that the ap-
proximation may not be applicable at all since

several channeled distributions contribute into the
total pro®le. Fig. 6 shows that the contributions
from di�erent directions vary considerably with
ion energy. Clearly this picture is di�erent for
other implant conditions, for example for the o�-
axis implants, higher implant doses and/or when a
thicker randomizing oxide layer is used.

3. Analytical model

3.1. Extraction of spatial moments

The next step of building analytical approxi-
mation is the extraction of spatial moments. The
scope of this paper is limited to 2D analysis.
However, a similar approach could be used in the
reconstruction of 3D distributions. First of all,
each separated distribution and corresponding
channeling axes are projected on the selected
simulation plane. In our case it is the (0 1 0) plane
perpendicular to the surface. Then coordinates are
transformed within the plane in such a way that
the channel direction becomes the longitudinal
direction of the partial 2D pro®le. 2D pro®les
from the equivalent directions are combined to-
gether. Fig. 7 shows an example of the projected
and transformed h0 1 1i distribution.

The ®rst four longitudinal moments li of each
transformed distribution are than calculated by

Fig. 4. Separated channeled distributions for 0.5 keV, 0� tilt
11B� implant into h1 0 0i silicon projected on the vertical di-

rection h1 0 0i.

Fig. 5. Separated channeled distributions for 2.0 keV, 0� tilt
11B� implant into h1 0 0i silicon projected on the vertical di-

rection h1 0 0i.

Fig. 6. Energy dependence of contributions of random and

speci®c channeled ions. Fractions are calculated as the number

of trajectories registered in a speci®c group divided by the total

number of trajectories.
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summation over the transformed z0 coordinates of
the ion stopping points:

l1 � Rp � 1

N

X
n6N

z0n;

li �
1

Ni

X
n6N

�z0n ÿ Rp�i; i � 2 . . . 4; �1�

where N is the total number of ions in the sepa-
rated distribution.

It is obvious that transversal moments of the
separated distribution must be considered as de-
pendent on the distance along the speci®c channel.
Even the visual width of the distribution in Fig. 7
varies signi®cantly along the channeling direction.
As it was clearly shown in [1], none of analytical
models suggested earlier for the ``depth'' depen-
dency is applicable for the non-random distribu-
tions. Therefore, the z-direction dependent
transversal second rx�z0� and fourth bx�z0�moments
are calculated by dividing the distribution into 20±
30 ``slabs'' over the z0 direction with subsequent
summation over all ions stopped in each slab:

r2
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1

N 2
k

X
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�x0n�2;

bx�z0� �
1

N 4
k

X
n6Nk

�x0n�4
 !,

r4
x�z0�; �2�

where Nk is the number of ions stopped in the kth
slab. After that rx�z0� and bx�z0� are smoothed.

3.2. Reconstruction of density distributions

The analytic approximation for the mth distri-
bution could be represented by a 2D density
function of the form

Cm�z0; x0� � /mflm�z0�ftm�x0jz0�; �3�
where flm�z0� is the longitudinal density function,
ftm�x0jz0� the transversal density at a distance from
the origin z0 (also called the conditional density
function) and /m is the fraction of ions in the mth
distribution (see Fig. 6). One of the Pearson dis-
tribution functions is used for flm�z0�. Selection of
the transversal density function ftm�x0jz0� is dis-
cussed in detail in [1]. The Pearson II function, the
standard Gaussian function and modi®ed Gauss-
ian function are used for di�erent values of bx�z0�.

And ®nally the total 2D distribution is obtained
by summation over the random and all channeled
distributions with coordinate transformation tak-
en into account:

C�z; x� � D
X

m6M

Cm�z0�z; x; am�; x0�z; x; am��; �4�

where D is the implantation dose, M the number
of separated directions, z0�z; x; am� � x sin am�
z cos am, x0�z; x; am� � x cos am ÿ z sin am and am is
the angle between projection of the mth direction
on the simulation plane and the h0 0 1i direction.

4. Results and discussion

Figs. 8 and 9 show that the present model ac-
curately approximates the complex 2D distribu-
tions with several channeling lobes. It should be
mentioned that at higher energy of 2 keV the
contribution of the prime channeling direction
h0 0 1i is getting more pronounced (see also Figs. 5
and 6). Also, the h1 1 2i lobes are more visible,
while the h1 1 0i horizontal lobes almost disap-
pear. The analytical model clearly follows these
trends.

However, some di�culties in using the model in
its current form may arise at the higher energies or
for di�erent implant conditions. First, the separa-
tion criteria may need to be adjusted. Second,
while the contributions of secondary directions
gradually decreases with the ion energy these
partial distributions become more spread out lat-
erally. This happens because the channelling tra-
jectories originate in bigger area while at a very
low energy they all start very close to the entrance

Fig. 7. The h0 1 1i distribution projected on the (0 1 0) plane

and rotated in such a way that the z-direction coincides with

h0 1 1i channel.
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point (see Fig. 8). As a result the separated dis-
tribution becomes more asymmetrical in the
transversal direction. If this e�ect appears to be
important then some form of the asymmetrical
transversal density function would have to be in-
troduced into the model.

The use of such an analytical model in an ad-
vanced 2D/3D process simulation system appears
to be quite feasible. This will allow engineers to
predict and analyse some ®ne implantation e�ects
accurately. For example, the speci®c shape of the
implant distribution in the vicinity of the masking
edge may seriously a�ect the device behaviour.
Fig. 10 shows such a distribution obtained using
the present analytical model. Such a shape of an
impurity distribution under the mask cannot be
predicted using any other existing analytical
model. At the same time the ion penetration under

the mask could be comparable with, for example,
the channel lengths of the advanced CMOS tran-
sistor which steadily decreases toward to 0:1 lm:

5. Conclusions

A method of trajectory separation of particles
moving in crystals is suggested. It is based on
analysis of binary collisions during BCA calcula-
tions. The derived separated distributions are sta-
tistically analysed and their spatial moments are
calculated. An analytical method of calculation of
complex 2D/3D implant distributions is consid-
ered. Comparison with the direct BCA simulations
shows that the method is quite accurate and fea-
sible for use in a modern TCAD system.
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