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ABSTRACT

In this work1, we presents a newly proposed and
enhanced damage model for the accurate prediction of both
as-implanted impurity and point defect profiles in Monte
Carlo simulation of ion implantation in (100) crystalline
silicon. For the damage accumulation, we considered the
self-annealing effects by introducing our proposed non-
linear recombination probability function of each point
defect for the computationally efficiency in fully simulated
dynamic model. Our damage model shows very reasonable
agreement with the experiments for the damage and the
impurity profiles.
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INTRODUCTION

In this paper are presented a newly developed and
enhanced Monte Carlo (MC) damage model for the
dynamic simulation in order to more accurately and
consistently predict the implant-induced point defect
distributions of the various ions in crystalline silicon. Also,
an empirical electronic energy loss model is proposed for
B, BF2, As, P, and Si implants. In addition, we proposed the
non-linear recombination probability function based on
each local point defect concentration in order to consider
the self-recombination effect for the accumulation of the
point defects during the room-temperature implants. The
model shows very good agreement with the published
SIMS data over the wide energy and dose range. This
models are developed and applicable for the VLSI and
ULSI semiconductor device technology development and
manufacturing.

WELL-CALIBRATED EEL MODEL

Our semi-empirical model for electronic energy loss
(EEL) in crystalline target is proposed and calibrated over
the wide energy range for B, BF2, As, P, and Si self
implants. It consists of nonlocal part that is proportional to
the flight-path length, and an impact parameter dependent
part similar to the Hobler's model [1]. Our difference exists
in the local model. The local model is used the modified
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Firsov Model [2] instead of the Oen-Robin model [1]. Our
model takes the below equation form.
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In the above equation (1), the non local energy loss

∆Enl
LSS  is the LSS model, and ∆Eloc

Morris is the Morris

model. The fnl  factor determines the ratio of nonlocal

energy loss to local energy loss. We introduce the KH

correction parameter for high-energy implants in our energy
loss model. The correction term KH  is increased gradually

by the factor Kion  and kion  related to the relative velocity

term v vB , where the v  is the ion velocity and the vB  is
the Bohr velocity. The max function always chooses the
KH  greater than 1. In the Morris Model, we set the

transition critical velocity v v Zcrit B= 1
2 3/ [2] between

high-energy equation and low-energy equation. The
parameters related to our electronic loss model are
summarized in the Table .

Table . The parameters related to our electronic energy loss
model for B, BF2, As, P, Si implants in silicon: k k L/
(correction factor to the Lindhard model), fnl  (nonlocal

fraction), and a aM/  (ratio of the screening length in our
model with respect to the Moliere screening length). E
denotes the ion energy in eV.

Ion a aM/ fnl k kL/ Kion kion

P, Si 0.55 0.25(E/eV)0.05 1.5 2.0 0.6
As 0.70 0.1 1.0 1.0 0.0
B, F 0.40 0.16(E/eV)0.12 1.5 1.0 0.5

NONLINEAR DAMAGE GROWTH MODEL
FOR DYNAMIC SINULATION

In our results for point defects, the point defect
distributions are much less than those of the modified
Kinchin-Pease approach. We found that the reduction factor
due to self-annealing effect in the result of the Kinchin-
Pease approach is varied for different ions and various
energies. This fact is not desirable for the physical
consistency. Therefore, the trajectories of ions and recoils
are all followed. In this collision phase, the point defect is
saved at the local unit volume. One particle trajectory
following has been finished, and then before the point



defect saving, the defect recombination with the previous
defects are always checked by using the recombination
probability of each defect such as vacancy, self-interstitial,
and impurity. For the dechanneling of the moving particles
due to the presence of the damage, three dechanneling cases
are considered in our model. One is the motion in the
presence of the point defects, and the other is the
dechanneling in the amorphous pockets before the
formation of the completely amorphized regions. In the
completely amorphized local region, the TRIM model for
ion motion has been used. For the computational efficiency,
the mesh detection for ion’s moving was not applied in our
model. This process in the simulation is so time-consuming
that we use the following idea. Our idea is that if the ion’s
trajectory are over the local boundary, that is, the local 3D
cells are several, the point defects of the local cells are
averaged. The damage parameters for the dechanneling
probability are greater than those in Hobler’s [1], Wang’s
model [3].

Nonlinear Damage Accumulation Due to
the Amorphous Pockets and Defect Clusters

It is  well known that the amorphous pockets  generated
by ion implants, as shown by molecular dynamics (MD)
calculations [5], cannot be well represented within the
framework of binary collision approximation (BCA) /MC
technique. However, the MD simulation is so intensive in
computational time that the phenomenological BCA/MC
simulation can be more applicable for the wide energy
range without the sacrifice of the accuracy of the
calculation. In our phenomenological damage model, the
hypothesis for the damage build-up is that the defect
clusters and amorphous pockets are affected on the
recombination of vacancy-interstitial during the damage
accumulation. If the point defects are not evenly distributed
and clustered in the local region, the Hobler’s and Wang’s
proposed equations can not be well modeled for defect
accumulation. They used the linear-like equations
proportional to the generated defect concentration. Our
insight for these phenomena is that the defect
recombination is nonlinear process and the efficiency of the
recombination is decreased with the damage growth.
Therefore, the efficiency for the recombination is proposed
for our hypothesis . The recombination probability Prv for
vacancy recombination based on the pre-existing interstitial
concentration and the interstitial recombination probability
Pri based on the pre-existing vacancy concentration are
defined as the following formula, ,where Nv and Ni are the
survived interstitial and the previously created vacancy
concentrations in the local volume, respectively.
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The ri and rv factors describe the nonlinear property for
the complicate short-time  recombination process. The krv

and kri factors imply that each defect is  saturated in the
amorphized region. These are set to the same factor 0.5 [1]
to reflect the recombination probability at the defect
saturation density. After the completion of each cascade for
ions and recoils, the recombination between the vacancy
and the interstitial is checked by using the random number

evenly distributed between 0 to 1 according to each above
probability.

Dechanneling Process due to the Damage

The damage percent Pd  in the local cell is  defined as the
following equation (3). One consequence of the damage
accumulation is its effect on the subsequently implanted
ions. The damage can block the channeling motion of the
ions and change their destination. Therefore, this  is  an
essential part of damage modeling. In the present model,
there are three possible dechanneling mechanisms. The
damage dechanneling probability fd due to a single
interstitial, interstitial cluster, and amorphous pockets are
defined as the following equations (3), where the kd is  a
fine-tuned parameter for different ion implants to model the
interstitial clusters.
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The amorphous pockets  by Pa and defect clusters by a
series of selections of Pi are created dynamically and
statistically in the dechanneling processes of the projectiles
and the recoils . In the below equation (4), the ka factor is  a
parameter for fine-tuning the simulation results to the
experiments. The value is less than 1.

P k fa a d= ⋅  ,   ( )P k fi a d= − ⋅1           (4)

For the random motion in the amorphous pockets, the
interstitial is  created at the distance lc to the direction of a
moving atom randomly chosen by the equation (6), where
the Rn is  a random number, and the rc is  a collision radius.

l r Rc c n= ⋅                             (5)

The single interstitial encountered probability Pi is
defined in the above equation (4). If a single interstitial is
encountered, the interstitial is  placed in the random
configuration on the flight-path length FPL between two
collisions. The length FPL is first searched in the ideal
crystal structure. After that, the interstitials  are created at
the length lc on this  path FPL by using the random number
by the equation (6). The function max chooses  the collision
length greater than the minimal single interstitial location
rmin on the ideal path FPL.

( )( )l F P L r R r rc n= − ⋅ +m a x ,min min min   (6)

The whole single crystal is  divided into many small 3D
simulation cells. If the point defect concentration reaches  Pd

= 1 in a particular cell, then this  cell is  locally and
completely amorphized. After amorphization, the
amorphous TRIM model for the motion of projectile is
used. After failing in searching the interstitial or interstitial
clusters or the amorphized regions described above, a
vacancy location at the silicon lattice site is  checked
whether the collision silicon site with the moving projectile
or recoiled atoms  is occupied by a vacancy or not. The
vacancy tends to recombine quickly with the interstitial.
During the ion implants, the vacancies form clusters like
the interstitials. However, vacancy clustering does not
enhance the channeling process more significantly in ion



motion than interstitial clustering. This is because the
vacancies are surrounded interstitials in highly disordered
regions or amorphous pockets, and the vacancy migration
for recombination in this amorphized region is diminished
as the damage grows up.[5] Therefore, we model the above
description for the vacancy. The vacancy encountering
probability Pv is  defined as the equation (7), where the k v

factor models  the vacancy clustering according to the
implanted ion’s mass.
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Table . The parameters related to the our damage model for
B, BF2, As, P, Si implants. (The rc and rmin factors uses the
silicon lattice constant unit.)
Parameter \ Ion B BF2 (B, F) As P, Si

kd 0.85 0.85 0.85 0.85

ka 0.35 0.45 0.60 0.55

krv=kri 0.50 0.50 0.50 0.50

rv=ri 1.00 1.20 1.33 1.20

rc 0.55 0.55 0.80 0.55

rmin 0.24 0.24 0.24 0.24

k v 0.10 0.10 0.20 0.10

SIMULATION RESULTS

We used the same parameters of electronic energy loss
model for both phosphorus and silicon. This is because the
impurity profiles of silicon self implants cannot be directly
measured by SIMS. However, the mass and atomic number
are very close to phosphorus, and thus, the impurity profiles
of silicon and phosphorus should be very close for the same
implant conditions. We show this results in the Fig. 1a for
the comparison of silicon self implants and phosphorus
implants with the phosphorus SIMS experiments at the
same implant conditions. Our model shows very good
results for the wide energy range up to 2.9 MeV for
phosphorus implants as shown in the Fig. 1b. Therefore, the
silicon self implants and the silicon recoils can be simulated
with the same parameters for phosphorus implants. In the
Fig. 2(b), we show the results of phosphorus implants over
500 keV to 2.9 MeV are presented for the as-implanted
impurity and the calculated amorphized percent defined by
(Nv+Ni)/Nsat. The good agreement with the SIMS data [5] is
achieved. In order to verify the simulation results for the
point defect distribution as shown in the Fig. 2(a), we show
the tilt/rotation angle dependence of the damage profiles for
phosphorus implants into (100) Si at an energy 50 keV and
a dose 51014/cm2. It is seen that the TRICSI with the new
damage model and electronic energy loss model can predict
well the damage profiles. It is noted that in these
experiments taken from the reference [5], the flat tails are
due to RBS background noise, and hence should be
ignored. The defects over 100% in our simulation results
are due to the additional implanted impurity interstitials.
We always check the impurity recombination as a

substitutional with the vacancies and then, the survival
impurity added to the total defects. The 100 % defect
concentration previously defined Nsat is 11022/cm3. The
amorphization threshold dose for phosphorus in our
calculations is about 31014/cm2 and our calculated
amorphized thickness’ are compared with the
RBS/channeling experiments [5] as shown in the Fig. 2(b).
The simulation results show that before 100 keV, our
results are very good agreements with the experiments,
however, after higher energies, the deviations are occurred.
We believed that this is because our simulations for these
results do not consider the after-implant annealing process
at room temperature and the dose-rate related self-annealing
process. Our modeling for the self-annealing effect is
confined to the statistical and phenomenological model at
the room-temperature implants. In our results for each point
defect as shown in the Fig. 1 and 2, the point defect
distributions are much less than those of the modified
Kinchin-Pease approach. This is because the Kinchin-Pease
equation does not consider the self-annealing effect
between the vacancy and interstitial at room temperature.
Our full-dynamic damage model predicts well the As, B,
and BF2 impurity range profiles dependent on the various
doses, energies and tilt and rotation angle as shown in the
Fig. 3 and 4. The SIMS data for the comparison with the
simulation results are taken from the references [1]-[5].

CONCLUSIONS

Our model does not use the exact point defect location
for the calculation efficiency. Thorough the statistical
creation for interstitials and vacancies, we achieved the
fairly good reproducibility for the SIMS data and the
reasonable agreement with the RBS/channeling damage
profiles. The result of ion implants into (100) crystal silicon
shows the good accuracy. The 3D dopant range profile and
3D formations of the amorphous region and the ultra-
shallow junction for the ULSI device technology and
development could be predicted using our model. Our
quantitative damage information could be presented to the
next thermal process simulations such as TED, multiple
implants, and thermal diffusion.
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Fig. 1. Simulation Results of our model denoted by TRICSI in the figure to accurately simulate the
tilt/rotation dependence of both P and Si self implants into (100) Silicon compared with the SIMS

experiments.
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Fig. 2. Simulation Results of our model denoted by TRICSI in the figure to accurately simulate the P-

induced damage profiles compared with the RBS/channeling experiments.
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Fig. 3. Simulation Results of our model denoted by TRICSI in the figure to accurately simulate As

implants Si at energies from 15 to 180 keV compared with the SIMS experiments.
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Fig. 4. Simulation Results of our model denoted by TRICSI in the figure to accurately simulate B and
BF2 implants into (100) Silicon at energies from 15 to 85 keV compared with the SIMS experiments.


