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Monte Carlo Simulation of Ion Implantation Profiles
Calibrated for Various Ions over Wide Energy Range

Kunihiro SUZUKI*, Yoko TADA*, Yuji KATAOKA*, and Tsutomu NAGAYAMA**

Abstract—Monte Carlo simulation is widely used for
predicting ion implantation profiles in amorphous
targets. Here, we compared Monte Carlo simulation
results with a vast database of ion implantation
secondary ion mass spectrometry (SIMS), and showed
that the Monte Carlo data sometimes deviated from
the experimental data. We modified the electron
stopping power model, calibrated its parameters, and
reproduced most of the database. We also demon-
strated that Monte Carlo simulation can accurately
predict profiles in a low energy range of around 1
keV once it is calibrated in the higher energy region.

Index Terms—Ion implantation, database, amorphous,
monte carlo, electron stopping power

I. INTRODUCTION

Ton implantation is a standard technology to dope
substrates in Si VLSI processes. The ion implantation
profiles in Si substrates are generated based on a vast
database of ion implantations in commercial simulators
[1]. However, the database cannot predict profiles accu-
rately when there are no experimental data or only poor
data. Recently, various ions such as C, N, and F have been
used to suppress transient enhanced diffusion in the sub-
sequent annealing processes [2-4]. Therefore, theoretical
evaluation of these profiles is invoked.

Extensive theoretical studies have been done on ion
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implantation profiles in an amorphous Si (aSi) substrate.
Good reviews of this subject are described in ref. [5]. The
interaction between incident ions and substrate atoms is
composed of two mechanisms: one is the interaction bet-
ween ions and the nucleus of the substrate atom and
another is the interaction with the electrons of the target
atoms, which are treated as independent mechanisms.
These mechanisms can be directly implemented into Monte
Carlo simulation such as SRIM [6] and a Monte Carlo
simulator basically based on the same models in SRIM is
also implemented in a commercial simulator [1], and is
used optionally when the experimental data are poor. The
calibration of the Monte Carlo simulation has been done
focusing on a limited number of experimental data.

We established a secondary ion mass spectrometry (SIMS)
ion implantation database over wide ion implantation con-
ditions [7]. This database enables us to verify the accuracy
of the Monte Carlo simulation over a wide range of ion
implantation conditions of various ions and a wide energy
range between 1 and 2000 keV. We sometimes used data
in crystalline Si (cSi), since the profiles around the peak
region are almost the same as the ones in aSi.

The ion implantation energy regions at around 1 keV
are frequently used to realize shallow junctions. Recently,
accurate SIMS evaluation has been demonstrated [8,9],
which enables us to robustly compare the theory with
experimental data in this low energy region.

II. EXPERIMENT

We deposited around 1 pm of aSi by low pressure
chemical vapor deposition at 550 ‘C on Si substrates, or
formed an amorphous layer by post Ge ion implantation.
We verified that the profiles near the peak and surface

regions in these amorphous layers are almost the same as
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the profiles in cSi substrates. Therefore, we also used the
profiles in ¢Si neglecting the channeling tail region.

We evaluated ion implanted impurity concentration
profiles using SIMS. In the SIMS measurement, the primary
ions were raster scanned over a wide area, and secondary
ions were collected from the central small area using
electronic gating to avoid edge effects. The depth calib-
ration of the measured profile was done using a Dektak
2A surface profilometer, and the concentration scale was
adjusted to the as-implanted dose. The standard SIMS
measurement conditions are shown in ref, [7] and that for
shallow profiles are described in ref. [9].

II1. CALIBRATION OF MONTE CARLO
SIMULATION

We will briefly explain the physics of ion implantation.
A detailed description can be found in ref. [5].

In a nuclear interaction, a binary interaction is assumed.
The energy transferred from the incident atom to the target
atom T is given by

AIM M . ()
T,, =___1_2_751n2(—j71, o)
(M, +M,) 2

where T7; is the incident atom energy, and M; and M,

are the incident and target atom mass number, respectively.

@ is the scattering angle calculated using Ziegler-Litmark-
Biersak universal potential model [5].

On the other hand, Lindhard proposed an electron
stopping power of

zZ, 1

S, =1,1.21x107%Z % 7
(z#+2,4)" Mile]

JE[eV] [eV[bm2] ?)

where Z; and Z, are the incident and target atomic
number, respectively [10]. 7, is a fitting parameter. We
implemented the above physics in our own Monte Carlo
simulator.

Fig. 1 shows the comparison of SIMS and Monte Carlo
data with r, of 1. We obtained good agreement between
Monte Carlo and SIMS data for As profiles, and close
agreement for P profiles, but significant deviation for B
profiles.

Fig. 2 compares SIMS and Monte Carlo B data with
various 7,. The profile becomes shallower with increasing

7.. We can obtain close agreement of peak position as well
as the overall shape of the profile with r, of around 1.5.

Fig. 3 compares various energy-dependent ion SIMS
profile data with the Monte Carlo simulation with opti-
mized r,. We obtained a good agreement between SIMS
and the Monte Carlo data for any ions of B, As, P, In, Sb,
Ga, Ge, Si, N, F, and C. It is noteworthy that we can fit the
data with a single r, over a wide energy range. The value
of r, is not far from 1 and it is 1 in many cases. Table 1
summarizes r, in a periodic table form. r, is apt to
decrease towards the right-hand side and also down the
table although the physical reason is not clear. Therefore,
we can predict the profiles in an amorphous layer using a
Monte Carlo simulation with a default r, deduced from the
table and we can further improve the accuracy if we tune
r.with a few experimental data.

Low energy ion implantation of around 1 keV is fre-
quently used to realize shallow junctions. There is no cri-
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Fig. 3. Comparison of Monte Carlo simulation with various ion implantation profiles with optimized re. (a) B, (b) C, (C) N, (d) F, (e) Si, (f)

P, (g) Ga, (h) Ge, (i) As, (j) In, (k) Sb.

tical point at this energy region from the standpoint of
physics. However, SIMS reaches its resolution limit in this
energy region. Recently, fundamental SIMS measurement
mechanisms have been understood, and their accuracy
have also been improved [8,9]. Therefore, it is interesting
to compare the SIMS data with the calibrated Monte Carlo

simulation.

Fig. 4 compares the SIMS B and As profiles and Monte
Carlo simulation. The SIMS B and As profiles near the
peak region agree well with the Monte Carlo data. There-
fore, the Monte Carlo simulation calibrated in the energy
range of around few 10 keV can also predict the profiles
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Fig. 4. Comparison of Monte Carlo simulation with low encrgy
ion implantation profiles. (a) B, (b) As.

in the energy range of around 1 keV.

IV. CALIBRATION OF MONTE CARLO SIMULATION
EXTENDED TO HIGH ENERGY REGION

Lindhard’s S, model of equation (2) assumes the in-
teraction between the electron cloud of ions and substrate

atoms. However, the electron cloud of incident ions is
stripped at high energy regions. Therefore, Lindhard’s model
becomes invalid at high energy regions. The corresponding
critical velocity v, can be roughly evaluated as [10]

v, = ZIA \f) 3)
where v, is the Bohr speed. Therefore, the corres-
ponding critical energy is

M
E= 7‘(21%\)0 )2 @

giving values of about 2, 10, and 29 MeV for B, P, and
As, respectively. Ion implantation of a few MeV is some-
times used to form wells in CMOS processes. Therefore,
we should be careful about B implantation in the MeV
energy region.

Fig. 5 compares B and P SIMS data in the Monte Carlo
simulation with Lindhard’s S, model. SIMS and Monte
Carlo results agree well at 400 keV for B and P. However,
Lindhard’s model predicts much shallower B profiles at 2
MeV, while it is still accurate for P. Therefore, we cannot
apply Lindhard’s S, model in energy regions exceeding
equation (4), and need a different one.

Ziegler utilized the linear response method and treated
this phenomenon universally [5]. He evaluated S, of H S
for various substrate atoms and summarized it as an
empirical form of

S,=CE®+C,E™ )

where C), C,, C5,C, are given in a Table for cor-
responding substrate atoms. S, for the other ions are
assumed to be related as

Sh=2238, (6)

where G, 2 expresses the order of the stripping of the
electron cloud and its detailed description can be found in
ref. [5]. Ziegler used a different S, model for low energy
regions given by

SHE) = sA(EN £ ™

c
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Fig. 5. Comparison of Monte Carlo simulation with B and P ion
implantation profiles at high energy region. {a) B, (b) P.

where £, is the critical energy to switch the model and
is given by
E

.M_cl =25 keV | amu (®)

and S.”(E,) can be evaluated from the model given by

STE) =28 (EJSUE) ©)

Therefore, Ziegler’s model is proportional to E** in
this low energy region, which has similar dependence to
Lindhard’s one.

Fig. 5 also compares SIMS and Monte Carlo with
Ziegler’s S, models. Ziegler’s model predicts a better B
profile than Lindhard’s model at 1200 keV, but it is still
not accurate enough. On the other hand, Ziegler’s model

predicts worse P profiles than Lindhard’s model at 1200
and 2000 keV. Although Ziegler’s model is based on
physics with some empirical treatiment, it is not enough to
reproduce the experimental data as it is. One possible
approach to improving the accuracy is to tune various
parameters in Ziegler’s model. However, it is not a simple
model to handle. We prefer to use a simpler approach as
shown in the following.

Bethe derived an electron stopping power model which
is valid at high energy regions where the electron cloud is
completely stripped as [11)

2 32 2 -
5, () <[ - | ML, 4 (10)
‘ 47, m,E IM

where g is the electron charge, €y is the permittivity in
vacuum, m, is the electron mass, and I is the average
electron excitation energy, and is given by an empirical
form as [12]

forZ,<13

(2411727, |
for Z, >13 an

" |52.8+8.71Z,

In Bethe’s model, ions are assumed to be naked, that is,
their electron cloud is completely stripped. This assump-
tion is valid when the ion speed is much larger than the
one of equation (3).

Fig. 6 shows the dependence of various S, models on
energy for B and P in Si substrate. It can be seen that
Ziegler’s model is almost the same as Lindhard’s model at
low energies and the same as Bethe’s model at high
energies, which is plausible from the standpoint of physics.
Note that Ziegler’s S, model for P is higher than Lindhard’s
model in the MeV energy range, and this should induce a
deviation between the Monte Carlo results using Ziegler’s
model and the SIMS data in Fig. 5 (b).

We propose to combine Lindhard’s model with Bethe’s
model as follows.

First of all, Bethe’s model is invalid in low energy
regions, and we modify it not to influence Lindhard’s
model in low energy regions. The energy where Bethe’s
model has a maximum value can be evaluated from
%y =0, and we obtain

E=eE, (12)
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where e is the base of natural logarithm, and

M
E= 1 (13)

e

We modify Bethe’s model 5 s (E) as

2
a’_| 22MZ.2" Jor E<eE
47, meE, T
S aa(E)=1 0, . (14)
d %—ln £ for E>eE
4re, m,E E. .

Biersack et al. proposed a similar model with a mathe-
matical trick [13]. Both modified Bethe’s models become
the original Bethe’s model at high energy regions and
much larger than Lindhard’s model at low energy regions.
We propose to combine Lindhard’s model and the modified
Bethe’s model of equation (14) as

1 Y (1Y &
S—ezt:[resd] +[SE_mBj } (15)

This S, becomes Lindhard’s model at low energy regions,
and Bethe’s model at high energy regions, as is the case
for Ziegler’s model. When & is one, it is the same form of

the Biersack’s model [13]. @ empirically expresses the
transition from Lindhard’s mode! to Bethe’s model.
Fig. 7 shows the dependence of the B profile at 2000

keVon @.A model with @ of 1 predicts a deeper profile,
and one with & of 2 predicts a shallower profile. The model
well reproduces the data with & of 1.45. The dependence
of S, on energy with various & is shown in Fig. 8. The

transition region becomes narrow with the increase of 6.
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We applied € of 1.45 to the other energies and ions,
and obtained good agreement as shown in Fig. 4. The
agreement of SIMS P with the model does not mean that
6 of 1.45 is the optimal value for these cases, but the value
ensures Lindhard’s model is dominant at this energy region.
Since the model is empirical, we should find optimal values
for each combination of ion and substrates in the energy
region of around equation (4) or equation (13).

V. SUMMARY

We modified the electron stopping power model by
combining Lindhard’s model with Bethe’s model, and
tuned its parameters. We showed that the Monte Carlo
simulation can reproduce the ion implanted profiles by
tuning a fitting parameter r,, and showed that r, is
insensitive to energy, and demonstrated to reproduce B,
As, P, In, Sb, Ga, Ge, Si, N, F, and C profiles. We also
demonstrate that it reproduces the profile at low energy
regions such as 0.5 keV B and 1 keV As. Therefore, we
can well calibrate Monte Carlo simulation using a few
experimental data. We also verified that the combined
electron stopping power enables us to reproduce the B
profiles in the MeV energy region. Since our model for
high energy regions is not based on physics, we should
calibrate the corresponding parameter in the other case
when the energy is around or exceeds the critical energy.

It should be noted that channeling phenomenon are not
considered in this Monte Carlo simulator , and hence this
simulator should be used to predict the profiles in the
amorphous substrates and also the ones in crystal substrates
only near the surface and near the peak concentration
region. We should further our work to investigate channeling
phenomenon and damage accumulation to accurately
predict the junction depth in the crystal substrate.
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