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The amorphization of silicon due to atomic displacement during ion implantation has been simulated.
A model based on Monte Carlo calculation reproduces very well the depth profile of atomic mixing
and displacement length of host silicon atoms reported by previous experiments. The critical
displacement in the depth direction for amorphization has been determined to be 5 A. This average
threshold value is shown to be universal for identification of amorphous regions in silicon for a wide
range of implantation conditions involving different doping species, acceleration energies, and doses.
© 2011 American Institute of Physics. [doi:10.1063/1.3592256]

. INTRODUCTION

Amorphization of silicon during ion implantation is an
active area of research because it is strongly related to the
electrical activation of implanted dopants in the source and
drain regions of silicon CMOS transistors. Amorphization
prevents ion channeling and, hence, is effective to achieve
ultra-shallow doping. Moreover, an amorphous region can be
annealed out easily to form the low defect density and highly
activated source and drain regions. However, end-of-range
(EOR) defects are known to accumulate in the vicinity of the
amorphous/crystalline (a/c) interface." These defects are re-
sponsible for transient anomalies of the dopant diffusion and
current leakage. Therefore it is critical to establish a model
to accurately predict the position of the a/c interface and de-
velop methods to suppress these undesirable effects.

Several models have been proposed to unravel the
mechanisms of amorphization in semiconductors.” They can
be classified depending on whether they rely on the energy
threshold,>™ overlapping damage,®’ or nucleation-based
approach.® ' However, all of these methods require employ-
ment of look-up parameters tabulated for the variety of im-
plantation conditions. This work, on the other hand, presents
a universal model that does not require adjustment of parame-
ters to predict the position of the a/c interface for a wide range
of implanted species/energy/dose combinations. The model
justifies the importance and applicability of the new length
scale, the average atomic displacement, that was found empiri-
cally to predict the position of the a/c interfaces.'""'?

Il. SIMULATION DETAILS

Our calculation is carried out in three steps. First, we
obtain and normalize the damage profile subsequent to an
ion-implantation process in pure crystalline silicon. Second,
we extrapolate this normalized profile into an atomic mixing

YAuthor to whom correspondence should be addressed. Electronic mail:
kitoh@appi.keio.ac.jp.

0021-8979/2011/109(12)/123507/5/$30.00

109, 123507-1

profile the validity of which is justified by the excellent
agreement with experiments of Shimizu e al.'' Third, the
mixing profile is convoluted with Gaussian distributions in
order to obtain the measure of the local displacement for
each atom. Finally, the average displacement of the host sili-
con atoms in the depth direction is obtained. Our calculation
is shown to be fully consistent with the empirical results
shown in Refs. 11 and 12. Furthermore, the existence of the
critical average displacement 5 A in the depth direction is
established and this defines accurately the position of the a/c
interface reported in the literature for a wide range of doses,
energies, and implanted species.

A. Vacancy generation

As the first step for our calculations, the concentration
profile of vacancies as a result of implantation is obtained by
the 10N MPLANT siMuLATOR (IIS)'? software developed by the
University of Valladolid. The IIS has been shown to accu-
rately reproduce the implantation of dopants into semicon-
ductors with only a small set of input parameters. This
simulator includes a Binary Collision Approximation
(BCA)' module to generate the cascades of defects pro-
duced when an energetic ion is accelerated and implanted
into the crystalline material. The most recent version of the
IIS code allows us to extract the entire set of raw data (spe-
cies, xyz position) for interstitials and vacancies. Based on
the vacancy distribution, calculations to obtain the displace-
ment and amorphization are performed. The interstitial pro-
file can be ignored because the vacancy in the BCA
simulator represents the original location of each moved
atom to deduce the displacement from the recoil.

The number of point defects originated per cascade
depends on the implanted species and acceleration energy.
However, because each cascade generates thousands of point
defects, we consider 100 cascades with more than 100000
vacancies overall; a number large enough to assure the statis-
tical accuracy. Our calculation results are compared directly
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to the host silicon displacement and depth of amorphization
obtained quantitatively by the dopant implantation into sili-
con isotopes heterostructures.'

The vacancy profile obtained by the BCA calculation is
normalized to make it independent of the size of the grid
employed to evaluate the number of cascades simulated.
Thus the normalized profile Vg, (x) is given by

~ Vagi(x)
Cvied

AgiHX

Vig(x) (1)

where Vag;(x)/d, is the number of vacancies of 4Si isotope
per unit length formed during the cascades, d, is the grid
spacing employed in the calculation, and Vi is the total sum
of vacancies that normalize Vag;(x)/d,. The resulting value
Vi (x) is then not proportional to the number of simulated
cascades and, hence, can be regarded as a depth-dependent
statistical distribution of the displacement induced to the
atoms in the single crystal.

B. Atomic Mixing

The next step is to obtain the degree of atomic mixing
from the statistical displacement distribution in Eq. (1). The
present calculation that reproduces the mixing of a bulk ma-
terial made from one or two different silicon isotopes can be
extended easily to a situation with three or more species.

The mixing proceeds rapidly when two kinds of species
to be mixed are spatially separated, and slows down as the
degree of mixing is increased. Therefore, we employ the fol-
lowing equations to represent the rapid mixing linearly and
the saturating mixing sublinearly:

Casi(x) = mils; — (mhs; = Cl5 ()™, @)
Cosi(x) = 1 = Cagi(x), 3)

where C;(x) and Cag;(x) are the depth-dependent isotopic
fraction of 4Si in the silicon bulk before and after implanta-
tion, mf i is the fully mixed fraction (constant and average
fraction of ASi along the whole bulk), and Vi (x) is the nor-
malized value of vacancies placed at the depth between x
and x + d,. F is the factor defined as:

F=F, DE (4)
Dy Ey

F is linear to the implantation dose D and energy E of the
ions since D and E would increase the displacement distance
of the recoiled atoms. F, Dy, and E( are constants that could
be merged, but are separated in this work because Fy can be
obtained by fitting the results of implantation with reference
dose Dy and reference energy Ej.

A quantitative verification of our simulated mixing pro-
files at this point is obtained by direct comparison with
experimentally obtained mixing profiles after implantations
of arsenic into silicon isotope hetero-structures.!' Here the
degree of mixing was deduced from the depth profile of the
displaced silicon isotopes revealed by secondary ion mass
spectrometry (SIMS).'! In order to directly compare with the
SIMS profile, it was necessary to smear out our calculation
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results appropriately to account for unavoidable artifact asso-
ciated with the SIMS measurement. Here an established
method referred to as the MRI (Mixing, Roughness and
Information-Depth) model is employed to complete the
task.'” The procedure of the MRI analysis is described in
Ref. 11. Figure 1 shows the comparison of the calculated iso-
tope profiles with the SIMS results. Remarkable agreements
between the present calculation and experiments have been
obtained for the entire depth of two implantation energies
(25 and 60 keV) and three different doses (1 x 10', 3 x 10", and
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FIG. 1. Depth profiles of *°Si in a 2#Si/*°Si isotope superlattice subsequent
to ">As" ion implantation. Round symbols represent the SIMS result of Shi-
mizu et al. (Ref. 11) and thin solid lines are the outcome of our simulation
with the MRI (Ref. 15) rectifications applied to reproduce the SIMS artifacts
(MRI parameters used are w = 2.6 nm (atomic mixing) and s = 0.7 nm
(surface roughness), as described in Ref. 11). Implantation conditions are
1x 10" em ™ at 25 keV (a), 1 x 10'° em ™2 at 25 keV (b), and 3 x 10"
cm > at 60 keV (c).
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1 x 10"°cm™?). Hence, the validity of our mixing model is
confirmed.

C. Average Atomic Displacement

The last stage of this simulation is to obtain the atomic
displacement D(x;), which is defined as the average displace-
ment distance between their original depth positions and dis-
placed depth positions.

It is known that the depth distribution of the concentra-
tion of an implanted species can be approximated by a Gaus-
sian distribution.® This macroscopic Gaussian distribution is
composed of many Gaussian broadenings arising from a
large number of subcascades, i.e., host-silicon displacement
can be identified by the local Gaussian broadening as a func-
tion of the depth. Therefore, we apply Gaussian broadening
to the profile of degree of mixing in the bulk, ¢ (x;), which
corresponds to the fraction of moved atoms at the depth step
xj = j X d,. This profile ranges from 0% for undamaged
areas to 100% in fully mixed regions and is obtained from
Eq. (2) using parameters Cj,(x) = 0 and mf;, = 1. Calcula-
tion of the average displacement D(x;) for atoms moved to
depth x; is performed by the following discrete convolution;

1.
D(x;) = ZECf (xj) |x,~ — xj|g(x,- —xj)dx. (5)

J

Here small enough steps of the order of 1 A are adopted to
minimize the effect of not using the integral. ’x,- — xj| is the
displaced distance based on the Gaussian distribution cen-
tered at x; and with a standard deviation of ¢ = 504,

1 X2
g(x) = EGXP <— 2—02) (6)

The value of ¢ is the only adjustable parameter in Eq. (5)
and, also, in the whole simulation procedure, which must be
determined uniquely as an intrinsic value for the silicon sin-
gle crystal as it represents the physical measure of how easily
host crystal atoms are displaced as a result of implantations.
It should be stressed that the value of ¢ is fixed for silicon
and does not depend on the implantation conditions.

lll. RESULTS AND DISCUSSION

Figure 2 shows the simulated displacement profiles
D(x;) under the same conditions and configuration as in Fig.
1, ie., PAsT implanted with 25 or 60 keV with doses of
1 x 10", 3 x 10", or 1 x 10" cm™~2. It also shows the cross-
sectional transmission electron microscope (XTEM) images
of experimental samples taken from Ref. 11. Our goal is to
find the relation between these two results to determine the
critical displacement for amorphization of silicon. The criti-
cal displacement exists clearly; the matrix becomes amor-
phous when the displacement is larger than 5 A and remains
single crystalline when smaller than 5 A. Therefore, the
amorphous/crystalline (a/c) interfaces situate at depths that
have the critical displacement 5 A. The calculated and exper-
imental profiles share similar characteristics; having the
maximum peak placed slightly deeper than the region of
maximum damage, having similar slopes, etc. They also find
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FIG. 2. Simulated and experimental depth dependences of the displacement
of host Si atoms induced by implantation of ">As™. Comparison with XTEM
images of the experimental samples shows the existence of the amorphiza-
tion threshold defined by 5 A of the average atom displacement. Implanta-
tion conditions are 1 x 10" cm™2 at 25 keV (a), 1 x 10" cm™2 at 25 keV
(b), and 3 x 10'* cm™? at 60 keV (c).

the same critical displacement 5 A. The only noticeable dis-
crepancy is the displacements in the shallow region where
the Gaussian broadening of ¢ = 50A may be too large to
describe the phenomena near the surface. In this case, a non-
symmetric broadening distribution would give more accurate
results as compared to the Gaussian approach.

A further support of the validity of our method comes
from the convergence of the calculated output to a constant
and invariable value as the quality of the simulation is
increased. This increase in quality is attained by raising the
number of simulated cascades, hence reducing the shot
noise, smoothing the vacancy profile, and getting an output
less dependent on the random nature of the Monte Carlo sim-
ulation. Position of the a/c interface versus the number of
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FIG. 3. Convergence of one of our Monte Carlo simulations for ">As™ im-
plantation at 60 keV and a dose of 3 x 10" cm ™2 The y axis represents the
position of the a/c interface obtained by the criterion of 5 A critical displace-
ment with the number of cascades indicated by the x axis. (Arrow lines are
guide to the eyes.)

simulated cascades is plotted in Fig. 3. The output value
heavily fluctuates while the number of simulated cascades is
less than 70, and beyond this point it converges.

Lastly, in order to show the universality of our calcula-
tion to obtain the position of the a/c interfaces, we have
repeated the simulations using the same set of parameters for
a wide variety of implantations conditions that have been
employed to find the positions of the silicon a/c interfaces
determined experimentally in the past.'” ' Using the critical
displacement 5 A, we obtain superb agreement of the a/c
interface positions for a wide range of conditions including
the dose, acceleration energy, and species of implanted ions,
as shown in Fig. 4. Solid symbols represent the successful
predictions where the calculated a/c interface position is
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FIG. 4. Comparison of a/c interface positions in bulk silicon reported by a
number of authors and obtained by our Monte Carlo simulation. Each point
represents the experimentally reported position of the a/c interface. They are
arranged horizontally depending on the acceleration of the ions with ener-
gies spanning from 2 to 300 keV, and vertically depending on the implanted
dose extending from 1 x 10 to 2 x 10'® cm™2. The shape of the symbol
(circle, square, triangle, etc) indicates grouping of the authors that reported
the experiments. The variety of projectile ions is as follows: As (Refs. 11
and 17), P (Ref. 17), Si (Refs. 17, 18, 20, and 21), Ar (Ref. 17), and Ge
(Refs. 19 and 20). Most important, solid symbols stand for successful simu-
lation, when simulated a/c interface position agrees within 10% of the exper-
imentally reported values. On the other hand, open symbols denote that the
disagreement is larger than 10%.
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within 10% of the reported position; the range in dose
extends from 1 x 10"* cm ™ to as high as 2 x 10'® cm ™2 and
the energy span covers 10 keV to 300 keV. The 10% uncer-
tainty arises mainly from the experimental difficulty to iden-
tify the a/c interface position exactly as apparent from
existence of the a/c interface roughness in the XTEM pic-
tures shown in Fig. 2. The disagreement (open symbols)
occurs only at energies lower than 10 keV because the pene-
tration depth of ions in the bulk is so small that the damaged
region is entirely enclosed in the shallow part. The effect of
the surface that was not taken into account in our model may
become significant for such low energy implantations.

Our model is extendable to other materials simply by
identifying the material specific ¢ in Eq. (6). However, care
must be taken to compare with experimental results. For
example, in the case of Ge, dynamic annealing and recrystal-
lization can take place during ion implantation.'? Additional
experimental studies are required to elucidate the effect of in
situ annealing during implantation to incorporate such effect
in our model. However, the present study has shown that
such thermal effect can be neglected completely for the case
of implantation into silicon at room temperature and below.

IV. CONCLUSION

We have demonstrated that the silicon amorphization
mechanism can be modeled very well based on the host-
atom displacement. The threshold displacement to induce
amorphization in silicon is found to be 5 A. This critical dis-
placement is universal for a variety of implantation condi-
tions into silicon. The present model is simple enough to be
incorporated into commercially available silicon process
simulators that are widely used in electronic industries.
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