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ABSTRACT

Atomistic modeling methods are emerging as a pow-
erful tool to understand the physical behavior of com-
plex systems. However, continuum process simulators
are the core of state of the art TCAD simulators and
substantial challenges must be overcome to make effec-
tive use of atomistic techniques. As device dimensions
shrink into the sub 100 nm regime, one of the problems
faced by device designers is the diffusion of phosphorus
(P) from the source/drain region into extensions due
to reduction of the source/drain sidewall distance. We
use this problem to illustrate how accurate and physical
process models can help understand these issues. In par-
ticular, we develop a continuum model for phosphorus
(P) and fluorine (F) diffusion from our understanding
at an atomic level. These models are then calibrated to
predict more complex interactions between phosphorus
and fluorine.
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1 Diffusion of Phosphorus In Silicon

Phosphorus is one of the key elements used in front
end processing of modern CMOS devices. It is also
one of the most challenging dopants to model due to
the anomalous kink and tail profile [1]. Early experi-
mental results on phosphorus diffusion suggested a va-
cancy dominated mechanism [2]. Further experiments
on phosphorus diffusion under intrinsic conditions indi-
cate the importance of interstitial assisted mechanism
[3]. Recent ab-initio calculations found intrinsic phos-
phorus diffusion is dominated by a interstitial (I) mecha-
nism [4]. Pair diffusion models considering an attractive
potential between the dopant and point defects are well
acccepted for modeling diffusion in silicon [3]. For a
interstitial mechanism this implies diffusion of a phos-
phorus interstitial (PI) pair. However, for a vacancy
mediated diffusion step, there is a fundamental require-
ment that the vacancy must move away to at least a
third nearest neighbor site and return to the dopant
from a different direction. This arises due to the basic
complication that a dopant moving into a vacant site
leads to a vacancy moving in the opposite direction and

subsequently exchanging places with a vacancy does not
lead to a net displacement. The dopant vacancy pair
thus partially dissociates and reforms many times be-
fore fully dissociating. The exact form of the dopant va-
cancy interaction potential will hence have a significant
impact on the dopant diffusivity by this mechanism.
Infact, ab-initio calculations show relatively long-range
interactions between dopants and vacancies (out to at
least tenth nearest neighbor distances) [5]. The pres-
ence of such long-range interactions opens the door for
relatively complex interactions among multiple dopants
with multiple vacancies, particularly at high doping lev-
els. Lattice Monte Carlo simulations using such ab-initio
results have predicted a large increase in dopant diffu-
sivities at high dopant concentrations [6] and agree with
experimental results [7]. This arises due to interactions
of a vacancy with multiple dopants leading to a net de-
crease in migration barrier for the PV pair. An example
of this phenemenon is illustrated is Fig. 1. Interaction
with a second dopant atom reduces the net activation
energy for pair diffusion associated with third to sec-
ond nearest neighbor transitions, resulting in a net in-
crease in dopant diffusivity. In contrast, simple pair
diffusion models do not consider long range interaction
between dopants and point defects and correction terms
are added.

Thus, in our continuum simulations [8] we use a
model where intrinsic diffusion is mediated almost ex-
clusively by interstitials whereas higher concentration
diffusion is mediated via vacancies. Fig. 2 compares our
model calibrated to high dose phosphorus diffusion data.
We plot the diffusivities used in our simulations in Fig. 3
and find a similar enhanced high concentration diffusion.
This agrees well with our understanding from Lattice
Monte Carlo simulations and previous experimental re-
sults [6], [7] that show a polynomial increase in diffusiv-
ity (Dp) with concentration (Cp) (DpaCg;n = 3——4).

2 Diffusion of Fluorine In Silicon

Fluorine diffuses anomalously in silicon [9]. A char-
acteristic of fluorine diffusion is the unusual shape of the
diffused fluorine profiles. Instead of the normal gaus-
sian diffusion, fluorine exhibits an immobile profile that
shifts towards the surface (see Fig. 4). Such a behav-
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ior indicates the formation of strongly bound fluorine
complexes, since ab-initio calculations give a migration
barrier of only 0.7-1.3 eV for a interstitial fluorine (F;)
indicating it to be a highly mobile [10],[11]. Further, the
addition of fluorine to boron implants typically retards
boron diffusion [12]. The mechanism for this retardation
is however not clear.

Recently ab-initio calculations have been used to ex-
plore and understand fluorine diffusion [13]. These den-
sity functional theory based calculations find stable flu-
orine vacancy complexes (F,V,,) with high binding en-
ergies. Fig. 5 shows the binding energies associated with
these F,V,,, complexes as calculated by this technique.
In particular, they find a very strong binding for F3V
and FgV, clusters. This is because fluorine saturates
the dangling bonds associated with small vacancy clus-
ters. The addition of fluorine atoms into clusters also
leads to lattice distortion due to repulsion between the
fluorine atoms. Consequently, this makes the F3,V clus-
ters more stable relative to F3,41V clusters. The larger
FsV2 cluster is stable even in the presence of an intersti-
tial super-saturation. A multi-cluster continuum model
incorporating these calculations was developed incorpo-
rating all the reaction pathways. This model exhibits
anomalous diffusion similar to experimental data [13].
This arises due to fluorine vacancy complexes dissolving
in the deeper interstitial rich region, but stablized in
the vacancy rich near surface region. This multi-cluster
model is however too complex for use in an industrial
process simulator. We analyze this model to develop a
simpler form of this fluorine model. Fig. 6 illustrates
the time evolution of different F,,V,, clusters using this
model. From Fig. 6 it is clear, the F3V cluster forms
rapidly during the initial stage of implant annealing.
Further, evolution of fluorine profile occurs by the dis-
solution of F3V cluster into the rapidly migrating flu-
orine interstitial (F;). Some of these F3V clusters also
ripen into more stable Fg V2 clusters. Hence, we imple-
mented a simple reaction (F3V + I < 3F;) in our process
simulator and calibrated it to data. Fig. 7 shows a sim-
ilar anomalous diffusion of the fluorine profile matched
well by the model. During the anneal, the F3V disso-
lution is driven by the interstitials deeper in the bulk
leading to an apparent anomalous diffusion of the fluo-
rine. The consumption of intersitials by the dissolution
of F3V and FgV, clusters reduces the net interstitial
super-saturation. Hence the presence of fluorine is ex-
pected to retard the diffusion of interstitial diffusing el-
ements like boron and phosphorus in the absence of B-F
or P-F interactions.

3 Phosphorus/Flourine Interactions

Preliminary ab-initio calculations find very weak bind-
ing between phosphorus and fluorine. We thus expect
the primary interaction to be due to changes in point

defect concentrations. To study phosphorus-fluorine in-
teractions, we co-implanted phosphorus and fluorine at
varying doses and energies. We find a strong retardation
of the phosphorus tail diffusion with almost no change
in the shoulder diffusion behavior. Simulations match
this trend very well (Fig. 8). The fluorine atoms form
fluorine vacancy complexes leading to a net decrease in
interstitial super-saturation. The phosphorus shoulder
is unaffected, since phosphorus diffusion is mediated pri-
marily via vacancies at these high concentrations. This
also confirms our understanding of both phosphorus and
fluorine diffusion.

4 Applications of Process Models

We now apply our model to look at NMOS transis-
tors with gate lengths of 50nm. The problem of exces-
sive diffusion of the source/drain phosphorus is repre-
sented in Fig. 9. Fig. 10 shows addition of fluorine can
decrease phosphorus diffusion into the channel. Electri-
cal parameter results show a similar trend supporting
our model results.

5 Conclusions

Designing transistors at the nanometer regime is a
challenging task and requires significant front end op-
timization. Development of continuum process models
based on atomistic level understanding help to success-
fully predict dopant redistribution during silicon ther-
mal processing. These models are then sucessfully used
to optimize performance of state of the art transistors.
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Figure 1: Schematic illustration of vacancy energy as
a function of position away from a dopant atom. The
presence of a second dopant atom can lower the vacancy
energy as a function of position due to overlapping po-
tentials. This decreases the pair migration energy in the
presence of the second dopant atom.
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Figure 2: Comparison of simulation (dashes) and exper-
iment (solid) to 1.5 x 101°-6 x 10'®cm~2 P implanted at
8keV and annealed for 1000°C,10s. Note the anomalous
kink and tail profile.
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Figure 3: Phosphorus diffusivities used to match data
in Figure 2 exihibit an anomalous enhanced diffusion at
high concentrations in agreement with previous experi-
ments and lattice monte carlo simulations.
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Figure 4: Experimental data from Jeng et.al. shows
anomalous non-gaussian diffusion of fluorine.
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Figure 5: Results from ab-initio calculations show
strong binding with vacancy clusters indicating fluorine
decoration of small vacancy clusters.
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Figure 6: Time evolution of fluorine in the significant . . .
q gut . © 518 . Figure 9: TSuprem4 Simulation of a NMOS transistor
uorine vacancy complexes using the continuum multi

cluster model at 650°C. The FyV complex forms rapidly with a gate length of 50nm showing lateral diffusion of
during the initial stages of the anneal phosphorus into the drain extension/channel region.
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Figure 7: Comparison of simulation (dashes) and ex-
periment (solid) to 3 x 10**cm~2 fluorine implanted at
20keV and annealed for 1050°C/0.5s. Figure 10-: Addition of a Fluorine implant at
source/drain leads to retardation of the phosphorus dif-
e fusion as shown by the doping contours.
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Figure 8: Comparison of simulation (dashes) and ex-
periment (solid) of 4 x 10'°cm ™2 phosphorus implanted

with varying fluorine implant energies and annealed for
1050°C/0.5s.
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