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We obtained experimental transient enhanced diffusion profiles of boron, arsenic, and
phosphorous over a wide range of process conditions. We analyzed these data using
a one-dimensional process simulator. By using a simple, empirical methodology for
initial super-saturated interstitial Si profiles and a dynamic impurity clustering model,
we succeeded in reproducing transient enhanced diffusion profiles with a single pa-

rameter set.

1. Introduction

lon implantation for fabricating the source/
drain region of MOSFETs generates supersatu-
rated interstitial Si (I) and transient enhanced
diffusion (TED) is observed in the early stage of
the subsequent annealing process.?*™V The junc-
tion displacement due to this anomalous diffusion
is about 100 nm. The scaling theory requires shal-
low junctions with decreasing gate length,*?% and
this displacement is critical for designing mod-
ern, high-speed MOSFETSs.*-'® Therefore, it is
important to understand this diffusion phenome-
non when designing these devices.

Much work has been done to understand
TED, and the following have been identified as
the main parameters of this phenomenon:®® the
time duration of the transient enhanced diffusion
t, the enhanced diffusion coefficient during TED
D.nn, @and the maximum TED concentration N,
Empirical models based on empirically derived
values of these main parameters have been de-
veloped.®? On the other hand, many attempts have
been made to find a theoretical explanation for TED
based on the coupled diffusion equation.'®?2 Al-
though a consensus for describing TED with basic
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transport equations has not been established,
some aspects of TED have been clarified. For ex-
ample, an understanding of the formation of
impurity clusters® and the diffusion equation cou-
pled with point defects are indispensable to
understanding TED. It is also believed that the
interstitial Si is stored in the ion-implanted re-
gion in the form of clusters and free interstitial Si
is released from these clusters.?” While arsenic
(As) itself exhibits no significant TED, the ion
implantation of As in the source/drain region of a
short-channel nMOSFET causes boron (B) TED
in the channel region, ultimately leading to re-
verse short-channel effects.

We obtained experimental B, As, and phos-
phorous (P) TED data over the wide temperature
range of 500 to 1100°C and explained the data
using the DIOS process simulator,?V2?® which con-
siders all of the above-mentioned parameters
needed to describe TED.

2. Experiment

We ion implanted B, As, and P with various
energies and doses into (100) Si substrates under
a 7° tilt and 0° rotation. The substrates were then
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subjected to furnace annealing (FA) or rapid ther-
mal annealing (RTA) in dry nitrogen. We also
investigated TED using epitaxial substrates con-
taining a buried B marker layer to separate the
damage effect and the impurity activation mech-
anism. The loading time was less than 10 s in
FA, and the ramp-up rate was 50°C/s in RTA.
Substrate heating was performed from both sides
of the samples, and the temperature was moni-
tored by a thermocouple.

3. Model implemented in DIOS

We will now briefly explain the models im-
plemented in DIOS, simplifying and focusing on
the models related to this analysis. Complete ex-
planations of the models are given in Refs. 21)
and 25).

3.1 Diffusion equations
The diffusion equations for an impurity, in-
terstitial Si, and vacancy are as follows:?)
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where tis the time, x is the depth, N is the impu-
rity concentration, | is the interstitial Si
concentration, V is the number of vacancies, * is
the concentration at thermal equilibrium, and f,
is the ratio of diffused impurity parings to inter-
stitial Si and hence (1 —f,) is the ratio of diffused
impurity parings to vacancies. n is the electron
concentration, p is the hole concentration, and n;
is the intrinsic carrier concentration.?® D*,; is the
intrinsic diffusion coefficient associated with an
impurity pairing with a neutral point defect, and
D, is the diffusion coefficient associated with a
neutral I. DP,; is the intrinsic diffusion coefficient
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associated with an impurity pairing with a single
positive charged point defect, D™,; is the intrinsic
diffusion coefficient associated with an impurity
pairing with a single negative charged point de-
fect, and D™, is the intrinsic diffusion coefficient
associated with an impurity pairing with a dou-
ble negative charged point defect. D, is the |
diffusion coefficient, D,, is the V diffusion coeffi-
cient, and R,y is the recombination rate of | and V.

In thermal equilibrium diffusion, I = 1*, V =
V*, and the profile is simply determined by the
following reduced equation:

aN_ oMl p n m, 00 mdoND
o RO Dat g P g0 )
In the intrinsic semiconductor, where the
doping concentration is less than n;, p=n=n;and
Eq. 4 reduces to:

oN 9N
9N -p 5
ot D ox? )
where
D, =Dx+Df+Dx+Dy" (6)

3.2 Initial condition for supersaturated
interstitial Si concentration profile
The supersaturated | is introduced by ion
implantation. The empirical expression of | distri-
bution was proposed by Giles?” and is called the
+1 model. The initial I profile 1(x,0) is the same as
the ion implanted profile, which is given by:

I(x, 0) = 1x ®g(x) ()

where g(x) is the ion implanted impurity concen-
tration normalized by the dose ®. However, this
treatment is too simple to cover various conditions.
We therefore propose the following methodology
for generating I(x, 0).

We assume that each ion implanted impuri-
ty generates the same amount of | at low doses
and that all impurities identically contribute to
the generation of 1. Once the damage level has
reached a certain value, | cannot be generated
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anymore. Therefore, we propose that the initial |
is expressed by:
U fog(x) ford < d
10) ‘B fod.g(x) for @ > dx 8)

where the damage factor f, has a fixed value in-
dependent of the dose ®. @, is the critical dose for
TED saturation, and doses exceeding @, do not
contribute to the generation of 1.

3.3 Interstitial Si clustering model

The generated supersaturated | are believed
not to diffuse simply, but to form (311) defects.®)
These defects become large and then release mo-
bile I. The dynamic treatment is complex, but we
empirically express the features using the solid
solubility of I as I,. These parameters should be
used for all impurity diffusions.

3.4 Impurity clustering model and solid
solubility
The following non-equilibrium impurity clus-
ter model was proposed in Ref. 29), which leads
to the time evolution of the impurity cluster:
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where N, is the cluster concentration where N
reaches its solubility Ng,, N, is the cluster con-
centration, and m is the number of impurities in
one cluster. d, and k, are parameters associated
with the chemical reaction of cluster formation
and are fitting parameters since the reaction is
not well established. The left side of Eq. (9) is the
time evolution of the impurity concentration that
forms clusters and has the factor m, since one clus-
ter contains m impurities.

4. Results and discussion

The value of the thermal equilibrium diffusion
coefficient has been rather well established by var-
ious reports.3® However, the values given in these
reports were extracted at temperatures higher than
900°C. Therefore, we evaluated the thermal equi-
librium diffusion coefficient over a wide temperature
range with a low dose and a high thermal budget.
We then analyzed the TED parameters with a high
dose and a low thermal budget.

4.1 Thermal equilibrium diffusion

Figures 1 to 3 show the diffusion profiles of
B, As, and P, respectively. The ion implantation
dose is low, and the thermal budget is quite high
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Thermal equilibrium diffusion profiles of B. (a) 800°C. (b) 1000°C.
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Thermal equilibrium diffusion profiles of As. (a) 800°C. (b) 1000°C.
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Thermal equilibrium diffusion profiles of P. (a) 800°C. (b) 1000°C.

to eliminate the TED effects. reported values at high temperatures exceeding

We fitted the diffusion profiles of B, As, and 900°C. However, the value is not expressed by a
P. The extracted diffusion coefficients are shown single activation energy at low temperatures. All
in Figures 4 to 6. These values agree well with these data are well expressed by:
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where n = p = n; in the experiments associated
with Figures 1 to 3. We assume that the diffusion
coefficient in the high concentration region corre-
sponds to the diffusivity associated with charged
point defects. The separation of the total diffu-
sivity into the individual components should be
investigated.

4.2 Transient enhanced diffusion

4.2.1 B
We succeeded in explaining the data of the B

142

Temperature (°C)
1100 1000 900 800 700

1073 T T T ; |
As -----Reported value®”
1074 |
® This work

w
T owor —Fit
§
E 10-16 |
]
=
L 10}
o
S -
S R,
2 10°F p=500x10“exp (— 2.00ev eV) AN

10 |- +5.12 exp (- 323 eYYemys .

P(-2327Y) .
A
102 L ! \ .
o 10 1 12

1/k,T (1/eV)

Figure 5
Diffusion coefficient of As.

Temperature (°C)

1100 1000 900 800 700
1012 N T T T T T
N © --—--Reported value*®
10—13 - .\ )
N ® This work
— N
@ bl )
T 10 RN —Fit
s N
£ 108 R
o ~
% 16 \~\
3 100 |- ~\‘
c AR
@ 107 200ev) s
_ - 2 .

% D=1.40x107exp ( s ) .~

1078 |- +5.77 exp (- 3:87.8Y ) cmzs S

P ( k, T ) \\
10—19 L 1 Il
8 9 10 11 12
1/k,T (L/eV)

Figure 6

Diffusion coefficient of P.

TED profiles as shown in Figures 7 to 9. We used
the B solid solubility N, and the I solubility I,
as fitting parameters. Their values are shown in
Figure 10. fywas 2, and ®,was 1 x 10 cm2. f 4
is 0.94, and the parameters associated with the
clustering model are summarized in Table 1.
TED displacement is enhanced at low tem-
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Transient enhanced diffusion profiles of B. (a) High tem-
peratures of more than 800°C. (b) Low temperatures of
less than 750°C.

peratures as shown in Figure 7 (b). The maxi-
mum enhanced diffusion concentration N,,, has a
strong relationship with n; as shown in Figure 10.
At high temperatures (Figure 7 (a)), it seems that
TED is almost temperature independent, which
is due to the fact that TED starts and finishes
during the ramp-up period.

Figure 8 shows that the displacement of the
buried B layer is insensitive to the dose at 800°C for
60 s. On the other hand, the displacement is signif-
icantly suppressed at a dose of 5 x 10** cm=2 at 1000°C
for 10 s. The theory expresses the phenomenon
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Dependence of transient enhanced diffusion profiles of B
with buried B marker layer on dose. (a) 5 x 1013 cm2. (b)
5x 10" cm2. (c) 5 x 105 cm2.
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Dependence of transient enhanced diffusion profiles of B
with buried B marker layer on energy. (a) 5 keV.
(b) 26 keV. (C) 39 keV.
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Dependence of solid solubility, intrinsic carrier concen-
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Table 1
Parameters associated with impurity clustering.
dc kc m
B -1 3
As 0 3 3
P -1 3

guantitatively and explains this as follows.

Figure 11 shows the calculated time depen-
dence of the buried-layer impurity displacement
L using the parameter values that we extracted.
L, is defined by the displacement where the con-
centration N; reaches 10" cm as shown in the
inset in Figure 11. We assumed an isothermal
process to clarify the phenomenon related to the
temperature. If TED is in progress, which is the
case in the 800°C 60 s experiment, a constant |
concentration is supplied continuously and L, only
depends on the time and is independent of the total
amount of I (i.e., the dose).

When the dose is 5 x 10 cm~2, L, at 900°C for
10 s coincides with L at 800°C for 60 s. Also, when
the dose is 5 x 10 cm=2, L, at 1000°C for 10 s is
much shorter than L at 800°C for 60 s. This means
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Dependence of diffusion length on annealing time with
various temperatures. The ramp-up period is ignored.

that L at 1000°C is determined during the ramp-
up period instead of during the isothermal process
at 1000°C. Therefore, Ly at 1000°C is effectively
determined at 900°C during the ramp-up period.

If the annealing time is longer than the TED
duration, which should be the case at 1000°C for
10 s in the experiment, then L, depends on the
total amount of 1. This is the reason why L, is
suppressed at 5 x 10** cm=2 at 1000°C.

The above explanation is also valid for the
results shown in Figure 7 (a); that is, the TED
profile is determined during the ramp-up period
for temperatures exceeding 900°C and the TED
profiles at these temperatures are the same. By
chance, as shown in Figure 11, the TED profiles
at 800°C for 60 s coincide with the profiles at the
other temperatures.

The selective low-concentration diffusion is
as follows:

TED occurs in the early stage of diffusion,
and the B are not fully activated to N_,. There-
fore, a dynamic activation model such as Eq. (9)
is indispensable.

The dependence of TED on the energy is also
well simulated as shown in Figure 9. TED is sup-
pressed as the energy is decreased. | are

FUJITSU Sci. Tech. J., 39,1,(June 2003)

dominantly consumed at the surface, and the low
implant energy leads to a fast consumption of I,
resulting in suppressed TED.

4.2.2 As

Figure 12 shows the As dose dependence of
diffusion profiles. While the As diffusion is quite
small as was expected, the TED of buried-layer B
is significant. For a damage f, = 2 and a critical
dose of 1.5 x 10 cm2, excellent agreement is ob-
tained between SIMS results and the simulated
profiles. The solid solubilities are shown in
Figure 10, and the parameters associated with
clustering are summarized in Table 1.

For the 1000°C, 10 s anneal, the displacement
of the buried-layer B increases with an increase in
dose from 5 x 10*3 to 5 x 10** cm= and then satu-
rates. In our model, we can explain this result
through the dependence of the effective dose.

For the 800°C, 60 s anneal, the displacement
of the buried B layer is insensitive to the As dose.
With these annealing conditions, TED only begins
to occur and is not fully expressed. During the
TED time period, a constant | concentration is
supplied continuously from I clusters and the dis-
placement depends only on the time and not on
the total amount of I (i.e., the dose).

Although the TED of As is not significant, the
redistribution was observed as shown in
Figure 13. We tuned f, 4 to express the insignifi-
cant TED of As and succeeded in explaining the
redistribution of As at the surface region with an
f. 0f 0.03. This means that the contribution of the
As-1 pair diffusion to the total As diffusion is quite
small.

423 P

Figure 14 shows the P dose dependencies of
diffusion profiles.

The solid solubility is shown in Figure 10, and
the parameters associated with clusters are shown
in Table 1. fy was 1.8, and ®, was 1.34 x 10* cm~2,

At the low dose of 5 x 10 cm~2, the displace-
ments of P and B concentration profiles are larger
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Dependence of transient enhanced diffusion profiles of
As with buried B marker layer on dose.
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Dependence of surface diffusion profiles of As.

at 800°C than at 1000°C (Figure 14 (a)), which is
a prominent feature of TED. When the dose is
increased, the displacement increases and then
saturates and both the buried-layer B profiles and
the P profiles in the low-concentration region are
also insensitive to temperature. P TED selective-
ly occurs in the low-concentration region at 800°C
annealing, which is similar to the case of ion-
implanted B diffusion profiles.

For the 1000°C, 10 s anneal, the displacement
of the buried-layer B increases with an increase in
dose from 5 x 10*3 to 5 x 10** cm= and then satu-
rates. In our model, we can explain this result
through the dependence of the effective dose.

For the 800°C, 60 s anneal, the displacement
of the buried B layer is insensitive to the P dose.
With these annealing conditions, TED only begins
to occur and is not fully expressed. During the
TED time period, a constant | concentration is
supplied continuously from I clusters and the dis-
placement depends only on the time and not on
the total amount of | (i.e., the dose).

It is noteworthy that, as summarized in
Table 2, the extracted f, and ®_ are almost insen-
sitive to impurities since the induced damage
features should be quite different between impu-
rities. When there is high-density | generation,

FUJITSU Sci. Tech. J., 39,1,(June 2003)



K. Suzuki: Model for Transient Enhanced Diffusion of lon-Implanted Boron, Arsenic, and Phosphorous over Wide Range of Process Conditions

1021
P5x 10% cm™® SMS - BOOC 60 5
10| 30keV SIMS  1000°C 10 s
~ Theory 800°C 60 s
A Theory 1000°C 10 s
L 10"
c
2
8
€ 10
Q
o
c
o
o 1017
1016 .
500 1000 1500
Depth (nm)
@)
1021
P5 x 10* cm* ams issn(;ch 60s
17|, 30keV o SIMS 1000°C 10's
~ Theory 800°C 60 s
e e | Theory 1000°C 10 s
L 10"
c
2
8
€ 10%
Q
o
c
o
O
1017
1016 L :
500 1000 1500
Depth (nm)
(b)
1021
Pox 10t em? | e ™ Bo0eC 605
107 30 kev o SIMS 1000°C 10's
~ Theory 800°C 60 s
P I - S K Theory 1000°C 10 s
£ 10%
c
2
8
< 10%
Q
o
g .
5 , O
S ]
10 e
o
L
1016 Q : 2
0 500 1000 1500
Depth (nm)
(©
Figure 14

Dependence of transient enhanced diffusion profiles of P
with buried B marker layer on dose. (a) 5 x 102 cm-2
(b) 5 x 10 cm-2. (c) 5 x 10 cm-=.
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Table 2
Parameters associated with supersaturated interstitial Si
due to ion implantation.

f5 @, (cm-2)

B 2 1.13E+14
As 2 1.50E+14
P 1.8 1.34E+14

it must also be accompanied by high-density
vacancy V generation and a significant recombi-
nation of I and V should occur. Our model
considers only supersaturated | and not V, and
hence the generated I in our model correspond to
the residual | after this recombination process.
The similar values of f; for all three impurities in
Table 2 suggests that the residual I, which are
believed to contribute to the TED of impurities,
are insensitive to the ion implanted impurities.

5. Summary

We demonstrated that our methodology for
generating interstitial Si (I) can explain all redis-
tribution profiles of B, As, and P with a single
parameter set. We showed that the parameters
associated with our methodology for generating |
are insensitive to impurities. A dynamic cluster-
ing model for impurities is indispensable for
selectively expressing the TED in diffusion pro-
files that are lower than the solid solubility.
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