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Absfrucf- Boron Transient Enhanced Diffusion (TED) is character- 
ized by enhanced tail diffusion coupled with an electrically inactive im- 
mobile peak associated with the clustering of boron in the presence of 
excess interstitials. A consistent model for process simulation has to 
account for the formation of a variety of agglomerates associated with 
the excess point defect concentrations following ion implantation. These 
include interstitial clusters (e.g., (311) defects), vacancy clusters and 
dopanthterstitial clusters (e.g., boron interstitial clusters). In addition 
to the chemical profiles (SIMS) it is essential to also predict electrical 
activation behavior. Hence, in this work we investigate models for boron 
deactivation and subsequent activation during annealing. 

I. INTRODUCTION 

It is well known that boron exhibits anomalous diffusion 
during the initial phase of annealing after ion implantation. 
B TED is characterized by an enhanced tail diffusion cou- 
pled with an electrically inactive immobile peak. The electri- 
cally inactive peak has now been widely accepted to be due 
to clustering of boron in the presence of excess interstitials. 
Although a number of research groups have published mod- 
eling of boron chemical profiles [l] ,  [2], [3] little physical 
modeling has been published in regard to electrical activation. 
Since predicting electrical activation is essential to TCAD, in 
this work we look at modeling of boron electrical activation 
during transient enhanced diffusion. 

11. MODEL 

A consistent model for boron transient enhanced diffusion 
must consider the initial point defect recombination and the 
subsequent formation of extended defects associated with the 
remaining interstitial excess, such as (31 1) defects and boron 
interstitial clusters (BICs). 

A. Initial Damage 

Implantation introduces a large number of point defects 
orders of magnitude higher than the dopant concentration. 
However, these excess point defects quickly recombine and 
lead to roughly a net “+1” damage [4]. This has been found 
to be a reasonable approximation for modeling the extent of 
transient enhanced diffusion at higher temperatures. How- 
ever, the validity of using a “+1” model for parameter extrac- 
tion at lower temperatures is not clear [5]. Hence in this work 
we begin our simulations with the full damage cascade. Re- 
cent experiments of Cowern et al. [5] have shown that at low 

temperatures small interstitial clusters are the main source of 
interstitials. For modeling interstitial clusters, we use the in- 
terstitial model derived by Cowern et al. [5]. This model was 
found to give good match to the experimental results using 
a “+I” approach. A model from previous work [6] is used 
for modeling the evolution of vacancy clusters. This vacancy 
cluster model was found to predict the results of gold decora- 
tion experiments [7] subsequent to annealing of high energy 
implants. As seen in Fig. 1 ,  using the full damage leads to a 
good match to the experimental data of Cowern et al. [ 5 ] .  It 
can be noted that the initial supersaturation is dominated by 
small interstitial clusters that ripen into larger (3 1 l} defects, 
thus dropping the supersaturation. Also shown in Fig. 1 is 
comparison of supersaturations using the full initial cascade 
to using a “+1” approximation. Both models were found to 
yield almost identical supersaturations. However looking at 
the total number of vacancies and interstitials in clusters, it 
can be noted (Fig. 2) that the recombination process is not 
complete and significant vacancy clusters are present until 
around 600 sec. This does not affect the supersaturation as 
it is governed by the small interstitial clusters. This also con- 
firms the validity of using a “+1” model for lower tempera- 
tures where recombination may not have been completed. 

B. Boron Interstitial Clusters 

For modeling boron deactivation, we consider the clusters 
BIZ, B212, B21, B3I [ 13. The reactions rates for each of these 
cluster interactions are included in PMMDOPDEES, a sys- 
tem for solving PDEs in 1-D [8]. Clustering involves boron 
deactivation and formation of clusters of different charges. 
Hence it is necessary to include cluster charge states to be 
physically consistent. Based on charged defect calculations, 
Lenosky et al. [9] conclude that the dominant charge states 
for these clusters are (BIZ)+, (B212)’ , (B2I)O and (B3I)-. 
However, since electrical activation data indicates dominant 
clusters are neutral at room temperature, we assume the dom- 
inant cluster B3I to be neutral (B3I)O. Reaction rates thus 
include interactions with all possible charged defect species. 
For example, the formation of (BI2)+ from mobile Bi and 
free I, can proceed by the following reactions: 

(Bi)O+I+ * (BI2)+, (1) 
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Fig. I .  Interstitial supersaturations at 600°C and 800°C obtained using full 
damage (bold lines) and using a “+I”  model (dots) compared to data 
from Cowem er nl. [ 5 ] .  Note that the supersaturations obtained are al- 
most independent of the initial conditions. 

The overall net reaction rate is thus: 
- 

K,+ accounts for the Fermi level dependence of interstitial 
concentration [ 101 and is defined such that: 

(7) 

Diffusivities of I and Bi are assumed to be independent of 
charge state. 

111. RESULTS AND DISCUSSIONS 

A temperature ramp-up of 50”C/s for the RTA and l”C/s 
for the furnace anneals was used for the simulations. We 
compare our model to isochronal annealing results from Sei- 
del et al. [ l l ] .  In these experiments, the active fraction of 
boron is measured as a function of temperature for a fixed 

tF 
E 
0 

S 
0 

W 

.- 
c, 

2 

8 
6 

c, c 

S 

Fig. 2. 

1016 1, 

i., . . . . . . . . . . . . . \r :., 
I 
I 
I 
I 

V in clusters ; 
I in clusters 
Net I I 

I 
I 
I 

in10 I I I I  
I 

I ”  

10-6 10-3 i o 0  103 i o 6  

Time (s) 

Figure shows evolution of interstitial and vacancv clusters during 
annealiig o f a 2  x 10’3cm-2 Si implant at 600°C. The vacancies exist ti; 
around 600 sec, after which the interstitials trapped in interstitial clusters 
is close to a “+I”.  

annealing time. Shown in Fig. 3 is a match to reverse an- 
nealing profiles from Seidel et al. [ 1 11 for two different im- 
plant doses. In these experiments boron was implanted at 150 
keV and furnace annealed for 30 mins. At low temperatures 
(500 - 7OO0C, as shown in Fig. 3), boron clusters are stable 
and thus m o s t  of the boron is inactive. A t  higher tempera- 
tures (> 750”C), these boron clusters dissolve, and thus the 
active fraction increases as a function of temperature. Thus 
as shown in Fig. 3, our model captures the main features of 
the deactivationlactivation process for different doses. This is 
also exhibited for higher doses, where the clustering behavior 
is stronger leading to lower activation. 

We further compare our model to SRP and SIMS data from 
Pelaz et al. Fig. 4 shows the evolution of the active fraction 
compared to experimental data from Pelaz et al. [3]. Clus- 
ters form during the ramp-up to 800°C reducing the active 
fraction quickly. During further annealing, interstitial super- 
saturation drops rapidly subsequent to dissolution of intersti- 
tial defects. Thus this reduces the stability of boron intersti- 
tial clusters and leads to an increase in active boron fraction 
with time as shown in Fig. 4. Note that the dissolution pro- 
cess needs free interstitials for the formation of the interme- 
diate species B3I2, while dissolving from B3I to B2I. Thus 
activation of boron as seen in Fig. 4 is a slow process once 
these clusters are formed. Shown in Fig. 5 is comparison to 
a 2 x l O I 4  cm-2 B implant data from Pelaz et al. [ 3 ]  spike 
annealed at 800°C. Similarly we find good match to experi- 
mental data for longer anneal times as shown in Fig. 6. 

168 



1 .o 

0.8 

0.6 

c 
0 .- c 
9 

.L 0.4 

0.2 

U- 
a, 
c 

2 

SlMS 
A SRP -m 

. . .  

0.0 

0.8 

0.6 

0.4 

0.2 

0.0 

Data from Seidel et al. 
150 keV B,30 mins 

Data from Pelaz et.al. 
30keV, 2 x 1014 cm-2 B 

A Data 

- 

B sub - - - -  

,A 
- 4 - - .AC _ - - - -  - -A- - - - z -  A - - -  

I I 

450 650 850 1050 
Temperature 

T 
E 
0 

C 
0 

W 

.- + 
2 
+-’ 
S 
a, 
0 c s 
m 

1020 I I 

. . .  SlMS 

1019 

1018 

1017 

Fig. 3. Comparison of experimentally-measured active fraction [ I l l  to 
model for 150 keV, 2 x I O L 4  cm-’ and 2 X cm-’ boron im- 
plants annealed for 30 min. at various temperatures. Lines represent 
model predictions, and symbols represent data. 

F , ~ ,  5,  comparison of simulation with SIMS and SRP data from pelaz 
er al. [3] fora 2 x 1OI4 cm-2 implant annealed at 800°C for I sec. Note 
that ofthe boron is already in 
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IV. CONCLUSIONS 
In summary, we have developed a boron clustering model 

to model boron deactivation kinetics during low and moder- 
ate temperature annealing after implantation. The model is 
able to capture the kinetics of the deactivation and activation 
processes and thus predict electrical activation during anneal- 
ing over a wide range of temepratures and times. 
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