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B cluster formation and dissolution in Si: A scenario based
on atomistic modeling
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A comprehensive model of the nucleation, growth, and dissolution of B clusters in Si is presented.
We analyze the activation of B in implanted Si on the basis of detailed interactions between B and
defects in Si. In the model, the nucleation of B clusters requires a high interstitial supersaturation,
which occurs in the damaged region during implantation and at the early stages of the postimplant
anneal. B clusters grow by adding interstitial B to preexisting B clusters, resulting in B complexes
with a high interstitial content. As the annealing proceeds and the Si interstitial supersaturation
decreases, the B clusters emit Si interstitials, leaving small stable B complexes with low interstitial
content. The total dissolution of B clusters involves thermally generated Si interstitials, and it is only
achieved at very high temperatures or long anneal times. ©1999 American Institute of Physics.
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Ion implantation has become a standard technique to
troduce dopants in Si. However, energetic ions damage
lattice and generate a large concentration of defects in
These defects deteriorate the device performance and ha
be annealed out, at the same time that the implanted ions
electrically activated by the anneal. Two important and u
desired effects appear in the B profiles as a consequenc
ion implantation and a postimplant anneal. First, B und
goes transient enhanced diffusion~TED! during the time in
which a large concentration of intrinsic defects is prese1

Second, in the presence of defects, B precipitates and
comes electrically inactive at concentrations much low
than the equilibrium solid solubility.2 A significant amount
of research in this field has provided a good understandin
TED.1–4 The modeling of the inmobile and inactive fractio
of B is a much more complex problem. Earlier attempts5–8

have contributed to the understanding of the mechani
that control the formation of B clusters, but many questio
still remain open.

Theoretical studies usingab initio3,7 or tight-binding9

calculations have provided useful information about the s
bility of some B clusters~BnBI nI, with nB the number of B
atoms andnI the number of interstitials!. Using these
energies,3,7 several groups have implemented B clusters
Monte Carlo diffusion codes7 or continuum process
simulators.6,8 This approach has the advantage of the abse
of free parameters. However, in practice, the calculated
ergy of these clusters is strongly dependent on the star
structure which has to be preset in the simulation, and as
et al. pointed out, there is no guarantee that the global m
mum for the system has been located.9 The calculated con-
figuration energy depends as well on the simulation cell s
and the charge state. A different set of parameters was
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tracted in Ref. 5, based on diffusion experiments. It w
shown that the precursor of B clusters (BI 2) was an impor-
tant ingredient in the understanding of B clustering form
tion.

The aim of this letter is to provide an understanding a
physically based model of the mechanisms associated
the formation and dissolution of B clusters in Si. Expe
ments on ion implantation and oxidation are used both
extract information about the mechanisms involved in
process and to test the model. The combination of these
periments provides unambiguous information about the p
of formation and dissolution of B clusters. The model rep
duces a large body of experimental data with a single se
model parameters.

We have carried out atomistic simulations to follow th
evolution of defects and B clusters in Si. We useMARLOWE10

to generate the implantation cascades. The coordinates o
implanted ion and Si self-interstitials and vacancies gen
ated in each cascade are transferred to the Monte Carlo
fusion codeDADOS.11 Diffusion and interactions between S
self-interstitials~I!, vacancies (V), and dopants have bee
implemented as described elsewhere.5,11 The oxidation pro-
cess is simulated by assigning a supersaturation of Si in
stitials at the surface. The energies of the B clusters are g
in the schematic of Fig. 1. Entropy changes due to diff
ences in the atomic vibrational amplitudes of different d
fects are neglected, and reactions are assumed to be diffu
limited.

Interactions between B and defects occur already du
implantation at room temperature, since freeI and V are
mobile.12,13 The interstitial B (Bi) is also mobile, but the
B–Si interstitial pairs (B–I ) are not mobile at room
temperature.3 The B in B–I pairs or Bi may become substi
tutional (Bs) through the interaction with a freeV ~Frank–
Turnbull mechanism!. They also can interact with an add
tional freeI and form an immobile complex,5 such as BI 2 .
Therefore, after the room temperature implant most of th

n,
7 © 1999 American Institute of Physics
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atoms are distributed between different immobile configu
tions: Bs , B–I pairs, and BI 2 . The I and V that survive
recombination are mostly stored in stable and immobile c
ters ~I cls andVcls, respectively!.

During the annealing at 800 °C, theI cls ripen and dis-
solve, and the freeI that they release interact with B atom
The formation of B clusters happens by the addition of Bi to
the preexisting BI 2 precursors.5 This requires the diffusion o
the Bi over a distance of several nm. In the early stages
the annealing, when a large concentration ofI andV in clus-
ters is still present (.1019cm23), the mobile Bi atoms have
a large probability of interacting with them without reachin
the BI 2 precursors. Therefore, it is important to consider
possible interaction between Bi and I cls and Vcls. No theo-
retical calculations have been carried out for such inter
tions. Our interpretation is based on experimental results
scribed below, with B marker layers implanted with Si io
or during oxidation.1,2,5,14,15

The I cls ~311 defects! are formed in the region of maxi
mum damage, which is close to the projected range of
implanted ions.16 However, the damaged region during im
plantation extends further. If we include in the model
interaction between Bi and I cls, and simulate a 40 keV S
implant on B marker layers, we observe an accumulation
B atoms in the position of the stableI cls, outside the initial
position of the B marker layer. Since experiments do
yield any evidence that the B clusters occur outside the
tial zones of the B markers,17 we conclude that Bi andI cls do
not interact or the interaction is not strong enough to imm
bilize the B atoms inI cls.

If we assume that aVcls absorbs the Si interstitial from
the Bi , leaving a Bs , the growth of B clusters during th
early stages of the anneal is not possible since the diffu
path of the mobile Bi is interrupted by the high concentratio
of Vcls. The simulation of a Si implant in samples containi
B markers leads to an almost complete activation of B,
very short anneal times~see Fig. 2!, as reported also by Ca
turla et al.7 for B implants. This contradicts experiment
results that show that B clusters are present after a Si imp

FIG. 1. Energy in eV of B clusters and schematic of the different paths
the growth of B clusters. The dashed line corresponds to a generic
interstitial content path. The solid line corresponds to a high interst
content path. The energies in the table determine a predominant high
stitial content path. The clusters with high interstitial content release
interstitials when the interstitial supersaturation decreases.
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of 40 keV and 5 s anneal at 800 °C.5 Also a significant frac-
tion of immobile B is observed in B markers placed in t
vacancy rich region of a 2 MeV Si 1016cm22 implant at
300 °C, while the rest of the B diffuses.15 This indicates that
B clusters start forming at low temperatures in the ea
stages of the annealing, and that a high concentration ofVcls

does not suppress their formation, provided that a high c
centration of Si interstitials is also present. Therefore,
must conclude that there is little or no interaction betweeni

andVcls.
Suppressing the interaction between Bi and bothI cls and

Vcls, the mobile Bi can diffuse freely until it becomes sub
stitutional by kicking out anI, captures a freeV, or until it
interacts with a freeI or other B atoms to form B clusters
Still, two main paths are possible for the growth of B clu
ters, as shown in the schematic of Fig. 1. In general, b
paths act simultaneously and all the configurations of the
clusters (BnBI nI) are possible. The predominance of one
the path versus the other is determined by the relative sta
ity of the B clusters and the concentration of B andI. In the
low interstitial contentpath ~dashed line!, new Bi are added
to preexisting B clusters, but Si interstitials are rapidly em
ted leaving B complexes with low interstitial conte
(B2I ,B2,B3I ,B3 ...).18 Through this path, B clusters could b
formed in the presence of low interstitial supersaturation
long as the B concentration is high enough. This implies t
B clusters would be formed during the plus one regime,
even under oxidation conditions. However, experiments
dicate that the B marker layers do not cluster under oxida
conditions14 @see also Fig. 3~b!#. Further, in ion-implanted Si,
B clusters are formed in the first 5 s of theanneal at 800 °C.
During the remainder of the anneal, which occurs at mu
lower interstitial concentration, the fraction of B in cluste
actually decreases5 ~see Fig. 2!.

The alternative path for the formation of B clusters i
volves ahigh interstitial content~solid line in Fig. 1!. In this

r
w
l
er-
i

FIG. 2. Time evolution of the substitutional fraction of a single B mark
layer during a postimplant anneal at 800 °C. The initial B spike~20 nm
wide, 100 nm below the surface, B concentration 4.531019 cm23! is im-
planted with 40 keV 931013 cm22 Si ions. Symbols correspond to the ex
perimental data, extracted as the ratio of the B in the diffusion tail to
total amount of B. The solid line corresponds to the model in which we
not include the interaction of Bi with vacancy clusters. The dashed lin
assumes that Bi becomes Bs when interacting with vacancy clusters. In bo
cases the parameters in Fig. 1 are used. Our model, in agreement wit
experimental results, shows that B clusters are already formed in the fi
s and some dissolution occurs during the first 30 min. The total dissolu
of the B clusters takes several hours at 800 °C.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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case, Bi are added to preexisting B clusters but they do
emit Si interstitials immediately. Therefore, B complex
with a high interstitial content are forme
(BI 2 ,B2I 2 ,B3I 3 ,B4I 4 ...). Theformation of such complexe
is only possible under a high Si interstitial supersaturati
This happens during implantation or at the initial stages
the annealing and only inside the region of high damage@see
Fig. 3~a!#, in agreement with experiments.2,5,17When the in-
jection of Si interstitials is small, as it is in the case of ox
dizing anneals@see Fig. 3~b!# or outside the initial region of
high damage@see Fig. 3~a!#, the B atoms diffuse normally
and no immobile B complexes are formed in the simulat
and they are not detected experimentally.2,5,14

There are some general features that a predictive m
of B clusters has to incorporate, independent of the pre
values of the parameters.~i! The energies of the clusters B2I
and B2, which are the starting point of a low interstitial con
tent path to clustering, is high. This makes this path co
paratively difficult to start.~ii ! The energies of the startin
clusters for the high interstitial content path (B2I 2 ,B2I 3) are
lower, which makes this path more favorable, but only in
presence of a high interstitial concentration.~iii ! When the
interstitial concentration drops during annealing, the B cl
ters with high interstitial content tend to emit Si interstitia
leaving small stable configurations with low interstitial co
tent (B3,B4I ,B4). ~iv! The binding energies of clusters big
ger than about 4 do not increase with cluster size. Thi

FIG. 3. ~a! Secondary ion mass spectrometry~SIMS! profile of the B after a
40 keV Si 531013 cm22 implant and a postimplant anneal for 10 min
790 °C, along with the total simulated B profile and the simulated B
clusters. Also, the Si interstitials simulated byMARLOWE during the implant
is plotted. The B spikes contained in the region that experience a hig
interstitial concentration during the implant experience clustering. T
spikes outside that region do not cluster, although their diffusion is
hanced by the injection of Si interstitials from the damaged region.~b! SIMS
profiles of the B-doped superlattice after 790 °C anneal for 15 min in
oxidizing ambient, along with the simulation results. The B markers ex
rience enhanced diffusion due the injection of Si interstitial from the s
face, but they do not cluster.
Downloaded 13 Jan 2003 to 128.8.92.37. Redistribution subject to AIP
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consistent with the fact that the fraction of B in clusters do
not increase during the time in which most of the B diffusi
takes place.5 Bigger B clusters are formed but they are n
stable at 800 °C, and after a few seconds they dissolve.~v!
The most stable configuration has a ratio B:I about 4:1. The
small number ofI trapped in B clusters is inferred from th
fact that B diffusion and clustering is observed in a sam
containing a B marker with a dose 4.5 times the implanted
dose.5 These B clusters are stable for a long time after
311s orI cls disappear.2 In our implementation the comple
B4I has the largest binding energy.~vi! Since the final stable
B complexes have a low interstitial content, the total dis
lution of the B clusters takes place under an equilibriu
concentration of Si interstitials through the reverse react
of the low interstitial path, i.e., capturing a Si interstitial an
emitting a Bi . The Si interstitials needed are thermally ge
erated interstitials, and therefore, long anneal times or h
temperatures are needed to achieve a maximum activatio
B, as has been observed experimentally.2,19
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