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a b s t r a c t

Kinetic Monte Carlo simulations have been used to investigate mechanisms for boron clustering in crys-
talline and preamorphized Si. We have extended previous boron-interstitial cluster models to include
larger and more stable complexes in order to reproduce boron cluster evolution at very high boron
concentrations. We have investigated the stoichiometry of boron-interstitial clusters resulting from low
temperature recrystallization of preamorphized layers. We have performed a dedicated experiment based
on boron implanted into preamorphized Si with end-of-range defects placed far enough from the boron
profile to avoid the interaction between end-of-range defects and resulting boron-interstitial clusters after
recrystallization. Hall measurements on active B dose combined with a systematic analysis performed
efects
ctivation
iffusion

by Kinetic Monte Carlo simulations indicate that initial boron-interstitial clusters after recrystallization
should not contain a high amount of Si interstitials. Otherwise, boron deactivation and subsequent reac-
tivation will occur faster than experimentally observed. The present results suggest B3 and B3I clusters as
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. Introduction

Boron implantation in Si is one of the most prevalent method
o p-type dope semiconductor for junction formation. However,
s-implanted ions are usually electrically non-active, and the lat-
ice damage deteriorates the device performance [1]. A subsequent
nneal of the Si substrate is necessary to permit dopant atoms to
ncorporate into substitutional sites and become electrically active,
nd to repair the lattice damage. At the same time, undesirable
opant diffusion and dopant clustering occur [1–2]. These phenom-
na pose severe difficulties to the achievement of low-resistivity
ltra-shallow junctions, which determine the electrical character-

stics of devices.
Mechanisms for B clustering in crystalline Si have been exten-

ively analyzed in the literature and several models have been
roposed, based on theoretical calculations [3–5] or inverse mod-
ling over experimental data [6–7]. To our knowledge, current

odels for B clustering are based on the formation of complexes

f B atoms and Si interstitials (BICs) that contain only few B
toms. However, recently some authors have detected quite large
ICs by transmission electron microscopy (TEM) analyses [8–9]

∗ Corresponding author. Tel.: +34 983423683x5504; fax: +34 983423675.
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© 2008 Elsevier B.V. All rights reserved.

nder conditions of very high B concentrations. Moreover, exper-
ments reported by De Salvador et al. [10] reveals the existence
f two main kinetics paths for BICs dissolution, a faster dissolu-
ion and a slower one. They suggest that the usual small BICs are
esponsible for the faster dissolution path whereas large and more
table BICs would be responsible for the slower dissolution path.
herefore, current models need to be extended to include the pos-
ibility of growth into these large and more stable configurations
f BICs.

The increasing demand for highly doped ultra-shallow junc-
ions has extended the use of preamorphizing implants followed by
ow temperature solid phase epitaxial regrowth (SPER) [11]. Dur-
ng low temperature SPER B atoms are electrically activated up to
oncentrations typically around 1.5–3 × 1020 B/cm3, with minimal
iffusion, whereas B atoms remain inactive at higher B concentra-
ions and immobilized in BICs that are transferred into crystalline
i after recrystallization [7,11]. Moreover, residual end-of-range
EOR) defects beyond the amorphous–crystalline interface may
emain if the thermal budget is too low, which is known to degrade
opant activation and junction depth during subsequent temper-

ture processing [7,11]. Although some authors have investigated
clustering during SPER by theoretical calculations and have pro-

osed several stable configurations for these BICs [12], there are still
ome uncertainties about the configurations of BICs after recrystal-
ization.

http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:marabo@tel.uva.es
dx.doi.org/10.1016/j.mseb.2008.09.034
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Fig. 1. Experimental data [10] and simulation results for the evolution of the clus-
tered B dose as a function of annealing time at 900 ◦C for samples A (1 × 1019 B/cm3 B
box) and B (2 × 1020 B/cm3 B box) implanted with 20 keV, 1014 Si ions/cm2. (a) Sim-
ulations performed by considering a classical B clustering model are not able to
reproduce the evolution of sample B with two different dissolution paths. (b) The
inclusion of stable BICs with more than four B atoms in the model (represented as
dose of large BICs in the figure) allow us to capture the firstly faster and later slower
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In this work we use Kinetic Monte Carlo (KMC) simulations
13] following the same scheme as is previous work [6–7,13–15].

e have extended the B clustering model to explain and pre-
ict grow into large and more stable than usual BICs under very
igh B concentration conditions. Furthermore, we investigate the
toichiometry of BICs resulting from SPER by comparing KMC sim-
lations with different initial configurations for BICs after SPER
ith experimental data resulting from specifically designed exper-

ments.

. Dissolution kinetics of BICs in crystalline Si: a model for
arge BICs

Classical models for B clustering included complexes of B atoms
nd Si interstitials, BnIm, that contain only few atoms, up to four
atoms and four interstitial defects generally [3–7]. To account

or recent experimental evidences of the formation of quite large
ICs [8–10], we have extended our model by including BICs with
ore than four B atoms. Based on experimental evidences [9–10]
e propose the existence of two different species of B clusters:

mall and less stable BICs that would lead to a faster BIC dis-
olution rate and large and more stable BICs that would lead to
slower BIC dissolution rate. Since these large BICs have been

bserved only in the presence of very high B concentrations (well
bove equilibrium solid solubility limit (s.l.)) we propose that B5Im
lusters have high potential energy, with negative binding energy.
therwise, small B clusters tend to grow into large configura-

ions even in the presence of low B concentrations, contrary to
xperimental evidences [7,10]. This extended model is consistent
ith previous studies for low and middle B concentrations under

ery different experimental conditions [7]. Only in the presence of
ery high B concentrations, BICs could evolve towards BnIm con-
gurations with n > 5, which have again low potential energy in
he model according to experimental suggestions [9–10]. Further-

ore, the activation energy for the emission of mobile interstitial
(Bi) from these large configurations (n > 5) is higher than for

sual small configurations (up to n = 4). Thus, for large config-
rations we establish an activation energy for the emission of
i from stable configurations around 4.5 eV [9–10] whereas for
sual small BICs was around 3.7 eV [10]. This causes a slower
issolution rate when larger BICs are formed at high B concentra-
ions.

In order to test the model including large BICs, we investi-
ate the dissolution mechanisms of B clusters formed by Si ion
mplantation into samples with substitutional B at concentrations
ither below or above s.l. (at 815 ◦C s.l. ∼3.8 × 1019 B/cm3 [16]),
imilar to experiments reported by De Salvador et al. [10]. For
his purpose we have considered fully substitutional box-shaped

profiles at concentrations below s.l. (1019 B/cm3 B box, sample
) and well above s.l. (2 × 1020 B/cm3 B box, sample B) and at a
epth of 220 nm. In both samples Si ions were implanted with
0 keV (projected range around 30 nm) at a nonamorphizing dose
f 1 × 1014 ions/cm2. Then, a rapid thermal annealing at 815 ◦C for
min was performed. Simulations show that this thermal process

ully dissolves the implant-induced defects and injects Si intersti-
ials towards the B box which interact with B atoms causing the
ormation of BICs. Later, we perform additional anneals at 900 ◦C
n both samples in order to analyze the evolution of the clus-
ered B dose. In Fig. 1(a) we represent reported experimental data

10] for the evolution of the clustered B dose during annealing
t 900 ◦C along with our simulation results obtained with previ-
us models in which BICs are not allowed to grow beyond four
atoms. As discussed in Ref. [10], experimental data show that

ICs dissolution in sample A shows only a fast dissolution rate

t
∼
O
s
e

egimes of dissolution.

hile sample B presents two stages in the dissolution, firstly a
ast and later a slow dissolution rate. Our model without large
ICs reproduces experimental data for sample A. Nonetheless, in
he case of sample B simulation results in a lower dose of clus-
ered B than expected and does not predict the slow dissolution
ate.

Our extended model for B clustering, including large BICs, allows
s to reproduce experimental data for both samples as can be seen

n Fig. 1(b). We also include in this figure the dose of low poten-
ial energy large BICs formed during annealing of sample B. Note
hat for sample A the result of the simulation is identical to the one
btained with the model without large BICs (see Fig. 1(a)). Our sim-
lations show that no large BICs are formed in sample A, due to the

ow B concentration, and thus the decrease of the clustered dose
s only controlled by the dissolution of small BICs. In the case of
ample B, simulations show that injected Si interstitials during the
rst step anneal at 815 ◦C lead to the growth of small BICs, but also
fraction of them evolves into large and more stable BICs (around
4%). During the second step anneal at 900 ◦C, initially small B clus-
ers start to dissolve by emission of Bi (with an activation energy
3.7 eV) whereas the dose of large BICs remains almost constant.
nce small clusters fully dissolve (after ∼1500 s anneal) the dis-
olution rate significantly decreases as is only controlled by the
mission of Bi from large and more stable BICs.
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. Evolution of BICs in preamorphized Si without the effect
f EOR defects

In order to investigate the stoichiometry of BICs resulting after
PER, we have designed an experiment in which B is implanted
nto preamorphized Si with EOR defects placed far enough from
he B profile in order to avoid the interaction between EOR
efects and resulting BICs during annealing after SPER. Experi-
ents were performed on n-type, Si Czochralski (1 0 0) wafers

resistivity 1.5–4 � cm). In order to ensure that EOR defects are
ar enough from the B profile, reference experiments (not shown
n this article) were also performed on a 900 nm-wide, molecular
eam epitaxy (MBE) grown, Si film containing a 50 nm-wide Si1−yCy

ayer (y = 0.3 at.%) at a depth of 450 nm (which acts as a trap for
i interstitials). Preamorphization implant (PAI) was performed at
iquid nitrogen (LN2) temperature with 500 keV, 5 × 1015 Si−/cm2

lus 40 keV, 1 × 1015 Si−/cm2 ion beams, obtaining a full amor-
hous a-layer from the surface down to ∼950 nm. B implantation at
2 keV, 3 × 1015 B/cm2 was performed resulting in a B profile with a
aximum concentration of 5 × 1020 B/cm3 at the depth of ∼60 nm

estimated by SRIM [17]). Implanted B profile and p–n junction
re entirely contained within 250 nm from the surface. Then, rapid
hermal annealing (RTA) for 60 s at 700 ◦C was performed under
2 flux to induce fully recrystallization of the preamorphized layer.
o investigate the electrical B activation as a function of time after
PER, we annealed the samples at 850 or 1000 ◦C for times ranging
rom 1 to 10,000 s. Hall effect was used to determine the Hall active
ose (NH). These measurements are affected by an error of about
%. The active B dose (Na) was computed as Na = NH × rH, where rH

s the Hall scattering factor (0.75 for Si [18]).

In order to investigate most probable BIC configurations after

PER, we have compared experimental data with our KMC sim-
lations by considering different initial configurations for BICs
ransferred into crystalline Si after recrystallization. Because of the

d
a
l
s

ig. 2. Evolution of the active B dose as a function of annealing time at (a–c) 850 ◦C and (
efects placed at a depth ∼950 nm. Hall measurements data and simulation results with
re obtained for a mixture of B3 and B3I configurations if the percentage of B3I is lower th
neering B 154–155 (2008) 247–251 249

ncertainties in the status resulting after the regrowth we have
arried out simplified simulations that can approximate the real
ase. We have considered the simulated as-implanted B profile as
he initial condition for the B profile after SPER, with B concen-
rations up to 1.9 × 1020 B/cm3 electrically active to reproduce the
xperimental initial active B dose (1.6 × 1015 B/cm2). For higher B
oncentrations we have considered different BnIm configurations,
n order to investigate the most predominant configurations that
ould be transferred into crystalline Si after SPER. Then, we analyze
ctive B evolution during anneals at 850 and 1000 ◦C after SPER.
ince the evolution of active B takes place in recrystallized Si, we
onsider the same extended model for BICs discussed in previous
ection for crystalline Si.

Fig. 2 plots experimental data for the evolution of the active
dose as a function of annealing time at 850 ◦C (Fig. 2(a–c)) and

t 1000 ◦C (Fig. 2(d)) along with our simulation results obtained
rom different BICs configurations as the starting point for B clus-
ers just after SPER. Experiments indicate that B slowly deactivates
uring annealing at 850 ◦C whereas some reactivation is observed
uring annealing at 1000 ◦C. Fig. 2(a) includes simulation results
hen different B2Im configurations are considered. Simulations

esult in a more accurate fitting when B2 is considered as the
nitial condition for B clusters after SPER. Simulations show that
his slow B deactivation is mainly controlled by the formation of

obile Bi pairs (through the interaction of equilibrium Si inter-
titials with active B atoms) that interact with BICs. Thus, main
eactions for B deactivation are B2 + Bi ↔ B3I and B3I + Bi ↔ B4I2.
he formation rate of Bi is controlled by the transport capabil-
ty of the equilibrium Si self-interstitial, with a high-activation
nergy [19] (formation energy + migration energy). Therefore, B

eactivation occurs at a slow rate and only a small fraction of B
toms deactivates. However, it is worthy to note that each equi-
ibrium Si interstitial is able to deactivate more than one B atom,
ince most of BIC configurations with more than one Si intersti-

d) 1000 ◦C for B implanted at 12 keV, 3 × 1015 B/cm2 in preamorphized Si with EOR
different starting BICs configurations after recrystallization are presented. Best fits
an 50%.
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ial tend to emit Si interstitials quickly (through reactions such us
4I2 ↔ B4I + I), leaving a free Si interstitial that is able to interact
ith other active B atoms and produce more deactivation reactions.
n the contrary, when B2I and B2I2 configurations are considered as

tarting configurations, simulation results are very far from exper-
ments. Both configurations tend to quickly emit Bi (this occurs
or B2I even during the ramping up of the temperature), since
hese configurations have low activation energy for the emission
f Bi in the model, according to theoretical calculations. Then,
lthough a fraction of B clusters grow into B3I and B4I configura-
ions, the net effect is B reactivation as B cluster growth is not very
avored.

Fig. 2(b) include simulation data for different B3Im configura-
ions as the starting point for BICs. Similarly to B2, simulations
lso show a more accurate fitting when B3 is considered as the
nitial configuration. Deactivation also occurs due to thermally gen-
rated Si interstitials, although in this situation the simulation
hows some evolution of B clusters towards large BICs. Never-
heless, as the amount of Si interstitials in B3Im configurations
ncreases, faster deactivation is observed (even during the ramp-
ng up to the temperature in the case of B3I2) and subsequent
eactivation occurs sooner. It is worthy to note that the simu-
ated time evolution at 850 ◦C practically does not change if we
onsider as initial conditions a mixture of B3 and B3I configura-
ions when the percentage of B3I is maintained below 50% (i.e.
0% B3I and 60% B3 in Fig. 2(b)). Higher percentages of B3I result

n a progressively faster deactivation than expected. This acceler-
tion of B deactivation could be explained as follows. When all
nitial BICs are in the configuration B3, the most probable reac-
ions will be B3 + I ↔ B3I which has low potential energy in the

odel, or B3 + Bi ↔ B4I, also with low potential energy in the model.
hus, deactivation reactions are controlled by thermally generated
i interstitials. However, when all initial BICs are in the configu-
ation B3I, the possible reactions will be B3I + I ↔ B3I2 ↔ B3I + I and
3I + Bi ↔ B4I2 ↔ B4I + I, which tend to emit a Si interstitial quickly
o reach B3I and B4I configurations. Thus, once equilibrium Si inter-
titials start deactivation reactions, extra Si interstitials contained
n the initial BICs will be liberated and available to interact with
ther BICs. These extra Si interstitials, contained initially in the
tarting configurations of BICs, accelerates the deactivation pro-
ess.

Simulation results for B4Im initial configurations are plotted
n Fig. 2(c), showing more severe deactivation for B4 than the
xperimentally observed. Since B concentration is high, the ther-
ally generated Si interstitials lead to the evolution of a fraction

f B4 into larger and more stable configurations such us B6I,
7I, etc. Concerning to B4I and B4I2 configurations, also some B
lusters grow into large BICs, but Si interstitials favor also dis-
olution as discussed above, resulting in B reactivation as a net
ffect. Note that in the case of B4Im configurations the presence
i interstitials does not accelerate deactivation as occur for B3Im
onfigurations, since the evolution towards large BICs is ener-
etically not very favorable in our model. It is worthy to note
hat independently on the number of B atoms in the initial BICs
onfigurations, simulations indicate that initial BICs should not
ontent a large amount of Si interstitials since they lead to an
xcessive broadening of B profiles by diffusion. This observa-
ion is also in agreement with reported theoretical calculations
hat obtains BICs with low content of Si interstitials after SPER
12], although those authors did not predict the formation of
clusters with only substitutional B atoms (such as B2 or B3).
owever, our simulations suggest that starting conditions with
ll BICs containing at least one Si interstitial atom lead to more

deactivation and more B diffusion than expected. Although
ome of the proposed configurations (B2 and B3) are very unsta-

[

[
[
[

neering B 154–155 (2008) 247–251

le in the model, their formation during recrystallization could
e energetically favorable since recrystallization removes Si inter-
titials and the formation of configurations with Si interstitials
such us B2I, B3I, etc.) could require the formation of an extra
i interstitial [15].

Finally, we have analyzed the evolution of active B dose during
nnealing at 1000 ◦C. In Fig. 2(d) we consider initial B cluster con-
gurations that resulted in a better fitting between simulations and
xperimental data at 850 ◦C. We obtain better results for B3 or even
or a mixture of 60% B3 and 40% B3I, while B2 lead to faster reacti-
ation. The slightly better results obtained by BICs configurations
ith three B atoms compared to configurations with two B atoms

s associated to the formation of more stable large BICs in the first
ase that slightly slow down B reactivation.

. Conclusions

An extended model for B clustering that includes larger and
ore stable configurations than classical models has been devel-

ped to account for BICs dissolution kinetics in crystalline Si under
onditions below and above s.l. At low B concentrations B dis-
olution takes place by emission of mobile Bi by usual small
ICs. However, at very high B concentrations, a fraction of small
ICs are able to evolve to larger and more stable configurations
hat coexist with small BICs. Under these conditions smaller and
ess stable clusters dissolve faster, leading to a initial dissolution
tage with faster dissolution rate. Once smaller BICs disappear, B
issolution is controlled by the emission of Bi from larger and
ore stable BICs, resulting in a second dissolution stage much

lower.
Experimental data complemented with a detailed simulation

tudy on B activation in preamorphized Si avoiding the influence of
OR defects have been presented, in order to investigate the stoi-
hiometry of BICs obtained after SPER. This analysis indicates that
nitial BICs after recrystallization should not contain a high amount
f Si interstitials. Otherwise, B deactivation and subsequent reacti-
ation that takes place during subsequent anneals after SPER will
ccur faster than experimentally observed. Simulations suggest B3
nd B3I clusters are probably the most predominant configurations
esulting after recrystallization.
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