
© 201  WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

p s s
current topics in solid state physics

c

st
a
tu

s

so
li

d
i

www.pss-c.comp
h

y
si

ca

Phys. Status Solidi C 11 , –  (201 ) / DOI10.1002/pssc.201 00   

 

Large boron-interstitial cluster
modelling in BF3 plasma implanted
silicon
Z. Essa*,1,2,3, F. Cristiano2,3, Y. Spiegel4, Y. Qiu2,3, P. Boulenc1, M. Quillec5, N. Taleb5, N. Zographos6,
E. Bedel-Pereira2,3, V. Mortet2,3, A. Burenkov7, M. Hackenberg7, F. Torregrosa4, and C. Tavernier1

1 STMicroelectronics, 850 rue Jean Monnet, 38926 Crolles, France
2 CNRS, LAAS, 7 avenue du colonel Roche, 31400 Toulouse, France
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BF3 plasma immersion ion implantation (PIII) is a
promising technique in the race for highly boron doped
P+/N ultra-shallow junctions (USJs) in complementary
metal oxide semiconductor (CMOS) silicon technolo-
gies. Implantation conditions used in BF3 PIII lead to
high super-saturations (≥1 × 1020 cm−3) of both boron
and silicon interstitial atoms in the implantation re-
gion. In such conditions, very large loop-shaped boron-
interstitial clusters (BICs) are formed during subsequent
thermal anneals, as confirmed by transmission electron
microscopy (TEM) measurements.

In this study, amorphizing BF3 PIII implants (10 keV,
5 × 1015 cm−2) followed by different thermal anneals
were carried out in order to investigate the large BICs
precipitation. A ”large BICs” model based on moments
approach allowed to reproduce the experimental data in-
cluding boron diffusion profiles (obtained by SIMS) and
boron electrical activation obtained by Hall effect sheet
resistance measurements.

1 Introduction Plasma immersion ion implantation
(PIII) is a promising technique [1] for achieving ultra-
shallow junctions (USJs) combining low implantation en-
ergy and high implantation dose, in agreement with the
International Technology Roadmap for Semiconductors
[2] requirements. BF3 plasma is currently used in P+/N
USJs [3,4] where the concentrations of both boron and
silicon interstitials generated by the implant during activa-
tion thermal anneals are above 1× 1020 cm−3 and exceed
boron solid solubility in bulk silicon. In such conditions,
very large boron interstitial clusters (large BICs or LBICs),
composed of hundreds to thousands of atoms are expected
to form, as it was previously found after a conventional

beam line implant [5,6] using transmission electron mi-
croscopy (TEM) or atom probe tomography (APT). LBICs
have been found to consist of dislocation loops lying on
silicon (001) crystalline planes.
In this work, a BF3 plasma implant at 10 kV 5 × 1015

cm−2 was carried out on a n-type Si wafer. Several pieces
were then cut and annealed under different conditions:
800 ◦C-10 min, 900 ◦C-{10 s, 1 min, 10 min} and 1065
◦C-1 s. Experimental data from these structures have been
already reported and simulated elsewhere [7] particularly
concerning boron and fluorine effects on implantation and
amorphisation mechanisms. However, considering boron
diffusion following thermal annealing, previous simula-
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tions using advanced process TCAD models [8] including
EOR {311} rod-like defects and (111) dislocation loops
models [9,10] with the corresponding boron decoration
at the EOR defects boundaries [11] in addition to small
BICs model [12], were not able to reproduce boron dif-
fused profiles [7] at high thermal budgets. The low TCAD
predictability on BF3 PIII annealed samples at high ther-
mal budgets was explained by the LBICs formation due
to high boron and silicon interstitials super-saturations
(≥ 1 × 1020 cm−3). Thus, LBICs modelling needs to be
included in TCAD simulators in order to correctly repro-
duce boron SIMS diffused profiles and the corresponding
electrical activation. In this work, LBICs experimental in-
vestigation using SIMS and TEM measurements will be
presented in Section 2. In Section 3, a recent continuum
LBICs model [13] will be presented and validated against
the experimental data, including SIMS and Hall effect
measurements.

2 Experimental results Experimental details of the
BF3 plasma implanted samples are given in our previ-
ous work [7] in addition to SIMS, TEM and Hall effect
characterisation details. In Fig. 1, SIMS results for the as-
implanted and annealed samples at 800 ◦C 10 min, 900
◦C 10 min and 1065 ◦C 1 s are presented. A boron peak
related to the precipitation of LBICs is observed below
the amorphous/crystalline (A/C) interface for all thermal
budgets with a slight decrease of the peak concentration
level at 1065 ◦C with a corresponding boron diffusion tail,
due to a slow LBICs dissolution [6]. LBICs formation be-
low the A/C interface was also confirmed by plan-view
weak-beam dark field (WBDF) TEM analysis, carried out
using different diffracting vectors, g. Typical images ob-
tained with g=400 are shown in Fig. 2 where (001) dis-
location loops corresponding to the LBICs are observed.
More detailed cross-section and plan-view WBDF TEM
analysis for different diffracting vectors g and both posi-
tive and negative deviation parameters showed three cate-
gories of EOR defects [14] summarized in Table 1: D001
category with [001] Burgers vector corresponding to (001)
crystalline plane LBICs, D101 category with four differ-
ent Burgers vectors combinations corresponding to LBICs
with a habit plane close to (001) but also to {111} in-
terstitial perfect dislocation loops (PDLs) and D111 cat-
egory corresponding to {111} faulted dislocation loops.
Even though the D001 defects were clearly identified as
LBICs, the TEM investigation carried here cannot distin-
guish LBICs from {111} interstitial PDLs in the D101 cat-
egory. The measured densities of the different defect cate-
gories are given in Fig. 3 for two different annealing tem-
peratures and a total defect density decrease is observed in
agreement with Ostwald ripening mechanism. In addition,
the defect size projected on (001) plane increases from ap-
proximately 14 to 15 nm for D101 defects and from 12
to 19 nm for D111 defects for the respective 800 and 900
◦C 10 min anneals. To summarize, LBICs in the annealed

samples were evidenced below the A/C interface from both
boron peak highlighted in Fig. 1 (SIMS measurements),
and (001) LBICs observed by TEM in Fig. 2 and 3. Thus,
in order to correctly reproduce boron SIMS profiles, LBICs
precipitation modelling has to be considered, which is the
subject of the next section.
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Figure 1 Boron SIMS profiles following a BF3 PIII at 10 kV
5 × 1015 cm−2 annealed at 800 ◦C 10 min, 900 ◦C 10 min and
1065 ◦C 1 s. A boron peak related to the precipitation of LBICs
is observed below the A/C interface.

Figure 2 TEM plan-view images with a [400] diffracting vector
g of the BF3 PIII samples at 10 kV 5×1015 cm−2 and annealed at
800 ◦C and 900◦C 10 min. LBICs consisting of (001) dislocation
loops are observed.

Table 1 Observed EOR deffects using TEM in the PIII BF3 at 10
kV 5 × 1015 cm−2 annealed at 800 and 900 ◦C during 10 min,
including defect category, Burgers vectors and defect nature.

Category Burgers vector b Nature
D001 [001] (001) LBICs
D101 [101] [101] [011] [011] close to (001) LBICs or

{111} interstitial PDLs
D111 [111] [111] [111][111] {111} interstitial dislo-

cation loops
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Figure 3 Defect density measured from TEM WBDF images
for BF3 PIII at 10 kV 5 × 1015 cm−2 annealed at 800 and 900
◦C 10 min including D001, D101, D111 (Table 1) and total EOR
defects.

3.1 Large BICs model As observed in section 2 and
as seen in our previous work [7], LBICs have to be mod-
elled in order to reproduce boron SIMS annealed profiles,
including the boron peak below the A/C interface due to
LBICs precipitation and the boron diffused tail. A recent
LBICs model described elsewhere [13] and based on a
moments approach already used for interstitial EOR de-
fects [10] has been developed in order to reproduce LBICs
precipitation in high dose beam-line implanted samples.
In the model, LBICs density in addition to boron and in-
terstitial content in the LBICs can be monitored during
anneal. In current TCAD models, as shown in Fig. 4(a)
boron clustering is modelled using only small BICs such
as the B3I cluster shown on the diagram. In Fig 4(a),
we also show the main characteristics of previous mod-
els [11] of boron trapping by interstitial defects such as
{311}s and (111) dislocation loops defects, where boron
(in red) decorates the boundaries of the defect. In Fig.
4(b), we show a diagram explaining the LBICs model.
LBICs (BnIm) are supposed to initially form from the re-
actions of mobile interstitials I and boron-interstitial pairs
BI with existing small BICs (B3I) and interstitial clusters
(ICs) such as I2. The different moments of the model in-
clude LBICs density DLBICs =

∑
BnIm, boron content in

the LBICs CB,LBICs =
∑

nBnIm and interstitial content
in the LBICs CI,LBICs =

∑
mBnIm where n and m are

respectively the number of boron and silicon interstitial
atoms in the BnIm LBICs. Within the model, the LBICs
mean radius RLBICs can also grow in size when the LBICs
density decreases as expected by Ostwald ripening mecha-
nism.

3.2 Simulations results Using the set of the LBICs
model calibrated parameters [13] summarized in table 2,
TCAD boron annealed profiles at 800 ◦C 10 min, 900 ◦C
10 min and 1065 ◦C 1 s were compared to experimental

Figure 4 Schematic view of different boron-interstitials interac-
tions considered in continuum simulations. (a) Currently avail-
able models (small BICs formation; boron trapping at loop
perimeter). (b) Large BICs model presented in this work and
based on moments approach.

SIMS data as shown in Fig. 5. A good agreement between
SIMS and TCAD boron diffused profiles is observed, in-
cluding boron peak below the A/C interface and its slow
dissolution when increasing the thermal anneal. Figure 6
shows detailed boron simulation profiles obtained for ther-
mal anneals at 900 ◦C 10 min and 1065 ◦C 1 s includ-
ing active boron in substitutional crystal sites, boron in the
LBICs using the CB,LBICs field within the LBICs model
and the total boron concentration. As expected from re-
cent results [6], LBICs dissolve at high thermal budgets
leading to a deeper diffusion tail for the 1065 ◦C 1 s an-
neal. In addition to SIMS results, junctions sheet resistance
using Hall effect measurements were extracted from the
different annealed samples and compared to simulations.
Corresponding sheet resistance values are given in Fig. 7
and show that contrarily to previous results [7], the LBICs
model is able to reproduce boron activation for all the ther-
mal anneals considered in this study with an electrical acti-
vation improvement when the thermal budget is increased.

Table 2 LBICs model parameters from [13] where A
Reff

∣
∣
∣
X,Y

is

the mobile species X (I or BI) capturing efficiency by the small
cluster Y (I2 or B3I). kI,LBICs and kBI,LBICs are respectively the
dimensionless reaction constants of I and BI with the LBICs.

A
Reff

∣
∣
∣
X,Y

(cm) kI,LBICs kBI,LBICs

3.10−7 6.44× 10−1e
0.14(eV)

kBT 1.0

3 Large BICs model and simulation results

.
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Figure 5 Boron SIMS versus TCAD profiles using the LBICs
model following a BF3 plasma implant at 10 kV 5× 1015 cm−2

annealed at 800 ◦C 10 min, 900 ◦C 10 min and 1065 ◦C 1 s.
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Figure 6 Boron TCAD profiles using the LBICs model following
a BF3 plasma implant at 10 kV 5×1015 cm−2 annealed at 900 ◦C
10 min and 1065 ◦C 1 s, including concentrations of total boron,
active boron and boron in LBICs.

4 Conclusion In this work, LBICs formation below
the A/C interface following an amorphizing BF3 plasma
implant at 10 kV 5 × 1015 cm−2 with different annealing
conditions, was evidenced thanks to SIMS and TEM mea-
surements. A LBICs TCAD continuum model based on
moments approach was evaluated on the PIII BF3 data and
allowed to reproduce SIMS boron diffused profiles at dif-
ferent thermal budgets. Thus, the LBICs model improves
TCAD predictability for high boron and interstitials super-
saturations. In addition, the model allows to match sheet re-
sistance values measured by Hall effect measurements and
the corresponding electrical activation improvement when
increasing thermal budgets.
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