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The boron precipitation phenomenon in highly supersaturated boron-implanted silicon (10 keV B+, 5×1015

ions/cm2) has been investigated by means of atom probe tomography, transmission electron microscopy and
secondary ion mass spectrometry. We demonstrate that (001) dislocation loops observed by transmission
electron microscopy in the region close to the boron projected range and boron precipitates ((001)-platelets)
observed by atom probe are the same objects. For sufficiently high thermal budgets (900 °C for 5 h), boron
precipitates close to the stoichiometric SiB3 composition have been observed, indicating that the precipita-
tion induced by high-dose boron implantation can lead to the formation of a stable phase.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Ultra-shallow (below 15 nm) and highly doped (well above
1×1020 cm−3) source/drain junctions are today needed to further re-
duce the size of metal-oxide semiconductor devices [1]. In the case of
p+–n junctions, this is achieved by introducing boron impurities by
ion implantation at high doses that largely exceed its equilibrium
solid solubility limit in silicon. During annealing, boron precipitates
lead to partial electrical deactivation [2]. In fact, in the presence of a
high supersaturation of Si self-interstitial atoms produced during the
implant step, boron deactivation can also occur at concentrations
close or below the solid solubility limit. Early experiments carried out
on such low-B concentration systems indicated that electrical deactiva-
tion was due to the formation of boron-interstitial clusters (BICs) typi-
cally evidenced by the presence of an immobile peak in secondary ion
mass spectrometry (SIMS) profiles [3]. These experiments were simu-
lated assuming that cluster size remains small during annealing (less
than 5 boron atoms) [4]. Previous studies [5] investigated the ther-
mal evolution of boron immobile peaks in high B-content systems
nforschung,Max-Planck-Straβe

ocaru-Mirédin).

rights reserved.
(i.e. above solid solubility) and showed that two B cluster dissolution
regimes exist: a “fast” one, associated to small BICs formed at low B con-
centrations and a “slow” one associated to “larger and more stable”
clusters. Indeed, physical models have recently been extended to in-
clude such large clusters for the simulation of boron diffusion and acti-
vation experiments [6,7]. While the total dose of clustered boron was
always found to decrease during annealing, these studies could not pro-
vide information on the actual size and composition of single clusters.
Experimental evidence of “large and stable clusters” in the presence of
high concentration of implanted boron was also provided by transmis-
sion electronmicroscopy (TEM) investigations of Agarwal et al. [8]. The
authors showed that, in the case of B+ amorphising implants, these
clusters actually consist of SiB4 precipitates. More recent TEM investiga-
tions carried out after non-amorphising boron implants [9,10] revealed
the presence of large (001) dislocation loops, i.e. containing several
hundreds of atoms, that were suggested to contain both Silicon and
boron atoms, although their exact chemical composition could not be
determined. Finally, the recent development of the atom probe tomog-
raphy (APT) technique [11] has made possible to measure the chemical
composition of B–Si precipitates in boron supersaturated systems. For
instance, recent experiments [12–14] showed that for annealing tem-
peratures below 800 °C, the boron concentration in the observed pre-
cipitates remains well below the expected value in “stable” boride
phases (SiB3, SiB4 [15]). However, no direct evidence has yet been
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Fig. 1. B11 SIMS profiles (in logarithmic scale) after implantation (10 keV, dose=
5×1015 at/cm2) and heat treatment: as-implanted –RT (dark line), 600 °C for 1 h
(pink line), 800 °C for 1 h (blue line), 900 °C for 1 h (orange line), and 900 °C for
5 h (green line).
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given that the various defects observed using different techniques
(SIMS, TEM, APT) actually correspond to the same objects. In addition,
it is not clear whether boron precipitates formed after high-dose
non-amorphising boron implants can evolve towards stable phases.
According to phase diagram, SiB3 is the phase that is expected to precip-
itate in boron-supersaturated silicon. Some authors have however
suggested that SiB3 might not be a real equilibrium phase but rather a
metastable phase [16]. For the sake of clarity, SiB3 will be labelled here-
after as “the equilibrium phase” although this may be in reality a meta-
stable phase.

In this work, APT, TEM, and SIMS techniques have been used to in-
vestigate the boron precipitation phenomenon in boron-implanted sil-
icon. Through a careful choice of experimental conditions, we show that
defects observed by TEM in the region close to the boron projected
range (Rp) are boron-enriched zones as observed by APT. In addition,
we find that for sufficiently high thermal budgets (900 °C for 5 h), the
expected SiB3 phase precipitates are formed.

2. Experimental details

B implantation (11B, 10 keV, 5×1015 at/cm2) was performed on a
boron-doped {100} oriented silicon wafer (resistivity 0.01 Ωcm, boron
concentration close to 1019 at/cm3). During the implantation process,
the silicon substrate was tilted at 7° off the incident ion beam to mini-
mise ion channelling effects. The expected Rp of boron for these implant
conditions is ~30 nm. We note here, that the implantation conditions
used in this work are non-amorphising, as observed by TEM. After the
implantation, the doped Si wafers were annealed under vacuum
(~10−4 Pa) at 600 °C for 1 h, 800 °C for 1 h, and 900 °C for 1 h and for
5 h. These samples were then investigated using SIMS, TEM, and APT
techniques. The SIMS measurements were performed on a CAMECA
D-SIMS 7f (CIM-PACA platform – Marseille) under vacuum, using a pri-
mary ion beam of O2+ ions with energy of 3 keV and an impact inci-
dence angle of 45°. The concentration in SIMS profile was calibrated
using a reference material with constant boron concentration. The
depths of erosion craters were measured by stylus measurements.
Specimens for TEM observations were prepared by conventional me-
chanical thinning, dimpling and ion milling with low energy Ar ions.
The TEM measurements were performed on a JEOL 2010-HC micro-
scope (operating at 200 kV) at CEMES-CNRS Toulouse under weak
beam dark field (WBDF) conditions and using different diffraction
vectors, g, and on a JEOL 2010 F (operating at 200 kV) at MATEIS-
INSA Lyon using high-resolution TEM (HRTEM). The APT measure-
ments were performed on a CAMECA LA-WATAP for 600 °C for 1 h,
800 °C for 1 h, and 900 °C for 1 h samples and on a CAMECA LEAP
3000X HR for 900 °C for 5 h sample, using similar analysis conditions:
λ=515 nm, T=60 K, and 100 kHz pulse frequency. High aspect
ratio, flat-topped 100 μm tall {100} silicon posts were prepared using
Bosch etching techniques to prepare sharp tips for APT analyses. The
tips with ~50 nm diameter required for APT analysis were made using
FIB annular milling [17]. These tips were finally cleaned with a 2 keV
gallium beam to reduce amorphisation and implantation induced
damages.

3. Results and discussions

SIMS analysis from all samples (see Fig. 1) indicates that the maxi-
mum boron concentration (~8×1020 cm−3) is located at 32 nm
below the surface, in agreement with SRIM simulations. The peak con-
centration level exceeds the boron solubility limit in silicon for all the
annealing temperatures considered in this study [18]. Boron is therefore
expected to precipitate into immobile clusters together with silicon
self-interstitial atoms. SIMS profiles show that, after annealing at
900 °C (for both 1 h and 5 h) and at concentrations below the solid sol-
ubility at this temperature (7×1019 cm−3), boron has strongly dif-
fused. In contrast, for higher concentrations the profiles overlap with
the as-implanted profile (i.e. boron atoms are immobile at these con-
centrations). For lower annealing temperatures (i.e. 600 °C) the entire
SIMS profile measured after annealing is almost indistinguishable
from the as-implanted one, due to the low boron diffusivity at this
temperature.

Fig. 2 shows a selection of cross-section TEMmicrographs (taken in
WBDF imaging conditions, g=400 if not specified on the micrographs)
from the four annealed samples. After a 600 °C for 1 h anneal (see
Fig. 2(a)), a strongly damaged zone (~45 nm-thick) is observed,
centred at a depth of about 30 nm, corresponding to the boron Rp.
Due to the extremely high defect density and low size, it is difficult to
determine the nature of the defects contained in this region using
WBDF analysis. However, HRTEM images reveal that most of them are
{311} rod-like defects (see inset in Fig. 2(a)). Rod-like {311}s are
typically formed in the presence of high supersaturations of Si self-
interstitials after low-temperature anneals [19]. In addition, they are
known to entirely consist of Si self-interstitial atoms. However, due to
the high boron concentration, boron precipitates (in the form of B–Si
clusters) might also be present in this region. Unfortunately, TEM anal-
ysis is not able to reveal them, either because of their small size or due to
the concomitant presence of high-density {311} defects. This result is
similar to older studies [20] showing that electrical deactivation of
high-dose implanted Boron occurred in this temperature range togeth-
er with the formation of extended defects. However, it was speculated
that the observed defects were directly associated to Boron precipitates.
As it will be discussed below, Boron precipitates exhibit a different crys-
tallographic configuration compared to {311} defects and specific pro-
cess conditions are necessary to detect them by TEM.

Similarly, a damage layer centred at the boron Rp is observed after
800 °C for 1 h anneal (see Fig. 2(b)). However, the defects have evolved
in size and nature due to the increased thermal budget. In this case,
only dislocation loops (DLs) lying on {111} planes are observed. The
large ones (up to ~25 nm diameter) are visible in lowmagnification con-
ditions, while the smaller defects (mainly consisting of {111} DLs) are
only visible by using HRTEM conditions (see inset of Fig. 2(b)). Again,
this result is in agreement with the expected evolution of implantation-
induced {113} defects [21,22],which tend to transform into {111} disloca-
tion loops during annealing at 800 °C. As explained for the previous sam-
ple, the possible presence of boron precipitates is not revealed by TEM
analysis, due to the extremely high density of {111} DLs.

After annealing at 900 °C for 1 h, the overall defect density has
clearly decreased (see Fig. 2(c)). In this sample, DLs lying on {111}



Fig. 2. Cross-section TEM micrographs (taken in WBDF imaging conditions, g=400 if not specified on the micrographs) from the four annealed samples (a) 600 °C for 1 h. The HREM
image in the inset shows the presence of {113} defects. (b) 800 °C for 1 h. The HREM image in the inset shows the presence of dislocation loops lying on {111} planes. (c) 900 °C for
1 h: DLs loops are observed together with elongated defects parallel to the (001) plane. (d) 900 °C for 5 h: only elongated defects are observed independently of the diffracting vector
(g=(220) or g=(400)). The observed defects are (001) loops whose Burgers vector is oriented either on the b001> or on the b011> direction.
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planes are still present. In addition, we observed some elongated de-
fects parallel to the surface ((001) plane, see inset 2 in Fig. 2(c)). Fi-
nally, after 5 h of annealing at 900 °C, no {111} DLs were observed
but only the elongated defects parallel to the (001) plane, as in the
900 °C for 1 h case, and this was observed independently of the
diffracting vector used (either (400) or (220), see Fig. 2(d)). The ob-
served contrast from the elongated defects is not compatible with
that of {311} rod-like defects, as two other {311} defect families
should be visible along the inclined b110> directions (54° with re-
spect to the surface) in the g=(220) image. In addition, {311} defects
are not expected to “survive” after a 900 °C anneal [19], in agreement
with our observations after annealing at 800 °C. It is therefore
suggested that observed defects at 900 °C for 5 h are dislocation
loops (DLs) lying on (100) plane. Such DLs were previously observed
in high boron concentration implanted sample [23]. The Burgers vec-
tor of these dislocation loops is oriented either on the [001] direction
or along the 4 b011> directions lying out of the (001) plane.

Typical 3D boron reconstructionmaps obtained by APT analysis from
the two samples annealed at 900 °C (1 h and 5 h) are shown in Fig. 3(a
and b). They reveal the presence of boron-enriched zones at depths cor-
responding to the implanted profiles. The largest and B-richest precipi-
tates are located close to the boron projected range (~30 nm), where
the driving force for boron precipitation is the highest. The measured
boron concentration inside the precipitates is ~20 at.% after 900 °C for
1 h anneal (see the profile taken along the z direction in Fig. 3(a) right)
and increases up to ~50 at.% after 900 °C for 5 h anneal (Fig. 3(b)
right). Several precipitates have been measured from each sample and
the average values of the boron concentration in precipitates located at
depths between 10 and 50 nm, as well as their size, are reported in
Table 1. The combination of top and side views of the precipitates reveals
that they have a circular platelet shape, and lye parallel to the (001) sur-
face plane. Their sizes increase with increasing thermal budget. For ex-
ample, the precipitate shown in Fig. 3(a) for 900 °C for 1 h sample has
a diameter of about 9 nm, while the one in Fig. 3(b) for 900 °C for 5 h
sample has a larger diameter (12 nm). Themain features of the observed
precipitates (position, shape and boron content) clearly indicate that
they correspond to the (001) dislocation loops previously observed by
TEM analysis in the same samples (Fig. 1(c and d)).

Similar (001) precipitates have been observed by APT in the samples
annealed at lower temperatures (600 °C for 1 h and 800 °C for 1 h)
[12,13], but with smaller sizes and boron content, as summarised in
Table 1. These nano-precipitates, nucleated in the early stages of anneal
and not visible in TEM images (cf. Fig. 1(a) and (b)), are thought to be
concealed by the extremely high density of larger implantation-related
defects ({311}s and {111} DLs). However, previous TEM studies [9,23]
have revealed the presence of boron precipitation-related (001) disloca-
tion loops in high-dose boron implanted silicon annealed at low temper-
atures (650 °C). In those previous investigations, no other defects were
observed, due to the surface proximity with the Si self-interstitial distri-
bution profile (0.5 keV B+, Rp=3 nm), however, those studies were not
supported by APT analysis.

Let us now focus on the evolution of the boron precipitates as a func-
tion of the different thermal processes used in this study. In addition to
the TEM and APT data discussed so far, Table 1 also reports the fraction
of boron atoms contained in precipitates (with respect to the total
boron dose). This quantity is determined by evaluating the amount of
boron atoms contained in the immobile peak, as measured by SIMS,
and assuming that all of them are contained in the precipitates. This as-
sumption might lead to an overestimation of the actual precipitated
Boron fraction, especially at low annealing temperatures (600 °C and
800 °C), when Boron diffusivity is low and the entire SIMS profile mea-
sured after annealing is almost indistinguishable from the as-implanted
one. The fraction of boron atoms involved in precipitates

ΦBprec

ΦBtot
as a func-

tion of thermal treatment is presented in Fig. 4(a) together with the av-
erage boron content in precipitates. In agreementwith previous studies,
these data indicate that the precipitate size and concentration increase

image of Fig.�2


Fig. 3. (a) 900 °C for 1 h and (b) 900 °C for 5 h: 3D elemental map of boron (green) showing the presence of B rich precipitate with a platelet shape (see the side and the bottom
view of one of these precipitates) and parallel to the surface, e.i. (001) plane. B11 concentration profile through the precipitate shown in the zoomed areas using a sampling box of
about 5×5×0.1 nm3 and 7×7×0.1 nm3, respectively.
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with the thermal budget [12–14], while the boron fraction that is
precipitated decreases as a result of the increased solubility of boron
in silicon when increasing temperature (the fraction of precipitates de-
creases with increasing temperature) [5].

APT investigations have provided interesting insight on B precipita-
tionmechanism. Boron precipitates close to the expected stoichiometry
of the SiB3 phase were observed in samples annealed at 900 °C for 5 h
(Fig. 4(b)). This demonstrates that precipitation induced by high-dose
boron implantation can lead to the formation of the expected phase
SiB3 [15]. In particular, our observations strongly suggest that boron
precipitation occurs at the very early stages of the anneal and is
favoured because of the high concentration of Si self-interstitials
Table 1
Summary of SIMS, TEM and APT observations made on all investigated samples.

Sample SIMS TEM
ΦBprec

ΦBtot
Observed defects

As-impl. – –

600 °C/1 h ~1 {311}s (pure Siint defects)
800 °C/1 h 0.95 {111} DLs (pure Siint defects)
900 °C/1 h 0.76 {111} DLs (pure Siint defects) & (001)

DLs (boron precipitates)
900 °C/5 h 0.66 (001) DLs (boron precipitates)
which simultaneously precipitate in the form of interstitial defects. In
addition, it is proposed that, in the presence of Boron, the (001) loop
configuration is the most energetically favourable for the Si–B precipi-
tates and that it remains so throughout the heat treatment. These re-
sults are in agreement with non-classical nucleation theories [24–26]
predicting that coherent nuclei may precede the (incoherent) stable
phase with a solute concentration (here boron) that gradually increases
during annealing and finally reaches the equilibrium composition.

It is also worth to mention that the SIMS data obtained at 900 °C
(i.e. when Boron diffusion is high enough to clearly identify the mobile
and immobile parts of the SIMS profile) allow to estimate the B precipi-
tate dissolution rate [5,27]. The obtained value (~1×10−5 s−1) is almost
APT–B precipitates Bconc (at.%)

Shape Diameter (nm)

– – 2.7±0.3
(001) platelets 5 9±0.4
(001) platelets 8 12±0.4
(001) platelets 10.5 21±0.5

(001) platelets 12 44±1

image of Fig.�3


Fig. 4. (a) Boron fraction in the precipitate (red squares, left axis) and boron concentration
in the precipitates (blue circles, right axis) calculated for 600 °C for 1 h, 800 °C for 1 h,
900 °C for 1 h, and 900 °C for 5 h samples. CI is the concentration of immobile boron
atoms andCT is the concentration of total boron atoms. (b) APT elementalmap of SiB3 pre-
cipitate in a small selected volume (16×16×10 nm3) as well as B and Si depth profile in
the cylinder area (7×7×14 nm3) shown on the 3D reconstruction in grey colour. The
sampling box used to construct this profile is 7×7×0.2 nm3.
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30 times lower than that estimated at the same temperature by De
Salvador et al. [5]. This is easily understandable when considering that
the starting boron peak concentration in this work is 4 times higher
than in ref. [5], while the total available doses of boron and Si self-
interstitials atoms are respectively 15 and 500 times higher. That is to
say that B–Si system investigated in this work is much highly supersatu-
rated in boron and Si self-interstitial atoms. Our data therefore extend the
description of previous works by indicating that in such supersaturated
systems, B–Si clusters may evolve from small BICs (i.e. containing a lim-
ited amount of atoms) to larger metastable nuclei with a low boron con-
tent that increase with time and temperature and eventually reaches
the stoichiometric composition of the expected boride (SiB3). It is im-
portant to note that these results were obtained using boron implant
conditions that do not lead to amorphisation (which is known to favour
Boron precipitation [8]). Finally, the estimated boron emission rate sug-
gests that although boron concentration in precipitates increases during
annealing, their emission rate decreases. In other words, the so-called
“slow” dissolving precipitates [5] might not have a fixed dissolution
rate, but become “slower” when approaching compositions close to sta-
ble phases.
4. Conclusions

In this work, SIMS, TEM and APTmethods were employed to investi-
gate the boron precipitation phenomenon in highly doped implanted
silicon (10 keV B+, 5×1015 ions/cm2). Thanks to the experimental con-
ditions chosen in this work, our results strongly suggest that (001) dislo-
cation loops observed by TEM in the region close to the boron Rp and the
boron precipitates ((001)-platelets) observed by APT are the same ob-
jects. For sufficiently high thermal budgets (900 °C for 5 h), boron pre-
cipitates close to the stoichiometric SiB3 composition were evidenced,
indicating that the precipitation induced by high-dose boron implanta-
tion can lead to the formation of the expected phase as given by the
phase diagram (SiB3).
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