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ABSTRACT Damage evolution and dopant distribution during nanosecond laser thermal
annealing of ion implanted silicon have been investigated by means of transmission electron
microscopy, secondary ion mass spectrometry and atom probe tomography. Different melting
front positions were realized and studied: non-melt, partial melt and full melt with respect to the
as-implanted dopant profile. In both boron and silicon implanted silicon samples, the most stable
form among the observed defects is that of dislocation loops lying close to (001) and with
Burgers vector parallel to the [001] direction, instead of conventional {111} dislocation loops or
{311} rod-like defects, which are known to be more energetically favourable and are typically
observed in ion implanted silicon. The observed results are explained in terms of a possible
modification of the defect formation energy induced by the compressive stress developed in the

non-melted regions during laser annealing.

KEYWORDS: laser thermal annealing, extended defects, transmission electron microscopy,

secondary ion mass spectrometry, atom probe tomography, ion implantation.



Laser Thermal annealing (LTA) of ion implanted silicon in the nanosecond regime has attracted
a considerable attention as it has been recognized as a promising candidate for numerous state-
of-the-art semiconductor applications. Such an ultra-fast, localized and low thermal budget
treatment (including both non-melt and melt conditions) has already shown its ability to
effectively activate ion implanted dopants, e.g. boron, restrained to a very thin layer near the
surface without harming the underlying buried device layers, which is of critical importance for
3D integrated devices, including BackSide Illuminated CMOS Imaging Sensors (CIS) and power

. 1-
devices.'?

Previous studies over the last decades have demonstrated that during conventional (furnace) and
rapid thermal annealing (RTA), such as spike-RTA and flash-RTA, excess Si interstitials created
by ion implantation precipitate in the form of small clusters continuously transforming into
different types of extended defects that evolve following an Ostwald ripening mechanism. In
addition, their effect on transient enhanced diffusion (TED)* and deactivation of dopants® have
been established. The crystallographic characteristics of these extended defects ({311} or {111}
rod-like defects and {111} dislocation loops (DLs)), named hereafter “conventional” defects,
have been reported.” {111} DLs exhibit Burgers vectors lying along <111> directions (Faulted
DLs) or <110> directions (Perfect DLs). In addition, “unconventional” DLs with the (001) habit
plane and Burgers vector lying along the [001] direction have also been observed in the past in
the presence of high concentrations of boron (above its solid solubility in Si)*'°. These loops are
formed in the early stages (i.e. after few seconds anneal at low temperature) of boron and Si
interstitials co-precipitation and are known as “large” boron interstitial clusters (BICs). In
contrast, the much shorter duration time of excimer laser annealing (<200 ns) is comparable to

that of some basic point-defect related phenomena, such as Si interstitial diffusion and



clustering'', which makes the defect-formation mechanism itself questionable in this annealing
regime. In addition, most of the existing studies of defect formation in laser annealed silicon
have been carried out in preamorphised structures: (i) after non-melt anneals, conventional end-
of-range defects ({311} defects and {111} DLs) have been observed'?*; (ii) in the case of melt
laser annealing, the defects nature depends on the position of the melt front with respect to the
amorphous/crystalline, a/c, interface (stacking faults are observed in the case of incomplete
melting of the preamorphised layer,"> defect-free crystalline silicon is found when melting goes

beyond the a/c interface'®).

Recently, various applications' ™ have been demonstrated, in which laser annealing is performed
in structures implanted with non-amorphising implants. Non-amorphising implants are
characterised by a much wider point defect distribution compared to amorphising implants,
allowing for a more fundamental investigation of the damage formation as a function of the
location of the melt front vs. the point defect distribution. However, no investigations have been

carried out for these technologically relevant conditions.

In this work, we present an experimental characterisation of the extended defects formed in
silicon after non-amorphising ion implantation and laser annealing, using specific transmission
electron microscopy (TEM) techniques together with secondary ion mass spectroscopy (SIMS)
and atom probe tomography (APT). Instead of “conventional” Si interstitial defects, DLs with
Burgers vector, b, parallel to [001] are found to be the most stable form in both boron and silicon
implanted silicon. The observed results are discussed in terms of the modification of the defect
formation energy induced by the compressive stress developed in the non-melted regions during

laser annealing.



Two CZ (001) Si wafers (200 mm, n-type) were implanted respectively with 30 keV B” ions to a
nominal dose of 1x10" ions/cm” and 80 keV Si" ions to a nominal dose of 2.75x10"* jons/cm?.
Both the energy and dose were selected using Stopping and Range of lons in Matter (SRIM)
simulations'” in order to achieve a comparable dopant and point defects (Si interstitials and
vacancies) depth distribution after the implant: the impurity projected range, R, is located at a
depth close to 100 nm while the maximum estimated defect concentration is located at about 80
nm. Several square areas (18x18 mm?) of the implanted wafers were laser annealed using the
Excico Excimer LTA system based on UV radiation (A=308 nm, pulse duration < 200 ns), with
laser energy densities (ED) ranging from 1.5 J/em® to 2.9 J/cm” and different numbers of pulses
(from 1 to 10). These conditions allowed to investigate different regimes of the Excimer Laser
annealing process, including non-melt (10 pulses of 1.5 J/em?), for which the surface temperature
reaches around 1400 °C for about 100 ns without melting, partial melt with melted depth not
reaching the peak of the point defect profile, (1 pulse of 2.3 J/cm?), partial melt with melted
depth beyond the peak of the point defect profile (1 pulse of 2.6 J/cm?®) and full melt (1 pulse of

2.9 J/em?) of the implanted profile.

Boron concentration profiles were analysed by SIMS using CAMECA IMS-4F and 7F systems.
Both plan-view (PV) and cross-sectional (CS) TEM specimens were prepared by standard
methods involving cutting, gluing, polishing, dimple grinding and Ar” ion milling until
perforation. Plan-view TEM analysis was performed on a JEOL 2010-HC system available at
CEMES-CNRS, Toulouse, using weak-beam dark-filed (WBDF) imaging conditions with
various diffracting vectors, g. Cross-sectional WBDF images with g = [004] and high resolution
TEM images were taken by using a JEOL JEM 2100F transmission electron microscope with

field emission gun (TEM-FEG) operating at 200 kV, available at the TEMSCAN service of the



University Paul Sabatier of Toulouse. Several CS TEM specimens were prepared by tripod
polishing only to be studied by geometric phase analysis (GPA) of HRTEM images. The
experiments were performed at 200 kV at the spherical aberration corrected FEI-Tecnai
SACTEM-Toulouse microscope located in CEMES-CNRS Toulouse. Finally, APT analyses
were performed using a CAMECA LAWATAP instrument with an amplified ytterbium doped
laser at a wavelength of 343 nm with an energy of 35 nJ/pulse providing a 350 fs pulse duration,

spot size of 100 um, and 100 kHz repetition rate.

Boron concentration profiles measured by SIMS for four different laser annealing conditions are
reported in Fig. 1. Each profile is superimposed on the corresponding cross-sectional TEM
image. In the non-melt case (1.5 J/cm?), no change in the dopant profile was observed compared
to the as-implanted one (not shown), even with multiple pulse conditions (10 pulses case shown
in Fig. 1a). In the case of partial melt with melted depth not reaching the peak of the point defect
profile (2.3 J/cm?, Fig. 1b), a redistribution of the dopant is observed, with the appearance of a
quasi-plateau in the melted region (the liquid/solid, I/s, interface is indicated by a white dotted
line) and a depletion near the surface. These two features are more evident in the samples
annealed with higher energy density (Fig. 1c-d) which also exhibit a dopant pile-up just below
the 1/s interface. All of the observed features are typical of boron profiles obtained after ion
implantation and melting excimer laser annealing and can be well explained as a consequence of

dopant adsorption at the solid-liquid interface during solidification.'®"

The cross-sectional WBDF TEM images, also reported in Fig. 1 and obtained using the [004]
diffraction vector, g, show the location of the observed extended defects, which is directly
correlated with the corresponding boron distribution profile. The majority of the visible defects

are distributed in the range specified by the red lines reported in each figure. TEM image of the



non-melt sample (1.5 J/cm?) indicates that the visible defects occupy a wide region extending
from the surface down to a depth of about 160 nm. The defect region is centered on the projected
range of the implanted boron. This is in agreement with the consideration that, during annealing
in the solid phase, the defects are expected to form in a region containing the maximum amount
of impurity and excess interstitial atoms, i.e. in a relatively wide region centered at the boron
projection range, R,. TEM images of partially melt samples with melted depth above (Fig. 1b)
and below (Fig. 1¢) the peak of the point defect profile reveal that the observed defects are
located in a region extending from ~75 to ~185 nm and from ~135 to ~175 nm, respectively. The
upper limit of the defect regions correspond to the thickness of the liquid layer created during
laser annealing in both cases. Therefore, the observed defects are formed in the solid phase just
below I/s interface. Indeed, high temperatures (in the range of 1400°C) are reached during
annealing in this region, so that the residual point defects and implanted impurities present there
can precipitate in the form of extended defects, whose nature is discussed below. In addition, the
apparent defect size (up to ~10 nm in the upper limit of the defect layer) decreases with
increasing depth. This result is in agreement with the rapid decrease of the substrate temperature

below the melted region**?!

, as shown in the inset of Fig. 1d, where the depth variation of the
peak temperature reached during laser annealing at 2.6 J/cm” was calculated following the phase-
field methodology.** Finally, no defects are observed in the sample with a melted region

extending well beyond the peak of the point defect profile (2.9J/cm? Fig. 1d, i.e. no implant-

induced point defects are left in the non-melted region).

The nature of the observed defects has been initially investigated using the g*b defect contrast
method, which allows the determination of the Burgers vector direction, b, with g being the

diffracting vector used for TEM imaging. For this, plan-view specimens were used. Figure 2



depicts plan-view TEM images of the observed samples (1 per each row) using different
diffraction vectors, g (1 per each column). For each sample, the first two images from the left,
were taken with the electron beam perpendicular to the (001) wafer surface, i.e. using the [00-1]
zone axis, with g=<220> and <040>, respectively. The rightmost image in each case was taken
in the tilted beam configuration, namely the [1-1-3] zone axis, with g = [2-42] or [-42-2], as
specified in the figure. Independently of the laser energy density and number of pulses, it was
found that all observed defects exhibit a loop-like contrast, as shown in the insets of the images
taken from the sample annealed with 1.5 J/em” (Fig. 2, 1* row left and 1* row right). The
absence of {311} rod-like defects is in agreement with the extremely high temperatures
(~1400°C) reached in the solid phase just below the /s interface (in the case of melt laser

conditions) or below the surface (in the non-melt laser condition).

If the observed loops were conventional {111} interstitial loops (perfect loops with b//<110> and
faulted loops with b//<111>), the number of defects with strong inside contrast had to slightly
increase when moving from perpendicular (the [00-1] zone axis) to tilted beam (the [1-1-3] zone
axis) imaging configuration, which should result in a slight increase of the visible defect density.
In contrast, in all the annealed samples investigated in this work, the visible defect density
significantly increases when using the [1-1-3] zone axis compared to the [00-1] one, as shown by
the TEM micrographs of Fig. 2 (3rGl column). In particular, very few defects appear in the first
two images of the sample annealed with a laser energy of 2.6 J/cm? (bottom row in Figure 2).
However, the image taken with g= [-42-2] exhibits the presence of a high density of defects with
the loop like contrast, suggesting that an additional loop family is present in these samples, with
a Burgers vector parallel to the [001] direction and a habit plane parallel to the (001) surface, as

indicated by HREM analysis (cf Fig. 3a and Fig. 3b). Indeed, such loops would exhibit no



contrast in images taken in the [00-1] zone axis (g.h=0) while being visible in the [1-1-3] zone

axis (g.b#0).

Based on these considerations, a quantitative method based on the variation of the apparent
defect density in plan-view WBDF TEM images (c.f. fig. 2) with changing diffracting vector has
been used to estimate the density of the various possible defect types according to their Burgers
vector (<111>, <110> or [001]). The results clearly indicate that the vast majority of defects in
these samples consist of (001) DLs, whose relative fraction increases from about 60% in the
sample annealed with 2.3 J/cm? laser energy, up to almost 100% in the sample annealed with a
laser energy of 2.6 J/cm®. In addition, the total density of observed defects (of the order of
~1x10"" cm™) is found to decrease when the laser energy density is increased. Indeed, the width
of the molten region increases proportionally to the thermal budget, which results in a reduced
concentration of residual point defects (and dopant impurities) available for defect formation in
the non-melted region®*. In order to further confirm that (001) loops are indeed formed in the
observed samples, a more detailed analysis was performed using Geometric Phase Analysis
(GPA)’ of cs(110) HRTEM images of the sample annealed with 2.6 J/cm® (1 pulse, cf. Fig.3).
Figures 3a and 3b show the HRTEM images of an area containing a loop seen in edge-on
position, i.e. with its habit plane being perpendicular to the image plane, and the enlarged image
of the defect itself, respectively. The images clearly show that the defect consists of an additional
plane of atoms parallel to the (001) plane, as pointed by the two white arrows, i.e. it is of
extrinsic type. After Fourier transform of the original HREM image, the phase images Py, and
P339, corresponding to the 002 and 220 Fourier spots, are calculated, and shown in Figures 3c
and 3d, respectively. These phase images describe the projection of the defect induced

displacement field in the image plane and allow to extract the projection of the DL Burgers



vector in the image plane following the procedure described in [9] It is found that no phase
variation is observed across the defect in the phase image relative to the [110] direction, P>y,
while a clear phase jump of about 2.5 rad is seen in the perpendicular Py, image (c.f. the inset of
Fig. 3¢), therefore confirming that the observed loops have a Burgers vector parallel to the [001]
direction. In addition, the GPA method gives direct evidence for the sense of the
corresponding atomic plane displacements around the defect, allowing to further confirm
that the defect is of extrinsic type, i.e. it contains an additional plane of interstitials. Finally,
following the calculation method described in [23,24], it is also possible to estimate the

amplitude of the Burgers vector of these dislocation loops, which is found to be ~1/4 [001].

Large loops lying on (001) planes with Burgers vector parallel to the [001] direction, have
already been observed in silicon implanted with high boron doses (above solid solubility).**
These loops are known as “Large BICs” and their formation occurs during the early stages of
boron and Si interstitials co-precipitation, as confirmed by Atom Probe analyses in a previous
work'’. However, in the samples investigated here, the maximum boron concentration is well
below the solid solubility limit*® and no precipitation is expected during annealing. In order to
clarify this point, APT analysis was carried out on the sample annealed with 2.6 J/ cm’. The APT
reconstruction is presented in Fig. 4a, where boron atoms are shown as black dots. The
reconstruction was calibrated in depth using the SIMS profile. A selected volume in the region
containing the (001) loops has been magnified in Fig. 4b. No clusters such as B-rich platelets
(i.e. Boron precipitates)' or (001) loops decorated by B atoms®’ can be directly evidenced from
the image. This is further confirmed after applying, to the same volume of several analyzed

specimens, a quantitative statistical method specifically developed for the investigation of Boron

clustering and based on the distance distribution between the first nearest neighbors atoms™® (Fig.
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4c). The asymmetric shape of the distribution reveals that boron atoms are not homogeneously
distributed within the defect region, indicating that some short range ordering exists between B
atoms. More precisely, there is a clustering trend (more B-B pairs than expected in a random

solid solution), however a well-defined clustered phase is not identified.

The role of boron in the formation of the observed defects seems to be different from that
observed in previous works'’. In order to assess a possible chemical effect of the presence of B
atoms on the structure of the observed defects, Si-implanted samples (i.e. without any boron)
were therefore laser annealed and analyzed by TEM. Although the Si” and B" implant conditions
were chosen in order to achieve a comparable dopant and point defects (Si interstitials and
vacancies) depth distribution after the implant, TEM observation of the as-implanted samples
(not shown) indicated that the Si” implant created more damage compared to the B one, with the
former showing the presence of isolated amorphous pockets. In addition, TEM observations after
laser annealing show that the melting depth at a given energy density (visible defect band) is
about 40-50 nm smaller in the Si" implant case. This is thought to be due to a difference in the
surface reflectivity linked to the absence of boron in the Si implant sample™. Moreover, the
higher damage density in the Si" implant case may influence the local melt temperature, which in
turn may impact the melt depth at a given energy density. However, it is important to note that
these differences are not expected to affect the relevance of the investigation of the defect nature

formed during laser annealing, which is the main objective of this study.

Fig. 5 compares different laser-annealed Si'- implanted samples using CS WBDF images taken
with the diffraction vector, g = [004]. Apart from the differences highlighted above, the defect
location is again directly related to the laser melt/non-melt conditions. In the case of a non-melt

anneal (Fig. 5a); the defects extend over a wide region centred at the Si' ions projected range,
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some of them being located just below the surface. In contrast, for the Si" implanted sample
laser-annealed at 2.6 J/cm? (Fig. 5b), the surface region is defect free down to a depth of about
100 nm, corresponding to the thickness of the melted region. As in the B” case, the apparent
defect size in the defect layer, located below the I/s interface, decreases with increasing depth.
Finally, for the Si" implanted sample laser-annealed at 2.9 J/cm? (Fig. 5c), defects can still be
observed, unlike the corresponding B" implanted sample annealed with the same energy density,
in agreement with the higher damage created during the Si" implant. Again, the defect layer
starts below the depth of the 1/s interface (~160 nm below the surface), with a defect size
distribution similar to that of the sample annealed with 2.6 J/cm? (maximum apparent size: ~ 10

nm).

It is important to note that, similarly to the B implant case, all of the observed defects exhibit a
loop-like contrast, as evidenced by the inset of Fig. 5b as well as by HREM images, with several
loops lying on (001) planes (cf. inset of Fig. 5c). In addition, according to the g+b defect contrast
method and GPA analysis (images not shown), the presence of (001) loops with Burgers vector
parallel to [001] has also been confirmed. Indeed, independently of the laser energy density, the
number of visible defects in the tilted beam configuration ([1-1-3] zone axis) is much higher than
in the case of a beam perpendicular to the (001) surface. In particular, no defects were observed
when using an electron beam perpendicular to the (001) surface in the sample annealed with 2.9
J/cm?, indicating that the totality of the existing defects in this sample are (001) DLs having
Burgers vector lying along the [001] direction (their fraction reduces to 80 % in the sample
annealed with 1.5 J/cm2 laser energy). Besides, the total density of observed defects (~3x10"!
cm™ in the sample annealed with 1.5 J/cm?) is found to decrease by a factor 10 when the thermal

budget is increased to 2.9 J/cm?.
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After melt or non-melt laser annealing of (001) Si implanted either with B" or Si" ions under
non-amorphising conditions, the majority of the defects formed in the non-melted region take the
form of (001) loops instead of conventional {111} dislocation loops or {311} rod-like defects,
which are known to be more energetically favourable, according to calculations of the formation
energy” 2. These loops are systematically located below the maximum liquid/solid interface
depth and have been observed not only in the LTA boron implanted samples but also in the LTA
silicon implanted samples. Therefore, despite being similar in nature to the “Large BICs”
observed in high-dose B -implanted Si (i.e. Boron precipitates), the defects formed here are not
“large BICs” but would rather be large Si interstitial (001) loops potentially decorated by boron

atoms (in the B implanted cases).

A possible explanation of the observed results can be proposed considering that the defect

formation energy can be modified in the presence of external stress>> >

. In particular, for a bi-
axial stress in the x-y plane parallel to the surface, (i) the modification of the defects formation
energy value is proportional to the projection of the defect Burgers vector in the (001) plane and
to the applied stress; (7i) the formation energy of extrinsic type defects, such as those investigated
in this work, increases (decreases) in the presence of a compressive (tensile) stress. An important
consequence of this effect is that the stress does not modify the formation energy of the defects
with Burgers vector perpendicular to the stress plane. Indeed, in previous works>>, we have

already observed the suppression of some variants of {311} rod-like defects in tensile strained

Si, which was explained assuming a stress-induced modification of the {311}s formation energy.
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In the case investigated here, it is speculated that, during laser annealing, the strong temperature
gradients existing between the solid (crystalline) region immediately below the free surface (in
the case of non-melting process) or the /s interface (in the case of a melting process) and the
deeper substrate regions result in a depth-dependent lattice parameter modification and a
corresponding compressive biaxial stress field. As an example, the inset of Fig. 6 shows the
stress variation as a function of annealing time calculated at a depth of 100 nm for the “non-
melt” laser annealing case (i.e. 1.5 J/cm?) at a temperature just below the melting threshold. The
calculation was made coupling the phase-field methodology®® for the simulation of the

temperature 7 and phase fields @ with the thermo-elastic theory, where the constitutive relations

o = E[8k| —ao, (T -T, )], relating the stress o, strain € and thermal fields, are calibrated with

the c-Si elastic constants tensor E and expansion coefficient a. Here, zero stress conditions are
imposed for the stress components 6,, normal to the free boundary (i.e the free surface or the l/s
interface). A maximum compressive stress Gy (or 6yy) of ~1 GPa is estimated after 200 ns.
According to the model mentioned above, such compressive stress has no impact on the
formation energy of (001) loops (Burgers vector perpendicular to the stress plane). In contrast,
the formation energy of conventional defects ({111} dislocation loops or {311} rod-like defects),
increases under the applied stress. Figure 6 reports the formation energy of both conventional
{111} and “unconventional” (001) dislocation loops as a function of defect size in the absence of
an external stress field (black lines). As expected, being more energetically favourable, the
formation energy of {111} loops is systematically lower than that of (001) loops. However,
when calculated at the time of maximum compressive stress, the formation energy of {111}

loops (red curve in Fig. 6) overcomes that of (001) loops. The latters might therefore become the
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most favourable defect configuration during ultra-fast laser annealing, in agreement with the

results found in the investigated samples.

In summary, we have investigated the defect formation in B” or Si” implanted Silicon following
LTA in both non-melt and melt conditions. Different melting front positions (with respect to the
as-implanted dopant depth distribution) were realized and studied: non-melt, partial melt and full
melt. We found that the majority of the formed defects take the form of (001) loops instead of
conventional {111} dislocation loops or {311} rod-like defects, which are known to be more
energetically favourable. These loops are systematically located below the maximum 1/s interface
depth and have been observed not only in the LTA boron implanted samples but also in the LTA
silicon implanted samples. Therefore, despite being similar in nature to the “Large BICs”
observed in high-dose B'-implanted Si (i.e. Boron precipitates), the defects formed here are not
“large BICs” but would rather be large Si interstitial (001) loops potentially decorated by boron
atoms (in the B implanted cases). The observed results are explained in terms of the modification
of the defect formation energy induced by the compressive biaxial stress developed in the non-

melted regions during laser annealing.
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Figure 1. SIMS boron profiles and corresponding cross-section TEM images from B implanted
samples annealed by (a) 10 pulses at 1.5 J/em? (non-melt), (b) 1 pulse at 2.3 J/em? (partial melt
above the Ry), (c) 1 pulse at 2.6 J/em? (partial melt beyond the R;) and (d) 1 pulse at 2.9 Jem?
(full melt). Inset: Calculated depth variation of the peak temperature reached during laser

annealing at 2.6 J/cm™.
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Figure 2. Plan-view WBDF TEM images of B implanted samples annealed by (top row) 10
pulses at 1.5 Jem?® (non-melt), (middle row) 1 pulse at 2.3 J/em? (partial melt above the R,),
(bottom raw) 1 pulse at 2.6 J/cm® (partial melt beyond the R;). Images are taken using different
zone axes and diffracting vectors. Left column: Z.A.: [00-1], g=<220>; Middle column: Z.A.:
[00-1], g=<400>; Right column: Z.A.: [1-1-3], g=<422>.
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Figure 3. Geometric phase analysis of a dislocation loop in a B implanted sample annealed by 1
pulse at 2.6J/cm®. (@) HRTEM image in [-110] orientation; (b) enlarged view of the dislocation.
The habit plane is (001); (c) geometric phase image of the 002 lattice fringes; (d) geometric

phase image of the 220 lattice fringes.
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Figure 4. (a) Atom probe tomography (APT) analysis of the boron implanted sample annealed
with 2.6 J/m?, () a volume is selected in the region below the I/s interface where the (001) loops
are observed, (c) distribution of the first nearest neighbor (INN) distances between B atoms in
the selected volume of two samples. The distribution is fitted with a two phase model (solid
line). Dotted and dashed lines represent the distributions related to the a (d,=18 2\, solid

solution) and B (dg=9 A, clusters) phases respectively.
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Figure 5. Cross section WBDF TEM images (surfaces are indicated by the red dashed line) of

the Silicon implanted sample annealed by (a) 10 pulses at 1.5 J/cm® (non-melt), () 1 pulse at 2.6
J/em? (partial melt above R;). Scale bar in the inset is 20 nm, (c) 1 pulse at 2.9 J/em? (partial melt

below R;). Inset: HREM image of a loop with (001) habit plane.
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Figure 6. Inset: stress variation as a function of annealing time calculated at a depth of 100 nm
for a laser annealing at a temperature just below the melting threshold. A maximum biaxial
compressive stress of ~1 GPa is estimated after 200 ns. Main plot: formation energy of
conventional {111} and “unconventional” (001) dislocation loops (black curves) as a function of
defect size in the absence of an external stress field. When calculated at the time of maximum

compressive stress, the formation energy of {111} loops (red curve) increases and overcomes

that of (001) loops.
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