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Abstract 
 

The formation of extended defects and their 
impact on dopant activation in nanosecond laser 
annealed silicon is investigated. It is found that laser 
anneal favours the formation of “unconventional” (001) 
loops (typically not expected to occur in ion implanted 
silicon). (001) loops are formed near the liquid-solid 
interface (in the non-molten side region). Following 
non-melt anneals, these loops act as scattering centres, 
leading to carrier mobility degradation. In contrast, in 
the case of melt anneals, the molten region itself is of 
excellent crystalline quality, free of any large defects 
and leads to very high activation rates. Full melting of 
the implanted region leads to an almost perfectly 
recrystallized layer. Finally, we demonstrate how the 
internal stress generated in silicon during ultra-fast 
laser annealing in the ns regime can modify the 
fundamental mechanisms of defect formation and lead 
to the formation of these “unconventional” loops. 
 

1. Introduction 
 

Today, state-of-the-art processes for the 
fabrication of highly activated shallow junctions 
include advanced implant techniques (plasma, 
molecular or low temperature implants), implant 
recipes (pre-amorphisation, co-implanted impurities) 
and anneals (msec Flash or laser anneals). In particular, 
Laser Thermal annealing (LTA) of ion implanted 
silicon in the nanosecond (ns) regime has attracted a 
considerable attention as it has been recognized as a 
promising candidate for numerous state-of-the-art 
semiconductor applications in which ion implanted 
dopants need to be activated while preserving the 
integrity of the surrounding areas, as in the case of 3D 
integration, thin film displays, high-frequency bipolar 
silicon-on-glass processes or CMOS backside imagers 
[1-3]. The understanding of the damage evolution in 
such complex systems is fundamental in view of both 
optimizing the fabrication process and improving the 
physical models used in predictive TCAD simulations. 
For instance, box shaped profiles with activation rates 

close to 100% and excellent surface uniformity can be 
obtained in the laser-melt regime, however little is 
known on the defect formation below the original 
liquid/solid interface, where highly damaged material 
is exposed to a non-melt anneal for few ns. 

In this work, we report our recent investigations 
on the formation of extended defects (and on their 
impact on dopant activation) during ns laser thermal 
annealing in non-melt, partial melt and full melt 
conditions (with respect to the as-implanted dopant 
profile) [4-5]. Through our results, we will show how 
the internal stress generated in silicon during ultra-fast 
laser annealing in the ns regime can modify the 
fundamental mechanisms of defect formation and 
result in the formation of “unconventional” (001) 
loops which are typically not expected to occur in ion 
implanted silicon. 

 
2. Experimental details 

 
     Two sets of Si wafers (n-type (001) CZ) were 
implanted respectively with B+ or Si+ ions, as 
described in Table 1. Both the energy and dose were 
selected using Stopping and Range of Ions in Matter 
(SRIM) simulations in order to achieve a comparable 
dopant and point defects (Si interstitials and vacancies) 
depth distribution after the implant (see Figure 1). 
Several pieces of the implanted wafers were laser 
annealed using the Excico Excimer LTA system based 
on UV radiation (λ=308 nm, pulse duration < 200 ns), 
with laser energy densities (ED) ranging from 1.5 
J/cm2 to 2.9 J/cm2 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, partial melt with melted 
depth not reaching (or beyond) the peak of the point 
defect profile and full melt of the implanted profile. 
Additionally, a “reference” B+ implanted wafer was 
annealed by RTA at 900°C for 10 min. 
 In the case of B+ implanted samples, dopant 
concentration profiles were analysed by SIMS using 
CAMECA IMS-4F and 7F systems, while Hall 
measurements were carried out on an Accent HL5500 
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Table 1. Sample list 
 

Group 1: 30 keV B+ - 1x1015 cm-2 

Anneal TEM Hall 

No anneal  --- 

RTA: 900°C 10 min   

LTA: 1.5 J/cm2 – 5 pulses ---  

LTA: 1.5 J/cm2 – 10 pulses   

LTA: 2.3 J/cm2 – 1 pulse   

LTA: 2.3 J/cm2 – 3 pulses ---  

LTA: 2.6 J/cm2 – 1 pulse   

LTA: 2.6 J/cm2 – 3 pulses ---  

LTA: 2.9 J/cm2 – 1 pulse  --- 

Group 2: 80 keV Si+ - 2.75x1014 cm-2 

Anneal TEM Hall 

No anneal  --- 

LTA: 1.5 J/cm2 – 10 pulses  --- 

LTA: 2.6 J/cm2 – 1 pulse  --- 

LTA: 2.9 J/cm2 – 1 pulse  --- 

 
Hall effect system and based on the Van der Pauw 
technique on Greek-cross structures. The Hall effect 
raw data were subsequently analysed using the method 
described in ref. [6], in order to extract additional 
information about the dopant activation level and 
estimate any mobility degradation induced by defects. 
Atom Probe Tomography analyses were performed on 
selected samples 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 µm, 
and 100 kHz repetition rate. 

Both B+ and Si+-implanted were analysed by 
TEM in plan-view (PV) and cross-sectional (CS) 
configuration, using a JEOL 2010-HC TEM and a 
spherical aberration corrected FEI-Tecnai SACTEM 
microscope both located in CEMES-CNRS Toulouse. 
Additional analyses were performed on a JEOL JEM 
2100F TEM-FEG operating at 200 kV, available at the 
TEMSCAN service of the University Paul Sabatier of 
Toulouse. Several imaging techniques were used for 
the TEM investigations, including Weak Beam Dark 
Field (WBDF), high-resolution (HREM) and 
geometric phase analysis. 

 
3. Results and discussion 

 
A. Dopant distribution 
 

Boron concentration profiles measured by SIMS 
for several laser annealing conditions are reported in 
Figure 2, together with the SIMS profile from the 
RTA-annealed reference wafer. The RTA sample 
exhibits the usual features of annealed profiles, i.e. a 
“kink” separating the static peak (i.e. immobile boron), 
located around the Boron projected range, from the 

 
Figure 1 – Impurity and point defect depth profiles 

following the B+ (black curves) and Si+ (red curves) implants 
used in this work. Impurity profiles: solid lines. Interstitials 
generated during the implants: lines and symbols  

 
diffused tail. The kink corresponds to the 
concentration level (~3x1019 cm-2) above which B 
forms small electrically inactive Boron Interstitial 
Clusters (BICs). Due to the relatively long anneal, the 
kink level is close to the equilibrium solid solubility of 
B at 900°C. 

A very different behaviour is observed in the case 
of laser annealed samples. While the Boron profile is 
not modified (compared to the as-implanted one) after 
a non-melt anneal (1.5 J/cm2), and this independently 
of the number of laser pulses (10 pulses case shown in 
Figure 2a, green curve), strong dopant redistribution 
occurs at higher laser energy densities, producing 
progressively thicker melted regions (the location of 
the liquid/solid, l/s, interface is indicated by dotted 
lines in Figure 2). In particular, a plateau is formed in 
the melted region, which is accompanied by depletion 
near the surface and a dopant pile-up just below the l/s 
interface. No Boron diffusion is observed below the l/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 [7]. 
 
B. Defect location 
 

Figure 3 reports cross-section TEM images from 
B implanted samples laser annealed by (a) 10 pulses at 
1.5 J/cm2 (non-melt), (b) 1 pulse at 2.3 J/cm2 (partial 
melt above the Rp), (c) 1 pulse at 2.6 J/cm2 (partial 
melt beyond the Rp). The location of the observed 
extended defects is directly correlated with the 
corresponding boron distribution profile. In the 
non-melt case, the defect band is centered on the 
projected range of the implanted boron and extends 
from the surface down to a depth of about 160 nm. 
This is typical of conventional “non-melt” anneals, 
where the defects are expected to form in a region 
containing the maximum amount of impurity and 



 
Figure 2 – SIMS boron profiles from B implanted samples 
annealed by RTA (900°C 10 min) or by laser annealing at 
different energy densities and number of pulses. 

 
excess interstitial atoms, i.e. in a relatively wide region 
centered at the boron projection range, Rp. In the case 
of melt anneals, (Figure 3b and Figure 3c), the upper 
limit of the defect regions corresponds to the thickness 
of the liquid layer created during laser annealing in 
both cases, indicating that the defects are formed in the 
solid phase just below l/s interface. In addition, the 
apparent defect size decreases with increasing depth, 
as shown in Figure 4, showing an enlarged TEM 
image of the defect region in the sample annealed with 
a laser energy density of 2.6 J/cm2 (cf. Figure 3c). It 
clearly appears that the largest defects (> 5 nm) are all 
located in the top defect region, whereas defects 
located in the bottom region never exceed a size of 4 
nm. This result is in agreement with the rapid decrease 
of the substrate temperature below the melted region 
[8-9]. Finally, no defects are observed in the sample 
with a melted region extending well beyond the peak 
of the point defect profile. 
 
C. Defect nature 
 

The nature of the observed defects has been 
initially investigated using the g·b defect contrast  

 

 
Figure 3 – Cross-section TEM images from B implanted 
samples annealed by (a) 10 pulses at 1.5 J/cm2 (non-melt), (b) 
1 pulse at 2.3 J/cm2 (partial melt above the Rp), (c) 1 pulse at 
2.6 J/cm2 (partial melt beyond the Rp). 

	
Figure 4 – TEM analysis of the variation of the defect size 
as a function of depth in a sample annealed with a laser 
energy of 2.6 J/cm2 (cf. Figure 3c). The enlarged TEM image 
of the defect region shows that the largest defects (> 5 nm) 
are all located in the top region, whereas defects located in 
the bottom region never exceed a size of 4 nm. 
 
method, which allows the determination of the Burgers 
vector direction, b, with g being the diffracting vector 
used for TEM imaging. For this, a series of plan view 
images were taken from plan-view specimens using 
different diffracting vectors, g (<220>, <400>, and 
<4-22>) with both positive and negative values of the 
deviation parameters, s. A typical TEM micrograph is 
shown in Figure 5, taken from the “reference” Boron 
implanted sample after RTA annealing at 900°C for 10 
min. Although the Boron peak concentration in the 
as-implanted sample (~1x1020 cm-3) exceeds the solid 
solubility at 900°C, the anneal duration does not result 
in the formation of visible precipitates. The observed 
defects therefore consist only of conventional perfect 
and faulted dislocation loops (PDLs and FDLs), all 
lying on {111} planes and with Burgers vectors of 1/2 
<110> and 1/3 <111>, respectively. As for the Boron 
atoms in excess of the solid solubility value, they are 
expected to form electrically inactive BICs. 

A similar defect analysis (images not shown) was 
carried out in the laser annealed samples. 
Independently of the laser energy density and number 
of pulses, it was found that all observed defects exhibit 
a loop-like contrast. However, unlike the RTA 
annealing case, the TEM analysis indicated that most 
of the loops have a Burgers vector parallel to the [001]  
 

 
Figure 5 – Plan view Weak Beam Dark Field micrograph 
from a Boron implanted sample after RTA annealing at 
900°C for 10 min. Conventional Perfect and Faulted {111} 
dislocation loops are observed in this case. 



 
Figure 6 – Contribution of the different defect types to the 
total defect population in (a) B+-implanted and (b) 
Si+-implanted samples after laser annealing at different 
energy densities and number of pulses.  
 
direction and a habit plane parallel to the (001) surface, 
i.e. they are different from the conventional {111} 
loops typically observed in ion implanted silicon. 
Indeed, a quantitative analysis of the TEM images 
indicated that, within the total defect population, the 
fraction of (001) DLs increases from about 60% in the 
sample annealed with 2.3 J/cm2 laser energy, up to 
almost 100% in the sample annealed with a laser 
energy of 2.6 J/cm2, as shown in Figure 6a.  

This result was further confirmed by high 
resolution (HREM) images such as the one shown in 
Figure 7, taken from an area containing a loop seen in 
edge-on position. 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. Further analysis of the 
HREM images using Geometric Phase Analysis (GPA) 
[10], performed following the calculation method 
described in [11], allowed not only to confirm that the 
defect is of extrinsic type, i.e. it contains an additional 
plane of interstitials, but also to estimate the amplitude 
of the Burgers vector of these dislocation loops, which 
is found to be ~1/4 [001].   
The (001) loops observed in this work are expected to 
be different from those already observed in silicon 
implanted with high boron doses (above solid 
solubility) [12] and known as “Large BICs”. Indeed, in 
the case of large BICs, Boron atoms are contained in 
the core of the defects, as confirmed by Atom Probe 
analyses (APT) [13]. In contrast, the maximum boron 
concentration in the samples investigated here is well 
below the solid solubility limit (cf. Figure 1 and 
Figure 2). Indeed, APT analysis, carried out on one of 
the laser annealed samples, showed no evidence of 
B-rich platelets (i.e. Boron precipitates) or (001) loops 
decorated by B atoms [14]. In addition, Si-implanted 
samples (i.e. without any boron, cf. Table 1) were 
laser annealed and analyzed by TEM. The results were 
very similar to those obtained in the case of Boron 
implants. In particular, (i) the defect location was 
again directly related to the laser melt/non-melt 
conditions; (ii) the presence of (001) loops with 
Burgers vector parallel to [001] was confirmed by both 
the g.b and the GPA methods; (iii) the vast majority of 
observed defects consist of (001) DLs (up to 100% at 
2.9 J/ cm²), as shown in Figure 6b. 

 
Figure 7 – (a) HRTEM image in [-110] orientation of a 
dislocation loop in a B implanted sample annealed by 1 
pulse at 2.6J/cm2; (b) enlarged view of the dislocation. The 
habit plane is (001). 
 
 
D. Defect formation mechanism 
 

The results shown in this work indicate that 
following ion implantation and a ns excimer laser 
anneal (melt or non-melt), defects can form in the 
non-melted region and 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 [15], suggesting that a 
modification of the defect formation energy occurs 
during laser annealing. Indeed, during laser annealing, 
the strong temperature gradients existing between the 
top-most solid region (immediately below the free 
surface or the l/s interface, depending on the anneal 
conditions) and the deeper substrate regions are 
expected to induce a depth-dependent lattice parameter 
modification and a corresponding compressive biaxial 
stress field, which in turn can affect the defect 
formation energy [16-17].  

This hypothesis was confirmed by our 
calculations, an example of which is shown in Figure 8. 
By coupling the phase-field methodology [18] for the 
simulation of the temperature T and phase fields  

 
Figure 8 – 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. 



 
Figure 9 – Sheet resistance (top) and dopant active dose 
(bottom) as a function of the annealing conditions (laser 
energy in J/cm2 x nb of pulses). Diamonds: experiments. 
Squares: calculations 
 
with the thermo-elastic theory, it is possible to 
calculate the stress variation as a function of annealing 
time at a depth where the (001) loops are observed (cf 
inset of Figure 8). A maximum compressive stress xx 
(or yy) of ~1 GPa is estimated after 200 ns, which has 
no impact on the formation energy of (001) loops 
(Burgers vector perpendicular to the stress plane). In 
contrast, the formation energy of conventional 
extrinsic defects ({111} dislocation loops or {311} 
rod-like defects), increases under the applied stress 
proportionally to the projected component of the 
defect Burgers vector in the (001) plane. This is shown 
in Figure 8, where the formation energy of both 
conventional {111} and “unconventional” (001) 
dislocation loops are first calculated in the absence of 
an external stress field (black lines). As expected, 
being more energetically favourable, the formation 
energy of {111} loops is lower than that of (001) loops 
for all possible defect sizes. However, when calculated 
at the time of maximum compressive stress, the 
formation energy of {111} loops (red curve in Figure 
8) overcomes that of (001) loops. The latters therefore 
become the most favourable defect configuration 
during ultra-fast laser annealing, in agreement with the 
results found in the investigated samples. 
 
E. Defect impact on dopant activation 
 
 In this last section, we investigate the evolution 
of dopant activation in B+ implanted Si following a ns 
anneal, in order to assess the possible impact of the 
(001) loops on carrier mobility. The sheet resistance 
values of the investigated samples (cf. Table 1) are 
reported in Figure 9 (top) and clearly show that with 
the exception of the samples annealed in 

 
Figure 10 – Maximum active concentration (top) and 
mobility degradation coefficient (bottom) as a function of 
the annealing conditions (laser energy in J/cm2 x nb of shots). 
The values reported in these plots allow to perfectly 
reproduce the Hall effect measurements. 
 
non-melt conditions (1.5 J/cm2) the sheet resistance is 
systematically lower than 200 /sq in all annealed 
samples, with values that continuously decrease when 
the thermal budget is increased (laser energy or 
number of pulses). This behaviour is essentially due to 
the increase of the dopant active dose (Figure 9 
bottom), while the hole mobility is only weakly 
modified by the various annealing conditions (not 
shown).  It is important to note that the reference 
RTA annealed sample exhibits a low sheet resistance 
similar to those obtained after laser anneals. However, 
a strong diffusion of the Boron profile occurs in this 
sample (cf. Figure 2), with an in-depth shift of ~70 nm 
at 1018 cm-3, whereas the tail of the Boron profile does 
not diffuse at all after laser anneal. 

Using the method of analysis described in [6], it 
is possible to estimate the best values of the maximum 
active concentration, Cel, and of the mobility 
degradation coefficient, , that allow to perfectly 
reproduce the Hall effect measurements. In practice, 
the Cel value is first determined in order to fit the 
active dose (red squares in Figure 9 bottom). The  
value is then adjusted in order to calculate the sheet 
resistance (red squares in Figure 9 top) and the carrier 
mobility in all the annealed samples. The best fit Cel 
and  values are reported in Figure 10. It is found (top 
of Figure 10) that after a low energy non-melt anneal 
(1.5 J/cm2), the Cel is as low as 1.2x1019 (after 5 
pulses), indicating that most of the implanted Boron 
dose (~70%) is electrically inactive. With increasing 
thermal budget, the Cel value rapidly stabilises at 
values between 5 and 6x1019 cm-3, corresponding to 
active dose approaching 90%.  

Finally, it is important to note that no mobility 



degradation is estimated in samples that have 
undergone a melt laser process (2.3 and 2.6 J/cm2) 
(~1, Figure 10). In contrast, it was necessary to 
assume a 30% mobility reduction (~0.7) with respect 
to the standard values in order to match the Hall effect 
measurements obtained from the samples annealed in 
non-melt conditions. If such mobility degradation is 
not considered, the calculated value of sheet resistance 
for the “1.5 J/cm2 5 pulses” annealed sample would be 
302 /sq. (instead of 426, see Figure 9 top). Similarly, 
the calculated mobility value for the same sample 
would be 73 cm2/V s (instead of the measured 53 
cm2/V). 

The strong mobility degradation in the non-melt 
samples is a clear evidence that the (001) loops, which 
are uniformly distributed throughout the implanted 
Boron profile, act as additional bulk scattering centers, 
similarly to what was previously found for BICs [6]. 
In contrast, in the case of melt annealing conditions, 
no mobility degradation needed to be assumed in order 
to reproduce the measured values, and this despite 
(001) loops are also present in these samples (cf 
Figure 6a). This apparently different behaviour can be 
explained considering that Hall measurements are 
based on current flowing through surface contacts. In 
non-melt case, as seen by TEM analsys, many defects 
remain near the surface, thus impacting the Hall 
measurement by a significant degradation of the Hall 
mobility. In contrast, in the partial and full melt cases, 
the surface region, in which most of the activated 
dopants are contained, is perfectly recrystallized. 
Hence, no significant contribution to the 
measurements can arise from the defect layer, located 
far below the surface, within the buried and lowly 
doped region of the samples. As a consequence, the 
absence of mobility degradation in melt annealed 
samples cannot be associated to a weak impact of the 
defects, but it is to be interpreted as a proof of the high 
electrical quality of the recrystallized layer. 
 

3. Conclusions and Summary 
 

In this work, we have investigated the formation 
of extended defects (and their impact on dopant 
activation) during ns laser thermal annealing in 
non-melt, partial melt and full melt conditions. By a 
careful interpretation and confrontation of TEM, SIMS, 
and Hall effect measurements, it is found that laser 
anneal favours the formation of “unconventional” (001) 
loops which are typically not expected to occur in ion 
implanted silicon. (001) loops are formed near the 
liquid-solid interface (in the non-molten side region). 
In the case of non-melt anneals, these large defects can 
act as scattering centres, leading to a degradation of 
carrier mobility. In contrast, in the case of melt anneal 
conditions, it is shown that the molten region itself is 
of excellent crystalline quality, free of any large 
defects and leads to a very high activation rates. A full 
melting of the implanted region leads to an almost 
perfectly recrystallized layer. Finally, we demonstrate 

how the internal stress generated in silicon during 
ultra-fast laser annealing in the ns regime can modify 
the fundamental mechanisms of defect formation and 
results in the formation of “unconventional” (001) 
loops which are typically not expected to occur in ion 
implanted silicon. 
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