
HAL Id: cea-04952128
https://cea.hal.science/cea-04952128v1

Submitted on 17 Feb 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Solid phase recrystallization induced by multi-pulse
nanosecond laser annealing

Pablo Acosta Alba, Joris Aubin, Sylvain Perrot, Fulvio Mazzamuto, Adeline
Grenier, Sébastien Kerdilès

To cite this version:
Pablo Acosta Alba, Joris Aubin, Sylvain Perrot, Fulvio Mazzamuto, Adeline Grenier, et al.. Solid
phase recrystallization induced by multi-pulse nanosecond laser annealing. Applied Surface Sciences
Advances, 2021, 3, pp.100053. �10.1016/j.apsadv.2020.100053�. �cea-04952128�

https://cea.hal.science/cea-04952128v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Applied Surface Science Advances 3 (2021) 100053 

Contents lists available at ScienceDirect 

Applied Surface Science Advances 

journal homepage: www.elsevier.com/locate/apsadv 

Solid phase recrystallization induced by multi-pulse nanosecond laser 

annealing 

Pablo Acosta Alba 

a , ∗ , Joris Aubin 

b , Sylvain Perrot b , Fulvio Mazzamuto 

b , Adeline Grenier a , 

Sébastien Kerdilès a 

a Université Grenoble Alpes, CEA-LETI, 38000 Grenoble, France 
b SCREEN-LASSE, 92230 Genneviliers, France 

a b s t r a c t 

The solid phase recrystallization of partially amorphized SOI structures using a pulsed Ultra-Violet Nanosecond Laser Annealing (UV-NLA) is reported. It is shown 

that combining UV-NLA process with a heating chuck at low temperature (450 °C) results in the perfect recrystallization of the amorphized portion of the silicon 

layer. Actually, sub-melt multi-pulse UV-NLA enables obtaining the total crystal recovery and a very high dopant activation rate, comparable to melt laser annealing 

approaches or high temperature rapid thermal annealing, with a very low overall thermal budget. This approach is a great alternative to traditional solid phase 

epitaxial regrowth process, which reach it limits, in terms of recrystallization rate, at temperatures lower than 500 °C. The process presented here is thus suitable for 

integration paths in which the thermal budget must be limited as for example 3D sequential integration. Besides the high activation rate, another benefit of the solid 

phase recrystallization, compared to an equivalent laser anneal in the melt regime, is the almost unchanged surface roughness. Furthermore, the use of an in-situ 

metrology based on Time Resolved Reflectometry (TRR) enables the monitoring of the crystalline seed thickness evolution during UV-NLA and the estimation of the 

recrystallization rate. 
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. Introduction 

Epitaxial recrystallization of ion implanted semiconductors layers is

 required process step in current integration paths. Actually, ion im-

lantation is a remarkable technique for well controlled doping in semi-

onductors. However, the introduction of highly energetic ions into the

rystal disturbs its lattice, causing damage and even amorphisation at

ufficiently high implantation doses. In any case, post-implantation an-

ealing step is required to recover crystallinity and enable dopant acti-

ation through the diffusion of dopant atoms onto substitutional lattice

ites. Pulsed laser annealing was, for the first time, used to induce the

pitaxial regrowth and replace the standard post-implantation anneal-

ng of amorphized samples around the mid-1970s [1 , 2] . 

Nowadays, the semiconductor industry must address a continuously

ncreasing number of challenges related to device scaling such as, dif-

usion control, doping level and conformality, buried devices’ layer in-

egrity. In particular, the introduction of three-dimensional (3D) archi-

ectures combined with the use of new materials requires the reduction

f the overall thermal budget in the whole integration flow. In a 3D se-

uential integration with at least two stacked levels of active devices,

opant activation in the upper level without degradation of the under-

ying devices is a real challenge since classical annealing techniques

re not anymore compatible. In this context, Ultra-Violet Nanosecond

aser Annealing (UV-NLA) provides a promising alternative to more es-
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ablished methods as for example furnace or Rapid Thermal Annealing

RTA). 

The UV wavelength leads to a short absorption depth in silicon, while

he nanosecond pulse duration limits the heat diffusion towards embed-

ed structures, with a confinement of the heat in the very first nanome-

ers [3–5] . In the last years, UV-NLA has been successfully explored for

hallow junction formation [6 , 7] or contact resistance reduction [8 , 9] .

ost of these studies deal with the liquid phase recrystallization regime

ith side effects on surface roughness and transport of matter [10] . In

ontrast, solid phase recrystallization has been less explored. In gen-

ral, scanning continuous wave lasers (e.g. Ar ion lasers) with dwell

imes in the millisecond range, cause local heating of the near surface

egion of Si to temperatures approaching the melting point. This laser

nnealing enables the thermally induced solid phase recrystallization

f amorphous layers on a crystalline substrate [11 , 12] . Usually, this

rowth mechanism is explained by the extrapolation of the regrowth

onditions of rapid thermal annealing, which is the most traditional

nd well-understood method for treating post-implantation damage in

ilicon [13] . Compared to traditional furnace annealing, the regrown

rystalline layer after continuous wave laser irradiation was shown to

xhibit several interesting and desirable properties. Most notably, it was

emonstrated that, as a result of the localized heating and rapid heat-

ng/cooling rates, limited diffusion occurs [11] and the electrical dopant

ctivation rate might reach almost 100% even when the dopant con-

entration exceeds the solid solubility limit [14] . This highlights the

elevance to use the laser annealing approach. However, additional re-
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Table 1 

Ion implantation conditions leading to the formation of an amorphous layer in 

the near surface region. 

Dopant Energy [keV] Dose [at/cm 

2 ] Expected a-Si thick. [nm] 

As 9 1 × 10 15 14.0 ± 0.4 

P 4 1 × 10 15 10.5 ± 0.4 

B (PAI Ge) 6 (7) 1 × 10 15 (5 × 10 14 ) 12.2 ± 0.4 

Fig. 1. Laser pulse (right axis) and time resolved reflectometry (TRR) profiles 

(left axis) recorded during UVNLA. Data for a phosphorous implanted SOI sam- 

ple laser annealed at various energy densities. Labelled peaks correspond to (a) 

the melt and explosive recrystallization and (b) the ‘second’ melt. 
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Fig. 2. Final TRR signal (solid ● top axis) as a function of the energy density 

using a single pulse irradiation, and final TRR value evolution as a function of 

the number of pulses for sub-melt laser conditions (open symbols, bottom axis). 

Phosphorous implanted SOI sample. 
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earches are required in order to reduce further the thermal budget and

each a higher performance. 

The aim of this work is to participate improving this method by us-

ng still lower thermal budgets thanks to nanosecond laser pulses. Here-

fter, we demonstrate that low energy density multi-pulse UV-NLA can

e used to induce the solid phase recrystallization of amorphized doped

ilicon layers in the sub-melt regime. 

. Experimental procedure 

Blanket 300 mm Silicon-On-Insulator (SOI) substrates with 12 nm of

i on top (CZ, p-type, 10–20 ohm.cm) and 20 nm of buried oxide (Box)

ere used as starting material. The thickness of the silicon top layer was

ncreased to 22 nm. First a 30 s HF(5%)/HCl wet cleaning was applied

n order to get rid of native oxide. Then, Si epitaxy was performed in a

educed pressure CVD tool. Afterwards, the surface of three wafers was

repared by wet cleaning and then the wafers were implanted in a Vi-

sta HCP ion implanter with As, P or B ions (with Ge Pre-Amorphisation

mplantation) at the fluence of 1 × 10 15 at/cm 

2 and respective ener-

ies of 9, 4 and 6 keV. These ion implantation conditions enabled the

ormation of a thin amorphous Si (a-Si) layer ( < 20 nm). Ion implanta-

ion conditions and amorphized thicknesses are summarized in Table 1 .

fterwards, samples were submitted to UV-NLA in a SCREEN LT-3100

ool with a XeCl excimer laser ( 𝜆= 308 nm) with a 160 ns pulse duration

full width at half maximum, see Fig. 1 ) and a repetition rate of 4 Hz.

he laser beam is spatially homogenized ( < 3% uniformity) in order to

btain a 15 × 15 mm 

2 top-hat beam. Using this laser annealing, differ-

nt regions were irradiated with a single pulse and an increasing laser

nergy density ranging from 0.36 to 1.80 J/cm 

2 . The wafer tempera-

ure was maintained at 450 °C thanks to a heating chuck. Afterwards,

n the second part of the study, multi-pulse laser treatments have been

ssessed. To do that, several shots at fixed energy density have been cu-

ulated on a single position. It is worth noting that different locations
2 
n the wafer have been used for this multi pulse study. Each location

orresponding to a specific number of cumulated pulses. 

In-situ Time Resolved Reflectometry (TRR) based on a 635 nm wave-

ength laser enabled us to collect the light reflected by the annealed sur-

ace during UVNLA. This in-situ metrology was used to detect the phase

hange of the near surface material, a-Si layer in our case. Indeed, the

eflected light intensity dramatically increases when the silicon layer

elts. TRR enables to clearly identify the laser energy density thresh-

lds for which a transition occurs, such as the explosive melt of the

morphous layer [15] or the total melt of the SOI layer. Surface rough-

ess was assessed through Atomic Force Microscopy, with 10 × 10 μm 

2 

nd 1 × 1 μm 

2 scans performed on a Dimension FastScan platform from

ruker. Samples were also submitted to sheet resistance measurements

sing a 4 point-probe NAPSON WS3000 tool. 

. Results and discussion 

The laser pulse profile and measured TRR intensity during UVNLA

re shown in Fig. 1 . The TRR signal has been shifted by 0.2 V for each

nergy Density (ED) to facilitate readability. For a low ED of 0.60 J/cm 

2 ,

here was almost no evolution of the TRR signal. The weak bump is most

ikely due to heating then cooling of the sample. The reflectivity increase

pon heating is likely due to an evolution with the temperature of the

ptical and thermal properties of a-Si. For higher ED ( ≥ 0.80 J/cm 

2 ),

wo characteristic features can be observed. The first peak, labeled (a)

n Fig. 1 , corresponds to the a-Si melt and explosive recrystallization

henomenon, with the formation of a poly-Si. This is a well-known phe-

omenon occurring due to the thermodynamic instability of molten a-Si

hich is associated to an under-cooled material [9] . This is especially

elevant during the UV-NLA of amorphous semiconductor materials due

o the exothermic amorphous-liquid-crystal transition. The second peak,

abeled (b), is associated with the melt of the poly-Si obtained after ex-

losive recrystallization named ‘second melt’ below [17] . The use of the

RR signal enables a clear identification of different transition thresh-

lds. 

The explosive melt threshold was found to be around 0.74 J/cm 

2 for

hosphorous implanted samples and 0.66 J/cm 

2 for arsenic or boron

Ge PAI) implanted ones. Differences are likely due to amorphized thick-
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Fig. 3. Cross sectional TEM images of 22 nm thick SOI structures (a) as-Phosphorous -implanted and after sub-melt multi pulse UV-NLA at 0.58 J/cm 

2 with (b) 30 

or (c) 100 cumulative shots. 

Fig. 4. Reflectivity evolution of the 22 nm thick Silicon-On-Insulator structure. 

The crystalline seed thickness varies from 0 to 22 nm. Meanwhile, the amor- 

phous silicon layer on top has a thickness such that the sum of the two is always 

22 nm, i.e. the starting thickness. 
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Fig. 5. Calculated reflectivity versus measured TRR signal value for known sam- 

ples. The linear relationship between expected reflectivity and TRR signal en- 

ables to determine the crystalline seed thickness. 

Fig. 6. Crystalline Si thickness versus number of pulses, for an As-implanted SOI 

sample, as extracted from the TRR evolution measured during laser annealing. 

 

l  

p  

U  
ess differences. Since only sub-melt conditions are to be used for solid

hase epitaxial recrystallization, once the explosive melt and second

elt thresholds were identified, wafers were always irradiated using

ub-melt multi-pulse irradiation conditions. 

At the end of the TRR record, typically for t > 400 ns, the signal is

epresentative of the final state of the structure and surface. The evolu-

ion of the final TRR signal as a function of ED is plotted in Fig. 2 . For a

ingle laser pulse ( Fig. 2 , solid points and top axis), the final TRR value

s, at low ED (i.e. lower than the explosive threshold), close to the initial

ne (0.30 V, Fig. 1 left axis). For ED slightly higher than the explosive

elt threshold, the final TRR value drops down to 0.22 V. In the ED

ange between 0.76 J/cm 

2 and 1.05 J/cm 

2 , the final TRR value drops

own to 0.20 V. Finally, for ED higher than 1.05 J/cm 

2 , it increases once

gain to 0.25 V. These three different behaviors can be explained by the

aterial structure after UV-NLA. 

In a previous work [6] , we showed that single pulse UV-NLA on sim-

lar samples yielded to different structures depending on the ED. 

i) For ED lower than the explosive threshold (0.76 J/cm 

2 ), the irradi-

ated structure did not change; 

ii) For ED between explosive threshold and full melt (1.05 J/cm 

2 here),

the liquid phase recrystallization from the crystalline seed led to a

monocrystalline Si layer with a very low density of structural defects;

ii) For ED higher than the full melt threshold, UV-NLA resulted in the

melt of the entire crystalline seed, with the formation of a poly-Si
layer. r

3 
The TRR final value of 0.20 V thus corresponds to a fully recrystal-

ized 22 nm thick SOI layer. Additionally, the a-Si layer remained amor-

hous after single pulse UVNLA at low ED, showing that single pulse

VNLA below the melt threshold was not able to induce solid phase

ecrystallization [6 , 16 , 17] . 
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Fig. 7. Recrystallization rate for different energy densities and for all samples 

studied in this work. 
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Fig. 8. Surface roughness RMS values from AFM scans (i) in the melt regime 

(from the single pulse approach) and (ii) after sub-melt solid phase recrystal- 

lization with multi pulse irradiation. 

Fig. 9. Resistivity obtained from sheet resistance measurements for each 

dopant. 
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Hence, multi-pulse sub-melt UV-NLA was explored with EDs lower

han the explosive threshold. Fig. 2 also shows the evolution of the final

RR value for multi-shots laser annealing (open symbols) as a function

f the number of pulses for three energy densities. The TRR value grad-

ally drops down to 0.20 V for ED = 0.62 J/cm 

2 (~80% of the melt

hreshold) corresponding to the TRR level expected for a crystalline sili-

on top layer after recrystallization. For lower ED (0.58 J/cm 

2 ), the evo-

ution of the final TRR value is slower. It nevertheless reaches the TRR

evel corresponding to the complete recrystallization. For even lower ED

0.54 J/cm 

2 ), this evolution is much slower, with a TRR intensity which

an be associated which a partial recrystallization of the a-Si layer. 

Fig. 3 shows cross-section Transmission Electron Microscopy (TEM)

mages of the phosphorous implanted sample. These observations con-

rm the scenario proposed from the TRR signal evolution. TEM shows

hat 30 cumulated laser pulses at 0.58 J/cm 

2 results in a partial recrys-

allization of the amorphous Si layer. In contrast, when 100 pulses are

umulated at the same ED, the entire amorphous silicon layer is recrys-

allized. This clearly shows that the UV-NLA in a sub-melt multi-pulse

ode with the assistance of a heating chuck at 450 °C can result in a

rogressive solid phase recrystallization of the amorphous layer from

he crystalline seed. 

Furthermore, the TRR recorded signal can be used in order to esti-

ate the recrystallization rate. Based on the Fresnel equations, we can

alculate the theoretical reflectivity of stacks corresponding to the stud-

ed samples consisting of a bulk silicon, a 20 nm thick silicon dioxide

ayer and a top silicon stack made of an amorphous and a crystalline

ayer, its total thickness always being 22 nm. The calculated reflectiv-

ty is shown in Fig. 4 . Then, we can also plot the expected reflectivity

s a function of the TRR signal value measured on various known sam-

les. The linear relationship between the measured TRR intensity and

he calculated reflectivity value is obvious in Fig. 5 . We can then calcu-

ate the expected reflectivity for each TRR after each laser pulse. From

his reflectivity value, we can then obtain the seed thickness expected

or each sample. Fig. 6 shows the evolution of the expected crystalline

eed thickness as a function of the number of cumulative laser shots for

arious ED. The slope of these curves provides the recrystallization rate

in nm per shot). There is a strong increase of the recrystallization rate

hen the ED increases. 

Based on this methodology, the recrystallization rate evolution as a

unction of ED is plotted in Fig. 7 for samples implanted with As, P and

 (and Ge PAI). It shows a rapid increase of the recrystallization rate

ith ED. A recrystallization rate of 1.5 nm/pulse can be obtained for
4 
D still lower than the explosive melt threshold, which is extremely fast

iven the pulse duration (160 ns). 

Two expected advantages of solid phase recrystallization approach

hould be a limited degradation of the surface roughness and a high

opant activation. Fig. 8 shows the Root Mean Square (RMS) value ex-

racted from AFM measurements for both solid and liquid phase recrys-

allization approaches. For UV-NLA conditions leading to the a-Si layer

ecrystallization with both approaches (ED around 0.80 J/cm 

2 for the

elt conditions [6] ), the surface roughness is lower with the solid phase

ecrystallization approach. Finally, we can also compare the resistivity

btained with both approaches. Resistivity was calculated from sheet

esistance (Rs) measurements of the various samples. Since the resistiv-

ty value is extracted from sheet resistance measurements, we must use

n accurate thickness value for each sample. For the melt approach, the

owest Rs is obtained in the ‘near total melt’ regime. It thus means that

he melt depth is very close to the total thickness of the top silicon layer

22 nm), with an uniform distribution of dopants in the entire layer.

n contrast, activated dopants are expected to be mostly in the recrys-

allized layer in the solid phase approach, since no dopant diffusion is

xpected during UV-NLA. The conducting layer thickness was thus as-
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umed to be close to the amorphization depth (after ion implantation)

ith this approach (see Table 1 for values). Fig. 9 shows the resistivity

alculated from Rs measurements with such an assumption. 

The resistivity with the solid phase recrystallization approach is then

ystematically lower than with the melt approach. 

Multi-pulse UVNLA with sub-melt conditions thus yields very

romising results in terms of recrystallization rate, surface roughness

volution and dopant activation levels, all this with a very low thermal

udget compatible with 3D-sequential integration. 

. Conclusions 

In this work, we demonstrated the solid phase recrystallization on

artially amorphized SOI layers with an extremely low thermal budget.

ndeed, UV nanosecond laser annealing, whose short absorption depth

nd nanosecond scale pulse duration, greatly limits the thermal budget

nd the heat diffusion towards embedded structures. For the first time,

his annealing technique is used in a multi-pulse mode with low energy

ensities (lower than the melt threshold), to progressively recrystallize

OI layers partially amorphized by ion implantation. This leads to very

igh dopant activation rate, comparable to that obtained by high tem-

erature RTA processes or liquid phase epitaxy. Since the recrystalliza-

ion is obtained in the solid phase, the surface roughness remains at very

ow levels. Furthermore, the analysis of in-situ time resolved reflectom-

try (TRR) enables estimating the recrystallization rates (nm/pulse) for

ifferent dopants as a function of the laser energy densities. For all these

easons, the annealing approach presented in this work seems to be a

ery promising alternative to post implantation annealing in new inte-

ration flows in which the thermal budget reduction is mandatory, as

or example 3D sequential integration. 
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