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Schottky diodes have been made on both n-type and p-type virgin mono-crystalline silicon processed by three kinds of 
pulsed lasers currently used in new photovoltaic technologies. The electrical characteristics of these diodes have been 
measured as a function of laser fluence. A strong change in all of their electrical parameters occurs for fluence equal or 
higher than a threshold at which the processed silicon surface layer turns into melt. Capacitance versus voltage 
measurements and DLTS analyses show that laser irradiations introduce a large density of deep levels related to active 
defects in the processed surface and bulk area. These defects are believed mostly generated during the fast quenching rate in 
pulsed laser treatments. 
 
 

1.     Introduction 

In the fabrication of solar cells, dopant diffusion 
process is required to form junctions. Recently, 
instead of the conventional impurity diffusion 
method at high temperatures, laser doping 
technique [1] has been noticed as a promising 
alternative process because of its several 
advantages [2,3]. This technique is based on 
processing semiconductors by means of focused 
laser beam. It can be performed at room 
temperature, which is leading to the reduction of 
thermal stress in the substrate. This improves the 
cell fabrication yield especially in the case of 
thinner silicon substrate (below 150 µm). In 
addition, the selective diffused area for emitter or 
BSF can be easily formed without using the 
conventional photolithography process. This has 
the added advantage of not disembogue wastes. 

In fact, processing semiconductors, using 
focused laser radiation, has already been known for 
more than 30 years. A first phase of strong research 
interest spanned the late 1970s and the 1980s, with 
a tremendous number of publications establishing a 
theoretical and experimental base for the 
understanding of the process. White et al. [4-6] and 
Wood et al. [7-9] were among the key researchers 
on this topic. A fine compilation of most results is 
found in [10] or [11]. The majority of these 
fundamental experiments was conducted with ion- 
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implanted silicon layers, which were annealed by 
laser irradiation. Thus, the experiments were not 
about ‘real’ laser doping. Nevertheless, they 
produced a number of valuable findings such as: (a) 
laser melting of the silicon surface leads to an 
epitaxial re-growth of the silicon on the underlying 
substrate; (b) the implanted impurity atoms are 
incorporated into substitution lattice sites during 
the re-crystallization and their concentrations CL 
are significantly exceeding the equilibrium 
solubility limit C0, as well as their segregation 
coefficients kL, which are also exceeding the 
equilibrium values k0; (c) the values of CL and kL 
are depending on the re-crystallization velocities 
vcryst, which are in the range of several m.s-1. 

At the same time, following the fundamental 
research, a number of authors reported results from 
‘real’ laser doping experiments using different 
types of precursors and laser systems. The most 
important results from these studies are: (a) there 
exists a threshold laser fluence for the onset of laser 
doping, and this coincides with the silicon-melting 
threshold [12,13]; (b) the depth of the laser diffused 
layers increases linearly with the laser fluence 
[14,15]; (c) using a high number of repeated laser 
pulses leads to a rectangular doping profile, with 
the doping depth corresponding to the melting 
depth [12,15-18]; and (d) infinite doping sources 
can be realized using gaseous precursors 
[12,13,18,19], while deposited precursors mostly 
act as exhaustive sources, leading to a decrease of 
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the maximum doping concentration upon multiple 
irradiation [16,17]. 

In spite of the vast scientific effort spent on 
characterizing the laser doping process at that time, 
and the first solar cells that were produced [14,20], 
no real development of laser doping for 
photovoltaic technology was reported until the 
beginning the 21st century, when the solar industry 
commenced its incredible growth, and the search 
for cheaper solar cell production processes 
intensified. At that time researchers started 
examining laser doping for full area silicon solar 
cell emitters [21-24], as well as selective emitters 
[25-27]. Several groups are also working on 
selective emitter formation from a phosphorous 
glass layer [28], from pre-deposited doping layers 
[29,30], or from a liquid doping containing jet [31]. 

The purpose of the present work is to analyze 
laser irradiated silicon materials without being 
doped at the same time. This approach allows for 
separating the effects of the laser process itself 
from the influence of employed doping precursors. 
The paper should be considered as a review of 
previous studies we already did and published on 
damage and other detrimental effects caused by 
lasers during semiconductors and solar cells 
processing [32-47]. Since research and 
developments on the use of lasers in new 

photovoltaic technologies are experiencing a 
renewed interest, in part because of laser doping, 
we believe that it is worthwhile to re-examine in 
this review the issue of laser damage with updated 
interpretations and comments. 

2.     Laser Doping Process  

The following section describes the laser doping 
process, using pre-deposited precursor layers as 
usually employed. The fundamental working 
principle is identical to most of the other known 
laser doping processes. The main difference lies in 
the application and structure of the doping 
precursor, which is performed prior to the process 
itself. 

As schematically presented in Fig. 1, the 
semiconductor substrate we prepared to dope is 
mounted on an X-Y table. The top surface of this 
substrate is thereafter coated by the doping 
precursor layer deposited by a spin-coating 
procedure, or by sputtering or by electron-gun 
evaporation. The precursor layers are always 
directly in touch with the semiconductor substrate, 
without any inter-layers in between. A more 
detailed description of the complete process can be 
found in [1].  

 

 

 
 

Fig.1: Laser doping process requirements and experimental procedure. 
 

 
After the doping precursor layer deposition, the 

laser doping process itself starts by focalizing and 
scanning the entire coated surface by a pulsed laser 
beam. Based on the extensive research on laser 
melting and doping of semiconductors presented in 

[1], as well as the experience gathered in the course 
of our team’s previous work [32-47], the laser 
doping process is hypothesized to consist of the 
stages depicted in Fig. 2. 
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Fig.2: The laser process, employing pre-deposited dopant precursor layers, consists of several steps: a) The impinging laser 
pulse simultaneously heats up the precursor and the silicon; b) the precursor (partially) evaporates and the silicon melts. 
Dopant atoms diffuse into the melt; c) the laser pulse ceases and the melt front retreats. The liquid silicon re-crystallizes 
epitaxially; and d) a doped silicon layer remains at the surface. The precursor is either partially or completely exhausted. 
 
 

First, the laser irradiation heats up the precursor 
layer and the underlying semiconductor substrate. 
Depending on the transparency of the doping 
precursor layer it is due to either direct light 
absorption or heat transfer from the underlying 
silicon. The precursor evaporates and forms a dense 
vapor phase above the illuminated area. Next, the 
irradiated surface of semiconductor substrate melts 
and the melt front advances into the bulk. As soon 
as the silicon is molten, a liquid state diffusion 
process of dopant atoms starts. When the energy 
supply from the laser pulse ceases the melt front 
reverses and the molten silicon re-crystallizes 
epitaxially. The remaining doped area is several 
100 nm thick. The size of the doped area depends 
on the size of the laser focus on the surface of 
substrate. In order to process larger areas, single 
laser spots are placed next to one another by 
moving the sample on a X-Y table as shown and 
described in Fig. 1. 

3.     Experimental Procedure  

The investigations were carried out on both n-type 
chemically etched and p-type pre-polished samples 
that were cut from 4 kinds of low resistivity, <100> 
oriented and virgin mono-crystalline silicon wafers, 
which are: (a) P-doped, float-zone (FZ), 1-5 Ω.cm; 
(b) P-doped, Czochralski (CZ), 1-5 Ω.cm; (c) P-
doped, FZ, 2 Ω.cm; and (d) B-doped, pre-polished 
FZ, 10 Ω.cm. This diversity of samples allows us to 
look at the influence of the starting wafer on the 

outcome. The samples were first degreased in 
boiling trichloroethylene for 5 min., cleaned in 
acetone, rinsed in running de-ionized water and 
dried with flowing nitrogen gas. Next, n-type (P-
doped) samples were chemically etched in a CP4 
etching mixture (HNO3:HF:CH3COOH acids 
combination at 5:3:3 proportions) for 2 minutes. 
They were then carefully rinsed in dilute 
hydrofluoric acid (HF:H2O) in equal proportions 
(1:1). Next, they were rinsed again in running de-
ionized water and finally dried under nitrogen gas 
flux to be ready for laser irradiation treatments. The 
following processes were performed immediately 
after chemical preparation of the samples using 
three different types of lasers: 
 
1) Using a solid-state Nd-YAG pulsed laser (from 
Quantronix, USA), operating at 530 nm wavelength 
λ. This laser delivers pulses of about 100 ns 
duration and a small spot diameter (Ø = 0.1 mm 
typically) but at a very high repetitive rate of up to 
10 kHz. In this case, large areas are covered by 
scanning the pulsed beam under controlled over- 
lapping conditions. The laser beam fluence E has 
been varied from 0.6 to 1.6 J.cm-2 (Table 1). As is 
published elsewhere [48], the silicon melt depth at 
1.6 J.cm-2 for this pulsed laser is estimated to be 
about 500 Å. 
 
2) Using a solid-state ruby pulsed laser (λ = 694.3 
nm) operating in the mono-mode released working 
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regime giving a single spot of about 9 mm diameter 
and pulses of 20 ns duration. The laser beam 
fluence E has been ranged from 0.6 to 1.2 J.cm-2 
(Table 1). With this pulsed laser, it has been shown 
that silicon melt depth of about 500 Å is reached at 
a fluence E = 1 J.cm-2 [48].  
 
3) Using a gas-state ArF excimer pulsed laser (from 
Spectra Physics) operating in ultraviolet at λ = 193 
nm. This laser processing was performed in air by 
adjusting laser pulses to 21 ns, focused to a size of 
2 x 20 mm2 and scanned on the sample in one 
direction by means of an X-Y stage. Prior to 
irradiation, a thermally grown oxide film of about 
200 nm thickness was formed on the sample 
surface in order to limit the degradation since the 
presence of this film reduces the thermal quenching 
[49]. The laser fluence varied between 0.5 and 1 
J.cm-2 (Table 1), which is well above the melting 
threshold of crystalline silicon [50]. After laser 
irradiation, the oxide film was removed.  
 

To analyze the samples, Schottky diodes were 
performed by evaporating aluminum/titanium or 

gold dots of 1 to 1.2 mm diameter onto the p- or n-
type laser exposed surfaces, respectively. On the 
back surfaces, Ohmic contacts were also performed 
by evaporation of aluminum or gold depending on 
the type of silicon sample. Schottky diodes were 
also formed on un-irradiated reference samples at 
the same time to be sure that what we observed was 
due to the laser irradiation. Next, current-voltage 
(I-V) and capacitance-voltage (C-V) characteristics 
of the diodes have been measured at room 
temperature and their most important electrical 
parameters have been deduced. Additional 
measurements at low temperature have also been 
performed. The induced active defects generated in 
the bulk of the samples were investigated by the 
deep level transient spectroscopy (DLTS) 
technique. The DLTS system used consists of a 1 
MHz capacitance bridge and a double-phase lock-
in detector method providing a square weighting 
function. The energy levels and the capture cross 
sections are determined using the emission 
Arrhenius plots.  

 
Table 1: Nd-YAG, ruby and excimer pulsed laser processing experimental conditions. 

 

 Pulsed Nd-YAG laser  Pulsed ruby laser ArF pulsed excimer laser 

Wave Length λ 530 nm 694.3 nm 193 nm 
Pulse Duration 100 ns 20 ns 21 ns 

Pulse Frequency 
10 kHz 

(Very high repetitive rate) 
1 - 5 Hz 10 Hz 

Beam Spot Size Ø = 0.1 mm Ø = 9 mm 2 x 20 mm2 

Beam Fluence E 
From 0.6 to 1.6 J.cm-2 

(melting threshold = 1 J/cm2) 
From 0.6 to 1.2 J.cm-2   

(melting threshold = 0.8 J.cm-2) 
From 0.5 to 1 J.cm-2 

(melting threshold = 0.5 J.cm-2) 
Processing 

Temperature 
Ambient Ambient Ambient 

 
 

4.     Experimental Results and Discussion  

4.1.     Samples processed with pulsed Nd-YAG 
laser 

I-V characteristics of Schottky diodes made on Nd-
YAG laser processed samples have been recorded 
as a function of the laser beam fluence E. Schottky 
diodes made on reference non irradiated samples 
exhibit good and reproducible rectifier electrical 
characteristics. For low fluences (E ≤ 0.9 J.cm-2), 
the I-V behavior of a reference device remains well 
preserved. The rectifier effect disappears at nearly 
E = 1 J.cm-2. When the fluence goes up, a drastic 
degradation occurs and the I-V curves become no 
longer rectifying indicating the formation of a 
quasi-Ohmic contact. It can be noticed that I-V 

measurements performed at 77 K do not show the 
same experimental results. Indeed, in the case of 
samples irradiated at 1.3 J.cm-2 the I-V curves show 
a quasi-Ohmic behavior at 300 K, but at 77 K they 
are very close to that of the reference Schottky 
diode. 

Fig. 3 shows the evolution of the potential 
barrier height Vbn with the laser beam fluence E. 
Vbn has been calculated from the forward 
saturation current of Schottky diodes by assuming a 
pure thermionic transport. Starting from a typical 
value of 0.75 V for the reference diode, Vbn 
remains practically constant for the lower fluences 
(E ≤ 0.9 J.cm-2). With increasing E, Vbn decreases 
slightly after 1 J.cm-2 and goes down continuously 
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to reach very low values (< 0.6 V) for the higher 
fluences. 
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Fig.3: Evolution of the potential barrier height Vbn of 
Au-Si(N) Schottky diodes as a function of pulsed Nd-
YAG laser fluence. A strong electrical degradation in 
Vbn occurs at ~ 1 J.cm-2 threshold. 
 

The change in the diode quality factor n as a 
function of laser fluence is reported in Fig. 4. 
Starting from a typical 1.15 value for the reference 
Schottky diode, n remains practically unchanged 
for the lower fluences. At nearly E = 1 J.cm-2, n 
shows a small increase and then goes up 
continuously to reach values higher than 3 for E > 
1.3 J.cm-2. 
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Fig.4: Evolution of the ideality factor n of Au-Si(N) 
Schottky diodes as a function of pulsed Nd-YAG laser 
fluence. A strong electrical degradation in n occurs at ~ 1 
J.cm-2 threshold. 
 

Capacitance-Voltage measurements have been 
carried out at 1 MHz frequency. Fig. 5 shows the 
evolution of the diode capacity at -0.5 V with the 
laser beam fluence E. Lower fluences induce 
practically no change in the measured capacity. 
However, at E = 1 J.cm-2 the capacity starts 
increasing significantly and quickly becomes very 
high for the higher fluences indicating an increased 
concentration of ionized donor centers close to the 
sample surface.  
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Fig.5: Evolution of the capacitance C measured at -0.5 V 
of Au-Si(N) Schottky diodes as a function of pulsed Nd-
YAG laser fluence. A strong increase of C (-0.5 V) value 
occurs at ~ 1 J.cm-2 threshold. 
 

From the above results, we notice practically 
the same fluence threshold around 1 J.cm-2 for 
which all the electrical properties of the diodes start 
to degrade. Indeed, for beam fluence lower than 1 
J.cm-2, Nd-YAG laser produces only very small 
changes in the diode electrical parameters. 
However, above this threshold a fast degradation 
occurs and all of the diode electrical properties 
indicate practically the same behavior and the 
coherent trends. The sharp increase of the capacity 
measured at -0.5 V, as well as the great difference 
observed between I-V curves recorded at 77 K and 
at 300 K, indicate that high concentration of donor 
centers are induced by laser irradiations in the 
vicinity of the processed sample surfaces. 
Computer simulations through a model calculation 
[51] have shown that, for fluence E ≥ 1 J.cm-2, the 
silicon processed layer turns into melt. So, we think 
that the most damaging defects responsible for the 
diode degradation are generated in the laser 
induced molten layer and we believe that they 
result from the quenching process due to the fast 
melt cooling and high solidification rate. 

Fig. 6 shows a typical DLTS spectrum recorded 
from Au-Si(N) Schottky diode made on n-type Si 
sample irradiated with pulsed Nd-YAG laser at 1.6 
J.cm-2 fluence, which is well above the melting 
energy threshold (~ 1 J.cm-2). DLTS spectrum was 
recorded at emission rate of 14 s-1 and pulse 
duration of 600 µs. Three electron traps E1(0.32 
eV) with σn1 = 8.10-16 cm2, E2(0.45 eV) with σn2 = 
2.10-16 cm2, and E3(0.53 eV) with σn3 = 6.10-16 cm2 
are observed. As we will see in the next paragraph, 
these electron traps are also observed in the case n-
type Si of low resistivity irradiated at 1 J.cm-2 with 
ruby pulsed laser. 
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Fig.6: DLTS spectrum recorded from Au-Si(N) Schottky 
diode made on n-type Si sample irradiated with pulsed 
Nd-YAG laser at 1.6 J.cm-2 fluence, which is well above 
the melting energy threshold (~ 1 J.cm-2). DLTS 
spectrum was recorded at emission rate of 14 s-1 and 
pulse duration of 600 µs. One observes three electron 
traps: E1(0.32 eV) with σn1 = 8.10-16 cm2, E2(0.45 eV) 
with  σn2 = 2.10-16 cm2,   and E3(0.53 eV) with σn3 = 
6.10-16 cm2. 

 
 

4.2.     Devices processed with ruby pulsed laser 

The experimental procedure and study described 
above has been entirely and systematically carried 
out again in exactly the same experimental 
conditions except that Nd-YAG laser has been 
substituted for Pulsed Ruby laser. The fluence 
threshold, for which a significant degradation in 
Schottky diode electrical characteristics and 
properties occurs, was about 0.7 - 0.8 J.cm-2. This 
degradation threshold also coincides with the beam 
fluence for which the surface processed layer of the 
silicon sample turns into melt [51]. 

Fig. 7 shows a typical DLTS spectrum from 
Au-Si(N) Schottky diode performed on a ruby laser 
irradiated sample at 1 J.cm-2 fluence, which is 
above the melting and electrical degradation energy 
threshold (~ 0.8 J.cm-2) [52]. The spectrum exhibits 
three main peaks labeled E1, E2 and E3 due to 
electron traps located respectively at 0.32 eV, 0.43 
eV and 0.58 eV below the conduction band. The 
corresponding capture cross sections of the traps 
are 4.4 10-16 cm², 1.4 10-16 cm² and 5 10-15 cm², 
respectively. The dominant defect peak in the 
spectrum, i.e., the Ec-0.32 eV trap, gave a 
concentration of about 6 1014 cm-3 at -1 V reverse 
bias and 50 s-1 emission rate. 

 

 
 

Fig.7. DLTS spectrum from Au-Si(N) Schottky diode 
after pulsed ruby laser at 1 J.cm-2 beam fluence which is 
above the melting energy threshold. The spectrum 
exhibits three main peaks labeled E1, E2 and E3 due to 
electron traps located respectively at 0.32 eV, 0.43 eV 
and 0.58 eV below the conduction band. 
 

These deep levels are similar to those observed 
above in the case of silicon samples irradiated with 
pulsed Nd-YAG laser with beam fluence of 1.6 
J.cm-2, which is well above the melting and 
electrical degradation threshold [53]. Considering 
the fact that the melt depths induced in the silicon 
wafers by the two lasers at their corresponding 
energies (1 J.cm-2 for ruby and 1.6 J.cm-2 for Nd-
YAG) are approximately equal (~ 500 Å) [51], it is 
not surprising that the same levels are observed 
here. This suggests that the essential parameters in 
defect formation during liquid-phase processing is 
the melt depth and the velocity of solidification or 
melt cooling rate. A situation in which melt depths 
are equal and natural cooling is employed produces 
the same defects irrespective of the type of laser 
used. This happens to be the case in our 
experiments. The defect states produced are 
characteristics of pulsed laser-treated silicon for 
which some tentative identification methods were 
proposed [32, 54, and 55]. In our previous works, 
we have showed that these defects can be 
electrically neutralized either by low-energy 
hydrogen ion implantation [39] or by rapid thermal 
annealing at 600°C for 60 s duration [53]. 

From the analyses and comparison of DLTS 
spectra obtained on samples irradiated separately 
by Nd-YAG and ruby lasers (Table 2), one can 
conclude that active defects induced in silicon by 
these two solid-state pulsed lasers are similar. 
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Table 2: Similarity of defects deep levels induced by the two solid-state Nd-YAG and Ruby 
pulsed lasers. 

 

Solid State Pulsed Laser Deep Level E1 Deep Level E2 Deep Level E3 

Nd-Yag 
EC – 0.32 eV 
σn ~ 8.10-16 cm-2 

EC - 0.45 eV 
σn ~ 2.10-16 cm-2 

EC - 0.53 eV 
σn ~ 6.10-16 cm-2 

Ruby 
EC - 0.32 eV 

σn ~ 4.4 10-16 cm-2 
EC - 0.43 eV 

σn ~ 1.4 10-16 cm-2 
EC - 0.58 eV 
σn ~ 5 10-15 cm-2 

 
 

4.3.     Devices processed with ArF excimer 
pulsed laser 

Figs. 8 and 9 show typical DLTS spectra of deep 
levels observed in p-type silicon irradiated with 
ArF excimer laser at fluences of 0.55 J.cm-2 and 0.7 
J.cm-2, respectively. The DLTS spectrum of an un-
annealed (control) sample is also reported for 
comparison. Four hole traps H1 (≈ 0.22 eV), H2 
(0.37 eV), H3 (0.48 eV), and H4 (0.6 eV) are 
detected on the irradiated sample at an emission 
rate of 41 s-1 and using a pulse width of 120 µs. 
The capture cross sections σp are 3 10-16 cm², 1 10-
15 cm² and 3 10-14 cm² for H2, H3 and H4, 
respectively. For p-type material, there is, to our 
knowledge, only the previously mentioned result of 
Young et al. [56] probably due to difficulties in 
performing good Schottky diodes on p-type silicon. 
A comparison of the H2 1evel with the single level 
observed at Ev + 0.38 eV in this work shows good 
match. However, this analysis was performed on 
Schottky structures made on Si-implanted p-type Si 
after XeCI annealing at 2 J-cm-2. We believe that 
their level is due to a residual tail of implanted 
defects which subsist in a region deeper than the 
molten layer. A trap at Ev + 0.38 eV has often been 
observed on N-P junctions prepared by ion 
bombardment with subsequent laser annealing 
[32,57,58]. 

 
 

Fig.8: DLTS spectrum recorded on p-type silicon sample 
irradiated with ArF excimer laser at fluence of 0.55 
J.cm-2. 

 

 
 

Fig.9: DLTS spectra recorded on irradiated and un-
irradiated (control) p-type silicon samples. The ArF 
excimer laser fluence is 0.7 J.cm-2. The H1 level is 
amplified by 10 to be well detected. 

 
 

The H1, H2, and H3 1evels have also been seen 
in p-type Si irradiated with solid state lasers 
[59,60]. These results are not surprising since it is 
known that the essential parameters in the defect 
formation during liquid-phase processing are the 
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melt depth and the velocity of solidification or melt 
cooling rate. In a situation when melt depths are 
equal and natural cooling is employed, it produces 
the same defects regardless of the laser type. 
However, in the case of excimer laser irradiation, 
an additional trap (H4) located at about 0.6 eV from 
the valence band is observed whose origin is not 
clear and needs more investigation. If the 
quenching model is considered, where the 
vacancies generated at high temperature could 
precipitate during the fast cooling, it is possible to 
relate the observed defects to vacancy clusters or 
vacancy-impurity associations. Thus, the H1 trap 
has been correlated with the lowest energy charge 
state of the di-vacancy, while H2 and H3 have been 
assigned to the vacancy-oxygen-carbon (V-O-C) 
complex and to the vacancy-boron (V-B) complex 
[60], respectively. 

A typical DLTS spectrum (curves 1 and 2) for 
ArF laser irradiated n-type silicon sample is shown 
in Fig. 10. The DLTS spectrum for the reference 
sample is also reported in the same figure for 
comparison (curve 3). Six electron traps are clearly 
detected and correlated to the laser induced defects: 
the peaks are E1 (~ 0.18 eV), E2 (~ 0.25 eV), E3 
(0.34 eV), E4 (0.43 eV), E5 (0.53 eV) and E6 (0.60 
eV). The capture cross section σn corresponding to 
these traps are 5.10-16 cm², 1.10-15 cm², 1.10-15 cm² 
and 5.10-14 cm² for E3, E4, E5 and E6, respectively. 
The de-convolution of the peaks has been 
performed by changing the pulse excitation 
amplitude as shown by curve 2. The defects E1 - E6 
have been previously observed by many authors for 
solid state laser annealing of virgin silicon [32]. 
The corresponding energies coincide within 0.04 
eV with those found for ruby lasers 
[32,33,57,61,62,63] and within 0.02 eV for Nd-
YAG lasers [34,55,63]. 
 

 
 

Fig.10: DLTS spectra recorded on irradiated (curves I 
and 2) and un-irradiated (curve 3), n-type silicon 
samples. Curve 2 is obtained by changing the pulse 
excitation amplitude. The E1 and E2 traps are amplified 
by 10 to be well observed. 

The El (0.18 eV) and E2 (0.25 eV) defects are 
detected in a very low concentration under our 
experimental conditions. The origin of the E1 peak 
is subject to discussion. It is thought to be due 
either to in-diffusion of an impurity from the 
surface [55,62] or to a quenched-in defect resulting 
from re-crystallization from the liquid phase 
[32,55,62]. The trap E2 (0.25 eV) has been 
correlated to the di-vacancy (V-V) defect. The trap 
at Ec - 0.34 eV can probably be assigned to a multi-
vacancy center [55]. The deeper levels E4 and E5 
have generally been associated with di-vacancy 
(0.43 eV) [63] and the vacancy-oxygen complex or 
clusters of vacancy like surface defects (0.53 eV) 
[58,64]. This last level seems to be a recombination 
center as it was also detected as minority carrier 
trap in a MCTS [32] measurement. This is probably 
the case for our H4 and E6 1evels which appear in 
both silicon types. More investigations are 
necessary to confirm this point. 

Depth profiles of the traps E3, E4, E5 and E6 
after ArF excimer laser irradiation at fluence of 0.7 
J.cm-2 have also been determined [36]. It is obvious 
that the traps are present in the silicon surface at a 
region deeper than the melt depth (about 100 nm at 
0.7 J.cm-2) [65]. The concentration of the levels 
falls quickly under the detection limit for depths 
greater than 1 µm. Moreover, the defect 
distribution decreases strongly following an 
exponential trend. The extrapolation towards the 
surface can give very large defect concentrations 
which might explain the difficulties in forming 
rectifying contacts on this damaged surface. We 
have also shown that a post laser thermal treatment 
around 650°C allows most of these defects [66] to 
anneal out. This result enhances the interest of the 
excimer laser applications in silicon processing. 

5.     Conclusion 

In summary, this work has clearly demonstrated 
that all pulsed lasers considered generate 
electrically active defects in silicon. These defects 
are generated for fluences above the melting 
threshold value which is depending on the type of 
laser. Defects are mostly generated in the laser 
induced molten layer, and are concentrated in the 
vicinity of the surface. So, we believe that the 
generated defects are resulting from the quenching 
process due to the fast melt cooling and immediate 
fast re-solidification of the irradiated silicon layer. 
The active defects induced by solid-state pulsed 
lasers (Nd-YAG and ruby) are similar to those 
generated by gas-state ArF excimer laser, so the 
electrically active defects resulting from all pulsed 
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lasers working in the liquid phase regime seem to 
be solely related to the re-growth velocity as was 
speculated in the past. Generated defects are acting 
either as charge carrier traps or as recombination 
centres. This is why they have negative effect on 
the electrical performances of solar cells.  
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