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Abstract 

Pulsed laser driven modifications of one Cl monolayer (ML) chemisorbed on Si(100) are studied by time of flight mass 
spectrometry (TOF) of the desorbed molecules, Auger electron spectroscopy @ES) of the modified surface, and Cl depth 
profile analysis by secondary ion mass spectrometry (SIMS). The experimental conditions are that of surface melting. 
Evidence of Cl diffusion to the bulk during surface melting, and of strong segregation of Cl in Si during surface 
recrystallization, are presented. The following branching ratios for 1 Cl ML initially adsorbed on clean Si are measured 
independently: (a) (from TOF and depth profiler measurements) 0.58 f 0.07 ML desorb reactively in the form of Sic1 and 
SiCl,. The Sic1 to SiCl, ratio is 1.3 + 0.3; (b) (f rom AES measurements) 0.37 f 0.13 ML are found after the laser pulse in 
a thin surface layer of 7 atomic planes; (c) (from SIMS measurements) 0.10 + 0.10 ML are found in deeper layers, the 
solubility of Cl in solid Si being lower than 1019 cmm3, the sensitivity of our SIMS for Cl; (d) 0.12 f 0.07 ML desorb 
unreactively in the form of Cl and Cl,. By order of increasing importance, unreactive desorption, stoichiometry and 
diffusion to the bulk during the laser pulse have the practical effect of limiting the maximum etch rate to 0.40 + 0.03 Si ML 
per laser pulse under the conditions of surface melting. Although the laser pulse induces diffusion of Cl towards the bulk 
during melting, the strong segregation of Cl during recrystallization limits Si contamination by Cl at undetectable levels to 
our SIMS. Cl in Si is a very good case for laser cleaning, as is shown by comparison with C and 0. 

Keywords: Auger electron spectroscopy; Chlorine; Halogens; Laser annealing; Laser etching; Laser surface cleaning; Low index single 
crystal surfaces; Photon stimulated desorption; Resonance enhanced multiphoton ionization mass spectroscopy (REMPI/MS); Secondary 
ion mass spectroscopy; Silicon; Surface melting; Surface segregation 

1. Introduction 

The interaction of a laser beam with a surface on 
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which atoms or molecules are adsorbed may lead to 
desorption as well as to diffusion to the bulk. Des- 
orption allows for surface etching or cleaning, de- 
pending on whether the desorbed molecules contain 
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substrate atoms or not. Diffusion leads to ultra-shal- 
low doping, oxidation, compound formation, or bulk 
contamination, depending on the nature of the incor- 
porated atoms [1,2]. However, the problem of the 
competition between desorption and diffusion has 
received little attention despite its important practical 
consequences (contamination, loss of dopants, etc.); 
loss of atoms by desorption has been mentioned by 
some authors, but it has been measured only recently 
[3] for Ge, B, As and Sb in Si during laser etching 
experiments; incorporation of 0 and C in Si was 
observed in laser cleaning experiments [4]. In this 
work, we are concerned with diffusion of adsorbates 
(Cl) during chemical laser etching of Si [5-221. In 
this introduction, we first review important results on 
laser driven diffusion of impurities; next we summa- 
rize the literature on Cl adsorption on Si(100) and on 
laser etching of Si by Cl. 

For many adsorbates on Si (including Cl), laser 
induced diffusion to the bulk is significant only at 
fluences above the surface melting threshold: the 
diffusion coefficient D of most impurities in solid 
silicon is so small that the calculated diffusion length 
during an excimer laser pulse is much smaller than 
the separation between two adjacent (100) planes; 
however, it is larger by seven orders of magnitude in 
liquid silicon with the result that the diffusion length 
becomes comparable to the melted depth [23], which 
is 130 nm at a laser fluence of 600 mJ cm-’ for a 20 
ns laser pulse at 308 nm [9]. The diffusion coeffi- 
cient for Cl in liquid Si is not known. However, its 
order of magnitude is the same for all elements for 
which it is known, so we use for Cl the average of 
diffusion coefficients measured for other elements: 
D=3x10m4 cm2 s-i [27]. The corresponding dif- 
fusion length is (0~)“~ = 390 A, using the mea- 
sured duration of melting r = 50 ns [9]. This length 
defines the spatial scale of the decrease of Cl con- 
centration induced by diffusion during one single 
laser pulse. 

The state of the substrate and adsorbate after the 
laser pulse depends not only on desorption and diffu- 
sion to the bulk during the laser pulse, but also on 
the impurity redistribution which is induced by seg- 
regation at the moving liquid-solid interface during 
surface recrystallization [24-301. Segregation is re- 
lated to the different solubilities of impurities in the 
liquid and solid phases and it also depends on the 

dynamics of recrystallization. It is characterized by 
the segregation coefficient which is defined as the 
ratio n,/n, of the concentrations in the solid and 
liquid phases. At equilibrium, the segregation coeffi- 
cient strongly depends on the element; it increases 
towards unity as the interface velocity increases [28]; 
velocities in the range 1 to 12 m/s are obtained 
during nanosecond pulsed laser experiments at 308 
nm, for laser fluences in the range 350-1000 mJ 
cmp2, the upper value being close to the threshold 
for amorphization [27]. Despite these conditions, the 
segregation coefficient is not necessarily equal to 
unity, and segregation strongly influences the final 
concentration depth profile of incorporated impuri- 
ties. In the case of a segregation coefficient notably 
lower than unity, impurity atoms are brought closer 
to the surface by recrystallization. A segregation 
coefficient very close to unity tends to induce a flat 
distribution of impurities over the melted depth after 
only a few laser pulses [27]. 

There have been several studies of chlorine ad- 
sorption on Si(100). Chlorine chemisorbs dissocia- 
tively. According to most studies, the surface is 
passivated by the adsorption of one Cl monolayer 
(ML) 1311. However, one work brings up the exis- 
tence of a second, weakly bound, unsaturated state 
which was observed by temperature programmed 
desorption (TPD) [32]. None of our experimental 
observations, including Auger experiments, seems to 
involve such a state. If it exists, it does not seem to 
play a role in laser desorption experiments, perhaps 
because it would be emptied very quickly at the very 
early stage of laser heating: its reported peak is only 
200°C in TPD. Therefore we ignore the possible 
existence of such an adsorption state. At saturation, 
the Si(100)2 X 1 reconstruction is not removed [33- 
35]. This is in contrast with the case of the (111) 
orientation for which the 7 X 7 reconstruction is 
removed by chlorine adsorption [36]. The Si(100) : Cl 
surface structure results from the bonding of Cl 
electrons with the single dangling bond present on 
each Si atom in the 2 X 1 reconstruction. As a result, 
the Cl atoms sit obliquely on Si atoms [37]. The 
Si : Cl ratio is unity at saturation and 1 ML contains 
6.78 X 1014 at cmp2. Finally, the sticking coefficient 
of Cl, at room temperature is - 0.1 [5,36]. 

Laser etching of silicon by chlorine has been 
studied extensively for both the (100) and (111) 
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orientations. The results may be summarized as fol- 
lows: (1) the laser desorption of silicon chlorides 
already present at the surface at the instant of the 
laser pulse requires surface melting [9]. (2) The 
reactive scattering of gas phase molecular or atomic 
chlorine at the silicon surface requires kinetic energy 
(threshold: 5 kJ/mol in the case of Cl, on Si(ll1)) 
[18-201. Laser excitation (threshold: 20-40 mJ cmP2 
in the region 355-560 nm for Si(ll1) [l&20]) is 
also necessary at thermal energies [12,14]. Reactive 
scattering has been observed in the absence of a laser 
beam for Cl, kinetic energies above N 1 eV [21]. 
Over a wide range of pressures (i.e. below 100 
mbar), process (1) (photodesorption) dominates the 
etch rate [12,17], and in this paper we focus our 
attention on it [5-11,15,16]. Hence, we use laser 
fluences above the melting threshold, which is - 350 
mJ cmm2 for our excimer laser at 308 nm [9]. The 
mechanism of photodesorption is most probably 
evaporation of molecules (mainly SiCl) from the 
laser melted surface: there is a laser fluence thresh- 
old for photodesorption which was experimentally 
found to coincide with the surface melting threshold 
[9]; the etch rate saturates at 0.56 A/pulse (or 0.40 
Si ML/pulse) [5]; the desorption yield on the solid 
surface is lower than 10m4 Si ML/pulse [9]. 

The aim of this work is to understand why the 
etch rate is limited to the value of 0.40 Si ML/pulse. 
We measure both desorbed Sic1 molecules using 
time of flight (TOF) mass spectrometry, and undes- 
orbed Cl atoms using Auger electron spectroscopy 
@ES) and secondary ion mass spectrometry (SIMS). 
This allows us to measure the amounts of undes- 
orbed and desorbed Cl in reactive and unreactive 
form. Evidence of Cl diffusion to the bulk, and of 
strong segregation of Cl in Si, are presented. Diffu- 
sion results in bulk contamination, while segregation 
results in bulk cleaning. The net result of diffusion 
and segregation is that Cl incorporation to the bulk is 
below our SIMS sensitivity level. The laser allows to 
clean Si from Cl contamination in a few pulses, at 
undetectable levels by AES and SIMS. Laser clean- 
ing of Cl, C and 0 are compared. 

2. Experimental 

Two experimental setups have been used, one 
with a base pressure of lo-’ mbar, and the other one 

with a base pressure of 2 X lo-” mbar. The sec- 
ondary vacuum apparatus has been described in de- 
tails previously [5,9]. Briefly, a pulsed molecular 
beam of chlorine allows the controlled (up to 1 ML), 
pulsed (up to 100 Hz) dosing of a silicon sample at a 
static working pressure in the range lo-’ to 10e6 
mbar. A “pump” laser beam (308 nm or 337 nm) 
produces the desorption of silicon chlorides. Laser 
desorbed Sic1 molecules are ionized by a “probe” 
laser beam at a variable delay after the pump laser 
pulse by resonantly enhanced multiphoton absorption 
at 308 nm. The SiCl+ ions are detected on mi- 
crochannel plates after passing through a time of 
flight (TOF) mass spectrometer which is used as a 
mass selector. By varying the delay between the 
pump and probe lasers, the velocity distribution of 
desorbing Sic1 molecules is measured. The Sic1 
desorption yield taken as the TOF Sic1 peak height 
is calibrated against the absolute etch rate as mea- 
sured ex situ with a DEKTAK surface profiler. 

The UHV apparatus (Fig. 1) is equipped with a 
RIBER sample manipulator, a VG Monitor 100 D 
quadrupole mass spectrometer, an ion gun, an elec- 
tron gun, and a VSW Class 100 hemispherical elec- 
tron spectrometer which was used for AES. In AES 
experiments, we used an incident electron kinetic 
energy of 2000 eV at an incidence angle of 48” with 
respect to the surface normal; the current through the 
sample was 100 to 200 nA; the electron beam diame- 
ter was N 0.4 mm; we have found no evidence of 
electron induced desorption under these conditions. 
The laser beam has a diameter of 3 mm at the 
surface; the electron beam is scanned across the laser 
spot to probe the laser induced surface modifications. 
The emitted electrons are collected at 45” off the 
surface normal. 

The undifferentiated E N(E) spectra are used for 
measurements. When the electron current and energy 
and the sample orientation are kept constant, the 
Auger spectra at different positions across the sur- 
face are proportional to one another, and the back- 
ground remains the same upon chlorine adsorption 
(this is shown in Fig. 2 for Si(ll1)). Therefore, we 
use for quantitative measurements the ratio of the 
Auger electron peak heights to the electron back- 
ground at the peak energy. Throughout this paper, 
“peak height” stands for “ratio of peak height to 
the background”. We have monitored the Si LVV 
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Fig. 1. Experimental UHV apparatus. The sample is on the axis of 
the main chamber. PV: pulsed valve. IG: ion gun. EG: electron 
gun. EA: electron electrostatic analyzer. C: channeltron. W: win- 
dows. IP: ion pump. CP: Cryogenic liquid He pump. TP: turbo- 
molecular pump. ST: sample transfer. FOD: fast opening door. 

and the Cl LVV Auger peaks at 92 and 181 eV, 
respectively. When there is no chlorine below the 
surface, we assume that the surface coverage is 
proportional to the Cl peak height. In addition, the Cl 
peak heights are normalized to the 1 ML peak height 
and are expressed in ML. 

Fig. 2. AES spectra of a laser cleaned Si surface and a Cl 
saturated surface. 

In the case where chemical changes to the Cl 
overlayer would be induced by the laser, the peak 
height might not reflect adequately the Cl coverage. 
Therefore we have also estimated the Cl coverages 
by measuring the Cl peak areas between 130 and 190 
eV: the results of the two methods are comparable 
within 0.02 ML. 

Si samples (p-type, B-doped, p = l-5 s1. cm) are 
oriented towards (100). They are prepared by the 
standard RCA method. In the secondary vacuum 
experiment, they are laser annealed (at a laser flu- 
ence of 600 mJ cm-* , i.e. above the surface melting 
threshold, but well below the ablation threshold) for 
a hundred laser shots. From the background static 
pressure (< lo-” mbar for chlorine, < 10e7 mbar 
for other gases), the laser repetition rate (> 10 Hz), 
and the sticking coefficient of Cl, on Si(100) (N 0.1) 
[6], we estimate the surface contamination between 
two laser pulses to be much less than lo-* ML for 
all contaminants. Considering that the laser pulse at 
the fluences used here has the effect of cleaning the 
surface (see below), it is reasonable to assume that 
the Si surface is clean from contaminants other than 
chlorine. For secondary vacuum experiments, 1 ML 
is defined as the coverage which leads to the satura- 
tion of the etch rate as the chlorine dose between 
two laser pulses is increased. With this definition, we 
have obtained no inconsistencies between the TOF 
and the AES experiments. 

In the UHV experiment, two methods were used 
to clean the surface: argon ion erosion followed by 
annealing at 6OO”C, and laser annealing. The surface 
cleanliness is checked by AES. After cleaning, car- 
bon and oxygen are not observable (Fig. 2). Efficient 
laser cleaning of silicon is obtained with a few 
hundred laser pulses at a fluence in the range 500 to 
600 mJ cmP2. The ratio of the Si peak height to the 
background is equal to N 4 and to N 8 for the 
sputtered and annealed samples and the laser an- 
nealed ones, respectively. Since for the sputtered and 
annealed samples the Si peak height increases with 
annealing temperature and duration, this might be 
considered as an indication of the good “quality” of 
the laser cleaned surfaces; however, it might also 
indicate some surface disorder. Laser cleaned Si(100) 
surfaces have indeed been reported to exhibit the 
2 X 1 reconstruction, and to be slightly more disor- 
dered than thermally cleaned surfaces (9OO”C), based 



98 B. Bourguignon et al./Surface Science 338 (1995) 94-110 

on EELS and RHEED studies [38]. We have ob- 
served no difference between the two types of sur- 
faces in the behavior towards chlorine. Fig. 2 shows 
AES spectra of the laser cleaned and Cl saturated 
surface. 

We emphasize the fact that the fluence of 600 mJ 
cmp2 is much lower than the damage threshold of 
- 1 J crnm2. At such a fluence, the surface is 
severely roughened after N one hundred pulses, as 
evidenced by the fact that it becomes dark, and as 
revealed by the profiler. At fluences of - 600 mJ 
crnA2, and if the number of laser pulses is more than 
about one hundred, a careful examination of the 
surface by eye reveals the contour of the illuminated 
spots. No other anomaly is observed. This visible 
contour may be due to stuctural defects induced by 
the thermal shocks at the boundary of the laser beam. 
The temperature rise is as large as - 1400 K in 
- 10 ns and - 1 pm. The cooling is not as fast, but 
its time and space scales are still very short (a few 
100 ns and a few pm, respectively). 

A SIMS apparatus (Cameca SMI 300) is used ex 
situ for measuring the Cl depth profile after laser 
etching by 20 to 2800 laser pulses. The sample is 
sputtered by 0: primary ions of 5.5 keV at a current 
of 100 nA. The ion beam has a diameter of 100 pm 
on the surface. The sputtered area has a diameter of 
600 pm. The secondary ions are analysed by means 
of a single magnetic field and counted. The SIMS 
sputtered depth is systematically calibrated with a 
DEKTAK profilometer. Possible variations of the 
sputtering rate with the Cl concentration was not 
investigated. However, considering the very low Cl 
concentrations achieved in this work, Cl induced 
variations of the sputtering rate are improbable. Un- 
der our experimental conditions, the 0 signal stabi- 
lizes after sputtering of a depth of - 25 nm (this 
stabilization corresponds to the equilibration of 0 
incorporation and sputtering rates during analysis). 

3. Results 

3.1. Variations of the state of the substrate with the 
type of experiment (TOF, SIMS AES) 

In this paper, we discuss TOF, SIMS and AES 
measurements corresponding to an initial surface 

coverage of 1 ML and to a laser fluence of 600 mJ 
cmm2. The chlorinated silicon before the laser pulse 
is not identical in all types of experiments. For TOF 
experiments, the data are accumulated over a series 
of 214 = 16 384 laser pulses. Each measurement con- 
sists in a single exposure to chlorine followed by a 
series of H laser pulses (M = 1 to 8), depending on 
the experiment. Therefore, before the first laser pulse 
of the series, there is a Cl monolayer at the surface 
and possibly Cl in the bulk which has diffused below 
the surface in the course of previous measurements. 
In AES experiments, an atomically clean Si sample 
is exposed to a controlled chlorine dose. As a result, 
the bulk is clean. The sample is exposed to one 
single laser shot and Auger spectra are then recorded. 
In the case of readsorption experiments, it may be 
contaminated by Cl diffusion induced by a known 
small number of laser pulses. Therefore, the compar- 
ison between TOF and AES experiments requires to 
estimate the influence of bulk Cl on desorption and 
diffusion. The SIMS measurements reported here 
were done on samples etched in our TOF apparatus. 

3.2. Notations 

In both experiments, the initial surface and bulk 
Cl are redistributed by the effect of the laser pulse 
into the gas phase, the surface and the bulk: 

Ddes + 8, + Ddif = 0; + D&, (1) 

where Ddes and Ddif are the amounts of desorbed 
and diffused Cl atoms per unit area, respectively, 
D& is the initial amount per unit area of Cl in the 
layer to be melted by the laser, 0: and 0, are the 
initial and final surface coverages, respectively. For 
atomically clean bulk and Cl saturated surface, 13: = 
1 ML and D& = 0. In TOF experiments, D& is 
generally not zero. Its actual value may depend 
strongly on YY. It will be shown below that D& = 0 
for 1= 8. Ddes, Ddif and D& may be expressed in 
ML. After recrystallization, the undesorbed atoms 
may be distributed in the whole melted layer: 

Ddir= 5 Oi, (2) 
i= 1 

where N is the number of (100) planes in the melted 
layer, and 13~ the Cl content of the Si plane number i 
after recrystallization. 
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AES probes only a thin surface layer. We arbitrar- 
ily define its thickness as the depth corresponding to 
an attenuation of Cl Auger electrons at 181 eV of 
10-l. The mean free path of electrons of 181 eV 
energy is 2 to 5 atomic planes [42]. This corresponds 
to a transmission factor of electrons by one single 
atomic plane of a = 0.71 + 0.11. With this transmis- 
sion factor, the contribution of an atom in the 7th 
atomic plane is 0.09 times that of a surface atom, so 
our “AES layer” corresponds to the first seven Si 
planes. The spatial scale of diffusion (as estimated in 
the introduction section) is N 1 order of magnitude 
larger than the AES depth. Therefore, AES measure- 
ments only allow to estimate 8, and DAEs, the 
fraction of Cl atoms which are found in the AES 
layer after the laser pulse. Atoms that diffuse to 
deeper planes can be probed by SIMS: 

Ddif = D*ES + DSMS” (3) 

D AES = 2 ‘i 3 (4) 
i=l 

D SIMS = f ‘i. (5) 

i=8 

The AES signal I,, is not proportional to DAEs, 

because the contribution of each plane has a different 
attenuation factor. Assuming that Cl atoms produce 
the same attenuation on 181 eV electrons as Si 
atoms, the AES signal ZAEs is equal to 

I AES = 8, + (1 - 8, + “8,) E (Yi-lel, (6) 
i= 1 

which can be rewritten as 

I AES =8,+(1-0,+cue,)~, 

with the definition 

(7) 

8= I? cPei. (8) 
i=l 

Chlorine may desorb in various forms, reactive 
and unreactive, so Ddes is equal to 

Ddes = D,,x, + Dunreact = ( DSiCl + 2 DSiCl,) 

+ (DC, + 2 DC,*)’ (9) 

where D, is the amount of desorbed X molecules 
per unit area. For Si atoms, the desorption yield Dsi 
is equal to 

DSi = DSiCl + DSiCI,. (10) 

2 3 4 5 
Laser Count 

Fig. 3. Relative desorption yield of Sic1 in a series of laser pulses following one single chlorine dose (TOF measurements with laser 
ionization of desorbed SiCl). Several values of the chlorine dose have been used, resulting in an absolute Si desorption yield at the first 
pulse of (a) 4.0 X IO-‘, (b) 9.1 X 10-2, (c) 3.7 X lo-‘, Cd) 4.6 X 10m3, (e) 3.0 x 10m3, (f) 4.1 x 10-4, (g) 1.6 x 10m4, (h) 4.7 x lo-’ 
ML. 
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In what follows, we estimate the values of Ddes, 
Ddif, and 8,. One difficulty arises from the fact that 
these quantities are not directly measured with the 
techniques used here. Dsi is measured absolutely. 
DSic, is measured only relatively by TOF, as a 
function of laser pulse count. The ratio between 

DSiCl and DSiC12 
can only be roughly estimated by 

TOF. 
We shall first show the experimental results. The 

estimations of Dms, DSIMS, Ddes and D& will be 
presented in the next section. 

3.3. TOF results 

The etch rate Dsi exhibits a saturation at 0.40 
ML/pulse above the fluence of N 500 mJ cme2 [9]. 
In order to investigate the origin of this saturation, 
we have monitored the desorption of Sic1 molecules 
in a series of N laser pulses following one single 
exposure to chlorine. The fluence was 600 mJ cmP2, 

(a) 

0 200 400 600 800 1000 
Time of flight (us) 

. SiCl (Raw data) 

- SiCl 2.4 SiCl2 

- SIC12 (Raw data) 

- Maxwell-Bolt.?.mmn, ,680 K 

which is in the saturation range. The desorption yield 
after the first pulse does not fall to zero, showing 
that the saturation does not correspond to the desorp- 
tion of all chlorine. It decreases with laser count i 
(Fig. 3). It fall s b y nearly three orders of magnitude 
between i = 1 and i = 8, but it is still measurable 
after 8 pulses. The experiment was performed for 
various initial surface coverages in the range be- 
tween 1 ML (“a” in Fig. 3) and - 10m4 ML (“h” 
on Fig. 3). 

The absolute etch rate per Cl pulse DSi (H) is 
measured with the depth profiler (Table 1). We scale 
the relative Sic1 desorption yield Dsic, (i) at pulse i 
so that DSi (JV) = Cc 1 Dsic, (i). The results are 
shown in Table 1 for N = 1-3. We find that the 
Sic1 desorption yield at the first pulse does not vary 
with N by more than lo%, which is of the order of 
magnitude of the experimental uncertainty. This re- 
sult suggests that the presence of Cl in the bulk has a 
small effect on the desorption yield: after the Cl 

200 400 600 800 1000 
Time of flight (us) 

0 200 400 600 800 1000 

Time of flight (us) 

Fig. 4. (a) Experimental TOF spectra of laser desorbed Sic1 and SiCl,. The ionization is by electron impact. The estimated contribution of 
SiCl, cracking to Sic1 is subtracted from the SiCl distribution. The resulting Sic1 distribution is fitted to a Maxwell-Boltzmann distribution 
at 1680 K. (b) Experimental TOF spectrum of SIC],. The data are modelled by the sum of a Maxwell-Boltzmann distribution at 1680 K, 
and a phenomenological distribution corresponding to wall reactions (see text). (c) Experimental TOF spectrum of SiCl,. The data are 
entirely assigned to wall reactions, and are modelled by the same phenomenological distribution as for SiCl, (see text). 
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Table 1 
Absolute desorption yield of Si (Ds, (,Y), as measured with the 
depth profiler) as a function of N, the number of laser pulses 
between two Cl pulses, and (below separator) relative desorption 
yield of SiCl (Dsic,, as measured by TOF) as a function of laser 
count i for Jy = 8 

_N, number of laser pulses 
between 2 Cl pulses 
Dsi (,Y), etch rate per Cl pulse 
(ML/pulse) 

D,,,, (11, Sic1 desorption yield 
at the 1st laser pulse 
Dsi,, (2), SiCl desorption yield 
at the 2nd laser pulse 
D,,,, (31, SiCl desorption yield 
at the 3rd laser pulse 
Total (Sic1 desorption yield 
for one Cl pulse) 

1 2 3 

0.40 0.52 0.55 

0.40 0.43 0.44 

0.09 0.09 

0.02 

0.40 0.52 0.55 

Experiments consist of one Cl pulse followed by .N laser pulses. 
The TOF measurements are scaled so that D,, (Jv) = EC, D,,,, 
(i). The laser fluence is 600 m.J cm-‘. 

pulse and before the first of the ~7 laser pulses, the 
Cl surface coverage (which results from resaturation 
of the surface by the Cl pulse) does not depend on 
JV, so the contribution of surface Cl to the desorp- 
tion yield sould be constant with A’. On the other 
hand, we expect the bulk to be cleaner as JV in- 
creases. So the contribution of bulk Cl to the desorp- 
tion yield should decrease with JV. No such decrease 
is observed experimentally. The Sic1 desorption 
yield, which strongly depends on surface coverage 
[5], depends little on the possible presence of Cl 
below the surface. This may mean that there is in 
fact no significant amount of Cl just below the 
surface. Alternatively, the small effect of bulk Cl on 
desorption may be related to the rather large Cl 
concentration gradient at the beginning of the laser 
pulse: the Cl atoms located just below the surface 
would be repelled by surface atoms towards the bulk. 

The branching ratio between Sic1 and SiCl, may 
be estimated from previous TOF measurements from 
our group [6]. In these measurements, ionization of 
the desorbed molecules was by electron impact. There 
are three difficulties in estimating the SiCl/SiCl, 
ratio from the integrated velocity distributions of 
both molecules (Fig. 4). One is that the relative 
ionization efficiencies of Sic1 and SiCl, are not 
known. We assume in what follows that they are 
equal: for both molecules, ionization consists in re- 

moving one electron from the Si atom. The assump- 
tion is that the details of the electronic structure of 
both molecules and molecular ions do not affect too 
much the ionization efficiency. While this assump- 
tion is not valid for ionization at a well defined 
energy (as is the case for laser ionization), it may be 
used for the broad distribution of electron energies in 
our ionization source. 

The second difficulty comes from the cracking of 
SiCl, upon ionization. Some experimental informa- 
tion is available. Li et al. [18,19] have reported 
velocity distributions of Sic1 and SiCl, molecules 
desorbed from Si(ll1) under conditions different 
from ours, where SiCl, is the only desorption prod- 
uct. As a result, Sic1 has the same velocity distribu- 
tion as SiCl, in Refs. [18,19], while Sic1 and SiCl, 
have different velocity distributions in our experi- 
ment 161. The SiCl/SiCl, ratio is - 2 in Li’s paper, 
and this ratio directly reflects the cracking pattern of 
SiCl,. Matsuo et al. [44] also reported TOF spectra 
of Sic1 and SiCl, under conditions of thermal des- 
orption from Si(lll), where Sic1 is not desorbed. 
Their measurement of the SiCl/SiCl, ratio is - 3.4. 
In our experiment, SiCl, has a longer flight time 
than SiCl, so we may assume that the tail of the Sic1 
TOF spectrum is entirely due to cracked SiCl,: this 
yields a SiCl/SiCl, cracking ratio of 2.4 f 0.4. 
Since this value is in reasonable agreement with the 
one of Li et al., and not too different from that of 
Matsuo et al., we use it in what follows. 

The third difficulty arises from wall reactions. As 
is evident from Fig. 4, neither the Sic1 nor the SiCl, 
TOF spectra have a Maxwell-Boltzmann (MB) 
shape. Their rising edges do correspond to a MB at 
1680 K, but in both cases there is a second, slower 
component, that extends to much longer times than 
the MB distribution. In the case of SiCl, the differ- 
ence between the raw Sic1 data and the SiCl, data 
(multiplied by the cracking coefficient of 2.4) can be 
readily fitted to a MB distribution at 1680 K (Fig. 
4a), suggesting strongly that the long tail of Sic1 is 
in fact due to the cracking of SiCl,. The second 
component of SiCl, is assigned to reactions on the 
walls of the mass spectrometer. Wall reactions were 
shown to occur after the present measurements were 
performed; by placing a diaphragm at the entrance of 
the spectrometer, the tail of the Sic1 spectrum disap- 
peared [ll]. The wall reactions are also evidenced by 
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the presence of some SiCl, in the mass spectrum. 
The rising edge of the SiCl, TOF spectrum corre- 
sponds to exceedingly slow SiCl, which cannot be 
assigned to laser desorption (Fig. 4~1. Both the SiCl, 
spectrum, and the SiCl, spectrum obtained by differ- 
ence between the SiCl, raw data and a MB distribu- 
tion at 1680 K, can be modelled by a same function. 
In the range of time of flight displayed in Fig. 4, this 
function is arbitrarily chosen as a convolution of a 
MB distribution (with a fitted temperature of 390 K) 
with the exponential term exp(t/t,) with t, = 275 
ps (Figs. 4b and 4~). The exponential reflects the 
delay of the wall reactions with respect to the laser 
pulse. 

The actual ratio of desorbed Sic1 to SiCl, is 
estimated from the integration of the two MB distri- 
butions of Figs. 4a and 4b (after conversion of the 
data from densities to fluxes). The integral of SiCl, 
must be multiplied by 3.4 f. 0.4 to account for SiCl, 
cracking. The result is that the ratio of Sic1 to SiCl, 
is 1.3 f 0.3. Thus Sic1 is at least as abundant as 
SiCl, in the desorption products. From this and from 
the value of the etch rate Dsi = 0.40 k 0.03 ML 
obtained from profilometer measurements, Eqs. (9) 
and (10) yield (Table 2): 

Dsic, = 0.23 k 0.04 ML, 

DSiCI, = 0.17 f 0.04 ML, 

D react = 0.58 + 0.07 ML. 

A question relative to the SiCl/SiCl, ratio is 
whether it depends on experimental conditions that 
might influence the surface chemistry, such as laser 
fluence and the number N of laser pulses between 
Cl pulses. Since we do not measure routinely SiCl,, 
the proportionality of Dsi and Dsic, is our means to 
check that the ratio of Sic1 and SiCl, desorption 
yields remains constant. We have reported previ- 
ously that Dsi and Dsi,-., remain proportional to each 
other over one order of magnitude of Dsi when the 
laser fluence is changed [lo]. For experiments with 
JV > 1 (JY laser pulses following every Cl pulse), 
the Sic1 desorption yield at the first pulse following 
the Cl pulse, Dsia (11, does not vary with _N by 
more than lo%, which is approximately the experi- 
mental uncertainty (Table 1). A change of 10% in 
Dsicl for a fixed Dsi corresponds to a larger relative 
change of the SiCl/SiCl, ratio, but the ratio remains 

Table 2 
Branching ratios for desorption and diffusion induced by one 
single laser pulse, of 1 Cl ML adsorbed on atomically clean 
Si(100) 

Branching ratios (ML/pulse) 

Si desorption 
(Sic1 + SiCl,) 

Dsi = 0.40 f 0.03 

Cl reactive desorption D ,eacf = 0.58 * 0.07 
(Sic1 + 2SiC1,) 
Cl unreactive desorption DUnreaCt = 0.12 +0.07 
(Cl+2Cl*) 
Cl in the “AES layer” D MS = 0.37*0.13 
(planes 0 to 7) 
Cl in the “SIMS” layer DslMs = 0.10~0.10 
(planes 8 to 950) 

Sum 1.17 * 0.37 

The laser fluence is 600 mJ cm-*. Sic1 and SiCl, are assumed to 
have the same ionization efficiency, and the cracking of SiCl, is 
estimated to yield a Sic1 to SiCl, ratio of 2.4 kO.4. The Si 
desorption yield (as measured with a Dektak profilometer) is also 
indicated for comparison, The desorbed amount is estimated from 
depth profiler and TOF measurements. The amount present in the 
“AES layer” is estimated from AES measurements. The amount 
of Cl located in the “SIMS layer” is estimated from SIMS 
measurements. The measured Sic1 to SiCl, ratio during laser 
desorption is 1.3 + 0.3. It is assumed that the desorption yields of 
SiCl, SiCl,, Cl and Cl, do not vary with laser count. The sum 
should be 1 ML. 

within experimental uncertainty: there is no evidence 
of a variation of the etch rate, or of the SiCl/SiCl, 
ratio, as the laser fluence or N are changed. 

3.4. SIMS results 

A typical Cl depth profile obtained by measuring 
the sputtering rate of 35C11 secondary ions on a 
sample area that was previously etched by 2000 laser 
pulses is displayed in Fig. 5. Cl profiles exhibit a 
narrow surface peak of width at half maximum 
N 2.5 nm for any number of laser pulses in the range 
20-2000. Because the samples are exposed to air 
before SIMS analysis, the surface peak may be 
related to surface contamination. The height of the 
surface peak ranges from N 7 to N 3 X lo*’ cme3, 
decreasing with laser pulse number between 200 
and 2000 (our measurement for 20 pulses is not 
directly comparable in intensity to the other mea- 
surements). Therefore, there is no indication of Cl 
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accumulation near the surface during laser etching. 
The corresponding peak area ranges from - 1.3 to 
- 3 X 1014 cm-‘. This is equivalent to a coverage 
of a few tenths of a monolayer, which is a reasonable 
order of magnitude by comparison with the initial 1 
ML. 

Sample areas that were only exposed to chlorine 
(and not to the laser), exhibit a surface peak which is 
- twice broader and - twice larger than areas 
etched by the laser. We would rather expect the 
non-etched areas to have only 1 Cl ML at the surface 
(because Cl chemisorption passivates silicon), while 
the etched areas should have 1 Cl ML at the surface 
(due to the adsorption of residual chlorine gas after 
laser processing) and possibly some Cl in the bulk. 
On the other hand, laser etched areas are cleaned by 
means of the laser before etching, which is not the 
case for non-etched areas. We conclude that at least 
on non-etched areas, the surface peak contains impu- 
rities from the background due to other masses. In 
any case, there is definitely no accumulation of Cl 
near the surface induced by laser etching. 

At depths beyond the surface peak, the Cl density 
falls below the detection sensitivity of Cl in our 
SIMS apparatus, which is estimated to be N 1019 
cm -3, from our signal of Si- and from tabulated 
sensitivities of SIMS for Si- and Cl- [43]. The 
content in each Si plane corresponding to 101’ cmP3 
is 2 X 10e4 ML. The melted depth of 130 nm at 600 
mJ cm-* corresponds to - 950 Si(100) planes, so 
the upper limit for DslMs (neglecting the surface 

35 Cl 
2000 laser pulses 
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Fig. 5. 35CI depth profile measured by SIMS on a spot that was 
previously etched by 2000 laser pulses at a fluence of 600 mJ 
cm-‘. 
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Fig. 6. AES spectra after: laser cleaning, chlorine saturation, one 
laser pulse, chlorine resaturation and a second laser pulse. I, and 
I, (see text) are the chlorine peak heights after one laser pulse and 
after chlorine resaturation, respectively. 

peak) is 0.19 ML. We conclude that DSIMS = 0.10 + 
0.10 ML (Table 2). 

3.5. AES results 

A typical set of AES experiments is shown in Fig. 
6 for the same laser fluence as for TOF experiments 
(600 mJ cm-*). The spectra were recorded after: 
surface cleaning, Cl saturation, one laser pulse, Cl 
resaturation and one additional laser pulse. As may 
be seen in Fig. 6, Cl is still observed after one laser 
pulse, with a peak height Zr = 0.29 f 0.03 ML. Re- 
saturation of the surface by chlorine yields an Auger 
signal which is marginally (but reproducibly) larger 
than the monolayer signal, Z, = 1.05 + 0.03 ML. 

According to Eq. (7), the AES intensities I, (after 
one pulse) and Z2 (after rechlorination) can be ex- 
pressed as 

I, = 8, + (1 - 8, + c&a) x, (11) 
z* = 1+ (Yx. (12) 
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Therefore, x can be calculated from I*: 

I, - 1 
8=-. a (13) 

and the surface coverage 8, can be expressed as a 
function of I, and 12: 

1, - (12 - I)/& 

O”= l-(1-cy)(&-1)/o’ (14) 

The experimental values yield 

8, = 0.22 f 0.10 ML, 

/= 0.07 f 0.05 ML. 

The large uncertainties on 8, and % are due to the 
fact that the bulk signal is at the limit of sensitivity 
of AES, and also to the large uncertainty on (Y. Let 
us note that they are not independent. These results 
provide direct evidence that a non negligible fraction 
of Cl atoms are not desorbed by the laser. In addi- 
tion, the fact that much Cl is found at the surface 
shows that there is segregation of Cl at the Si 
liquid/solid interface. A value of DAEs can be ex- 
tracted from 13, and 8, based on a model of the 
dependence of Bi on i. This will be discussed in 
Section 4. 

Fig. 7 shows the AES signal as a function of laser 
count. Cl resaturation of the surface was done be- 
tween pulses 1 and 2. The signal after the second 
laser pulse shows a small effect of Cl accumulation: 
for this pulse, there was initially Cl below the sur- 
face CD& was not zero), which explains that the 

12 , I 
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I 2 3 
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Fig. 7. Laser induced desorption of Cl as probed by AES as a 
function of laser count. The surface was rechlorinated (with no 
cleaning) after the first laser pulse. The laser fluence is 600 mJ 
cm-*. 
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Fig. 8. AES peak heights of Cl, C, 0 and Si as a function of laser 
count during laser cleaning at 600 mJ cm 2. The peak heights are 
normalized to the initial value (contaminated surface) for impuri- 
ties (Cl, C and 01, and to the final value (clean surface) for Si. 
Two sets of data are displayed: one corresponding to the cleaning 
of 1 Cl ML (squares) and one corresponding to the cleaning of Si 
after baking the vacuum chamber (circles and triangles). 

AES signal is larger than after the first laser pulse, 
for which D& was zero. The AES signal decreases 
quickly with laser count. It falls below the AES 
sensitivity level (N 0.01 ML) after the 4th laser 
pulse. 

Fig. 8 compares the efficiencies of laser cleaning 
of Si from Cl, C and 0 impurities. However, the 
initial state of the surface is different for Cl measure- 
ments on the one hand, and for C, 0 and Si on the 
other hand. The initial state is 1 Cl ML on an 
atomically clean substrate in the case of Cl. By 
contrast, the initial state is undefined in the case of 
the C, 0 and Si measurements: the substrate is 
cleaned chemically ex situ and introduced in the 
chamber which is subsequently baked at N 250°C 
for 24 h. In the Auger spectrum, the Si peak is 
originally weak, and exhibits the shoulder character- 
istic of SiO,. We conclude that the order of magni- 
tude of C and 0 coverages is a few ML. This 
difference in the initial contaminated state reflects in 
fact the different natures of Cl adsorption with re- 
spect to C and 0 adsorption: Cl passivates Si, while 
C and 0 may be easily incorporated in Si. With this 
difference, the efficiency of laser cleaning is clearly 
Cl > C > 0. It takes typically 5, 100 and 500 laser 
pulses to remove Cl, C and 0 respectively, at the 
sensitivity of AES. Interestingly, the order of effi- 
ciency for C and 0 is inverted with respect to ion 
sputtering cleaning. Ion sputtering removes 0 more 
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efficiently than C. C is removed by the laser in 
typically one second with the excimer laser operated 
at 100 Hz. 

4. Discussion 

4.1. Evidence for Cl difision to the bulk 

If the laser induced desorption mechanism was 
just evaporation from the melted surface, the desorp- 
tion yield per laser pulse would increase with laser 
fluence until all chlorinated molecules are desorbed 
during the pulse. A saturation of the desorption yield 
with laser fluence is indeed observed at N 500 mJ 
cm-* [5]. However, as shown in the previous sec- 
tion, this saturation does not correspond to the de- 
sorption of all Cl species. 

The presence of Cl on the surface after the laser 
pulse under the saturation regime could be due to the 
redeposition of Sic1 molecules. Redeposition may be 
induced by post-desorption collisions between de- 
sorbing molecules. These collisions also affect the 
velocity distribution of the desorbing molecules. In a 
previous work, we have determined experimentally 
the coverage under which the TOF spectrum of 
desorbing molecules becomes independent of the 
initial coverage [ll]. This coverage was found to be 
= lo-* ML, and this value is consistent with the 
expectation that the average number of post-desorp- 
tion collisions per desorbing molecule decreases 
quickly to zero below lop2 ML [39]. We conclude 
that no redeposition may take place below 10m2 ML. 
In this coverage range (“e” to “h” on Fig. 3), the 
desorption yield at pulses i 2 2 is not equal to zero. 
(Relative to pulse 1, the desorption yield at laser 
pulse i > 2 is actually larger for lower initial cover- 
age (Fig. 3)) This is evidence that part of the 
chlorine atoms diffuse into the substrate during sur- 
face melting, which prevents them from desorbing. 
AES results confirm the presence of at least 0.29 k 
0.05 Cl ML on the substrate at, or in the immediate 
vicinity of the surface. 

4.2. Segregation of chlorine in silicon 

The large value of the surface coverage 8, = 0.22 
f 0.13 ML after the laser pulse shows that the Cl 

Table 3 
Cl dose in the AES layer (D&s) for several models of the Cl 
depth profile (see text and Fig. 91, after one laser pulse of 600 mJ 
cm -*; the surface is initially saturated with 1 Cl ML, with the 
bulk atomically clean (0,” = 1 ML and 02, = 0) 

Model Cl depth profile D ABS 

No segregation Or > a = 0.22 + 0.10 ML 1.76 f 0.80 ML 
(not compatible 
with experiment) 

Intermediate B,, = 0.22 f 0.10 ML 0.37 + 0.13 ML 
segregation Oi> 1 = 0.022 f 0.022 ML 
Strongest 0,, = 0.22 f 0.10 ML 0.29 + 0.05 ML 
segregation 6r = 0.07 + 0.05 ML 

e 0 I>2 = 

depth profile cannot be flat: the Cl dose in the 
substrate would excess by far the initial 1 ML of 
chemisorbed Cl. So there is segregation of chlorine 
in silicon. The Cl content 13, must decrease from 8, 
down to significantly lower values in a few atomic 
layers, as will be shown quantitatively below. This is 
consistent with the SIMS measurements which do 
not allow to detect any Cl in the bulk. The order of 
magnitude of the SIMS surface peak evaluated in 
ML is consistent with the AES signal in ML, so we 
may assume safely that the SIMS width of the 
surface peak is limited by the depth resolution of the 
SIMS. It is possible to be more quantitative and to 
set limits on Dms, based on various possible models 
of the Cl depth profile in the AES layer (Table 3, 
Fig. 9). We consider the following three models for 
the Cl depth profile: 

_+j+- _~i 

AES layer SIMS layer 

2 4 6 8 
Si plane number from the surface 

+ Smaller segregation + Strongest segregation 

Fig. 9. Models of the Cl depth profile in the AES layer taking into 
account, and compatible with, AES experiments. The width of the 
AES layer is taken arbitrarily (see text). The Cl “coverage” in the 
planes of the SIMS layer is the experimental upper limit of 
2 X 10e4 ML, as estimated from the SIMS measurements. 
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1st model: no segregation. No segregation would 
result in a coverage Bi = 13, for all values of i. Eq. 
(8) would yield: 

i=l i=l 

00 
= - = 3.45 x 8,. 

1-o (15) 

The values measured for B0 and % are not com- 
patible with Eq. (15), the upper limit of the experi- 
mental value being y/e,, = 1.00. Hence, the 8, for 
i > 0 must be lower than et,, which can only result 
from a segregation of Cl at the Si liquid/solid 
interface. 

2nd model: intermediate segregation. In this 
model, we assume that the Cl depth profile in the 
AES layer is flat, except for the surface peak: 8, = 
0.22 + 0.10 ML (as measured). Similarly to the case 
of Eq. (15), Eq. (8) yields: 

Y 
ei= 7 = 0.022 f 0.016 ML. (16) 

i5 (yi-’ 

It results that in this model DAEs = 8, + 7 8, = 0.37 
f 0.13 ML (taking into account that the uncertain- 
ties on 8, and ei are not independent). 

3rd model: strongest segregation. The Cl depth 
profile corresponding to the strongest segregation 
compatible with experiment is 8, = 0.22 f 0.10 and 
Bi = 0 for i 2 2. It then results from Eq. (8) that 
8, =%= 0.07 + 0.05 ML. This yields DAEs = 8, + 
e1 = 0.29 f 0.05 ML (again, taking into account that 
the uncertainties on 8, and 0r are not independent). 

The value DAEs = 0.37 + 0.13 ML takes into ac- 
count the experimental uncertainties of models 2 and 
3 of the Cl depth profile (Table 2). This estimation 

of Dms, together with the SIMS upper limit on Bi 
for i > 7, shows a very strong segregation effect for 
Cl in Si (Fig. 9). Segregation for Cl and C are 
compared in Section 4.5. Because the depth profile 
depends in a complicated way of the kinetics of 
melting, diffusion and segregation, a numerical value 
of the segregation coefficient cannot be obtained 
without computer simulation, and this was beyond 
the scope of this study. 

4.3. Permanent regime in TOF experiments 

As shown by SIMS, there is no measurable effect 
of Cl accumulation in the bulk over many laser 
pulses, although the surface is resaturated with Cl at 
each laser pulse: this shows that the Cl concentration 
in the melted layer quickly reaches its saturation 
value. This is not unrealistic: incorporation of only 
0.01 ML at each laser pulse would result in a 
concentration of 1019 cmm3 in the melted layer in 
only 14 laser pulses, while more than DAEs = 0.38 k 
0.14 ML diffuse into the substrate during one laser 
pulse. Dopant atoms also reach quickly their satura- 
tion concentration in laser doping experiments [41]. 
A permanent regime is quickly established. In that 
regime, the amount of Cl adsorbed between two laser 
pulses, 1 - 8,, is equal to the amount of Cl desorbed 
during one pulse, Ddes. However, 1 - 8, is not 
known for TOF experiments. 

4.4. What fraction of Cl desorbs? 

We have no direct experimental information on 
the relative desorption yields from a clean substrate 
with 1 Cl ML adsorbed on it. However, after 8 laser 
pulses, the bulk is not far from being clean: the AES 
experiments show that the Cl surface coverage is 
below the sensitivity level of 10e2 ML, and TOF 
measurements show that the Sic1 desorption yield is 
lower than 10e3 ML. Therefore, the desorption yield 
at the first pulse for .N = 8 yields a good approxima- 
tion of the yield for the case of clean bulk. As shown 
previously, it appears that this yield is not signifi- 
cantly different from the yield at .N= 1. 

D unreact can be estimated from Dreact and from the 
profilometer measurements of Dsi (A’-) of Table 1, 
using the assumption (which is verified within 10% 
for .N = 3) that the SiCl/SiCl, branching ratio does 
not vary with laser count. The Dsic, measured for 
i = 4 to 8 (Fig. 3) show that no more than 0.02 ML 
desorb during pulses 4 to 8. Therefore, Dsi (8) = Dsi 
(3) + 0.02 ML = 0.57 + 0.04 ML. If we assume that 
the amount of Cl in the bulk is negligible after the 8 
pulses, as Auger experiments suggest, then Eqs. (1) 
and (9) yield: 
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c= 1 %ct = 0.83 ML, from Ds,(Jlr = 8) = 0.57 ML 
and the SiCl/SiCl, ratio of 1.3. It follows that: Cy= I 
D unreacf = 0.17 & 0.10 ML. This is an upper limit of 
D UnreaCt at the first pulse. If we make the additional 
assumption that the reactive and unreactive desorp- 
tion yields remain in the same ratio whatever the 
condition of the surface, we obtain DUnreaCt = 0.12 k 
0.07 ML for the first pulse (clean surface). 

The three independent estimations of Cl reactive 
and unreactive desorption, Cl in the AES layer, and 
Cl in the SIMS layer are reported in Table 2. There 
is no inconsistency between them. 

4.5. Laser cleaning 

The strong segregation of Cl at the Si liquid/solid 
interface has the practical consequence that Cl/Si is 
a good case for laser cleaning. Even starting from 
one Cl ML at the surface, the bulk remains “clean” 
(at the sensitivity of SIMS). In AES experiments, 
when more laser pulses at 600 mJ cm-* are used 
without rechlorination of the surface, the Cl AES 
signal quickly decreases (Fig. 7). It falls below the 
AES sensitivity after 5 pulses, showing that the 
cumulated coverage in the first Si planes is below 
lo-’ ML, or that the concentration near the surface 
is lower than - 5 x 102’ cme3. Our TOF mass 
spectrometer is more sensitive than AES. The Sic1 
TOF peak decreases by more than 3 orders of magni- 
tude in 8 laser pulses, and it is still measurable after 
a large number of pulses. Cleaning results from the 
desorption of a fraction of Cl at each pulse. In 
addition, this fraction becomes smaller as the number 
of laser pulses increases (Fig. 3). This may be due to 
the fact that Cl has not the time to diffuse in the 
entire melted surface layer during one laser pulse 
(the diffusion length being shorter than the melted 
depth at 600 mJ cmP2): the undesorbed atoms are 
distributed in a broader layer after several laser 
pulses, thus increasing the fraction of undesorbed 
atoms. It might also be due to a lower segregation 
(or a segregation coefficient closer to unity) as the Cl 
density decreases, although the physical reason for 
that is not clear. 

As mentioned in the experimental section, laser 
cleaning is efficient for C/Si also. We have ob- 
served that 100 laser pulses are sufficient to remove 
C (at the sensitivity of AES) from an air-exposed Si 

sample. Such an efficiency is not obtained for any 
element. For example, the 0 coverage decreases 
below the sensitivity level of AES after as much as 
500 laser pulses. A C depth profile of a laser cleaned 
Si sample has been measured by SIMS in Ref. [38]. 
The Si sample contained initially a C coverage sig- 
nificantly lower than our initial Cl coverage of 1 ML 
during laser etching. The C depth profile after 20 
laser pulses at 610 mJ cmm2 exhibits a surface peak 
of 5 X 10” cm-3 (or 10e2 ML). The C concentra- 
tion then reaches a plateau at 6 X 1019 cm- 3 ( - 1 
order of magnitude lower than the surface peak), and 
finally decreases after - 100 nm below the sensitiv- 
ity level. A comparison of these numbers with our 
results for Cl show that Cl is even more efficiently 
removed than C: the surface peak height is (3-7) X 
102’ cmP3, the plateau, which is below the sensitiv- 
ity level, is lower than the surface peak by at least 2 
orders of magnitude for an initial coverage of 1 ML. 

The efficiency of laser cleaning is related to the 
competition between diffusion to the bulk and des- 
orption. This competition affects primarily the 
amount of impurities that remain in the substrate 
after the laser pulse. Segregation affects the location 
(surface peak versus plateau) of the remaining impu- 
rities in the melted layer. Because only those atoms 
that are located at the surface or very close to it can 
desorb at the next pulse, the strongest the segregation 
(the closest to zero the segregation coefficient), the 
largest the amount of impurity that can be desorbed 
at the next laser pulse. The comparison of C and Cl 
depth profiles shows that Cl has an even lower 
segregation coefficient than C: in the case of Cl, a 
fraction of 0.63 < DAES/(DAES + Ddeep> < 1 is in the 
surface layer, while for C, the amount is only - 0.10. 
The less favorable case of 0 from the point of view 
of laser cleaning can be related to the absence of 
segregation of 0 in Si during recrystallization [23]. 

4.6. Cl solubility in solid Si 

The SIMS results show that the Cl solubility in 
solid Si is lower than 1019 cme3. A typical solubility 
for dopants in silicon is of the order of 102’ cmm3 
for many elements [40]. Larger concentrations than 
the solubility may be achieved (for example, by ion 
implantation followed by laser annealing), but they 
may lead to severe defects. Arsenic has the largest 
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solubility of Si dopants (1.5 X 10zl cmp3>. Sb has a 
rather small solubility (7 X 1019 cmM3>. Since 
dopants have a more favorable electronic structure 
than Cl to insert into the Si crystal (number of 
electrons in the outer shell), and considering that the 
large size of Cl is also unfavorable for interstitial 
solubility, the low solubility of Cl in Si is not too 
surprising. 

4.7. Desorption mechanism 

The main results that are relevant to elucidate the 
desorption mechanism can be summarized as fol- 
lows. The main desorption products are Sic1 and 
SiCl, in the ratio of 1.3: 1, while Sic1 is not a 
desorption product in TPD experiments. The TOF 
spectra of Sic1 and SiCl, are compatible with MB 
distributions at the Si melting temperature. Whether 
the surface is clean or has chlorine adsorbed on it 
from a previous pulse does not measurably influence 
the SiCl/SiCl, ratio or the etch rate. The desorption 
kinetics measured in TPD experiments and extrapo- 
lated to the conditions of laser desorption cannot 
account for the laser desorption yield which is 50 
times larger than calculated [36]. In addition, laser 
desorption of dopant atoms during etching seems to 
be correlated with structural details of the solid 
surface [3]. 

There is no definite evidence that direct photo-in- 
duced processes are operative in laser desorption. 
The very short time scale (a few tens of nanosec- 
onds) and the very high surface temperature ( - 2000 
K) in laser induced desorption may open thermal 
desorption channels of large activation energy which 
are not operative in TPD. The TOF spectra of Sic1 
and SiCl, are compatible with MB distributions at 
the Si melting temperature of 1680 K and thus with a 
thermal desorption mechanism. 

Desorption may occur at three stages of laser 
melting: before melting, during surface melting and 
during recrystallization: 

(a) Desorption before melting. On the solid sur- 
face, SiCl, may desorb either by evaporation from 
dichlorinated sites (steps and other defects) or by 
surface reactions involving diffusion of Cl atoms 
towards reactive sites. The activation energy for such 
a surface reaction is expected to be lower than that 
of evaporation. In agreement with this, it is surface 

reactions that cause the desorption of SiCl, in TPD 
experiments. STM observations at 900 K show that 
these reactions occur mainly at steps [45]. However, 
as mentioned above, the reaction kinetics of these 
surface reactions [36] is too slow to account for the 
laser desorption yield of 0.15 to 0.20 ML. Therefore, 
SiCI, desorption is due to evaporation, or it occurs at 
the next stages of laser melting. SiCl, evaporation 
with a yield of roughly 0.2 ML would imply that the 
density of surface defects is - 0.2 ML. This seems 
too large, because laser cleaned surfaces, which are 
obtained under the same conditions as laser etching, 
exhibit LEED patterns [38]. However, it might be 
that recrystallization in the presence of a significant 
density of Cl atoms produces a particular surface 
reconstruction with a large density of dichlorinated 
sites. If it would be the case, we would expect an 
increase of - 0.2 ML of the saturation coverage 
after one laser pulse, rather than the observed 0.05 
ML. We would also expect significant variations of 
the etch rate and of the Sic1 to SiCl, ratio between 
the surface in permanent regime (Jlr = 1) and the 
almost clean surface (Jy = S), which is not sup- 
ported by the TOF experiments. We conclude that 
SiCl, desorption occurs mainly during melting or 
during recrystallization. 

Sic1 is the main surface species. It may desorb by 
evaporation. Matsuo et al. have reported recently the 
onset of Sic1 thermal desorption from Si(ll1) in 
isothermal desorption experiments at surface temper- 
atures larger than 800°C [44], showing that Sic1 
desorption may be obtained without surface melting, 
at least on the (111) surface. It would seem reason- 
able to conclude that the opening of this thermal 
desorption channel in the temperature range 8OO”C- 
1400°C is responsible for Sic1 desorption in our 
laser experiments. Unfortunately, the desorption ki- 
netics of Sic1 was not measured by Matsuo et al. 

There is another argument in favor of desorption 
before melting: desorption before melting is the only 
case where structural details of the initial surface 
may play a role. The relative desorption efficiencies 
of Sb, As, and B dopants seem to be correlated with 
the existence of islands and of surface dimers [3]. 
Thus, at least dopant desorption seems to be faster 
than the complete melting of these structures into the 
Si liquid layer. 

However, the desorption yield decreases so 
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sharply as the laser fluence decreases below the 
melting threshold [ll] that it is dubious that any 
significant desorption is obtained without melting. 
These two conclusions can only be reconciled if we 
admit that a significant increase of the desorption 
yields is produced at the early stages of laser melt- 
ing, before the adsorbates lose memory of the sur- 
face structure. 

(b) Desorption during surface melting. Melting 
has the effect to induce very efficiently diffusion 
towards the bulk. It is surface melting that prevents 
desorption of a significant fraction of chlorine atoms 
during the laser pulse. Consequently, we expect a 
large decrease of adsorbate coverages during melt- 
ing, with the effect of a significant reduction of 
evaporation at this stage. 

(c) Desorption after surface melting. Given the 
large number of Cl atoms (the equivalent of at least 
0.3 ML) that come to the surface from the bulk at the 
end of recrystallization, while the surface is still very 
hot (1680 K), desorption of Si chlorides at this stage 
seems likely. There is no reason at this stage that 
desorption of monochlorides would be favored over 
desorption of dichlorides. Diffusion (which limits the 
reactivity on the solid surface) is expected to be 
orders of magnitude larger on the liquid than on the 
solid, while evaporation of SiCl, is energetically 
favored over evaporation of SiCl. Therefore, a burst 
of SiCl, molecules after the laser pulse seems quite 
realistic. 

5. Summary and conclusion 

This work bears out direct evidence of Cl diffu- 
sion to the bulk in the course of laser etching experi- 
ments of Si by Cl, under conditions of surface 
melting. By measuring the Si and Sic1 desorption 
yields, the remaining Cl dose near the surface, and 
by setting an upper limit on the amount of Cl deeper 
in the bulk, we are able to estimate the branching 
ratios for reactive (SiCl, SiCl,) and unreactive 
(Cl, Cl,) desorption, and for diffusion near the sur- 
face or deeper (Table 2). Reactive desorption is 
dominant with respect to unreactive desorption, and 
the ratio between the two desorption products 
SiCl/SiCl, is N 1.3. About 60% of adsorbed Cl 
desorb reactively, while about 30% diffuse to the 
bulk. Although laser melting induces diffusion to the 

bulk, strong segregation of Cl at the liquid/solid Si 
interface during recrystallization limits Si contamina- 
tion to low levels (< 1019 cmm3). A majority of 
those Cl atoms which have diffused to the bulk are 
found at the surface after recrystallization. Cl on Si 
is in fact a very favorable case for laser cleaning. 

There is no experimental evidence that photo-in- 
duced processes play a direct role in laser etching 
under the conditions of surface melting. Instead, 
etching seems to result from competing, “fast” ther- 
mal processes (with respect to the thermal desorption 
that occurs in TPD experiments): at the beginning of 
the laser pulse, at the very early stages of surface 
melting, evaporation of Sic1 is likely to occur from 
terraces while SiCl, desorption would be limited to 
evaporation at defect sites. Surface reactions are too 
slow to account for the SiCl, desorption yield. Dur- 
ing surface melting, diffusion to the bulk competes 
efficiently with desorption with the result of “pump- 
ing” Cl atoms towards the bulk. After the laser 
pulse, the surface recrystallizes. At this stage, segre- 
gation brings most of Cl atoms back to the surface. 
A fraction of them might desorb in the form of 
SiCl,. 

The consequences of these results for applications 
in microelectronics are of two kinds. They explain 
why the etch rate is limited to 0.4 Si ML/pulse 
under the conditions of surface melting, while at 
saturation, the Si: Cl ratio is one on Si(100). One 
might expect a maximum etch rate of 1 Si ML/pulse, 
which is not observed. The limited saturation etch 
rate results mainly from the competition between 
desorption and diffusion to the bulk: those Cl atoms 
that diffuse to the bulk are no longer available for 
reactive desorption. Unreactive desorption also con- 
tributes (but to a lesser extent) to the limitation of 
the etch rate. The etch rate remains significant any- 
way, similar to the rate that may be obtained at laser 
fluences below the melting threshold by reactive 
scattering of gas phase chlorine at the surface. The 
laser melting/etching mechanism has the advantage 
to require significantly lower Cl pressures. 10e3 
mbar (and much less with a molecular beam) is 
enough to saturate the surface between two laser 
pulses, while 100 mbar is necessary to reach a 
collision rate of 1 per Si atom during a laser pulse of 
20 ns. 

The other implication of the present results is that 
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laser cleaning is very efficient for Cl on silicon. 
Although laser melting does induce diffusion of Cl 
to the bulk, it does not cause significant bulk con- 
tamination because of segregation. The (weakly) 
contaminated depth can be limited by adjusting the 
laser fluence so as to minimize the melted depth. In 
addition, the laser can be used at the end of the 
surface processing to clean the bulk. 
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