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Desorption and diffusion at pulsed-laser-melted surfaces: The case of chlorine on silicon

Bogdan Dragnea
Laboratoire de Photophysique Mole´culaire du CNRS, Baˆtiment 213, Universite´ de Paris–Sud, 91405 Orsay Cedex, France

Jacques Boulmer, Jean-Pierre Budin, and Dominique De´barre
Institut d’Electronique Fondamentale, associe´ au CNRS, Baˆtiment 220, Universite´ de Paris–Sud, 91405 Orsay Cedex, France

Bernard Bourguignon*
Laboratoire de Photophysique Mole´culaire du CNRS, Baˆtiment 213, Universite´ de Paris–Sud, 91405 Orsay Cedex, France

~Received 22 July 1996!

The kinetics of thermal desorption from an excimer-laser-melted surface, on which diffusion into the bulk
competes with desorption, is numerically evaluated and compared with a variety of experimental data for the
case of Cl on Si: Auger electron spectroscopy, time-of-flight mass spectrometry, secondary-ion-mass spec-
trometry, and transient reflectivity. The model calculations involve nonequilibrium thermal diffusion, phase
transition, segregation, and first- and second-order desorption kinetics. With the assumption that the pre-
exponential factors of the desorption rates do not change on the liquid surface with respect to the solid one,
activation desorption energies are found lower by'0.5 eV for the liquid surface than for the Si~100!:Cl solid
surface. This difference is of the order of magnitude of the latent heat of melting. The segregation coefficient
of Cl at the liquid-solid interface is,0.02 at a recrystallization speed of'6 m/s. The calculations also bring
information on the dynamics of desorption and melting. The desorption rate from the liquid reaches the large
value of'1 ML/ns. However, the surface is depleted from Cl atoms by both desorption and diffusion in a
fraction of nanosecond~allowing only'60% of the Cl to desorb!. Multipulse experiments are also calculated.
After only three laser pulses, only the level of Cl contamination~not the shape of the Cl depth profile! varies
with laser count. The laser cleaning rate follows the laser-pulse count with a logarithmic law. It takes about five
laser pulses to decrease the Cl contamination by one order of magnitude.@S0163-1829~97!06420-5#
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I. INTRODUCTION

The surface melting of a solid can be easily induced b
pulsed laser at fluences lower than the ablation threshol
the material. Laser melting has been shown to be a powe
tool to induce a variety of surface modifications. These
clude the doping of a thin layer of a semiconductor from
gas of molecules that contain dopant atoms, the redistr
tion of impurities over the melted depth, the recrystallizati
of an amorphous layer, the etching of the substrate when
exposed to halogen molecules, the improvement of tribolo
cal properties of metal alloys, the wetting of polymers, e
In general, laser melting induces a strong modification of
substrate through two effects: the dramatic increase of
diffusion coefficient of impurities in the liquid phase wit
respect to the solid phase, and the out-of-equilibrium se
gation at the rapidly moving liquid-solid interface at the r
crystallization stage. These effects were studied in great
tails both experimentally and theoretically in the case
silicon. Because of the complexity of the process and of
evolution of the substrate during the laser pulse, a quan
tive description of the experiments can only be achiev
through their numerical simulation.1–3 To our knowledge,
desorption was not included in such calculations.

In the case of laser etching and cleaning, not only dif
sion and segregation play an important role, but also does
desorption of impurities. For example, the rate of desorpt
of silicon chlorides may reach 0.4 ML per laser pulse on
~Ref. 4! @here we define 1 ML56.7831014 cm22, the den-
550163-1829/97/55~20!/13904~12!/$10.00
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sity of Si atoms in a~100! plane#. Some dopants like Sb ca
also desorb from Si, but their desorption yield over a sin
laser pulse is much smaller than 1 ML.5 We have experimen-
tally studied the laser etching of silicon by chlorine, showi
that desorption and diffusion compete in that case;6 as a re-
sult, all Cl atoms are not ‘‘used’’ for etching; an importa
fraction of them is pumped away from the surface to t
volume; these Cl atoms are nevertheless found at, or v
close to, the surface after recrystallization, due to a str
segregation of Cl at the liquid-solid interface. In this pap
we report the numerical simulation of the experiments
Ref. 6. In addition to laser heating, surface melting, diff
sion, and segregation of the impurities, the simulation
cludes the desorption of silicon chlorides. The segrega
coefficient of Cl, the desorption kinetics of silicon chloride
and the evolution of the substrate during the laser pulse,
deduced from the comparison of the calculations with
experimental data.

A finite-difference approximation is used to solve nume
cally the heat and mass flow equations.7 The desorption rates
are written according to the Polanyi-Wigner rate equation

Q̇5nQnexp~2Ea/kT!, ~1!

wherek is the Boltzmann constant,Q is the adsorbate cov
erage,T is the surface temperature,Ea is the activation en-
ergy of desorption,n is the pre-exponential factor andn is
the reaction order. Both first and second orders in Cl cov
age are considered. Depending on the solid or liquid stat
13 904 © 1997 The American Physical Society
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TABLE I. Experimental data and calculated results for the case of ‘‘coupled’’ kinetics~see text, Sec. III C!. QAES andnSIMS are the
‘‘surface Cl’’ and Cl concentrations in the eighth plane below the surface after the laser pulse, respectively. SiCl/SiCl2 is the branching ratio
between the desorption products.Ks is the segregation coefficient.

E1
s

~eV!
E1
l

~eV!
E2
l

~eV!
E2
s

~eV!
QAES

~ML ! SiCl/SiCl2

Etch rate
~Å/pulse!a

nSIMS
(1019 cm23) Ks

This work 2.7b 2.060.1b 3.360.1c 3.760.1b 0.39 0.95 0.55 0.8 <0.02
Experiment 2.45 3.61 0.3760.13 1.360.3 Ref. 7 0.5660.04 <1.0

Ref. 9 Ref. 8 Ref. 6 Ref. 6 Ref. 6

aFor laser fluences above 500 mJ cm22.
bAssuming a preexponential factor of 1014 s21.
cAssuming a preexponential factor of 23103 cm2 s21.
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the surface, and on the reaction order~1 or 2!, Ea is written
E1/2
s/ l . In order to compare the results of calculations with

variety of experimental data, the computer program allo
for multiple pulse irradiation, for readsorption of Cl betwe
or during laser pulses, and for the etching of the surface
the end of a pulse, the final density profile, possibly modifi
by readsorption, becomes the initial density distribution
the next pulse. Inputs to the program include the numbe
pulses, the initial Cl depth profile, the time evolution of t
surface temperature, and of the melted depth as tables. F
parameters are the segregation coefficient and the activa
energies of first- and second-order desorption. The diffus
coefficient of Cl in liquid Si is taken to be 1.6
31024 cm2 s21, which is an average of the diffusion coe
ficient reported for other impurities or dopants of Si;5 diffu-
sion does not depend very much on the nature of the im
rity. Pre-exponential factors were taken to
23103 cm2 s21 and 1014 s21 for second- and first-order de
sorption, respectively.8,9 These values are ‘‘normal’’ for de
sorption, and we did not attempt to determine them.

The simulations are compared with time-of-flight~TOF!
mass spectrometry results on the desorption products,
Auger-electron-spectroscopy~AES! data of the undesorbe
Cl atoms and secondary-ion-mass-spectrometry~SIMS! data
of the Cl distribution in the bulk. The results of Ref. 6 whic
are used for comparison with our calculations are sum
rized in Table I. Under experimental conditions where no g
phase molecules interact with the surface during the la
pulse, the etch rate saturates at'0.56 Å/pulse, or
'0.40 ML of Si.4 In Ref. 6, the Si is divided arbitrarily in
two regions: region I consists of the seven atomic pla
nearest to the surface, and region II is below region I.
what follows, Cl in region I~expressed in ML! is called
‘‘surface Cl’’, while ‘‘bulk Cl’’ stands for Cl in region II. By
AES it was found that the surface chlorine isQAES50.37
60.10 ML after one laser pulse, and the SIMS depth pro
shows less than 1019-cm23 bulk chlorine. The branching ra
tio between the main desorption products (SiCl/SiCl2) was
found close to unity in TOF measurements. These results
for a laser fluence of 600 mJ cm22, and we refer to this value
in the following unless otherwise mentioned. In addition, t
calculations are compared with the relative desorption y
of SiCl in a series of laser pulses following one single ch
rine dose~TOF measurements! and with the Cl depletion in
region I as probed by AES as a function of laser count.

Several experimental studies give a rather extensive
scription of Cl adsorption on solid Si~100! surfaces, as wel
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as of the thermal-desorption kinetics of chlorosilicon m
ecules. Cl2 adsorbs dissociatively on Si~100! onto the top
silicon layer and a high-energy barrier hinders the b
penetration.10 X-ray-photoemission-spectroscopy studi
show that the surface species is mainly SiCl,11–14and a satu-
ration coverage of'1 ML was found. The desorption prod
uct is mainly SiCl2 for the solid surfaces. Various orders o
the desorption kinetics were found depending on the
coverage:8 the surface structure, the surface diffusion, a
the lateral interactions account for the observed variatio
The desorption reaction of SiCl2 from a monochlorinated
surface implies the formation of dichloride from two SiC
the reaction order may be 2, when SiCl are randomly dist
uted on the surface and diffuse to give SiCl2; or 1 under
some circumstances, for instance when prepairing of Cl
oms on the surfaces occurs. The latter was observed on
surfaces by molecular-beam studies8 for chlorine coverages
smaller than 0.4 ML. The desorption may be written as

2SiCla→SiCl2
g1Sia,

where the upper index indicate the adsorbated phase o
gas phase. For etched surfaces the reaction rate show
second-order dependence on chlorine coverage for
coverages.8 The activation energy of second-order desorpt
in this case is reported8 to be E2

s53.61 eV for a pre-
exponential factor of 23103 cm2 s21 ~Table I!.

SiCl is also reported to desorb from the solid, but
higher temperatures~above 900 °C!.8,9,15The desorption may
be described by a first-order equation

SiCla→SiClg.

The activation energy of first-order desorption was repor
to beE1

s52.45 eV using a Readhead analysis,9 and a pre-
exponential factor of 1013 s21.

As stated above, the product yields of the excimer las
induced desorption following a pulsed adsorption of C2
were reported in Ref. 6. SiCl is at least as abundant
SiCl2, unlike the case of the thermal-programmed-desorpt
and LITD ~laser induced thermal desorption! conditions,
where SiCl2 is the major desorption product.8,16 Thus, the
experimental conditions~heated solid surface or laser melte
surface! significantly change the surface chemistry as will
discussed in this paper.

The paper is organized in six sections. In Sec. II,
describe the thermal model of laser melting used to calcu
the melting dynamics. The description of the model of ma
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FIG. 1. Calculated surface temperatu
~squares! and melted depth~bars! for a laser pulse
of fluence 600 mJ cm22 and of a FWHM of 11 ns
at 308 nm on a silicon substrate. In the inset a
sketched the space and time divisions in the q
sistationary finite-difference approximation:i and
j stand for the space and time step numbers,
spectively. The calculated molten depth and s
face temperature are sampled inDt-wide time
cells.
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transport and segregation is given in Sec. III together wit
comparison with previous similar calculations and expe
ments of nonequilibrium dopant incorporation.3,5 In Sec. IV,
we present the results of our calculations: the etch rate,
remaining chlorine depth profile, the evolution of the ch
rine concentration at the surface during the laser pulse,
the effect of multiple pulse irradiation. Section V contains
discussion of the results. Finally, we conclude with a br
summary of the results and the possible extensions of
work in Sec. VI.

II. CALCULATION OF HEAT DIFFUSION
AND MELTING DYNAMICS

In this work, heat diffusion and impurity diffusion ar
calculated separately. The output of the heat diffusion ca
lation ~temperature and melted depth vs time! is used as an
input of the impurity diffusion program.

Laser heating of the substrate is calculated using the c
sical heat diffusion equation. It is assumed that elect
transport is negligible as compared to heat transport, and
the conversion of the laser-induced electronic excitation i
heat is very fast at the time scale of the laser pulse. We
the equation

]

]t
„rcT~z,t !…5

]

]z SK ]T~z,t !

]z D1S~z,t !1M ~z,t !, ~2!

whereT is the temperature,z is the depth, andr, c, andK
are the Si density (g cm23), heat capacity (J g21), and ther-
mal conductivity (J s21 cm21 K21). These three paramete
are related to the diffusion coefficientD (cm2 s21) by the
relationshipD5K/rc. S andM are the terms correspondin
to the source of energy~i.e., laser absorption! and to the
latent heat of melting, respectively. The one-dimensio
form of the heat equation is used because the lateral dim
sion of the laser beam ('2 mm) is much larger than the he
diffusion length at the time scale of the laser pu
('1mm).

The equation has been used by various authors.1,3,17 In
general, the left-hand term is written in the for
rc(]/]t)T(z,t). But we do find that the term
a
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@](rc)/]t#T(z,t) has to be included in the calculation i
order to achieve energy conservation when temperat
dependent parameters are used~which is necessary to de
scribe the heating of a semiconductor!. Typically, an excess
of heat equal to'4% of the absorbed laser energy is fou
in the material after 50 ns when the term is not included,
a laser fluence of 500 mJ cm22 ~which is above the melting
threshold!.

The equation has been solved numerically by an exp
method. In order to keep the calculating time within reaso
able limits, the Si is divided in slices, the size of whic
increase geometrically by a factor of 1.1 at each slice. T
surface slab is 40 Å thick. A smaller thickness was found
change the maximum surface temperature of only a few
grees K, for laser fluences resulting in temperatures ab
the equilibrium melting temperature of 1683 K. The therm
parameters of Si are taken from Ref. 17. Overheating of
solid phase, and undercooling of the melted phase, are
cluded in our code.18 The variation of the effective melting
temperatureTf with the speed of the melting and recrysta
lization front, v is phenomenologically described by the r
lationshipDTf5zv, wherez has the value 17 K m21 s for
Si.18 Typically, including overheating and undercooling r
sults in an increase of the calculated melting duration
'10%. The melted depth is also larger by a similar amou
The calculated melting~recrystallization! temperature is
larger ~smaller! than the equilibrium value by'100 K. The
surface temperature and the melted depth are shown in F
for a laser fluence of 600 mJ cm22.

Our computer code was tested under conditions where
result can be compared with an analytical solution, nam
when the surface is put in contact att50 with a heat source
that is held at a fixed temperature~and using temperature
independent parameters!. The energy balance is checked
the end of every calculation by integrating the heat presen
the material, which is compared to the energy that was
sorbed during the laser pulse.

Our code allows a satisfactory comparison with the e
perimental results of Ref. 17. However, while this sort
calculation is a good tool to study the dependence of la
melting on a given experimental parameter like the laser
ence, we do not consider that it has the capability of abso
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predictions. This is mainly because the thermal and optic
parameters of silicon above 1000 K were determined fro
the comparison of the present type of calculation with las
heating and/or melting experiments, where the melting du
tion and depth are measured; the problem is that the exp
mental melting duration and depth of Si, which are used to
the optical and thermal properties, depend significantly
the ambient gas of Si, which is not controlled in most re
ported experiments. The parameters up to 1000 K were
termined in air by ellipsometry.19 This point is illustrated in
Fig. 2. Reflectivity transients of Si at 638 nm are displaye
for Si in a secondary vacuum (1027 mbar), and in a chlorine
environment~same base pressure, pulsed molecular beam
chlorine directed toward the surface, and ambient chlori
gas at 1026 mbar!. The difference between the two experi
ments is much larger than the experimental uncertainty;
contrast, the transients of Fig. 2 obtained for a chlorine e
vironment are very similar to those obtained in a previo
work from our laboratory, in which the experimental setu
was entirely different.20 This shows that the results are quit
reproducible, and that the melting dynamics depend stron
on the adsorbed molecules.

We do not attempt to solve this problem in this work. Th
would imply modeling the change of thermal and optic
properties of Si induced by impurities, and incorporating th

FIG. 2. Experimental transient reflectivity records at 633 nm
induced on silicon by the exposure to an excimer laser beam at
nm: ~a! for a ‘‘clean’’ Si surface@held in a secondary vacuum
environment (1027 mbar)#, and ~b! for a saturated Si:Cl surface
~same base pressure, pulsed Cl2 molecular beam and ambient pres
sure of 1026 mbar of chlorine!. The laser fluences are indicated o
the left of the figures. The height and width of the transients i
crease with laser fluence. The onset of the transient occurs earlie
the fluence increases.
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model into the code describing laser heating and melting
addition, heat and impurity diffusion would have to be ca
culated together. This is beyond the scope of this pa
which is to unravel the basic features of the desorption
namics during laser melting. Our method is to calculate la
heating and melting for a range of laser fluences, using
‘‘clean Si’’ parameters of Ref. 17; for a givenexperimental
laser fluence, in the mass transport program we use the
perature transient that is obtained for the fluence that yie
the right melted depth. In other words, we use the laser
ence as a scaling parameter. The experimental melted de
are obtained by measuringB depth profiles as measured aft
laser etching experiments by SIMS.5 We chooseB because
we do not observe a change of the melting duration a
depth with the density ofB in Si.

III. MASS TRANSPORT. DIFFUSION, SEGREGATION,
AND DESORPTION

A. Definition of the model. Initial value problem.
Finite-difference equations

Because the diffusion coefficient in solids is seven ord
of magnitude less than in the liquid phase, we neglect
diffusion from the surface into the solid. During melting, th
system is described as a one-dimensional liquid with t
moving borders: the free liquid-vacuum~LV ! border moves
at the etching velocity toward deeper locations, and
liquid-solid ~LS! border propagates first inwards during me
ing, then outwards during recrystallization. We choose
one-dimensional treatment because the heat diffusion le
is much smaller (;1mm) than the size of the lase
(;2 mm). Chlorine is the solute in this moving fluid. Con
vection is not included in the model. The etching velocity
taken into account only for a repeatedly irradiated surfa
with a large number of pulses since the etch rate does
exceed 0.56 Å/pulse,6 which is much smaller than the spati
resolution of'9 Å that we use in our calculations.

Space and time are divided in cells indexed byi and j ,
respectively~Fig. 1!. The length of time cells isDt. At the
time t5 jDt1Dt/2 corresponds a melted depthzLS( j ) and a
surface temperature provided by the thermal diffusion cal
lations described in Sec. II. For a time intervalDt suffi-
ciently small, the molten depth is considered constant. T
diffusion equation with the Cl depth profile forj21 as initial
value is solved in the cellj over the depthzLS( j ) ~Fig. 1!.
Melting or solidification occurs, resulting in a change
zLS , and a new diffusion problem is solved in the cellj
11, with the initial conditions given by the final state of th
former cell j .

The diffusion equation is

]n

]t
5

]

]z SD ]n

]zD , ~3!

with n(z,t) the Cl density in the liquid phase at timet and
depth z, and D the diffusion coefficient. In the finite-
difference approximation, the equation has the formnj11

i

2nj
i5r (nj

i2122nj
i1nj

i11), wherer5D(dt/dz2).
At the LV border, the desorption of silicon chlorides o

curs at the same time as the diffusion into the bulk. T
continuity equation reads

,
08

-
as
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dn

dt
5

]n

]t
1“•J5 f ~n!, ~4!

whereJ is the flux across the surface, andf (n) is the de-
sorption rate. Since no mass transport occurs through
surface, but desorption, we have“•J50. When coupled
with the diffusion equation~3!, the free border condition
becomes, in the finite-difference approximation

nj
02nj

2150,
~5!

nj11
0 2nj

05 f ~n!dt1r ~nj
2122nj

01nj
1!,

i50 corresponds to the surface layer, andi521 is a layer
in vacuum. The surface coverageQ is related to the volume
densityn by the equation

Q5nCl /nSi~z50!
. ~6!

B. Segregation during recrystallization

There are different equations at the LS border for melt
and recrystallization. At the melting stage the flow across
LS interface is zero, since the diffusion coefficient in t
solid is negligible:]n/]z50uz5zi

, with zi , the interface po-

sition or, in the finite-difference form,nj
i2nj

i2150.
When Si solidifies, Cl is rejected from the solid to th

liquid phase. Segregation occurs at conditions far from eq
librium, and is characterized by a coefficientKs which in
general is a function of the interface velocityv r .

21 Ks is
defined by the conservation law at the recrystallizat
front:3

]n

]z
1~12Ks!n r•n50. ~7!

The flux of impurity atoms that cross the interface
n r(nL2nS). One can readily observe that 12Ks must be-
have as 1/v r in order to account for the fact that segregati
is most efficient forv r→0. Therefore, when Eq.~7! is used
as a Neumann~or derivative! boundary condition one has t
model the velocity dependence of solute partitioning. Ho
ever, in some cases, the segregation is so strong tha
resulting impurity concentration is not measurable by
usual experimental methods~SIMS and Rutherford back
scattering!. Using such a model is then not sensible, beca
it cannot be compared with experiment. This is precisely
case of chlorine on silicon. Therefore, we use in this wor
segregation coefficientKs given byKs5nS /nL , maintained
constant all along the calculations.2

The mass transport associated with segregation ta
place in a layer of thicknessv rDt. We impose that the fina
average concentration in this interface layer is uniform
taken asKs times the initial average concentration of th
solute ~Cl! in the liquid solvent~Si!. The concentration in
excess is transferred to the nearest liquid layer. This imp
the assumption that the segregation takes place much f
than diffusion. This is reasonable for systems such as C
for which segregation is found strong,6 but it is not true in
general. According to this picture, whenv rDt→0, a single
layer recrystallizes duringDt, and the average condition be
comes the local condition:nS /nL5Ks .
he
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We have tested our approach to segregation on a num
of depth profiles of dopant distribution in laser-annealed
as found in Campisano and Wood’s works. The result of
calculation for Bi in Si is shown in Fig. 3. There is no B
desorption, so the calculation includes only the dopant re
tribution. As already stated, the definition of the interfac
distribution coefficient is applied on average to the set
layers which is crossed by the recrystallization front duri
one temporal step. Thus the solute quantity rejected into
liquid is proportional to the thickness of this set of laye
and in turn to the time duration of the chosen temporal st
Therefore the results will depend somewhat on the adop
time resolution. It is worth noting that the required time st
for a good accuracy is generally smaller than the one
quired by the stability condition in the explicit method
therefore there is no significant improvement of the calcu
tion time with the implicit method used here with respect
the explicit method. Nevertheless, we choose this appr
mation because it does not bring numerical instabilities, a
it allows us to reach accurate enough results in a reason
computing time. We find that the results obtained for diffe
ent temporal resolutions do converge more or less rap
depending on the segregation coefficient. As expected,
approximation is better for smallerKs .

C. Desorption from the liquid surface

The possible chemical states of chlorine on a molten
surface are not known precisely. Si atoms, Cl atoms,
SiClx molecules~x51 and 2! may coexist, and the following
chemical equilibria may be considered:

Sia1Cla↔SiCla, ~1!

SiCla1Cla↔SiCl2
a , ~2!

SiCla1SiCla↔SiCl2
a1Sia, ~3!

SiCla→SiClg, ~4!

FIG. 3. Depth profiles of Bi in Si, as implanted and after las
annealing. Experimental data after Ref. 2. The results of two ca
lations are shown, corresponding to time resolutions of 0.1 and 0
ns.
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FIG. 4. Calculated desorption rate and surfa
Cl density as functions of time during surfac
melting. The parameters used in the calculati
are first-order desorption, 350 mJ cm22, Ks

50.02, andE1
l 5E1

s52.15 eV. The desorption
rate, as calculated by freezing the diffusion to t
bulk, is also shown for comparison~‘‘0 melt
depth’’! on the figure.
o
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SiCl2
a→SiCl2

g . ~5!

We do not consider SiClx with x53 and 4~although their
formation is exothermal! because these molecules are n
observed to desorb. At the beginning of melting, most
atoms are in the form SiCla. Since SiCl is a strongly bound
molecule~'5 eV in the gas phase! the dissociation follow-
ing Eq. @1# should not be important even at the peak te
perature of'2000 K. As a result Eq.@3# rather than Eq.@2#
must be considered for the formation of SiCl2. As for Eq.
@1#, the formation of SiCl2 should be dominant in Eq.@2#
~Eqs.@1# and@2# are strongly exothermic from left to right!.

Reaction@3# may be exothermal or endothermal. Fro
left to right, it may be limited by diffusion, while it will not
be from right to left. At the very beginning of melting, whe
Cl atoms are all at the surface, diffusion should not limit t
rate and reaction@3# should occur easily from left to right
Later, as the chlorinated species are desorbed or dispers
diffusion over an increasing volume, diffusion should lim
strongly the production of SiCl2, while the dissociation of
SiCl2 by the reverse reaction will occur at a constant ra
Reactions@4# and @5# do not occur at a comparable rate o
the solid surface, where most desorption occurs through
action @5#, although the main surface species is SiCl. W
assume that this does not change on the liquid surface:
@5# would be fast, while Eq.@4# would be slow.

~1! ‘‘ Coupled’’ kinetics. Let us assume that the SiCl2 con-
centration and coverage remain significantly smaller than
SiCl ones~because reaction@5# is faster than reaction@3#,
and because the reverse of reaction@3# is not negligible, so
that SiCl2 molecules which have diffused to, or were form
in, the bulk dissociate in the bulk rather than reach the s
face and desorb!. With these assumptions, we obtain

d@SiClg#

dt
5k4@SiCl

a#, ~8!

d@SiCl2
g#

dt
5k5@SiCl2

a#5k3@SiCl
a#2. ~9!
t
l

-

by

.

e-

q.

e

r-

SiCl and SiCl2 kinetics are coupled, the SiCl desorption is
first order in Cl coverage, and the SiCl2 desorption is second
order in Cl coverage, the Cl coverageQ being

Q5@Cla#1@SiCla#12@SiCl2
a#'@SiCla#. ~10!

In this case, the branching ratio BR~integrated over the
melting duration! is

FIG. 5. Calculated desorption rate and chlorine coverage as
function of time during laser melting; the parameters used in the
calculation are second-order desorption, 600 mJ cm22, Ks50.02,
E2
l 53.0 eV, andE2

s53.7 eV.
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FIG. 6. Influence of the segre
gation coefficientKs on ~a! the Cl
desorption yield (Qdes), ~b! the
surface Cl at the end of the lase
pulse (QAES), ~c! the Cl concen-
tration in the eighth plane below
the surface (nSIMS), and ~d!
the relative desorption yield as
function of laser count. The
parameters used in the calcula
tion are second-order desorption
600 mJ cm22, E2

l 53.1 eV, and
E2
s53.7 eV.
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:

BR5

E k4@SiCl
a#dt

E k3@SiCl
a#2dt

, ~11!

wherek3 and k4 depend on time through the temperatu
and @SiCla#(t) is a function of time that involves diffusion
and desorption. This branching ratio is an output of our co
puter program.

~2! Separate kinetics. If we now assume that the revers
of reaction @3# is negligible, then all the SiCl2 molecules
formed at the beginning of melting will either desorb quick
or diffuse to the bulk and ultimately desorb or stay at t
surface after recrystallization when they diffuse back to
surface. The kinetics is different in this case. The branch
ratio between SiCl and SiCl2 is ‘‘decided’’ at the early stage
of melting, while the SiCl concentration near the surface
large enough to yield a significant amount of SiCl2 through
reaction@3#. Let us noteh the fraction of surface chlorine in
the form of SiCl. The total coverage of chlorine is

Q5@Cla#1@SiCla#12@SiCl2
a#'@SiCla#12@SiCl2

a#.
~12!

The ‘‘initial’’ SiCl and SiCl2 coverages are

@SiCla#05hQ0 , ~13!

@SiCl2
a#05

1
2 ~12h!Q0 . ~14!

The rates of desorption are

d@SiClg#

dt
5k4@SiCl

a#, ~15!

d@SiCl2
g#

dt
5k5@SiCl2

a#. ~16!
,

-

e
g

s

The branching ratio BR is again a complicated fraction
integrals that are calculated by our program:

BR5

E k4@SiCl
a#dt

E k5@SiCl2
a#dt

. ~17!

We have fitted the experimental data with first-order kinet
alone, second-order kinetics alone, and the two combinat
of first- and second-order kinetics corresponding
‘‘coupled’’ or ‘‘separate’’ kinetics.

IV. RESULTS

A. Influence of the diffusion on desorption and Cl coverage

Melting allows the adsorbate to penetrate beneath the
face, and therefore decreases the available amount of c
rine for desorption. As a result, if we use the same kine
parameters for desorption from the solid and liquid surfac
we expect surface melting to cause a decrease of the de
tion rate, in contradiction with the experimental results. T
shows that the desorption kinetics cannot be the same on
solid and the liquid, and thatEl,ES.

We first do not take this fact into account, and we use
same kinetics for both states of the surface in order to sh
the influence of diffusion on desorption. In Fig. 4 we sho
the calculated desorption rate and surface coverage duri
laser pulse, using a segregation coefficient of 0.02 an
first-order desorption with an activation energy of 2.15 e
The chosen laser fluence is 350 mJ cm22, which is just
above the melting threshold, the diffusion lasts a short tim
and acts only as a perturbation onto desorption, and the la
remains the main process involved in the adsorbate deple
at the surface. Also shown in the figure is the result o
calculation where the value of the diffusion coefficient
kept at its value for the solid~as if the surface did not melt
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55 13 911DESORPTION AND DIFFUSION AT PULSED-LASER- . . .
‘‘0 melt depth’’ on Fig. 4!. The comparison between the two
cases shows the strong effect of Cl depletion by diffusio
during surface melting. The Cl coverage decreases by a fa
tor of '4 during melting. As a result, when melting starts
the desorption rate on the liquid surface also decreas
strongly as the adsorbate penetrates into the melted silico
Subsequently, the recrystallization pushes the diffused chl
rine back to the surface, and the desorption increases aga
two desorption peaks occur as a function of time.

For fluences well above the melting threshold, the surfac
is depleted in a fraction of nanosecond~Fig. 5!, so that the
desorption rate is significant only at the beginning of melt
ing. The second peak is observable as at smaller fluence, b
it is delayed, and its height is smaller than that of the firs
peak by nearly two orders of magnitude.

B. Influence of the segregation coefficient on desorption
and Cl depth profile

One expects that the segregation does not have an imp
tant influence on desorption, since the latter occurs mainly

FIG. 7. Effect of the activation energy of desorption on the
calculated surface chlorine after the laser pulse (QAES), and on the
etching rate. The parameters used in the calculation are first-ord
desorption, 550 mJ cm22, Ks50.02, andE1

s5E1
l .
n
c-
,
es
n.
o-
in:

e

-
ut
t

or-
at

the very beginning of melting~as shown in Sec. IV A! while
the former takes place during the recrystallization. Inde
the role of the segregation coefficient on the desorption y
is proportional to the height of the second desorption pe
This peak decreases as the fluence increases because t
maining Cl quantity below the surface decreases. Figur
shows the calculated influence ofKs on the Cl desorption
yield, the remaining surface Cl, the remaining bulk Cl, a
the relative desorption yield for a series of laser pulses.
expected,Ks greatly influences the bulk chlorine, but by co
trast it has almost no effect on the desorption yield. T
surface Cl varies only slightly withKs ('10%) when the
latter varies by290–1100 %. As a result, the value o
Ks can be inferred from the SIMS measurements alone.
experimental upper limit of 1019 cm23 for the Cl concentra-
tion in the bulk sets an upper limit of 0.02 forKs .

C. Desorption kinetics

Once a satisfactory value is obtained forKs , we use the
other experimental results~namely, AES at 600 mJ cm22 and
the etching rate as a function of laser fluence!, to derive the
values of the activation energies of desorption. At low fl
ence, the desorption occurs on a solid surface, while for
higher fluences both states of the surface contribute to
desorption. Therefore, the two fit parametersEs andEl can
be determined independently. An example of the choice
the appropriate fit parameters is depicted in Fig. 7 for a fi
order desorption on the liquid surface and for a SiCl
SiCl2 ratio of 1. One observes that the ‘‘etching rate’’ an
‘‘AES’’ criteria can be met together.

On the solid surface, a pure second-order kinetics yield
an activation energy which agrees well with the value of
literature~Table I!. A pure first-order kinetics does not agre
so well ~Table I!. Since SiCl is a minor desorption produ
on the solid, in what follows we shall calculate the deso
tion from the solid with a second-order kinetics in chlorin
coverage.

On the liquid surface, a first-order kinetics fails to repro
duce the etch rate dependence on laser fluence. A pla
cannot be obtained@Fig. 8~a!# because the desorption~which

er
-
n
ed
FIG. 8. Experimental and cal
culated etch rate dependence o
laser fluence. The parameters us
in the calculation are~a! first-
order desorption,Ks50.02, and
E1
s5E1

l 52.15 eV; ~b! coupled ki-
netics,Ks50.01, E2

s53.7 eV, E1
l

52.0 eV, andE2
l as indicated on

the figure; and~c! separate kinet-
ics, Ks50.02, E2

s53.7 eV, E1
l

52.0 eV, andE2
l 53.2 eV.
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increases the etch rate! is more dependent on the laser flu-
ence than the diffusion~which decreases the etch rate!: this is
due to the fact that Cl atoms diffuse more slowly than hea
the increased rate of the heat diffusion induced by the in
crease of the laser fluence has little effect on Cl diffusion
Since a second-order kinetics cannot account for the Si
desorption~which is first order in Cl coverage!, this implies
the use of a more complex kinetic frame where both secon
and first-order kinetics are involved. As stated in Sec. III, w
consider two kinetic models, where SiCl and SiCl2 desorp-
tion are either ‘‘coupled’’ or ‘‘separate.’’ In the first case, the
ratio of the SiCl and SiCl2 desorption rates depends on the C
coverage, whereas it does not in the second case.

Coupled kinetics. The desorption rates of SiCl and SiCl2
are represented in Fig. 9 as a function of time for couple
kinetics. The comparison between the two chlorinated spec
shows the expected effect that the SiCl2 desorption rate de-
creases more than the SiCl one during the laser pulse: wh
the SiCl desorption peak exhibits a large shoulder after th
beginning of melting, the SiCl2 desorption falls off rapidly.
The SiCl shoulder is due to retrodiffused chlorine~from the
bulk to the surface! during melting. SiCl2 does not exhibit
the shoulder because the Cl coverage is too low at that sta
to yield a significant production of SiCl2. We expect, there-
fore, that the saturation of the etch rate occurs more rapid

FIG. 9. SiCl and SiCl2 desorption rates in the ‘‘coupled’’ de-
sorption scheme. The parameters used in the calculation a
600 mJ cm22, Ks50.01, E2

s53.7 eV, E1
l 51.9 eV, and E2

l

53.3 eV.
t;
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.
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for a second-order desorption~for in the steady state of the
liquid surface the desorption is nearly zero!. This is con-
firmed in Fig. 8~b!: the saturation of the etch rate as a func-
tion of laser fluence is achieved by including SiCl2 second-
order desorption. The results shown in Table I are in
agreement with all available experimental data.

Separate kinetics. When ‘‘separate’’ kinetics are assumed,
the results~Table II! are nearly identical with those of
coupled kinetics~Table I! if we take the initial SiCl to
SiCl2 ratio to beh53/7. The etch rate dependence on laser
fluence @Fig. 8~c!# is satisfactorily reproduced with this
model.

Laser cleaning. In Fig. 10 we present the chlorine depth
profile for a series of eight laser pulses. We set 1 ML before
the first laser pulse. The final depth profile for one pulse
becomes the initial profile for the next pulse. It can be ob-
served that the shape of the chlorine depth profile become
constant after about three pulses, the changes being sma
between pulses 1–3. After pulse 3, the profiles are simply
translated on a log scale from pulse to pulse, showing tha
the desorption yield decreases like the logarithm of the lase
count. This is shown in the inset of Fig. 10. The Cl content
of the substrate decreases by a factor'1.6 at each pulse. It
takes'5 laser pulses to decrease it by one order of magni
tude.

re FIG. 10. Calculated chlorine depth profile after eight successive
laser pulses. The initial coverage is 1 ML. There is no readsorption
between laser pulses. The inset contains the total amount o
desorbed Cl per pulse,Qdes, vs pulse count. The parameters used in
the calculation are those of Table I.
n

TABLE II. Experimental and calculated results for the case of ‘‘separate’’ kinetics~see text, Sec. III C!. QAES andnSIMS are the ‘‘surface

Cl’’ and Cl concentrations in the eighth plane below the surface after the laser pulse, respectively. SiCl/SiCl2 is the branching ratio betwee
the desorption products.Ks is the segregation coefficient.

E1
l

~eV!
E2
l

~eV!
E2
s

~eV!
QAES

~ML ! SiCl/SiCl2

Etch rate
~Å/pulse!a

nSIMS
(1019 cm23) Ks

This work 1.960.1b 3.260.1c 3.760.1 0.36 0.97 0.57 1.2 <0.02
Experiment 3.61 0.3760.13 1.360.3 0.5660.04 <1.0

Ref. 8 Ref. 6 Ref. 6 Ref. 6 Ref. 6

aFor laser fluences above 500 mJ cm22.
bAssuming a prexponential factor of 1014 s21.
cAssuming a preexponential factor of 23103 cm2 s21.



e those of
es at
t pulse
rimental
ded

55 13 913DESORPTION AND DIFFUSION AT PULSED-LASER- . . .
FIG. 11. ~a! Experimental and calculated relative yield of SiCl desorption for a series of laser pulses at 600 mJ cm22. The surface is
initially saturated with chlorine. Both coupled and separate kinetics are considered. The parameters used in the calculation ar
Tables I and II, respectively.~b! Experimental and calculated relative yield of SiCl desorption for a series of laser puls
600 mJ cm22. In the first set of experimental data, the surface is initially saturated with Cl, resulting in a Si desorption yield at the firs
of 0.40 ML; a readsorption of 0.0060 ML of chlorine between the laser pulses is included in the calculation. In the second set of expe
data, the Si desorption yield at the first pulse is 4.631023 ML; a readsorption of 0.0004 ML of chlorine between the laser pulses is inclu
in the calculation. The parameters used in the calculation are those of Table I~coupled kinetics!.
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Multipulse experiments. Other experimental data can b
considered to discriminate between coupled and separat
netics: AES and TOF measurements of multipulse exp
ments. In these experiments, the initial coverage was var
and consequently they should be more sensitive to the r
tion order. The TOF results of Ref. 6 consist of a series
eight laser pulses following a single Cl2 pulse which is pro-
vided by a molecular beam. As can be seen in Fig. 11~a!, the
coupled kinetics fail to reproduce the experimental resu
whereas the separate kinetics succeed. It does becaus
nonlinearity in Cl coverage is more important in the separ
kinetics than in the coupled kinetics. With coupled kineti
first-order desorption dominates as soon as the Cl cove
and concentration decrease and the relative yield of SiCl
sorption decreases more quickly with laser count in the
culation than experimentally. However, these results are
conclusive, because a constant Cl2 pressure could not be
avoided in the experiments in addition to the Cl2 pulse. Tak-
ing into account the effect of the resulting weak readsorpt
between the laser pulses is sufficient to obtain a satisfac
agreement with experiment using the coupled kinetics@Fig.
11~b!#.

In the AES experiments, the problem of readsorption
not encountered. The calculations with separate kine
agree better with the experimental data than with coup
kinetics ~Fig. 12!.

V. DISCUSSION

Our model cannot go into the details of desorption. T
available experimental data are not sufficient for this p
pose. However, as it is, our model allows us to validate
conclusions drawn qualitatively in Ref. 6, and to quantify t
processes of the segregation of Cl at the Si liquid-solid
ki-
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terface, and of the desorption of silicon chlorides from liqui
Si. The determination of the segregation coefficient, and
the activation energies of desorption, are highly constraine
and while a more refined model would provide differen
numbers, the order of magnitude of our results on segre
tion and desorption seem well established. The experimen
data are not sufficient to discriminate between ‘‘coupled’’ o
‘‘separate’’ kinetics. However, both kinetics yield desorptio
energies of the same order of magnitude.

For the first-order kinetics, the desorption rate increas
by a factor 60 at 2000 K upon melting. This change of th
desorption rate is assigned in this paper to a change of

FIG. 12. Experimental and calculated AES Cl signal after~1!
surface saturation by chlorine,~2! one single laser pulse,~3! resatu-
ration of the surface by chlorine,~4! a second laser pulse, and~5! a
third laser pulse. The parameters used in the calculation are thos
Table II ~separate kinetics!.
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desorption energy. The desorption energy should change
cause on the liquid surface the local environment of Si ato
will adapt quickly as a molecule desorbs, so as to minim
the potential energy during desorption. This will not occ
on the solid surface, where a reactive site is left behind
the desorbing molecule. However, a change of the p
exponential factor with the state of the surface can also
cur. It is usually believed~although not substantiated by e
periments! that an increased mobility of the adsorba
reduces statistically the chances to desorb by a first-o
kinetics and results in asmaller preexponential factor. It
would have to be compensated for by an even larger decr
of the desorption energy. The respective role of the p
exponential factor and the desorption energy could only
unraveled by a measurement of the desorption rate with
surface temperature, which seems very difficult to do
cause the peak temperature is only calculated, and becau
varies little with the laser fluence. Because of these diffic
ties, we discuss the meaning of the change of the desorp
energies with the assumption that the pre-exponential fac
do not change.

The activation energies for desorption that we obtain
thesolid surface can be compared directly with the literatu
on thermal desorption, and the agreement is quite satis
tory. There are no such data to compare with forliquid Si,
and it is an important result of the present work to prov
desorption energies for liquid Si, we believe for the fi
time. The difference between the energies for the solid
liquid is found to be 0.760.2 eV for first-order desorption
and 0.460.2 or 0.560.2 ~depending on the kinetics, couple
or separate! for second-order desorption. It is worth notin
that the experimental value of the heat of melting of silic
@0.52 eV ~Ref. 22!# is within the uncertainty limits. Let us
consider the following reaction scheme:

SiCls ——→
2DHm

SiCll ——→
2DHl

SiClg ,

SiCls ——→
2DHs

SiClg ,

whereDHm is the latent heat of melting of the SiCl ove
layer, whileDHs andDHl are the heats of desorption from
the solid and liquid surfaces, respectively. Assuming t
DHm can be approximated by the latent heat of solid Si,
obtain the result thatDHs5DHm1DHl , which seems to be
verified experimentally. Alternatively, a more accurate det
mination ofDHm would allow to measure small effects th
changeDHm , like the strain of the solid surface.23

Because desorption on the solid surface occurs thro
the diffusion-limited formation of SiCl2, it could be assumed
that it is the strongly increased diffusion on the liquid surfa
that results in the observed large etch rate above the me
threshold. In fact, SiCl desorbs as efficiently as SiCl2, the
desorption of both products being easier on the liquid s
face. The increased diffusion does not facilitate the prod
tion of SiCl2 because it also has the effect of scattering C
the whole melted layer.

Our program allows us to calculate features that were
or that cannot be measured experimentally, like the Cl c
erage at the surface and the Cl depth profile~Fig. 13! as a
function of time, or the kinetics of cleaning as a function
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laser count. The former shows that desorption and etch
occur in a fraction of a nanosecond at the beginning of me
ing. It follows that the excess energy is not used at all f
etching. This explains why the etch rate dependence on la
fluence so quickly reaches a saturation after the sharp
crease above the melting threshold. The latter is illustrated
Fig. 10, and it shows an important feature of laser cleanin
while the branching ratio favors desorption in the case of
ML of Cl on a clean Si substrate~about two-thirds of Cl
atoms are desorbed6!, it is less favorable from the point of
view of cleaning when the atoms are initially distributed i
the volume. The desorbed fraction of Cl per laser pulse s
bilizes to'1

3 after three laser pulses. As is shown in Figs.
and 5, the desorption occurs at the very beginning of me
ing, and only molecules at, or close to, the surface, can d
orb: the mechanism of laser cleaning is the desorption
surface species, followed by the redistribution of the remai
ing impurities. At this stage~which prepares the desorption
at the next pulse!, segregation plays a key role. We hav
observed this for O and C on Si. It takes a few thousa
pulses to decrease the coverage of the former below the s
sitivity level of AES, while it takes less than ten pulses t
obtain the same result for the latter:6 O does not segregate a
all on Si, while C does. The level of Cl contamination indi
cated in this paper and in Ref. 6 is only an upper limit. Qui
possibly, the Cl concentration after etching is lower tha
1019 cm23, and the segregation coefficient would then b
even smaller than 0.02.

The Cl segregation is very strong even at a speed of
crystallization of'6 ms. As a consequence, the Cl dept
profile is very sharp~Fig. 13!. This is unusual. Si dopants
which have a small segregation coefficient at equilibriu
exhibit a weak segregation~Sb!, if any at all ~As!, at such a
speed of recrystallization. This is why laser annealing is
interesting tool to obtain concentrations of dopants larg
than solubilities in substitutional sites.5 Most probably, the
strong segregation of Cl is due to the fact that Cl cannot
substituted to Si atoms, because of its electronic structure~it
belongs to group VII!, and it cannot either be placed in in-
terstitial sites~unlike F! because it is too large.

FIG. 13. Calculated chlorine depth profile at different times o
melting for a laser fluence of 600 mJ cm22 and for the coupled
kinetics ~Table I!.
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VI. CONCLUSIONS

The pulsed-laser etching of silicon by chlorine is d
scribed quantitatively. Calculations include desorption in
dition to heat and mass transport. The results allow us
simulate successfully a large set of available experime
data~AES, TOF, and SIMS! that put rather large constrain
on the fitted parameters. The segregation coefficient of C
the Si liquid-solid interface, and the activation energies
desorption from the liquid, are obtained. The difference
the activation energies on the liquid and solid is within e
perimental uncertainty equal to the latent heat of melting
Si. The diffusion of the initially adsorbed chlorine below th
surface is confirmed to be a limiting factor of the etchin
The experimentally observed saturation of laser etching
also influenced by the SiCl/SiCl2 branching ratio and by ki-
netic details of desorption~i.e., the reaction order!. The time
scale of desorption is a fraction of a nanosecond. The la
cleaning efficiency is shown to depend critically on the s
e

-
o
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r
f
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regation coefficient; in the case of Cl on Si, the desorb
fraction decreases from' 2

3 to ' 1
3 per laser pulse in the

three first pulses, and then it is stable. Our treatment of
sorption can be used for a variety of other adsorba
substrate systems. For example, it is known that dopants
Sb can desorb rather efficiently during Si etching.5 The pre-
diction of the number of laser pulses necessary for the cle
ing of C and O impurities at levels beyond the sensitivity
AES can also be done. However, a more basic developm
of this work is to couple the heat and mass flow calculatio
in order to understand the role of impurities on the dynam
of surface melting. Significantly improved data on the th
mal and optical properties of silicon would be gained. T
experimental task is to measure more accurately, and o
better controlled substrate, the melting dynamics in a sin
laser pulse. Possibly, the determination of a quantity l
DHm , that involves the change of the latent heat by strain
other adsorbate-induced effects, could be obtained.
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