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Desorption and diffusion at pulsed-laser-melted surfaces: The case of chlorine on silicon
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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=h9.5 eV for the liquid surface than for the($00):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 i3<0.02 at a recrystallization speed &f6 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 nanosecongllowing only ~60% of the Cl to desojb Multipulse experiments are also calculated.
After only three laser pulses, only the level of Cl contaminafioot the shape of the Cl depth projilearies
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 magniiB@de53-18207)06420-3

[. INTRODUCTION sity of Si atoms in 100 plang. Some dopants like Sb can
also desorb from Si, but their desorption yield over a single

The surface melting of a solid can be easily induced by daser pulse is much smaller than 1 MMWe have experimen-
pulsed laser at fluences lower than the ablation threshold d@lly studied the laser etching of silicon by chlorine, showing
the material. Laser melting has been shown to be a powerfdhat desorption and diffusion compete in that case; a re-
tool to induce a variety of surface modifications. These in-Sult, all Cl atoms are not “used" for etching; an important
clude the doping of a thin layer of a semiconductor from affaction of them is pumped away from the surface to the
gas of molecules that contain dopant atoms, the redistripuitolume; these Cl atoms are nevertheless found at, or very
tion of impurities over the melted depth, the recrystallization¢l0se 10, the surface after recrystallization, due to a strong
of an amorphous layer, the etching of the substrate when it i§égregation of Cl at the liquid-solid interface. In this paper
exposed to halogen molecules, the improvement of tribologive report the numerical simulation of the experiments of
cal properties of metal alloys, the wetting of polymers, etc.Ref. 6. In addition to laser heating, surface melting, diffu-
In general, laser melting induces a strong modification of theéion, and segregation of the impurities, the simulation in-
substrate through two effects: the dramatic increase of théludes the desorption of silicon chlorides. The segregation
diffusion coefficient of impurities in the liquid phase with coefficient of C_I, the desorption klnet|c_s of silicon chlorides,
respect to the solid phase, and the out-of-equilibrium segreand the evolution of the supstrate during the Iqser pu]se, are
gation at the rapidly moving liquid-solid interface at the re-deduced from the comparison of the calculations with the
crystallization stage. These effects were studied in great d&xperimental data. o _
tails both experimentally and theoretically in the case of A finite-difference approximation is used to solve numeri-
silicon. Because of the complexity of the process and of th&ally the heat and mass flow equatidriEhe desorption rates
evolution of the substrate during the laser pulse, a quantitsd'® Written according to the Polanyi-Wigner rate equation
tive description of the experiments can only be achieved )
through their numerical simulation® To our knowledge, 0 =10 "exp — E¥KT), )
desorption was not included in such calculations.

In the case of laser etching and cleaning, not only diffu-wherek is the Boltzmann constan® is the adsorbate cov-
sion and segregation play an important role, but also does therage,T is the surface temperaturB? is the activation en-
desorption of impurities. For example, the rate of desorptiorergy of desorptiony is the pre-exponential factor amdis
of silicon chlorides may reach 0.4 ML per laser pulse on Sithe reaction order. Both first and second orders in Cl cover-
(Ref. 4 [here we define 1 ME6.78x10'* cm™2, the den- age are considered. Depending on the solid or liquid state of
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TABLE I. Experimental data and calculated results for the case of “coupled” kingbies text, Sec. lll L O g5 and ngys are the
“surface CI” and CI concentrations in the eighth plane below the surface after the laser pulse, respectively. Si€ltB&ranching ratio
between the desorption producks, is the segregation coefficient.

ES E} E, ES O aes Etch rate Nsims
eV) eV) (eV) (eV) (ML) SiCl/SiCl, (Alpulse®  (10° cm™9) K
This work 2P 20+01° 3.3x01° 3.7+0.1° 0.39 0.95 0.55 0.8 <0.02
Experiment 2.45 3.61 0.370.13 1.3:0.3Ref. 7 0.560.04 <10
Ref. 9 Ref. 8 Ref. 6 Ref. 6 Ref. 6

8For laser fluences above 500 mJ&@n
PAssuming a preexponential factor of 461,
CAssuming a preexponential factor ox2.0° cnm?s L.

the surface, and on the reaction ordgror 2), E? is written  as of the thermal-desorption kinetics of chlorosilicon mol-
ES),. In order to compare the results of calculations with aecules. CJ adsorbs dissociatively on @00 onto the top
variety of experimental data, the computer program allowssilicon layer and a high-energy barrier hinders the bulk
for multiple pulse irradiation, for readsorption of Cl between penetrationt®  X-ray-photoemission-spectroscopy ~ studies
or during laser pulses, and for the etching of the surface. Ashow that the surface species is mainly Sitch*and a satu-
the end of a pulse, the final density profile, possibly modifiedration coverage of=1 ML was found. The desorption prod-
by readsorption, becomes the initial density distribution foruct is mainly SiC} for the solid surfaces. Various orders of
the next pulse. Inputs to the program include the number othe desorption kinetics were found depending on the ClI
pulses, the initial Cl depth profile, the time evolution of the coveragé: the surface structure, the surface diffusion, and
surface temperature, and of the melted depth as tables. Fittdlde lateral interactions account for the observed variations.
parameters are the segregation coefficient and the activatiokhe desorption reaction of SiCfrom a monochlorinated
energies of first- and second-order desorption. The diffusiosurface implies the formation of dichloride from two SiCl:
coefficient of Cl in liquid Si is taken to be 1.6 the reaction order may be 2, when SiCl are randomly distrib-
x10"* cm?s™%, which is an average of the diffusion coef- uted on the surface and diffuse to give SiCor 1 under
ficient reported for other impurities or dopants of°Siffu- some circumstances, for instance when prepairing of Cl at-
sion does not depend very much on the nature of the impuems on the surfaces occurs. The latter was observed on solid
rity. Pre-exponential factors were taken to besurfaces by molecular-beam studidsr chlorine coverages
2%x10° cn?s ! and 164 s for second- and first-order de- smaller than 0.4 ML. The desorption may be written as
sorption, respectivel$® These values are “normal” for de- . ) ]
sorption, and we did not attempt to determine them. 2SiCF— SiCB+ SF,

The simulations are compared with time-of-fligfitOF)
mass spectrometry results on the desorption products, wit
Auger-electron-spectroscogpAES) data of the undesorbed

here the upper index indicate the adsorbated phase or the
as phase. For etched surfaces the reaction rate showed a

second-order dependence on chlorine coverage for all

Cl atoms and secondary-ion-mass-spectromgiiyS) data coverageg ot :
s o . geS.The activation energy of second-order desorption
of the Cl distribution in the bulk. The results of Ref. 6 which in this case is reportddto be ES=3.61 eV for a pre-

are used for comparison with our calculations are Summaéxponential factor of X 10° cés L (Table )

rized in Table I. Under experimental conditions where no gas SiCl is also reported to desorb from t'he solid. but at

phase molecules interact with the surface during the Iaserqi her tem erature?above 900 °C2°15The desor tior,1 ma

pulse, the etch rate saturates at0.56 A/pulse, or bgd 'bpd by a first-ord i P y

~0.40 ML of Si* In Ref. 6, the Si is divided arbitrarily in ~c Ccoc'0ed Dy a first-order equation

two regions: region | consists of the seven atomic planes SiCP— SiCE.

nearest to the surface, and region Il is below region I. In

what follows, Cl in region I(expressed in MLis called The activation energy of first-order desorption was reported

“surface CI”, while “bulk CI” stands for Clin region Il. By ~ to be E5=2.45 eV using a Readhead analysisnd a pre-

AES it was found that the surface chlorine @s,es=0.37  exponential factor of 1§ s*.

+0.10 ML after one laser pulse, and the SIMS depth profile As stated above, the product yields of the excimer laser-

shows less than & cm™2 bulk chlorine. The branching ra- induced desorption following a pulsed adsorption of, Cl

tio between the main desorption products (SiCl/giGlas  were reported in Ref. 6. SiCl is at least as abundant as

found close to unity in TOF measurements. These results ai®iCl,, unlike the case of the thermal-programmed-desorption

for a laser fluence of 600 mJ ¢y and we refer to this value and LITD (laser induced thermal desorptjoonditions,

in the following unless otherwise mentioned. In addition, thewhere SiC} is the major desorption produt® Thus, the

calculations are compared with the relative desorption yieldexperimental conditionéheated solid surface or laser melted

of SiCl in a series of laser pulses following one single chlo-surface significantly change the surface chemistry as will be

rine dose(TOF measurementand with the Cl depletion in discussed in this paper.

region | as probed by AES as a function of laser count. The paper is organized in six sections. In Sec. Il, we
Several experimental studies give a rather extensive dedescribe the thermal model of laser melting used to calculate

scription of Cl adsorption on solid @00 surfaces, as well the melting dynamics. The description of the model of mass
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transport and segregation is given in Sec. 1l together with &d(pc)/dt]T(z,t) has to be included in the calculation in
comparison with previous similar calculations and experi-order to achieve energy conservation when temperature-
ments of nonequilibrium dopant incorporatidhln Sec. IV,  dependent parameters are ugedhich is necessary to de-
we present the results of our calculations: the etch rate, thecribe the heating of a semicondugtoFypically, an excess
remaining chlorine depth profile, the evolution of the chlo-of heat equal ta~4% of the absorbed laser energy is found
rine concentration at the surface during the laser pulse, anid the material after 50 ns when the term is not included, for
the effect of multiple pulse irradiation. Section V contains aa laser fluence of 500 mJ ¢rh (which is above the melting
discussion of the results. Finally, we conclude with a briefthreshold.
summary of the results and the possible extensions of this The equation has been solved numerically by an explicit
work in Sec. VI. method. In order to keep the calculating time within reason-
able limits, the Si is divided in slices, the size of which
increase geometrically by a factor of 1.1 at each slice. The
surface slab is 40 A thick. A smaller thickness was found to
change the maximum surface temperature of only a few de-
In this work, heat diffusion and impurity diffusion are grees K, for laser fluences resulting in temperatures above
calculated separately. The output of the heat diffusion calcuthe equilibrium melting temperature of 1683 K. The thermal
lation (temperature and melted depth vs tine used as an parameters of Si are taken from Ref. 17. Overheating of the
input of the impurity diffusion program. solid phase, and undercooling of the melted phase, are in-
Laser heating of the substrate is calculated using the clagiuded in our codé® The variation of the effective melting
sical heat diffusion equation. It is assumed that electronemperatureT; with the speed of the melting and recrystal-
transport is negligible as compared to heat transport, and th#zation front,v is phenomenologically described by the re-
the conversion of the laser-induced electronic excitation intgationship AT;= v, where{ has the value 17 K mts for
heat is very fast at the time scale of the laser pulse. We usg;!® Typically, including overheating and undercooling re-
the equation sults in an increase of the calculated melting duration of
~10%. The melted depth is also larger by a similar amount.
The calculated melting(recrystallization temperature is
larger (smallep than the equilibrium value by-100 K. The
surface temperature and the melted depth are shown in Fig. 1
whereT is the temperature is the depth, ang, ¢, andK  for a laser fluence of 600 mJ ¢rh
are the Si density (g cif), heat capacity (J¢), and ther- Our computer code was tested under conditions where the
mal conductivity (J s*cm tK™1). These three parameters result can be compared with an analytical solution, namely,
are related to the diffusion coefficie® (cn?s™) by the  when the surface is put in contacttatO with a heat source
relationshipD =K/pc. SandM are the terms corresponding that is held at a fixed temperatutand using temperature-
to the source of energyi.e., laser absorptionand to the independent parametersthe energy balance is checked at
latent heat of melting, respectively. The one-dimensionathe end of every calculation by integrating the heat present in
form of the heat equation is used because the lateral dimemhe material, which is compared to the energy that was ab-
sion of the laser beam~2 mm) is much larger than the heat sorbed during the laser pulse.
diffusion length at the time scale of the laser pulse Our code allows a satisfactory comparison with the ex-
(=1um). perimental results of Ref. 17. However, while this sort of
The equation has been used by various authdfé.In  calculation is a good tool to study the dependence of laser
general, the left-hand term is written in the form melting on a given experimental parameter like the laser flu-
pc(dlot)T(z,t). But we do find that the term ence, we do notconsider that it has the capability of absolute

Il. CALCULATION OF HEAT DIFFUSION
AND MELTING DYNAMICS

JdT(z,t)

K 0z

d Jd
= (ch(z,t))=E +S(z,t) +M(z,1), (2
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model into the code describing laser heating and melting. In

0.65F addition, heat and impurity diffusion would have to be cal-

0.60 - culated together. This is beyond the scope of this paper,
EI which is to unravel the basic features of the desorption dy-

0.55F namics during laser melting. Our method is to calculate laser

0.50 heating and melting for a range of laser fluences, using the

“clean Si” parameters of Ref. 17; for a givesxperimental
0.45 laser fluence, in the mass transport program we use the tem-
0.40 perature transient that is obtained for the fluence that yields

Reflectivity
o
[95)
W

the right melted depth. In other words, we use the laser flu-
ence as a scaling parameter. The experimental melted depths
are obtained by measurifgydepth profiles as measured after

0es ' ' — laser etching experiments by SIMSVe chooseB because
0601 | ——340m (b) Chlorinated we do not observe a change of the melting duration and
0ss] | T oM S depth with the density oB in Si.

——450mJ

—— 475 m]
0301 1 300 IIl. MASS TRANSPORT. DIFFUSION, SEGREGATION,
0454 [ ——610m) AND DESORPTION
0.40. e A. Definition of the model. Initial value problem.

Finite-difference equations

035 Because the diffusion coefficient in solids is seven orders
0.30 ; of magnitude less than in the liquid phase, we neglect the

200

diffusion from the surface into the solid. During melting, the

system is described as a one-dimensional liquid with two
moving borders: the free liquid-vacuuthV) border moves

at the etching velocity toward deeper locations, and the

FIG. 2. Experimental transient reflectivity records at 633 nm,|iquid-solid (LS) border propagates first inwards during melt-

induced on silicon by the exposure to an excimer laser beam at 3%9' then outwards during recrystallization. We choose the

nm: (a) for a "clean” Si surface[held in a secondary vacuum gne_gimensional treatment because the heat diffusion length
environment (107 mbar)], and (b) for a saturated Si:Cl surface is much smaller €1um) than the size of the laser

(same base pressure, pulsed @blecular beam and ambient pres- (~2 mm). Chlorine is the solute in this moving fluid. Con-

S ; -
sure of 10 mb.ar of chloring. T.he laser ﬂl.Jences are 'nd'cz.ited " \ection is not included in the model. The etching velocity is
the left of the figures. The height and width of the transients in- ken into account onlv for a repeatedly irradiated surface
crease with laser fluence. The onset of the transient occurs earlier 5% y p y
: with a large number of pulses since the etch rate does not
the fluence increases. E .
exceed 0.56 A/pulsgwhich is much smaller than the spatial

predictions. This is mainly because the thermal and opticalesolution of~9 A that we use in our calculations.
parameters of silicon above 1000 K were determined from Space and time are divided in cells indexedibgnd j,

the comparison of the present type of calculation with lasefespectively(Fig. 1). The length of time cells iat. At the
heating and/or melting experiments, where the melting duratime t=jAt+ At/2 corresponds a melted deph(j) and a
tion and depth are measured; the problem is that the expersurface temperature provided by the thermal diffusion calcu-
mental melting duration and depth of Si, which are used to fitations described in Sec. Il. For a time intervat suffi-

the optical and thermal properties, depend significantly or¢iently small, the molten depth is considered constant. The
the ambient gas of Si, which is not controlled in most re-diffusion equation with the CI depth profile fpr- 1 as initial
ported experiments. The parameters up to 1000 K were deralue is solved in the cell over the deptte, 5(j) (Fig. 1).
termined in air by ellipsometr}? This point is illustrated in  Melting or solidification occurs, resulting in a change of
Fig. 2. Reflectivity transients of Si at 638 nm are displayedz, s, and a new diffusion problem is solved in the cgll
for Si in a secondary vacuum (16 mbar), and in a chlorine  +1, with the initial conditions given by the final state of the
environmentsame base pressure, pulsed molecular beam dbrmer cellj.

chlorine directed toward the surface, and ambient chlorine The diffusion equation is

gas at 10° mbap. The difference between the two experi-

ments is much larger than the experimental uncertainty; by an_d ( &n)

(©)

contrast, the transients of Fig. 2 obtained for a chlorine en- ot oz \ - oz
vironment are very similar to those obtained in a previous
work from our laboratory, in which the experimental setupWith n(z,t) the CI density in the liquid phase at tinieand
was entirely different® This shows that the results are quite depth z, and D the diffusion coefficient. In the finite-
reproducible, and that the melting dynamics depend strongllifference approximation, the equation has the faim,
on the adsorbed molecules. —nj=r(nj"'=2nj+n;"!), wherer =D(dt/dZ?).

We do not attempt to solve this problem in this work. This At the LV border, the desorption of silicon chlorides oc-
would imply modeling the change of thermal and opticalcurs at the same time as the diffusion into the bulk. The

properties of Si induced by impurities, and incorporating thiscontinuity equation reads
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an_’ vt 4 1 2
—_— = J=f(n 1 .
dt  at (n), @) 1 .
102 4 +
whereJ is the flux across the surface, afth) is the de- 8¢ 029 O 8
sorption rate. Since no mass transport occurs through the mg . ¥
surface, but desorption, we hawe-J=0. When coupled 3 107 R
with the diffusion equation3), the free border condition £ *
becomes, in the finite-difference approximation g gl + °
=]
nQ_ n- 1_ 0 é + implanted,
J J ! (5) 8 7 v laser annealed,
0 0t 1 om0 1 A I - @ K =0.32, 0.01ns cell width, *
i1~ Ny=f(ndt+r(n; "—2ny+np), -0 K,~0.32, 0.1ns cell width
i =0 corresponds to the surface layer, and—1 is a layer 10'¢ S A e s A
in vacuum. The surface coveragkis related to the volume Depth (nm)
densityn by the equation P
®:nC|/nSi(z:o)' (6) FIG. 3. Depth profiles of Bi in Si, as implanted and after laser

annealing. Experimental data after Ref. 2. The results of two calcu-
lations are shown, corresponding to time resolutions of 0.1 and 0.01

ns.
There are different equations at the LS border for melting

and.recrystalli.zation. At.the meIting stage the flqu across the \we have tested our approach to segregation on a number
LS interface is zero, since the diffusion coefficient in theof gepth profiles of dopant distribution in laser-annealed Si,
solid is negligible:in/3z=0|,—, with z;, the interface po- a5 found in Campisano and Wood's works. The result of our
sition or, in the finite-difference formy. —n!~1=0. calculation for Bi in Si is shown in Fig. 3. There is no Bi
When Si solidifies, Cl is rejected from the solid to the desorption, so the calculation includes only the dopant redis-
liguid phase. Segregation occurs at conditions far from equitribution. As already stated, the definition of the interfacial
librium, and is characterized by a coefficieit which in  distribution coefficient is applied on average to the set of
general is a function of the interface velocity .?* K¢ is  layers which is crossed by the recrystallization front during
defined by the conservation law at the recrystallizationone temporal step. Thus the solute quantity rejected into the
front:3 liquid is proportional to the thickness of this set of layers,
and in turn to the time duration of the chosen temporal step.
Therefore the results will depend somewhat on the adopted
time resolution. It is worth noting that the required time step
for a good accuracy is generally smaller than the one re-
The flux of impurity atoms that cross the interface isquired by the stability condition in the explicit method;
v.(n_—ng). One can readily observe that-Kg must be- therefore there is no significant improvement of the calcula-
have as I/, in order to account for the fact that segregationtion time with the implicit method used here with respect to
is most efficient forv,—0. Therefore, when Ed7) is used the explicit method. Nevertheless, we choose this approxi-
as a Neumanior derivative boundary condition one has to mation because it does not bring numerical instabilities, and
model the velocity dependence of solute partitioning. How-it allows us to reach accurate enough results in a reasonable
ever, in some cases, the segregation is so strong that tleemputing time. We find that the results obtained for differ-
resulting impurity concentration is not measurable by theent temporal resolutions do converge more or less rapidly
usual experimental method$SIMS and Rutherford back- depending on the segregation coefficient. As expected, the
scattering. Using such a model is then not sensible, becausapproximation is better for smallét,.
it cannot be compared with experiment. This is precisely the
case of chlorine on silicon. Therefore, we use in this work a
segregation coefficierKs given by K;=ng/n, , maintained
constant all along the calculatiofis. The possible chemical states of chlorine on a molten Si
The mass transport associated with segregation takeirface are not known precisely. Si atoms, Cl atoms, and
place in a layer of thickness, At. We impose that the final SiCl moleculesx=1 and 2 may coexist, and the following
average concentration in this interface layer is uniformlychemical equilibria may be considered:
taken asKg times the initial average concentration of the

B. Segregation during recrystallization

an
— +(1=Kgy-n=0. 7)

C. Desorption from the liquid surface

solute (Cl) in the liquid solvent(Si). The concentration in Sif+ Cl2— SiCP, (1)
excess is transferred to the nearest liquid layer. This implies
the assumption that the segregation takes place much faster SiCP+ ClP SiCR | )

than diffusion. This is reasonable for systems such as CI/Si
for which segregation is found strofihut it is not true in
general. According to this picture, whenAt—0, a single
layer recrystallizes durindt, and the average condition be-
comes the local conditiomg/n, =K. SiCP—SiCE, (4

SiCP+ SiCP« SiCE+ S#?, 3)
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~~ UX h ! !
'_"U) i ‘
|
‘7'; ‘ : A sox10 Q
E 6ox107 - ; ‘ g FIG. 4. Calculated desorption rate and surface
£ l | - 4.0x10" 5 Cl density as functions of time during surface
&~ ! J g melting. The parameters used in the calculation
.§ 2.0x10" Li d 30x10M % are first-ordelr desorption, 350 mJtf K_S
o ] g =0.02, andE;=Ej=2.15eV. The desorption
% L u'e rate, as calculated by freezing the diffusion to the
a e 129 5 bulk, is also shown f isof'0 mel
2 0x10 - I:j::?% S ulk, is also shown for comparisofi‘'0 melt
E? ~._: S desorption rate 1 oo depth”) on the figure.
o Vg O "0 melt depth" desorption rate |
0.0 rtmnnmmnlf? i
T T T T T T T T T 0.0
0 i0 20 30 40 50
Time (ns)
SiCE—SiCl. (5) SiCl and SiCj kinetics are coupled, the SiCl desorption is

first order in Cl coverage, and the Sj@esorption is second

We do not consider SiCwith x=3 and 4(although their order in Cl coverage, the Cl coveragebeing

formation is exothermalbecause these molecules are not
observed to desorb. At the beginning of melting, most ClI
atoms are in the form Si€l Since SiCl is a strongly bound
molecule(~5 eV in the gas phagehe dissociation follow- In this case, the branching ratio Bfitegrated over the
ing Eq.[1] should not be important even at the peak tem-melting duration is

perature of~2000 K. As a result Eq.3] rather than Eq[2]
must be considered for the formation of SiCAs for Eq.
[1], the formation of SiGl should be dominant in EJ2]
(Egs.[1] and[2] are strongly exothermic from left to right

0 =[C]+[SIiCF]+2[SICE]~[SICF].  (10)

Desorption Rate (atoms em™ s
.

Reaction[3] may be exothermal or endothermal. From 107 5 .
left to right, it may be limited by diffusion, while it will not 102 1 . .
be from right to left. At the very beginning of melting, when 102! 4 . ]
Cl atoms are all at the surface, diffusion should not limit the 1020_' .
rate and reactiofid] should occur easily from left to right. ] - 5
Later, as the chlorinated species are desorbed or dispersed by 1073 -
diffusion over an increasing volume, diffusion should limit oty "
strongly the production of Sigl while the dissociation of 1074 .

SiCl, by the reverse reaction will occur at a constant rate. —  E— — T y T
Reactiong 4] and[5] do not occur at a comparable rate on  Chiorine surface density (cm™)
the solid surface, where most desorption occurs through re-

14 _14 ) ! ) 1 i N !
action [5], although the main surface species is SiCl. We 8x10 | ]
assume that this does not change on the liquid surface: Eq. "

[5] would be fast, while Eqf4] would be slow. 6x107 7 il
(1) “ Coupled” kinetics Let us assume that the Si&on- clol ] )
<101 - i

centration and coverage remain significantly smaller than the
SiCl ones(because reactiofb] is faster than reactiofi3], . B ”
and because the reverse of reacti8his not negligible, so 2x101 ) -
that SiC} molecules which have diffused to, or were formed 1 1
in, the bulk dissociate in the bulk rather than reach the sur- 04 4
face and desoj)bWith these assumptions, we obtain - T T T T

0 10 20 30 40
d[sicre] Time (ns)
TR ky[ SICP], (8)
FIG. 5. Calculated desorption rate and chlorine coverage as a
drsice function of time during laser melting; the parameters used in the
[Si 2] (9) calculation are second-order desorption, 600 mJ2chS:O.02,

=ks[ SiCB]=k4[ SICF]2.

dt E,=3.0 eV, andE5=3.7 eV.
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- The branching ratio BR is again a complicated fraction of
f ky[ SICF]dt integrals that are calculated by our program:
BR= ——, 11
a2
f k3[SIC| ] dt f k4[S|C|a]dt
. BR= ———. a7
wherek; and k, depend on time through the temperature, o
and[SiCI?](t) is a function of time that involves diffusion ke[ SICl]dt
and desorption. This branching ratio is an output of our com-
puter program. We have fitted the experimental data with first-order kinetics

(2) Separate kineticdf we now assume that the reverse alone, second-order kinetics alone, and the two combinations
of reaction[3] is negligible, then all the SigImolecules of first- and second-order kinetics corresponding to
formed at the beginning of melting will either desorb quickly “coupled” or “separate” kinetics.
or diffuse to the bulk and ultimately desorb or stay at the
surface after recrystallization when they diffuse back to the IV. RESULTS
surface. The kinetics is different in this case. The branching - _
ratio between SiCl and Sigls “decided” at the early stage A. Influence of the diffusion on desorption and Cl coverage

of melting, while the SiCl concentration near the surface is Melting allows the adsorbate to penetrate beneath the sur-

large enough to yield a significant amount of Si@irough  face, and therefore decreases the available amount of chlo-
reaction[3]. Let us notey the fraction of surface chlorine in rine for desorption. As a result, if we use the same kinetic

the form of SiCl. The total coverage of chlorine is parameters for desorption from the solid and liquid surfaces,
_ - a _ o we expect surface melting to cause a decrease of the desorp-
0 =[CP]+[SICF]+ 2[ SICR]~[SICF]+ 2[ SiCL]. tion rate, in contradiction with the experimental results. This
(120 shows that the desorption kinetics cannot be the same on the
i i I~ ES
The “initial” SiCl and SiCl, coverages are solid an_d the liquid, and .thEE <.E )
We first do not take this fact into account, and we use the
SiCR]o= 70, 13 same kinetics for both states of the surface in order to show
[ lo=7% (13 the influence of diffusion on desorption. In Fig. 4 we show
@ 14 the calculated desorption rate and surface coverage during a
[SiChlo=2(1=7)8,. (14 laser pulse, using a segregation coefficient of 0.02 and a
The rates of desorption are first-order desorption with an activation energy of 2.15 eV.
The chosen laser fluence is 350 mm 2, which is just
d[ SiCl] above the melting threshold, the diffusion lasts a short time,
TR k4[ SICP], (15 and acts only as a perturbation onto desorption, and the latter

remains the main process involved in the adsorbate depletion
) at the surface. Also shown in the figure is the result of a
d[SiCl] — KJSICR 16 calculation where the value of the diffusion coefficient is
dt s[SICh]. (16) kept at its value for the soli¢as if the surface did not melt:
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the very beginning of meltingas shown in Sec. IV Awhile
550mJ/em?, K=0.02, Dose: 1 ML/pulse the former takes place during the recrystallization. Indeed,
. e, —————— 1.0 the role of the segregation coefficient on the desorption yield
— = Ous A is proportional to the height of the second desorption peak.
0. —0— etching rate * . .
\ Jos This peak decreases as the fluence increases because the re-
maining Cl quantity below the surface decreases. Figure 6
Jos shows the calculated influence Kf; on the Cl desorption
yield, the remaining surface Cl, the remaining bulk Cl, and
the relative desorption yield for a series of laser pulses. As
expectedK, greatly influences the bulk chlorine, but by con-
trast it has almost no effect on the desorption yield. The
surface CI varies only slightly withiKg (=~10%) when the
latter varies by—90—+ 100 %. As a result, the value of
o0 ' _ _ K, can be inferred from the SIMS measurements alone. The
b a6 17 1s  1s 20 20 experimental upper limit of 7§ cm™2 for the Cl concentra-
Energy (eV) tion in the bulk sets an upper limit of 0.02 fé.

0.8

0.6 1

0.4

Etching rate (A/pulse)
1.
£
(W ™o

-02

0.2 4

FIG. 7. Effect of the activation energy of desorption on the
calculated surface chlorine after the laser pul®gds), and on the C. Desorption kinetics
etching rate. The parameters used in the calculation are first-order

desorption, 550 mJ ¢, K.=0.02, andES=E. . Once a satisfactory value is obtained %y, we use the

other experimental resultaamely, AES at 600 mJ cm and

“0 melt depth” on Fig. 4. The comparison between the two the etching rate as a function of laser fluende derive the
cases shows the strong effect of Cl depletion by diffusiorvalues of the activation energies of desorption. At low flu-
during surface melting. The Cl coverage decreases by a faence, the desorption occurs on a solid surface, while for the
tor of ~4 during melting. As a result, when melting starts, higher fluences both states of the surface contribute to the
the desorption rate on the liquid surface also decreasegesorption. Therefore, the two fit paramet&fsandE' can
strongly as the adsorbate penetrates into the melted silicobe determined independently. An example of the choice of
Subsequently, the recrystallization pushes the diffused chlahe appropriate fit parameters is depicted in Fig. 7 for a first-
rine back to the surface, and the desorption increases agaigider desorption on the liquid surface and for a SiCl to

two desorption peaks occur as a function of time. SiCl, ratio of 1. One observes that the “etching rate” and
For fluences well above the melting threshold, the surfaceAgs” criteria can be met together.
is depleted in a fraction of nanosecoffég. 5, so that the On the solid surfacea pure second-order kinetics yields

desorption rate is significant only at the beginning of melt-an activation energy which agrees well with the value of the
ing. The second peak is observable as at smaller fluence, berature(Table |). A pure first-order kinetics does not agree
it is delayed, and its height is sma_ller than that of the firstgg well (Table ). Since SiCl is a minor desorption product
peak by nearly two orders of magnitude. on the solid, in what follows we shall calculate the desorp-
tion from the solid with a second-order kinetics in chlorine
coverage.
On the liquid surfacea first-order kinetics fails to repro-
One expects that the segregation does not have an impatitice the etch rate dependence on laser fluence. A plateau
tant influence on desorption, since the latter occurs mainly atannot be obtaineldrig. 8@)] because the desorptigwhich

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

TE F v 1F o 1!

0
/}73//-(-—-—1

u—a—8—B—R—O—N
—

FIG. 8. Experimental and cal-
culated etch rate dependence on
laser fluence. The parameters used
in the calculation are(a) first-

] order desorptionK,=0.02, and
—a— experimental —0—33eV —o—32 eY El= E|1:2.15 eV;(b) coupled ki-
J o calculated —A—32eV —®— experimental netics,KS=0.01, E§:3.7 eV, Ell
o aleV =2.0 eV, andE} as indicated on
—=— experimental ] i

the figure; and(c) separate kinet-
ics, Kg=0.02, E5=3.7 eV, E}
=2.0eV, andE,=3.2 eV.
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FIG. 9. SiCl and SiGl desorption rates in the “coupled” de-
Sorption scheme. The parameters used in the calculation are FIG. 10. Calculated chlorine depth profile after elght successive
600 mJ cm?, K¢=0.01, E5=3.7 eV, E'1: 1.9eVv, and E'2 laser pulses. The initial coverage is 1 ML. There is no readsorption
=33 eV. between laser pulses. The inset contains the total amount of
desorbed CI per puls€) 4, VS pulse count. The parameters used in

. . the calculation are those of Table I.
increases the etch rates more dependent on the laser flu-

ence than the diffusiofwhich decreases the etch ratihisis  for a second-order desorptidfor in the steady state of the
due to the fact that Cl atoms diffuse more slowly than heatliquid surface the desorption is nearly zgr@his is con-
the increased rate of the heat diffusion induced by the infirmed in Fig. 8b): the saturation of the etch rate as a func-
crease of the laser fluence has little effect on Cl diffusiontion of laser fluence is achieved by including SiGkcond-
Since a second-order kinetics cannot account for the Sigrder desorption. The results shown in Table | are in
desorption(which is first order in Cl coveragethis implies ~ agreement with all available experimental data.

the use of a more complex kinetic frame where both second- Separate kineticsVhen “separate” kinetics are assumed,
and first-order kinetics are involved. As stated in Sec. Ill, wethe results(Table 1) are nearly identical with those of
consider two kinetic models, where SiCl and Si@ksorp- coupled kinetics(Table ) if we take the initial SiCl to
tion are either “coupled” or “separate.” In the first case, the SICl ratio to be”:.?’ﬂ' T.he etch rate dependence. on Ia_ser
ratio of the SiCl and SiGldesorption rates depends on the ¢l luence [Fig. 8c)] is satisfactorily reproduced with this
coverage, whereas it does not in the second case. model.

L . : . Laser cleaningIn Fig. 10 we present the chlorine depth
Coupled klnetlpsThe desorption rates of .S'CI and SCl rofile for a series of eight laser pulses. We set 1 ML before
are represented in Fig. 9 as a function of time for couple

kinetics. The comparison between the two chlorinated speciBhe first laser pulse. The final depth profile for one pulse

. ) ecomes the initial profile for the next pulse. It can be ob-
shows the expected effect that the giGésorption rate de-  geryed that the shape of the chlorine depth profile becomes
creases more than the SiCl one during the laser pulse: whilgonstant after about three pulses, the changes being small
the SiCl desorption peak exhibits a large shoulder after thgetween pulses 1-3. After pulse 3, the profiles are simply
beginning of melting, the SiGldesorption falls off rapidly. translated on a log scale from pulse to pulse, showing that
The SiCl shoulder is due to retrodiffused chlorifiem the  the desorption yield decreases like the logarithm of the laser
bulk to the surfaceduring melting. SiCJ does not exhibit  count. This is shown in the inset of Fig. 10. The Cl content
the shoulder because the CI coverage is too low at that stage the substrate decreases by a factdr.6 at each pulse. It
to yield a significant production of Si€lWe expect, there- takes~5 laser pulses to decrease it by one order of magni-
fore, that the saturation of the etch rate occurs more rapidlyude.

TABLE II. Experimental and calculated results for the case of “separate” kinédies text, Sec. lll € 0 5g5 andng;ys are the “surface
CI” and CI concentrations in the eighth plane below the surface after the laser pulse, respectively. SiGltBbranching ratio between
the desorption product is the segregation coefficient.

E} E), ES 0 aes Etch rate Nsims
(ev) ev) (ev) (ML) SiCl/siCl, (Alpulse? (10" cm™3) K,
This work 1.9-0.1° 3.2+0.1° 3.7£0.1 0.36 0.97 0.57 1.2 =<0.02
Experiment 3.61 0.370.13 1.3-0.3 0.56+-0.04 <1.0
Ref. 8 Ref. 6 Ref. 6 Ref. 6 Ref. 6

3For laser fluences above 500 mJ@n
bAssuming a prexponential factor of ¥0s™1.
CAssuming a preexponential factor ok2.0° cn?s L,
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theory: coupled reactions theory (0.38 ML 8i, 0, = 6 10° ML)
------ theory: scparated reactions [ ] O experimental (0.4 ML Si) ]
B experimental I theory (6.6 10°ML Si, ©, 4= 1 10" ML)

O experimental (4.6 10° ML Si)
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FIG. 11. (a) Experimental and calculated relative yield of SiCl desorption for a series of laser pulses at 600 IThmsurface is
initially saturated with chlorine. Both coupled and separate kinetics are considered. The parameters used in the calculation are those of
Tables | and II, respectively(b) Experimental and calculated relative yield of SiCl desorption for a series of laser pulses at
600 mJ cm?. In the first set of experimental data, the surface is initially saturated with Cl, resulting in a Si desorption yield at the first pulse
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 experimental
data, the Si desorption yield at the first pulse i41® 3 ML; a readsorption of 0.0004 ML of chlorine between the laser pulses is included
in the calculation. The parameters used in the calculation are those of Tatdepled kinetics

Multipulse experimentsOther experimental data can be terface, and of the desorption of silicon chlorides from liquid
considered to discriminate between coupled and separate Ksi. The determination of the segregation coefficient, and of
netics: AES and TOF measurements of multipulse experithe activation energies of desorption, are highly constrained,
ments. In these experiments, the initial coverage was varie@nd while a more refined model would provide different
and consequently they should be more sensitive to the reacumbers, the order of magnitude of our results on segrega-
tion order. The TOF results of Ref. 6 consist of a series ofion and desorption seem well established. The experimental
eight laser pulses following a single {Julse which is pro- data are not sufficient to discriminate between “coupled” or
vided by a molecular beam. As can be seen in Figa)lthe  ‘“separate” kinetics. However, both kinetics yield desorption
coupled kinetics fail to reproduce the experimental resultsenergies of the same order of magnitude.
whereas the separate kinetics succeed. It does because theFor the first-order kinetics, the desorption rate increases
nonlinearity in Cl coverage is more important in the separatdy a factor 60 at 2000 K upon melting. This change of the
kinetics than in the coupled kinetics. With coupled kinetics,desorption rate is assigned in this paper to a change of the
first-order desorption dominates as soon as the CI coverage
and concentration decrease and the relative yield of SiCl de- 12
sorption decreases more quickly with laser count in the cal- —a— experimental
culation than experimentally. However, these results are not 104 o o calculations
conclusive, because a constant, @ressure could not be
avoided in the experiments in addition to the Bllse. Tak-
ing into account the effect of the resulting weak readsorption
between the laser pulses is sufficient to obtain a satisfactory
agreement with experiment using the coupled kindfesg.
11(b)].

In the AES experiments, the problem of readsorption is
not encountered. The calculations with separate kinetics 02 \
agree better with the experimental data than with coupled ] 9

kinetics (Fig. 12. 0.0

L Jo

0.8

readsorption

0.6 -

0.4 °

Cl Peak Height (ML)

T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

V. DISCUSSION Laser Count

Our model cannot go into the details of desorption. The F|G. 12. Experimental and calculated AES Cl signal after
available experimental data are not sufficient for this pursurface saturation by chlorin) one single laser pulsé3) resatu-
pose. However, as it is, our model allows us to validate theation of the surface by chloriné4) a second laser pulse, aff) a
conclusions drawn qualitatively in Ref. 6, and to quantify thethird laser pulse. The parameters used in the calculation are those of
processes of the segregation of Cl at the Si liquid-solid in-Table Il (separate kinetigs
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desorption energy. The desorption energy should change, be-
cause on the liquid surface the local environment of Si atoms ]
will adapt quickly as a molecule desorbs, so as to minimize s melting___: recrystallization
the potential energy during desorption. This will not occur
on the solid surface, where a reactive site is left behind by
the desorbing molecule. However, a change of the pre-g
exponential factor with the state of the surface can also oc2
cur. It is usually believedalthough not substantiated by ex-
periment$ that an increased mobility of the adsorbate
reduces statistically the chances to desorb by a first-ordeg
kinetics and results in amaller preexponential factor. It &
would have to be compensated for by an even larger decrease

of the desorption energy. The respective role of the pre-
exponential factor and the desorption energy could only be 10®
unraveled by a measurement of the desorption rate with the
surface temperature, which seems very difficult to do be- Depth (1.2 nm)

cause the peak temperature is only calculated, and because it

varies little with the laser fluence. Because of these difficul- FIG. 13. Calculated chlorine depth profile at different times of
ties, we discuss the meaning of the change of the desorptianelting for a laser fluence of 600 mJ cfand for the coupled
energies with the assumption that the pre-exponential factorgnetics (Table .

do not change.

The activation energies for desorption that we obtain f0fj5qe count. The former shows that desorption and etching
the solid surface can be compared directly with the IiteratureOCcur in a fraction of a nanosecond at the beginning of melt-
on thermal desorption, and the agreement js quitg s"’}tiSf""‘i“rﬁg. It follows that the excess energy is not used at all for
tory. There are no such data to compare withlfquid Si,  oching. This explains why the etch rate dependence on laser
and it is an important result of the present work to providegance 5o quickly reaches a saturation after the sharp in-
d_esorptlon energies for liquid Si, we b_eheve for the_ firSt crease above the melting threshold. The latter is illustrated in
time. The difference between the energies for the solid angjq 19 and it shows an important feature of laser cleaning:
liquid is found to be 0.20.2 eV for first-order desorption, \hije the branching ratio favors desorption in the case of 1
and 0.4£0.2 or 0.5-0.2 (depending on the kinetics, coupled y, . of Cl on a clean Si substratéabout two-thirds of CI
or separatefor second-order desorption. It is worth noting otoms are desorb8 it is less favorable from the point of
that the experimental value of the heat of melting of siliconje\y of cleaning when the atoms are initially distributed in
[0.52 eV (Ref. 22] is within the uncertainty limits. Let US  he yolume. The desorbed fraction of Cl per laser pulse sta-
consider the following reaction scheme: bilizes to~1 after three laser pulses. As is shown in Figs. 4
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ne dens
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—AH,, —AH and 5, the desorption occurs at the very beginning of melt-
; ; ; ing, and only molecules at, or close to, the surface, can des-
SiClg SiC|, SiCly, ) o .
orb: the mechanism of laser cleaning is the desorption of
—AHg surface species, followed by the redistribution of the remain-
SiCly —— SiCly, ing impurities. At this stagéwhich prepares the desorption

at the next pulse segregation plays a key role. We have

where AH,, is the latent heat of melting of the SiCl over- observed this for O and C on Si. It takes a few thousand
layer, whileAH andAH, are the heats of desorption from pulses to decrease the coverage of the former below the sen-
the solid and liquid surfaces, respectively. Assuming thasitivity level of AES, while it takes less than ten pulses to
AH,, can be approximated by the latent heat of solid Si, weobtain the same result for the latfe® does not segregate at
obtain the result theAH,=AH_,+AH,, which seems to be all on Si, while C does. The level of Cl contamination indi-
verified experimentally. Alternatively, a more accurate detercated in this paper and in Ref. 6 is only an upper limit. Quite
mination of AH,, would allow to measure small effects that possibly, the CI concentration after etching is lower than
changeAH,,, like the strain of the solid surfacd. 10 cm™3, and the segregation coefficient would then be

Because desorption on the solid surface occurs througbven smaller than 0.02.
the diffusion-limited formation of SiG| it could be assumed The CI segregation is very strong even at a speed of re-
that it is the strongly increased diffusion on the liquid surfacecrystallization of~6 ms. As a consequence, the Cl depth
that results in the observed large etch rate above the meltingrofile is very sharpFig. 13. This is unusual. Si dopants
threshold. In fact, SiCl desorbs as efficiently as §iGhe  which have a small segregation coefficient at equilibrium
desorption of both products being easier on the liquid surexhibit a weak segregatiaiSb), if any at all (As), at such a
face. The increased diffusion does not facilitate the producspeed of recrystallization. This is why laser annealing is an
tion of SiClL because it also has the effect of scattering Cl ininteresting tool to obtain concentrations of dopants larger
the whole melted layer. than solubilities in substitutional sitésMost probably, the

Our program allows us to calculate features that were notstrong segregation of Cl is due to the fact that Cl cannot be
or that cannot be measured experimentally, like the Cl covsubstituted to Si atoms, because of its electronic strudiure
erage at the surface and the Cl depth profifig. 13 as a  belongs to group VI and it cannot either be placed in in-
function of time, or the kinetics of cleaning as a function of terstitial sites(unlike F) because it is too large.
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VI. CONCLUSIONS regation coefficient; in the case of Cl on Si, the desorbed

fraction decreases from=% to ~31 per laser pulse in the

The pulsed-laser etching of silicon by chlorine is de- : o
scribed quantitatively. Calculations include desorption in ag{hree first pulses, and then it is stable. Our treatment of de-

dition to heat and mass transport. The results allow us t§OrPtion can be used for a variety of other adsorbate-
simulate successfully a large set of available experimentauPstrate systems. For example, it is known that dopants like
data(AES, TOF, and SIMSthat put rather large constraints SP can desorb rather efficiently during Si etchirighe pre-

on the fitted parameters. The segregation coefficient of CI aiction of the number of laser pulses necessary for the clean-
the Si liquid-solid interface, and the activation energies foring of C and O impurities at levels beyond the sensitivity of
desorption from the liquid, are obtained. The difference ofAES can also be done. However, a more basic development
the activation energies on the liquid and solid is within ex-of this work is to couple the heat and mass flow calculations
perimental uncertainty equal to the latent heat of melting ofn order to understand the role of impurities on the dynamics
Si. The diffusion of the initially adsorbed chlorine below the of surface melting. Significantly improved data on the ther-
surface is confirmed to be a limiting factor of the etching.mal and optical properties of silicon would be gained. The
The experimentally observed saturation of laser etching ie€xperimental task is to measure more accurately, and on a
also influenced by the SiCl/SiCbranching ratio and by ki- better controlled substrate, the melting dynamics in a single
netic details of desorptiofi.e., the reaction orderThe time  laser pulse. Possibly, the determination of a quantity like
scale of desorption is a fraction of a nanosecond. The laseXH,,, that involves the change of the latent heat by strain or
cleaning efficiency is shown to depend critically on the seg-other adsorbate-induced effects, could be obtained.
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