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A general model of ultrashallow doping by excimer laser annealing is derived from only one
diffusion-segregation equation. In our model, the relative dopant profile after some laser shots
reaches a stationary distribution, which only depends on the segregation and liquid-phase diffusion
coefficients of the dopant but not on the laser-process parameters. From this result, a one-point
method is proposed to experimentally determine the out-of-equilibrium segregation coeficient
Only the relative dopant concentration at the material surface has to be measured prior to determine
thek value. Experimental dopant profiles are compared to simulations generated with experimental
k values. ©2005 American Institute of PhysidDOI: 10.1063/1.1927275

Ultrashallow doping is essential to continue the down-erate number of laser shot®’<100 by secondary ion
scaling for fabrication of the sub-100 nm metal-oxide—mass spectroscopsIMS).
semiconductofMOS) devices-? For instance, the depth of a If C(r) is the actual concentration of a minority species
PMOS junction needs to be as shallow as 15—25 nm in that the position vector, its chemical potentighk atr is given
90 nm complementary MOS technoloyffhe formation of b o140
ultrashallow junctions also requires rapid and high-  a(r) =KkgTeIN[C(r)/Cefr)], (1)

temperature annealing to increase dopant electrical activatiqnherekB is the Boltzmann constant ar@(r) is the actual

and remove implantation defects in the silicon. Currently,eference concentration, which defines the zero levelufor
conventional rapid thermal annealiiBTA) faces the prob- \yhen the minority species atis in thermal equilibrium at
lems of undesired thermal budget, transient-enhanced diffuhe temperaturel, with a Boltzmann distributiod® The
sion, and too low electrical activation, which cannot lead toforce F exerted on the minority species is then derived from
ideal dopant profiles according to the requirements of the=(r)=-V u. Therefore, from a demonstration based on the
International Technology Roadmap for Semiconductofs. Einstein relationship and continuity equati@ee Ref. 15 for

In order to perform annealing faster and more efficiently,detaily, we obtain the following PDE for the minority-
excimer laser annealin@ELA) has recently been proposed species concentratio@(r,t) at the space-and-time coordi-
by many authorgsee Refs. 4-12, for instance replace nates(r,t):

RTA and is now becoming one of the only industrial viable  sc/;t= v .[D(VC-CA)], 2)
solutions for the formation of ultrashallow doping in ] o . o
ultralarge-scale integrated devices. whereA =V C,/Cs¢ andD is the minority-species diffusion

Preceding approaches to model dopant diffusion by ELAcoefﬁ(_:ien_t. The right-hand side of the diﬁusion-segrega_ltion
are derived from the usual Fick equatidi™®or a phase- €duation in Eq(2) is made up of two components: The first
field method? with a heuristic relationship between model ©1€: V" (DVC), is the usual Fick diffusion term, while the
equations and the solid-liquid interface velocityhich is second one, V'(DCA)’ accounts folr segregation of the
usually assumed to be constant during melting and solidifi-dOpant from the solid to the melt, which only appears at the

: ' hange-of-phase interface where the spatial variatioh iof
cation, so that the computed dop_ant proflle depends on th 0. (2) takes place. In laser annealir@(r) has two differ-
laser-process parameters. To avoid this dependence, we pro

pose a general model for ultrashallow doping by ELA, Whichent values in the solid and liquid zones, which are respec-

: e ) L " tively denoted byKg andK, ; and the segregation coefficient
is based on only one diffusion-segregation partial dlfferenuaf( is éefined as t?:ésratio 01E the equilibrigm%opant concentra-

equation(PDE). The dopant concentration relative to its av- tions in the solid and melt. so thit= KS/KL$1_13,14,17,18

erage value over the m_aximal melt depth converges, iN OUErom this definition, we obtairC,.(r) =K, [k+(1—-K)x(r)],
model, after some identical laser shoté< 10) to a station-  \here the actual phase distributigfr) is 0 in the solid and
ary profile, which only depends on the segregation and i, the melt as in phase-field modelifyTherefore, the
|iquid-phase diffusion coefficients of the dopant but not Onsegregation vectoh in Eq (2) can be expressed as:
the laser-process parameters. From this result, we propose a 1 _
one-point experimental method to determine the out-of- AR = (1 =k Vx(r, 0k + (1 =kx(r,v], @
equilibrium segregation coefficiekt Simulations with the&« ~ and depends on andk as well as the time owing to the
values determined for various dopant types show a very goothoving distribution x(r ,t), which follows the liquid-solid
agreement with experimental profiles obtained after a modinterface with the time-dependent position veater;(t). In
Eq. (3), a discontinuity appears atr;(t), becausevx(r ,t)
-r;(t)], where d(r) is a three-dimensional Dirac func-
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ingillet@videotron.ca F|on. However, thi; discontinuity carjzg)e avoided by using_, as
PElectronic mail: michel.meunier@polymtl.ca in preceding continuum approachl@s, a continuous transi-
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tion of x(r,t) from 0 to 1 inside a thin region with a finite 1 s

thickness(of ~5 nm in our model around the liquid-solid N T Hop |

interface, since this interface can be located by thermal 0 ; o As

modeling??> On the other hand, noting that the diffusion 5" ! s %

coefficient in the liquid phasB, (~10™* cn?/s) is higher by = u i

several orders of magnitude than that in the solid phase ST

(~1012-108 cm?/s),® D in Eq. (2) can be approximated Bo

by D(r,t,D,)=D x(r,t) for both liquid and solid subdo- ot §

mains, which leads to an invariant profil@(r,t)=Cqy(r) 02

(with Cy being the initial as-implanted concentratian the o1 ;

part of the material that is never melted. D T R | T I
Now, we assume an arbitrary laser annealing process p

with a number of identical laser shots and a melted domaiFiG. 1. Curve of log(0)/a vs p=-logk for experimental measurement of
that takes the same maximal volurfg,,, during each shot. k Computed values o(0) are shown by¢, [J, O, and + for Sb, B, As,
This assumption is reasonable since the needed nukbér and _In, respectively. The full line is the fit(p)=tanhp for all dopant
laser shots to reach the permanent diffusion regime is lowPee*
enough to avoid a nonreversible modification of the bulk
thermal and optical properties. In such a reversible laser prove obtain the relative profile(¢)=C’..(§)/C,, which only
cess, the dopant concentration solutf@n,t) of Eq.(2) con-  depends on the parametdds and k. Consequentlyc(é) is
verges after a number of shdts< 10 to a stationary solution the relative stationary dopant profile of all ELA processes
C..(r) in the quenched material with the volurf,,,, which  with the sameD, andKk.
only depends o, k, Q.. and the average concentration ~ During ELA, the dopant at the moving interface has in-
C.y over Q.. but not on the laser-process parameters angufficient time to segregate with the equilibrium segreqation
initial profile Co(r). Indeed, in Eq. (2), the terms coefficientk, so that ak>k, must be used in Eq2)."**"*°
V-(DVC)—which tends to make uniform the dopant profile Ve propose a one-point experimental method to measure the
over Q,,.—and -V -(DCA)—which tends to push the dop- out—of—eqwllbrlum segregation coefficierk. Our method _
ant to the bulk surface—respectively, depend on the paranly requires the experimental measurement of the relative
etersD, andk as well as the distributiory(r,t) for both, ~ Stationary dopant concentratia0) at the surfac=0, as-
These are not related to the laser-process parameters in ctfMing thath and C,, are known. First, we derived from
model, sinceD, only depends on the dopant spetfaghile  Simulations with Eq(2) and a finite-element method, an ana-
k is experimentally measured with a one-point method, adytical relationship betweea(0) and the parametets, andk
explained in the following, ang(r,t) can be assigned, as for the dopant in the silicon. We qon&dgred the same pre-
shown by Egs(2) and (3), independently of the moving COmputed thermal process to obtaifx,t) in Eq. (3). After
interface velocitydr;(t)/dt. Therefore, after a sufficient num- N=<10 Iaser_shots, we obtain relatl_ve profileis) for four
ber of openings and closings of the melted zone, only thélopant species: Sb, B, As, and In with the valueBpgiven
same diffusion state€(r ,t)—the equilibrium solutions of N Ref. 13. For each dopant species, we also computed pro-
Eq. (2—can be achieved by the dopant-diffusion procesdiles c(¢) for 13 values ofk between 10° and 1, so that we
during each laser shot. As a consequence, when the perm@Ptained a database of 52 characteristic profigs. From
nent regime has been reached, the unique sBiret) our database, we extracted 52 values@). For each dop-
=C..(r), which is only related td, k, andQ,, as well as  ant species, we observed the same nonlinear behavior of
C., owing to mass conservation, is sufficient to determind2dc(0) as a function of the segregation indica* —logk.
the dopant profile in the quenched material after a laser sho¥Vhenp~0 (i.e., k~1), segregation is low and logf0) lin-
Owing to the large dimensions of even few fhof the  early increases witip. However, whemp~1 (i.e., k~0.1),
incident normal beam of the excimer ladéheating can be the curve of log(0) becomes nonlinear and saturates to a
considered as uniform in ELA, so that the dopant is onlyconstant plateau whem= 3 (i.e.,k=0.001). By curve fitting
redistributed in the direction, which is perpendicular to the with a hyperbolic tangent, we can therefore derive the fol-
bulk surface**™** Therefore,r and V are replaced by the lowing approximate analytic relationship between &6@)
depth coordinate with x=0 at the material surface and par- andp:
tial derivatived/ dx, respectively, in Eq92) and(3); and the ,
dopant concentration solutio€(x,t) of Eq. (2) is one- log ¢(0) = «(D")tanhp, (4)
dimensional1D), assuming a 1D initial as-implanted profile where the factorx depends on the dimensionless diffusion
Co(x). In ELA modeling, the solutiorC(x,t) of Eq. (2) con-  coefficientD’ =D, /D, With D,e=6.9X 107 cn?/s being a
verges after a numbeX of identical laser shots to the sta- reference set to the liquid diffusion coefficient of in Eq.
tionary dopant profil€..(x) in the quenched material with an (4) only depends on the dopant species and linearly increases
average concentratioB,, over the maximal melt depth.  with logD’ for the consideredD, range (~10“%to ~7
However, after scaling of the space-and-time coordinates ix 10 cn?/s). Hence,a can be derived from the approxi-
Eq. (2) as&=x/h (with 0<£=<1) and y/=t/h? respectively, mate analytic relationshipa(D’)=by+b, logD’, where by
another PDE is obtained in the scaled space i) but  =0.840 201 and,=0.705 031 are fitting constants. Then, by
with the same formulation than that of E@®). Hence, the  dividing both sides of Eq(4) by «, one obtains the general
solution C' (¢, #) =C[x(¢),t()] of the other PDE converges behavior of the dopant ai=0 after ELA, as shown in Fig. 1,
again to the same profil€’_(£§)=C.[x(&)], which is now which does not depend on the dopant species. Adtds

independent oh owing to the scaling. After division b, determined, the measurement of the only quant{ en-
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s ] polation with a first-order Taylor development, we can obtain
T\ —— Ascomputed | | with a good approximation from our database a full numeri-
T \ = g | cal profile of a dopant related to an arbitrdyalue. There-
s ] fore, we can also reconstitute with rapidity the numerical
¥} mk=0053 ] profile related to a measurddvalue without further numeri-
o \ : ] cal simulation.

&l \ ] In summary, a general diffusion-segregation model was
il \ ] derived from only one PDE and was applied to ultrashallow
N Ask=1 o o ] doping by ELA. The relative stationary dopant concentra-
@m%m AL ? ] tion, which only depends oB, andk in our model, is ob-

.l Na——— ] tained after some laser shots. From this result, we proposed a
I R R TR R ) one-point method for the experimental determination of the

x (nm) out-of-equilibrium k value, which requires only the prior

FIG. 2. Experimental vs computed results: Experimental relative profiles areneasurement o€(0) and knowledge oh and C,,. Experi-
shown by dotted lines marked by and O for In and As, respectively.  manta| profiles fit very well with simulations obtained with
Numerical profiles, which are computed with experimerkalalues, are experimentak value
shown by full lines with no mark ane> marks for In and As, respectively. xper values. . . . .
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