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Transient enhanced diffusidiiED) during annealing of implanted boron in silicon greatly impedes the formation of junctions that

are sufficiently shallow for advanced complementary metal oxide semiconductor devices. For reasons of cost and efficiency in
process development, detailed modeling of TED is often used for designing annealing procedures. However, because model
validation depends primarily on fitting experimental dopant profiles, and because realistic models contain dozens of parameters
that are poorly known, development of a unique set of rate parameters with true predictive capability has proven elusive. Here we
have employed formal parameter sensitivity analysis by the finite difference method to show that the activation energies most
critical to know accurately are those for interstitial boron diffusion, kick-in, and dissociation of the- (&)* complex to

liberate either interstitial Bkick-out) or Si. Maximum likelihood estimation is also applied to the literature for interstitial cluster
formation to determine a most likely set of activation energies for cluster dissociation.
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Forming ultrashallow junctions in Si-based microelectronic logic eters. The analysis suggests which parameters need to be measured
devices is becoming increasingly critical as device dimensions coner calculated most accurately by independent means, and which can
tinue to shrink. Advanced complementary metal oxide semiconducbe largely ignored. Sensitivity coefficients can also offer significant
tor devices will require junction depths between 13 and 22 nm in thephysical insights into the key elementary steps governing the overall
source and drain extension regions by the year 2006trent tech-  reaction-diffusion network.
nology for junction formation relies almost exclusively on ion im- In this work, we apply sensitivity analysis by the finite difference
plantation to introduce dopants into the substrate. Although junctionmethod to a TED model recently developed in this laborat@gn-
depths can be made shallower by reducing the implant energy, théitivity coefficients are estimated using simulations of the TED
effectiveness of this approach has been limited by the need to annesitodel implemented in the profile simulator FLOOPS 2660.
the resulting structure to activate the dopant electrically and tolmplementation of the analysis requires prior development of a set
eliminate implant-induced defects in the crystal structure. These deof activation energies for interstitial cluster dissociation, which we
fects mediate transient enhanced diffusi®&D) of the dopant, of-  develop by application of ML estimation to the available literature.
ten leading to significant increase in junction depth. The results show that the activation energies most critical to know

For reasons of cost and efficiency in process development, deaccurately are those for interstitial boron diffusion, kick-in, and dis-
tailed modeling of TED has attracted increasing attention for design-Sociation of the (B— Si) " complex to liberate either interstitial B
ing suitable annealing procedufedHowever, the state of current (kick-out) or Si.
modeling is far from satisfactory. One reason is that many elemen-
tary kinetic steps contribute to the experimental observable, typi-
cally a dopant depth profile obtained by secondary ion mass spec- The matrixS of sensitivity coefficients describes quantitatively
troscopy (SIMS). Hence, all models include numerous rate the change in process behavior in response to variations in the gov-
parameters, such as activation energies and pre-exponential factoggning rate parameters. Process behavior in TED can be embodied
for diffusion. Independent determinations of the parameters havddy common metrics such as junction depth and dose loss as well as
been difficult to maké.In practice, therefore, many parameter sets the levels of dopant activation. Lgtdenote the vector of the various
have been developed primarily according to their ability to fit ex- process metrics chosen, afiddenote the vector containing all rate
perimental SIMS profiles. The large number of parameters of cours@?arameters. The matri® of sensitivity coefficients local to the re-
provides many degrees of freedom for fitting, impeding the ability to gion described by can be described mathematically as
develop a unique set. Because simulated profiles are often compared
only to a small body of experimental data, the predictive capability S = Sy ) = ayi(9;) 1]
of most TED models outside their tested range is therefore subject to 1 Yi:9) a0
serious doubt. Worse, despite the many degrees of freedom avail-
able, adequately matching experimental data has been difficult with
out resorting to uncomfortably ad hoc approaches.

In light of these problems, firmly grounded procedures are  tpare are three methods for evaluating the elem&jts the
needed for estimating the most likely values of kinetic rate param-gj ot differential method, the Green's function method, and the fi-

eters. Elsewhere, we have discussed how to use maximum likelipjie ifference methofl The direct differential method utilizes the
hood (ML) estimation in conjunction with established literature for yiterential equations for the process model to derive differential
parameter estimation, together with multivariate statistics to quangquations describing the sensitivity coefficients. The sensitivity
tify accuracy’ Parameter sensitivity analysis based on direct simu-equations are obtained by taking the derivatives of the differential
lation of experimental profiles offers an alternate tool with similar equations for the process with respect to each parameter. This ap-
mathematical rigor to investigate the behavior of a process mOdel-proach is intuitively natural, but it requires solvingi(+ 1) X n

The theory behind sensitivity analysis has been well devefbbed equations simultaneously, whemeis the number of parameters and
and applied in many fields of science and engineefig.such s the number of process outputs. The Green’s function method
analysis, "sensitivity coefficients” describe the variations in the out- geeks to reduce the number of equations by separating the problem
puts of a process model in response to perturbations in the parampqq homogenous and nonhomogeneous parts and solving them

Theory of Parameter Sensitivity Analysis

where the subscripts refer to the elements of the vector or the
matrix.
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Table I. Activation energies for interstitial diffusion and cluster association.

Activation
energy

Reaction Symbél (eV) Reference Methdd
B," diffusion Eqitp 0.37+ 0.04 4 ML
Si? diffusion Eqgifisi'? 0.72+ 0.03 4 ML
B + Si,— (Bs— Si)* Eq 0.50+ 0.1 4 ML
Bm — Sin + B — Bpiq — Sip, n,m = 0° Eassoc,s 0.37+ 0.04 4 Assumed= Egg+
Bm — Siy, + Si™? — By — Sinyy, N,m = 0° Eassoc 0.72= 0.0% 4 Assumed= Edm,Si}z

@ For clarity in focus on cluster effects, the present work uses slightly different notation than related publications from this ldbatagoeytwo symbols
are given here, the latter symbol appears in Ref. 4.

PML = Maximum likelihood estimation.

° The pre-exponential factor for this diffusion has been assumed tobel@ 2 cn?/s.*

4Form = 1, one of the boron atoms is presumed to be substitutional. Alsmdn must obeym + n = 2 andm + n < 4. Finally, if n = 0, thenm
is assumed to obem < 1. (No pure boron clusters larger than dimers form.

® The pre-exponential factor for this association reaction has been assumed tx H®3° cn?/s,* regardless of cluster size. Also, if two free Si
interstitials recombine, the stochiometric factor of 2 in the rate constant for diffusion limitatioich includesDg; + Dg;) has been neglected.

separately. This procedure requires solvingk n equations plus pinning. Concentrgtions of cha.rged intgrstitial B anq Si species were
integrals? which offers significant computational advantagemils ~ Computed according to Fermi statistics as described elsewhere.
much smaller tham. Nevertheless, both methods are applied only Initial conditions on the profiles for Sivere set using the well-
when the process model is cast in terms of ordinary differentialknown “+1" model in which[ Si;] exactly tracks the local concen-
equations. tration of implanted boron. For total boron, we employed experi-
Unlike the two previous approaches, the finite difference methodmental as-implanted profiles as initial conditions, with a fixed
completely avoids additional differential equations that need to befraction of one-fifth of the total boron in substitutional sites, in ac-
solved simultaneously. Instead, this method estimates the sensitivitpord with the suggestion of de la Rub& al*? and Kobayashi
coefficients using the finite difference method etall®
Figure 1 shows the heating program employed, which corre-
Ay yit6; + A8 — yi(t,6; — A8 2 sponded to that used for an experimental data set to which the simu-
A0, B 2A0, 2] lations were compared. The experimental wafers, processed by In-
ternational Sematech, were implanted with B at 0.60 keV with a
where A6 is a small variation of;. In principle, this approach ~fluence of 2 10'® jons/cnt at 0° tilt. Results for acompalzable set
requires solution oh differential equations twice for each param- Of experiments have also been reported by Doweewl.™" The
eter. Note that for a transient set of equations such as those descrilpeating ratg was 150°C/s, leading to a junction depthof 54 nm.
ing TED, S; can be time-dependent. The accuracy of the finite dif- Similar X; result_s were pbtained experimentally by Dowresyal 14
ference estimate depends on the magnitude of the varidtign ~ for roughly equivalent implant and rapid thermal anneaRgA)
The value forA6; should be small enough that the effects of higher conditions.
order terms are negligible, but large enough that the estimate is
inse_nsitive to simulgt_io_n errors gppearing ?n the numeréter, er- _ Cluster Model: Maximum Likelihood Estimation
ror in y;). The sensitivity coefficients for different dependent vari- _ o ) o
ablesy; sometimes vary greatly in magnitude. Hence, the parameter ~Cluster sizes—During implantation and annealing, it is well
variation A®; must vary correspondingly. Here, 5, 10, and 20% grl;g\(l)vrrl])tgarl\tdd?eslf;emtﬁ??rz;orim ;rs‘ﬂtng‘r':% ﬁr?ser?;glt a:rr;ealmg C‘?}”
variations forA®; are computed and compared. Note that, in gen- primarily
eral, sensitivity coefficients that are very small cannot be computed
accurately due to the limited accuracy of any given simulation code.
Such coefficients are simply reported as being less than some fixed

S(yi0;) ~

value. 1200
Overall TED Model 1000
This simulator solves the coupled mass balance equations fo ~
interstitials, vacancies and clusters. These equations have the geéi 800
eral form for species j o
=1
dN; aJ; ® 600
] ] ©
— = ——+ G [3] =
]
ot aX 8
where N; denotes concentration ar@ a net generation rate. The % 400
flux J; comprises terms due to both diffusion and drift in response to -
electric fields. The electric fields are obtained by solution of Pois- 200
son’s equation. We implemented FLOOPS with the rate expression:
and parameters shown in Table | together with no-flux surface 0 L 1 1 1 1 1
boundary conditions for all specf¥ and no surface Fermi level 0 10 20 30 40 50 60 70

b No-flux boundary conditions represent an approximation that suffer deficiencies as Time (S)

discussed in Ref. 10. However, in the regime of the simulations, the conclusions of this ) ) )
paper are insensitive to the details of these conditions. Figure 1. Experimental heating profile.
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responsible for TED. There is considerable evidence that these cludimiting in this reaction sequence. It can easily be shown that in a
ters can comprise pure B, pure Si, or both. Due to the small numbereaction sequence including a rate-limiting step, steps after the rate
of differential equations that can be tracked by FLOOPS 2000, clus4imiting one exert no influence on the overall rate. Thus, rate expres-
ter sizes involving interstitials were limited to five atoms for pure Si sions that include parameters from steps following the rate limiting
clusters. We doubt that this restriction imposes serious limitations orone must, in principle, be incorrect.

simulation accuracy because experimental observations from spike In general, simple models for elementary dissociation reactions
RTA of sub-keV implanted boron showed no evidence for the for- employ first-order kinetics and cast rate constants as the mathemati-
mation of large cluster’ Regarding boron, there is no evidence for cal product of an attempt frequency and an exponential Boltzmann
pure B clusters larger than two atoms that involve interstitial atoms.factor containing a transition-state activation barfighich may not
In_stead, B_ interstitials seem to be more effective_ly _captured bybe the same as the binding energwe employ that picture here.
mixed B-Si clusters®!’ Hence, cluster sizes were limited to two Regarding the pre-exponential factor, we chose the Debye frequency

atoms for pure B and five for mixed B-Si. The initial concentrations for Sj of about 6x 10252, subject to various caveats discussed
of all clusters and complexes were set to zero. elsewheré.

Cluster growth—The association reaction between @iB; and _The Iiterat_ure reports several values for_ dissociation energies,
a cluster is second order. Although an activation barrier may exist inwhlcr214are believed to depend upon cluster size. For example, Pelaz
principle when these species get close enough to react, the negati &l suggested a square-root dependence on size for pure Si clus-
free energy of formation for the complex gives reason to believe thaters. Cowerret al®® reported a more complicated dependence hav-
the complex forms with no barrier. In accord with much literature in ing minima at specific sizes, most likely near four and eight atoms.
the field, a rate expression describing standard diffusion limitationThe experimental literature is augmented by a density functional
by reactant® seems warranted theory (DFT) calculations, especially for dimers and large clusters.
_ . With this fairly rich literature base, we applied ML estimation to
Fassoc™ Kassobclusted[B; or Si] 4] these speciegaside from (B — Si)™, which we have treated by
this method previousfy. The details of the parameter estimation
method have already been reported elsewfere.
Fassoc= 4maDg OF I'a550.= 4maDs; [5] Note, however, that DFT calculations should be employed only
with many caveats. Most DFT work reports thermodynamic forma-

where clusters have been assumed to be much less mobile than fré@n energies, which involve the initial and final states, rather than
interstitials. Herea represents a reaction distance or capture radius{rué activation barriers, which involve the initial and transition
There exist significant questions about what vaushould take. ~ States. In general, barriers for endothermic reactions like cluster dis-
The capture radius may depend on the identities of the atoms angociation often match thermodynamic formation energies, but this
clusters involved as well as their charge states and orientation withifi€ed not always be the case. Thermodynamic energies set only a
the Si lattice!® For example, Coulombic attraction between species Minimum value for activation barriers. Note also that most quantum
of opposite charge probably lead to increased values while like calculations are valid only at 0 K, but mechanisms can change at
charges lead to decreased values. Effects of this sort remain inadiigher temperatures. For example, diffusion in Si at processing tem-
equately treated in the literature, so that even for association oPeratures appears to be governed by collective atomic motions that
single atomsa has been assigned a variety of values, ranging fromdo not operate at lower temperatufés:urthermore, DFT calcula-
the nearest neighbor distance of 2. Al to the Si lattice consta?ﬁ tions typically ignore entropic effects, some of which can change
(~5 A) to even larger values near 7 Because literature reports Ppre-exponential factors by many orders of magnittfd&inally,
of a represent mostly assumptions rather than measured values, adfT is a ground-state theory and predicts bulk bandgaps very
because varies with reaction stoichiometry and other factors, quan- poorly. By implication, deep electronic levels associated with point
titative methods employed here for assigning a most probable valuglefects incur similar erroré:2°
are not suitable. Instead, we treat it as a fixed parameter with an For pure Si dimer dissociation, Pelazal 2 reported a barrier of
assumed value of the Si nearest neighbor distance, 2.7 A. Although.6 eV by fitting experimental SIMS data for a delta-doped super-
other choices are certainly defensible, they are unlikely to vary from|attice. From DFT calculations, Kinet al3° obtained dissociation
this one by more than a factor of about two. This modest range doegnergies of 1.30 eV using the local density approximatioDA )
not affect the primary conclusions to be drawn below, although itand 1.36 eV using the generalized gradient approxima@@aA).
may affect some of the precise details for the activation energiesurther, Bongiorncet al>! employed tight binding molecular dy-
demonstrating the largest parameter sensitivity. namics simulations to calculate a barrier of 1.41 eV. From these

Cluster dissociation—Dissociation kinetics are more problem- €Sults, ML estimation giveg, = 1.41: 0.03 eV for Si dimer dis-
atic, because the rate expressions used in the literature up to nowPciation into two free Si interstitials. -
have inadequacies, and there is no agreement in the literature re- FOr pure B dimer (B— By dissociation, Zhiet al"* used DFT
garding the magnitudes of the dissociation energies. The rate expre$LDA) to obtain a binding energy of 1.8 0.1 eV. Tight binding
sion commonly employed in literature for dissociation kinetics as- molecular dynamics studies by Lt al** yielded a corresponding

with

sumes the following forA? number of 1.6 eV. Based on these results, ML estimation yields
E,g = 1.70* 0.07 eV for boron dimer dissociation intq &nd B;.
s = D—izmexq—Eb/kT)[clusteﬂ [6] For large clusters of pure Si, we rely on the literature{8t1}-
IS

defect dissociation, even though such defects are larger than the

five-atom clusters allowed by FLOOPS and probably have larger
whereE,, denotes the binding energy abx}, the interstitial diffu-  dissociation energie¥:?>We justify this choice as follows. During
sivity. Equation 6 is problematic in several ways, but its greatestspike annealing in the presence of many kinds of clusters whose
flaw originates from its assumption that dissociation involves two dissociation energies vary with size, the instantaneous free intersti-
sequential steps: interstitial release from the cluster followed by atial concentration at any moment during heating is controlled prima-
diffusional hop away from the cluster. However, except for rily by the number of clusters dissociating at that time. When disso-
(Bs—Si)*, the barrier to interstitial releagéor which the binding  ciation energies increase monotonically with cluster $eat least
energy sets only a lower bouni significantly larger than that for —approximately sp dissociating one atom from a cluster sets off a
diffusional hopping. Because the pre-exponential factor is likely torapid cascade of further dissociation events that quickly liberates all
be the same for both release and hopping. close to a Debye the interstitials in the cluster. Equating the five-atom dissociation
frequency as discussed elsewHgrinterstitial release must be rate energy to that for very large defects merely telescopes that cascade
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Table 1. Activation energies for cluster dissociation?

Activation
Cluster Species Energy
Composition size liberated Symbol (eV) Reference Methdd
Pure B 2 B Eop 1.70+ 0.07 This work ML
Pure Si 2 Si E, 1.41+ 0.03 This work ML
3 Si = 2.2 This work Linear
interpolation
4 Si E, 3.0 This work Linear
interpolation
5 Si Elarge 3.7+ 0.1 This work ML
Mixed B-Si z B Eomix— 8 0.50 This work From dopant
= Ey activatior!
2° Si Emix - si 0.59+ 0.06 4 ML
= Euds '
3 B E3mix 2.2 This work Assumed
=E3
3 Si E3 mix 2.2 This work Assumed
:E3
4 B E 4 mix 3.0 This work Assumed
=E,
4 Si E4 mix 3.0 This work Assumed
=E,
5 B Eiarge mix 3.5 17 DFT
5 Si Earge mix 3.5 17 DFT

2 All pre-exponential factors are assumed equal ts 60" s 1.4

PML = Maximum likelihood estimation.

°This represents the kick-out reactiony(B Si)* — B + Si.

9 ML method in Ref. 4 yielded 1.05 eV. The value in the table is calculated from published data for dopant actaaioalent to solid solubilityas
discussed in text.

®This represents the dissociation reaction (BSi)™ — Bg + Si*2.

slightly. However, equating the five-atom dissociation energy to itsto relax ML constraints on one parameter: the activation energy for
actual value in nature would leave no clusters with dissociation enkick-out E; ;_. The ML result has previously been calculated to

ergies equal to that for large clusters. All clusters would thereforepe 1 05 e\# but we found it necessary to reduce this value to 0.5 eV.
dissolve prematurely in the simulations, leading to a flood of free other parameters in principle could have been chosen for adjust-
interstitials that would accelerate TED unnaturally. ment, but we chose this one based on its origin in DFT reports from
_ For {311} defects, we are aware of two experimental reports of oy one laborator}3® (compared with a larger suite of reports for
dissociation energies. Using inverse modeling of cluster evaporationjosely related parameterand the curiously large values of these
applied to SIMS profiles, Raffertgt al** reported a value of 3.57  yeports compared with other activation energies associated with this

eV. Stolk et al*> examined decay kinetics of individug@1L de-  complex.

fects by transmission electron microscopy, obtaining8.8.2 eV. We obtained the value of 0.50 eV in the following way. Experi-
Maximum Likelihood estimation then giveSzqe = 3.7+ 0.1 eV mental investigations of the spreading resistance prdfiRP

for dissociation of311} defects and, for our case, largére-atom showed that the degree of boron activation after a spike anneal
clusters of pure Si. roughly equals the solid solubility at the peak temperat(ré This

For large B-Si mixed clusters, we again rely on the literature for so|upility lies near[B;] = 10?° cm 3.2 Substitutional boron is
very large clusters for reasons analogous to those given _forlgure Sbrmed from the complex (B— Si)*. The time constants for ex-
clusters. We are aware of only one relevant report by éfial. change of Bwith the surroundings through this complex are much

\évgoelilsefgrD;;rgi;Gﬁ')hfeor“pt)ZrO:t?rI:” aerr:grrg-;?/tc:sm ;\/'2?;2% der;(?/rgry ;)J faster than those of profile spreading overall, so a quasi-steady state
. 7 . = . .. +
atoms including both B and Si, so the calculation cannot be used tomass balance can be written for{(8 Si)

differentiate dissociation that liberates freevSifree B. With only 0 = o To o P g
one report available, ML estimation becomes trivial and yields ki T2mix—B T Tassoc | 2mix—Si
Elargemix = 3.5 eV for large(five-atom mixed B-Si clusters, and kki[Bir] — Ko mixgl (Bs — Si*] + kassol;Bs_][Sirz]
therefore for five-atom mixed clusters of any stoichiometry from
BSi, to B,Si releasing either B or Si free interstitials. — Ko mix—sl (Bs Si) ] (7]
The remaining dissociation energies for trimers and tetramers of
pure Si and mixed B-Si were estimated using simple assumptionsithough in principle, Eq. 7 includes contributions from interstitial
made in the spirit of the ML estimation. For pure Si clusters, the gxchange with trimers, the rate expressions in the tables together
trimer and tetramer energiés; and E, were calculated by simple  ith likely estimates for trimer concentratiofisonfirmed by simu-
linear |nter_polat|on of the ML num_bers for _dlmers and pentamers.|ationg indicate that exchange of interstitials between (BSi)*
The energie€; nix and E4 i for mixed B-Si clusters of any sto-  and various mixed trimers is negligible. Our simulations lead to
ichiometry, rele_asmg elther B or Si free interstitials, were then set[(Bs — Si)*]~ 1 x 108 cm 3, with [Sifz] ~ 5% 105 cm 3
equal to these interpolations. and [B;"] = 1 x 108 cm 2 near the surface at 1000°C during
Kick-out and boron solubility—In order to obtain a satisfactory ramp up.(Calculations done at different positions and temperatures
match to experimental dopant activation data, we found it necessargave similar resulty.With ML parameters folE,;, E; mix_.si, and
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Table | and Il show in compact form the definitions of each vector
element. We used FLOOPS to calculate boron profiles according to
the TED model described earlier. One dependent varighlas the
junction depthX;, defined as the depth at which the boron concen-
tration decreases to ocm 3. Sensitivity coefficients connected
with junction depth are denoted I8,;. A second dependent vari-
able was the fraction of electrically active bor@n substitutional
siteg. Sensitivity coefficients connected with boron activation are
denoted bySg._aciiv;-

We calculated each value 8f three times, using deviationsd;
of 5, 10, and 20% in either direction from the independent variable’s
nominal value given in Table | and II. Although using a variation as
large as 20% degrades the accuracy of the finite difference approxi-
mation to the exact value d§; shown in Eq. 1, using this large
variation in concert with a smaller one offers a simple way to detect
threshold effects and other nonlinearities in the model that can lead
to important physical insights. Little variation &; with the mag-

Figure 2. Experimental SIMS profiles for boron implanted at 0.60 keV, nitude or direction of the deviation shows that the model is in a
2X10' jons/cnt, and 0° tilt. As-implanted profile is shown together with ell-behaved, approximately linear regime with respect to the pa-

the results after a spike anneal to 1050°C at a heating rate of 150°C/s. F

descriptive purposes, the profile is divided int¢3, and+y regions. Also L L . . .
shown is a simulated profile for “best” parameter values selected mainly by S in Or very near to a significantly nonlinear region where the im-
the ML estimation and listed in Tables | and II.

Eassocdrawn from Table | and Il E; g calculated from Eq. 7
becomes 0.5 eV. Figure 2 shows an example of the excellent agree- Table 1l shows the calculated sensitivity coefficients. A negative
ment this choice folE; kg gives with experimental SIMS pro-

files.

Results

Sensitivity coefficientsS were computed according to Eq. 2 us-
ing the following vector® of activation energies

0rrameterj. When the variations ii%; are strong, however, the model

portance of parametg¢lis changing rapidly. In a kinetic model, such
nonlinearity often means that a mechanism is changing or some new
elementary step is becoming important.

value forS; indicates that an increase in the independent variable
led to a decrease in the dependent variabléde highest and lowest
sensitivities differ by roughly three orders of magnitude$gy,; and
four orders of magnitude faBg 4¢yj, Showing that the various ac-
tivation energies exert effects of vastly different importance on the
diffusion profiles. Note that the two groups of sensitivity coefficients

Ed‘ﬁvBT for the two corresponding dependent variables of junction depth and
Ediff,sii” dopant activation should not be compared directly because the co-
Ey efficient groups have Qif‘ferent_units. Valid comparisons are pqssible
Epmixs only for coeffllcilents V'Vlth'ln a given group. The absolute magnltgdes
Ep i of the cpefflments indicate _how mugh the _dependent vanablg
0 Ez . [8] changes in response to_ a u_nlt chz_;mge in the given parameter, Whl_le
E. the signs describe the directionalities of these changes. Although this
2 absolute magnitude may be useful for some purposes, this paper
Es concerns itself primarily with the relative magnitudes of the coeffi-
= cient groups for each dependent variable. Within each group, acti-
Elarge vation energies having the largest coefficients on a relative scale
L Elarge,mixd exert the strongest effects on the corresponding dependent variable.
Table Ill. Sensitivity coefficients S;; .
%xn,j SB-activ,j
(nm/eV) (ev?h
Independent
variable 5% 1096 2096 5% 109 2096
Ei g, 29X 107 27X 107 —-25% 107 13 11 1.2
Eqifsi <2 <2 <2 <1x10°% <1 X 102 <1x 1072
Ev 2.8 % 102 2.6 X 102 2.4% 107 -12 -11 -11
E2mixeB 27X 107 -26X 107 —2.4% 107 11 1.0 9.7x 107t
E2micsi 28X 107 26X 10 25X 107 -1.2 -11 -12
Ezp —-6.1x 10 -5.9x 10 —5.8x 10 1Xx 1072 1x 1072 3x 1072
E, <2 <2 <2 <1 x 1072 <1x 1072 <1x 10732
Es —6.4x 10 -6.1x 10 —6.0x 10 3x107? 3x 1072 2x 1072
E, —6.4x 10 -6.2x 10 -6.2x 10 <1x 107? <1 X 1072 -2x 1072
Elarge -3 -8 —25x%x 10 <1x 107? <1 x 1072 2x 1072
Earge,mix -4 -3 —2.0x 10 -6.4%x 107! -6.6x 10! —-3.7x 107!

@pPercentage signifies the fractional variation in the independent valabked to obtairs; .
b The symbol<2 signifies that the magnitude is less than 2.
°The symbol<1 x 1072 signifies that the magnitude is less tharx110 2.
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Discussion 1022

Effects on junction depth-The junction depth responds strongly —— Total Boron

to variations inEgig+ and to three activation energies associated &~ {021 ——— B
' Boron in cluster

with forming and dissociating the mixed B-Si dimer complex (B
— Si)™". These latter energies inclu@ ;, s (kick-out to liberate
B)), Ezmix_si (dissociation to create £and Sj), andE,; (kick-in).
The importance of the dimer results from its activity as a reservoir
with which B exchanges during a temperature spike. Profile spread-
ing takes place primarily in response to motion ¢f(& opposed to
diffusion of (B, — Si) " itself*). The (B, — Si) complex forms and
then quickly redissociates by liberating eitherd® Si. Liberation
of B; frees the boron atom again. Liberation of i@mobilizes the
boron as B, however, until another Scomes along to reform the 1077 1 | BN 1 1 |
(Bs — Si) complex and provide a mechanism for releasing Bhe 0 10 20 30 40 50 60 70
branching ratio between the dissociation reactions formipgrisi
Si; determines what fraction of time boron is free to move, and Depth (nm)
Edifvaf determines how far the freed boron interstitial can move Figure 3. Simulation profiles of various species of boron. Electrically inac-
before it becomes captured by (B Sii)+ again. tive clusters dominate in the region, but thg3 and+y regions have approxi-
There is another primary kind of reservoir to consider that could mately 100% dopant activation.
appreciably hamper motion of, Bnondissociated clusters. The im-
portance of the nondissociated clusters scales with their concentra-
tion angl di;sociation energieg. The Igrger sgnsitivity cpeﬁigiepts forafract probably arises from the mixed clusters. Regardiggs; 2,
the activation energies associated with forming and dissociating the ) ) . . S
mixed B-Si dimer complex suggests that this mechanism plays 4n€ Simulations show that the concentration profiles fptesid to be
more important role than nondissociated clusters in determining thé€latively flat near the junction region because there is no mecha-
diffusion distance of interstitial boron. nism equivalent to kick-in for boron to help sequester Exchange
Other parameters having appreciable sensitivity coefficients forof Sii With Siin the lattice simply yields more SiThe rapid motion
junction depth include dissociation energies for boron-containingt€nds to flatten the profiles and make the exact value of the intersti-
clusters of small to medium size. Sensitivity coefficients for a given tia! diffusivity immaterial. From a simulation standpoint, the unim-
cluster size increase with the ability to liberate mobileoBer the ~ Portance ofEqisi+2 is helpful because of the great uncertafiit
course of the annealing cycle. Small and medium-sized clusters haviés value. Regarding dissociation energies for pure Si clusters, these
lower dissociation energies than large clusters and dissociate nearlglusters exert an influence on junction depth only indirectly by re-
completely. As long as large clusters do not dissociate, the exackeasing Si, which accelerates the kick-out reaction of. BAppar-
value of their dissociation energy has little bearing on the release oently the details of this rate of release do not affect junction depth
B;, so the corresponding sensitivity coefficients remain small. very much. This result suggests that nonmonotonic variations in Si
The ability of large clusters to liberate Boes increase, however, cluster dissqciation energy with size, _wh_ic_;h has been observed in
under conditions in which they become active. Thus, the sensitivitySOMe experlm_er!t’s,s, may not play a significant role. Presumably
coefficients for the largest clusters should increase as their dissocigan@logous variations for mixed B-Si clusters would have larger ef-
tion energy is varied downward, or equivalently, the maximum spike fects, however, because of their capacity to relegseirBetly.

temperature increases. Evidence for this effect can be seen in Table Efacts on dopant activation-Dopant activation integrated over
[l by comparing sensitivity coefficients fak® of 10 and 20%. The  ihe entire profile typically ranged between 20 and 40% in these
10% variations lead to little sensitivity at the largest cluster sizesgjmuylations. As shown in Fig. 3, activation in tigeand y regions

because those clusters have dissociation energies too large to bgs typically near 100%, falling to lower levels only in theegion
come active at 1050°C. The 20% variationsA® lead to corre- where boron concentrations rose abov& -2 and B-containing

sponding sensitivity coefficients that are a factor of ten larger for o) ,sters were prevalent. Thus, variations in overall activation tended
Elarge,mix- These clusters have been assigned a dissociation energy @ result almost entirely from changes in the transition zone between
3.5 eV, which lies just on the cusp of becoming active at the maxi-the o and regions.
mum temperature of 1050°C. The negative variationd@nlead to Dopant activation responds most strongly to variations in the
greatly increased dissociation fractions at 1050°C. same parameters as junction depth. This result can be rationalized by
The exact values of the sensitivity coefficients are influenced byrecognizing that boron becomes electrically active only by entering
other factors as well. For example, sensitivities should vary in pro-jattice sites via the (B— Si)* complex and then dissociating to
portion to the number of clusters available at a given size. Thejjperate S2. The dominance oE g+, Esmix.g, E2mix.si» and
number of clusters depends upon the initial size distribution ob- " ’ L
tained after annealing; very large clusters with small concentrationd=ki OVer the other parametetexcept forEjyge mi) is much more
would have very small sensitivity coefficients. Such numerical ef- pronounced than 1t is for junction depth, probably because there is
fects are amplified by stoichiometry; for example, size four clusters'® lct:mpe;[_lngl pathway for”fct>rr]m|n? StubS(tjl_tutIOI’I_alt_bOI’OI‘l. . |
liberate twice as many boron atoms on average as size two cluster% nterestingly, among all the Ccluster dissociation energies, only
The present simulations may capture size distribution effects imper; large,mixSHOWS @ Sensitivity coefficient even remotely comparable to

fectly due to the small maximum cluster size employtde). The the four just discussed. The computed sensitivity coefficient varies

: ) .
maximum dissociation energy is probably not reached until sizedy Nearly a factor of two ad increases from 10 to 20%. This

much larger than five, as suggested by published Wh# cluster begins to become a major supplier of interstitial boron at

Interestingly, junction depth is insensitive to parameters Con_1050°C, especially in the region (away from the junctioh Thus
UNgly, Jun dep P the simulations behave rather sensitively and nonlinearly to varia-
nected with pure Si species, notatE)giﬁ,SirZ, Ez, andEjyge. Al-

tions in the corresponding dissociation energy. Clearly, accurate
though the sensitivity coefficients; and E, are more significant, models of dopant activation need to pay special attention to estimat-
these parameters describe both pure Si and mixed B-Si clusters-thag this parameter correctly, as has been suggested in the litefature.
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Figure 4. Comparison of simulated profiles from variationsBg,ge mix- Figure 6. Comparison of simulated profiles from variationsHp.

Effects on profile shape-The various activation energies influ- the profile in theB region, also has the consequence of moving the
ence other aspects of profile shape in ways that are not adequatelyreak point between the andp regions somewhat.
captured by a single metric like junction depth. Examples include For E,, the situation changed as shown in Fig. 6. The transition
the transition depth between theB, andy regions in Fig. 2 as well  between theB and vy regions varied so strongly that for a 20%
as the dopant concentration in these regions. Although metrics caincrease inE,, the shoulder disappeared entirely. Small variations
be defined for these profile features, it seems more instructive t9n the region appear as well. By contrast, the eﬁecthfge are
show the effects through the profiles themselves. small in most simulations of Fig. 7 and appear only in theegion,

The effects ofE,4e mixWere especially pronounced, as shown in except for the case of a 20% decrease, where the significant varia-
Fig. 4. As expected, the largest effects appeared for negative variaions show up in both th@ and vy regions. As mentioned earlier,
tions because the cluster liberates more boron, and the effects exery few large clusters of pure Si dissociated during a spike to

tended throughout the profile including theregion. 1050°C unles€ 4 Was adjusted significantly downward.
Other parameters influenced only tReand~y regions deeper in
the bulk. Parameters that behaved this way incl&ggg+, Ey, Conclusion

Eomix-B» E2mixs, E2p, andE;. Typical behavior appears in Fig.
5 for Egj gi+. FOrEy;, the magnitude in horizontal separation in the
v region and vertical separation in tigeregion resembles those in
Fig. 5. FOrE; i andE; nix.g, the effects were somewhat more
pronounced. The effects were more subduedsipg andE3, espe-

Sensitivity analysis coupled with simple local kinetic approxima-
tions have offered insights into the dominant mechanisms that gov-
ern junction depth and dopant activation in TED. For example, the
larger sensitivity coefficients for the activation energies associated
ronot ) 8% al P€-  with forming and dissociating the mixed B-Si dimer complex sug-
cially in the § region. In all these cases, variation in the activation gests that this mechanism plays a more important role than nondis-
energy caused smooth changes in the position of the break poi§ociated clusters in determining the degree of profile spreading. The
between theg and regions, together with smooth changes in the cyrious behavior of the sensitivity coefficient for dissociation energy
average dopant concentration in fBeegion. Raising and lowering  of the largest mixed clusters suggests that the dissociation energy
and initial size distribution may play a key role in determining the
final degree of dopant activation. Clearly these mechanisms deserve
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Figure 5. Comparison of simulated profiles from variationﬁmﬁyBr. Simi- Depth (nm)
lar profiles are observed for the variationsBR , E; mix—s . Ezmix—s: E2
andE;. Figure 7. Comparison of simulated profiles from variationsHpge.



Journal of The Electrochemical Socigtys0 (12) G758-G7652003

the most attention from future experiments and computations ded7.
signed to obtain elementary rate parameters of interest in posti8:

implant annealing.
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