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In recent years, transistor junction formation in complementary metal oxide semiconductor devices by ion implantation has
encountered serious limitations due to transient enhanced diff(BED) during the annealing step. Current models of TED rely

heavily on detailed simulations of the complex diffusion-reaction network that governs TED, and often rely on fitted parameters
whose values are uncertain. The present work uses a more rigorous set of rate parameters obtained from a maximum likelihood
estimation to develop a relatively simple analytical treatment of boron TED that is capable of estimating the degree of profile
spreading and the temperature at which TED should begin to occur significantly. The treatment suggests that reduction of TED
should focus on implantation schemes and heating programs designed to decrease the number of clusters slightly smaller than the
very largest.
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Forming extremely shallow pn junctions in Si-based microelec- temperature at which TED should begin to occur significantly and
tronic logic devices is becoming increasingly critical as device di- the degree of profile spreading. An important conclusion of the work
mensions continue to diminish. For example, advanced complemenis that reducing TED should involve adjusting both the initial con-
tary metal oxide semiconductor devices will require junction depthsditions for the clustergduring implanj and the subsequent heating
X; between 13 and 22 nm in the source and drain extension regiongrocedure to maximize the number of clusters having dissociation
by 2005! Current technology for junction formation relies almost energies just under the maximum.
exclusively on ion implantation to introduce dopants into the sub-
strate. Although junction depths can be made shallower by reducing
the implant energy, the effectiveness of this approach has been lim-
ited by the need to anneal the resulting structure to activate the
dopant electrically and to eliminate implant-induced defects in the
crystal structure. As long as they exist, these defects mediate excep- Kinetic parameters and treatment of clustersTable | and I
tionally fast transient enhanced diffusi¢gMED) of the implanted  reproduce the kinetics we have developed previdishegarding
dopants, often leading to significant spreading of the original dopaninterstitial diffusion and interaction with clusters. It is well known
profile. that clusters of atoms form during postimplant annealing. These

Because experiments to measure TED kinetics are expensive antusters release free interstitial atoms that drive TED. There is con-
sometimes difficult to interpret unambiguously, many researcherssiderable evidence that clusters can comprise pure B, pure Si, or
have resorted to detailed modeling to aid process developmenmmixed B-Si. Due to the number of cluster species that can be tracked
There have been several attempts in the literature to develop a conby the process simulator we used, Tables | and Il show rate param-
prehensive physical picture for TE{F, and such attempts have been eters limited to a maximum of five atoms for pure Si and mixed B-Si
incorporated into various widely used profile simulatbtsowever, clusters. We doubt that this restriction imposes serious limitations on
the existing models suffer important deficiencies. simulation accuracy because experimental observations from spike

One problem is that the predictive capability of most TED mod- rapid thermal annealin@RTA) of sub-keV implanted show no evi-
els outside their tested range is subject to serious doubt. Many eldence for large clusterS:*? Regarding boron, there is no evidence
ementary kinetic steps contribute to the experimental observablefor pure B clusters larger than two atoms that involve interstitial
typically a dopant depth profile obtained by secondary ion massatoms. Instead, B interstitials seem to be more effectively captured
spectroscopySIMS). Hence, all models include numerous rate pa- by mixed B-Si**!* The model includes only point defects and ex-
rameters, many of whose values are developed primarily accordingludes extended defects such as dislocation loopgaiti defects,
to their ability to fit experimental SIMS profiles. The large number Which may also interact with interstitials in some ca¥es.
of parameters provides many degrees of freedom for fitting, imped-
ing the ability to develop a unique set.

A second problem is that profile simulators are not very condu-

cive to developing simple, intuitive explanations for key features of very short estimated time constants for,(8 Si) complex forma-

TED that retain quantitative utility. Many kinetic processes take tion, of order tens to hundreds of picoseconds, call into question the

place in ways that vary strongly both in space and time, and the .” . e ; i
dominant elementary steps in the overall diffusion-reaction networlfkme’[IC validity of the rate expressions and parameters being used.

; 2 o The expressions in Tables | and Il tacitly assume a rate law based on
vary accordingly. Thus, clear generalizations are often difficult t0 o'y o \sition state formulatiols,in which an atom attempts to cross a
make. 'I_'hese difficulties are particularly pronounced when there 'Svell-defined potential barrier at a frequency comparable to a lattice
uncertainty about key rate parameters.

This work attemps to alleviate these problems by developing awbratlonal frequency. Such formulations are usually applied under

. . . . conditions at modest temperatures whkfeis much less than the
relatively simple analytical treatment for TED that incorporates no P

) . rrier height. At 1050°C, howevekT = 0.11 eV, which ap-
fitted rate parameters. The parameters have been calculated in 0gérioaches the same magnitude as several barriers in Tables | and II.

laboratory-® using maximum  likelihood(ML) ?SI'mat'Oﬁ which Under such conditions, it becomes questionable whether the poten-
surpasses simple fitting of experimental profiles in terms of math-i5| parrier remains well defined.
ematical rigor and justifiability of the derived parameter set. The  \ap \iechten has described this problem at length with respect to
resulting model has yielded analytical expressions for estimating the,acancies in St but the basic picture remains valid for interstitial
motion as well as reactions with clusters. Well above the Debye
temperature(670 K in Si, the neighbors of the atom of interest
2 E-mail: eseebaue@uiuc.edu fluctuate so strongly in position that they occasionally conspire to

Basic Model

Weaknesses of published kinetic parameteit seems prudent
to highlight a weakness in using published rate parameters that to
our knowledge has not been discussed in the TED literature. The
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Table I. Activation energies for interstitial diffusion and cluster association.

Activation
energy

Reaction Symbél (eV) Reference Methdd
B; diffusion Eairg, 0.37+ 0.0 7 ML
Sj; diffusion Eair i, 0.72+ 0.0 7 ML
B; + Si;— (Bs — Si) Eyi 0.50+ 0.1 7 ML
By — Si, + B; — By — Siy, n,m = 0¢ Eassocs 0.37= 0.04 7 Assumed= Eaitr g,
By — Siy + Si — By — Sipsq, N,m = 0¢ Eassoc 0.72+ 0.0% 7 Assumed= Egig;

aFor clarity in focus on cluster effects, the present work uses slightly different notation than related publications from this Iddafaoeytwo symbols

are given here, the latter symbol appears in Ref. 7.

PML = Maximum likelihood estimation.

° The pre-exponential factor for this diffusion has been assumed toel® 2 cné/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 < 2. (No pure boron clusters larger than dimers form.

®The pre-exponential factor for this association reaction has been assumed tox H®3° cn?/s,” regardless of cluster size. Also, if two free Si

interstitials recombine, the stochiometric factor of 2 has been neglected.

create an open “tube” for motion with essentially no barrier. If the pre-exponential factors much larger than vibrational frequencies.
atom in question possesses sufficient kinetic enéofjprder 1 eV,
that atom simply zips through the tube before it closes. The resultingf the sort required here, and so our treatment will stick with the

rate parameters depend upon the energy and entropy associated withassical low temperature picture. Nevertheless, the results of this
rapid translational motion, and exhibit activation energies muchpaper and others employing low temperature physics should be
larger than barriers computed by quantum meth@tsO K) and

treated with due circumspection.

This theory has to our knowledge, not been refined for calculations

Table Il. Activation energies for cluster dissociation?

Activation
Cluster Species energy
Composition size liberated Symbol (eV) Reference Methdd
Pure B 2 B [ 1.70= 0.07 8 ML
Pure Si 2 Si E, 1.41+ 0.03 8 ML
3 Si Es 2.2 8 Linear
interpolation
4 Si E, 3.0 8 Linear
interpolation
5 Si Earge 3.7+ 0.1 8 ML
Mixed B-Si z B Eomixe = 0.50 8 From dopant
Ewo activatiorf
2° Si Ezmixosi = 0.59+ 0.06 7 ML
Edis
3 B E3 mix 2.2 8 Assumed=
Es
3 Si Es mix 2.2 8 Assumed=
Es
4 B E4 mix 3.0 8 Assumed-=
Es
4 Si E4 mix 3.0 8 Assumed=
E,
5 B E large, mix 35 35 Density functional
theory
5 Si Elarge, mix 3.5 35 Density functional
theory

2 All pre-exponential factors are assumed equal ts 602 s 1.7

PML = Maximum likelihood estimation.

° This represents the kick-out reactiony(B Si) — B; + Si.
9 ML method in Ref. 7 yielded 1.05 eV. The value in the table is calculated from published data for dopant actaaiealent to solid solubilityas

discussed in text.

© This represents the dissociation reaction (BSi) — Bg + Si.
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Simulation method—Calculations were performed using the pro- 1200
file simulator FLOOPS 200817 That simulator solves the coupled
mass balance equations for interstitials, vacancies, and clusters
Those equations have the general form for species 1000 | 3)
2)
8N] a‘]Nj 8
at ax Gi (1] - 600 |
) _ 400 |
whereN; denotes concentration a@la net generation rate. The 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 L L ' L
son’s equation. FLOOPS was implemented with the rate expressions 20 30 40 50 60 70
and parameters shown in Tables | and Il together with no-flux sur- t (s)

face boundary conditions for all spedé€ and no surface band

bending. Concentrations of charged interstitial B and Si Spe_c'eiigure 1. Temperature program for simulated spike anndalstemperature
were computed according to Fermi statistics as describedpijization between about 400 and 660°@) main spike with B
elsewheré? = 150°C/s,(3) maximum temperaturd,, = 1050°C, (4) radiative ramp-

Due to the number of cluster species that can be tracked bydown, initial rate of 64°C/s.

FLOOPS 2000, cluster sizes were limited to four atoms for pure B
and Si clusters and five for mixed B-Si clusters. The entire distribu-
tion of cluster dissociation energies has been captured in the present
model by equating the size-5 dissociation energy to that of the large
interstitial clusterd~3.5-3.7 eVJ. This model telescopes the entire
cluster dissociation cascade into a computationally manageable set 5 o o
of events. According to a detailed parameter sensitivity analysis that It is well knowr?® that TED and dopant activation behavior is
appears elsewhefethe junction depth and degree of boron activa- determined primarily by the interplay between interstitidisth Si

tion are not sensitive to the dissociation energy of size 5 clusters, bugnd B and the reservoirs that render interstitials immobile,
rather to the dissociation of intermediate-sized clusters. This findinglattice sites and various clusters between interstitials and substitu-
together with experimental observations from spike RTA of sub-keVtional boron[such as (B — Si) and (B — Bj)] and pure Si inter-
implanted wafers indicating that large clusters do not f8fraug-  stitial clusters. As-implanted profiles would broaden very rapidly
gests that the limitation on cluster size does not impose seriougven at low temperature if there were no reactions that immobilize
restrictions on physical interpretations drawn from the simulation. the interstitials in these reservoirs. ‘

Initial conditions on the profiles for Sivere set to track the local Based on our improved set of parameters, we can summarize the
concentration of total implanted boron. For total boron we employedmMain featur_es of the diffusion/activation process during implantation
experimental as-implanted profiles as initial conditions, with a fixed ahd annealing as follows.
fractior_l of one-fifth of_the total boron |2nl substitutional ;ites,zizn ac- Implantation and temperature stabilizatierDuring implanta-
cord with the suggestion of Caturéd al.™ and Kobayashet al: tion at room temperature, numerous interstitials of B and Si are

Figure 1 shows an example of heating program employed, drawny eateq 1n agreement with previous discussions in the literature,
from a larger experimental data set to which the simulations weréy,q rate parameters in Table | indicate that the interstitials diffuse as
compared. Thg expenmentgl wafers, pbtalned from International Sezqon as they appear. Indeed, there exists both computafiemal
matech, were implanted with & 10'® ions/cnf of B at 0.60 keV
with 0° tilt. Results for a comparable set of experiments also have
been reported by Downest al?® Simulations were performed using
the temperature program shown in Fig. 1 at a ramp rate of 150°C/s
and maximum temperature of 1050°C. Ramp rate effects are consid: 1022 r T
ered in another publicatiof. 3

Figure 2 shows a typical example comparing simulated total bo- 102 |
ron profiles and experiment. The agreement is excellent. The kinetic
parameters were taken from published experimental and computa 1020
tional estimates using the ml meth68hich gives the most likely ~— ~
values of the parameters as weighted average of the published est 'E
mates. Note that there has been no free parameter fitting in devel g 101°
oping the ML parameter set. For descriptive purposes, the profile is 72 3
divided into«, B, andvy regions that encompass, respectively, the 1018
dopant peak near the surface, the relatively flat region where most
TED takes place, and the deep bulk beyond the “shoulder” in the 1017
diffused profiles. The junction at fBg] = 1 X 10" cm 2 falls E O
within they region. .

Qualitative Model Predictions for Profile Spreading
and Activation

—— Simulated
— Experimental
as-implanted

0 10 20 30 40 50 60 70 80

University of Texas/Austin. X (nm)

8FLOOPS 2000, by Mark E. Law of the University of Florida and Al Tasch of the

b No-flux boundary conditions represent an approximation that suffer deficiencies as_, . X .
discussed in Ref. 18. However, the simulations fit experimental data well and, in theFigure 2. Simulated and experimental boron profiles for the temperature
regime of the simulations, the conclusions of the paper are insensitive to the details oprogram shown in Fig. 1. For descriptive purposes, the profile is divided into
these conditions. a, B, andvy regions.
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Figure 3. Concentrations of total boron,.BSi, and clusters ranging from  Figure 4. Concentrations of total boron,sBSj, and clusters ranging from

size two to five as a function of position at the end of the 20 s resting periodSize two to five as a function of position at the end of the temperature
at 170°C just after implantation in Fig. 1. The cluster concentrations in this Stabilization step at 660°C. Note that clusters of sizes two and three have

and the following two figures represent the sum of puréaBich includes  largely disappeared, and tHz8i] is low and rather flat throughout the pro-
size 2 only, pure Si, and mixed B-Si clusters. Note that all clusters are file.
present in large numbers. In all regions in this and the following figlig$,
roughly trackg Si], but remains two to five orders of magnitude lower.
tion of B; via (Bs Sij) inhibits this motion as follows. The (BSi)
complex forms with the rate constaqg and the time constantid .
experimentdf28 evidence suggesting that B and Si diffuse signifi- Insertion of this time constant into Eq. 2 together with the diffusivity
cantly even at temperatures much lower than room temperaturefor interstitial boron yields
Random-walk motion can be described by

,  ODaig,
x? = 6Dt [2] X = (3]
wherex denotes diffusion length anddiffusion time. Simple esti-  If the vibrational frequencies characteristic of hopping and kick-in

mates of interstitial diffusivities based on this equation and the dataare assumed to be identic@ls is often done in treatments of this

of Table I show that almost all B and Si interstitials have accretedtype®®), then Eq. 3 becomes

into clusters(or entered lattice sitesat the end of implantation and ) )

before any heating. x* = 61" exf(Ey — Eairg)/KT] [4]
Figure 3 shows cluster concentrations at various sizes as a func-

tion of depth. For simplicity, the concentrations represent the sumsvherek denotes Boltzmann’s constant andlenotes the hop length

of pure B, pure Si and mixed B-Si clusters at the nominal sizes 2of an interstitial. In the present case.equals roughly 0.3 nrhAt

through 5. Note that in this scheme the pure Si clusters of a giver660°C, Eq. 4 indicates that; Ban diffuse only 1.5 nm before this

nominal size actually contained one more interstitial defect than thereaction takes place. Once the complex forms, it quickly redissoci-

other cluster typegwhich constellate around a substitutional B ates by liberating either ;Bor Si. Liberation of B frees the boron

atom). However, Fig. 3 seeks primarily to show concentrations of gtom again.

ter size was a good proxy in our model. another Sicomes along to reform the (BSi) complex and provide

Very early in the heating cycle on the way to the stabilization 5 ,achanism for releasing, BThe branching ratid between the
temperature, large numbers of clusters exist at all sizeeerBains dissociation reaction forming;B&nd Si is
I

immobilized until dissociation of clusters other than ((B

— Si) began to release;BAll dimers and trimers have dissociation I'2 mix—Si

energies low enough for this process to proceed at or below typical b= Tomixos + T2mxos (5]
stabilization temperatures on the order of 660°C. The dissociation ' ’

energy for trimers probably varies: so_mewhat with their composition p 660°C, this branching ratio is about 0.25, meaning that, on aver-
and whether they release B or Si. Given the data of Tablf I, hoW'age, an immobilizing dissociation event that releasgecsiurs after
ever, the time constant for release decreasek $ near 280°C for only three dissociation events releasing But another way, boron
pure Si dimers, near 400°C for pure B dimers, and near 590°C for. y . 9 : Y.

trimers. By 660°C, the concentrations of these species decrease _]‘ree_ to move only for a time equ_al tokg/, meaning that immo-
roughly five orders of magnitude in our simulations, as shown in llization occurs after a diffusion distance given by
Fig. 4. The interstitials released by the disintegration of dimers and x2 = 18\2exf (Ey — Egip)/KT] (6]
trimers diffuse until recapture by larger clusters having larger disso- o

ciation energies. The mean spacing between larger clusters remains . i i .

fairly small, however, on the order of 1, 5, and 27 nm in ¢heB, This equation yieldx = 2.6 nm at 660°C.

and vy regions, respectively. Thus, i and B regions where most Bs is freed again only after reassociating with a &om that

boron resides, very little boron motion is possible, in agreement withhappens by, which occurs with a time constant equal to

much literature. (Kassok Sii]) 1. Simulations show that at 600°CSi] in they region
One might expect somewhat more boron motion inyhegion is about 18° cm™3, leading to a time constant of about 80 min. This

where the cluster spacing is significant. However, the kick-in reac-time is much longer than the total spike cycle, meaning that once B
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Figure 5. Concentrations of total boron,sBSi;, and clusters ranging from
size two to five as a function of position at the top of the spike at 1050°C.

Note that TED is taking place, and thai] has risen dramatically. E*

Interstitial
Liberation Rate

is immobilized in they region (after B diffusing only about 2-3
nm), it remains immobile during the remainder of temperature sta-
bilization.

E

Main spike—During the main spike, the rising temperature dis-
sociates clusters of progressively larger sizes. The profile begins t&igure 6. Schematic diagram showing three classes of clusters as a function
spread, as shown in Fig. 5, and the concentration of Si interstitialf dissociation energy at a fixed temperature during the ramp. Clusters from
rose dramatically. Note that clusters of size four had mostly disso-only a narrow range of energies ndat contribute significantly to the in-
ciated, leaving only the largest clusters intact. stantar_leous I|bera_t|on rate of |nterst|t|als_ becqus_e the concentration of_clus-

Clusters[excluding (B-Si)] dissociate with energies ranging ters WIthE < E* is too low, and the dissociation rate of clusters with
from a low of 1.4 eV for dimers up to 3.7 eV for large clusters. The E = E* is oo low.
number of dissociation pathways between those extremes is actually
quite large if the structural isomers of the B-containing clusters are
taken into account. This large number of pathways is plausible to

d_escribe a_ccording to a nearly continuous_ distributic_m of dissocia-the extremely fast ramping conditions of “flash” rapid thermal pro-
tion energies. At a given temperature during the spike, there eX'SEessing where heating rates approach @32

three classes of g:lu_sters. The first, with lOW. dissociatipn ENEIYY.  There are many cluster dissociation pathways due to the varying
have large dlsskc))matlon rate co?s:]antshbut ex|'5t '3 n(;a_gllgmly Sdm"_al‘_“stochiometries of larger clusters. It is therefore plausible to math-
concentrations because most of them have already dissociated. atically approximate the activation energies of those pathways

contribution to[ B;] and[Si] is also negligible. Clusters in the sec- sing a nearly continuous distribution of dissociation energies. This
ond class, with high dissociation energy, exist in large concentragegcription permits the use of simplifying mathematical expressions
tions but have negligibly small rate constants for dissociation a”ddeveloped for related kinetic systems in which dissociation is de-
therefore also do not contribute appreciably By] and[Si]. The  scribed by a distribution of activation energies.
third class has both intermediate rate constants and intermediate In such Systemsy there exist three classes of dissociating Species
concentrations and does contribute. Thus, during the main rampgyring a linear ramp: almost fully dissociated, presently dissociat-
clusters of progressively larger sizes and therefore dissociation enng, and not yet dissociated. At any given temperature, only the class
ergies disappear. Note that once a cluster begins to dissociate, connat is presently dissociating contributes significantly to interstitial
plete dissolution follows quickly because subsequent dissociationelease. This point is illustrated schematically in Fig. 6, which shows
events have lower activation energies. that this class constitutes only a small fraction of the total distribu-
The freed interstitials may exchange withi(Bi) or briefly coa-  tjon. This kinetic situation has been treated extensively in the litera-
lesce into new clusters, but then quickly accrete onto larger clustersure in the context of gas desorption from surfaces. A clean, closed-
having large dissociation energies. This process may be considerefdrm analytical expression can be obtaifiecconnecting each
as a form of Ostwald ripening. Such ripening and the quasi-temperature in a linear ramp with the dissociation endityof the
equilibrium it implies has been discussed at length in conjunctionmgst active dissociating species. The number of clusters at a given

; i 0,31 . . .
with constant-temperature experimeffs}®>'but to our knowledge  yajue of E* controls the rate of interstitial release at a given tem-
has not been rigorously justified for the conditions characteristic ofperature.

fast ramps. The formation of (BSi) and addition of interstitials to ~ The following conditions must be satisfied to obtain the analyti-
clusters is extremely rapid during the main spike. At a typical maxi- ¢g| expression:
mum spike temperature of 1050°C, for exampleith [Bq] 1. The rate of reassociation of interstitials with the most actively

~ 1079, the time constants for creating {Bi) are 13 ps and 18 ns dissociating clusters can be neglected. Examination of the associa-
for B; and Sj, respectively. Dissociation proceeds at comparabletion rates in Table | together with cluster concentrations suggested
speeds. At 1050°C, time constants for interstitial release fromby simulations indicates that this condition holds in the present case.
(BsSi) are 13 and 30 ps for B and Si, respectively. Thus, concen- 2. The distribution must have a sufficiently broad standard devia-
trations of free interstitials may be considered to be in quasi-tion o, that obeyss/kT > 1.5. For clusters, the distribution of dis-
equilibrium with those of complexes and small clusters, even undersociation energies has a standard deviation on the order of 1 eV,
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while kT ~ 0.1 eV at 1300 K. Thus, the breadth condition is easily 10%'
satisfied in the present case.

3. The dissociation entails a single-step reaction. Although clus- " . B
ter dissolution involves a sequence of desorption events, release c 10°L \ °
the first atom has by far the highest activation energy. Thus the \
subsequent dissolution cascade is very rdpiecause dissociation % 17
energy decreases substantially with siaed liberates interstitials g 107 \v\ )
essentially instantaneously. Thus, the overall dissociation for practi- ~~ T N e
cal purposes can be treated as a single step. e 105 0\
Under conditions 1-3, it can be shown tHzt obeys the following Q R SN~
transcendental equati®h © e ~~a o~

(E*IKT — 12)exgE*/KT — 1/2) = vTIB [7] ) ~

C
T
\
-
b)
/

For simplified calculation oE*, this transcendental expression can

be replacedf by the analytical expression 650 850 1050 850 650
E*/KT = 12+ Y — InY + (INY)/Y — (2 — InY)(InY)/(2Y?) T(°C)

8
(8] Figure 7. Concentrations of B Si;, and the sum of clusters that can add

whereY = In(vT/B). The approximation has negligible error on the isnr:grsgt!‘z'slz(_t""olthé‘fugt';:%‘gna(:iﬁtfr‘;?gﬂ‘;”a‘:g?r;rhae Ledmgegg_ggog;%m
: : — : wn | 1g. 1. u | V/ Vi |
order offIn Y/(Y)]3, which is 1.5x 10°° for a typical value ofY include the géum of the concentrations of pure B,gpure Si, and mixed B-Si
near 30. . . . species. Note the large decrease in clusters above about 900°C. These quali-
At B = 50K/s and a typical spike maximum of 1050°C tative behaviors also appear fnand-y regions, although all concentrations
= 1323 K, Eq. 7 or 8 yield&=* = 3.4 eV, which is just below the  are lower and B] rises rather than falls.
dissociation energy for the maximum-sized mixed Si-B cluster.
Raising the temperature much higher than 1050°C dissociates these
large clusters and creates a flood of interstitials that greatly acceler3 % 10

X . =9 3 in th [ tively, at 1050°C.
ate TED, as is well known from experiments. Note in Fig. 5 that all g cm " in the a, B, andy regions, respectively, at 1050°C

these clusters were active in accreting boron interstitials, the ar-
uments given above would yield 1.2, 5, and 32 nm for the respec-
tive diffusion distances. Mobility in the region is difficult to assess
Estimating TED Distances from the boron profiles, since most boron there is tied up in large
i i . i . clusters that never dissociate. However, the numbergfand -y
These considerations lead to a simple way to estimate likely TEDyegions form a range that brackets the observed change in junction

distances from cluster concentrations arii]. In other — depth of 14 nm, and therefore might lend support to the cluster
publications,” we showed that diffusion of boron during TED mechanism for inhibiting boron diffusion.

clusters except for the largest had largely dissociated by the top o
the spike.

is most likely controlled by free Brather than (8- Si) or It is not presently known whether large clustéos their way to
(Bs — Bj). As our prior discussion suggests, there are two primaryresembling311} defect$ can accrete boron, or what the dissociation
kinds of reservoirs that can appreciably hinder motion af Bon- energy for release might be. Hence, an appeal to the physics of

dissociated clusters and the lattiGes B). The importance of the cluster formation cannot resolve the issue. However, closer exami-
nondissociated clusters scales with their concentration, while that ofiation of the profiles in Fig. 2 provides a clue. Although the junction
the lattice scales as the concentration of interstitial silicon. depth in they region changes by 14 nm, the degree of motion
) . ) ) ) actually increases toward tifieregion. For example, profile spread-

Hindrance of B motion by nondissociated clustersAt a given  jng at the constant-concentration level 0f210' cm2 level is
temperature, the mean distance over whighc@n diffuse freely  cjose to 30 nm. At higher concentrations approaching those af the
equals the mean spacing between nondissociating reservoirs. Bygion, spreading decreases again. However, the argument that non-
about 1000°C, the Ostwald ripening process described earlier hagissociated clusters constitute the primary brakes on boron diffusion
e!lmlnated small cllusters in favor of those hgi\{lng dissociation eneryould predict that spreading should increase uniformly with increas-
gies near the maximum of 3.5 effor B-containing clustefsor 3.7 jng depth, because cluster spacing increases this way. Thus, spread-
eV (for pure Si clusterns Near the top of the spike, the total concen- ing should be smaller in the region and larger in the region. This
tration of clusters that can add interstitials decreases dramaticallrend is observed neither in experimeritghere large clusters in
Figure 7 shows this effect computationally. In the simulations, C|U_S'principle can accrete borpmor in simulation(where they cannot

ters sizes two, three, and four can accrete interstitials, but not sizehereby arguing against the importance of clusters as primary inhibi-
five, because the model constrains clusters to sizes less than five. ¥a,s of boron diffusion.

the vicinity of the top of the spike the concentrations of size two,

three, and four clusters in tigeregion where most TED takes place Hindrance of B motion by the lattice reserviee—When this

decrease to a sum of about4 10'° cm™3, meaning that the spac- mechanism dominates, boron moves while it is a free interstitial

ing rises to roughly (4< 10" cm™3) Y3 = 63 nm. In they region  (slightly impeded by exchange with (B- Si) via the pathway that

near the junction, the corresponding number is 520 nm. These nunreleases B, but is rapidly immobilized when (B— Si) releases $i

bers are too large to account for the modest change in junction depthnd can move again only after lengthy periods of waiting for asso-

(14 nm observed in Fig. 2. ciation with another free Si interstitial. The distance over which
Note that the artificiality of the simulations due to cluster size boron can move before immobilization comes from the branching

limitation to five or less can be instructive. In contrast to real clus- ratio b defined in Eq. 5 and first used in Eq. 6. Equation 6 can be

ters that can both add and lose interstitials, the largest clusters in theritten in the following more general form

simulations can dissociate but not accrete interstitials. The primary ) )

effect of the size five clusters is therefore to accurately reproduce the x° = 6N“exd (Ey — Egirg)/KTI(1 — b)/b [9]

huge release of interstitials if the temperature gets too high. The

largest clusters do not dissociate appreciably in the simulations, s®uring temperature stabilization, this ratio is about 0.25; it rises to

their concentration remains high, nearx610?°, 8 x 10'% and 0.35 at 1050°C, so thatdecreases to 1.7 nm.
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However, [Si] increases to an average of about<510'* and  Which TED should begin to occur, arid) estimating the TED dis-

2 X 10% cm 3 in the B andy regions in the vicinity of the spike tance in terms of the concentration of clusters slightly smaller than
maximum, so that the time constants for liberation decrease tdhe largest. The picture suggests that reduction of TED should focus
(KassokSi]) 1 = 0.0036 and 0.009 s, respectively. Thus, during the N decreasing the number of clusters in this size range in favor of
apaS?gxinHatQt 1 s thatT remains within about 50°C of the top, larger clusters. A better understanding the size and stoichiometry
liberation takes place roughly 280 and 110 times. Equation 9 can b&épendence of cluster dissociation would help greatly in exploiting
further modified to take this liberation into account by defining a Such effects.
time, thax, @S a characteristic time over which the wafer remains
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