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Abstract: Transient diffusion accounts for the majority
of profile displacement in many modern processes. The
last few years have seen considerable progress in under-
standing this anomalous diffusion, and predictive models
have already been deployed in process development. Nev-
ertheless, the evolving reduction in junction depth con-
tinues to challenge modeling capability. This work
critically re-examines the theoretical basis of the present
models and explores their limitations.

1. Introduction

Modeling transient diffusion has become essential to predict-
ing modern device profiles. This work examines first the
assumptions underlying a widely-used framework[1]
describing  defect-dopant  interaction, and  then
reviews aspects of diffusion specific to transient effects.

2. Defect - dopant interaction
The diffusion of dopants in the presence of point defects
takes place through pairing reactions of the form

A+l — Al

where the substitutional dopant species A is immobile but

the paired species Al is mobile, as are the defects 7. In
addition one must consider that both defects and dopants can
exchange charge with the background sea of electrons and
holes generated by thermal generation across the bandgap.
One might anticipate a large number of reactions and mobile
species need to be tracked in order to predict dopant diffu-

sion. In the worst case, one must solve 5mn partial differ-
ential equations, where m is the number of point defects (2
in silicon) and n is the number of dopants simultaneously
diffusing, and 5 represents one neutral and two positive and
negative charge states. However an analysis of the time con-

stants of the reactions quickly suggests how the set of equa-
tions can be simplified without loss of accuracy.

2.1 Charging reactions

The charging and discharging of point defect species with
the background sea of carriers can be represented by reac-
tions such as

I+e =T
Standard reaction rate analysis gives for the rate of forward

reaction where « is a capture radius of order the lattice con-

A1/t = —4na(D,;+D)[I][e ]
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stant and Dj, D, are the diffusivities of interstitials and

electrons, respectively. Neglecting D, in comparison with

. . - -3 .
D, and using [e]~n;~ l()lxcm at 700C, the time

constant of all such reactions is less than 1ps. For all practi-
cal purposes, defect and dopant charging can be considered
instantaneous. The population of all charged species is there-
fore in instantaneous equilibrium with that of the corre-
sponding uncharged species, and concentration equations
need only be solved for either the uncharged species, or,
equivalently, the total species (sum over all charge states).

2.2 Pairing reactions

Dopants are considered to diffuse as pairs with the native
defects. By “pair” one considers both a bound combination
of a defect and a substitutional dopant[ 1], or a substitutional
atom promoted to an interstitial position by a kick-out reac-
tion[2,3]. The reaction of pairs can be described in a similar
fashion as for charging. Consider a dopant marker in the
presence of a supersaturation of interstitials generated in
some fashion, for instance TED. The reaction between
dopant and defect can be written

JdA)/of = —kf[l][A] +k,[Al]

If pairing is in steady state then at any instant the pairs can be
computed from defect and dopant populations via

[AIl = (kf/k,.)[A][I] , and the full set of equations

can be reduced from Smn to just m+n , as is done in
Suprem4[4], Prophet[5] and Floops[6].

The time constant for all dopant to be converted to pairs is

] 1 I Ty

ke[l] 4raD,[1] 4naD,1*S S

where I* is the interstitial background concentration and §
is the local supersaturation. Although separate values of the
interstitial diffusivity and background are notoriously diffi-
cult to measure, values of their product agree closely even
when taken from experiments of quite different type. There-
fore the above time constant can be estimated with some
confidence, giving a value of about an hour at 800C even if
there is no supersaturation ( S = 1 ). With a typical super-
saturation, the time constant drops to under a second, but is
still not negligible. On the basis of rate constants alone,
therefore, one cannot exclude the need to take into account
dynamic pairing.

The estimate needs to be reconsidered in the following light,
however. The pairing reaction time constant represents the
time to convert all the dopant to pairs. In fact the pairing
reaction may reach its target when only a small fraction of
the dopant has been converted to pairs; the time constant for
this would be smaller by the same fraction. This brings up
the question of what level of pairing is in steady state with
defects and dopants, a separate and very interesting question



discussed in the next section.

2.3 Pairing equilibrium

The equilibrium ratio of paired dopant to unpaired dopant
can be estimated as follows. In a situation with a flat super-

saturation S of defects, the flux of dopant diffusing is equal
to the flux of pairs diffusing, since all dopant moves as pairs.

Thus D, ,V[AI] = SD,V[A] where D, isthe macro-

scopic equilibrium diffusivity of impurity A and D4, is the
diffusivity of a dopant pair. It follows that the ratio of paired
dopant to unpaired is reciprocally equal to the ratio of their
diffusivities:

(an _ (b

A
LAl oA
(Al Dy,

What limited evidence exists regarding the diffusivity of
dopant pairs favors high values. First-principles calculation
of BI pair motion[3] predicts a migration energy of only
0.4eV, hence a diffusivity ~12 decades faster than dopants.
Measurements of boron interstitials show rapid migration at
450C[8], and room temperature migration of BI pairs has
been reported[7]. At the very least, BI and PI pairs must dif-
fuse 4 decades faster than B or P, since diffusivity enhance-
ments of that order have been measured. Now if, for
instance, pairs diffuse “only” six decades faster than impu-
rity diffusion, then the paired fraction of dopant at any time

cannot be more than 107%S and the overall time to pair
would be (1,/5)107°5 = 107%t;, or a few milliseconds at

800C (independent of supersaturation). One is drawn to the
conclusion that the pairing reaction, like the charging reac-
tion, rapidly reaches equilibrium, on a timescale much
smaller than experimental timescales, and no separate equa-
tion needs to be solved for the pairs.

A more subtle question regards the equilibrium ratio of pairs
to free defects:

[AIV/[1) = [A]kf/kr

Since defects are much less numerous than dopants, the

paired fraction of defects might very well be expected to

approach unity. Applying the previous pair-to-dopant rela-

tion to equilibrium conditions, one can relate the micro and
*

macroscopic diffusivities D, = D4,/ kf/kr . Eliminat-

ing reaction rates, the paired defect fraction is

D,4lA]

*

Dy
Progress is again blocked by the lack of information regard-

ing pair diffusivities. If one speculates that D ,;= D, , the

denominator can be estimated and one finds that the paired
fraction of defects is small at high temperatures but
approaches unity around 800C, due to the higher activation
energy of self diffusion compared to dopant diffusion.Thus

the question of whether pairs are dilute with respect to
defects at low processing temperatures hinges on the ques-
tion of whether the pairs diffuse faster or slower than free
interstitials, and remains open at present.

2.4 Pair diffusion lengths

An intriguing deduction can be made regarding the individ-
ual diffusion hops of a diffusing dopant. The lifetime of a
pair is the reciprocal of the reverse reaction rate
T,y = 1/k,.. The distance which the pair travels in this time

is on average A = /D, T,,. Substituting the forward reac-

tion rate kf = 41taD,, one obtains

A= JD,/4naD, "

Surprisingly, the pair diffusion length can be calculated in
terms of macroscopic, measured quantities without any
adjustable parameters. It is something of a relief then to find
that substituting values for boron gives an individual hop dis-
tance of about 37A at 800C! Not only is this self-consistent
with treating diffusion at a device length scale in continuum
form, it agrees well with experimental estimates of the indi-
vidual hop-distance{8]. The predicted value at 625C is about
twice that measured[8] which might be due to extrapolating

both D, and D,I;k well outside their measured range, or to

experimental difficulties estimating A from very slight
amounts of diffusion.

2.5 Basic Diffusion Model

Having demonstrated that the charging and pairing reactions
rapidly reach equilibrium, and that pairs are dilute with
respect to dopants, the original Fahey-Griffin-Plummer anal-
ysis[1] can be applied with confidence to obtain the diffusion
flux of dopant in a gradient of potential and defects:

Fyu= _DA(\V){(ﬁ)(VA +5,Vy) + AVIL*}

where W is the normalized electrostatic potential, 5, is the

sign of the ionized dopant, and D ,(y) is the macroscopic

dopant diffusivity as a function of potential. The origin of the
defect gradient term is the product rule of calculus;

Dy VIAIL = D4k, /k,)UVA+AVI)

Efforts to dispense with this term are tantamount to disputing
the product rule. An interesting feature of the flux term is
that the overall flux is proportional to the ionized dopant
charge even though some defect-dopant pairs may be neu-
tral. The reader is referred to the appendix of [1] to see how
this comes about.



3. Transient diffusion (TED)

It is now well established that immediately after implanta-
tion, impurities show a transient burst of diffusion which
may be enhanced several thousand-fold relative to their equi-
librium diffusion rate. The diffusion which occurs during
this burst can exceed all other thermal contributions during
processing, an occurrence which is exacerbated by the trend
towards small thermal budgets. Furthermore, transient diffu-
sion is frequently cooperative in nature; the implantation of
arsenic may drive the diffusion of existing boron at some dis-
tance away. For these reasons it has become essential to
model TED in order to predict device profiles.

3.1 The plus-one meodel

At first glance, the prediction of defect evolution after
implantation might appear very difficult. Large numbers of
point defects are created, and they can coalesce into various
forms of extended defect. However there has been consider-
able success modeling TED using a very simple model of the
damage, the “plus-one” model. The idea behind plus-one[9]
is that implantation creates large but equal numbers of inter-
stitials and vacancies (Frenkel pairs), as well as one extra
interstitial for every implanted ion as it becomes substitu-
tional. The equal and opposite LV distributions recombine
with one another, and the dominant contribution to TED
comes from the extra ions, whose distribution is exactly that
of the implanted species. This picture might sound oversim-
plified, but it has recently received strong experimental sup-
port. Jones[ 10] showed that for sub-amorphous implants, the
amount of transient diffusion caused by a Si implant was
independent of both beam current and substrate temperature.
Since both factors affect the number of Frenkel pairs remain-
ing after the implant, it supports the notion that the number
of pairs created by implantation is not a primary variable in
TED. Giles[11] implanted phosphorus at normal incidence
and at high tilt angle, with the energy adjusted to make the
ranges coincide. The higher energy tilted implant necessarily
generates many more Frenkel pairs, yet the TED was again
the same in both cases. Finally, Jones[12] also showed that
even for amorphizing implants, the TED in the substrate was
independent of beam current and substrate temperature. The
last result is particularly surprising as the thickness of the
amorphous layer is known to vary with beam conditions, yet
the same number of interstitials was released to drive sub-
strate diffusion. The conclusion from the present experimen-
tal data is that TED appears to be insensitive to the details of
Frenkel pair generation during implantation, and mainly sen-
sitive to the distribution of implanted ions.

This convenient scenario may need revision soon. Most TED
experiments have been carried out using boron or phospho-
rus since they are interstitial diffusers and experience TED.
Arsenic does not experience TED, but it certainly induces
TED in other profiles. For a heavy ion such as arsenic, the
distribution of lattice recoils may exceed that from the plus-
one contribution. Figure la illustrates the relative concentra-
tions of ions and net interstitials and vacancies for a 80keV P
implant; the ion distribution dominates. In Figure Ib, how-
ever, a 50keV As implant shows a distribution of recoils

which exceeds the ion distribution in both depth and dose.
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Figure la - distribution of jons and
recoils after P implantation

Figure 1b - distribution of ions and
recoils after As implantation

Contributions of more than plus-one also arise for low
energy P and BF2 implantsf 14].

In summary, the plus-one model has had substantial success
in predicting the amount of TED, but future work will
require refinement for heavy ions and low energy.

3.2 Interstitial clustering

The discovery of interstitial clusters was the jigsaw piece
that brought all the pieces of the TED puzzle together. Based
on Michel’s cluster hypothesis[15], a solubility model of
clustering was adopted as long ago as 1992 for modeling
TED in Prophet[16]. However experimental support was
lacking until the discovery [17] that the lifetime of {311}
defects closely correlated with the duration of TED, and fur-
thermore that the dose of interstitials contained in {311}
defects approximated the implant dose (plus-one).The exist-
ence of clusters emitting interstitials at a steady rate explains
the quasi-constant enhancement during TED, its indepen-
dence of dose and energy, and its increasing duration with
increasing dose and energy[18]. Given the centrality of clus-
ters to transient diffusion, it is surprising to note that the final
transient displacement is independent of the clustering
model used. Figure 2 shows the local time-averaged intersti-
tial supersaturation after a (2e13,50keV) silicon implant,
either ignoring clusters, with a 1-moment cluster model[ 8],
or with a 2-moment cluster model[19]. The identical curves
result from the fact that each clustered interstitial eventually
escapes to make its contribution to TED. Of course, if a tran-
sient does not run to completion, the details of cluster evolu-
tion will influence the results. Nevertheless, one can see that
for the narrow purpose of computing diffusion, the details of
clustering have a second order influence.

The figure also demonstrates another unusual feature of
TED. The shape of the enhancement curve is identical for
different doses and energies, apart from a scale factor; it is a
function of temperature only. To first order, all implants
cause the same enhancement curve and differ only in magni-
tude; an exception is at high energy when the shoulder of the
enhancement curve shifts deeper into the bulk, to approxi-
mately the range of the implant.
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Figure 2: time average supersaturation depends primarily on implant param-
eters and secondarily on details of cluster model.

3.3 Dopant clustering

A striking feature of profiles following implantation is that
previously substitutional dopant may become non-substitu-
tional, as evidenced by loss of electrical activity and inability
to diffuse[19(. Early models of this phenomenon focussed on
2-3 atom clusters involving interstitials and dopants. Recent
data shows that a small dose of interstitials can immobilize
several times its own dose of boron, suggesting that while
interstitials are necessary to initiate the clustering reaction,
and may be consumed by the reaction, the clustering can
then proceed without being limited by interstitial supply.
(Figure 3). An atomistic model capturing this behavior has
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Figure 3: A high dose marker shows more, not less clustering, when driven
by TED from a low dose implant; clustering is not limited by the interstitial
supply. TED conditions are (2e13,40keV) Si annealed for 35min at 800C.

been presented[21], based on the concept that cluster precur-
sors are formed during implantation, which subsequently
capture boron during anneal.

3.4 Challenges in TED

The greatest challenge in TED modeling at present comes
from matching high dose, low energy implants. At high
doses, amorphization and dislocations must be taken into
account, and extrinsic effects on diffusivity and background
need to be characterized. Meanwhile low energy greatly
increases the influence of the surface, in particular, dose loss
effects[22]. Even at modest dose, low energy TED is poorly
predicted by present models. Figure 4{23] shows the effects
of dose loss for a (1e14,30keV)P implant, annealed at 800C

for 30 min. Although the tail diffusion is well captured, some
process has “scalped” the peak region of the profile. The log-
arithmic scale disguises the fact that half the implanted dose
is missing, even though all known effects have been taken
into account including surface trapping and defect gradients.
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Figure 4: Measured and simulated profiles for low
energy P implant annealed at low temperature.

4. Summary

Transient diffusion has come to dominate the thermal dis-
placement of implanted dopants. Modeling the dopant-defect
interaction can be reduced from a large set of equations to
one for each dopant and each defect, though low temperature
processing may require relaxing the dilute approximation.
The simple plus-one model of damage has received surpris-
ingly strong experimental support, and when combined with
the diffusion model, satisfactorily accounts for profile dis-
placement at medium dose and energy. High dose, low
energy profiles will require improvements in modeis of dam-
age, surface loss of dopant, and dopant clustering.

I am indebted to M. Giles, H.-J. Gossmann, L. Pelaz, G.
Gilmer, D. Eaglesham, P. Griffin, A. Ural, M. Law and M.
Hane for discussions leading to the ideas in this paper.
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