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Technologies such as solid-phase epitaxial regrowth and millisecond annealing tech-
niques have led to a wide range of maximum temperatures and heating rates for acti-
vating dopants and eliminating ion implantation damage for transistor junction forma-
tion. Developing suitable annealing strategies depends on mathematical models that
incorporate accurate defect physics. The present work describes a model that includes
a newly discovered representation of defect annihilation at surfaces and of near-sur-
face band bending, together with an improved representation of interstitial clustering.
Key parameters are determined by maximum likelihood (ML) estimation and maximum
a posteriori (MAP) estimation. The model yields a substantially improved ability to
model the behavior of implanted boron over a wide range of annealing conditions.
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Introduction

The stringent scaling requirements on transistor junction
depth and dopant activation outlined by the International
Technology Roadmap for Semiconductors1 have given rise
to annealing methods after ion implantation that span a vast
array of time scales. These scales range from several
minutes for solid-phase epitaxial regrowth2 to about one sec-
ond for ‘‘spike’’ annealing based on incandescent lamps3 to
about 1 ms for methods based on flashlamps4 and lasers.5

Empirical data suggests that shorter time scales reduce dop-
ant diffusion and increase activation.6 However, the compli-
cated defect dynamics that govern diffusion and activation
make the physical mechanism difficult to understand and
fully exploit. Indeed, the benefits of combining different

annealing methods into a single process flow,7 the effects of
peak temperature,8 and the effects of preheating prior to the
main annealing step pulse8 all require better explanation.

The development of suitable annealing strategies depends
heavily on mathematical models that incorporate accurate
rate expressions for key elementary steps in the defect
physics. In the case of boron implanted into silicon, this lab-
oratory has discovered new ways in which a surface can
influence diffusion and activation through an electrostatic
mechanism9 and an exchange mechanism of interstitials with
surface dangling bonds.10 The electrostatic mechanism
describes the effects on charged interstitials of near-surface
band bending, which results from surface bond rupture dur-
ing implantation. The exchange mechanism accounts for the
effects of surface dangling bond concentration on the rate of
interstitial annihilation. This work incorporates these effects
through a systems-based approach involving maximum like-
lihood (ML) estimation and maximum a posteriori (MAP)
estimation. These methods provide mathematically rigorous
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means for estimating parameters for individual elementary
steps in complex diffusion-reaction networks without arbi-
trary curve fitting. The model captures the behavior of dop-
ant diffusion and activation over a fairly wide range of
annealing temperatures and times.

Experimental Methods

This work employed data for the diffusion and activation
of implanted boron in two time regimes: many minutes
(‘‘soak’’ annealing) and about 1 s (spike annealing). Soak
annealing experiments utilized n-type prime Si (100) wafers
implanted with boron at 2 kV and a dose of 1 � 1015 ions/
cm2 (implantation done at Varian). The annealing step was
performed as described previously11 in a turbomolecularly
pumped ultrahigh vacuum chamber with a base pressure in
the low 10�8 torr range. Specimens of approximate dimen-
sions of 2 cm � 2 cm were cut from the wafers and
mounted in the vacuum chamber using Ta clips for resistive
heating. Temperature was monitored with a chromel-alumel
thermocouple junction pressed into a small pit drilled into
the silicon. Samples were annealed at 900�C for 1 h.

Spike annealing data were obtained at Mattson Thermal
Products GmbH, with details described in Ref. 12. In brief,
n-type prime (100) Si wafers were implanted with boron at
0.5 kV to a dose of 1 � 1015 ions/cm2. The surface was pre-
pared differently from the soak anneal experiments. Before
implantation, the native oxide was removed by wet-chemical
etching in HF (49%):H2O solution. Annealing was per-
formed in a Mattson rapid thermal processing (RTP) system
with a temperature trajectory (Figure 1) having a maximum
temperature of 1000 and 1050�C. The gaseous ambient was
N2 with 100 ppm partial pressure of O2.

Characterization of soak-annealed samples was performed
at the University of Illinois. Profiles were measured ex situ
by secondary ion mass spectroscopy (SIMS) using a
CAMECA IMS-5f instrument. Sheet resistance was meas-
ured by a standard four-point probe. The spike-annealed
samples were analyzed at Mattson, with profiles measured
ex situ by SIMS on a FEI SIMS 4600 quadrupole depth pro-
filer. For dopant activation, full-wafer sheet resistance map-
ping was performed by a KLA Tencor RS100.

Model Formulation

The boron diffusion model originated from an earlier ver-
sion based on spike annealing experiments.13 However, that
model had limited ability to predict behavior at widely dif-
fering time scales and temperatures.14 This model was
implemented by the profile simulator FLOOPS 2000.15

Briefly, the model utilizes continuum equations to describe
the reaction and diffusion of boron interstitial atoms and
related defects in silicon. These equations have the general
form for species i:

@Ci

@t
¼ � @Ji

@x
þ Gi (1)

where Ci, Ji, and Gi denote the concentration, flux, and net
generation rate of species i, respectively. The flux Ji consists
of Fickian diffusion and electric drift motion. The net
generation Gi incorporates terms associated with formation
and dissociation of interstitial clusters and kick-in/kick-out
reactions between interstitials and the lattice through the
formation of a boron-interstitial complex:

Bs þ Sii �
kassoc;B

kdis
ðBs � SiiÞ �

kko

kki
Bi þ Sis (2)

Three significant improvements have been made to the set
of rate expressions in the model.

The first improvement involved incorporating a more accurate
description of the effects of surface annihilation of boron and sil-
icon interstitials. The previous version of the simulator used for
parameter estimation assumed that the surface acts as a perfect
reflector for interstitials. In fact, there exists both computa-
tional16,17 and experimental evidence18–20 that the Si surface or
Si/SiO2 interface is capable of removing interstitials. Such abil-
ity is also well characterized for the metal-alloy/Si interface. For
example, Lerch et al.21 has measured the effectiveness of the
metal-alloy/Si interface as a sink for self-interstitials for gold dif-
fusion in silicon. Recently, this laboratory has quantified the
annihilation rate for Si interstitials at the Si(100) surface and has
shown for implanted isotopically labeled silicon,10 boron,22 and
arsenic23 that the surface can act as a controllable sink for inter-
stitials by adjusting the degree of surface dangling bond satura-
tion. Because silicon interstitials enhance the diffusion of boron
by the kick-out reaction, the perfect reflector assumption is likely
to overestimate the degree of profile spreading. Moreover, this
effect is more pronounced for lower ramp-rates because of the
longer time for interstitial liberation from clusters and for inter-
stitials to escape to the surface. This assumption is also linked to
the lack of profile fit in the region close to the surface (\15
nm).13 To incorporate a more accurate description for interstitial
annihilation at surface, the model boundary condition for inter-
stitials is modified to

� Dk
@Ck

@x

����
x¼0

¼ Jtotal;kSk; (3)

where k ¼ Sii, Bi, Jtotal,k denotes the total impinging flux of
interstitials, and SBi

and SSii are the surface loss probabilities
24

of boron and silicon interstitials, respectively. The surface loss
probability quantifies the effectiveness of the surface in
removing boron and silicon interstitials. The actual flux at the

Figure 1. Temperature trajectory for spike annealing
with a peak temperature of 1050�C.
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surface is the product of the total impinging flux and the
surface loss probability. For the present simulation, SSii and SBi

are assumed to be equal; however, it is conceivable that dopant
and silicon interstitials have different annihilation probabilities
at the surface. The value was set at 2.5 � 10�5, based on
experimental data obtained elsewhere.25

The second improvement involved incorporation of the
effects of near-surface band bending. Previous modeling of
boron diffusion assumes no Fermi-level pinning at the sur-
face and no corresponding near-surface band bending. Photo-
reflectance measurements have shown experimentally26 that
sub-kV ion bombardment leads to near-surface band bending
(both for an atomically clean silicon surface and the silicon-
oxide interface). The band bending at the oxide interface
results from electrically active defects created by implanta-
tion-induced bond rupture. This band bending creates a near-
surface electric field that largely opposes the motion of
charged interstitials toward the surface. The effective surface
boundary condition for point defect annihilation therefore
changes, which in turn alters the concentration of such
defects in the underlying bulk. Model predictions9 show that
surface band bending can significantly deepen dopant junc-
tion by repelling positively charged interstitials. These sur-
face defects responsible for band bending can be eliminated,
but only with annealing at fairly high temperatures for sev-
eral minutes. For example, experimental results26 indicate
that at 940�C, it takes roughly 5 min to heal the electrically
active defects. The temperature dependence of the healing
kinetics is weak. Thus, for a spike anneal in the presence of
native oxide, surface band bending persists throughout the
heating cycle because the surface is exposed to high temper-
atures ([800�C) for at most a few seconds (Figure 1). How-
ever, a corresponding soak anneal at 900�C for 60 min
would lead to little band bending for most of the heating
cycle. Thus, the present simulations incorporate near-surface
band bending for the spike anneal but not the soak anneal.
Where band bending is included, the position of the surface
Fermi level is fixed at 39 kJ/mol (0.4 eV) above the valance
band, in accord with the experimental value.26

The third improvement involved increasing the maximum
size of the interstitial clusters from five to eight. In actual
implanted silicon, the cluster size can increase without limit
to form well-known {311}-defects, although the FLOOPS
simulator can handle only a limited number of mass balance
equations for the defect species. The consequences have
been addressed previously for the case of silicon self-diffu-
sion27 and can include premature dissociation of clusters in
the simulation and discrete bursts of dissociation as the tem-
perature rises. Premature dissolution of large clusters can be
avoided by equating the dissociation energy for the largest
clusters in the simulation to that for very large clusters in
actual Si. This approach works because the dissociation
energies of all clusters above about 15 atoms in Si28 are the
same. Because the dissociation energy of clusters in Si gen-
erally decreases below about 15 atoms, the corresponding
energies in the simulator are spread evenly in proportion (in
accord with the spirit of ML analysis). With a five-atom
maximum on cluster size, however, this approach leads to a
wide discretization of dissociation energies that causes
unnaturally large bursts of dissociation at a few specific tem-
peratures. Increasing the maximum size to eight atoms

greatly reduces the discretization and more closely approxi-
mates the actual physical system. In this implementation, the
model consists of 40 highly stiff coupled partial differential
equations (including Poisson’s equation). The reactions for
the clustering of interstitials for pure Si and mixed B–Si
clusters are

BnSim�1 þ Sii �
kassoc;Si

kdisso
BnSim (4)

Bn�1Sim þ Bi �
kassoc;B

kdisso
BnSim; nþ m � 8; (5)

where the index of m and n denote the number of silicon and
boron interstitials in the cluster, respectively.

The initial condition for each simulation run was an experi-
mental as-implanted boron profile. Controversy exists for the
percentage of substitutional boron just after implantation. For
example, Caturla et al.29 and Kobayashi et al.30 have suggested
that 20% of the implanted boron enters substitutional sites.
However, recent KMC simulations by Pelaz et al.31 showed
that only �3% of implanted boron enters substitutional sites
and that the rest enter mixed B–Si interstitial clusters. Fortu-
nately, sensitivity analysis using the present model showed that
the results are largely independent of the initial amount of sub-
stitutional boron. Variation of the initial substitutional percent-
age over the range of 2–20% resulted in profile changes
smaller than the measurement error in SIMS. This work
assumes that 20% of implanted boron enters substitutional sites,
mainly to keep it consistent with previous simulation studies.13

However, this assumption should be taken with caution and
verified by sensitivity analysis in the future when different
implant or annealing conditions are employed. The initial con-
dition for silicon interstitial was set based on the ‘‘þ1
model’’32 in which its concentration exactly tracks the local
concentration of implanted boron.

Key reaction expressions and rate parameter definitions
are summarized in Table 1. Energetics for steps involving
mixed Si–B clustering, boron diffusion, and activation have
been determined previously by maximum likelihood (ML)
estimation and maximum a posteriori (MAP)13 estimation
utilizing results from density functional theory calculations,
experiments for certain elementary steps reported in the liter-
ature, and previous experiments on spike annealing of boron.
Parameters connected with self-interstitial diffusion and the
dissociation of pure Si clusters have been further refined27

utilizing additional information from silicon self-diffusion
experiments. Despite the increase of the maximum cluster
size from five to eight, the largest cluster plays the same
role as the corresponding cluster in previous work. The
numerical values of the parameters for the largest clusters
have been estimated previously by ML estimation and MAP
estimation.27

For cluster sizes of three through seven, estimates were
obtained by linear interpolation between the end points of
sizes two and eight. This approach contrasts with litera-
ture28,33–36 that reports a non-monotonic progression of clus-
ter dissociation energy with increasing size; for example,
minima appear at sizes of roughly four and eight atoms.
However, the interpolation follows the spirit of maximum
likelihood estimation.37 More importantly, accurate simula-
tion of the phenomena examined here does not depend on
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the details of the cluster dissociation energies assumed for
intermediate cluster sizes. Formal sensitivity analysis shows
this effect quantitatively;37 the dissociation energies of inter-
mediate clusters exert relatively little effect. The reason can
be explained as follows. When dissociation energies increase
monotonically with cluster size (or even loosely so), dissoci-
ating one atom from a cluster sets off a rapid cascade of fur-
ther dissociation events that quickly liberates all the intersti-
tials in the cluster. The details of those further dissociation
events do not matter very much because those steps all occur
rapidly compared with the initial step. For this reason, this
model also makes the simplifying assumption that the disso-
ciation energy of mixed Si–B clusters depends only on the
total number of atoms, e.g., EB2SI3

¼ EB3SI2
. However, the

model does distinguish between mixed clusters and pure Si
clusters. The differences in dissociation energies between
mixed and pure clusters are generally modest but become
more pronounced as the clusters approach the next-to-largest
permissible size. This effect correlates with the increase in
model sensitivity coefficients in this regime and reflects the
fact that in most experiments, the clusters just below the
largest size are typically most active in the initial dissocia-
tion cascade.37

This model was used in conjunction with MAP estimation,
which determines the most likely values of parameters when
prior information is already available.38,39 MAP estimation opti-
mally combines prior statistical information of the parameter
estimates with additional experimental data to obtain improved

a posteriori estimates. For this application, MAP estimation can
be equivalently posed as a minimization problem

min
b

j¼1;���;d
ðb� lÞTV�1

l ðb� lÞ
n

þPd
j¼1

Yj � Pjðb; SjÞ
� �T

V�1
e;j Yj � Pjðb; SjÞ
� �o ð6Þ

where b denotes the vector of estimated parameters that are the
same for all profiles, l is the vector of corresponding a priori
parameter estimates, Vl is the prior parameter covariance
matrix, d is the total number of SIMS profiles, Sj is the surface
loss probability, Yj is the vector of experimental observations,
Pj is the vector of model predictions, and Ve,j is the
measurement covariance matrix for the jth profile that has
been estimated previously [Ref. 24] by the measurement of
different SIMS profiles on the same sample.

The a priori information available for many of the parame-
ters originated from earlier application of ML estimation to
this problem.13,27 The ML approach38 gives the most likely
value for each parameter based on the available literature,
which typically employs density functional theory calculations
or specific experiments. The ML approach also estimates the
corresponding uncertainty. The most likely value y for a given
parameter is obtained by minimizing the objective function:

UðyÞ ¼
X
i

wiðyi � yÞ2; (7)

where yi denotes the estimate for the parameter drawn from a
particular source i in the literature, and wi is a weighting factor
that accounts for the accuracy of yi. Setting the derivative of UðyÞ
with respect to y equal to zero yields an analytic formula for y:

y ¼
P
i

wiyi
P
i

wi
: (8)

Results and Discussion

Table 2 shows the ML/MAP estimates and the associated
standard deviation of the model parameters. Figures 2 and 3
show sample simulation results of the eight-atom model that
employs ML/MAP values of the parameters. The modifica-
tions in cluster dissociation energies, surface boundary con-
dition for interstitials, and near-surface band bending lead to
good agreement between the simulated and experimental
spike and soak annealed profiles. By contrast, the previous
model poorly captured boron diffusion profiles at low ramp
rates14 (and presumably even more poorly for constant-tem-
perature soak annealing). Note that the present parameter set
involves no arbitrarily adjustable parameters; all parameters
were obtained from specific experiments aimed at the rele-
vant elementary steps or through rigorous ML/MAP analysis.

The two model modifications involving the surface play
crucial roles in correctly capturing the interplay of boron
with the surface and the implant-induced defects. It is impor-
tant to include each modification separately and not to lump
them together into an ‘‘effective’’ surface annihilation proba-
bility. Such an approach may work in certain restricted
cases; indeed, a simple perfect reflector boundary condition
has been employed with success under some conditions.40,41

Table 1. Key Reactions Expressions and Rate Parameter
Definitions in the Boron Diffusion Model

Reactions Equations and Rate Constants

1. Interstitial diffusion
Silicon DSi ¼ Adiff exp(�Ediff,Si/kT)
Boron DB ¼ Adiff exp(�Ediff,B/kT)

2. Kick-in/kick-out
reaction

Bs þ Sii �
kassoc;B

kdis
ðBs�SiiÞ �

kko

kki
Bi þ Sis

kassoc,B ¼ 4paD�
B

kko ¼ Aki/ko exp(�Eko/kT)
kki ¼ Aki/ko exp(�Eki/kT)
kdis ¼ Aki/ko exp(�Edis/kT)

3. Cluster dissociation
Pure Si cluster

Sim ! Sim�1 þ Siiðm ¼ size of Si clusterÞ
kdisso;Si ¼ Adisso expð�Em=kTÞ

Pure B cluster
Bn ! Bn�1 þ Biðn ¼ size of B clusterÞ

kdisso;B ¼ Adisso expð�En;B=kTÞ

Mixed B–Si cluster

BnSim ! BnSim�1 þ Sii

BnSim ! Bn�1Sim þ Bi

kdisso;mix ¼ Adisso expð�EðnþmÞ;mix=kTÞ
4. Cluster association
Si interstitial

BnSim�1 þ Sii ! BnSim

Sim�1 þ Sii ! Sim

B interstitial

kassoc;Si ¼ 54paD�
Si

Bn�1Sim þ Bi ! BnSim

Bn�1 þ Bi ! Bn

kassoc;B ¼ 4paD�
B

5. Surface annihilation

Si interstitial �DSi
@CSii

@x

���
x¼0

¼ Jtotal; SiiSSii

B interstitial �DB
@CBi

@x

���
x¼0

¼ Jtotal; BiSBi

a ¼ capture radius for cluster association [13].
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However, use of an effective annihilation probability fails to
explain dopant pile-up9 very near to the surface due to band
bending. (We speculate that a variant of this effect may also
contribute to the ‘‘uphill diffusion’’42 observed in solid-phase
epitaxial regrowth.) Thus, band bending needs to be included
in the simulations as a separate effect or qualitative effects
may be missed. Surface interstitial annihilation10 and near-
surface band bending26 are also separately sensitive to
changes in surface treatment and annealing conditions. In
this work, for example, we have argued that near-surface
band bending operates during spike annealing but not soak
annealing. A uniform incorporation of band bending (or
neglect of it) under the two conditions leads to notably
poorer agreement between simulations and experiments.

Figures 2 and 3 also show experimental and simulated
values of the sheet resistance Rs. The revised model captures
the qualitative trend in Rs, although there is a noticeable
underestimate for spike annealing at 1000�C. We believe the
discrepancy results primarily from the ML-based assumption
of equal surface annihilation probabilities for boron and sili-
con (SBi

¼ SSii). These species may actually have different
annihilation probabilities. Although SBi

and SSii should have
similar effects on boron diffusion (where a high annihilation
probability reduces profile spreading), they should have op-
posite effects on dopant activation. The sheet resistance Rs is
related to the active dopant concentration Cs by

43

Rs ¼ 1

q
Rxj
0

lðxÞCsðxÞdx
; (9)

where q and l are respectively the electron charge and the
majority charge carrier mobility. The junction depth xj is

measured in this work at [B] ¼ 5 � 1018 cm�3. A high value
ofSSii promotes the kick-in reaction in Eq. 2, which results in a
higher Cs and a lower Rs. By contrast, a high SBi

leads mainly
to increased boron dose loss. The loss can lead to a lower Cs

and a higher Rs. Direct measurement of SBi
is needed to resolve

the issue, though parameter sensitivity analysis on SBi
and SSii

would help estimate the effects.
Improving the discretization of cluster energies is a model

modification whose benefits are obvious: mitigation of
the artificially discrete bursts of interstitial release as

Table 2. Model Parameters and ML/ MAP Estimates

Parameters Unit Value Standard deviation Method References

1. Cluster dissociation—pure silicon cluster
E2 (size 2) kJ/mol 134.9 2.9 ML 13
E3 (size 3) kJ/mol 173.1 * * *
E4 (size 4) kJ/mol 211.2 * * *
E5 (size 5) kJ/mol 249.4 * * *
E6 (size 6) kJ/mol 287.5 * * *
E7 (size 7) kJ/mol 325.6 * * *
E8¼Elarge (large) kJ/mol 363.8 0.29 MAP 27

2. Cluster dissociation—pure boron cluster
E2,B (size 2) kJ/mol 172.3 1.2 MAP 13

3. Cluster dissociation—mixed B–Si cluster
E3,mix (size 3) kJ/mol 168.6 * * *
E4,mix (size 4) kJ/mol 202.4 * * *
E5,mix (size 5) kJ/mol 236.1 * * *
E6,mix (size 6) kJ/mol 269.8 * * *
E7,mix (size 7) kJ/mol 303.6 * * *
E8,mix ¼ Elarge,mix (large) kJ/mol 337.2 # ML 13

4. Kick-in/kick-out reaction
Eko kJ/mol 39.3 0.7 MAP 13
Eki kJ/mol 44.1 0.7 MAP 13
Edis kJ/mol 55.4 0.2 MAP 13

5. Interstitial diffusion
Ediff,Si kJ/mol 73.6 0.3 MAP 27
Ediff,B kJ/mol 34.6 0.4 MAP 13

6. Surface annihilation of interstitials
SSii – 2.5 � 10�5 § § 25
SBi

– 2.5 � 10�5 § § 25

*Dissociation energies of intermediate clusters were determined by linear interpolation of ML estimates.
#ML estimation was based on only a single published value.
§Values of surface annihilation probability set based on experimental data in Ref. 25.

Figure 2. Experimental and simulated boron profiles
for a soak anneal at 900�C for 1 h.
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temperature increases. Yet the dissociation energy of mixed
Si–B clusters still rises in discrete intervals of 34 kJ/mol
(0.35 eV) for each atom added to a cluster, whereas the true
variation of dissociation energy with cluster size is closer to
a continuum.28 The residual discretization could still lead to
spurious effects in the sheet resistance (and doping profiles),
although we believe these effects are likely to be small com-
pared to surface effects.

Conclusion

We have presented a model for the diffusion and activa-
tion of implanted boron during thermal annealing that incor-
porates a newly discovered representation of surface annihi-
lation of interstitials and near-surface band bending, together
with refined cluster energetics. The model simulates boron
diffusion over a wider range of annealing conditions than
previous versions. This improved representation of dopant
interaction with the surface and implant-induced defects is

essential for explaining and predicting the behavior of com-
plicated phenomena such as dopant pile-up near surfaces.
Such an ability should prove useful in modeling millisecond
annealing technologies.12,44
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