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Abstract

In this paper we discuss some of the issues involved in the modeling of damage evolution, dopant diffusion and elec-

trical activation as a result of ion implantation and annealing processes in Si. Dopant diffusion and activation during

thermal anneal is complicated by the presence of the damage generated by the energetic impinging ion. Of particular

interest is the case of B, as it is the most common dopant used for the formation of p+ junctions. We review the cor-

relation between defect evolution and B diffusion and B clusters, both for sub-amorphizing and amorphizing implants.

The effects of implant parameters and annealing conditions will be analyzed. Although we concentrate on Monte Carlo

modeling, links to more detailed ab initio and molecular dynamics simulations as well as continuum modeling and

experiments complement this analysis.
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1. Introduction

Ion implantation is the most common method

of introducing dopant atoms for the fabrication
of Si devices. This process provides excellent spa-

tial and dose control, as well as ease of manufac-
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ture. As the energetic ions are introduced in the

Si lattice, many Si atoms are knocked off their lat-

tice positions resulting in large numbers of Si inter-

stitial atoms and vacant lattice sites (Frenkel
pairs). Since the as-implanted dopants are usually

electrically non-active and the lattice damage dete-

riorates the device performance, it is necessary to

have the annealing of the implanted sample at tem-

peratures high enough to permit the dopant atoms

to incorporate into substitutional sites and thus
ed.
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become electrically active, and for the defects to

annihilate and thus repair the damage.

The diffusion of impurities in implanted Si dur-

ing thermal anneal is complicated as a result of the

presence of implantation damage. As an example,
the diffusivity of B in implanted crystalline Si is

anomalously high compared to equilibrium values

[1]. This phenomenon has important consequences

for Si processing, since it causes the dopant profile

to spread significantly compared to the as-im-

planted profile during the subsequent annealing

steps required for dopant activation. The presence

of damage also causes dopant clustering and thus
prevents complete electrical activation. The

down-scaling of Si CMOS devices requires simul-

taneously the formation of ultrashallow junctions

for the source and drain extensions and a low sheet

resistance (high carrier concentration) [2]. Conven-

tionally, there is a compromise involved in maxi-

mizing dopant electrical activation while

minimizing dopant diffusion.
Implantation induced damage ranges from sin-

gle point defects and defects clusters in crystalline

silicon, to the formation of amorphous pockets

and even continuous amorphous layers if the im-

plant dose is high enough. The understanding of

the damage generation and dissolution is of great

relevance because its interaction with dopants de-

fines the final carrier profiles. In addition, the im-
plant damage itself may degrade the carrier

mobility and may act as generation centers that in-

duce excessive leakage current. Therefore, the

junction depletion region should be far away from

any residual damage or this must be completely

annealed. A highly damaged region that does not

form a continuous amorphous layer requires

annealing temperatures of 800–1000 �C to remove
extended defects and to place all of the implanted

ions into substitutional positions, which is accom-

panied by significant dopant diffusion. The forma-

tion of the amorphous phase is beneficial because

it not only limits ion channeling (which can distort

the implanted dopant profile) but it is easily an-

nealed. Annealing, which occurs by solid phase

epitaxial growth (SPEG) [3], results in the incorpo-
ration of the dopants into electrically active

positions during the low temperature regrowth

(550–650 �C) [4] and in a low defect density in
the recrystallized volume [5]. After SPEG only

the residual defects beyond the amorphous–crys-

talline (a/c) interface remain and require higher

temperatures for their complete dissolution. SPEG

of preamorphizing implants appears to be a prom-
ising method to achieve high dopant activation

with minimal diffusion and thus meet the perfor-

mance specification of the 65 and 45 nm node [6].

However, if the dopant concentrations are very

high (�1021 cm�3), SPEG only gives active con-

centrations up to �3 · 1020 cm�3. This activation

level appears to be metastable and more deactiva-

tion occurs during additional annealing steps [7].
Since the cost of test lots of Si devices is too

expensive, the development of physics-based mod-

els that properly describe defect evolution and

dopant-defects interactions, and their implementa-

tion in process simulators, have become an essen-

tial step for device optimization. A multiscale

modeling is needed to describe dopant and defect

interactions at atomic scale and at the same time
to provide macroscopic dopant profiles [8].

In this paper we analyze the physical models that

describe ion implantation damage and the interac-

tions between defects and B. Calculations based

on molecular dynamics (MD), kinetic Monte Carlo

(KMC) as well as continuum methods are linked to

provide an atomistic insight in the problem, at the

same time that the results can be extended to mac-
roscopic scales directly comparable to experiments.
2. Simulation techniques

Analytical descriptions based on linear Boltz-

mann transport theory, [9] and computer simula-

tion codes, such as TRIM [10] and MARLOWE
[11] based on the binary collision approximation

(BCA) [12], are used to provide a description of

the implanted ion profile and the generated dam-

age. MD simulation methods can be used to treat

the full dynamics of the collision process [13–15]

and to predict the formation of realistic damage

microstructures not accessible to BCA-based cal-

culations. This technique also permits to simulate
the annealing of the damage. However, due to

the extensive computer load only small sizes

(<106 lattice atoms) and times (�nanoseconds)
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are feasible with this technique. Atomistic KMC

computer codes [16–18] and continuum methods

[19,20] extend spatial and temporal scales and pro-

vide results directly comparable to experiments.

Unlike MD simulations, KMC computer codes
do not simulate the vibrational movement of the Si

atoms in the lattice, and only the dynamics of de-

fects (diffusion, emission from clusters, recombina-

tion. . .) is followed. Parameters that define these

atomic interactions, such as diffusivities, binding

energies, capture radius, etc, are derived from ab

initio [21–26] and MD [13] calculations, or dedi-

cated experiments [17,18]. The time step is variable
and it may go from 10�9 s for fast diffusing species,

to 10�3 s or even longer, for the emission of defects

from stable clusters. Generally, fast events tend to

disappear quickly, leaving slower events that raise

the time step.

As an example, we will consider the Si intersti-

tial clustering evolution, which can be written as a

chemical reaction between a mobile free intersti-
tial, I, and an interstitial cluster with m intersti-

tials, C(m), to result in an interstitial cluster with

m + 1 interstitials, C(m+1)

I þ CðmÞ $ Cðmþ1Þ: ð1Þ

In KMC methods chemical reactions are associ-

ated to particle interactions and events. In this
example, a Si interstitial in a cluster can be emitted

(event) or can interact with a free Si interstitial and

capture it (interaction). A free Si interstitial can

experience diffusion hops (event) or interact with

an interstitial cluster and be captured. Events are

characterized by the emission or jump frequencies,

and interactions by the capture radius. The total

event rate, R, of a system with n free Si interstitials
and m Si interstitials in clusters is

R ¼ n � 6DI

ðbaÞ2
þ m � 6DI

ðbaÞ2
exp

�EI
bind

kBT

� �
: ð2Þ

where DI is the Si interstitial diffusivity, EI
bind the

binding energy of the Si interstitial to the cluster,

ba hop distance in terms of the silicon lattice spac-

ing, a, kB the Boltzmann constant, and T the

temperature.

A random number (0 < rn1 < R) determines the

event: a diffusion hop or the interstitial emission
from a cluster. Depending on the selected event,

another random number (0 < rn2 < n, or

0 < rn2 < m) chooses the particular interstitial that

experiences the event. An additional random num-

ber gives the direction of the jump (or emission) to
a distance ba. When the selected particle is moved

to a new position, its neighbors are checked for

possible interactions. The neighbors are defined

as particles that lie within the capture radius, aa,
of a given particle. If, for instance, a free intersti-

tial experiences a diffusion hop and lies within

the capture radius of an interstitial cluster, the free

interstitial disappears and becomes part of the
cluster. Then, the total event rate must be updated

to

R ¼ ðn� 1Þ � 6DI

ðbaÞ2
þ ðmþ 1Þ � 6DI

ðbaÞ2
exp

�EI
bind

kBT

� �
:

ð3Þ

The simulation of an event increases the time by

an amount Dt = 1/R and the scheme is repeated

until the specified time is reached. The time step
is mostly determined by the faster event. The fre-

quency associated to diffusion events is many or-

ders of magnitude higher than that associated to

the emission of interstitials from clusters. For

example, at 800 �C, if we take DI = 10�6 cm2 s�1,

ba = 3.84 Å, and EI
bind ¼ 2:6 eV, the diffusion fre-

quency is �109 s�1, while the emission frequency

is 12 orders of magnitude slower. The time step
for each diffusion event is very small (<10�9 s)

and a huge amount (>109) of these events should

be simulated for the time to advance one second.

On average, the faster event will be selected orders

of magnitude more often than the slower event.

This means that free interstitials are very likely

to be selected, experience diffusion hops and be

captured before any of the interstitials in clusters
are emitted. The system thus ends up with

(n + m) interstitials trapped in clusters. In that in-

stant, the emission of an interstitial form a cluster

is the only possible event, which gives a time step

12 orders of magnitude higher than that associated

with diffusion events. This increase in the time step

makes the simulation of actual process times pos-

sible. Since particles are chosen randomly accord-
ing to their event rates, a large number of particles
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must be included in the simulation cell to reduce

the statistical error. However, with the computer

power available nowadays, hundreds of thousands

of particles can be easily traced.

In continuum process simulators the physics of
the system is formulated as a series of differential

equations for each particle type. Typically they

are continuity equations, where each particle gain

or loss is formulated in terms of its generation

and recombination rates and the diffusion flux

[27]. The reaction rates are defined according to

the parameters that characterize the interaction,

and are the same as in KMC. The numerical solu-
tion of these set of non-linear partial differential

equations requires the spatial and temporal dis-

cretization to reduce the derivatives into algebraic

differences. The problem is converted to a large,

non-linear system of coupled equations, which

are solved using standard numerical methods. In

principle, continuum methods can be used to de-

fine the same defect and dopant interactions as
KMC codes [8].

Continuing with the same example, the rate of

change of the clustered Si interstitial concentra-

tion, CC, and that of the free Si interstitial concen-

tration, CI, can be formulated in terms of the Si

interstitial cluster growth and dissolution rates

through the capture and emission of free intersti-

tials. The equation for free Si interstitials also in-
cludes the gradient of the flux, as free interstitials

are mobile

oCC

ot
¼ 4p

a3

b2
a � DI � CC � CI

� 6DI

ðbaÞ2
exp

�EI
bind

kBT

� �
� CC; ð4Þ

oCI

ot
¼ rðDI � rCIÞ � 4p

a3

b2
a � DI � CC � CI

þ 6DI

ðbaÞ2
exp

�Ebind

kBT

� �
� CC: ð5Þ

If other defects, such as vacancies, dopants or

traps were considered, similar equations to those

for Si interstitials should be formulated for each

of them. In addition, coupling terms correspond-

ing to interstitial–vacancy or dopant-interstitial
interactions should be added to the differential

equations, which make their resolution more diffi-

cult. In KMC methods additional reactions only

require new event rates to be added to the total

event rate, and the proper definition of the capture
radius of the interactions. Thus new reactions

hardly add any computational load. The main dif-

ficulty arises from the determination of the new

parameters (binding energies, diffusivities, capture

radius) that describe the interactions, but this is

also necessary in continuum methods. The effi-

ciency of continuum methods lies on the use of

simplified models that reduce the number of equa-
tions to be solved simultaneously. This technique

is generally faster and allows simulations of big

sizes by adjusting the grid size used for the spatial

discretization. However, this advantage is reduced

as the device size shrinks and complex physical

interactions need to be modeled. The use of a very

refined grid and a large number of equations slow

down the resolution of the problem using contin-
uum methods. In those cases, KMC can be

advantageous.

When analyzing ion implantation and diffusion,

a significant difference between continuum and

atomistic process simulators comes from the spa-

tial correlation between defects in the cascade.

While atomistic models take into account the ac-

tual positions of Frenkel pairs generated by BCA
or MD codes, continuous simulators usually take

the average defect profile. Implant cascades pro-

duce high defect density zones separated by re-

gions of undamaged crystal. This kind of defect

distribution clearly differs from a uniform defect

profile in the whole implanted region. The differ-

ence is more obvious for low dose implants be-

cause of the larger separation between cascades.
Hobler et al. [28] analytically considered the corre-

lation between defect positions in order to be able

to include this effect in continuum methods. For

high doses, cascades overlap and it is not possible

to distinguish the damage of different cascades.
3. Damage generation and annealing

Damage produced by implantation is generally

described by the distribution of displaced atoms
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or Frenkel pairs along the collision cascade gener-

ated by the incoming ion. MD simulations reveal

that extended amorphous regions can be directly

formed during the collision cascade [14,15].

Depending on the temperature, disordered regions
or displaced atoms may remain or they can rear-

range and recover the lattice. The mechanisms by

which damage accumulates and may eventually

lead to amorphization have been subject of intense

debate. Some authors propose that amorphization

occurs homogeneously by the accumulation of

uniformly distributed point defects above certain

threshold value [29]. Other authors suggest that
the overlap of these amorphous regions causes

the heterogeneous nucleation of the amorphous

phase [30].

Recently, a new atomistic amorphization model

implemented in KMC code has been proposed. It

conciliates both theories and reproduces quantita-

tively many of the experimental findings [31]. In

addition to Si interstitials and vacancies, the model
uses the defect known as IV pair or bond defect to

describe implantation damage in Si [32,33]. The IV

pair consist of a local rearrangement of the bonds

in the Si lattice with not excess or deficit of atoms.

Tigh binding simulations showed that this defect

could form by incomplete interstitial–vacancy

recombination [34]. Other theoretical studies re-

vealed that the defect can be formed as well during
the ballistic process of the cascade [35]. Although

MD calculations indicate that the isolated IV pair

within a perfect crystal Si is unstable at room tem-

perature, the agglomeration of these defects pro-

duce more stable structures that are assimilated

to amorphous pockets. Marqués et al. [32] have

shown that amorphous Si can be described by

the accumulation of a sufficiently high concentra-
tion (>25%) of IV pairs. The rate of recombination

of each IV pair is determined by the number of IV

neighbors. This local characterization explains

many of the observed features in the annealing

behaviour of amorphous pockets [33] and the ki-

netic of damage accumulation [31]. Since the IV

pair defect contains no excess or deficit of atoms,

when it annihilates no net point defects are re-
leased to the lattice. However, MD simulations

show that amorphous pockets generated by ion

implantation frequently contain an excess or defi-
cit of atoms compared to the perfect crystal. When

amorphous regions completely regrow these

unbalanced atoms are left behind as ordinary Si

self-interstitials or vacancies [14].

3.1. Sub-amorphizing implants

Small amorphous pockets may be formed even

in implants that do no cause the formation of con-

tinuous amorphous layers [15]. After the regrowth

of disconnected amorphous pockets, local clusters

of Si self-interstitials and vacancies are formed in

the implanted region. The emission of point de-
fects from these clusters and its diffusion lead to

further formation of IV pairs that quickly annihi-

late. Only the excess defects that have not partner

to recombine with, remain. Si interstitials and

vacancies are generated in pairs, but since the im-

planted ion generally sits in a substitutional posi-

tion, one Si self-interstitial per implanted ion is

generated in excess over the number of vacancies.
Therefore, in spite of the complexity of the gener-

ated damage, the ‘‘effective’’ damage consists of an

Si self-interstitial profile that mirrors that of the

implanted ion. This is the basis of the ‘‘+1 model’’

proposed by Giles to model defects and dopant

diffusion in continuum simulators [36]. Detailed

KMC simulations provided the understanding

and justification for this model [16]. In Fig. 1 we
show the evolution of the implant damage and

the interstitial diffusing hops, taking into account

all the Frenkel pairs, and using the +1 model. As

we can see, the level and duration of the residual

damage as well as the total number of diffusion

hops are similar in both cases.

More detailed studies on the damage distribu-

tion have shown that some corrections to the
‘‘+1 model’’ may be needed [37–39]. For the

‘‘+1’’ model to be valid is necessary that Si self-

interstitials and vacancies are sufficiently close so

that the probability of recombination is much

higher than that of interaction with dopants. How-

ever, this is not always the case. For example, the

large momentum transfer to lattice atoms by heavy

ions causes a net displacement of Si interstitials
compared to the corresponding vacancy sites. This

spatial separation between Frenkel pairs makes

their recombination more difficult. The result after
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local recombination is a shallow vacancy profile

separated from the deeper Si self-interstitial profile
[37]. The number of surviving Si interstitials is thus

higher than the number of implanted ions and in-

creases with the ion mass, as we can see in Fig. 2.

Another interesting example that reveals the

limitation of the +1 model occurs for low dose im-

plants [38]. In this case, the spacing among implant

cascades prevents inter-cascade interactions, which

results in an incomplete Frenkel pair recombina-
tion. A similar effect occurs for high implant tem-

peratures because the dynamic anneal of each

cascade prevents their interaction. Fig. 3 shows
the average number of interstitial hops per lattice

site vs. dose using the ‘‘+1’’ model and considering

all the damage generated in the cascades. In the

‘‘+1’’ model the number of Si interstitials equals

to the dose, and so the number of hops increases
linearly with dose. For low doses, the total number

of interstitial hops in the case of complete damage,

is significantly higher than that for the ‘‘+1’’

model. As the dose increases and cascades overlap,

interstitials and vacancies even from different

cascades are so close that they recombine with

a negligible number of hops. Thus the num-

ber of interstitials hops approaches the value
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corresponding to the ‘‘+1’’ model. For amorphiz-

ing doses, the effective damage is lower than the

implanted dose, as we shall explain later.

3.2. Amorphizing implants

During the regrowth of a continuous amor-

phous layer, Si or dopant atoms are placed into

lattice positions. Any excess or deficit of atoms is

swept as the a/c interface advances. When the

amorphous layer extends to the surface, the unbal-

anced atoms are adjusted there. Thus, after SPEG,

the amorphous layer is free of defects [5]. If the
amorphous layer is buried, a band of defects is

formed where the two regrowing interfaces merge

[40]. In both cases, defects beyond the a/c interface

evolve in a similar fashion as those in highly dam-

aged but sub-amorphizing implants: the net excess

defects in that region survive. In this case only the

fraction of the ‘‘+n’’ interstitial profile beyond the

a/c interface can be considered as an initial condi-
tion for continuum simulators [41]. In Fig. 4, we

show the residual damage for sub-amorphizing

and amorphizing implants after a short anneal at

550 �C, enough to regrow the amorphous regions.

While the residual damage in the sub-amorphizing

implant is similar to the implanted ion profile, only
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the damage beyond the a/c interface remains after

SPEG of the amorphous layer.

Traditionally, amorphization was modeled by

assuming that the lattice turns amorphous when

a critical point defect concentration was exceeded
[29,42]. The total defect profile is generally taken

from TRIM or BCA codes, and the threshold con-

centration value for amorphization is taken by

comparing the simulated profile with experimen-

tally measured amorphous layer thickness [43].

One of the main limitations of this simplistic

model is the uncertainty in the critical point

defect concentration value. Different authors
have reported values ranging between 1021 and

1023 cm�3 depending on implant parameters (see

Ref. [42] and references therein). Although this

uncertainty leads to variations of only a few

nanometers in the predicted depth of the a/c inter-

face, the residual damage beyond it may change up

to 50% because the region near the a/c interface

contains the larger defect concentration. Varia-
tions in the critical defect concentration account

for changes in the amount of retained defects com-

pared to the generated damage. The resistance of

the damage to anneal depends on implant param-

eters (ion mass, substrate temperature. . .) thus

explaining the variations of the critical defect

concentration.

MD simulations have shown that heavy ions
generate large amorphous pockets more resistant

to anneal than small damage clusters produced

by light ions [15]. In our damage model, the rate

of recombination of IV pairs is lower as they are

surrounded by more IV pairs [33]. This accounts

for the faster recombination of dilute damage

compared to dense structures. In the model, we

also consider the substrate temperature and the
dose rate by performing the appropriate anneal

during the implant process. Thus, the position of

the a/c interface and the residual damage vary with

implant parameters.

3.3. Defect evolution

After IV recombination of small amorphous

pockets or SPEG of a continuous amorphous

layer, residual interstitials agglomerate into defect

clusters and extended defects. Their dissolution in-
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jects Si interstitials that may interact with dopants

and cause excessive dopant diffusion and cluster-

ing [1,17,18]. A number of theoretical calculations

[13,44] and experiments [45,46] have been used to

evaluate their energetics, identify their nature and
monitor their evolution. MD calculations have

shown that the migration barrier for Si self-inter-

stitials is in the order of 1 eV [13]. Although some

authors have suggested that the di-interstitial may

have also a large mobility [13,47], it has been dem-

onstrated that this feature is not relevant for defect

evolution and dopant diffusion [47]. Therefore, we

will consider that only free Si interstitials and
vacancies, and not their clusters, are mobile. For

implant doses higher than 1013 cm�2, Si intersti-

tials mostly condense into rod-like defects in the

[113] plane, whose activation energy was obtained

to be �3.6 eV by TEM measurements [45]. For

amorphizing implants, dislocation loops are

formed with the residual Si-interstitial damage be-

yond the a/c interface [48]. The formation energies
of these defects, or equivalently, their binding

energies, are relevant parameters in process model-

ing since they determine the emission rate of Si

interstitials from the defects, and thus define their

dissolution time and the Si interstitial

supersaturation.

Some interesting magnitudes can be obtained

from the differential equations that describe Si
interstitial clustering (Eqs. (4) and (5)) [27]. Assum-

ing that Si interstitials are in equilibrium with their

clusters (oC/ot = 0 in Eq. (4)), the Si interstitial

concentration in the defect band, located at a dis-

tance Rp from the surface, can be written as

CI ¼
6

4pðaaÞ3
exp �EI

bind

kBT

� �
: ð6Þ

Assuming that CI is maintained constant until the

Si interstitial clusters disappear, the flux of Si

interstitials to the surface is given by �DICI/Rp.

The integral of this flux until all clusters disappear
is equal to the total dose of Si interstitials stored

in Si interstitial clusters (which is equal to the

implanted dose, U, according to the +1 model).

Therefore, the duration of the clusters is given by

s ¼ U � Rp

DICI

¼ U � Rp

DI0CI0

exp
ðEI

m þ EI
bindÞ

kBT

� �
; ð7Þ
where DI0 and CI0 are the prefactors for the inter-

stitial diffusivity and the interstitial concentration,

and EI
m is the migration barrier of the Si self-

interstitial.

Si interstitial defects follow a non-conservative
Ostwald ripening, driven by the increasing binding

energies and capture radius with increasing defect

size. Interstitials released from clusters randomly

diffuse and can be recaptured by the same or by

other clusters. Thus, there is a continuous ex-

change of Si interstitials among clusters. Since lar-

ger and more stable clusters capture Si interstitials

more efficiently and emit them at a slower rate, the
net effect is that they grow at the expense of less

stable clusters. Fig. 5 shows the results of a

KMC simulation for Si-interstitial defects gen-

erated by a 40 keV Si implant to a dose of

1014 cm�2, during a post-implant anneal at

750 �C. At the very early stages of the annealing,

the high Si-interstitial and vacancy concentrations

generated by the implantation recombine quickly,
leaving approximately one Si interstitial per im-

planted ion (�1014 cm�2). As the anneal proceeds,

the remaining interstitials condense into small

interstitial clusters and evolve toward larger and

more stable defects. While there are many small

defects and the distance among them is much
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shorter than the distance to the surface, Si intersti-

tials emitted from clusters are more likely to be

recaptured by other defects than to reach the

surface [49]. Thus, the total number of Si intersti-

tials in clusters remains almost constant, at the
same time than the mean size of the defects in-

creases and the number of defects decreases (Inter-

stitial_dose = Defect_dose · Average_defect_ size).

When most of the Si interstitials are stored in a

few defects of large size, the average distance

among defects, which is inversely proportional to

the square root of the defect_dose (da (Defect_den-

sity)�1/2), becomes comparable to the distance to
the surface, Rp. Then, the probability of Si intersti-

tials being recaptured by other defect becomes

comparable to the probability of them being anni-

hilated at the surface. Then, a significant number

of Si interstitials emitted from clusters are lost by

recombination at the surface. Thus the Si intersti-

tial and the defect dose decrease, with the subse-

quent increase in the distance among defects.
Consequently, the probability of interstitials being

annihilated at the surface increases further, result-

ing in the quick dissolution of Si interstitial defects

at the final stages of the anneal.

As the implant energy increases and defects are

placed deeper, they remain longer time and grow

to larger sizes before they dissolve. Analogously,

if the implant dose increases, the number of initial
Si interstitials is larger, and so the defect density

is. Therefore, the average distance among defects

is smaller and they can easily be recaptured by other

defects favouring their growth. The formation of

large defects involves more exchange of Si intersti-

tial among defects, and thus a large probability of

the Si interstitials interacting with dopants. The

use of ultra-low energy implants for the formation
of ultra-shallow junctions has reduced the distance

of the defects to the surface and thus defects annihi-

late quickly. However, when at the same time that

low energies high doses are used, big and stable Si

interstitial defects appear near the surface [50].
4. Dopant-defects interactions

The damage generated by ion implantation en-

hances the diffusivity of dopant atoms and can
also form defect-dopant complexes that prevent

the electrical dopant activation. Dopants that dif-

fuse by an interstitial or interstitialcy mechanism

are particularly sensitive to the effect of implant

damage, since the residual damage after Frenkel
pair recombination consists mostly of Si interstitial

defects. This is the case of B, the dopant com-

monly used to form p-type Si.

4.1. Dopant diffusion

Experiments [51] and theoretical calculations

[52,21–24] have demonstrated that the interstitial
fraction for B diffusion is close to 1 [1]. B atoms

are very weakly bound to vacancy sites [52], while

they have a strong binding energy to Si interstitial

atoms [21–24]. Some authors describe the B-Si

interstitial interaction in terms of pairing and

kick-out mechanisms [21], while other calculations

show that the Si and B atoms diffuse together as a

pair until the B atom occupies the substitutional
position and the Si interstitial moves away [22–

24]. In terms of modeling both approaches are sim-

ilar, and the process can be described as a reaction

between a substitutional B atom (Bs) and an Si

interstitial (I) to generate a mobile B–I pair or

interstitial B (Bi):

Bsþ I $ Bi: ð8Þ
Assuming equilibrium between B (CB) and Si

interstitial (CI) concentrations, the B diffusivity

can be written as [53]

DB ¼ DBi � CI exp
EBi
bind

kBT

� �
; ð9Þ

where DBi is the diffusivity of Bi, and EBi
bind the

binding energy between the B and I atoms. Thus,

the B diffusivity enhancement DB=D

B, (being D


B

the equilibrium value) equals to the supersatura-

tion of Si interstitials (CI=C


I ). The excess Si inter-

stitials generated in the implantation process
quickly condense into Si interstitial clusters. They

slowly release Si interstitials setting a CI, given

by Eq. (6), responsible for the enhancement of

the B diffusivity. Since Si interstitial clusters even-

tually dissolve (in the time given by Eq. (7)) and

the Si interstitial concentration reaches its equilib-

rium value, the diffusivity enhancement is a
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transient effect. Hence, the name of transient en-

hanced diffusion (TED) used to describe this effect.

The more stable the Si interstitial clusters (larger

EI
bind), the lower the enhancement and the longer

the duration of TED.
From an atomistic point of view TED is pro-

portional to the number of times that a Si intersti-

tial visits a lattice position and it can thus interact

with a dopant atom in that position. From the ran-

dom-walk theory [54], the average number of

hops, N, of a Si interstitial in its way to the surface,

only depends on the distance to the surface, Rp,

and on the jump distance, k, according to
N = (Rp/k)

2. If U is the Si interstitial dose, the

number of hops per unit volume is N � U �
ðRp=kÞ2 � R�1

p . Therefore, N is proportional to the

dose and the distance to the surface. The tempo-

rary trapping of Si interstitials in immobile defects

only delays their arrival to the surface, but not the

total number of hops required to annihilate the

defects.
An interesting issue concerning TED is the role

of the temperature. In a dilute system and in the

absence of traps, the diffusion length that a Bi

travels before it breaks-up, and the B atom sits

into a substitutional position and a Si interstitial

moves away [55] is given by

C ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6 � DBi �

1

mo
� exp EBi

bind þ EI
m

kBT

� �s

¼ C0 � exp � Eact

kBT

� �
;

where C0 is the prefactor, m0 the vibrational fre-

quency and Eact ¼ ðEBi
m � EBi

bind � EI
mÞ=2, being EBi

m

the migration energy for the Bi diffusion. With

the parameters typically used EBi
m � 0:7 eV,

EBi
bind � 1:0 eV and EI

m � 1:0 eV, it results

Eact = �0.65 eV. Although the individual para-

meters may not be precisely known, the activation

energy can also be written as Eact ¼ ½ðEI
fþ

EBi
m � EBi

bindÞ � ðEI
f þ EI

mÞ
=2, being EI
f the forma-

tion energy of the Si interstitial from the ground

state. The first term correspond to the activation

energy for the equilibrium B diffusivity, and the

second to the product DI � C

I , whose values are

well established experimentally to be 3.5 and

4.8 eV, respectively [56,57]. The fact that the acti-
vation energy is negative implies that the total B

diffusion length at the end of TED decreases as

the temperature increases. At low temperatures

or short annealing times, only a few B atoms have

diffused long distances, giving rise to exponential
profiles instead of the classical gaussian diffusing

profiles resulting from the solution of the diffusion

equation [54]. The fact that less TED occurs as the

annealing temperature increases, has driven the

trend to increase the annealing temperatures in Si

processing (T > 1000 �C).

4.2. Dopant clustering

The analysis of B–I interaction in terms of the

formation of a highly mobile pair is valid when

the B concentration is low and all B atoms partic-

ipate in TED. For high B concentrations, the for-

mation of immobile and electrically inactive B

complexes makes the problem more difficult

[1,17]. Structures consisting of molecular beam
epitaxy grown B marker layers implanted with Si

ions were used to investigate the mechanisms of

B clustering formation. In this type of structures

the depth distribution of the mobile and immobile

B components is clearly distinguished, as shown in

Fig. 6. Important properties of the process can be

extracted directly from a detailed analysis of this
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experiment [17]: (i) immobile B regions are ob-

served only in the region that experiences very high

Si interstitial supersaturation during implantation.

This indicates that a Si interstitial rich defect is re-

quired to nucleate B clusters. (ii) The clustered
component of B shows no broadening from the

as-grown profile. This implies that a fraction of

B atoms must be immobilized before any B diffu-

sion occurs, i.e., during the room temperature

implantation or at a very early stage of the anneal-

ing. In addition, no significant number of new

nucleation sites can be formed once B starts diffus-

ing; otherwise clustering would also take place
outside of the initial spikes. (iii) All of the spikes,

even the deepest ones, experience TED. Analo-

gously, other experiments have shown that for B

concentrations 6 1020 cm�3 B clusters are formed

only when the implant damage overlaps the B pro-

file [18,58,59]. When the majority of Frenkel pairs

has recombined, and more stable Si interstitial

clusters have formed, the Si interstitial supersatu-
ration set by these clusters causes TED but it is

not enough to nucleate new B clusters. Since these

B cluster precursors are formed before interstitial–

vacancy recombination, the ‘‘+1’’ model, that suc-

cessfully predicts TED, is not applicable to the

modeling of B cluster formation.

The model for B clustering includes a complex

pathway for B/Si interstitial interactions leading
to BnIm complexes (BnIm represents a B cluster

with n B atoms and m Si interstitials) responsible

for B deactivation [18], as shown in the scheme

of Fig. 7. The fact that the experimental data show

no increase of the clustered B fraction during

TED, but a slight reduction, indicates that large

B clusters are unstable or that an energy barrier

prevents their formation. For this reason only B
clusters of small size are considered in the model.

Still, the large number of equations involved in

this mechanism makes its implementation in con-

tinuum models difficult. Some attempts have been

made in that respect by considering only a reduced

number of complexes [60,61]. The pathways for

the B cluster formation and dissolution are deter-

mined by cluster energies and by B and Si intersti-
tial concentrations. Fig. 8 represents the B cluster

fraction for the combination of high and low B

concentrations and high and low Si interstitial
concentrations, obtained by KMC simulations.

Two main pathways can be identified: a low Si

interstitial content pathway and a high Si intersti-

tial content pathway [18]. In the low interstitial

content path, the B cluster formation occurs

through the capture of mobile Bi by the pre-exist-

ing clusters and the rapid release of Si interstitials,
leaving B clusters with low interstitial content. In

the high interstitial content path, Si interstitials

are not emitted rapidly, resulting in B clusters rich

in Si interstitials. Those interstitials are released

later in the annealing, when the Si interstitial

supersaturation decreases.

Empirical parameter extraction [17,18,62] and

theoretical calculations [25,26] indicate that B clus-
ters with no interstitials are energetically unfavour-

able (E > 0), while B clusters with interstitials are

more stable (compared to separated B and Si inter-

stitials). A bottleneck for the formation of B clus-

ters through the low interstitial pathway must

exist so that B clusters are not easily formed for

medium B concentrations unless the Si interstitial

concentration is high [18]. Theoretical calculations
indicate that the energy of B2 is quite high

compared to that of Bi. Therefore, B2I is more

likely to dissolve into Bs+Bi than to form B2 and

release a Si interstitial. In the presence of large Si
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interstitial concentration, the formation of B clus-

ters with high interstitial content (BI2, B2I2, B3I3,

B4I4) becomes the preferred pathway. In fact,

experiments have shown that the B cluster forma-
tion acts as a trap for Si interstitials [59,63]. B clus-

ters with high Si interstitial content are maintained

while a Si interstitial supersaturation exists. When

the Si interstitial supersaturation decreases, B clus-

ters emit Si interstitials, resulting in low Si intersti-

tial content B clusters that dissolve through the low

interstitial content pathway. The existence of a Si

interstitial supersaturation for longer time, for in-
stance by annealing in an oxidizing ambient [64]

or by the injection of Si interstitials from the

EOR defects [65], retards the Si interstitial emission

from B clusters and therefore, its dissolution.

When no excess Si interstitials overlap the B

profile, the formation energy of Si interstitials

must be taken into account in the evaluation of

the total energy required for the B cluster forma-
tion. Because of the high Si interstitial formation

energy, B clusters with a high interstitial content

become an energetically unfavourable pathway.

Since B clusters with low interstitial content are

highly unstable, they are not nucleated outside
regions that experience high Si interstitial supersat-

uration. However, when the initial B concentration

is very high (P1021 cm�3), B clusters can also form

though the low interstitial content pathway. If the
B concentration is very high, the initial interaction

that forms B2I can be driven toward B2 and the re-

lease of a Si interstitial. Thus, B clusters can nucle-

ate with minimal intervention of Si interstitials

[62].
5. Conclusions

We have analyzed physically based models for

ion implantation and annealing, including the evo-

lution of Si interstitial defects and their interaction

with B atoms to cause B diffusion and clustering.

This study requires a multi-scale modeling: ab ini-

tio and MD calculations provide parameters and

interactions to KMC and continuum simulators.
Because of the atomistic nature of KMC codes,

this method is more appropriate to capture local

inhomogeneities, such as those resulting in the col-

lision cascades. This effect has been also evidenced

by statistical analysis of small devices [66]. When
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the complexity of the model requires the use of a

large number of differential equations, as it occurs

for B-Si interstitial clusters, KMC methods are

more efficient. As the device sizes are reduced

and more complicated effects play a significant
role, atomistic models appear more necessary in

process simulations.
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