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Abstract
Modeling and Simulation of Arsenic Activation and Diffusion in Silicon
by Pavel Fastenko

Chair of Supervisory Committee:

Professor Scott T. Dunham
Department of Electrical Engineering

One of the critical problems that exist in Very Large Scale Integrated (VLSI) circuit
process modeling is prediction and simulation of the behavior of dopants in silicon during
fabrication. This work is focused on understanding and modeling of the physical processes
which control diffusion and deactivation of arsenic, the primary n-type dopant in silicon.

Arsenic deactivation is a complicated process due to fast kinetics and strong interstitial
ejection which accompanies deactivation. We have used ab-initio calculations in order to
gain insight into the fundamental processes involved in arsenic activation/deactivation. It
has been proposed that several second nearest neighbor As atoms (two or more) may kick-
out an adjacent Si atom forming an electrically inactive arsenic-vacancy cluster and a self-
interstitial. A physical model based on this mechanism was derived and used successfully
to match a variety of electrical data as well as interstitial supersaturation data measured
during deactivation. This model was applied to understanding and predicting ultra shallow
junction formation. Several effects such as rapid As diffusion at high concentrations and
the existence of grown-in vacancies after amorphous/crystalline regrowth must be included
to account for the discrepancies between what seems to be the mobile fraction of the profile
and the electrically active fraction.

An integral part of this work involves the simulation of self-interstitial cluster formation.

Total energy calculations based on empirical Molecular Dynamics (MD) simulations were



performed in order to study the energetics of interstitial aggregates as a function of size
and configuration. These results provide insight into ion implant annealing processes. A
Kinetic Precipitation Model (KPM) was used to analyze the evolution of {311} defects. We
discuss small interstitial clusters and their role in the initial stages of annealing after ion

implantation and during As deactivation.
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Chapter 1

INTRODUCTION

1.1 Industrial and scientific necessities

Achievements made in the computer industry over the past 25 years have been driven by
the ability to increase both the speed and the density of silicon transistors. Decreasing
device size is the main driving force for these advancements in semiconductor technology.
Most directly, down-scaling of the dimensions results in larger numbers of devices per wafer.
Thus, for similar processing costs, manufacturers can produce larger numbers of dies from
the wafer or improve the functionality of the chips by placing more transistors in the same
die area. The downward scaling of the device size also leads to the higher performance, as
smaller channel lengths result in faster transistors.

Device scaling requires that all dimensions of the device be scaled. However, simple
scaling of the source/drain region depths without altering doping of the junctions can result
in an unacceptable increase in device resistance. To maintain low resistance as the device
is scaled down, the carrier concentrations must simultaneously be increased. Therefore, as
the metal oxide semiconductor (MOS) transistor is scaled down, extremely shallow, very
highly doped junctions must be formed. This poses substantial challenges both in controlling
diffusion at such small scales and achieving high activation at or above equilibrium solubility.

Today’s devices are so small that characterization of their material parameters is very
difficult and expensive. Thus, simulation is often the only effective and affordable tool for
exploring vertical and lateral profiles of a modern transistor. Additionally, the cost of fabri-
cation for test lots (needed for new technology development) increases with each new tech-
nology generation making usual trial and error method extremely expensive. These factors

make simulation of front-end processing a critical component of today’s integrated-circuit



(IC) technology development. The goal is to replace physical optimization experiments with
virtual ones, only placing the new process in manufacturing after the virtual device meets
all specifications. However, computer-aided technology is cost-effective only if it is accu-
rate and truly predictive. Current process simulators often contain empirical models which
lack the physical basis needed for accurate simulation of new generation processes. Thus,
continued advancement of physically-based models are required for efficient, accurate, and
predictive process simulation tools. This work is focused on arsenic, the primary n-type
dopant used in modern semiconductor devices. Modeling its behavior, especially diffusion
and electrical properties, is essential to include in the process simulator software.

Ion implantation is a powerful tool used to introduce dopants in silicon. However, this
process also creates a large amount of crystal damage in the form of interstitials and va-
cancies, as well as non-substitutional dopants. Thus a high temperature anneal is necessary
to activate the dopant atoms and repair the damaged Si crystal to maintain good elec-
trical properties. Since dopant diffusion in silicon is mediated by point-defects, and ion
implantation significantly increases the number of point-defects, post implant annealing is
characterized by anomalous dopant diffusion. During high temperature annealing, dopant
atoms interact with point-defects, forming mobile dopant-defect pairs, immobile complexes,
and (at high concentrations) precipitates. At the same time, point-defects may also cluster,
recombine, diffuse, etc. Therefore, the final dopant distribution is a complex combination
of a wide range of atomic-scale interactions.

Dopants such as arsenic may form electrically inactive clusters with point defects, de-
activating below the solid solubility. Laser melting is proposed as an alternative to rapid
thermal processing for the formation of highly doped layers in silicon. Using laser melting,
dopants can be activated to metastable levels above solid solubility. However, it has been
reported that during subsequent annealing, arsenic rapidly deactivates generating large con-
centrations of point-defects. Exploration and modeling of underlying physical mechanisms
may lead to understanding of the fundamental limitations of this new technique.

Post ion implantation annealing and arsenic deactivation lead to the formation of self-

interstitial clusters ({311} defects and dislocation loops). As annealing continues, these
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Figure 1.1: Illustration of how enhanced diffusion impacts MOS transistor characteristics.
Interstitials are injected from heavily arsenic-doped source/drain during deactivation. They
can diffuse and enhanced boron diffusion under the gate. This leads to dopant redistribution
in the channel and has been reported to increase the reverse short channel effect [89].

defects grow and eventually dissolve. Dissolution of these defects releases interstitials, which
enhance dopant diffusion. Thus, modeling of {311} defect behavior is important for accurate
prediction of dopant diffusion and electrical activation.

Fig. 1.1 is a schematic describing how interstitials created during arsenic deactivation
in a source/drain of a MOS transistor lead to dopant redistribution in the channel region.
Enhanced diffusion of boron in the channel region towards the gate causes an increased
threshold voltage and a severe reverse short channel effect.

In order to predict final electrical characteristics of the device (transistor), it is nec-
essary to model all these complex interactions simultaneously. The simulation of such a
system involves a large number of parameters describing each mechanism. Specifically de-
signed experiments have been used to identify key mechanisms and to calibrate parameters.
Atomistic techniques like ab-initio and molecular dynamics (MD) generate insight into the
physics of individual particle reactions in the silicon lattice. Continuum simulations are
used to implement the models, coupled with other processes steps, and finally, compared

with experiments to validate models.



1.2 Dissertation objectives

In this dissertation, we present a self-consistent set of models applicable to a broad range
of data. We study and model arsenic diffusion and electrical activation in silicon, based on

the understanding of underlying physical phenomena, including;:

e Electrical deactivation of arsenic layers fully activated by a laser anneal. This deacti-

vation is accompanied by a strong interstitial injection.

e Modeling of ultra-shallow junction formation by ion implantation and rapid thermal

processing.

e Interstitial cluster and extended defect formation after ion implantation and during

arsenic deactivation, including the role of small self-interstitial clusters.
To model these phenomena, continuum modeling are utilized, with parameters obtained by:

e inverse modeling of experimental data,

e atomistic calculations from other studies and published in the literature,

e our own molecular dynamics calculations.

1.3 Dissertation Overview

We begin Chapter 2 by discussing both arsenic diffusion in silicon and its interaction with
point defects, demonstrating the method used for dopant diffusion modeling. A short
overview of ion implantation damage and post implant anneal modeling is presented next.
In Chapter 3, we implement total energy calculations based on empirical MD simulations
to study energetics of interstitial aggregates as a function of their size and configuration.
Minimum energy configurations were used to obtain a functional dependence of defect en-
ergy on size. This was applied via the Kinetic Precipitation Model [32] to analyze the

evolution of {311} defects. The results are compared to {311} dissolution experimental



data. These initial results show the role of assumptions made regarding small interstitial
clusters. Chapter 4 is dedicated to the analysis of small self-interstitial clusters. We also
present a computationally efficient two-moment model to simulate small cluster behavior.
This was used for the analysis of ion implant damage cascade annealing. In Chapter 5, we
discuss an up-to-date literature review of arsenic electrical activation/deactivation, includ-
ing a description of experiments and overview of modeling efforts. We begin Chapter 6 by
introducing the mechanism of arsenic deactivation from the theoretical standpoint. Next,
we present our deactivation modeling approach, and compare simulation results to experi-
mental results. In Chapter 7, we present modeling of ultra-low energy high concentration
implants activated by spike annealing. We also review arsenic’s high concentration diffusion
effect and discuss point defect distribution after amorphous/crystalline region regrowth. In

Chapter 8, we summarize the results of this work and discuss directions for future research.



Chapter 2

DOPANT DIFFUSION IN SILICON

Dopant diffusion in silicon takes place through pairing reactions with point-defects and
diffusion of dopant-defect pairs. In this chapter, we review diffusion mechanisms. We briefly
describe damage produced by ion implantation and the phenomenon of Transient Enhanced

Diffusion (TED).

2.1 Arsenic diffusion in silicon

2.1.1 Diffusion mechanisms

Diffusion of substitutional dopants like arsenic can be mediated on the atomic scale by
either point-defects, namely interstitials or vacancies, or by a direct exchange mechanism.
The relative contribution of each of these mechanisms for a given dopant is a fundamental
property. The manner in which perturbations in point-defect concentration affect dopant
diffusion depends on the fraction of its diffusion mediated by that point defect. It is well
established that thermal oxidation injects self-interstitials, whereas nitridation results in
vacancy injection into the bulk [39]. It was shown [103] that As diffuses via dual vacancy-
interstitial mechanism, with the possibility of a concerted exchange component. In our work
we assume that the exchange component is zero, and arsenic diffuses by dual interstitial and
vacancy mechanisms, an assumption which is consistent with experimental and theoretical
results published to date.

In the vacancy mechanism, a dopant atom moves into an adjacent vacant site (see Fig. 2.1
for illustration). Diffusion does not occur by a simple vacancy/dopant exchange, since then
the dopant and vacancy will continue to occupy alternating lattice sites and no long-range
migration of dopant will take place. In silicon (diamond) structure, the vacancy must diffuse

away to at least a third-nearest neighbor site and return via a new direction to complete
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Figure 2.1: The illustration of the vacancy diffusion mechanism for arsenic in the silicon
lattice. In the initial diffusion step the arsenic and the vacancy (V) are positioned in the
adjacent sites. The simple exchange of As and vacancy does not lead to any diffusion since
no long range migration takes place. To complete one diffusion step the vacancy must
diffuse away to at least a third nearest neighbor site and return via a different direction.
The numbers on the plot indicate the type of neighbor (the fourth and seventh nearest
neighbors are out of the plane).

one diffusion step. The rate limiting step for As diffusion via vacancy mechanism is thus
the barrier for vacancy to migrate from the 2nd to the 3rd nearest neighbor site.

On the macroscopic scale, this mechanism can be described by the reaction:
As, +V & AsV, (2.1)

where As; stands for substitutional arsenic, and AsV for arsenic vacancy pair.

In the interstitial mechanism, a self-interstitial (Si) may displace a dopant atom into
an interstitial site creating a dopant interstitial (As;). Now, the dopant interstitial can
diffuse through the lattice, since the migration barrier is much lower than for substitutional
dopant, until it moves into another substitutional site by kicking a silicon atom out into an
interstitial position. This process is schematically shown in Fig. 2.3. The process can be

described by the following reaction:
As; +1 & As;. (2.2)

The interstitialcy mechanism is very similar. The mobile complex is formed by an

impurity and a silicon atom sharing the same lattice site (denote by AsI). The reaction for
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Figure 2.2: Schematic illustration of As-V interaction potential. The dopant atom (As) is
placed in the origin of horizontal axis, the numbers on the horizontal axis represent the
neighbor lattice sites with respect to the arsenic atom. AFEx represent the energy barrier
for As-V exchange (i.e., energy barrier for As to hop into the adjacent empty site). AF,
and AFEj3 are the binding energies at the second and the third nearest sites respectively.
AE,, denotes the migration barrier for a vacancy far away from the arsenic atom. The rate
limiting step for As diffusion via vacancy mechanism is the barrier for vacancy to overcome
for 2nd to 3rd nearest neighbor site migration (AER2T).
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Figure 2.3: Schematic illustration of interstitial assisted diffusion mechanism. In the left
figure, a dark circle represents a substitutional arsenic atom, being kicked-out by a silicon
self-interstitial (open circle). In the right figure, arsenic is now located in an interstitial site
and can diffuse through the lattice with much lower diffusion barrier.

this mechanism is given by:

As+1¢ Asl. (2.3)

Experiments targeted at the determination of the dominant diffusion mechanism for
dopants in silicon (fractional interstitialcy component, f7) have been carried out via oxi-
dation/nitridation assisted point defect injection in the presence of a dopant marker layer
[39, 47, 103]. It has been found that arsenic in silicon diffuses by a dual vacancy (~ 60%)
and interstitial (~ 40%) mechanism, while boron diffusion is primarily dominated by inter-
stitials (> 97%). The purely interstitial diffusion mechanism of boron allows the use of a
boron profile as an indicator (marker) for the presence of the interstitial supersaturation in
a sample. Antimony diffusion is dominated by the vacancy mechanism making it a clear
choice for the vacancy “marker layer.”

Since it is hard to distinguish between interstitialcy diffusion mechanism and interstitial
mechanism in experiment, and also since both mechanisms lead to the same macroscopic

diffusion equations, in this work we consider interstitial-assisted diffusion (which includes
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both effects) and use the symbol AsI for both arsenic interstitial pair as well as for arsenic

interstitialcy (if not noted otherwise).

2.1.2 Coupled Diffusion

As we discussed in the previous section, dopants in silicon diffuse via interactions with point
defects: interstitials and vacancies. The standard model for dopant diffusion in silicon [74,
75, 34] assumes that dopants form pairs with defects and diffusion takes place only through
dopant-defect pair migration. In this section, we derive coupled diffusion equation for
arsenic in silicon. Our derivation is analogous to the one presented by Gencer [44] for boron
in silicon, but includes both vacancy and interstitial diffusion mechanisms, since both are
important for As.

For our analysis, we assume that only one dopant (As) is present in a system. It is
straight forward to extend the analysis to multiple dopants. We shall use (X) to denote
a point defect (interstitial (I) or vacancy (V)) and use it for the reactions which look the
same for both I and V to avoid retyping the reaction twice. We can write down the pairing

reactions with point defects for all possible charge states as:

A"+ T & (AsT)"H, (2.4)

As'+ VI & (AsV)'H, (2.5)

The indexes ¢ and j represent the charge states of the defect or pair. The recombination

and generation of Frenkel pairs (interstitial plus vacancy) can be described as:
'+ Ve (—i—je . (2.6)

In addition, the pairs can interact directly with the opposite type defect to produce a

reaction which is equivalent to a pair dissociation followed by defect recombination.

(AsI)' + VI & Ast +(1—i—j)e, (2.7)

(AsV)+T o Ast+(1—i—je . (2.8)
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The dissociative mechanism of Asl formation from As, the reverse of reaction of Eq. 2.8 is
also called the Frank-Turnbull mechanism.

In this work, we consider charge exchange reactions for each of the charged species.
Because the electronic reactions are much faster than the atomic diffusion processes, we
assume that ionization reactions are near local equilibrium.

Fig. 2.4 shows the reported location of interstitial charge states in the silicon band gap
at 1000°C [45]. For the charged point defects, the following equations are valid in a dilute

concentration approximation [39]:

- - Ex- —E - E% — Ex-
o b (B By be, (BBCY (1) g
Oxo exo kT exo kT un
Cx+ Ox+ ( Ef — EX+> Ox+ Ex+ — B} p
= — = — 2.1
CXo 9)(0 xp kT 9X0 xp kT g ’ ( 0)
Cx-= - Ox= ox (_ Ex=+ FEx- — 2Ef> B
CXo B 9)(0 P /{IT B
Ox= 2E} — Ex- — Ex=\ [ n\?2
= — 2.11
o P ( o (). 211)
% . 9X+ - (_ 2Ef - Ex+ — Ex+_|_> .
Cxo N Oxo kT N
Ox++ Ex+4 + Ex+ — 2E} ( p )2
= — 2.12
Ox0 ¥ ( kT ni) (212)

where, E; is the Fermi level, E} is the intrinsic Fermi level and Ex: is the energy level of
the charged state in the silicon band gap. The terms n, p and n; are the local and intrinsic
carrier concentrations. The term fx: is the number of degrees of internal freedom of the
defect on a lattice site (e.g. spin or orientation degeneracy).

We can rewrite these reactions in a general form as:
Cxi = KxiCxo (nz/’n)z, (2.13)
where the Kx: represent the equilibrium coefficients.
Similarly the concentrations of arsenic-interstitial (AsI) and arsenic-vacancy (AsV) pairs
are given by:
Ciastyi = K(ast)iClasno (ni/n)’, (2.14)

Ciasvii = Kasv)iClasvy+(ni/n) ! (2.15)
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Figure 2.4: Interstitial energy levels in silicon at 1000°C after Giles [45].

where the Kx represents equilibrium coefficient.

It is necessary to determine the Fermi level in order to consider the behavior of charged
species. Even though it is possible to solve Poisson’s equation in conjunction with conti-
nuity equations, the common assumptions for Fermi level calculation are the local charge
neutrality and mass action law for charges [39], so the Fermi level can be determined by
simply considering the net concentration of ionized dopants. Charged pairs and defects
are affected by the electric field, but do not significantly influence it themselves since their
concentration is usually much smaller than that of ionized dopants.

Since both defects and pairs can exist in multiple charge states (e.g., V=, I1), Ci, Cy,
Chas1 and Cagy have to be summed over all charge states to obtain total concentrations.
Thus, for example, the total point-defect concentrations can be determined by:

CI = ZCIZ = Z [Kp’ (%) CIO] = XICIOa (2-16)

i

zijcw = [Kw (%)ic\;o

%

Cv = xvCyo, (2.17)

where Co and Cyo are the concentration of neutral interstitials and vacancies respectively.
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Similarly, at equilibrium we can introduce another parameter, 7x,

Casx = Y Clasx): = xCasCxo, (2.18)
i

C
C(AsX)+ = KAS+/X0 CASCXo = KAS+/X0 WL:(X, (219)

where K g+ /xo is the equilibrium constant for the pairing of a neutral point defect with
an As substitutional atom. In this work we consider a neutral point-defect (V? and I°) as
a reference for point-defects since charged defect concentration (as well as the total point
defect concentration) depend on the Fermi level position. The majority of arsenic in the
system is present as substitutional donors and therefore is positively charged (As™). Since
the electronic exchange can occur before or after dopant-defect pairing and the equilibrium

concentrations are independent of reaction path, we can write,
KAS+/X0K(ASX)H'1 — KXiKAS+/Xi . (2.20)

Thus,

n n\?2 P
—) + 1+ Kasv)- (n_> + K(asv)++ (n—)] (2.21)

2 7

vV = KAs+/V0 [K(AsV)O(

(]

2
n n p
— KAS+/V0 +KAS+/V_KV_ (n_) +KAS+/V=KV: (n—> +KAS+/V+K\/+ (n_>
(2 (2

i

n
= Kpgtp [K(ASI)O (n—) + 14 K(asty++ (n%)] (2.22)

n P
= Kpgt/o + Kpgt1- Ki- (n—> + Kpgt 1+ K+ (—)
(]

n;
Note that we have left off interaction with doubly charged interstitials in these equations
since their effect is expected to be insignificant. Also arsenic is a donor, so K+ IV and
K pg+ 1+ are expected to be small due to Colombic repulsion.
Now we can write continuity equations for dopant (As), interstitials, vacancies, and
dopant-defect pairs, resulting in the following system (also commonly referred to as a “five

stream model” based on the number of equations) [44]:

0C
= ® = —Ragy1 — Rastv + Rasiyv + Rasvi1 + 2Rasi+Asv
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oC - =
61:81 = —VJag + Rast1 — Rast+v — Rasl+Asv
oC - =
Bisv = —VJasv + RAs—|—V — RASV+I - RAsI+AsV (223)
oC - =
O—tI = —VJi — Rasy1 — Ry
o0C N
é)—tV = —VJv — Rasi1 — Riyv

Jx represents the flux of species X and Rx.y represents the net rate per unit volume of
the reaction of species X and Y (e.g., Rast1 represents the net forward rate of the kick-
out reaction given by Eq. 2.2). The four flux terms are written for point defects and
dopant-defects pairs which are considered mobile, the first equation for dopant does not
have a flux term, since the substitutional dopant is considered immobile. The flux and the
reaction terms also include sums over all charge states. Each additional dopant adds three
additional equations (dopant and dopant-defect pairs) with corresponding reaction terms
added to the point defect equations.

Note that due to the charge of the ions, the continuity equation will not only have a
diffusion component (J4f), but also a drift component (J4ift). The drift terms arise because
the charged species also move because of the electric field, associated with the gradient in

the electron concentration. The total flux of point defects and pairs will be equal to the

sum of fluxes of each charge state i:
7 7diff 7drif
Jiasxyi = Jiasxyt + J(asx)i (2.24)

Since arsenic is a donor (As™), we will write the equations in terms of the single positively
charged donor-defect pair, (AsX)™ which is the pair of a donor plus neutral defect. Thus

the diffusion term is:

j(dzixgxy = —D(AsX)ﬁC(Asx)i (2.25)
= —D(Asxy6 [K(ASX)iC(Asxw(m/ n)H]
= —DasxyiKasxyiV [C(ASX)+(ni/ n)H]

= —D(asx)i K(asx)i [(ni/n)i_16C(Asx)+ + (i - 1)C(AsX)+(ni/n)i_Qﬁ(ni/n)] :
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The drift term becomes:

j’drift )

(AsX)i 1(asx) 1€ C asx)s

= D(ASX)i (Q/kT)igC(AsX)ia (2'26)

where y = D/kT is the mobility according to the Einstein relationship and £ is the electric
field vector. The electric field can be calculated from the gradient of the electrostatic
potential, which in turn can be found from the local carrier concentration, given by a

Boltzman distribution:

n = n; exp (Zi) (2.27)
where ¢ is the electric potential, so
£ = -V¢
= —VI[kT/qln(n/n;)]. (2.28)
Thus drift term is given by:
Ty = iD(asx)iCrasx)iV In(ni/n)

= iD(aex)i [K (s Ciasxy+ (ni/n)™] (n/ni) ¥ (mi/n)
= iD(asx)i K (asx)i Ciasxy+ (ni/n) 2V (ni/n). (2:29)
Adding the diffusion and drift terms we get:
Jasxyr = —Diasxy Kasxy:(ni/n) ™ [VCiasxy+ — Ciasxyr (n/n)V (nifn)]  (2:30)
= —D(asx)i K (asxyi (ni/n)" ™! [6C(ASX)+ - C(AsX)+Vln(ni/n)]

i— = CAS CAS
= _D(AsX)iK(AsX)”;KAs‘L/XO(ni/n) 1 [V( 7rxx> WXXVI <”z>] .

We consider diffusion only via single-charged point defects, X~, X? and X*, giving i =

0,41, 42 respectively. Summing over all the charge states, we get:
Tasx = Y J(asx)i- (2.31)

The macroscopic diffusivities are defined as

cr ;
Xi (AsX)(—D
DAS = D(ASX)(i—l) T (232)
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The separate components of diffusivities such as DXS_ stand for diffusivity of arsenic via
pairing with vacancies in a given charge state (V~ or (AsV)? in this case ). Multiply-
ing the numerator and denominator of Eq. 2.30 by CxsC5c and taking into consideration

Egs. 2.15, 2.19, and 2.32, we can represent the fluxes in terms of macroscopic diffusivities:

Vo \% . \% ) . .
Tasy = —Ps T D (/ Tff) + Das (n/n) [V (—CASV) 4 Cavgyy, (ﬁ)] ,  (2.33)
Vo AY A% n;
R pY 4+ pt* ) I~ . . .
Jaa = —Dast As(p/ni) + Dis(n/mi)) [V (CASI> + Ostg (ﬁﬂ . (2.34)
10 1 1 ng

Note that for arsenic, a donor, we expect DK; and DX: to be negligible, consistent with
experimental results [9, 39].

Now we would like to formally introduce the fractional interstitial component of dopant
under an equilibrium conditions, which may be determined experimentally from oxida-

tion/nitridation experiments, as:

DY DY
f(): As — AS’ 235
‘T DR+DY DL 25
and
DL DL
fr A — _As (2.36)

— pl- V-~ p—

D As T D As D As
We also assume that the diffusivities of dopant-defect pairs are independent of the charge
state. Now we would like to connect the ratio of D, /D3, which can be obtained from
experiments to the parameters of our model. Since

Clasvy® _ Dig (ﬁ) (1 - ff) , (2.37)

C(ASV)+ D?&s U 1- fIO

then

Dy, (1 - f10> DY, Kv-Kxg+)y- (2.38)

DY, \1-Jfi) DY, KvoKyer/vo
Hence, my and 71 can be determined.

The total flux of interstitials in each of the charge states can be written in terms of the

gradient in the neutral concentration and the electron concentration:

.5 N1 .
Jp’ = —Dli (VCP, - ZIS—;CP) = —DIiKIi (%) VCIO, (239)
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where Dy represents the diffusivity of interstitials of charge state 4. Thus the total intersti-

tial flux is:
J_i = Z :]_iz = —Donlﬁclo (2.40)
7
where
x1 =1+ Ky+ <£) + Ki- (ﬁ) . (2.41)
n; n;

We assume that interstitial diffusivity is independent of the charge state, Dy = Djo, since
no experimental evidence exists on this matter.
Similarly we can write for vacancies,

=

JV = —Dvoxvﬁc\/o

xv = 1+ Ky+ (’ng) + Kv- (£> (2.42)

i ng
The expressions for the net rate of pairing and recombination reactions are also summed
over all the charge states. Noting the definitions of i, xv and 71, 7y from Eq. 2.16 and

2.18, we can write down the net reaction rates of the pairing and recombination reactions

as:
Rasy1 = Fkag1[CasCr — %CASI]
Ras+v = kagv[CasCv — :—ICAsV ] (2.43)
Rastyv = kagiyv(CasiCv — CoComrxvCas)
Rasvir = kagy/1(CasvCi — CoChomyx1Cas)
Rasviast = kasv/asi(CasvCast — CoCirommy CXy)

Note that the kinetic forward reaction rate kx /vy for the reactants with diffusivities Dx and

Dy is assumed to be diffusion limited:
kx/y =4dro (DX + DY) , (24:4)

where o is the effective reaction radius.
When other species such as clusters or extended defects are also present, additional conti-
nuity equations must be added and additional terms representing the formation/dissolution

of these species must be included on the right hand sides of Eqgs. 2.23.
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Under intrinsic conditions near equilibrium with no spatial variation in point defect

concentrations, the effective diffusivity of a dopant can be shown to be [39]:

Das _ intrg +(1 _ Iintr)C’V

«  J1 * *
DAS I CV

(2.45)

where, the * denotes equilibrium values.

From Eq. 2.45 it is clear that dopant diffusivities can be altered by changes in point
defect concentrations. Therefore, to understand dopant diffusion in silicon, it is necessary
to understand and model how different processes interact and thus govern point defect

supersaturations.

2.2 Ion implantation damage

In this section, we briefly review the phenomenon known as transient enhanced diffusion
(TED). We discuss initial conditions and assumptions which are commonly used in simula-
tions of ion implant damage evolution and describe how damage evolves during subsequent

annealing.

2.2.1 Initial damage and non-amorphizing implants

First, we briefly describe the process of ion implantation and damage production. During
implantation, dopant ions enter the silicon substrate with high velocity. They undergo a
series of collisions with atoms of the silicon lattice. If during the collision event the energy
transfered to a lattice atom is greater than the energy of silicon bonding, the Si atom is
knocked off its lattice site creating a vacancy and self-interstitial. This displaced silicon
atom is referred to as a recoil or secondary ion. Recoils also collide with other silicon atoms
creating other interstitials and vacancies, i.e. a collision cascade. One ion implantation may
result in the formation of a large number of interstitials and vacancies (100-10,000). If the
density of created damage is high enough, the substrate is amorphized.

During a post implant anneal, most of the Frenkel pairs (interstitial-vacancy pairs)
recombine. This leaves us with “+1” damage, i.e. each implanted ion produces one net

interstitial (I—V). Thus the net (I-V) dose is equal to implanted dose. But depending
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on dopant ion and implant conditions (i.e. energy, dose, substrate temperature) there are
deviations from this simple model. At low temperature for example, vacancy diffusivity is
higher than interstitial diffusivity. Thus vacancies can diffuse away and recombine at the
surface before finding an interstitial. This leads to larger values of net (I-V) dose than
predicted by “+1” also referred as “+N” factor. Therefore more careful calculations are
usually necessary for the accurate estimation of net(I—V) concentration profile and “4+N”
number.

Fig. 2.5 shows the damage distribution after As ion implantation from Monte Carlo ion

implant simulator (TRIM) [105, 14].

2.2.2  Amorphizing implants

In the case of amorphizing implants, the substrate is amorphized up to a certain depth
(amorphous/crystalline interface). Everything above the amorphous/crystalline (a/c) in-
terface is assumed to regrow into perfect silicon crystal, so only damage below the interface
is left (Fig. 2.6). This interstitial rich region is also called the end of range (EOR) region.
The value of amorphization threshold is a defect concentration above which the substrate is
assumed to be amorphized. It is usually defined as a percentage of concentration of silicon
atoms. While the threshold value is not well characterized and depends on implant condi-
tions (temperature, dose rate), the net(I-V) dose is very sensitive to the location of a/c
interface. This is one of the known difficulties in the modeling of amorphizing implants. To
obtain a device junction with low sheet resistance, high doses must be implanted, and the
damage produced by heavy ions such as As leads to the formation of an amorphous layer.
Thus, in most cases, simulation of arsenic diffusion after ion implantation includes modeling

of amorphizing implants.

2.2.8 Transient Enhanced Diffusion

It has been observed that during anneal of damage caused by ion implantation the diffu-
sivity of dopants (such as B, P, As) is greatly enhanced. This enhancement is present for

a short time and after that dopant diffusivity returns to an equilibrium levels [5, 83]. TED
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Figure 2.5: Damage after 32 keV arsenic implant from Monte Carlo ion implant simulator
(TRIM) [105, 14]. Total interstitial and vacancy concentrations are almost equal and sig-
nificantly larger than As concentration. During the ion implantation the fast-moving ion
knocks out the silicon matrix atom leaving the vacancy and creating the interstitial. Hence
the newly created interstitial has a non-zero velocity so there is a separation between the
vacancy and the interstitial. Thus the V-rich region is formed near the surface while the
region enriched with interstitials is deeper in the substrate. Heavier ions, like As, create
larger separation between the V-rich region and I-rich region. In the case of amorphizing
implant V-rich region is usually confined within the amorphous layer, thus after amorphous
region regrowth only I-rich region remains in the system.
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Figure 2.6: Damage after amorphizing implant from Monte Carlo ion implant simulator
(TRIM) [105, 14, 44]. Total interstitial and vacancy profiles are almost equal. The horizontal
dotted line represents the value of amorphization threshold, the damage concentration above
which the substrate is amorphized. The vertical doted line represents the location of the
amorphous/crystalline interface. After annealing the amorphous layer (everything above
the a/c interface depth) regrow into the perfect crystal leaving only the damage below the
interface, End of Range (EOR) damage as shown by solid filled curve. The EOR damage
consists mainly of interstitial-type defects.
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is believed to be related to interstitial assisted diffusion. Interstitials produced after ion
implantation form self-interstitial clusters ({311} defects or “rod-like” defects) [26, 37] dur-
ing initial stages of anneal. As annealing continues, these defects undergo Ostwald ripening
and then they dissolve and disappear. It was reported that the time scale of evolution of
{311} defects is approximately the same as the time scale of TED [26]. {311} defects main-
tain high interstitial super-saturation through the entire time of their existence and thus
enhance dopant diffusivity. More detailed modeling of {311} defect evolution are discussed

in Chapters 3 and 4.

2.3 Summary

In this section, the diffusion of dopants in silicon was reviewed. The vacancy mediated
diffusion and interstitial mechanisms were described, followed by the review of ion implan-
tation damage production and damage evolution during a subsequent thermal anneal for

amorphizing and non-amorphizing implants.
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Chapter 3

ENERGETICS AND KINETICS OF {311} DEFECTS IN SILICON

Molecular dynamics (MD) calculations were used to study the energy of {311} defects in
silicon as a function of size and configuration. The results of these calculations were applied
via the Kinetic Precipitation Model to the analysis of {311} defect growth and dissolution,

which were compared to experimental observations.

3.1 Introduction

{311} defects (also called rod-like defects) are generated during annealing of ion implanted
silicon. They are formed by the agglomeration of self-interstitials into planar defects which
are elongated primarily in (011) directions and lay in {311} planes. During the annealing
of ion implanted samples, extended defects form, grow, and eventually dissolve, or are
converted into other defects (e.g., dislocation loops). It has been reported that the time
scale of their dissolution is roughly the same as the time period over which TED [28, 37]
occurs. This leads to the conclusion that {311} defects store and then release the interstitials
which cause TED. Thus, understanding the structure and kinetics of growth and dissolution
can help us to predict TED behavior.

The atomic structure of {311} extended defects was proposed by Takeda [100], based on
high-resolution transmission electron microscopy (HRTEM) images. The defect structure
consists of parallel reconstructed chains of interstitials oriented along (011) directions. The
structure contains 5, 7, and 8-membered rings, but no dangling bonds.

We start by discussing the calculation method used (the general theory of molecular
dynamics and interatomic potentials for Si will not be reviewed here, but can be found
elsewhere [3, 88]). We then describe considered defect configurations and associated cal-

culation results. Next, we parameterize our results to obtain the minimum defect energy
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as a function of size. This functional dependence is applied in continuum simulations via
the Kinetic Precipitation Model (KPM) [32, 43] and compared to TEM observations of
Eaglesham et al. [37].

3.2 Method of calculation

For calculation of the energy of a range of defect configuration we use constant-temperature
MD with empirical interatomic potentials. Stillinger-Weber (SW) [98] and Environment
Dependent Interatomic Potential (EDIP) [10, 11, 58] are the specific potentials which have
been used. The choice of the SW potential is due to its wide availability and use, so its
major advantages and failures have been reported. EDIP is a more recent advancement
which has been specifically fitted to a set of ab-initio data of various defect structures. It
has a more complicated functional form with 13 fitted parameters, but with a shorter cut-off
radius of 3.12A vs. 3.77A for the SW potential, it is actually more computationally efficient
for large systems.

To simulate {311} extended defects, we use computational super-cells with primary axes
along [233], [311], and [011] directions. The orthogonal unit cell consist of 88 atoms with
unit length of Loy = a\/ﬁ, Loy = a\/2_2, Lo, = a/\/ﬁ, where a =5.43A is a silicon lattice
constant. The computational super-cells were formed by duplication of the unit cell along
primary axes. The super-cell size has been chosen to be large enough in each simulation
to eliminate any significant displacement of peripheral atoms with respect to ideal lattice
sites. Periodic boundary conditions are applied in all three directions. For calculations, we
use the parallel MD simulator MDCASK [20].

For each given defect structure, MD simulations were run to calculate the total energy
of the system and to ensure stability of the configuration. First the atomic positions were
relaxed at 0.1°K, then calculations were performed at 300-600°K temperature for 20000
time steps (about 1 ps) to check the stability of the configuration. After that, the system
was relaxed again at 0.1°K to obtain the total energy. For temperature control, we used

Langevin dynamics.
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The total formation energy of a given defect configuration is defined as

Ndef 4+ Nperf

E}Ot — E( Ndef + Nperf) _ ~pert

E(NPeT) (3.1)

where N9 is the number of self-interstitials, NP'f is the number of atoms in the perfect
crystal structure, and E(NPf) and E(NIf 4 NPef) are the energies of the perfect crystal
and the structure with an extended defect, respectively. The formation energy per intersti-
tial is defined as E?Vg = E}Ot /N9f Our calculations confirm that, as previously reported,
the (110) split interstitial is the lowest energy configuration for a single self-interstitial for
both SW and EDIP potentials [58]. Our calculations give E} = 4.45eV for SW potential
and 3.4eV for EDIP.

The atomic structure of {311} defects has been proposed based on HRTEM images [100],
and examined by a number of different computation techniques [61, 63]. It is believed that
{311} defects are formed by interstitial chains in the (011) direction, arranged next to each
other at distances of 6.37A or 12.74A. For the larger spacing, the interstitial chains are
separated by a structure containing eight-membered rings, but no extra atoms. We follow
the recipe of Kim et al. [61] to construct different defect configurations. Interstitial chains
of finite length L were placed in {311} direction without any separation units to form a

rectangular-shape defect(EJI---IE in the notation of Takeda et al. [100, 63]). Fig. 3.1

w
presents an example of two interstitial chains in (011) direction, arranged next to each

other.

3.3 Results

We find that, as expected, the formation energy per interstitial E;Vg decreases for longer
chains. As can be seen from Fig. 3.2, the formation of wider clusters is preferred for larger
sized defects, while small defects tends to be narrower. The crossover point in energy for
defects with different length to width ratios correspond to two defect configurations with
the same number of interstitials and total energy, but having different aspect ratios. Beyond
this point, the wider defect is energetically more favorable. However, beyond about three or

four chains, the energy reduction in going to wider chains even for very large defects becomes
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Figure 3.1: Two interstitial chains (dark circles) in (011) direction, arranged next to each
other at distance of 6.37A. Defect structure contains 5, 7 and 8-membered rings but does
not have any dangling bonds.

very small. This is consistent with the experimental observation that for visible defects, the
defect width remains approximately constant at about 4nm [37]. This is equivalent to a
width of 5 chains as they are spaced at a distance of 6.37A, with an additional structure of
equivalent width on each side.

Fig. 3.3 shows the total formation energy of small rectangular-shaped defects as a func-

tion of chain length for different widths. The simple approximation formula
E}Ot =CW+CoL+C3sWL (3.2)

interpolates these MD calculations results fairly well, where W and L are the defect width
and length respectively measured in number of interstitials, C; and C5 represent the extra
energy associated with the edges, while the last coefficient C3 represents an area (or total
number of defects) term. Table 1 summarize results of interpolation constants for SW and
EDIP potentials. Also shown is E?%°, which is the calculated value of energy per interstitial
for an infinitely large planar defect. The difference between C3 and E'°° shows that Eq.

3.2 cannot be used effectively to extrapolate to larger sizes. We found that the following
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Figure 3.2: SW potential has been used to calculate formation energy of extended defect
per interstitial E;Vg with respect to the number of interstitials in defects for different con-
figurations. The crossover points correspond to defects with different aspect ratio but the

same formation energy. There is only a small gain in energy for widening more than up to
width 3 or 4.

Table 3.1: Coefficients of interpolation functions for SW and EDIP potentials. All param-
eters are in units of eV.

Ci | Co | C3 | EF | B | B2 o'

SW 2.8210.63 | 1.10 | 1.24 | 0.59 | 2.72 | 2.05

EDIP | 3.32 | 0.62 | 1.25 | 1.39 | 0.51 | 3.38 | 2.3
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potential.
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expression interpolates result, including large size behavior, much more accurately:
Eft = WL (EF + LW ™) + B (3.3)

We also studied non-rectangular defect configurations to obtain the energetics of capture
of isolated interstitials by {311} extended defects. In particular, we examined energies
associated with partial (011) interstitial chains arranged parallel to existing rectangular
defects. For the simulations, we used 3x2x 14 computational supercells with 7392 atoms plus
the number of atoms in the extended defect. Total energy analysis of these configurations
showed that the energy is almost independent of where the partial chains were located along
the length of the extended defect. Results for defects of length 12 and various widths are
shown in Fig. 3.4, with the energy difference per interstitial plotted for each new pair of
interstitials added to the existing defect. Our calculations show that there is a substantial
energy penalty for adding the first pair of interstitials starting a new chain, but the energy
needed for adding more interstitials to partial chains is lower and approximately constant.
Note also that the energy is higher to form the first chain and slightly lower for the second
chain, but approximately equal for subsequent chains.

Since the {311} defect structures may not be the lowest energy configurations, a larger
range of configurations for small defect clusters needed to be analyzed in order to obtain
an accurate dependence of energy on extended defect size. We simulated interstitial cluster
energies starting with a range of initial configurations, including the structures proposed by
Arai et al. [6] and Bongiorno et al. [15], as well as interstitial chains in the (011) direction.
The initial configurations were annealed via MD simulations at 900°C and then quenched.
The resulting formation energies per interstitial for the lowest energy configurations are
shown in Table 3.2.

Assuming that transitions between configurations occur readily, what is most important
for extended defect growth is the minimum energy for any given defect size (number of
incorporated interstitials). We can minimize Eq. 3.3 with respect to width keeping the

total number of interstitials in defect constant to find the optimum aspect ratio: We, =
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Figure 3.4: Energy per interstitial for adding extra pairs of interstitials to an existing defect

of length 12 and varying width. Simulation results obtained with SW potential.

Table 3.2: Formation energies (in eV) per interstitial E7'® for small interstitial clusters. I,
stands for the compact cluster with n interstitials.

Iy I3 1y
SW 3.1 2.4 | 2.15
EDIP || 3.04 | 2.37 | 2.20
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Figure 3.5: Comparison of minimum {311} energy per interstitial from interpolation func-
tion versus size (Eq. 3.4) to MD simulations (SW potential). Also shown are the calculated
minimum energies of small clusters and associated interpolation function (Eq. 3.4).

(nB1/ ﬂ2)1/ (1+@)  For this aspect ratio, the minimum energy as a function of defect size n is

1/(1+a)
ﬁl”) ’ (3.4)

EP™ = E¥n + 2 (—
B2,

This expression is compared to MD calculations in Fig 3.5. Also shown are the energies of

smaller clusters, which are significantly below that of {311} defects for sizes 2, 3, and 4.

3.4 Evolution of {311} defects

To model the evolution of {311} defects, we have applied the Full Kinetic Precipitation
Model (FKPM) [32] to interstitial aggregation. The driving force for {311} formation is

minimization of the free energy of the system. The difference in free energy between n
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isolated interstitials and a size n extended defect is given by:

AG, = —nkTIn Cr

+ AGEe, (3.5)

55
where C;; is the effective solid solubility of interstitials associated with the formation of
{311} defects (concentration of interstitials at equilibrium with an infinitely large defect),
and AGE* is the excess energy associated with a defect of finite size n. We consider discrete
equations up to size 1000 to avoid any finite size effects.

During TED, the surface is the main sink for interstitials. We use a simple surface re-
combination velocity. Surface recombination, I/V recombination and {311} growth are all
assumed to be diffusion limited. Bulk point defects diffusivity/equilibrium concentration
(e.g., DiCY) are from metal diffusion [16, 17, 22] with diffusivities taken from MD calcula-
tions [101, 55]. The initial defect profiles are calculated from Monte-Carlo simulations using
UT-MARLOWE [78]. The system has been implemented in DOPDEES [42].

Eaglesham et al. [37] implanted 5x10'® ¢cm~2 Si implants at 40 keV and annealed the
samples at 815°C and 670°C. They measured the resulting {311} densities using transmis-
sion electron microscopy (TEM) and reported the moments of this distribution. We use
our expression for energy as a function of defect size Eq. 3.4 for defects of size 8 and larger
(Fig. 3.5). We used the calculated energies of the small compact clusters of sizes 2, 3, and
4. Since no information about the energy barrier and/or the pathway for compact cluster
to transform into the {311}-type defect is obtained we assume that the energy per defect is
constant for small sizes 5, 6 and 7 and is equal to the energy per interstitial of a size four
defect (and {311}-type defect of size 8). One fitting parameter Cg is used in the simulation
to fit the evolution of the number of interstitials in these defects.

It can be seen that we are able to obtain a good agreement with experimental data
Fig. 3.6. We also found that the results are quite sensitive to the assumption made about
the energies of small-sized defects. We repeated calculations with energies obtained by
EDIP potential but are not able to get a good match to experimental data. EDIP gives
a lower formation energy of isolated interstitial and higher energy per interstitial of large
size defect compared to SW, hence giving less driving force for defect growth. Comparison

of the size distribution produced by our model to the average size reported in experiment
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Figure 3.6: Comparison of FKPM predictions to evolution of density of interstitials in {311}
defects. Simulations show good match to experimental observations at both temperatures.
Data from Eaglesham et al. [37] for 5 x 10'® cm~2 Si implants at 40 keV annealed at 815°C.

shows that we considerably underestimate average size of the defect. This may be caused
by estimation of energies of small clusters, since there is a big energy gain in agglomeration
of free interstitials into defects of size 2, 3, 4 but less gain in formation of larger defects.
Further examination of small clusters energies and cluster growth kinetics are required for

more complete understanding of {311} nucleation and growth/shrinkage.

3.5 Conclusions

In summary, we used MD simulations with empirical potentials (SW and EDIP) to calculate
the energy versus size and shape for interstitial aggregates, particularly {311} defects. Using

the calculated energy versus size relationship, we compared the predicted {311} kinetics to



experimental observations of {311} growth/dissolution.
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Chapter 4

SELF-INTERSTITIAL CLUSTERS IN SILICON

In Chapter 3, we demonstrated that the simulation of {311} defects is quite sensitive to
the assumptions we made regarding the structure and energy of small interstitial clusters.
In this chapter, we analyze the initial stages of agglomeration of self-interstitial clusters
and present a computationally efficient model. This model takes into account both small

interstitial clusters as well as {311} defects.

4.1 Introduction

Atomistic calculations are used by various researchers to study small self-interstitial clus-
ters [60, 61, 6]. Several structures (also referred to as compact clusters) are reported to
be stable with respect to isolated interstitials and more stable than elongated ({311}-type)
defects of the same size. However, compact clusters have very different structures than
elongated defects, leaving the question of the pathway from one type of cluster to another
open.

One commonly used experimental method to study self-interstitial agglomerates in Si is
TEM observation. However, it is virtually impossible to identify small clusters containing
less than 10 self-interstitials, even by High Resolution TEM. Another technique used to
study small interstitial clusters and {311} defects is based on boron marker layer diffusion.
Marker layer diffusion enhancement is measured as a function of time, and conclusions can
be made on the energetics and stability of defects, since lower interstitial supersaturation
corresponds to more stable defects. At temperatures above 800°C, interstitial clusters grow
rapidly, and no useful information can be extracted about small clusters, since the average
size increases to dozens or even hundreds of interstitials within the first few seconds of

annealing. To effectively slow down growth, experiments should be carried out at low
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Figure 4.1: Binding energy for interstitial clusters as a function of size reported by Cowern
et al. [27]. The peaks correspond to the most stable clusters of size 4 and 8.

temperatures. In experiments by Cowern et al. [27] described below, anneals were performed

at 600°C, 700°C and 800°C at times as short as 1 sec.

4.2 Overview of Experiment

Cowern et al. measured TED of B-doped marker layers to determine the transient interstitial
supersaturation during cluster formation and growth. 2 x 10'3 cm~2 Sit were implanted at
40keV and annealed at 600°C, 700°C and 800°C for various times [27]. They used inverse
modeling to derive the binding energy, Ey,(n), versus size relationship for self-interstitial
clusters from interstitial supersaturation. The extracted values for F}(n) are shown in
Fig. 4.1. They found two energetically stable small clusters at sizes four and eight with less
stable adjacent clusters at sizes seven and nine. Near-constant behavior was assumed for

large (n > 15) rod-like defects.
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Cowern et al. [27] derived their model based on the assumption that small self-interstitial
clusters grow and transform into {311}-type defects. More recent theoretical studies [81]
have not found any energetically favorable transition pathways between small compact struc-
tures and elongated {311} defects. Also, the number of parameters optimized by Cowern
et al. exceeded the number of data points available from the experiment. Therefore, in this
chapter, we present our study of small interstitial clusters based on the experimental data
from Cowern et al. [27] and on the assumption that no transition between these compact
clusters and {311} defects occurs for clusters of size three and larger, and thus they interact

only via the concentration of free interstitials and di-interstitials.

4.3 Model

4.8.1 Full Set of Reaction Rate Equations

Our MD calculations (presented in Chapter 3) and ab-initio results by Kim et al. [60] in-
dicate that the compact cluster of size 4 is energetically more favorable than the elongated
defect of size 4, while {311}-type defect of size 5 is more energetically stable than the com-
pact cluster of size 5. Hence, we assume that there exist two populations of interstitial
clusters: small compact clusters up to size 4 and {311} defects (size 3 and up). There is no
transformation between the two and their behavior is only related through the supersatu-
ration of free interstitials. A size 2 {311}-type defect is assumed to be the same as size a 2
compact cluster.

Growth and dissolution of self-interstitial clusters is generally assumed to proceed by
absorption or emission of a single interstitial [43], e.g. cluster I,, can grow or dissolve with

addition or release of interstitial I:

T +1 Ty (4.1)
acs,
gD = RIn/I (4.2)
"Ry n>2
oG _ /b T2 (4.3)

at _2RI/17 n=1
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The rate of formation of size n + 1 cluster from size n cluster is given by

Ry, )1 = 4nA D (clnol - ﬁ) , (4.4)

where Dp is the interstitial diffusivity, A, is the reaction capture radius and should be
estimated based on cluster geometry. For compact clusters we assume a linear dependence
of capture radius on cluster size, A, = nag/2, where q is silicon lattice constant, while for
{311} defects we use the analysis of Gencer based on calculation of the steady state diffusion
field around a rectangular shaped precipitate [44].

The equilibrium constants, Ky, ;1 are given as,

Ky, 1= (C}Si) exp [E;;g?)] , (4.5)

where Cs;i = 5 x 10*2 cm 2 is the density of silicon atoms, Ey(n) = Ef(n) — (Ef(n — 1) +

E¢(1)) is the binding energy, and E(n) is the formation energy of a cluster of size n. In
our simulations the binding energies of small clusters (E,(2), Ep(3) and Ey(4)) are free
parameters. From Eq. 3.2 the optimum aspect ratio is given by Wop, = +/Con/C1, and for

this aspect ratio the minimum energy of a defect is given by:
E}nm(n) = Alx/ﬁ + Csn, (4.6)

where A; = 24/C1C5. Since the absolute values calculated via empirical MD are not very
accurate, we keep the functional form of Eq. 4.6 while using A, and Cj as the free parameters
to be determined during the simulation. Discrete reactions are solved at each size up to size
1000 to avoid any finite size effects. A “4+1” model has been assumed, and the problem has
been solved on a single grid point to reduce computational time.

The PROFILE [82] non-linear optimization software package has been used to determine
the values of the fitting parameters. The 600°C and 800°C supersaturation data from
Cowern et al. [27] and experimental data from Eaglesham et al. [37] on density evolution
of {311} defects at 815°C have been used for the parameter optimization. Fig. 4.2 shows
a comparison of simulation results to interstitial supersaturation from Cowern et al. [27].
The comparison of evolution of density of interstitials in {311} defects to experimental data

from Eaglesham et al. [37] is presented in Fig. 4.3.
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Figure 4.2: Interstitial supersaturation as a function of annealing time and temperature.
Symbols represent experimental values from Cowern et al. [27]. Solid lines represent simu-

lation results.



40

N
~

10
=
S
@
Q 13
210
()]
£
1%}
<
7 m Data (815°C)
£ 10" . —— Model (815°C) m
= :
>
§ u
[)
()]
1011 ) L ) e
10° 10' 10°
Time (s)

Figure 4.3: Comparison of the full model predictions to evolution of density of interstitials
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41

N

[
—————r

>

=
[
——

| @ ---@ compact clusters (model)
. —— {311} defects (model)
' /~-—/ small clusters (ab-initio)

05 S e
1 10 100

Defect size (n)

Formation Energy per Defect, eV
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Interstitial cluster formation energies extracted by our analysis are plotted in Fig. 4.4.
The open triangles represent formation energies energies of compact clusters calculated by
Kim and co-workers [60] plotted for comparison. We would like to note that the formation
energy of self-interstitial given by ab-initio calculations [60], E(1)=3.35 eV, is different from
the value we use in our simulations, E;(1)=3.78 eV, based on experimental data for silicon
self-diffusion (D;Cf by Ural et al. [104]) and MD calculations for silicon diffusivity [55], so
the difference is expected to be present.

Fig. 4.5 shows a typical size distribution after anneal at 600°C. At short times, the peak
corresponds to the most stable small cluster at size four. Because the energy is smooth and
a monotonic function of size for {311} defects, the size distribution and evolution for large

clusters is also a well behaved function. At longer times the distribution peak shift towards
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Figure 4.5: Time evolution of the cluster size distribution at 600°C.

the larger clusters. These larger defects are energetically more favorable and maintain lower

supersaturation of interstitials as can be see in Fig. 4.2.

4.3.2 Moment-Based Model

The set of discrete rate equations described above is computationally very expensive, since
the full size distribution is tracked at each point in space. If the problem is solved in
multiple spatial dimensions the number of equations becomes prohibitively large. Clejan
et al. developed a more efficient approach based on considering the size distribution in terms
of a small number of moments [25]. Only the evolution of those moments are considered
rather than the full distribution.

We use discrete rate equations for small clusters up to size 4 and a moment based
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approach for {311} defects (n > k, kK = 3). The moments are defined as:

o0

m; = Z nifna (4.7)

n=k
where ¢ = 0,1,2, ..., and f, = (g, is a size distribution. The zero-th order moment of the
distribution is simply the precipitate density, while the first moment corresponds to the
density of precipitated solute atoms. Higher order moments further describe the shape of
the size distribution. This transforms the system for large size clusters to the following set:

om;

ot

= KRy + f: [(n+1)" = n'| Ry (4.8)

n=~k

Note that the sums over the R,, can be written in terms of sums over f,, nf,, etc. Hence,
they can be calculated from the moments if moments are used to describe the distribution.

This reduces the system of equations to:

om; . _
atZ = Dy [kZAk_chfk_l + mOCI’)’;_ - mOCss'Yi ]
o
o= Y ) —nl A (4.9)
n=k
A ~ w . . ~ ~
o= b= DMaCia it Y o= (=1 AaCi i fa

n=~k
where C* = C*/Cys and f,, = frn/mo.
Since we want to develop the most computationally efficient model, we consider the
possibility of representing the system in terms of its first two moments following the work

of Gencer and Dunham [44]. This reduces the system for large size evolution to:

6 ~ —
% = D ()\k_lclfk_1 — ’mOCss’Yo )
6 ~ —
% = Dy (k)\k_101fk—1 +moCry; —moCes ) (4.10)
oct  omy dmyg
Ofk—1 _ _9myg
ot ot

where

Y = Me—1Cr_y f
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W= Y Ak (4.11)
n=~k

[e.e]
o= (k=D + Z An-1C5_1 fn

n=k

In order to solve this system of equations we need to assume that it is possible to
write gammas in terms of moments for which we are solving, my and mj. Since -y; are the
functions of normalized size distribution function fn, we assume they depend on mg and
mq only through the ratio m; = m/my, the average size.

Using the full set of rate equations, it is now possible to calculate y; numerically. The
full rate equation model was simulated at a single grid point. A large maximum size of 1000
was chosen to remove any errors due to pile-up at the largest size. The simulation was run
for different times to extract ; and Mm;. Fig. 4.6 shows -y; plotted against 7, extracted
from the full model. In the reduced model only Eq. 4.11 and Eq. 4.1 for small sizes 2, 3,

and 4 need to be solved. Now +; can be replaced by piece-wise interpolation function.

4.83.83 Recombination with Vacancies

Since we intend to use our model for the simulation of post-implant damage evolution we
need to include the recombination reactions of interstitials and clusters with vacancies. Free

interstitials can recombine with free vacancies as:
1+V & 0. (4.12)
The reaction rate is given by:
Ry)v = 4mao(D1 + Dy) (Ci1Cv — C7CY), (4.13)

where Dy is vacancy diffusivity, * denotes the equilibrium concentrations of point-defects,
aq is silicon lattice spacing.

Vacancies may also recombine with interstitial clusters:
Ii+1+V e, (4.14)
The reaction rate is given by:

Ry, . /v =47Anp1 Dy (fn+1CV - Kj*”/\/) ) (4.15)
n+1
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Figure 4.6: 75, 77, and ;" extracted from the full system of rate equations for 815°C. In
the reduced model, gammas are replaced by piece-wise approximated functions.
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with equilibrium constant given by:

1
Ky, . )v= m (4.16)
During the post-implant anneal the concentration of point-defects is much larger than the
equilibrium values. Hence, we can simplify the recombination reactions. Under these con-
ditions the reverse reactions of Eq. 4.14 is negligible and can be ignored, with the reaction
rate given by:

Ry, . /v =47An41Dy frn41Cv. (4.17)

Taking the sum over all recombination rates (Eq. 4.17) and taking into consideration
the definitions of the 7; and moments, we can write the recombination reactions in terms

of the first two moments of the size distribution:

om
—8t0 = —Dvcvmoﬁ(l)—/v (4'18)
omy /v
o = —DVCVm0(<k_1) 0/ +’YfL) (4.19)
oC!
—atv = —Dvcvmo’)’f_ (420)
Ofr_
it = pyovmesl!” (4.21)
where
I M 1 (4.22)

=Y —=—
0 O X1 Gy
Finally we can write down the full system of equations for the reduced model including

recombination with vacancies:

om, ; -
8—150 = Dy (Ak—101fk—1 — mopCssg ) - DVCVmOﬂé/V
om P
b = Di(kM-1Cifact +moCryf —moCisni) = DyCymo((k = 1" +7)
oct om omy
a@% = —Dvc\/mo’ﬂ'— — 471'(10(DI + DV)CICV
afk—l _ dmg
ot ot

(4.23)
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This set of equations along with the Eqs. 4.2 and 4.3 for sizes 2, 3, 4 of compact clusters

fully describes our system.

4.4 Application to Post-implant Damage Evolution (“+4N” factor calculations)

In this section, we use the model for interstitial cluster evolution described above and a
vacancy clustering model from Chakravarthi and Dunham [23] for the calculation of “4+N”
factor. The +N factor is often defined as

_ Ny — Ny

+N
NAs

(4.24)

[19], where N1 and Nag are the doses of interstitial and arsenic respectively.

Implant simulators (we choose UT-Marlowe [78]) may be used to simulate the damage
cascade production in Si. To calculate the +N factor we applied the following recipe. We
start with the “+1” model, assuming that interstitial profile is equal to the one of the

dopant. Then we calculate the time-integrated interstitial supersaturation predicted by our

t>end of TED
Spot = / (ﬁ - 1) dt. (4.25)

model:

t=0 Ct
The St may be thought of as an enhancement to the diffusivity of boron marker layer
Dy /D3 — 1 excluding the normal diffusivity. Then we repeat calculations of Syt using
point defect profiles from ion implant simulator. The ratio of the two gives the +N factor:
full damage
+N = “T (4.26)
Fig. 4.7 shows the energy dependence of the +N factor for non-amorphizing As implants.
5 x 103 cm 2 AsT implantation was simulated with the UT-Marlowe [78] ion implantation
simulator. The +N factor first increases with energy and then decreases. At higher en-
ergies, the separation of interstitials and vacancies is larger, leading to more pronounced
and separated V-rich and I-rich region. Also the distance vacancies and interstitials need
to travel to the surface is larger. This increases the probability for a vacancy to recombine

with interstitial before it reaches the surface, thus reducing the number of interstitials that

survive the initial recombination and reducing +N factor. We attribute the reduction in
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Figure 4.7: +N factor as a function of energy for non-amorphizing implant. 5 x 10'3 cm™=2

As and Si implantation was modeled with the UT-Marlowe [78] ion implantation simulator.

+N number at low energies to the damage cascade production simulated by BCA software
(UT-Marlowe). At the low implantation energy the secondary recoils have lower energy and
travel shorter distances from the vacancies, thus producing more compact damage pockets.
The proximity of interstitials cause increased recombination of vacancies and reduce +N

factor since fewer of vacancies can escape to the surface.

4.5 Summary

A set of discrete cluster equations was utilized to model interstitial cluster evolution after
ion implantation in Si. Two independent populations of self-interstitial clusters have been
considered: {311} defects and compact clusters. The system modeled the time and tem-

perature dependence of interstitial supersaturation, as well as the size distribution during
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the post-implant anneal. A procedure was implemented to reduce this complex model into
a simple two-moment model. The parameters for this reduced model were derived from the
full rate equation model, and were found to give a good prediction of experimental data.
This computationally efficient cluster/two-moment model was applied to the calculation of

+N factors for Si and As.
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Chapter 5

ELECTRICAL ACTIVATION/DEACTIVATION OF ARSENIC

In this chapter, different aspects of arsenic electrical activation and deactivation are
discussed. We start by describing equilibrium levels of activation, then review experiments

and models aimed at understanding deactivation mechanisms.

5.1 Arsenic in silicon: equilibrium level and kinetics of deactivation

Understanding and modeling arsenic deactivation requires determination of both equilib-
rium levels of electrical activation as well as deactivation kinetics. To determine equilibrium
level of activation, electrical measurements, for example Hall measurements, may be carried
out. The simplest method is to anneal isothermally until the sample reaches equilibrium.
Depending on thermal history, a sample may have a transient of activation with anneal time.
Equilibrium is reached when further annealing does not change the electrical activation level.
This method has been used by several researchers. For instance, Hoyt et al. summarized
electrical activation levels measured by various researches and found an Arrhenius depen-
dence [53]. Derdour et al. [29] have extended measurements to a higher temperature range.
They found substantial deviations from Arrhenius behavior in both high and low temper-
ature regimes. For high temperature, it is because the deactivation kinetics is fast enough
that during cooling-down the sample deactivates. At low temperatures, kinetics become so
slow that practical experiments never reach equilibrium. It is difficult to determine whether
actual equilibrium is reached, since the change in activation becomes very small. How-
ever it has been reported that arsenic shows strong deactivation for temperatures as low as
400°C [76].

Another aspect of equilibrium arsenic activation is how active concentration depends on

total chemical concentration. Experimentally, various authors have shown that active equi-
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Figure 5.1: Isothermal anneal of laser annealed samples. Data from Luning [72]

librium level gradually saturates as the total chemical concentration of arsenic increases.
This behavior is consistent with a clustering rather than precipitation deactivation mecha-
nism. Although knowing the equilibrium activation is important, understanding of deacti-
vation kinetics is necessary for modeling of arsenic deactivation.

We shall briefly review experimental observations to show important features of the
kinetics of deactivation. In Fig. 5.1, results of an isothermal anneal study by Luning [72] are
presented. Samples were initially fully activated by laser melt and then annealed at constant
temperature. 4-point probe measurements were used to measure electrical activation, Hall
measurements were used to verify the mobility. There are several key features we want to
note. First, there are two clearly distinguishable phases of the process. Initial deactivation
is very rapid; it happens within 15 seconds. After the initial phase, deactivation continues
but on much slower scale. Although the equilibrium activation level is lower for 500°C than

for 800°C, the latter shows lower activation since kinetics are faster for higher temperature.
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5.2 Literature overview

In this section, published results are reviewed. We start with an overview of experiments
aimed at understanding of arsenic deactivation and the physical mechanisms responsible.

Then, the most relevant modeling efforts published prior to this work are described.

5.2.1 Ezperimental overview

The electrical deactivation of arsenic has been a subject of ongoing research. Both clus-
tering [80, 84, 102, 41, 46] and precipitation [4, 76, 7] have been proposed as possible
mechanisms of deactivation by various researchers. It is difficult to decide which model
describes the actual phenomena since both offer good explanations for some of the experi-
mental observations. No known criteria may hinder one from using both theories separately
in different temperature/concentration regimes, or simultaneously as competing processes,
or clusters being precursor for larger size precipitates.

We would like to note that in the silicon lattice arsenic atoms, being larger than Si atoms,
cause local lattice expansion. Also, As having a valence of 5 needs three electron to complete
the outer shell, so only three nearest neighbors are needed. These intuitive considerations
help explain why arsenic in silicon deactivates and what possible inactive structures we might
expect. One possibility for arsenic deactivation is formation of monoclinic SiAs precipitates.
In this structure, arsenic has three nearest neighbors and silicon has four. This structure
was extensively studied by Wadsten [107]. The As-Si phase diagram is presented in Fig. 5.2.

Solmi et al. have measured maximum concentration of As dissolved in the silicon lattice
after equilibration with its conjugate SiAs phase [77]. Based on high resolution TEM mea-
surements, they conclude that the immobile inactive phase is monoclinic SiAs precipitates,
which they observe at the Si/SiOg interface. Only a small fraction of soluble arsenic (about
10%) is electrically active. Fig. 5.3 shows dopant and carrier profiles measured in samples
heavily doped with arsenic. Solmi et al. have identified the solid solubility of arsenic in
silicon as Css = 1.3 x 10%exp(—0.42/kT) cm~2 and the limiting value of electrically active
arsenic concentration being n, = 2.2 x 10%2exp(—0.47/kT) cm~3 (see Fig. 5.4).

Armigliato and Parisini have found by TEM the existence of monoclinic SiAs precipitates



53

Atomic Percent Arsenic

0 10 20 30 4 50 60 70 8 90 100
1500 5 | I I I I T
1414°C _
I S P = ~ 40kbar
1300 1 T~o L |
\\
1200 { o AN |
%) (S) 1007% AN 1113°C
o 1100 > :
g
2 1000 | 977’ C s
o]
Q.
5 90 | :
a 2 797°c \ | 817°
800 1 (%) N
]
<
700 1 & |
600 (As) I
500
| | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
S Weight Percent Arsenic As

Figure 5.2: Arsenic-Silicon phase diagram [79]. At high concentrations arsenic in silicon
forms a monoclinic SiAs phase.
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Figure 5.3: Dopant and carrier profiles measured in sample heavily doped with arsenic.
The shoulder concentration in dopant profile corresponds to equilibrium between arsenic
and its conjugate phase, SiAs precipitates. This value is constant with increasing anneal
time and corresponds to the arsenic solid solubility value. The dotted line corresponds to

the equilibrium carrier concentration, n., and is about 10% of total soluble fraction. Data,
from Solmi et al. [77, 96].
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at the Si/SiOq interface in heavily As-doped silicon samples and confirmed the stoichiometry
by x-ray microanalysis [8]. Armigliato et al. showed the presence of SiAs precipitates by
TEM but they did not account for all inactive arsenic even if one were to presume pure As
precipitates instead of SiAs [7]. Therefore, a significant portion of inactive arsenic is still
unaccounted for, even though the existence of precipitates seems probable. It is possible that
smaller precipitates may form with sizes undetectable by TEM, or that clustering occurs.

Solmi and co-workers have shown that during deactivation the electron concentration
exhibits a reverse annealing phenomenon [97]. This phenomenon consists of a transient in-
crease of the carrier density taking place when a supersaturated sample, previously annealed
at some temperature, is further annealed at a higher temperature with respect to which it is
still in super-saturation. This behavior suggests that at least two different structures exist
with different free energies. Existence of reverse annealing is a well known feature of the
initial stages of precipitation [24].

The competing explanation is that clustering is responsible for electrical deactivation of
arsenic. Many different types of clusters have been proposed. Tsai et al. have shown by
simple mass action analysis that Asj + cluster fits equilibrium active concentration [102].
Pandey et al. have proposed As,V cluster as the most energetically favorable based on
ab-initio calculations and analysis of Extended X-ray Absorption of the Fine Structure
(EXAFS) measurements [84]. There is a strong attractive interaction between arsenic and
vacancies due to the combination of strain compensation and valence, which seems reason-
able given that this configuration allows each valence five As to have 3 nearest neighbors
and silicon atoms to have four nearest neighbors. AsoV was proposed as an initial cluster
by Parisini et al. to explain transition from a lattice contraction of fully activated by laser
melt sample to a dilatation in the deactivated sample observed by Double-Crystal X-ray
Diffractometry (DCD) and the formation of interstitial loops during deactivation [85]. In
their model, deactivation is described by the capture of two electrons from a pair of As
atoms in the second neighbor position in the Si lattice (AsSi), leading to the formation of

a positively charged arsenic-vacancy cluster (AsoV)™ , and to the emission of a negatively
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charged silicon self-interstitial I™:
AsoSitt +2e” & AsoV + 17 (5.1)

A number of other papers have been published aimed at understanding the physical
mechanisms responsible for arsenic deactivation. It was found that As-As bonding is not
favored [2, 38]. Allain et al. performed EXAFS measurements on As heavily doped silicon
after laser and subsequent thermal annealing in wide range of temperatures [2]. At low
temperature (below 750°C), they proposed formation of inactive clusters involving 7+4 As
atoms around one vacancy, with the number of arsenic atoms around a vacancy increasing
during deactivation. For higher temperatures, sphalerite precipitates and clusters might
coexist in thermal equilibrium. Pandey et al. show deactivated arsenic with only three
nearest neighbors, which seems to confirm an arsenic-vacancy cluster [84]. However, this
result may also be explained by formation of monoclinic precipitates, where arsenic has only
three neighbors.

Subrahmanyan et al. used point-defect injection experiments to provide evidence that
deactivated arsenic exists as an arsenic-vacancy complex [99]. Saarinen et al. combined
positron lifetime and electron momentum distribution measurements to investigate for-
mation of arsenic-vacancy defects in highly As-doped silicon [93]. These complexes were
identified as As3V.

Rousseau et al. published a set of experimental results that suggest formation of arsenic-
vacancy clusters. Generation of As,V complexes was verified using positron-beam tech-
nique [70]. The average number of As atoms per complex was determined to be, n > 2 and
increasing during deactivation. Based on X-ray Standing Wave spectroscopy (XSW) mea-
surements, they concluded that deactivated arsenic remains in coherent lattice sites even
though about 85% of arsenic becomes electrically inactive [89, 51, 52]. This means that
either arsenic-vacancy clusters or coherent precipitates form, ruling out arsenic-interstitial
clusters, arsenic clusters in which As atoms are not in substitutional sites, or monoclinic
AsSi precipitates.

Shibayama et al. observed diffusivity enhancement underneath high concentration ar-

senic layer during thermal anneal [95]. Arsenic was diffused into silicon from arseno-silicate
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Figure 5.5: Schematic diagram representing the experimental structure used by Rousseau
et al. [90]. During annealing arsenic layer deactivates kicking out interstitials; which en-
hance diffusion of buried boron marker layer.

glass at 1000°C. Enhancement of arsenic and buried boron layer was observed after 500-
800°C anneal. Normally at these low temperatures dopant diffusivities are low. Boron is
purely an interstitial diffuser, suggesting strong interstitial ejection from deactivated layer.
It was also observed that during arsenic deactivation interstitial type defects ({311} /loops)
form and grow, suggesting very strong interstitial super-saturation during arsenic deactiva-
tion [7, 85, 71, 31, 30].

We are going to describe one of the experiments by Rousseau et al. [90] in more de-
tail, since we choose it for comparison with simulation results provided by our model. The
model and comparison to experimental data are presented in the Chapter 6. A uniform
high concentration arsenic layer was initially formed by laser melt (see Fig. 5.5). A buried

boron marker layer was used to measure interstitial super-saturation. Subsequent thermal



59

annealing at temperatures between 500°C and 750°C causes arsenic deactivation and strong
diffusion enhancement of the boron marker layer for times as short as 15 sec. At this low
temperature normally one does not expect to observe any noticeable diffusion. Diffusion
enhancements of up to 10° have been measured. A study versus time demonstrates that
the enhanced diffusion transient and deactivation transient are similar, indicating a strong
correlation between the two phenomena. TEM studies show that a large interstitial su-
persaturation nucleates dislocation loops and {311} defects. Rousseau et al. proposed that
arsenic deactivation forms small clusters of various sizes around vacancy with the injection

of an associated interstitial into the bulk [90].

5.2.2  Qverview of modeling efforts

In this section we are going to review the models proposed for arsenic deactivation. Guerrero
et al. presented a generalized model for arsenic deactivation based on mass action law [49].
From the comparison to experiments they concluded that the following reaction provides

the best fit to experimental data:
Asi T +e & As]T. (5.2)

This model was derived based on equilibrium levels of electrical activation and did not at-
tempt to simulate kinetics of deactivation. Dunham developed a general kinetic precipitation
model (KPM) which considers the time evolution of the precipitate size density, and is able
to account for various experimental observations including reverse annealing behavior [32].
Clejan and Dunham introduced an efficient moment-based model for quantitative modeling
of precipitation processes [25]. Dokumaci developed a model which describes kinetics of de-
activation based on formation of arsenic precipitates. The model was extended to account
for dopant point-defect interaction [30], but is inconsistent with diffusion experiments and
reverse annealing behavior.

Various researchers used ab-initio calculations to study possible mechanisms of arsenic
deactivation [84, 87, 13, 12, 109]. Theoretically, Pandey et al. have shown that the AssV
cluster is the energetically favorable structure [84]. Ramamoorthy and Pantelides [87] ex-

amined AsyV, AssV, AssV, AsgVs and several other structures, but they did not consider
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the ionized states or the entropy. Entropy might disfavor formation of large complexes
like AssV and AsgVs, and complete free energy calculations are therefore needed. Berding
et al. combined ab-initio calculations with generalized statistical theory to determine the
deactivation mechanism, including the temperature dependent electronic excitations and
the entropy [13, 12]. According to these calculations, small clusters, like AsoV and As3V,
are present in significant quantities during deactivation. According to Berding et al., AsoV
and As3V have acceptor states in the band gap, which should be ionized at room tempera-
ture. But recent experiment by Solmi et al. aimed at analysis of electron mobility change
with respect to carrier concentration and total arsenic concentration demonstrated that
deactivation centers (clusters or precipitates) are electrically inactive [97]. Xie and Chen
have investigated As-assisted Frenkel pair generation in heavily arsenic doped silicon via
first-principal total energy calculations [110]. They found that it is much easier to generate
a vacancy close to substitutional arsenic atom than in pure silicon. The most energetically

favorable process is described as:
AsySi = AsyV + 1. (5.3)

Tonized states and electron transfer during deactivation were not considered.

5.3 Conclusions

In this chapter, published results were reviewed. It has been shown that to accurately
model arsenic deactivation a kinetic model is required. Therefore, the understanding of
the physical mechanism of deactivation is necessary. A number of experiments imply that
several small clusters are responsible for arsenic deactivation. Theoretical studies of the
deactivation mechanism demonstrate that small arsenic-vacancy clusters are energetically
favorable structures and might be responsible for arsenic deactivation.

Due to high computational cost of ab-initio calculations only structures consisting of up
to 6 As atoms have been considered, while experimental techniques such as TEM usually can
not detect objects smaller than several nanometers. The question is still open whether other

complexes may be responsible for deactivation and what is the exact formation mechanism.
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The goal of this work is to show that arsenic diffusion and electrical activation can be
modeled based on the assumption that arsenic-vacancy clusters are responsible for deacti-
vation and immobilization of the peak during diffusion. In the next chapters, we present a
consistent set of models which have been successfully applied to simulation of a broad range

of deactivation data as well as diffusion experiments.
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Chapter 6

MODELING OF ARSENIC DEACTIVATION

In this chapter, we present our work on modeling of As deactivation. First, we describe
the physical mechanism proposed for deactivation. Modeling details are given next, and

simulation results are in turn compared to experimental measurements.

6.1 Introduction

As discussed in Chapter 5, a strong attractive interaction between arsenic and vacancies
exists due to the combination of strain compensation and valence. Thus, the deactivation of
arsenic occurs primarily via the formation of arsenic vacancy complexes. The strong binding
energy between arsenic atoms and vacancies dramatically reduces the energy associated with
Frenkel pair formation at sites surrounded by arsenic. Ab-initio calculations suggest [110]
that the most energetically favorable reaction leading to deactivation is: AsySi — As4V +1.

We have investigated the deactivation process via a combination of ab-initio and contin-
uum simulations. By including both interstitial and vacancy-mediated diffusion processes,
we find it is possible to account for both the very rapid initial deactivation of arsenic, as
well as the strong super-linear dependence of interstitial supersaturation on the doping level.
The critical process is the rearrangement of As atoms via diffusion, leading to interstitial

ejection from arsenic clusters which are favorable for vacancy incorporation.

6.2 Modeling

6.2.1 Ab-Initio Calculations

Ab-initio calculations presented in this section were performed by G. Henkelman of the
University of Washington Department of Chemistry in collaboration with our efforts to

understand the deactivation mechanisms. More details can be found in [35].
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The energy barriers for ejection of a silicon atom from an AssSi tetrahedral cluster
were calculated via density functional theory (DFT). The minimum energy path for the
process was found with the nudged elastic band (NEB) [57, 50] method. The results of the
NEB calculation are shown in Fig. 6.1 and the configurations are schematically explained
in Fig. 6.2. The As4Si cluster forms a tetrahedron with a silicon atom at the center of the
cluster (configuration (a)). The arsenic atoms are thought to be electronically active in
this configuration [12]. During the deactivation process the central silicon atom is ejected
from the cluster, becoming an interstitial (I) and leaving behind a vacancy (V). There is a
small initial barrier of 0.2 eV in which the silicon atom moves from the center of the Asy
tetrahedron (a) to a stable site at the center of one of the tetrahedron faces (b). In state
(b) the mobile silicon atom is still in the vicinity of the Asy cluster, and we believe that
the arsenic atoms may still be active in this configuration. From (b) to (c), the mobile
silicon atom continues in the same direction away from the cluster through a tetrahedral
site to a hexagonal interstitial site over a barrier of 1.4 eV. At this point the arsenic cluster
is thought to be inactive as the interstitial silicon atom is removed from the cluster. The
overall process is particularly interesting because the presence of the arsenic atoms allow
for the creation of an interstitial vacancy pair with a barrier of 1.4 eV which is much less
than the Frankel pair formation DFT barrier of more than 7 eV. Because there does not
appear to be any barrier higher than the normal interstitial diffusion barrier, we consider

the reverse process to be diffusion limited in the continuum simulations described below.

6.2.2 Continuum

To simulate arsenic deactivation we used discrete arsenic-vacancy clusters, assumed to be
neutral [12]: (AsoV)?, (As3V)?, and (AssV)?. Since clustering involves reactions of point
defects and defect-dopant pairs of different charge, it is necessary to include charge transfer

reactions, and simulate all possible pathways of clustering reaction. Clustering proceeds as:

(AsV)T +AsT & (AspV)? +2n7T, (6.1)
(AsV)? + AsT & (AsoV)? + AT, (6.2)
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Figure 6.1: NEB calculations of the energy versus distance for kick-out of a silicon atom

from between 4 substitutional As atoms [35]. The configurations are schematically explained
in Fig. 6.2.
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Figure 6.2: Schematic illustration of arsenic deactivation mechanism via silicon self-
interstitial ejection. The silicon atom is ejected from the center of the tetrahedra (con-
figuration a)) formed by four arsenic atoms being the second nearest neighbors. Then Si
moves through the center of the face formed by the three As atoms (configuration b)) and
through the the adjacent tetrahedral site (configuration c)) into the hexagonal interstitial
site (configuration d)).
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The reaction rates given by Eq. 6.1, and Eq. 6.2 are:
Cas,v ( P )2
R =k C COpst — 20— (= 6.3
(AsV)+/As2V = K(AsV)+/AsaV l syt Onst = oy i) | (6.3)

Cas;v P ]

_ = 6.4
K(Asv)0/AsoV T (6.4)

Rasvyo/assv = F(asv)o/as,v lC(AsV)OCAer -

Assuming that AsV pair diffusivities are independent of charge state (i.e., Dagvyo =
D(asvy+), we can write the equilibrium constants for Eq. 6.3 and Eq. 6.4 in terms of Fermi

level dependent arsenic diffusivities (D%, and Dj},)

Kpsvyojassy _ Casvyr n _ DR 1-
K(ASV+)/ASQV C(ASV)O L D/Zs 1- fI_

(6.5)

We assume that in heavily doped n-type material the total concentration of arsenic-vacancy

pairs is given by Casv = C(agvyo + C(asv)-- The total rate of formation of AsyV is then

given by
CAsv(p>2 Dy (n\1-f1
Ras,v =k 00—2—1AS(—> L. 6.6
AssV AsoV AsVUAg+ KAszV n; + D/O\s ni) 1— fIO ( )
The formation of AssV can proceed by these reactions:
(AsV)? + (A, V) & (As3V)O + VO, (6.7)
(AsV)' + (A V)Y & (AsgV)? + VO 4t (6.8)
The ratio of equilibrium constants is given by
K(Asv)o/Assv _ Clasvy+ no_ D_%sw. (6.9)
Kasv+y/assv - Clasvie i Dy (1—fr)
The total rate of formation of AsgV is:
CassvCyo [ p Dy 1— f1
Rassv = kassv |CasvCasyv — m ot D—g: =) (6.10)
Similarly, As4V is formed by following reactions
(AsV)? + (As3 V)Y & (AsyV)? 4+ VO, (6.11)

(AsV)' + (As3V)? & (A, V)0 + VO 4 pt, (6.12)
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Figure 6.3: Comparison of arsenic-vacancy clustering model to experimental measurements
of active versus total arsenic concentration at long times. The model was fitted to data
from Solmi et al. [97] at 1100°C and Guerrero et al. [49] at 950°C and extrapolated to lower

temperature. Extrapolation to 750°C temperature is compared to data from Rousseau
et al. [90]

Total rate of reaction is

RAS4V = k'AS4V CASVCASSV - (6'13)

Cas,vCyo P n Dy 1- fr
KAS4V Djoks 1- fIO '

The binding energies of reactions were fitted to equilibrium activation levels from ex-
perimental data [97, 49]. The comparison of simulation data to experiments is plotted in
Fig. 6.3.

To model interstitial ejection during As deactivation, we include arsenic-assisted Frenkel
pair generation in addition to bulk generation/recombination. Since ab-initio calculations
described in the previous section find no additional barrier beyond that required for the I
to diffuse away, for I ejection reactions we simply reduce the normal Frenkel pair forma-

tion energy by the same binding energies that were found from comparison to equilibrium
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activation.

Deactivation proceeds as

(AsySi) T +2e7 & (AspV)? 410, (6.14)
(As3Si)3t + 3¢~ o (AszV)? +1°, (6.15)
(AsySi)*T +4e” & (Asy V)0 +10. (6.16)

Since all reactions are similar we consider only the most significant (energetically most
favorable) one, Eq. 6.16.
The initial number of AssSi complexes after ion implantation and regrowth is estimated

based on random distribution of dopants and the corresponding occupational probabilities,

Ca
Casssi = Cis (1 - C—S> K asysi, (6.17)
Si
where equilibrium constant is given by
f
1 —Ep gt s
Kasysi = C—gieXP (T . (6.18)

E£S4Si is the formation energy of As4Si complex relative to four infinitely separated As
substitutional atoms and perfect silicon crystal. During deactivation, AssSi complexes are
assumed to be formed by AsI pair migration, again based on random reconfiguration, and
the relationship given by Eq. 6.17 is assumed to remain valid.

The reaction rate of Eq. 6.16 is given by

ClAs,Si 4
_(AsaSDHF (ﬁ) _ CIOC(AS4V)0] ’ (6.19)
K psy8i/As,v

n;

Rasyv = kasysi l
where the equilibrium constant Kag,si/as,v 18 written in terms of the equilibrium constants
of arsenic-vacancy clustering reactions (Egs. 6.1, 6.8, and 6.12),

Kps,si
K st vo)2 K as, v Eassv Kas,vCh Cho

KAsysi/asav = ( (6.20)

Here K g+ /vo is an equilibrium constant for the pairing reaction between the neutral vacancy

and the substitutional arsenic atom.
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The strong super-linear dependence of deactivation reaction on As concentration gives
a sharp onset of deactivation as a function of As concentration. Since a large number of
interstitials are released during As deactivation, a corresponding large interstitial super-
saturation is present during the process. We used a moment-based {311}/loop model to
account for extended defect formation [44, 33]. The parameters used in the simulations are

presented in Appendix A.

6.3 Comparison to experiments

It has been observed in isothermal anneal experiments [72] that for high arsenic active
concentrations initial deactivation is very rapid (within 15 seconds). After this initial de-
activation, activation level is similar for all doses, and deactivation continues but on much
slower time scale. At lower temperatures, the deactivation kinetics are substantially slower
but show the same basic behavior. Figs. 6.4 and 6.5 shows comparison of the experimental
data to our model, which shows this same behavior. We would also like to comment that
the sample with the medium initial concentration (Cj,i; = 6 x 10?° cm™3) shows the highest
electrical activation during the annealing process, and the model is unable to predict this be-
havior. We believe that the direct nucleation of small loops for the sample with the highest
initial active arsenic concentration leads to lower interstitial supersaturation which reduces
the reverse rate of deactivation reaction Eq. 6.19 and cause the process of deactivation via
interstitial ejection to proceed faster.

It has also been observed via buried B marker layers that deactivation of high concen-
tration arsenic layers injects interstitials into the substrate [89]. Initial rapid deactivation
is due to interstitial ejection from As clusters which form due to random dopant motions.
Figure 6.6 shows comparison of simulation results to experimental data of Rousseau for
arsenic layers which were initially fully-activated via laser anneal.

A simple analysis was carried out to test the sensitivity of the model to parameter
changes. To do this, we have changed the equilibrium constant of the reaction in Eq. 6.16
by 10%. Aas can be seen from Fig. 6.7, the change in electrical activation is significant

(about 40%). In contrast, asimilar 10% change in the equilibrium constants of Eq. 6.14 and
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Figure 6.4: Comparison of simulation results to experimental observations of deactivation
kinetics at 800°C for laser annealed As layers [72]. Note that initial deactivation is very rapid
and different initial arsenic concentrations quickly reach similar activation levels. Initially
the As layer was fully activated by laser melt.
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Figure 6.5: Deactivation kinetics for laser annealed As layers, with comparison of simulations
to experimental data from Luning [72]. Even though equilibrium solubility is higher for
higher T', initial deactivation is limited by kinetics, so the lower T anneals give higher
active concentrations.

Eq. 6.15 does not change the final result noticeably since Eq. 6.16 represents the dominant

mechanism of deactivation at low temperature and short times.

6.4 Conclusions

We utilized the combination of ab-initio calculations and continuum modeling to gain an
understanding of arsenic activation/deactivation. The results highlighted the importance
of ejection of silicon atoms from arsenic clusters. The barrier for Frenkel pair generation is
reduced by the strong binding of vacancies to As clusters. We find it is possible to account
for both the rapid initial deactivation of arsenic and the strong super-linear dependence of

interstitial supersaturation on doping level, which accompanies deactivation.
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initial As concentration.
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Figure 6.7: The illustration of the sensitivity of the model to the parameter change. We
have changed the value of the equilibrium constant Kag,s; by 10% to explore the sensitivity
to the parameter changes. These changes lead to significant deviation in electrical activation
level.
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Chapter 7

MODELING OF ULTRA-SHALLOW JUNCTION FORMATION

In this chapter, the modeling of ultra-shallow arsenic junction formation is presented.
We start by discussing long time diffusion of As at very high concentrations, for which
neither initial damage nor TED nor interface segregation are significant. After the model
for bulk arsenic diffusion at a very high concentration (the model is written in a form of
a correction term to diffusion coefficient) is parameterized, we proceed to the modeling of
shallow arsenic implant annealing. The essential features of a model are the initial point-
defect distribution following regrowth, TED, ramp rate effects, and the high concentration
diffusion correction. The model presented in this chapter takes into account these effects
and produces results that are in a good agreement with chemical profiles (SIMS) as well as

the electrical activation data.

7.1 Introduction

Modern device junctions are characterized by low resistivity and shallow depth. According
to the International Technology Road-Map for Semiconductors [1], it is necessary to produce
highly activated abrupt shallow junctions to continue device down-scaling. For instance, for
100nm technology expected in year 2005, the source/drain extensions should have sub-
35nm junction depth, with the resistivity as low as 2002/sq. To form junctions with these
specifications, ultra-low energies for ion implantation and high temperature RTP (rapid
thermal processing) equipment is required to minimize dopant diffusion. In this chapter, we
present a model capable of simulating ultra-shallow junction formation applicable to future

generation devices.
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7.1.1 Why Good Fit Produces Poor Results?

We begin by showing a comparison of a simple model to experimental data from Jain [54].

In Chapter 5, we have shown that for arsenic two solubility levels have been reported [77]:

o Cppt = 1.3 x 10%exp(—0.42/kT) cm™3, which is the chemical solid solubility of arsenic

in silicon Above this limit As precipitates into SiAs monoclinic phase.

o ne = 2.2 x 10?2exp(—0.47/kT) cm 3, which is the limiting value of electrically active

arsenic concentration.

We use a five stream diffusion model [92] with a simple solid solubility model to account
for the immobile portion of the profile, with the value of arsenic solid solubility (Css) being
set to both values (Cpy; and n.). Fig. 7.1 shows a comparison of the simulation to the SIMS
data. Setting Css to Cpp results in a high solubility level (about 3 x 10! cm—2 at 1050°C)
leading to complete dissolution of precipitates and as a consequence an over-estimation of
diffusion. In the case of Cy; = n. the solubility is low (about 3 x 10%° cm™2 at 1050°C) so
only a very small portion of the profile is available for diffusion which results in a significant
under-estimation of diffusion depth. We were able to obtain a good match to the data with
a simple solid solubility model by changing the C;s value (denote as “solubility fit” on the
plot) between Cpy; and n.

To calculate the resistivity of the arsenic layer, we use the electrical mobility model by
Rousseau et al. [91] specifically derived for high concentration arsenic layers (the modeling
of electrical properties are discussed in more detail in Section 7.4.2). The comparison of the
simulation to the experimental results is presented in the second column of Table 7.1. The
fit of the solubility level results in a lower resistivity even though the chemical profiles match
well. This leads us to the conclusion that the apparent mobility suggested by chemical data
(SIMS) does not correspond to the active fraction of arsenic and more careful analysis is

required for accurate modeling of chemical and electrical properties of arsenic profiles.
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Figure 7.1: Comparison of a simple solid solubility model to the experimental data for
2 x 10'% cm? 5 keV AsT implant for 1050°C spike anneal following 950°C spike. Data

from Jain [54].
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Table 7.1: Sheet resistances of shallow arsenic junctions obtained by 5 keV and 2 keV As™
implantation. Comparison of model to experiment. All parameters are in units of /sq.
Experimental data from Jain [54] presented in the first column. Result of our simulations
are shown in the third column and will be discussed later in Section 7.4.2. Simulations were
carried out to produce numbers in the second column to confirm the difference between
the electrical solubility level and the apparent mobility (and presented in more details in
Section 7.1.1). We used five-stream diffusion model with a simple solid solubility model.
The solid solubility has been selected to fit shoulder of the arsenic profile (see Fig. 7.1).
Despite a good match to the chemical experimental data, this method results in active
arsenic concentration being higher than what our model predicts and significantly lower
resistivities than observed in experiments.

Experimental data [54] | Fit of Cgg | Our model

2 x 10 cm™2 Ast at 5 keV 316 232 298

1.6 x 10" cm™2 As™ at 2 keV 339 260 334

7.1.2 Outline

This chapter is organized in a “step-by-step” manner. After experimental data is presented
and the problem with the conventional model is demonstrated, we correct the model and
show the comparison to experiment. Then we select new data and focus on another problem
with the modeling. In section 7.5, we review the essential effects included in the model and
discuss other possible alternative explanations.

First, we would like to concentrate on the analysis of As diffusion at high concentrations
annealed for a long time and after that switch to the modeling of short time diffusion of
shallow As profiles. By doing this two stage analysis we expect to be able to separate
the effects important at long time anneals (“stationary” behavior such as bulk diffusion

coefficient at high concentration) from TED and deactivation effects.
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7.2 Modeling of “Equilibrium” Diffusion of Arsenic at High Concentrations

7.2.1 Experiment Ouverview

For our simulation we have chosen data from Solmi et al. [77, 96]. These experiments were
specifically targeted at the determination of As diffusivity at very high concentrations. In

~2. The implantation

the experiments, arsenic was implanted at a dose of 1.5 x 107 cm
was performed in two steps in order to increase dopant concentration near the surface: first
1 x 10'7 cm™? As was implanted at 100 keV, followed by 5 x 10'6 cm~2 at 50 keV. Samples
were furnace annealed at 1050°C for different times between 15 min and 4 hours. Profiles
were measured by Secondary Neutral Mass Spectroscopy (SNMS).

We find that the commonly used five stream diffusion model [92] together with a solid
solubility model for arsenic aggregation is unable to match the experimental data (see
Fig 7.2). We attribute the difficulty with fitting experimental profiles to the error in arsenic

diffusion coefficient at high concentration as well as to the assumption regarding mobile

fraction of the profile.

7.2.2 The Theory of High Concentration Diffusion

In order to model high concentration diffusion accurately, we first turn to an earlier ex-
periment by Nylandsted Larsen et al. [69], who has clearly showed a sharp increase in
arsenic diffusivity for donor concentrations exceeding 2 x 10?° cm~3. Dunham and Wu [36]
proposed a theoretical model based on results of Kinetic Lattice Monte-Carlo (KLMCQC)
simulations to explain this behavior. They assumed a simple additive potential for As-V
interaction up to the third nearest neighbor and showed that at very high doping levels a
vacancy is likely to interact with more then one dopant at a time. These multiple interac-
tions effectively reduce activation energy for pair diffusion, thereby increasing the dopant
diffusivity. Dunham and Wu found that the correction to arsenic diffusivity via vacancies at
high doping levels has a power dependence on active arsenic concentration, Cag, and may

be written in the form:
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Figure 7.2: Comparison of a simple solid solubility model to the experimental data from
Solmi et al. [96]. First, the solid solubility, Cs; = Cpp is set to the chemical solubility of
arsenic in silicon (dashed line). The entire peak region dissolves and causes over-estimation
of diffusion. In the second case, the solubility is set to the limit of electrical activation
of arsenic in silicon, Cs; = n, (dot-dashed line). Most of the profile stays immobile and
not enough arsenic is available for diffusion, resulting in the under-estimation of diffusion
depth. Solid line with triangles represents experimentally measured by SNMS chemical
profile after 1050°C anneal for 15 min, solid circles - electrically active portion, obtained by

differential Hall measurements. We were unable to match experimental data by changing
the Css parameter.
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Figure 7.3: Arsenic diffusivity at a high doping level at 1050°C. Data from Larsen et al. [69]
and Fair [40]. Note the sharp increase in arsenic diffusivity for donor concentrations exceed-
ing 2 x 10%° ¢cm™3, which is accurately predicted by KLMC simulations by Dunham and
Wu [36].
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with @« = 3—4. As shown in Fig. 7.3, simulations accurately predict rapid increase in
diffusivity above 2 x 1020 cm™3.

More recent ab-initio calculations [109] confirm that the range of interaction between an
AsV pair and another As extends up to at least the ninth nearest neighbor site (the third
nearest neighbor site of one arsenic is the second nearest neighbor site of another As at
site 9). The migration barrier is significantly lower in the case when another As occupies
fifth, sixth or ninth nearest neighbor site resulting in enhanced diffusion at high arsenic
concentrations. Fig. 7.4 is a schematic illustration of the barrier lowering in the presence of

another As atom.
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Figure 7.4: Illustration of diffusion barrier lowering in a presence of another As atom at the
ninth nearest neighbor site. The energy diagram for As-V as a function of As-V separation
with (solid line) and without (dashed line) another As atom at the sixth neighbor site. The
forth and seventh neighbors are along a different path and therefore not shown.

7.2.8 Modeling of Long Time Arsenic Diffusion

To separate transient enhanced diffusion and the effect of initial conditions from the bulk
arsenic diffusivity at high doping levels, we use the experimentally measured SNMS profile
after 15 min as the initial condition for modeling of arsenic diffusion for longer times. Solmi
et al. also reported the carrier concentration measured by differential Hall technique. We
assume that carrier concentration profile corresponds to active arsenic while the rest of the
profile represents inactive immobile clusters.

Fig. 7.5 shows a comparison of our simulation to experimental profiles from Solmi et al.
In the simulations, parameters C.ef and « are considered as a free fitting parameters and the
best fit is obtained with Cref = 1.6x10%° cm 3, and a = 4.0. These values are close to the
KLMC predictions by Dunham and Wu [36], who found that the onset of a sharp increase
in diffusivity is at about 2 x 10%® ¢cm™2 and at higher concentrations diffusivity depends
on the 3rd to 4th power of (Cas/Crer). Hence we are going to use this model with these

parameters for simulation of shallow As implants annealing presented in the next sections.
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Figure 7.5: Comparison of simulation to annealing results from Solmi et al. [96]. SNMS
profile after 15 min anneal is used as starting point of simulation. The best fit is obtained

with Cres = 1.6x10%° cm 3 and o = 4.0.
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Figure 7.6: Simulation of 950°C spike anneal. Strong interstitial ejection due to arsenic
deactivation enhances diffusion and leads to substantial over-estimation of diffusion.

7.3 Shallow As Implant Anneal

We compare our model to spike annealing results from Jain [54]. In these experiments,
2 x 10'® cm ™2 As was implanted at 5 keV through 53 A of silicon dioxide and 1.6 x 10 cm 2
As was implanted at 2 keV through 20 A of SiO,. Both samples were annealed at 950°C and
1050°C via spike anneal with ramp-up rates of 100°C/sec. Shown in Figure 7.6 is compari-
son of a simulation using the high concentration diffusion model discussed in the previous
section with the As deactivation model from Chapter 6 to SIMS profile from Jain [54]. We
can see that model substantially overestimates diffusion due to strong interstitial ejection
during As deactivation during the ramp-up.

Since the overall thermal budget is relatively low in the case of fast spike anneal, the
diffusion capacity of vacancies from the surface is not sufficient to account for deactivation of

arsenic peak. Clustering via silicon self-interstitial kick-out mechanism, which is described
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in Chapter 6, seems the only other reasonable deactivation option but produces one inter-
stitial for every four deactivated arsenic atoms, thus creating a large interstitial population
with dose comparable to that of implanted arsenic. These interstitials lead to enhanced
diffusion and significant over-estimation of the profile depth in contrast with experimental
observations. To solve this inconsistency we examine several possible explanations in the

following section.

7.3.1 Arsenic-Interstitial Clusters

Jones and co-workers carried out several experiments [56, 18, 68] to determine the proper-
ties of arsenic-interstitial clusters and whether arsenic-interstitial clusters form under ion
implantation conditions. Using TEM they show that the number of interstitials bounded
to {311} defects decreases with increasing arsenic well concentration and that the ratio
of interstitials “missing” from {311} defects to background arsenic concentration suggests
AsolI clustering [18]. In another experiment Jones et al. [56] showed that for low energy
implants (3-5 keV) TED is very similar and is independent of implant energy while no ex-
tended defects were observed in the EOR region as implant energy decreases from 5 keV
to 3 keV. The authors speculate that this behavior may be explained by arsenic-interstitial
cluster formation. Kim et al. studied arsenic TED in silicon with and without additional
self-implantation [62]. The experimental results show the suppression of As diffusion with
additional self-implantation during initial stage of annealing, in contrast to the prediction
of conventional models. They suggest that results may be explained by the formation of
As-I clusters during initial stages of annealing.

To determine the importance of arsenic-interstitial complexes for low energy As implant
annealing modeling, we investigated the stability of these clusters via ab-initio calcula-
tions. Ab-initio calculations presented in this subsection were performed by M. Diebel
of the University of Washington Physics Department. The total energy calculations for
arsenic-interstitial cluster were carried out via density functional theory (DFT). The DFT
calculations were done with the VASP [66, 67, 64, 65] code using the PW91 functional [86]

and ultra-soft pseudo-potentials [106]. Plane waves up to a 300 eV energy cutoff were used
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Figure 7.7: Atomic structure of Assl split cluster. Dark circles represent As atoms.

to represent the wavefunction in the unit cell. The calculations were done with eight points
in the k-point mesh. The computational cell consisted of 64 atoms.

To find the lowest energy configuration, we searched through a set of different structures
containing up to 8 As atoms. The binding energy of Asl pair was found to be 0.3eV.
The most stable structure identified was an AssI split <110> cluster with binding energy
1.5eV with respect to neutral arsenic and neutral interstitial. Figure 7.7 shows the atomic
structure of this cluster.

Including an Asyl cluster in the continuum simulation helps immobilize interstitials at
low temperature but has a very small overall effect on the junction depth, because the Asol
structure is less energetically favorable then {311} defects. Our analysis shows that the
binding energy of an AsyI cluster needs to be about 4eV to significantly reduce As diffusion
and this is in clear contradiction with first principle calculations. Also, a higher binding
energy would result in a noticeable fraction of arsenic being in a form of AsyI clusters and
this contradicts the backscattering experiments by Grob et al. [48] who found that most of

the arsenic remain substitutional after epitaxial regrowth and subsequent RTP treatment.

7.8.2  Grown-in Vacancies after Amorphous Region Recrystallization

We suggest another effect responsible for elimination of interstitial excess which provides a

simple solution to the inconsistency between our model and experiments. The idea is based
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on indirect experimental observations. Krishnamoorthy et al. studied extended defects in
high dose low energy As implanted silicon formed during TED and arsenic deactivation [68].
Authors found that with increasing arsenic peak concentration above 1 x 102! cm™3, the
number of {311} defects and loops formed during As deactivation decreases. Ab-initio [87,
12] calculations have found that As,V clusters are energetically much more favorable than
isolated vacancies. This suggests that high As concentrations may stabilize the incorporation
of vacancies.

We assume that during SPE regrowth, a lattice site which has at least two arsenic nearest
neighbors (NN), has a probability (n) of turning into a vacant site. Since the energy gain
of combining two arsenic atoms with a vacancy almost compensate the formation energy of
vacancy defect we expect the probability 1 to be close to 1. Based on the geometry of the
Si lattice (12 2°¢ NN) the concentration of AsyV complexes formed after SPE regrowth is

given by:

(7.2)

12
CASQV: ll_ (1_770AS> ] CAS

Cs; 2
PAS experiments [70] reported that substantial vacancy population has been found in laser
annealed samples right after laser melt but before any deactivation anneal took place, thus

supporting our assumption.

7.4 Simulation of Low Energy Implants Diffusion

7.4.1 Chemical Profile

To simulate low energy As implant diffusion, we use the five stream diffusion model de-
scribed in Section 2.1.2 including rapid diffusion via vacancies at high doping levels dis-
cussed above. For arsenic diffusivity, we use parameters from Wittel [108]. To account
for immobile electrically inactive arsenic, the model described in Chapter 6 is used. Bulk
point defect diffusivity/equilibrium concentration products (e.g., DiCT) are from isotope
self-diffusion experiments [104] with diffusivities taken from MD calculations [101, 55]. We
used a moment-based {311} /loop model [44] to account for extended defect formation.

UT-MARLOWE [78] is used to obtain initial interstitial profile and estimate the depth
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of amorphous/crystalline interface. The initial concentration of AsyV clusters is calculated
using Eq. 7.2. Shallow arsenic SIMS profiles might have an artificial pile-up near the sur-
face [94] which results in integrated dose under the SIMS profile being larger than the
actual implanted dose. Instead of SIMS we use UT-MARLOWE [78] simulated profiles
(which closely match SIMS except in the interface transient region) as the initial arsenic
distribution.

Simulations include linear ramp-up with a rate of 100°C/sec. After the wafer reaches
designated temperature and RTP furnace is switched off, it is assumed that the wafer
temperature drops solely by radiating heat to the furnace walls and therefore ramp-down
rate decreases with decreasing temperature. The heat loss is proportional to 7%, hence
temperature versus time may be written in a form [21]:

| 3R, ) ~0.33

T, (7.3)

T(t) = Tf (

where T is the maximum attained temperature, R.o, is the cooling rate (°C/sec) at max-
imum temperature () and ¢ is time after reaching 7.
Figs. 7.9 - 7.11 show comparison to RTP anneals from Jain [54] for two different implant

energies. The simulations give a good match to the observed arsenic junction depth.

7.4.2 Electrical Activation Data

We also compared our model to the electrical data from Jain [54]. We use the mobility
model from Rousseau et al. [91] specifically fitted for high concentration arsenic layers.
The electron mobility depends on both active arsenic concentration (scattering from ion-
ized impurity) and inactive cluster concentration (scattering from neutral defects). The
comparison of experimental data to resistivity calculated based on diffusion profiles from
our model is presented in Table 7.1. Here we assume that AssV, As3V, and As,V clusters
are electrically neutral at room temperature and contribute only to the mobility due to
inactive impurities, while free arsenic is active and electron concentration is equal to arsenic

concentration.
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Figure 7.8: Temperature versus time used for simulation. Ramp-up is modeled as linear,

while cool down is radiative.
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Figure 7.9: Comparison of simulation and experiment for 2 x 10!% cm 2 5 keV As™ implant
for 950°C spike anneal. Data from Jain [54].
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Figure 7.10: Comparison of simulation and experiment for 2 x 10'® cm 2 5 keV As* implant
for 1050°C spike anneal following 950°C spike (Fig. 7.9). Data from Jain [54].
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Figure 7.11: Comparison of simulation and experiment for 1.6 x 10'® cm 2 2 keV As™
implant for 1050°C spike anneal after 950°C spike. Data from Jain [54].
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Figure 7.12: The illustration of importance of high concentration diffusion effect for
shallow arsenic implant modeling. Comparison of simulation to experimental profile of
2 x 10" ¢cm—2 As implanted at 5 keV and annealed at 950°C and 1050°C. The dot-dashed
curve (A) shows simulation results without the model for rapid diffusion via vacancies at
high doping levels, which significantly underestimate profile depth as well as “plateau”
concentration. Data from Jain [54]
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7.5 Discussion

Here we would like to briefly outline the key elements of the model proposed in this chapter
for simulation of low energy high dose As implants and discuss other possible phenomena

which might be alternatives to the model proposed here.

e Grown-in Vacancies. Experiments show that during the post implant anneal As de-

activates very rapidly but this deactivation does not significantly enhance diffusion.
We assume that after SPE regrowth vacancies are grown-in as AssV clusters accord-
ing to Eq. 7.2. These vacancies provide sites for As deactivation and help eliminate

interstitials ejected during deactivation and from EOR damage.

As-I clusters formation is discussed in Section 7.3.1. Although formation of AssI clus-
ter is expected, both ab-initio calculations and experimental observations indicate that
this structure does not play a primary role in As deactivation. The possible alternative
or addition to proposed mechanism is the formation of small arsenic precipitates with-
out vacancies or incorporating interstitials. In this case, arsenic peak would quickly
deactivate via formation of small precipitates without interstitial ejection. The only
experimentally observed arsenic precipitate in silicon is a monoclinic SiAs which is not
a suitable candidate since its unit cell volume per atom is not smaller than the one
of silicon diamond structure suggesting that no interstitials can be absorbed during
monoclinic SiAs formation. At present there are no other experimentally identified
Si/As aggregates. To date, search with ab-initio methods by our group and other

groups has provided no candidate with sufficient binding energy.

e Rapid diffusion via vacancies at high doping levels. Experimental data analyzed in this

chapter require higher As diffusivity in a peak region (for concentrations exceeding
2 x 10%° cm3) than the commonly accepted As diffusion coefficient [40, 73, 108] pro-
vides. The alternative to a high concentration addition to arsenic diffusivity proposed
by Dunham and Wu [36] and represented by Eq. 7.1 may be a hypothesis that arsenic-
vacancy clusters are mobile [87, 109]. This can help to account for the mobility of As

above the level of electrical activation and may be used to simulate profile motion.
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7.6 Summary

In this chapter, models needed for the simulation of shallow arsenic junction formation were
presented. We reviewed enhanced vacancy mediated As diffusion at high doping levels,
which account for the apparent mobility of clustered population. We also presented modified
initial conditions, which require vacancy incorporation (interstitial sink) during epitaxial

regrowth to match junction motion.
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Chapter 8

CONCLUSIONS

This thesis has brought a better understanding of arsenic behavior at high concentra-
tions. We presented physically-based models for arsenic electrical deactivation and diffusion,
and successfully applied these models to a large set of experimental data. In this chapter,
we review the major contributions of this work.

We have demonstrated that it is possible to model arsenic electrical deactivation and
diffusion by considering the formation of immobile electrically inactive arsenic-vacancy clus-
ters. An attractive potential between arsenic and vacancies exists due to the combination
of strain compensation and valence. As a result, under most conditions, deactivation of ar-
senic occurs primarily via the formation of arsenic vacancy complexes. We concluded that
equilibrium activation levels may be accurately modeled via AsoV, AssV and AsyV cluster
formation.

The barrier for Frenkel pair generation is greatly reduced by the strong binding of
vacancies to the As clusters. Ab-initio results demonstrate that As4V may be formed from
an AsySi complex by the ejection of a Si atom into the adjacent hexagonal interstitial
site. The reverse reaction barrier is lower than the barrier for self-interstitial diffusion in
silicon, and so the process can be considered diffusion limited. In heavily arsenic-doped
material, As4Si complexes are formed by random hopping via interstitial-mediated diffusion
of arsenic. Our continuum model based on As;V formation via interstitial ejection is able to
describe both the very rapid initial deactivation of arsenic as well as the strongly superlinear
dependence of interstitial supersaturation on doping level.

We applied the arsenic-vacancy clustering model to the simulation of ultra-shallow junc-
tions formed by RTA after ultra-low energy ion implantation. Our analysis demonstrates
that two effects are critical for the accurate prediction of As diffusion in silicon: rapid diffu-

sion via vacancies at high arsenic doping levels, and vacancy incorporation during amorphous
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region recrystallization. The high concentration diffusion effect accounts for the apparent
mobility of clustered population, and vacancy incorporation, which acts as an interstitial
sink and effectively slows down diffusion, is essential for the simulation of the initial stages
of annealing. The model provides very good agreement with both chemical profiles and
electrical data.

An integral part of this work is the analysis of {311} defect formation, which accompanies
deactivation and post-implant anneals. We have used MD simulations with empirical po-
tentials to calculate the energy versus size and shape for interstitial aggregates, particularly
{311} defects. Using the calculated energy versus size relationship, we compare the pre-
dicted {311} kinetics to experimental observations of {311} growth/dissolution. Our results
indicate that the assumption about the transition between small self-interstitial clusters and
{311}-type defects is important for the simulation of extended defects evolution.

A set of discrete clusters is used to model interstitial cluster evolution after ion implan-
tation in Si. Two independent populations of self-interstitial clusters have been considered:
{311} defects and compact clusters. The system is able to model time and temperature de-
pendence of interstitial supersaturation as well as the size distribution during post-implant
anneal. A procedure has been proposed to reduce this complex model into a simple two-
moment model. The parameters for this two moment model are derived from the full rate
equation model and are found to give a good match to data. This computationally efficient

two-moment model has been applied to the calculation of “+N” factors.

8.0.1 Recommendations for the Future Work

Many questions regarding As in Si still remain to be answered. In this section, we would
like to discuss what modeling efforts or experiments need to be done to futher enhance our
knowledge of arsenic behavior in silicon.

One of the critical parameters used in our simulations is the energy level of a negatively
charged interstitial, K; . The commonly used value has been reported by Giles [45]. He
used oxidation-enhanced diffusivity experiments under extrinsic conditions at 1000°C. It

is a widely used assumption that the acceptor state (I7) tracks the conduction band as
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the silicon band gap changes with temperature; however, no theoretical proof of this exists.
Arsenic deactivation experiments modeled in this work were performed at 750°C and even
a small error in the location of the defect level in the band gap might result in a large error
in diffusion capacity at low temperature. The modeling efforts of our laboratory regarding
negative interstitial level in silicon at low temperature (see Table A.1) contradict the value
reported by Giles. A larger value of K; increases the diffusion capacity of interstitials and
therefore decreases the I-cluster dissolution time. The value of K; can be verified exper-
imentally: one may consider the measurement the diffusion enhancement of an interstitial
type dopant (e.g. P, As, B) in an n-type well (e.g P, As) under the TED conditions. Since
boron is known to form acceptor-donor pairs with both As and P, the study of TED of As
in a P well (or P in an As well) should be appropriate to determine the value of K .

Arsenic shows a strong dose loss behavior. It segregates to the thin interface layer be-
tween Si and SiOs, diffuses through the silicon dioxide and evaporates into the environment.
If no protective oxide is used, the dose loss for the shallow implant may be very severe (e.g
for 1 x 10" cm 2 As™ implanted at 1 keV into bare silicon and spike-annealed at 1050°C,
loss is about 70% of the initial dose). Therefore modeling of the dose loss is an essential part
of the arsenic diffusion simulation. The finite capacity model which was used in this work
gives acceptable results but does not show the strong dose loss rebound observed in some
experiments [59] and also is not suitable for the simulation of annealing of arsenic implanted
into bare silicon. More work needs to be done to build an accurate physically-based dose
loss model.

One of the key mechanisms proposed in this work is the formation of a vacancy-rich
layer after SPE in the presence of high arsenic concentration. However it is hard to verify
this conclusion experimentally. One of the reasons is that amorphizing implant introduces
interstitial-type EOR damage, and during the anneal a significant interstitial supersatura-
tion is present, making any attempt to measure vacancy supersaturation (e.g. Sb marker
layer is sensitive to vacancy supersaturation) impractical. On the other hand, an alternative
method is to use molecular dynamics simulations to study the regrowth of an amorphous

layer and verify the presence of retained vacancies in the highly arsenic doped silicon sub-
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strate. At present no accurate interaction potential exists for arsenic in silicon. To ensure
the accuracy of the potential, one needs to match the energies of several key structures (i.e.
As-V pair, As,V complexes), the diffusion barrier for As in Si, and the diffusion barrier for
vacancies in the presence of arsenic. First-principle calculations can help to determine these
key structures and corresponding energies.

Several elements are known to have a strong binding with a vacancy (N, F, Au). Fluorine
and gold are also fast diffusers in silicon and therefore may be used at low temperatures.
Gold has been successfully used for vacancy and void “labeling” in silicon, one gold atom
decorates one vacancy in silicon. It might be possible to measure experimentally F or
Au redistribution during a low temperature anneal after amorphous region regrowth to

determine the presence of vacancy rich regions after the amorphous/crystalline regrowth.
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Appendix A

PARAMETERS FOR ARSENIC ACTIVATION/DEACTIVATION
MODEL EQUATIONS

Parameters used in the simulations are listed in the Table A.1.

Table A.1: Parameters used in the simulation. The model is presented in Chapter 6.

Parameter | Exponential pre-factor | Activation Energy
Kps++/si 6/Cs; 0
Kags+/si 4/(Cs;)? 0
Kagt+/si 1/(Cs)? 0
K gt /vo 1/Cs; 1.1

Kas,v 1/Cs; 1.15
Kasgv 1 -0.66
Kas,v exp(—16.57) 1.06
KKI_ 5.08819e-05 -0.83
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