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Dopant diffusion in silicon is studied and modeled on the basis of point
defect kinetics associated with ion implantation damage. Point defect

parameters are extracted from the modeling of transient enhanced dopant
diffusion due to oxidation and low dose implant damage without extended
defects. The theory of dopant-defect pairing is found to be crucial in modeling
the implantation damage effects, and the effective binding energies for boron-
defect and phosphorus-defect pairs are experimentally determined. The
extracted parameters provide an important reference for further modeling of
diffusion under high dose implantation conditions involving extended
defects.

Evolution of dislocation loops through their interaction with point
defects is modeled in two dimensions by accounting for the pressure around
the ensemble of loops as well as loop coalescence and dissolution as observed
in transmission electron microscopy (TEM) measurements. Assuming an

vii



asymmetric triangular density distribution of periodically oriented circular
dislocation loops leads to estimation of the effective pressure and an efficient
model for the statistical loop-to-loop interaction. Simulation with the model

correctly predicts variation of the number of captured silicon atoms and the
radii and densities of the dislocation loops during oxidation in agreement
with the TEM data. It also shows significant reduction in oxidation enhanced

diffusion of boron in a buried layer in agreement with measured profiles,

confirming the role of dislocation loops as an efficient sink for interstitials.
A point-defect-based atomistic model for the stress effects on dopant

diffusion is developed by accounting for variation in formation enthalpy of

dopant-defect pairs due to the hydrostatic pressure. Binding energies and
diffusivities of dopant-defect pairs under the pressure are modeled and

incorporated into diffusion equations. Boron segregation around dislocation

loops in silicon is explained by the pressure effects, and the simulation agrees

with the measured profiles. The model also shows that retarded diffusion of

phosphorus under oxide-padded nitride film of various widths is caused by
the stress at the film edge. Two-dimensional simulation of diffusion in the

pressure field leads to better prediction of threshold voltage shift in short
channel MOS transistors.
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CHAPTER I
INTRODUCTION

In the past several years, process simulation has been recognized as an

efficient way to reduce cost and time in development of semiconductor
device manufacturing technologies. The pragmatic goal of simulation is
achieved not only when the process models in the simulators correctly

represent the phenomena observed at each processing step, but also when the
models are capable of predicting unseen effects. Development of the process

models is an ongoing process, more or less following up today's rapid
evolution of technologies. When process simulators go beyond the stage of
mere emulation of reality, they become a practically essential guide to new

technologies. To fulfill this extensive purpose, it is crucial to use accurate and

predictive models founded on what is actually going on inside the material of
interest.

The physical models provide process simulators with a potential to
foresee an unprecedented phenomenon in a wide range. If the physics of a

certain processing step is not understood well, phenomenological and

empirical modeling is unavoidable and often produces satisfactory results in a

limited range. When we understand the physical mechanism under good

assumptions, it is the correct choice to develop a physics-based model as far as

computation time due to model complexity is not a concern. Performance of

physical models heavily depends on the parameters that are meaningful in

physical theory. Numerical solution for quantities such as dopant concentra¬
tion is usually required with correct values of the parameters. Some

parameters have established values, others can have a certain valid range

1
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expected from theory. In determining the complexity of models to develop,
we need to consider the number of unknown parameters, so that the model
can be parametrized reasonably on the basis of experimental data. Too

complicated a model leads to impractical, arbitrary simulations with a lot of
random parameters, even if it may be based on physical theory in its form.

Parametrization of a physical model is done on the basis of accumulated
data from experiments in a wide range of conditions. Systematic experiments
with advanced measurement reveal the physics of phenomena in the device
materials. Synergetic efforts of material scientists, theorists, and modelers are

more and more required to establish the physical parameters. Validity of

physical models is attested at the same time as the properties of materials
under process conditions are explored. Extensive usage of the physical
models helps to understand the experimental observation and to design
further experiments. Also, limitations of measurement such as two-

dimensional doping profiles can be overcome by the extended use of models.
The models with consistent parameters extracted from a large body of

experimental data eventually lead to accurate and predictive simulations
necessitated for the future technology development.

Dopant diffusion in silicon is one of the fields in process simulation
where judicious, physics-based modeling is strongly demanded. Doping

profile and junction depths in multi-dimensions are the crucial process

design factors that should be modeled most accurately. Diffusion of impurity
atoms, which occurs in the crystal at high temperatures, results in various

doping profiles depending upon the crystallographic, mechanical, thermo¬

dynamic, and electrical properties of substrate and interface associated

chemically with the impurities. The diffusion process during the fabrication
of integrated circuits becomes more complicated due to the non-equilibrium
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environments initiated by the other processing steps, typically by ion

implantation.
Modern device fabrication processing includes ion implantation as an

essential technique for doping the semiconductor. The high energy bombard¬
ment of incident ions inevitably creates damage in the crystalline structure of
substrate. The ion implantation damage governs the subsequent dopant
diffusion process during thermal annealing cycle, which is necessary for
substrate recrystallization and dopant activation. Transient diffusion of

dopant associated with the ion implantation damage produces relatively
more pronounced impacts in device structures of smaller dimensions. As
devices are scaled down, more accurate prediction of dopant redistribution
due to the transient diffusion is required for designing shallow junctions.

1.1 The Dislocation Loop in Silicon

High-dose ion implantation is crucial in obtaining highly-doped regions
in silicon such as the source and drain of MOSFETs and DRAM cells. The

high-dose implants of common dopants such as arsenic are known to

amorphize the surface region in silicon substrate, simultaneously producing a

large amount of point defects, i.e., interstitials and vacancies. The subsequent

annealing leads to solid phase epitaxial regrowth of the amorphous region,
and the extended defects such as dislocation loops are formed below the

amorphous/crystalline interface. The dislocation loops are inherently

accompanied by a stress field in the crystalline silicon, interacting with the

point defects and the dopant atoms. A simplified picture of a cross-section of
an extrinsic dislocation loop is shown in Figure 1.1. An extra layer of silicon
atoms form an approximately circular shape to attain the lowest self-energy in
the crystalline structure. By intuition, we can visualize the stress distribution
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Figure 1.1. A cross-section of an extrinsic dislocation loop composed of an
extra layer of silicon atoms with dangling bonds at the core boundary.

around the loop in a qualitative way. Inside the dislocation loop region, the
atoms tend to be more compactly spaced, thereby causing a compressive

pressure. On the other hand, the region just outside the dislocation loop

boundary is generally under tensile stress, since the atoms are more sparse

due to the misfit. The loop grows by absorption of an interstitial or by
emission of a vacancy, and it shrinks in the reverse way, changing the point
defect distribution around its boundary. Conversely, the non-equilibrium
distribution of point defects around the loop primarily determines the growth
and shrinkage, i.e., the evolution of the dislocation loop.

As the device size is more scaled down, the performance of the shallow

junction, short channel devices becomes more contingent on the process-

induced defects and the related material properties such as stress. The defects
and the stress that arise during the integrated manufacturing processes affect
the characteristics of the scaled-down devices, often in an anomalous way
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unobserved or insignificant in the large scale devices of relatively outdated

technology. There are three main aspects in the effects of dislocation loops on

the device characteristics. First, significant leakage currents can be caused by
the dislocations when they are decorated with metallic impurities and located
across the junctions. This is definitely an adverse effect on devices. It can be

suppressed either by avoiding ion implantation for the junction formation or

by removing or relocating the formed dislocations deliberately through a

subsequent process. As far as the dislocations are confined to areas outside
the space-charge regions, they do not usually have detrimental effects on

device operation.

Second, the dislocation loops indirectly affect dopant redistribution by

capturing and emitting point defects during subsequent anneals. Since

dopant atoms diffuse by pairing with point defects, the dopant redistribution
and the resultant doping profiles and final junction depths are largely affected

by the dislocation loop evolution in association with the point defects. The
role of dislocation loops as capturing source for interstitials can be utilized to

reduce the junction depth during oxidation and annealing.

Third, the stress field from the locally disturbed crystalline structure

directly influences diffusion of dopant atoms paired with the point defects.
The stress arises not only from the extended defects, but also from thin films
and device isolation structures. Especially the dislocation loops can getter

dopant atoms as well as silicon interstitials and metallic impurities in the

pressure field around their boundary, causing dopant segregation. The

superimposed interactions of dopants, point defects, and extended defects
make the diffusion process more complicated. In this work, the second and
the third aspects of the effects of dislocation loops are investigated by building
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up physics-based atomistic models of the dislocation loop evolution and the
stress effects on dopant diffusion in general.

1.1.1 Electrical Properties of Dislocations

The electrical properties of dislocations in semiconductors have been
studied mainly on the theoretical basis. Shockley [1] remarked that the

dangling bonds in the core of an edge dislocation may form a one¬

dimensional partially-filled band of edge-states analogous to two-dimensional
surface state bands. The broken bonds in the extra half-plane of atoms are

considered to be occupied by only one electron in a neutral crystal. Read [2, 3]

developed a model postulating that the dislocations act as acceptor centers,

which explains the observed reduction of the carrier density in n-type Ge with

plastic deformation [4, 5]. He assumed that all conduction electrons are

expelled from the vicinity of a negatively charged dislocation in n-type

material and a cylinder of positively ionized donor atoms is created around
the dislocation core. Labusch and Schróter [6, 7, 8] presented a different model
based on the assumption of half-filled dislocation band in the neutral state,
which accounts for the donor-like behavior of dislocations in p-type Ge and Si
at very low temperatures observed through Hall measurements of holes.

However, all these models were only about the charge states of dislocations at

temperatures much lower than common annealing temperatures used in

processing.

Recently, Ross et al. [9] measured the reverse leakage current of GeSi/Si

p-n diode during the in situ formation of misfit dislocations at about 700°C,

simultaneously characterizing the dislocation density and length by
transmission electron microscopy (TEM). They observed the proportionality
between the leakage current and the dislocation density and length, and
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found that a generation-recombination process at the dislocation cores is not

sufficient to explain the substantially large generation current. Consequently
it was suggested that device degradation due to the dislocations should be

related to the point defects or the metals diffusing rapidly along the
dislocations. The same argument may also be applied to the implantation-
induced dislocation loops, for they are essentially a sort of edge dislocations
with a morphological change. Cerva and Bergholz [10] showed that the half¬

loop dislocations at the oxide mask edges act as effective nuclei for the
formation of Ni precipitates, which are originated from the reactive ion

etching process step. In that way, the dislocation loops can cause fairly high

leakage current, unless their formation is suppressed by such means as

implanting carbon [11] which has been conjectured to be gettering centers for
Si self-interstitials [12].

1.1.2 Characterization of Dislocation Loops Created by Ion Implantation

Unlike the point defects, the extended defects such as dislocation loops
are usually large enough to be observed as they are formed inside the silicon
substrate. The transmission electron microscopy (TEM) produces a manifest
view of the extended defects with principal sizes ranging around several
hundred angstroms on the average. From the modeler's point of view, this is
a critically aiding factor in building up a predictive model based on

experimental observation. Jones et al. [13] systematically analyzed the

morphological characteristics of the extended defects due to ion implantation
in silicon by using the TEM. Over 2500 different plan-view and cross-

sectional TEM specimens have been examined to investigate the effects of

implant species, dose, energy, annealing time and temperature, wafer

temperature and orientation, and pre- and post-amorphization on the defect
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formation. The classification scheme groups all secondary defects into five

categories based on the origin of the damage. Of those five categories, the

categories I and II refer to the dislocation loops induced by typical ion

implantation conditions used in silicon device fabrication. The major criteria
that distinguish the formation of the two categories of extended defects were

found to be implant dose and implanted ion species, i.e., ion mass [13].

Figure 1.2 shows the criteria of dislocation loop formation due to implants of
common dopants in silicon, extracted by Jones [13]. Category I damage is
"subthreshold" damage that results when the implant dose exceeds the
critical dose (~2xl014 cm-2) and simultaneously no amorphous layer is
formed. These defects are typically extrinsic dislocation loops that are

observed at a depth corresponding approximately to the peak of the

implanted dopant distribution. For room temperature implantation, this

damage is usually induced by implants of light ions such as boron, and its

density is found to be proportional to the dose.
If the dose is increased sufficiently to cause amorphization of the surface

region of silicon substrate, then defects classified as category II ("end of range")

damage are formed beneath the amorphous-crystalline interface in the

heavily damaged but still crystalline material. The category II defects evolve
into extrinsic dislocation loops after the regrowth of the amorphous layer
with the subsequent annealing. This damage arises whenever an amorphous

layer is formed during implantation. High dose implants of heavy ions such
as arsenic are bound to induce the category II dislocation loops in silicon
devices. In addition, half loop dislocations are observed to form upon

annealing after arsenic implants with very high dose larger than 5x1015 cm-2,
evolving from damage classified as category V. The category V defects,

usually precipitates or dislocation loops, occur when the solid solubility of the
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Criteria of Extended Defect Generation

50 -190 keV room temperature implants
~5pA/cm2, (100) wafers [Data by Kevin S. Jones]

Figure 1.2. Ion mass-dependent critical implant dose of common dopants in
silicon for generation of category I and II extended defects. Data by K. S. Jones.

implanted species at the annealing temperature is exceeded. In this thesis, the

modeling is focused on the category II dislocation loops, based on their
observation through TEM.

Figure 1.2 shows that the dislocation loops are not formed as far as the

implant dose is below the critical doses (~ 2xl014 cm-2 for B, P, and Si; ~ 5xl013
cm-2 for As and Sb). In this regime of implant conditions, an excessive
amount of point defects are created after the implantation, and they cause

transient diffusion of dopants without nucleating extended defects during the

subsequent thermal processes. It is this regime that should be used to

investigate the non-equilibrium diffusion mechanism of dopant atoms and

point defects in the absence of their complicated interaction with extended
defects.
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1.2 The Effects of Dislocation Loops and Stress in Device Structures

The effects of the dislocation loops on device performance were

previously observed in shallow junction bipolar technology [14, 15]. The
dislocation loops emanate from the emitter-base junctions due to the emitter-
formation arsenic implants and also from the heavily implanted buried layer.
The dislocations decorated with metallic impurities can be conductive

enough to cause emitter-collector leakage. When they extend through the
narrow base, they become emitter-collector pipes which allow significant
emitter-to-collector leakage current even when the base terminal is open.

This phenomenon ultimately gives rise to severe yield problems [15]. Since
the growth of dislocation loops is critically determined by the point defect
distribution around them, a point defect based model will provide the most

fundamental estimates on the tolerable size and density of the dislocations
under a certain processing condition for a given device structure.

It is well known that the stresses from traditional LOCOS (local

oxidation of silicon) isolation structures are apt to induce dislocations in the
silicon substrate. In scaling down the device size, the schemes for reducing
the extent of laterally merging field oxide, so called "bird's beak," tend to

make the LOCOS isolation more susceptible to the stress-induced dislocation

generation. Fahey et al. [16] investigated the effects of dislocations and stress

observed in the recent process technologies including the trench isolation and
trench capacitor structures suitable for a bipolar IC and 4-Mbit and 16-Mbit
DRAM (dynamic random access memory) fabrication. The trench isolation

method, composed of reactive ion etching (RIE) of the substrate and chemical

vapor deposition of SÍO2 for filling the trench, was developed to avoid the

scaling limitation of the LOCOS-based isolation techniques. Although it
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achieves good planarity and scalability, substantial stresses can be generated

during thermal oxidation steps usually required following the planarization.
The thermal oxidation of the trench sidewalls, accompanied by a substantial
volume expansion, is analogous to driving a wedge into the trench,

overfilling it, creating stress and defects such as dislocations in the adjacent
silicon [16]. The shape of the trench and the temperature of oxidation are

critical factors in the reduction of stress-induced defects. At the corner

locations of the trenches, larger stresses can be generated. Stress build-up
becomes worse as the oxidation temperature is decreased.

Figure 1.3 shows a simplified cross-section of a trench capacitor DRAM
cell with the substrate-plate-trench structure [17]. Without proper control
over the processes, the leakage current may be a very significant problem in

Figure 1.3. A simplified cross-section of a trench capacitor DRAM cell; ref.
[17].
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this structure due to superimposed effects of the implantation-induced
dislocation loops near the p+n junction and the stress at the corner of the
trench capacitor. The stresses originate from the oxidation process, from
thermal expansion mismatch of the silicon and the oxide, and from the

intrinsic compressive stress of the polysilicon that fills the trench [16]. Under
the stress from the trench, the dislocations can move great distances outside
the original implanted region by the gliding process, causing a detrimental
effect on device performance. The excessive leakage currents increase power

dissipation of the circuits and also degrade refresh times in the DRAMs.

Detailed stress analysis combined with TEM observations is required to

examine the defect generation and propagation mechanism.
The MOSFET device characteristics are also influenced by the

dislocation loops due to high-dose ion implantation as well as the stress-

induced edge dislocations during the oxidation processes. Figure 1.4 shows a

simplified cross-section of a typical n-channel lightly-doped drain (LDD) MOS

structure, which features the self-aligned phosphorus doped n~ regions
between the channel and the n+ source and drain regions doped by high-dose
arsenic implantation. During the annealing cycle for activating the
source/drain region, a layer of dislocation loops is produced near the

source/drain-to-substrate junctions. The dislocation loops, which can cross

the junctions, may trap the fast-diffusing impurities and provide generation-
recombination centers at their sites. This can lead to large leakage currents

through the reverse-biased source/drain-body junctions, as in the case of
misfit dislocations observed by Ross et al. [9] The excessive leakage currents

increase power dissipation of the integrated circuits as a whole. Furthermore,

reduction in the junction breakdown voltage is expected. Minority carrier
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Dislocation loop layer | | Antipunch implant
m 14 p-type substrate

LDD region

Figure 1.4. A simplified, unsealed cross-section view of an n-channel LDD
MOSFET structure.

lifetime is also decreased by the extended defects through the introduction of
localized energy levels within the silicon bandgap.

As the channel length of the MOS transistor scales down below 2 |im, a

series of effects arise that can not be predicted by the conventional long
channel device models. One of the short channel effects is the decrease of

threshold voltage Vt due to the contribution of the depletion regions of the
source and drain junctions on the channel depletion region charge. The

primary factor that determines the threshold voltage is the background

doping concentration of the substrate or the wells of CMOS. Recently, Sadana
et al. [18] found that a pronounced segregation of boron from the bulk silicon
into the arsenic-implanted region occurs during the subsequent anneal. The
local redistribution of dopant in the substrate can make a significant
difference in the Vj roll-off in the short channel MOSFETs [18]. The observed

boron pile-up was exactly centered around the arsenic implant-induced
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dislocation loop layer, which strongly suggests the direct interaction of dopant
atoms with the dislocation loops. A similar local redistribution was also

reported of the implanted boron profiles in the post-amorphized silicon
substrate [19]. The stress field around the dislocation loops is supposed to be
the major source of change in the dopant diffusion mechanisms. It is also

possible that the capture of dopant impurities takes place in a way similar to
the gettering of fast-diffusing impurities through the extended defects. In this

thesis, it is attempted to model this phenomenon on the basis of the stress

field and an atomistic dopant diffusion theory.

1.3 Transient Dopant Diffusion Mediated by Point Defects

According to the generally accepted theory [20], dopant diffusion in
silicon occurs through pairing with point defects, both vacancies and
interstitials. The point defects and dopant diffusion in the absence of the
extended defects should be clarified first in order to develop an extensive
model for the dislocation loop effects. It is difficult to extract point defect

parameter values from experiment, since they cannot be measured directly.
Only by examining the increase or decrease in dopant diffusion can point
defects be investigated. Oxidation-enhanced diffusion (OED) is the most

widely measured and understood non-equilibrium diffusion phenomenon,
which makes it a suitable starting point for understanding point defect

transport and recombination. It is believed in general that OED is caused by
injection of interstitials from the growing oxide.

One of the OED effects on the short channel device characteristics can be

seen in the reverse short-channel effect [21, 22]. It was observed that the

threshold voltage initially increases as the channel length decreases until the
final Vj fall-off begins. The anomalous Vt behavior was attributed to the
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OED effects on redistribution of the channel dopant (boron in n-channel

devices) during polysilicon gate sidewall reoxidation. A typical channel

doping profile has a positive concentration gradient towards the SÍO2/SÍ

interface, since an antipunch implantation is usually used to suppress short
channel effects (Figure 1.4). The interstitials injected laterally during the
oxidation causes enhancement of the channel dopant diffusion, which results
in a local increase of the surface concentration near the source and drain

regions. Additionally, it is suggested that the channel dopant redistribution
around the dislocation loops near the source/drain junctions can also

complicate the situation regarding Vt variation in the short-channel

MOSFETs, as mentioned in the previous section.

It has been reported [23, 24, 25] that low dose silicon implantation also

provides non-equilibrium diffusion conditions by creating point defects or

defect clusters. If the silicon implant dose is below 2x1014 cm-2, no extended

defects are formed [13]. The effects of point defects on dopant diffusion in

intrinsically doped silicon are crucial especially in the processing of shallow

junctions and short-channel devices. The lightly-doped drain regions shown
in Figure 1.4 are made typically through phosphorus implantation with a

dose range of 1013 cm-2, which produces the junction depth and length
dimensions less than 0.3 pm. The breakdown voltage and the threshold

voltage in the LDD device are strongly dependent on the dopant
redistribution of the lightly doped regions [26]. It has been found that the

formation of arsenic/phosphorus junctions in the LDD is influenced by the

point defects created by the low-dose phosphorus implants [27]. The damage-
enhanced transient diffusion of phosphorus can not be explained by the
traditional diffusion theory of gaussian distribution and Fick's law. To
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correctly model the diffusion, it is necessary to assess the pairs of dopant and

point defects according to their electrochemical reaction.

1.4 Organization

The primary goal of this work is to understand the dopant diffusion

phenomena related with ion implantation damage. Based on the knowledge
on the diffusion mechanisms, physics-based models are developed for the
interactions among dopant atoms, point defects, and extended defects.
Material-related effects such as traps and mechanical stress are also dealt with
in this thesis. This work unveils several crucial points in diffusion studies,
and uses them in simulating the experimental observations correctly.
Predictive and quantitative simulations are achieved by implementing the

physics of diffusion.

Figure 1.5 shows a schematic diagram for the interrelation of the three
main elements of diffusion, i.e., dopant atoms, point defects, and extended
defects. In this work, the extended defects refer only to dislocation loops of

category II origin. The interaction between each of the elements, signified as

A, B, and C, corresponds to the topic of each chapter in this thesis. All of the
three elements can be created after ion implantation through the process

denoted as a, (3, and y, and they go through nucleation, evolution, or

diffusion processes during the subsequent thermal annealing with different
ambient conditions, e.g., oxidation, nitridation or inert annealing. By

deliberately controlling the conditions of implantation and annealing, we can

selectively create the elements of diffusion to achieve an uncomplicated

experimental environment suitable for probing each interaction between two

of the elements. It is also required to avoid any extrinsic diffusion of dopant
at high concentration above solid solubility limit (8 in Figure 1.5) involving
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low concentration
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Gettering Captu

Pairing

Figure 1.5. The interrelations of the three major elements of diffusion
conditioned by ion implantation.

precipitation and/or electric field effects, which is not the subject of this
thesis.

Chapter II deals with transient enhanced diffusion of boron and

phosphorus through pairing with the point defects induced by silicon ion

implantation and oxidation in the absence of extended defects (interaction A).

The point defect based diffusion model in the process simulator SUPREM-IV
is re-examined by implementing the pairing of dopant and point defects
under excessive supersaturation of point defects due to ion implantation.
The pairing model clarifies the thermal nature of the diffusion enhancement,
and leads to a physically-meaningful quantity that governs the transient
diffusion. A set of point defect parameters including effective binding

energies of dopant-defect pairs is extracted by simulating the experimental
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data, and it is consistently used for modeling diffusion phenomena under
extended conditions in Chapter III and IV.

In Chapter III, the implantation-induced dislocation loops are modeled
based on TEM experiments, and their evolution associated with point defects
during oxidation (interaction B) is discussed and correctly simulated in
FLOOPS (Florida Object-Oriented Process Simulator). Furthermore, the

combination of the dislocation model and the pair diffusion model in

Chapter II provides a consistent simulation of the indirect influence of the

dislocation loops on boron diffusion through the redistribution of point
defects around the layer of loops (interaction A).

Chapter IV describes an atomistic model for stress effects on dopant
diffusion in general. A pressure-dependent dopant diffusion equation is
derived by accounting for the variation in enthalpy, binding energy, and
diffusivity of dopant-defect pairs. The model leads to quantitatively
consistent simulation of the boron segregation around the dislocation loop
layer (interaction C) and the nitride film stress effects on phosphorus
diffusion. The effects of the stress and the boron segregation around the
dislocation loops on device characteristics are also discussed.

Finally, this work is summarized in Chapter V. Conclusions and
recommendations for future extension of this work are also made.



CHAPTER II
MODELING OF LOW DOSE SILICON IMPLANT DAMAGE EFFECTS AND

OXIDATION ENHANCED DIFFUSION

This chapter describes point defect models and compares them with

experimental results for intrinsically doped material. Transient dopant
diffusion due to low dose silicon implant damage can be modeled with the
same parameters as oxidation enhanced diffusion, and therefore provides an

additional technique to probe point defect behavior. Parameters are extracted

consistently for both experimental conditions and fit to Arrhenius

relationships. The theory of dopant-defect pairing is found to be crucial in

modeling the implantation damage effects, and the effective binding energies
for boron-defect and phosphorus-defect pairs are estimated from the

simulations.

2.1 Damage-Enhanced and Oxidation-Enhanced Diffusion

The low dose implant damage enhanced diffusion and the OED should

be directly comparable. There is generally a large difference in defect amount
and distribution between the two cases. The concentration of point defects
just after implantation usually reaches several orders of magnitude larger
than the equilibrium concentrations. Interstitials and vacancies created

locally at the surface region diminish rapidly through recombination during
the initial annealing period. It is this short time period when the transient
diffusion of dopant atoms occurs, and normal diffusion is resumed after this

transient period. On the contrary, oxidation is believed to induce only
interstitials from the SÍ/SÍO2 interface. The interstitials are injected during

19
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dry oxidation to a much smaller amount than the implantation-induced
defects. However, the injection takes place continuously as long as the
oxidation goes on, and the supersaturation of interstitials persists and usually
extends to the deep bulk silicon region through uninterrupted interstitial
diffusion. As a result, the OED proceeds almost constantly during oxidation.

The modeling of oxidation effects on intrinsically doped layers has been

previously described by Law [28]. It was possible to fit the OED experimental
results with two different sets of parameters obtained by using two different
measurements of the interstitial diffusivity under gettering conditions [29,
30]. Park and Law [31] developed a point defect based model for the enhanced

diffusion of boron and phosphorus due to the low dose silicon implantation
damage. This chapter describes the model and simulation results in ref. [31]

extensively. A new set of model parameters was extracted to consistently fit
both the experiments of implant damage and of OED. The effect of both of

these conditions creates non-equilibrium diffusion, and a good test of a

dopant diffusion model is whether it can be used for both conditions.

2.2 A Model for Dopant Diffusion Based on Pairing Theory

This modeling work is based on the assumption that the point defect-
dopant pairs are at local equilibrium, as has been used previously [20, 32 ~ 39].
Other researchers [40, 41, 42] have developed models that do not depend on

this assumption. However, these models involve much more computation
time since they have to solve more sets of partial differential equations. They
also have to estimate both the pairing and depairing reactions rates. Given
the present state of knowledge on the pairing mechanism of charged defects
and dopant atoms in non-equilibrium, it seems premature to determine the
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forward and reverse rates of pairing for different charge states through

modeling. For example, it can be very arbitrary to extract the values of

binding energies of dopant-defect pairs with different charge states, and the
model can be prone to many assumptions. It is therefore useful to see if the

local equilibrium assumption allows modeling of implant damage effects.
While this work was in progress, other researchers [43, 44] were

developing a diffusion model under another different assumption. In
addition to the dual mechanism of diffusion with interstitialcy and vacancy,

they assumed other possibilities of dopant-defect reaction such as Frank-

Turnbull mechanism (recombination of vacancy with dopant-interstitial pair)
and dissociation mechanism (recombination of interstitial with dopant-
vacancy pair). Those mechanisms have been used in explaining diffusion of

fast-diffusing metallic impurities. By applying the two additional
mechanisms to diffusion of common dopants in silicon, they modeled the
diffusion of arsenic and phosphorus under nitridation condition [43]. In the

case of implant damage enhanced diffusion with the excessively large
amount of point defects, however, it is not certain whether Frank-Turnbull

mechanism is applicable to the common dopants. Estimation of binding
energies is required to model the transient diffusion of dopants in silicon
under excessive supersaturation of point defects as created by ion
implantation. In this chapter, both the damage enhanced diffusion and the

oxidation enhanced diffusion of boron and phosphorus are modeled by the
dual mechanism of diffusion with pairing theory.

2.2.1 Diffusion Equations Accounting for the Dopant-Defect Pairs

When it is assumed that local equilibrium is attained between the

dopant, the defects, and the dopant-defect pairs at each point in the diffusing
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dopant profile, the following equations can be applied to modeling of

damage-induced transient diffusion. The dopant equations proposed by
Mathiot and Pfister [33] are modified to limit the maximum number of

dopant-defect pairs as described in Law et al. [45]:

-Jax = ¿axKa* Gxc C'xc-i) Vlog (1 cx 1 cx nv
2-1

where Jax is the diffusive flux of donor dopant A paired with defect X which
is I (interstitial) or V (vacancy), Gx< is the charge state term (n/nj)1'0, where c

denotes charge state of the pair (0 for neutral pairs, -1 for negative pairs, and
+1 for positive pairs), CXc-i is the concentration of interstitials in a charge state

one electron more negative than the pair state c under inert intrinsic

condition, Ca is the concentration of unpaired dopant atoms in the
substitutional sites, and dAX is the diffusivity of AXcpair. The consideration
of charge states leads to the expressions for concentration of defect X under
non-inert condition in terms of Cxrf as follows [46]:

Cxcl = GxcCx‘-i 2-2
Cx

where Cx =^ Gxc C’Xc-i and Cx = ^ C\c 2-3,2-4
C c

The above equations were derived for a donor dopant of singly positive
state. Similar equations are applied to an acceptor dopant case when charge
states of defect and dopant are considered. When we assume that electronic

processes are faster than any other and that the dopant atoms and defects are

both dilute compared to the silicon lattice sites, the number of dopant-defect

pairs can be expressed by a simple mass action relationship with a pairing
coefficient Kax :
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Cax" = Kax° Cx^1 Ca 2-5

The relationship of the pair concentration to the total concentration of

dopant Ca can be expressed as:

Ca= Ca + X KAi'Cr1 Ca + X Kav'Qt1 Ca = Ca + Cai + Cav 2-6
C C

where the summation is over all pair charge states and Ca is used for the

unpaired substitutional donor atom concentration.

According to statistical thermodynamics based on the dilute
concentration approximation, the pairing coefficient Kaxc In Eq. 2-5 is

expressed as [20,32,47]:

2-7

where Cs is the concentration of lattice sites, EbAxc is the binding energy of the
AXC pair, and 0axc is the coordination number which represents the number
of equivalent ways of forming the AXC state at a particular site, which is
assumed to be 4 for both dopant-vacancy and dopant-interstitial pairs in
silicon. In fact, Eq. 2-7 is based on diffusion theory via a vacancy mechanism
without considering the charge states of the defects. However, it has been
extended self-consistently to an interstitial(cy) mechanism [20], and it is also
reasonable that the binding energy EbAxc depends on the charge states of the
defects. In intrinsic material, it is impossible to distinguish the charge states,

and an effective pairing coefficient Kax is used:

CxCi 2-8



24

The effective pairing coefficient Kax is determined by temperature and the
intrinsic charge state distribution of defects in intrinsic conditions. Therefore,
we can define effective binding energy EbAX of dopant-defect pairs AX in the
same way as Eq. 2-7:

2-9

Thus, the effective binding energy EbAX incorporates the charge distribution of
defect X, which is constant under intrinsic doping conditions. When doping
is low and moderate, the EbAX is a physical parameter that describes the total

average energy required to separate the dopant atom and the defect from a

pair state. The value of EbAX can be estimated by simulating the enhanced
diffusion in the lightly-doped layer, as will be demonstrated in the remaining

part of this chapter. When the doping is extrinsic, the actual binding energies
of the pair AXC may vary significantly depending on the charge state of the

pair.

2.2.2 Significance of Binding Energies in Damage-Enhanced Diffusion

Since ion implantation creates such a large number of excess defects, it
becomes critical to account for the dopant-defect pairs. During the initial
short period of transient diffusion, complete pairing of all the dopant atoms

may occur, so that Ca = Cai + Cav- The enhancement of dopant diffusivity
under these conditions can be investigated by deriving an expression for
Da/Da in terms of effective pairing coefficients Kai, Kaw and defect
concentrations. With the assumptions that defects are dilute compared to

lattice sites of silicon and that the defect gradient is negligible, Eqs. 2-1, 2-6, and
2-8 can be used to derive an equation for the instantaneous diffusivity
enhancement of a dopant A under intrinsic conditions:
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Cy 1 r 1 + KAi Ci + Kav Cy
Cy J L 1 + Kai Ci + KAy Cy ] 2-10

where /ai is the fractional interstitial component of diffusivity in

equilibrium. To simplify further, it can be assumed that the dopant diffuses

by interacting only with interstitials, i.e., /ai = 1 and Kav = 0, and Eq. 2-10
becomes

Da
_ KaiQ + (Q/CÍ)

Da KaiQ + 1
2-11

This formulation qualitatively explains the transient enhanced diffusion of
phosphorus and boron, since they are known to diffuse mainly via an

interstitialcy mechanism. There are two limiting conditions to be considered:

(a) When the supersaturation of interstitials, Q / Ci, is moderate and
below a threshold ( Kai Ci ) - 1, i. e., when KaiCi < 1, the diffusivity

enhancement Da / Da is proportional to Q / Ci. This is the situation during
OED.

(b) When Q / Ci exceeds the threshold ( Kai C \ ) ~ 1, i. e. , when

Kai Ci » 1, Eq. 2-11 is approximately

^ s 1 + ( Kai Ci) - l 2-12

Eq. 2-12 characterizes the damage-enhanced diffusion during the initial
transient period. Under intrinsic doping conditions, Eq. 2-12 indicates that
the diffusivity enhancement is no longer dependent on the interstitial

supersaturation, and is determined only by temperature when the

supersaturation is higher than the threshold ( Kai CJ ) ~1 that is also
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thermally determined. Therefore, this model predicts that the short time
diffusion enhancement is determined solely by the Kai Ci product, and it is
this product that is critical in modeling the ion implantation damage effects.

Figure 2.1 shows the diffusivity enhancement Da / Da as a function of
interstitial supersaturation Q / Ci, calculated from Eq. 2-11 for three different
values of Kai- The instantaneous diffusion enhancement Da / Da is limited

by the value of threshold ( Kai Ci )-1 when Q / Ci is excessive, in contrast to
the case of conventional modeling that neglects the amount of dopant-defect

pairs Cai- When the pairing theory is ignored in modeling the transient
diffusion under supersaturation of point defects, the diffusion is erroneously
overestimated in the calculation. The result would be obviously wrong as the

straight line of proportion in Figure 2.1 suggests. Simulations without

Figure 2.1. Enhancement of instantaneous diffusivity of dopant dominated
by interstitialcy mechanism (/ai = 1) as a function of supersaturation of
unpaired interstitials, with and without considering the dopant-defect pairs.
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considering the pairing model actually showed excessively enhanced
diffusion of phosphorus and boron with implant damage.

We can draw from Eq. 2-12 a very important fact about the equilibrium
concentration of interstitials and the binding energy of dopant-interstitial

pair. Experiments show that the enhancement of phosphorus and boron
diffusion is always larger at lower temperatures [23, 24, 25]. The enhanced
diffusivities measured from the experiments are time-averaged effective
diffusivities, which represents only the net amount of diffusion shown final

profiles [48]. However, it is fairly reasonable that the total diffusion amount is
determined by the enhancement of the instantaneous diffusivity during the
initial time period with high supersaturation of defects, as shown in Eq. 2-12.
From Eq. 2-12, therefore, it is inferred that the value Kai Ci should be smaller
at lower temperatures. The Kai is determined by the binding energy EbAi in
the relationship of Eq. 2-9. A theoretical expression of the equilibrium
interstitial concentration C] can be obtained from a general model of

equilibrium concentrations of point defects in statistical thermodynamics [20]:

2-13

where Cs is the number of available lattice sites in the crystal, Hi is the
formation enthalpy of silicon self-interstitial, sf is the formation entropy that
is usually attributed to lattice vibrations, and 0i is the number of degrees of
internal freedom of the defect on a lattice site. As mentioned in Fahey et al.

[20], no experiment has definitively measured the equilibrium concentrations
of vacancies or interstitials in silicon, or even the enthalpies of formation.

Ci in Eq. 2-13 does not include the effects of multiple charge states of the
interstitial and the Fermi level shift, which is insignificant under intrinsic
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doping conditions. Combining Eq. 2-9 and Eq. 2-13, we obtain the relationship
of the factor Kai Cl with temperature and energies as follows:

Hi - EbAi A
KAi Ci = 0ai 9i exp

( sT
exp kT

2-14

To be consistent with the observed temperature dependence of enhanced

diffusion, therefore, the binding energy EbAi should be smaller than the
formation enthalpy of interstitial Hi, i.e., the activation energy of the

equilibrium concentration of interstitials. This is expectable since the energy

difference Hi - EbAi is equal to the formation enthalpy of the dopant-
interstitial pair Hai, which should be positive in order to be physically

meaningful. Thus, the product Kai Ci, a critical factor determining diffusion
enhancement, should be considered as the proper measure of the activation
of dopant-interstitial pair. With larger Hai, the Kai Ci is smaller, and the
concentration of the pairs in thermal equilibrium is also smaller. It brings
about more enhanced diffusion in non-equilibrium with high super¬

saturation of interstitials. In addition, the large value of Hai results in

stronger dependence of the enhancement on temperature. The same

argument based on the energetics can be applied to the vacancy mechanism,
and the dopant-vacancy binding energy EbAv should be smaller than the

vacancy formation enthalpy Hy. These relationships provide a crucial
restriction on physics-based estimation of the point defect parameters.

2.3 Defect Equations Incorporating Dual Reaction with Traps

It has been observed that diffusion of point defects depends on the
silicon material used in the diffusion studies. Interstitial diffusivities in the

literature vary by several orders of magnitude from experiment to
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experiment. It was attributed to the difference in material and silicon crystal

growth method used in each experiment. Impurities such as carbon and

oxygen in silicon are known to interact with point defects and thereby affect
their diffusion. Griffin and Plummer [49] explained the material dependence
of interstitial diffusivity by introducing the concept of bulk traps capturing
interstitials. They considered the reaction of an empty bulk trap T (i.e.,

unpaired oxygen or carbon atom) and an interstitial I:

I + T IT 2-15

The above reaction accounts only for the reverse reaction as the dissociation
of the filled trap IT (i.e., interstitial-trap pair). However, vacancies are also

expected to contribute to the trapping of interstitials. In this study, an

additional interaction of vacancy and filled trap is modeled to explain the

trap-mediated recombination of point defects:

V + IT <-► T 2-16

In Eq. 2-16, the forward reaction represents the recombination of a vacancy

and a trapped interstitial, while the reverse reaction is the trapping of a

silicon atom out of its substitutional site, leaving a vacancy behind.
The empty trap concentration Cet is computed by the following

equation that incorporates both interstitial and vacancy trap interaction
terms:

= Rti + Rtv
3t

2-17

where Rti and Rtv are the rate of empty trap concentration change due to the
interstitial reaction in Eq. 2-15 and the vacancy reaction in Eq. 2-16,
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respectively. They can be derived by considering equilibrium states for the

traps and each kind of point defects:

2-18

Rtv = Ktrapv (Ct - Cet) Cy T » -ET CyCet 2-19

where Ct is the total trap concentration which depends on the silicon

material, and Cet is the empty trap concentration in equilibrium. Ktrapi is the
rate of forward reaction between interstitials and empty traps, while Ktrapv is
that of vacancies and filled traps. Eq. 2-18 is similar to that given in Law [28],
but the trap equation (Eq. 2-17) now includes the vacancy reaction term.

The trap reaction rates Ktrapi and KtrapV are limited by the diffusivity of
each kind of point defects, provided that the traps are immobile and
unlocalized. Moreover, there should be a certain amount of energy barrier in
the trap interaction, similarly to the case of direct recombination of interstitial
and vacancy as described by Fahey et al. [20]:

2-20

where AEiv is the recombination energy barrier of free interstitial and

vacancy, aIV is the capture radius for bulk recombination, Q is the volume of
the silicon unit cell, Cs is the density of lattice sites. Di and Dy are the
diffusivities of interstitial and vacancy, respectively. In analogy to Eq. 2-20,
the trap reaction rates can be formulated as follows:

2-21

2-22
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where AEet-i and AEpr-v are energy barriers of recombination of empty trap-

interstitial and filled trap-vacancy, respectively. The corresponding capture

radii aET.! and aFT_v can be assumed to be equal to aIV for direct I-V
recombination.

The defect continuity equations used in the model are based on those

given in Law and Pfiester [27] which include terms for bulk recombination
and reaction of empty traps and interstitials. In this work, they are modified
to incorporate the above model for the dual interaction of traps with both
interstitials and vacancies. The equations for interstitial and vacancy are:

^C--Cai) = - V(Jí + Jai) - Kr (Q Cv - C¡Cv) + Rti 2-23
at

3(CV-+ Cav) = - V(Jv + JAv) - Kr (Q Cv - Ci C*v) - RTv 2-24
at

where J¡ and Jai are the flux of free unpaired interstitials and that of
interstitials paired with dopant A, respectively. Rti is the trap mediated
recombination affecting the interstitial amount as given in Eq. 2-18. In

Eq. 2-24, Jy, Jav, and Rjv are similarly defined. Assumption of detailed
balance shown in Eqs. 2-18 and 2-19 is represented in the above defect

continuity equations by separating the trap interaction with interstitial and

vacancy as Rji and Rjy.
The boundary conditions for the interstitials are [50]:

- Dj VC, + K,(C, -Cp = g, 2-25

where Kj is the surface recombination velocity, and gj is the injection flux. A
similar equation holds for vacancies, but gv is zero for oxidizing conditions.
The interstitial injection flux at an oxidizing interface, gj, is assumed to be
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proportional to the number of silicon atoms consumed by the oxidizing

interface, and the proportionality constant 0 is the fraction of consumed
silicon lattice atoms that are re-injected into the crystal as interstitials. The
surface recombination velocity, K¡, can also depend on the surface growth
rate. The surface recombination is expressed as:

/v \ cti 2-26
Ki = KImax(^j UKu,,

where v9x is the initial oxide growth velocity for a bare silicon wafer, Kimax is
the surface recombination velocity maximum at a growing interface, Kimin is
the velocity found at the inert interface, and a¡ is the decay dependence.

The defect diffusion model shown in this section is tested by simulating

a recent experiment on dependence of boron diffusion on silicon material.
Van Oostrum et al. [51] characterized epitaxial silicon layers grown in

different ways by monitoring the differences in boron diffusion during
surface oxidation. After oxidation-enhanced diffusion of boron spikes, they

observed remarkable differences in boron diffusion with increasing depth

position in the layers grown by three different techniques: molecular beam

epitaxy (MBE), fast gas switching chemical vapor deposition (FGCVD), and

low-temperature CVD (LTCVD). As a tentative means of testing the trap-
mediated diffusion model in this section, two of their results are simulated

with SUPREM-IV in this study. Figure 2.2 shows the simulation of the delta-

doped boron spikes as grown by MBE and after 20 minute annealing at 900°C.
The as-grown profile is a rough approximation to the SIMS data shown in
[51]. The total trap concentration Cj used in the simulation is lxlO17 cm-3, a
typical value known for epitaxial layers. Figure 2.3 shows another simulation
for the SIMS boron profiles in the layer grown by FGCVD. In this case, the
simulation assumes larger trap concentration lxl019 cm-3. Both Figure 2.2
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Figure 2.2. SUPREM-IV simulation of the boron diffusion at 900°C with total
trap concentration equal to lxlO17 cm-2, emulating the data [51] for the case of
MBE-grown epi silicon.

Figure 2.3. SUPREM-IV simulation of the boron diffusion at 900°C with total
trap concentration equal to lxlO19 cm-2, emulating the data [51] for the case of
FGCVD-grown epi silicon.
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and Figure 2.3 are in good agreement with the SIMS data shown in [51]. The
simulated interstitial distributions at 20 minutes explain the difference in

depth-dependent boron diffusion for the two cases. In the MBE-grown

material, the interstitials injected at the surface diffuse almost uninterrupted

by the small number of traps in the bulk, thereby causing the enhanced
diffusion even in 1.0 pm depth position. In contrast, the decrease in boron
diffusion enhancement at deeper region in Figure 2.3 is due to the reinforced

capturing of interstitials by the bulk traps in large amount, which is probably
the characteristics of FGCVD-grown epilayers. Although the assumed value
of Ct (IxlO19 cm-3) may be considered too large, the quenching effect of the
OED in FGCVD material can be attributed to possible existence of impurities
from the reactor contamination, as Van Oostrum et al. [51] suggested.

Another possible reason for the reduced boron diffusion in the bulk is the
oversaturation of vacancies acting as interstitial traps [51]. Non-equilibrium
states of vacancies work as the trapping source of interstitials by

recombination, in the similar way to the bulk traps. A simulation with initial

vacancy concentration larger than the equilibrium concentration showed the
same result as in Figure 2.3. The tentative results consistent with the data

initially attest the validity of the model, which will be fully confirmed in the
next section.

2.4 Simulation of Damage-Enhanced Diffusion and OED

The above model of dopant-defect pairing was implemented into

SUPREM-IV, and the optimal estimates of the point defect parameters were

found by simulations. The optimization was performed to obtain the global
fit between the simulations and the data from both experiments on silicon

implant damage-enhanced diffusion of boron and phosphorus and on OED.
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Table 2.1 shows the parameter values extracted from the modeling in this
work. Many of the parameters were newly determined by fitting the
simulations to the experimental data, which will be described in this section.

Table 2.1 Parameters extracted from the simulations of implantation damage
and oxidation effects on phosphorus and boron diffusion.

Parameters Pre-exponential Activation

Di 600.0 cm2/sec 2.44 eV

Ci 5.0 x 1022 cm-3 2.36 eV

DV 13.0 cm2/sec 2.92 eV

2.31 x 1021 cm*3 1.08 eV

fQmin 1.95 x 102 cm/sec 1.67 eV

Klmax 7.60 x 109 cm/sec 2.73 eV

KVmin 1.11 x 103 cm/sec 2.50 eV

Kvmax 2.92 x 1015 cm/sec 5.39 eV

e 2.10 x 106 1.82 eV

«i 0.84 0.05 eV

CCv 1.79 x 10*7 - 1.91 eV

Kr 8.16 x 10*4 cm3/sec 3.19 eV

Cj (Float-zone) 1.0 x 1017 cm*3

Cj (Czochralski) 1.0 x 1018 cm*3

Cet / Cj 2.39 x 103 1.57 eV

KtrapI 8.16 x 10*4 cm3/sec 2.94 eV

KtrapV 1.77 x lO*5 cm3/sec 3.92 eV

Db 1.7 cm2/sec 3.56 eV

/bi 0.8

EbBI 1.52 eV

EbBV 0.9 eV

Dpi (w/ neutral I) 3.85 cm2/sec 3.66 eV

/pi 1.45 0.05 eV

Ebpi 1.49 eV

Ebpy 0.6 eV
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All the damage-enhanced diffusion data used in this work are obtained
from experiments that satisfy the critical assumptions required for the pairing

theory; (i) the silicon damage implant dose is low enough that neither Si
lattice structure is amorphized nor any dislocations are created; also the
concentration of defects is much less than that of silicon lattice sites Cs so that

we can apply dilute concentration approximation; (ii) the silicon is

intrinsically doped to avoid high concentration diffusion effects, such as

precipitation and electric field effects on diffusivity. Only under the two

conditions is it possible to obtain physically meaningful values for the
binding energy EbAX-

2.4.1 Initial Distribution of Point Defects

Profiles of the point defects created during implantation are necessary as

an initial condition for SUPREM-IV, which numerically solves the dopant

and defect diffusion equations (Eqs. 2-1, 2-23, and 2-24) in the subsequent
diffusion steps. The program used for the initial defect calculation in this
work is a Monte Carlo model [52] implemented in SUPREM-III [53]. To
smooth the noisy defect profiles produced by the Monte Carlo method, the
Pearson IV distribution function was used with parameters determined by an

optimizer. Figure 2.4 shows one of the as-implanted interstitial profiles used
as an initial condition for the simulation of phosphorus diffusion in this
work. For the interstitial distribution, it was assumed that all the incident

silicon atoms serve as self-interstitials in addition to recoils. The Monte Carlo

simulations show that vacancies are created in the same amount as

interstitials, with its distribution located nearer to the surface. The separation

between the peak positions of Q and Cy is larger with higher implantation

energy.
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From Monte Carlo simulation

Pearson IV fitting

Figure 2.4. As-implanted initial distribution of interstitials after the 28Si
implantation. Monte Carlo simulation from SUPREM-III is compared with
Pearson IV fitting.

Throughout the simulation in this work, it was found that the
distributions of point defects used as initial conditions make a significant
difference in the absolute amount of resultant diffusion. In all the

simulations, it was assumed that in the background below the implanted

region, the point defects exist in constant equilibrium concentrations,

although it has not been confirmed experimentally. When the initial

background concentration of vacancies was assumed to be larger than the

equilibrium concentration by an order of magnitude, the simulations led to

more than 20 % difference in final junction depths of boron, depending on

the depth location of boron profiles. Since the absolute amount of diffusion
enhancement is sensitively determined by the initial defect distributions, the



38

defect parameters extracted in this work have almost the same error range as

the initial defect simulation. However, the relative values of the parameters

are not much dependent on the simulations of initial point defects. In

general, the damage-enhanced diffusion predicted by any point defect-based
model is contingent on the simulation of initial as-implanted point defect
distribution. More accurate diffusion simulation requires conclusively

quantitative knowledge on the implantation damage based on possibly direct
observations through experiments.

2.4.2 Modeling of the Enhanced Diffusion of Boron

Packan and Plummer [23, 24] performed experiments which investigate
the enhanced diffusion of boron due to the low-dose 29Si implants and its

dependence on the damage implantation dose, energy, annealing time, and
temperature. They observed that the diffusion enhancement is the largest at
the lowest temperature and that its dependence on implant dose and energy

is nonlinear. Four sets of their representative data are simulated and fitted to

verify the pairing theory model in this study. The inert diffusivity of boron
Db and its fraction due to boron-interstitial mechanism /bi used for the

simulation are from the surface oxidation experiments of Packan and
Plummer [54] (see Table 2.1). Those values were also used for the

representation of their damage enhancement data [24]. Other important
defect parameters in Table 2.1 are consistently determined through this

modeling work.

Figure 2.5 shows the data and the simulation for dependence of the
boron profile movement V Deff t on anneal temperature and 29Si implant
energy. The time conditions are 60 minutes at 800°C, 5 minutes at 900°C, and
2 minutes at 1000°C, within which the overall transient diffusion is supposed
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Figure 2.5. Total boron profile motion V Deff t due to 29Si implants of dose
lxlO14 cm-2 as a function of implant energy and anneal temperature. The
data [24] and the SUPREM-IV simulations are compared. The anneal times
are 60 minutes at 800°C, 5 minutes at 900°C, and 2 minutes at 1000°C.

to occur and finish at each temperature. The results of the simulation with
the finally extracted parameters in Table 2.1 match the data very well. It is
shown that the damage enhancement of diffusion is larger at lower

temperatures. Moreover, for the implants greater than 40 keV, the energy

dependence is stronger at lower temperatures. The location of the boron

profile is deeper in the substrate than as-implanted defect profiles of 200 keV

energy condition in this experiment [24]. Therefore, it implies that the rapidly

diffusing interstitials play the critical role in determining the transient boron
diffusion. Also, the equilibrium interstitial concentration Ci, which is lower
at lower temperature, will affect the duration of the transient diffusion of the

dopant-interstitial pairs. Dj and Ci are the most important parameters to be
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decided along with the binding energy. In this boron experiment, float-zone
substrate was used [23, 24], and the total trap concentration in that material is
assumed to be so small (= l.OxlO17 cm-3) that the trap effect on resultant

dopant movement is negligible.
There are two sources for D¡ and Ci in the literature. One is estimated

from the studies on gettering of gold by Bronner and Plummer [29], and the
other from gold diffusion investigation through rapid optical annealing by
Boit et al. [30]. SUPREM-IV can be used to simulate the major data of OED
effects successfully with both values of Di [28]. For the damage modeling in
this study, a large amount of fitting was performed by using Boit's values of

Dj and Ci first, but it was not possible to obtain an acceptable global fitting
that matches both the OED and the damage data. With Bronner's D¡ and Ci
shown in Table 2.1, however, correct simulation results were obtained,

especially with regard to the temperature dependence of damage
enhancement. Since the maximum enhanced diffusivity is limited by
( Kai C*i) ~1 as shown in Eq. 2-12, the difference between the effective binding

energy EbAi and the activation energy of C¡ will determine the temperature

dependence shown in the boron data. The time-averaged effective diffusivity
and junction depth V Deff t will be roughly proportional to the maximum
instantaneous diffusivity enhancement for the chosen time conditions of
these data. The difference between the two energies should be negative and
its magnitude decides the degree of the temperature dependence, as Eq. 2-14
demonstrated. The Ebei for boron-interstitial pair is found to be around 1.52
eV from general fitting of all the Packan's data. With the Boit's value 1.58 eV

for the Ci activation energy [30], the simulation results in reversed

temperature dependence to the data in Figure 2.5, due to such a small energy
difference. Rather, correct dependence was obtained from the Bronner's
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larger activation energy for Ci (2.36 eV in Table 2.1). Since the product Ci is

experimentally established to follow an Arrhenius relationship [55], Di and

Cj compensate for the effects of each other on damage-induced diffusion.
The surface recombination velocity of interstitial Kimin is also critical in

simulating correct temperature dependence. The vacancy surface recombina¬
tion velocity Kvmin makes a larger difference in the OED simulation and
therefore has been determined from the OED fitting. The fit in Figure 2.5 is

possible only by increasing the activation energy of Kimin so that larger
concentration of interstitials can be reduced near the inert surface at high

temperature. Surprisingly, it was observed that Kim{n considerably affects the
diffusion enhancement not only around the surface but also in deep regions
when anneal time is large. This is probably because the boundary condition

given by Eqs. 2-25 and 2-26 becomes more sensitively dependent on Kim¡n as

defect distribution approaches the equilibrium, and even a small amount of

remaining excess Q near equilibrium in all the region may cause additional
diffusion of dopant.

The dependence of boron diffusion on silicon implant dose is shown in

Figure 2.6 at various temperatures. From the data it was observed that

doubling the implant dose did not double the effective diffusivity [23]. As the
maximum diffusivity is limited by temperature, the only factor that makes
difference in V Deff t for each dose condition is the duration of defect

supersaturation above the threshold shown in deriving Eq. 2-12. In this

model, the saturation time is determined mainly by bulk recombination, and
it can not be linearly proportional to defect amount; it can be shown that the
total defect concentration during the initial transient time period is a

cotangent hyperbolic function of time, by solving the defect equations
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pq
Boron, Si implant at 180 keV

Figure 2.6. Total boron profile motion V E>eff t due to 29Si implants at 180
keV as a function of damage dose and anneal temperature. The data [23, 24]
and the SUPREM-IV simulations are compared. The anneal times are 30
minutes at 800°C, 10 minutes at 900°C, and 4 minutes at 1000°C.

(Eqs. 2-23 and 2-24) under the assumption that the bulk recombination is the

only dominant process during the short time [48].
The simulation for lxlO12 cm-2 dose condition at 1000°C in Figure 2.6

show slightly smaller enhancement than the data, where the annealing time

is 4 minutes rather than 2 minutes for the data of Figure 2.5. It is probable
that the transient diffusion has already finished within less than 2 minutes at

1000°C. The junction depth difference in simulation is within the error range

of inert diffusivity of boron Db; calculation with the D| used in the
simulation shows that the junction depth increase due to intrinsic diffusion
for the 2 minutes is approximately 13 nm. The experiments are less sensitive
to the implantation damage amount at higher temperature and with less
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Boron, 800°C, 29S¡ implant at 200 keV

Figure 2.7. Anneal time dependence of total boron profile motion V Defft
due to 29Si implants at 200 keV with various doses. The data [23, 24] and the
SUPREM-IV simulations are compared.

damage amount, because the inert diffusion tends to dominate the junction
motion.

The time dependence of the damage-enhanced diffusion at 800°C is
shown in Figures 2.7 and 2.8 under different dose and energy conditions,

respectively. The simulation superbly matches the data in Figure 2.7. In

Figure 2.8, the junction depth motion in simulation is 15 ~ 20 nm smaller
than data for anneal times less than 20 minutes. However, the important

point in the data shown in Figures 2.7 and 2.8 is that the enhanced diffusivity
is almost independent of both dose and energy for times shorter than 20 ~ 25
minutes. When anneal time is below the time constant of transient

diffusion, the boron diffusivity is determined thermally with the dopant-
defect binding energy. With larger dose or energy, it takes more time for the
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Boron, 800°C, 29Si dose=1x1014 cm'2

Figure 2.8. Anneal time dependence of total boron profile motion V E)efft
due to 29Si implants of dose lxl014 cm-2 with different energy conditions.
The data [24] and the SUPREM-IV simulations are compared.

defect concentrations to approach their equilibrium value. Therefore, the
time constant becomes larger but not linearly, and the enhancement lasts

longer as shown by the data. The SUPREM-IV simulation based on the
pairing theory correctly models this behavior of transient diffusion in both
Figures 2.7 and 2.8.

The diffusion during the initial short time period seems to be effectively
modeled by the bulk recombination rate Kr. However, its value is limited by
Di and Dy [56], and is controllable only by introducing the energy barrier for I-
V recombination AEiy. There exist discrepancies among different researchers
with regard to the temperature dependence of the I-V recombination [20, 57,
58]. Moreover, dopant-mediated recombination and the possible effects of
charged defects may complicate meaningful extraction of the parameter [28].
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Due to such uncertainty of this parameter, the extraction of all the other

parameters was performed first, so that they do not rely as strongly on Kr. It
was found that the assumed value 0.75 eV for AEiv gives correct dose and
time dependence of Figure 2.7. For both OED and implant damage modeling,
that value of AEiv generated generally correct results, even though it could
not be precisely determined. Accurate assessment of Kr will be possible only

by monitoring the defect recombination for an extremely short initial period
of diffusion, which the present data do not directly represent.

With consistent parameters, the effective binding energies for boron-
interstitial and boron-vacancy pairs were extracted to be 1.52 eV and 0.9 eV,

respectively. Since /bi is about 0.8, the simulation is much more sensitive to

interstitial parameters than to vacancy parameters for most anneal time
conditions. Accordingly, the error range for EbBi is less than that for EbBV- It
was observed that the dopant distribution becomes obviously non-Gaussian
with values of EbBv larger than 1.0 eV. According to the physics-based

argument in section 2.2.2, the EbBv should be smaller than the activation

energy of the equilibrium concentration of vacancies Cv, which is extracted to

be 1.08 eV in this work. Thus the simulation definitely shows that the model

parameters are extracted consistently with the prediction from energetics.
The Cy and Dv were mainly determined from the OED fitting, since they were
found to be the most crucial parameters for the OED modeling in two

dimensions.

2.4.3 Modeling of the Enhanced Diffusion of Phosphorus

The data for silicon implant damage effects on phosphorus were

obtained recently by Park and Law [25]. The experimental procedure is
consistent with the assumptions of pairing model, and searches for the



46

po _p
Phosphorus, Si dose=1x10 cm at60keV

Figure 2.9. Phosphorus profile motion V Deff t due to 28Si implants of dose
lxlO14 cm-2 at 60 keV as a function of anneal time and temperature. The data
[25] and the SUPREM-IV simulations are compared.

dependence of transient diffusion on anneal temperature and time, including
RTA conditions. The data and the simulation which led to the extracted

parameters of Table 2.1 are shown in Figure 2.9. Since the anneal times span

15 seconds to 60 minutes, careful interpretation of the results is needed. It
should be regarded that the time constant for the transient diffusion steeply
decreases as temperature increases. The junction depth from the damage
enhancement at 800°C is larger than at 900°C for all time conditions,
consistent with the previous boron diffusion results. Comparing the

junction depths between the damage-enhanced diffusion and undamaged
inert diffusion shows that the time constant at 1000°C is less than 15 seconds

[25]. The time dependence of phosphorus diffusion is not necessarily the
same as for boron for several reasons. First, the boron experiments of Packan
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and Plummer [23, 24] had a spatial displacement between the damage profile
and the boron profile, and there was no such displacement in the phosphorus

experiment of Park and Law [25]. Second, phosphorus has a larger interstitial
fraction than boron. Because of these two reasons, the vacancy transient

tends to be longer in the phosphorus case; since larger amounts of
interstitials are paired with phosphorus atoms, more vacancies remain in the
shallow region and are governed more by surface recombination. Third,
Packan and Plummer [23, 24] used float-zone material and Park and Law [25]

used Czochralski. The different number of traps contributes to different time
behavior.

The three data at 1000°C for the times larger than 15 minutes obviously
show inert intrinsic diffusion. There is a spread in the reported values of
intrinsic diffusivity of phosphorus [54, 59 ~ 65], and therefore the deviation in
the results could be due to the uncertainty in phosphorus intrinsic diffusivity
at high temperatures. However, Figure 2.9 shows that the pairing model
simulates the overall time and temperature dependence reasonably well.
Without considering the dopant-defect pair contribution, the diffusivity
enhancement would be proportional to the excessive defect supersaturation
from the beginning, which would cause extremely large junction depths at all
the temperatures.

The optimal phosphorus-interstitial binding energy Ebpi was found to be
1.49 eV. This compares well with the theoretical lower limit of Ebpi of 1.4 eV
[20]. Since phosphorus diffuses mainly by an interstitial mechanism, the Ebpi
critically determines the simulation results. The phosphorus-vacancy

binding energy Ebpv was extracted to be approximately 0.6 eV. The Ebpv has an
upper limit of 0.8 eV above which most simulated profiles take a non-

Gaussian shape. An example of this is shown in Figure 2.10 where Ebpy is



48

Distribution of phosphorus and defects

CO

E

c
o

0)
o
c
o
o

Figure 2.10. An example of non-Gaussian dopant diffusion shown in
SUPREM-IV simulation; for the sake of illustration, Ebpv is increased up to
1.2eV while Ebpi is kept as the extracted value, 1.49 eV.

increased up to 1.2 eV with other parameters unchanged. As can be seen in
the solid line, there is a substantial increase in the tail diffusion of

phosphorus. It can be attributed to the steep gradient of vacancy distribution
and the higher binding energy, which locally affects the diffusive flux of

phosphorus-vacancy pairs during the transient diffusion period.
Since Czochralski material was used for the substrate in this

phosphorus experiment, a larger total trap concentration of l.OxlO18 cm"3 was

assumed in contrast to the previous boron case. Therefore, the reaction of
defects with traps has more impact on the simulation, particularly on the
time dependence characteristics. Two parameters in the trap implementation
were found to be important in modeling the phosphorus enhanced diffusion.

First, the total trap concentration Cj is the measure of total influence of traps
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on interstitial transport. At the initial stage of transient diffusion, the
excessive amount of interstitials quickly fill most of the empty traps

determined by Ct • Increasing Ct will reduce the amount of free interstitials
to be paired with dopant atoms, and will decrease the transient dopant
diffusion period. After the initial stage, the trapped interstitials will be
dissociated from the traps, which approach equilibrium, and the delay of the
diffusion enhancement at the initial stage will be compensated for. In

modeling 900°C data in Figure 2.9, it was observed that increasing Ct up to

3.0xl018 cm'3 reduces the junction depth at 15 and 30 seconds, while at 60
minutes the results are the same as when Cj is l.OxlO18 cm-3.

The second important factor in trap implementation is the vacancy-

filled trap reaction, which was necessarily introduced to improve the time-

dependence modeling. As shown previously in this chapter, the dual
reaction of traps with both interstitial and vacancy is physically more

reasonable. The reaction rate KtrapV is diffusion-limited with an energy

barrier AEft-v , which in general will be also dependent upon charge states.

For the phosphorus simulation, an optimal value of 1.0 eV was used for the
AEft-v- The effects of the vacancy reaction with filled traps can be observed

usually in large time annealing data. The forward reaction of vacancy and
filled trap, i. e., trap-mediated recombination will increase the empty trap
amount and also annihilate the interstitials that were paired with the traps.

At the initial period of excessive defect supersaturation, its effect on Q is

insignificant because the interstitial-trap reaction rate Ktrapi is larger than

Ktrapv- However, when transient diffusion is almost finished and Q goes
near equilibrium, the accumulated empty traps will start to effectively interact
with the small amount of interstitials, decreasing the Q down to Ci much
more rapidly. This is shown in Figure 2.11, where the time variation of the
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Time variation of C|/C|* at z=0.1 gm; 900°C; (^=1x10 cm

Figure 2.11. Interstitial supersaturation at 0.1 |im depth position for different
AEft-v values in the simulation.

interstitial supersaturation Q / Ci is simulated at one depth position.

Compared to the case without traps, the trap-mediated recombination results
in strong effects on the defect diffusion near equilibrium for a long time.
Hence the vacancy reaction with traps leads to reduced phosphorus diffusion
at large times. When the AEpr-v is reduced below 1.0 eV, the junction depth
of the 900°C, 60 minute simulation profile decreases, whereas the simulation
at 15 seconds does not change.

To refine the results at 900°C, temperature-dependent inert diffusivity
fraction /pi was used for the phosphorus modeling. Its values from the
Arrhenius relationship in Table 2.1 are 0.95 at 1100°C and 0.884 at 900°C. This

range does not contradict the minimum value 0.94 at 1100°C that was

extracted from nitridation studies [66]. At lower temperatures, the diffusivity
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of phosphorus-interstitial pair Dpi was kept as the default from Fair [65], and

vacancy contribution DpV was added to match the short-time RTA data at

900°C. However, the /pi adopted in this study can not be considered to be
conclusive, in so far as such minute variation of the /pi does not critically

improve the simulated results. In the previous section, the boron simulation
used the value of /bi (= 0.8) extracted by Packan and Plummer [54] based on

their value of /pi from oxidation experiment. With regard to significance of
the difference, however, it was observed that with /bi of about 0.7, the boron
simulation results do not change beyond the experimental error range, which

might be compensated for by changing the boron-interstitial binding energy

within its error range (about ± 0.02 eV). Therefore, all the extracted

parameters are self-consistent in modeling both phosphorus and boron
diffusion.

2.4.4 Modeling of the Oxidation Enhanced Diffusion

Although fits for most of the intrinsic OED data have been presented
[28], simultaneous fitting to the damage data required a substantially larger
value of Kimin. It is easy to obtain fits to the OED of phosphorus by adjusting
the fraction of consumed silicon injected as interstitials, 0. The larger value
of Kimin makes it difficult to fit the measured interstitial lateral decay length,
which required changes in the values of the vacancy equilibrium

concentration, Cv, and the bulk recombination constant Kr. The vacancy

diffusivity is also affected since the vacancy equilibrium concentration-

diffusivity product is held fixed to the value estimated by Tan and Gosele [55].
These parameters were the keys to simultaneously fitting both the OED and
silicon damage effects. Since a substantially smaller value of Kr is used, there
is less interstitial recombination with vacancies in the near surface region.
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This compensates for larger surface recombination by decreasing the amount

of bulk recombination flux for the interstitials. This can be further localized

to a surface effect by adjusting the value of Kymin which controls the rate at

which vacancies are replenished at the surface of the wafer. The higher value
of Cv and the smaller value of Dy result in a shorter time to achieve

interstitial-vacancy equilibrium, which affects the time dependence of the
near-surface bulk recombination. Table 2.1 shows the final parameters which
are used to model both the silicon implantation damage and the oxidation
effects on diffusion.

The experimental result of Griffin and Plummer [49] is shown in Figure
2.12 along with the simulation fit. The plot shows the lateral decay length of
the interstitial supersaturation under an inert pad oxide as a function of time

2-D Oxidation Simulation

Figure 2.12. Lateral decay length of interstitial diffusion as a function of time
and temperature from the measured data [49] and the SUPREM-IV
simulations.
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Interstitial Supersaturation @1100°C

Figure 2.13. Supersaturation of interstitial in depth direction under a growing
oxide layer as a function of oxidation time. The simulation is compared with
the data extracted from the lightly doped phosphorus diffusion experiments
[54,67,68].

and temperature. This experiment is especially sensitive to the recombina¬
tion along the surface of the wafer. The effects of Kvmin and the increased Cy
are evident here as they provide the same lateral decay length as obtained
from earlier fits with smaller values of Kim¡n [28]. Figure 2.13 shows the

supersaturation of interstitial in depth direction under a growing oxide layer
as a function of oxidation time. The measurements were all from the lightly

doped phosphorus diffusion enhancement. The frontside enhancement
results are for two cases of different initial oxide thickness, matching the data

from several experimental investigations [54, 67, 68]. The backside enhance¬
ment data are from the OED experiment with silicon membranes of two
different widths at the backside of wafer by Ahn et al. [68] The simulation
shows reasonable match with the data, including the onset time of
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enhancement. The results shown in Figures 2.12 and 2.13 indicate that the

high interstitial diffusivity coupled with bulk traps and vacancies is effective
in modeling OED results in both the vertical and lateral directions [28, 49].
Griffin's extracted diffusivity is several orders of magnitude below that used
in these simulations, but the time dependence of the interstitial decay length
in Figure 2.12 is still correct, which demonstrates the effectiveness of the trap
model.

Although the activation energies of the parameters in Table 2.1 and in
Law [28] are different, the values of the parameters were adjusted in

complimentary ways to maintain a good fit with the OED data. The bulk
recombination was decreased from the value in Law [28] and to compensate

for this, the equilibrium vacancy concentration was increased. Since a larger
value of Kimin was required to fit the damage data, this was compensated by
less interstitial-vacancy recombination in the near surface region by

decreasing Kymjn. These adjustments maintained a good fit to the interstitial
decay length as shown in Figure 2.12, but substantially changed the amount of
vacancy undersaturation which is shown as a function of time at 1100°C in

Figure 2.14. The vacancy surface recombination replenishes the surface
concentration of vacancies, and the resulting profile has a fairly strong depth

dependence. The smaller value of Kvmin and increased Cy do not perturb the
simulation far from the data. In fact, the data of Packan are upper bounds, so

the fit is not unacceptable at short times, and agrees well at longer times

considering the wide spread in the data.

2.5 Summary

Transient dopant diffusion in intrinsic doping conditions is simulated

correctly by point defect models based on the theory of dopant-defect pairing.
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Figure 2.14. Vacancy undersaturation near a growing oxide layer as a function
of time at 1100°C from several researchers and SUPREM-IV simulations. The
data are from ref. [57, 58, 69]; P. Packan's data are unpublished.

The model parameters are extracted to consistently fit both the experiments of
low dose silicon implant damage effects and of oxidation enhanced diffusion.
This supports the assumption of local equilibrium in SUPREM-IV diffusion
model. The implantation damage effects on boron and phosphorus diffusion
can be characterized through the pairing coefficients determined by the
effective binding energies. Interpretation of the pairing theory in terms of

diffusivity enhancement clarifies the thermal nature of the transient
diffusion under excessive point defect supersaturation, accounting for
observations from the measured data. The thermally-determined quantity

KaiCi is found to quantify the enhanced diffusion of intrinsically-doped
boron and phosphorus due to implant damage. The intrinsic doping
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condition validates the simplification of charge state effects in the models
shown in this work. The extracted parameters provide a substantive basis for
further modeling of diffusion under extended conditions, such as the
extended defects model presented in the next chapter.



CHAPTER m
MODELING OF THE EVOLUTION OF DISLOCATION LOOPS AND

THEIR EFFECTS ON OXIDATION ENHANCED DIFFUSION OF BORON
IN SILICON

High dose ion implantation is an essential technique for obtaining

heavily-doped regions in silicon such as the source and drain of MOSFETs
and DRAM cells as well as the emitter of bipolar devices. The high energy

bombardment of incident ions naturally disrupts the crystalline structure of
silicon and introduces an excessive number of point defects which work as

nucleation source for the extended defects. As we saw in the previous

chapter, ion implantation damage almost predominates the subsequent

dopant diffusion during the thermal annealing cycle required for substrate

recrystallization and dopant activation. The damage effects become much
more complicated when the extended defects coexist with the point defects,

interacting with each other through a spatial and temporal variation.
The implants of common dopants at a dose above a certain ion mass-

dependent threshold amorphize the surface region in silicon substrate [13],

simultaneously producing a large amount of point defects. The subsequent

annealing leads to solid phase epitaxial regrowth of the amorphous region,
and extended defects such as dislocation loops are formed below the

amorphous-crystalline interface. The dislocation loops are inherently

accompanied by a stress field in the crystal, interacting with the point defects.
It is generally accepted [19, 70 ~ 74] that the end-of-range dislocation loops
affect the distribution of point defects by absorption of interstitials or by
emission of vacancies at their core boundary during growth, and by the
reverse processes during shrinkage. There has been a lot of effort to model

57
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the dopant diffusion by investigating the interaction of dopant and point
defects without any extended defects under low dose implant damage and
oxidation/nitridation conditions. This chapter is focused on modeling the
evolution of dislocation loops and its effects on the point defect diffusion, and
its resultant impact on the dopant redistribution during oxidation.

3.1 Modeling of the Dislocation Loops as a Group

Previous work [75 ~ 78] established theoretical models for a single

circular dislocation loop and its interaction with point defects. Bullough et al.
[76] studied the migration of an interstitial impurity atom around a single
dislocation loop on the basis of the stress field from the loop solved by
Bastecka and Kroupa [75]. Borucki [78] proposed a model for the growth and

shrinkage of a single dislocation loop due to the capture and emission of

point defects, and simulated the point defect variation from an assumed
initial high supersaturation around a periodic array of the loops in a three
dimensional numerical solver of diffusion equations. He built his model for
the single dislocation loop growth based on the pressure field solved by
Bastecka and Kroupa. However, it is necessary to model the effects from the

group of dislocation loops formed in the substrate as observed through TEM

pictures. TEM measurements [79, 80, 81] show that the variations in
distribution and size of the actual dislocation loops during oxidation or

annealing are generally not so homogeneous and simple as in the case of one

single loop. The dislocation loops usually form a network by merging with
each other during oxidation. Coalescence and dissolution of dislocation loops
are a statistically complicated process, which also depends on the implanted
ion species [79, 80, 81]. Since the TEM measurements can only give statistical
data on density and size of the dislocation loops, a useful and correct model
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for the ensemble of dislocation loops should be made in a way to reflect the
statistical data from the TEM pictures.

This work is to build up a point defect based model for the evolution of
the group of dislocation loops with both accuracy and efficiency, so it can be

implemented in two dimensional process simulators. It involves two

dimensional conversion of Borucki's model for the interaction of a single

loop and point defects in three dimensions, and it is extended to the ensemble
of the loops. In addition, we developed an efficient model for the network
formation of the dislocation loops via a statistical density distribution
function of loop radius. The evolution of the loops and the redistribution of

point defects during oxidation are simulated where the surface injection,
recombination, and diffusion of point defects have been implemented

through a point defect parameter set (Table 2.1) consistent with the current
available data on oxidation enhanced diffusion (OED). Finally, the interstitial

capture efficiency of the dislocation loops is attested by monitoring the OED of
boron in a buried layer located below the dislocation loops.

The model for the group of dislocation loops is developed on the basis
of thermodynamics and linear elasticity which govern a single dislocation

loop. Major assumptions in the model are: (i) dislocation loops are all
circular and evenly distributed on a plane interconnecting their centers; (ii)
orientation of the loops is periodic in two perpendicular directions,

approximating the morphology shown in cross-section TEM and plan-view
TEM pictures; (iii) radius and density of the loops follow an asymmetric

triangular distribution function; (iv) formulation of pressure field from a

single dislocation loop in linear elastic material can be used as a basis in

calculating the effective pressure from the ensemble of dislocation loops; (v)
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Figure 3.1. Coordinate system for calculating the pressure from a single
circular dislocation loop; b denotes the direction of Burgers vector of the loop,
and e is the dilatation factor of the impurity atom. Excerpted from ref. [76].

local equilibrium is attained around the dislocation loops through their
reaction with point defects.

3.1.1 The Effective Pressure from the Dislocation Loops of Equal Size

In order to accomplish a physics-based model with both accuracy and

efficiency in two dimensions, it is very important to account for the pressure

field around the loops. The pressure from a single circular prismatic
dislocation loop has been formulated by Bastecka and Kroupa [75] from the

diagonal components of the stress tensor in linear elasticity theory. Figure 3.1
shows the geometry used in calculating the pressure from a single loop in
terms of location of an impurity atom in cylindrical coordinates. The loop
has the Burgers vector b in the axial direction. The dilatation factor e of an
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Figure 3.2. The pressure from a single dislocation loop calculated by Eq. 3-1 at
different relative positions from the loop center.

atom near the loop measures the space for an elastic inclusion of the atom.

The pressure is expressed in terms of the loop radius R, the radial distance r,

and the height h from the loop [75]:

R2 - r2 - h2

( R - r )2 + h2
E(a) + K(a) 3-1

k y

where a = {4rR/[(r + R)2 + h2] }0-5, E(a) and K(a) are the complete elliptic

integrals of the first and the second kind, b is the magnitude of the Burgers

vector, and (i is the shear modulus, and y = 3(l-v)/(l+v), where v is the

Poisson's ratio.

Figure 3.2 shows an example of the calculated pressure at different

positions of the atom as a function of the radial distance and the height. In

general, the pressure is positive inside the cylindrical region of the loop
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Figure 3.3. The cross-section viewed in a two-dimensional process simulator
(shaded plane) is perpendicular to the layer of dislocation loops (linkage of
dotted lines).

radius R, and negative outside. Its magnitude decreases approximately in the
inverse proportion of the cube of the distance in the outside region, if the
distance from the center exceeds the loop diameter [76].

In two dimensional process simulators, the cross-section where dopant
and point defect concentrations are calculated is perpendicular to the layer of
dislocation loops formed inside the substrate in parallel with the surface. A

simplified diagram in Figure 3.3 helps us visualize the dislocation loop layer
center plane, which is assumed to link the centers of all the circular loops.
The loop layer formed by ion implantation is usually parallel to the wafer

surface, except at the mask edge. Therefore, it is necessary to obtain an

effective pressure from the group of dislocation loops at one depth position by
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cross-section of a dislocation loop

Figure 3.4. The assumed configuration of dislocation loop ensemble viewed
from the top of substrate; the shaded rectangle is a symmetrical integration
area for calculating the average pressure from the six nearest loops.

considering a certain configuration of the loop ensemble. The configuration
of the ensemble of equal-sized loops assumed in this model is shown in

Figure 3.4 which is viewed from the top of the substrate. We assume that the

loops of one radius are evenly distributed on one plane interconnecting their
centers. The orientation of the loops are assumed to be periodic in two

perpendicular directions, with their Burgers vectors lying on the center plane.
This is a good approximation of the loop morphology as observed in plan-
view TEM and cross-section TEM pictures, where most of the category II end-

of-range dislocation loops in {100} Si substrate have their Burgers vectors in
either <110> or <111> directions [13]. The effective average pressure at one

depth position due to the ensemble of dislocation loops of identical size is
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Figure 3.5. The average pressure <p> from the equal-sized loops compared
with the individual pressures at four different vertical locations marked as
[A], [B], [C], and [D] in Figure 3.4. The loop layer center plane corresponds to
the plane viewed in Figure 3.4.

calculated by integrating the pressure components from the six nearest

individual loops on the shaded square region. The formulation of the

pressure from a single circular loop shown in Eq. 3-1 was used for the
calculation. The pressure components from the loops farther than the six

neighbors are negligible, for the pressure from a single loop diminishes

rapidly outside.
The calculated average pressure <p> from the uniform circular loops is

shown in Figure 3.5 as a function of the depth distance Z from the loop layer
center plane, in comparison with the actual pressure at four different
locations [A] to [D] in Figure 3.4. The pressure in Figure 3.5 is only for the
half-side with respect to the layer center plane. It is symmetrically extended
below and above the dislocation loop layer. The radius R and the unit
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interloop distance L used in the calculation are 200Á and 500Á, respectively.
The average pressure <p> is found to be compressive inside the loop layer of
thickness 2R, and to be tensile outside. This is a meaningful approximation

consistent with physical reasoning on the configuration of the dislocation

loops as observed in cross-section TEM (XTEM) pictures. The XTEM pictures
show that the loops are oriented such that they form a layer with definite
thickness roughly equal to the average diameter of the loops. The magnitude
of positive pressure inside the individual loops is larger than that of negative

pressure outside, as shown in Figure 3.2. Therefore, the average pressure <p>

shown in Figure 3.5, calculated by superposition based on linear elasticity of
silicon substrate, approximates meaningfully and effectively the pressure

around the loop layer in two dimensions with regard to its shape and

magnitude.

Analytic functions for the average pressure are extracted in this work to

replace the time-consuming numerical integration of the pressure

components. The average pressure from one-sized dislocation loops can be

expressed as a function of three variables, i.e., radius R of the loops, uniform

loop density D or unit interloop distance L, and normal distance Z from the

loop layer center. The detailed subroutine including the optimized analytic
functions for the average pressure is shown in Appendix. Figure 3.6 shows
the numerical calculation of average pressure with three different pairs of R
and L. For a given L ( or density ), the magnitudes of the maximum average

pressure at Z = 0 and the minimum (negative maximum ) average pressure

at Z = R increase with larger R, but it is not linearly proportional. The

pressure decreases with larger L, i.e., with lower density, as expected. As a

rough approximation, the calculated average pressure at the loop layer center
and at the layer boundary is found to be almost linearly proportional to the
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Figure 3.6. The average pressure <p> from the group of uniform dislocation
loops for different radius R and unit interloop distance L.

density of loops, especially when the density is large. The analytic function
for average pressure <p> was found by deriving the best-fit coefficients of the
function through an optimizer program. The maximum error between the

analytic fit and the numerical solution was less than 1% in the most

interested range of R, L, and Z. Figure 3.7 shows the functional variation of
the maximum pressure at the loop layer center and the minimum pressure at

the layer boundary, as calculated from the derived analytic function. It
should be noted that the largest possible magnitude of <p>max or <P>min for a

given radius, which is the value at the end point of each line, is actually

larger with smaller radius. It implies that the pressure <p>max or <p>min

from the dislocation loop layer can be larger when the loop size is smaller, as
far as the density is high enough. As it will be discussed in the next sections,
the density of loops decreases as the loops grow during oxidation. The
relative values of growth and coarsening rates determine whether the
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maximum pressure decreases or increases during a thermal process. It is
reasonable that the strain from the extended defects tends to be relaxed during

annealing without any external sources of point defects. In case of the loop

growth process such as oxidation, however, the time dependence of pressure
variation should be investigated through simulation or be confirmed directly

by measurement. In Figure 3.7, the pressure variation can be visualized by

following a certain line spanning from the left to the right as oxidation goes

on, and the slope of the line is determined by comparing growth and

coarsening rates of the dislocation loops. The simulation result on time

dependence of the pressure variation during dry oxidation will be discussed
later in this chapter.
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3.1.2 Asymmetric Triangular Density Distribution of Loop Radius

A preliminary model for the equal-sized loops was reported previously

by Park and Law [82]. However, since TEM data show non-uniform radius
and density of the dislocation loops, an advanced model should encapsulate
the distribution of the loop size via a statistical function. An asymmetric

triangular distribution function is used in this work for its simplicity and

approximate match to the TEM data. An example is shown in Figure 3.8,
where the triangular density distributions are compared with the loop radius
distribution statistically extracted from the TEM pictures [81]. The evolution
of loops was monitored through TEM measurements during dry oxidation at

900°C for 4 hours [81]. The scatter plot of loop density was produced by

Si Implant 2x1015 cm 2; 900°C Oxidation

Figure 3.8. The asymmetric triangular density distribution function is applied
to the statistical distribution of loop radius extracted from the TEM measure¬
ments (ref. [81]) under 900°C dry oxidation condition.
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counting the number of loops within each range of radius in randomly

sampled areas of the TEM micrographs, as explained in reference [81].

Extracting the histogram of loop radius distribution necessarily involves
discretization with a certain sampling period of radius. Application of the
mathematical triangular distribution is achieved first by formulating the

probability of finding dislocation loops with a certain radius without
discretization. The unnormalized probability density function /d(R) for the
distribution of loop radius R can be expressed as:

/d(R)

/d(R)

2 Pall ( R — Rmin ) , „ u t?

(t? tí . w ü ü . \ when Rmin < R < Rpt Rmax — JXmin > \ — J^min ) r

2 Dali ( Rmax ~ R ) , „ „ ^
(d T3 -WT? t? \ when Rp < R < RmaxV Rmax — lxmin > \ lxmax — >

3-2

3-3

where Rmax, Rmin, and Rp represent the maximum, the minimum, and the
majority loop radii, respectively. The total density Dan of all the loops is the

normalizing factor of /d(R)/ satisfying the following relationship:

Dali /d(R) dR 3-4

In order to obtain the loop size distribution data, it is necessary to interpret
the TEM pictures by counting the number of the loops whose radius is within
a certain range AR. Thus, the discretized density distribution function D(R)
for the loops of radius R depends on the sampling period AR:

p AR

ÍR +J fd(R') dR’ = /d(R) AR 3-5
l-~2

The discretized triangular density distribution is shown in Figure 3.9. The
discretized density of loops with each range of radius is denoted as an array
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Rmin Rp Rmax Radius

Figure 3.9. The discretized asymmetric triangular density distribution func¬
tion for radius of dislocation loops.

Di, D2, etc. Temporal change of the distribution represents coalescence and
dissolution of the dislocation loops as observed during oxidation and

annealing. The density Dp of the majority loops with radius Rp and its
relation with the total density Daii can be expressed by using Eqs. 3-2, 3-3, and
3-5:

— /d(Rp) AR —

2 Dali AR
Rmax — Rmin

2 Dall
m

3-6

where m is defined to be ( Rmax - Rmin ) / AR = 2 Daii / Dp. The factor m, or
the sampling period AR of the radius in the interpretation of TEM data
correlates the total density Daii with the majority loop density Dp. Thus, the
discretized loop size distribution is represented by parameters Rmin, Rmax, Rp,
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Dp, and m. The Daii and m are directly determined from TEM measure¬
ments. The average radius of the distributed loops is derived as:

3-7

Therefore, the quantities such as Rave and Dan, which are measurable from
the TEM pictures by pattern recognition without discretization, can be given

by closed-form functions in terms of those distribution parameters.

Based on the linear elasticity, the total effective pressure P from the
entire distribution of dislocation loops can be calculated by superposing the

average pressure <p> from the loops of various size, under a simplifying but
reasonable assumption that the centers of all the loops lie on one layer center

plane. In this model, it is calculated by integrating <p> with respect to radius
R over the triangular distribution at each time step:

<p (R, fdCR), Z)> dR 3-8

In Figure 3.10, the pressure P from an entire distribution of dislocation loops
is shown along with the pressure <p> from the loops of major size ( R = Rp,
D = Dp ), and also with the pressure calculated simply by assuming an

equivalent distribution of one-sized loops of the average radius, that is, by

simply substituting R = Rave and D = Daii in the analytic function <p>. It is
noticeable that the total effective pressure P changes from compression to
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Figure 3.10. The total effective pressure from the entire distribution in
comparison with the pressure component from majority of the loops
<p(R=Rp; L=Lp)>, and the pressure from an assumed distribution of all
average-sized loops <p(R=RaVe; L=Laii)>, where Dp = 0.5/Lp2 and Dan =
0.5/Lan2.

tension around the loop layer boundary less abruptly than <p>( R = RaVe; D =

Dan). It implies that the fuzziness in the transition region due to the various
size of the loops is effectively modeled through the superposition of pressure

following the distribution function.

3.1.3 Interaction of Dislocation Loops and Point Defects

The interaction energies between the ensemble of dislocation loops and
the point defects are expressed in terms of the total effective pressure P and
the elastic volume expansion susceptible to the external pressure effect on
interstitial and vacancy, AVi and AVy, respectively. As in the case of single

loop model [76, 78, 83], those volumes are given by assuming the sphericity of
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the unrelaxed point defects with the values of radii, r0 = 1.11Á for the

interstitial, rs = 2.47Á for the vacancy. The effective interstitial volume

expansion AVi is dependent on the dilatation factor e shown in Figure 3.1,

which determines the elastic inclusion of an interstitial [76]. The pressure

effect from the three dimensional morphology of the dislocation loops is

effectively modeled in two dimensions by using the unestablished physical
factor as a model parameter. The value of e used in the simulation is 0.5,

which is reasonably within its meaningful range ( 0 < e < 1 ).
The interaction between the loops and the point defects is primarily

reflected on the effective equilibrium concentrations of point defects around
the dislocation loop layer [83]:

Q*(P) = Q*(p=o) exp
-PAVi
kT 3-9

Cy*(P) = Cv*(p=o) exP 3-10

where P is the total effective pressure given by Eq. 3-8. The above expressions
for the pressure-dependent equilibrium point defect concentrations are

physically valid, for the formation enthalpy of an interstitial increases by the
amount of the interaction energy PAVi, whereas that of a vacancy decreases by

-PAVy. Under a compressive medium as inside the dislocation loop layer,

therefore, Q*(p) decreases whereas Cy*(P) increases with respect to those
nominal values in the absence of the external pressure, Q*(p=o) and Cy*(p=o)/

respectively. The gradient of pressure is the driving force for the point defect
movement around the dislocation loop layer.

Growth and shrinkage of the dislocation loops are modeled in terms of
their reaction with point defects at the loop layer boundaries. The model

simultaneously accounts for emission and absorption of point defects at the
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dislocation loop layer boundaries in two dimensions. The layer boundaries
or the locations of reaction are assumed to be at the distance Rave from the

center of the layer. The boundary conditions are given by the reaction rates of
dislocation loops and the point defect formation energy change due to the

loop growth or shrinkage. The interstitial continuity equation in the

presence of dislocation loops can be derived by considering an additional flux
due to the local variation of the free energy as in previous work [78, 84, 85, 86],
and by incorporating the pressure-dependent equilibrium interstitial
concentration as shown in Eq. 3-9:

Kr ( Q Cy - Q*(p) Cy*(P))

- KiL(Q-Qb) at loop layer boundaries 3-11

where Kr is the bulk recombination rate, and Kil is the constant of reaction

between the interstitials and the dislocation loop ensemble. It should be
noted that the flux term now includes the pressure effects from the
dislocation loops in terms of the varied equilibrium concentration of
interstitials Q*(p) as well as the driving force for the point defect movement
around the dislocation loop layer due to the gradient of pressure. Qb is the
effective local equilibrium concentration of interstitials at the loop layer

boundary, which is modified for this two dimensional model from the
formulation of the boundary condition for a single loop [78, 87]:

Qb = gbc Q*(p) exp( -AEf / kT) 3-12

where gbc is a geometry factor ( = 0.3 ) which approximately converts the three
dimensional boundary condition into two dimensions. AEf is the change in
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defect formation energy due to the self-force of a dislocation loop during
emission and absorption processes at its edge [77]:

AEf = -
pbQ

47t(l-v)RaVe

2v -1

4v - 4
3-13

where p is the shear modulus, b is the magnitude of Burgers vector of the

loop, Q is the atomic volume of silicon, rc is the core (torus) radius of the

loop, v is Poisson's ratio, and RaVe is the average radius of the dislocation

loop ensemble as given in Eq. 3-7. Vacancy continuity equation can also be
derived in an expression similar to Eq. 3-11, with a different reaction rate Kvl
and a boundary condition as:

Cvb = gbcf1 Cy*(P) exp( AEf / kT) 3-14

which in conjunction with Eq. 3-12 precludes Frenkel pair generation at the

loop layer boundary, consistently with the situation at the core boundary of a

single dislocation loop [78].

3.1.4 Coalescence and Dissolution of the Dislocation Loops

The TEM experiments show that the density of dislocation loops created

by Si ion implantation generally decreases during oxidation, whereas the size
of them increases [81]. The model based on the triangular distribution

represents the loop distribution change in agreement with the observations.
The radii and the density of the loops ( or the unit distance L between the

loops as shown in Figure 3.4 ) can be correlated with the number of Si atoms
bound by the dislocation loops per unit area (N), considering that the density
of the majority size loops Dp is equal to 0.5 Lp-2 :
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N = JrRmax R2 /d(R) dR
Rmin

= (^) m Lp2 [ (Rp + Rmax)(Rp + Rmin ) + Rmax + Rmin ] 3-15

where na is the atomic density of Si atoms on (111) plane ( = 1.5xlC)l5 cm-2 ),
m is the ratio of Daii and Dp as defined in Eq. 3-6. Time-derivative of Eq. 3-15
relates the growth rates of the loop radii with the rate of their coarsening in
terms of dLp/dt. Furthermore, the net capture rate dN/dt of the dislocation
loop layer should be proportional to the rates of emission and absorption of

point defects at the layer boundaries:

dN 3N 3N dLp 3N dRmin 3N dRmax 3N dm "

dt "I 3Rp 3Lp dRp dRmin dRp dRmax dRp
+ 3m dRp.U J

= aKiL (Ci - Qb) - aKvL ( Cy - Cyb) at loop layer edges 3-16

where a is an effective cross-section of the loop layer in the unit of linear

length, Kil, KvL/ Qb and Cyb are the same parameters of the loop reactions
with interstitials and vacancies as given in Eqs. 3-11, 3-12, and 3-14. It is
noticeable in Eq. 3-16 that the capture and emission rate constants of
dislocation loops are the product of a and Kil or Kvl for interstitial and

vacancy, respectively. The partial derivatives of N, i.e., 3N/3Rp, 3N/3Lp,
3N/3Rmjn, 3N/3Rmax/ and 3N/3m can be easily calculated from Eq. 3-15 as

closed-form expressions in terms of those distribution parameters. It is
assumed in Eq. 3-16 that the linear measures of the loop distribution (Lp,
Rmin/ Rmax) have experimentally observable simple relationships with respect

to the majority loop radius Rp during the coalescence and dissolution
processes. For the loop growth, the relation between dRp/dt and dLp/dt, i.e.,
dLp/dRp can be extracted statistically from various TEM data as an analytic
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function of Rp and Lp. It is determined by the more easily obtainable rate

dLaii/dRave/ which is empirically extracted to be approximately 0.9 according
to the oxidation data [81]. In the current model, a constant value for

dRmax/dRp (= 2.3 ) is also extracted from the statistical interpretation of TEM

pictures [81], as shown previously in Figure 3.8. The dRmin/dRp is set to be
equal to zero, and dm/dRp is analytically calculable from the definition of m
in terms of Rmin and Rmax, as far as the loop distribution from TEM data is

generated with constant sampling period AR at each time step. Even if AR is
not maintained to be constant in time in the extraction of the loop radius
distribution from the TEM data, it is possible to calibrate the raw TEM data
before the asymmetric triangular distribution is applied. When the loops

shrink, the loop density is assumed to be constant, so dLp/dRp is equal to
zero.

Thus, Eq. 3-16 makes it possible to model the loop coalescence during
oxidation and annealing in a phenomenological way. Figure 3.11 shows the
scheme for modeling the evolution of the distributed dislocation loops,
which was implemented for simulation. The point defect distribution
around the layer of dislocation loops determines the capturing process of Si
atoms by the loops, and the majority loop growth rate 5Rp/3t can be solved at
each time. The maximum radius and the density of the loops are obtained

eventually from their empirical relationship with Rp. Although this model
does not physically represent the actual loop-to-loop interactions or Ostwald

ripening, it encapsulates the statistical phenomenon through the change of

loop size and density restricted by the empirical triangular distribution func¬
tion. The loop coalescence during oxidation is efficiently modeled through
the ratio of interloop distance variation with respect to loop radius as ob¬
served in the statistical interpretation of TEM data. In the following sections,
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Figure 3.11. The scheme used for modeling the evolution of dislocation loops
based on pressure and point defects.

the loop reaction constants Kil and Kvl will be more accurately estimated by

simulating and quantifying the loop evolution and the reduced OED of boron
in the buried layer region deeper than the dislocation loop layer.

3.2 Simulations of the Loop Evolution during Oxidation

The evolution of dislocation loops was simulated in a two dimensional

process simulator FLOOPS in which the above model was implemented. The

point defect parameters used in the simulation are shown in Table 2.1. As
described in Chapter II, those parameters were extracted by a dopant-defect

pairing model for both experiments on the low dose Si implant damage-
enhanced diffusion and the oxidation enhanced diffusion of boron and

phosphorus. Since the dislocation loop evolution is determined by the point
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defect behavior, it is crucial to use the point defect parameters consistently for
all the diffusion simulations.

The data of loop growth are from the TEM experiments by Meng et al.
[81] on the dry oxidation-induced evolution of the end-of-range dislocation

loops introduced by Si ion implantation at 50 keV into (100) Si wafers. The
two Si implant dose conditions ( 2x1015 and 5x1015 cm-2 ) determine the

initial dislocation loop geometry. Since the oxidation was preceded by a

preannealing step at 550°C for 16 hours in the experiment, the initial point
defect concentrations were reasonably assumed to be at equilibrium in the
simulation. The data provided the loop distribution characteristics at each
oxidation time in the form of histogram. There are two sets of loop
evolution data corresponding to the Si implantation dose conditions.

Figure 3.12 shows the variation of pressure around the dislocation loop

layer during a four-hour oxidation at 900°C as obtained from the simulation

for the 5xl015 cm-2 dose condition. The maximum pressure at the layer
center is about the same order of magnitude as typical average values beneath
nitride films. As the loops grow, the pressure gradient around the loop layer
decreases, while the maximum and the minimum pressures remain in the

same range. This observation from simulation suggests that the strain is not
relaxed on the average during the growth period of the dislocation loops.
This simulation result is based on the theoretical calculation of the pressure

from individual loops, and it agrees with intuition qualitatively. However, it
will be necessary to directly verify the pressure in its quantity and distribution

by measuring the magnitude of the strain introduced by the dislocation loops
and by monitoring how the strain distribution changes upon annealing.
Zaumseil et al. [88] showed that it is possible to measure the strain from the

dislocation loops by using triple crystal x-ray rocking curve analysis. The x-ray
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Figure 3.12. Variation of the pressure around the dislocation loop layer
during dry oxidation at 900°C for 4 hours, simulated in FLOOPS.

diffraction studies will lead to evaluation of the strain field around the

dislocation loop layer, and the calculated average pressure in Figure 3.12 can

be confirmed by the measurements.

In Figure 3.13, the simulation shows variation of the free unpaired
interstitial distribution around the dislocation loop layer during the dry
oxidation at 900 °C for 4 hours where interstitials are injected from the
surface. The compressive pressure inside the loop layer as shown in Figure
3.12 causes the local dip in the interstitial distribution inside the loop layer

region. The model correctly represents the interstitial movement towards the

loop layer caused by the local variation of the pressure and the boundary
conditions restricted by the loop self-force. Growth of the loops can be
visualized from the change in the interstitial distribution near the layer
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Figure 3.13. Simulation of the variation in free interstitial distribution
around the dislocation loop layer with its center at 0.15 (im during the dry
oxidation, compared with the case without the dislocation loops.

boundaries from 0 to 4 hours. The interstitial supersaturation is already
limited at short times and gradually diminishes as time goes on, since more

interstitials are captured by the growing dislocation loops. The reduction of
interstitials due to the capturing action of the loops is well compared with the
case without the loops, which is the normal OED simulation as described in

the previous chapter. As seen in this log-scaled plot, the dislocation loops

capture most of the injected interstitials, which suggests the substantially

strong interaction of the dislocation loops and the interstitials. Figure 3.13 is
the result from the FLOOPS simulation with one parameter set that

simultaneously generated Figure 3.12 and other pictures in this chapter,

including the next section.
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Figure 3.14. Simulation of interstitial supersaturation Q/Q* at 0.5 pm depth
position during the four-hour oxidation, with and without the dislocation
loops.

In Figure 3.14, the model predicts that the interstitial supersaturation at

0.5 pm depth position is significantly lower in the presence of the dislocation

loops than in the case without any extended defects during most time period
of oxidation. The simulation result shown in Figures 3.13 and 3.14 agrees

with several experiments on transient dopant diffusion due to high dose

implant damage, which suggest that the dislocation loops in silicon work as

an efficient sink for interstitials [19, 71, 74, 89]. The degree of reduction in the
Ci supersaturation mostly depends on the loop-interstitial reaction constant

Kil. The value for Kil is determined by fitting the simulation with the TEM
data and SIMS data of boron OED that will be discussed in the next section.

The reaction constant Kvl between loops and vacancies also affects the loop

growth during oxidation, but its value is much smaller than Kil at 900°C.

900°C Oxidation
i i i i 11111 i i i i 11111

without dislocation loops

with dislocation loops
( Si implant dose = 5x1015 cm-2)
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900°C Oxidation

Oxidation time (hour)

Figure 3.15. Density of the Si atoms bound by dislocation loops as a function
of oxidation time from data (ref. [81]) and FLOOPS simulation in the two
different cases of Si implant dose, 2xl015 and 5xl015 cm-2.

More accurate evaluation of Kvl may be possible through more experiments
in vacancy injection environment such as nitridation or silicidation.

Figure 3.15 shows a good agreement between the simulation and the
data [81] on the temporal change in the number N of Si atoms bound by the
dislocation loops per unit area during the oxidation at 900°C. There can be
two ways to obtain the data for N from the plan-view TEM pictures. First,
direct pattern recognition of the shaded area in the PTEM picture from the top

will lead to a good measure of the number of atoms confined in the non¬

circular loops as shown in the picture. However, this method should
consider the random orientation of the loops in <110> or <111> directions,
and a proper projection of the loop area will be required. Second, N can be
calculated from the measured radii and density of the loops, assuming the
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loops are all circular. This was the method adopted for the extraction of the
data [81] fit in this work. This method will involve a certain range of error by
the assumption of circular loops, and the error range increases at larger times
when the loops are more non-circular due to the network formation. In

Figure 3.15, the constant 5% error bar at 4 hour condition may be under¬

estimating the probably larger error in the TEM measurement. Considering
the overall fit, the simulation result implies that the two-dimensional

simplification can lead to an effective model for the interaction of extended

defects and point defects, which is an essentially three-dimensional

phenomenon.

Figure 3.16 shows the variation in total density of dislocation loops

during oxidation from the simulation and the data [81]. Again, non¬

uniformity of loop size and shape is seen in the TEM pictures typically at

larger times; when the loops are forming a network, there can be a sizable
difference in the density of the actual non-circular loops of various sizes and
that of the loops modeled to be circles. In this case, the meaningful loop
radius and density depend more on statistical interpretation of the TEM

pictures. The missing data point at four hours for 5xl015 cm-2 dose condition
in Figure 3.16 corresponds to this case. However, the simulation at large
times in general has been improved by modeling the loop coalescence using
the triangular distribution function for loop radius. The preliminary model
with equal-sized loops led to a larger discrepancy at the four hour condition
[82].

The average radius changes during the oxidation as shown in Figure
3.17. The data show little difference in the initial Rave between the two

silicon implantation dose conditions, and the simulation predicts that the

loop size will vary at almost the same rate during oxidation, consistently with
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900°C Oxidation

Figure 3.16. Total density of the dislocation loops from data (ref. [81]) and
simulation in the two different Si implant dose conditions.

900°C Oxidation

Oxidation time (hour)

Figure 3.17. Variation in the average radius of the dislocation loops from data
(ref. [81]) and simulation in the two Si implantation dose conditions.
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the data. Figure 3.18 shows that the variation of the loop distribution

parameters in the simulation agrees roughly with the data [81]. The error

range of Lp and Rmax especially at large times depends on interpretation and
calibration of the actual non-triangular distribution of the loops. Modeling
the loop coalescence with the distribution function has allowed us to

simulate the maximum radius of the dislocation loops, which is an

important factor to consider in designing short channel MOSFETs and
shallow junctions formed by high dose ion implantation. The model can be
further developed to predict the tolerable implantation and annealing
conditions that prevents the dislocation loops of maximum size from

reaching the p-n junction region and from causing detrimental leakage
currents. More systematic data extraction from TEM pictures will lead to

900°C Oxidation

Figure 3.18. Variation in the radii of the dislocation loops and the unit
interloop distance Lp for the loops of radius Rp, which are obtained from data
(ref. [81]) and predicted by FLOOPS simulation.
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more accurate estimation of the rates of growth and coarsening of the
dislocation loops.

3.3 The Effect of Dislocation Loops on OED of Boron

It is necessary to extract accurate values of the point defect capture rates

of dislocation loops in order to predict the distribution of point defects around
the loop layer more quantitatively. In this work, it was achieved by

monitoring the reduction in oxidation enhanced diffusion (OED) of boron in
the region deeper than the dislocation loop layer. This modeling work uses

the SIMS data from an experiment by Meng et al. [90] where boron buried

layer was used to probe the reaction between point defects and dislocation

loops during oxidation. In that experiment, a thin (< 500 Á) boron marker

layer was grown epitaxially on <100> Czochralski silicon wafers, followed by

epitaxial growth of an overlayer of 6000 Á of undoped silicon. As-grown
boron profiles were obtained by SIMS. The end-of-range dislocation loops
were introduced into some of the samples by Si implantation at 50 keV to a

dose of 2xl015 cm-2. All the samples were then annealed at 900°C from 10
minutes to 4 hours in either nitrogen or dry oxygen ambient. Thus the

samples were categorized into four different groups: (1) without loops and
annealed in N2; (2) without loops and annealed in dry O2; (3) with loops and
annealed in N2; (4) with loops and annealed in dry O2. For the case (4), the

samples were preannealed at 900°C for 10 minutes in nitrogen ambient prior
to oxidation so as to form the dislocation loops and anneal out excess point
defects [90]. The depth locations of the dislocation loop layer and of the boron
buried layer are at about 0.15 pm and 0.6 pm from the surface, respectively.

Boron redistribution during oxidation at 900°C was simulated with the
model described in the previous sections. The initial loop distribution
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observed in the TEM experiments [81] were used in the simulation, since the

implant conditions are the same for the two experiments. The dislocation

loop parameters used in the simulation are shown in Table 3.1. Those are the

same parameters used for simulation of loop evolution in the previous
section. To complete this table, it will be necessary to estimate the

temperature dependence of some parameters such as Kil and Kvl by

monitoring the loop evolution at temperatures other than 900°C.

Table 3.1. Parameters and constants of the interaction between dislocation

loops and point defects used in the simulation.

Parameters Value

Kil (loop-interstitial reaction constant) @900°C 4.3xl03 sec^1

Kvl (loop-vacancy reaction constant) @900°C 1.0x10-4 sec-1

a (capture and emission cross-section) 7.5x10-7 cm

ro (radius of a silicon interstitial) 1.11 Á

rs (radius of a vacancy) 2.47 Á

e (dilatation factor of a silicon interstitial) 0.5

dRmax/dRp @900°C 2.3

dRmin/dRp @900°C 0.0

dLaii/dRave @900°C 0.9

In Figure 3.19, the simulation correctly shows the reduction in OED due
to the dislocation loops capturing the interstitials injected from the surface

during 2 hour annealing in dry oxygen. For the case with the loops, the
simulation started from the Gaussian fit to the B profile obtained after the

preannealing step required for loop formation. Figure 3.20 also shows a very
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Figure 3.19. SIMS data [90] and FLOOPS simulation of boron diffusion with
and without dislocation loops during the dry oxidation at 900°C for 2 hours.

• as-grown ■ without loops; 4 hours

O after preannealing Gaussian fit

□ with loops; 4 hours simulations
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Figure 3.20. SIMS data [90] and FLOOPS simulation of boron diffusion with
and without dislocation loops during the dry oxidation at 900°C for 4 hours.
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Figure 3.21. The reduction in OED of boron due to the dislocation loops
shown in terms of diffusivity enhancement, also compared with the case of
nitrogen ambient without the loops.

good match between simulation and measurement of boron profiles after 4
hour annealing in dry oxygen.

The enhancement in boron diffusivity was quantified through profile

matching with a boron diffusivity Db* under inert intrinsic condition [24].

Figure 3.21 shows the extracted diffusivity enhancement with respect to the

Db* for the simulation and the SIMS profiles for the three different groups of

samples (1), (2), and (4). The data show approximately 50 % reduction in OED
of boron when the dislocation loops exist. The simulation agrees with the
data fairly well for all three time conditions. The seemingly larger error for
the half an hour condition is due to the larger error range in calculating
effective diffusivity at shorter times. Actual junction depth movement,
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3.20 in terms of the linear measure of junction depth movement V Defft
with 10 % error bars applied to all the time conditions.

which is proportional to square root of product of effective diffusivity and
anneal time, does not show such strong time dependence in error range.

Figure 3.22 re-presents the displacement of boron profiles during oxidation in
terms of V Deff • t rather than Deff/DB*. Since the unit is linear measure of

length, the constant 10 % error bars in the Figure 3.22 are now meaningful.

Comparison of Figure 3.21 with Figure 3.22 tells that the representation of
enhanced diffusion in terms of effective diffusivity can be misleading when it
is used for matching simulation and measurement. More detailed discussion
on error range interpretation has been provided previously by the author [48].

Figure 3.21 also shows that the diffusivity is enhanced by factor of 3 or 4

during annealing in nitrogen. The unusual enhancement of boron diffusion
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in the nitrogen ambient suggests that thin native oxide or oxygen precipitates
at the epi/substrate interface have worked as an interstitial injection source in
the bulk. The SIMS profile of oxygen peak at the epi/substrate interface
shown in Meng et al. [90] provides an experimental basis for the possibility.
The possibility was considered in the simulations by implementing an

interfacial oxide layer injecting a reasonable amount of interstitials in the
bulk. For the simulation of the profile in the absence of dislocation loops, the
surface injection level was chosen to fit the measured profile. To obtain the

gaussian profiles, the location of interfacial oxide was assumed to be at 1.0 pm

from the surface. The purpose of this imaginary injection source is to

approximately mimic the effect of oxygen precipitates. The same bulk

injection level was used for the case with the dislocation loops, so that we can

estimate the effectiveness of interstitial sink action of dislocation loops.

Figure 3.23 shows the simulation and the data for boron profiles after 4
hour annealing in nitrogen ambient with and without dislocation loops. The
simulated profile movement is less than the measured one, and the

interstitial sink action of dislocation loop layer is slightly overestimated in
the simulation with the reaction rates in Table 3.1. However, it should be

noted that the same reaction rates and the bulk injection source were used for
all the best-fit simulations in the previous figures, which are more critical
than the nitrogen ambient case in Figure 3.23. In addition, the simulation at

other time conditions is within the error range of SIMS measurement as

shown in Figure 3.24. Since the boron buried layer is located between the
interstitial injection source at 1.0 pm and the dislocation loop layer near the
surface, the interstitial sink action of loops is not so pronounced as in the case

of oxidation, where the interstitials injected at the surface are "screened" by
the dislocation loops. The overall effects of dislocation loops shown in
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Figure 3.23. SIMS data [90] and FLOOPS simulation of boron diffusion with
and without dislocation loops near surface during the annealing at 900°C in
nitrogen ambient for 4 hours.

Figure 3.24. Boron diffusion in the nitrogen ambient in terms of the linear
measure of junction depth movement V Defft with 10 % error bars applied to
all the time conditions.
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Figs. 3.19 to 3.24 are replicated within a reasonable error range in the
simulations through the point defect based model. The loop reaction

parameters extracted from the data in this work lead to quantitative modeling
of capturing action of dislocation loops.

Even with the additional interstitial injection in the bulk, the data and
the simulation consistently show a significant reduction in OED of boron in
the presence of the dislocation loops. The result confirms the role of
dislocation loops as an efficient agent of capturing interstitials during thermal
anneals. At this point, one may ask if we can determine whether the growth
of dislocation loops in silicon is a diffusion-limited or a reaction-limited

process. If the interaction of dislocation loops and interstitials is mostly
determined by the diffusive flux of the interstitials reaching the core

boundary of the loops from outside, it can be called a diffusion-limited

process. In this case, the free interstitial concentration around the loop layer

boundary should quickly decrease nearly to the equilibrium concentration,
and the loop growth should be fairly rapid, since most of the fast-diffusing
interstitials will be efficiently captured by the loops. On the other hand, if the

loop growth is predetermined by the intrinsic reaction of the extra layer of
silicon atoms consisting of the loops, then it will be called a reaction-limited

process. In this case, the interstitial concentration around the loop layer

boundary would not decrease rapidly, since the interaction would not depend

very much on the concentration of interstitials just outside the core.

These two cases are the limiting cases, and relative importance of them
can be assessed only by the indirect measure such as monitoring the reduction
of interstitial-assisted dopant diffusion in the presence of the dislocation

loops. Phenomenologically, the efficient sink action of dislocation loops as

shown in the data used in this work strongly suggests that the interaction of
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dislocation loops and interstitials is mainly a diffusion-limited process rather
than a reaction-limited process that is thought [91] to be the case of oxidation

stacking faults. The simulation agrees with the data regarding this qualitative
assessment of the limiting cases. It should be noted, however, that the model
with effective two-dimensional boundary conditions at the layer edges is not

built up on an exclusive assumption that the loop evolution is a diffusion-
limited process. In the model, values of the reaction rates of loops with
interstitials and vacancies at the layer edge quantify both limiting cases as an

effective way. The values are parametrized to fit the data that demonstrate
the mainly diffusion-limited interaction. Even if the diffusivities of point
defects are considered in the loop reaction rates, mesoscopic models should
not be used to determine the relative importance of the point defect diffusive
flux and the intrinsic reaction at the core boundary. In a strict sense, the very

physical nature of the interaction of dislocation loops and point defects may

be more important in a complete three-dimensional modeling and
simulation with detailed loop morphology, and can be estimated definitively

by a better-designed experiment of diffusion to control and monitor the point
defect behavior in three dimensions. It will be premature to discuss further
on the subject, until a complete three-dimensional point defect-based process

simulator is achieved in the future. At this stage of general knowledge, the
model in this work has led to a quantitative prediction of the indirect
influence of dislocation loops on boron diffusion to a degree required in two-

dimensional process simulation.

3.4 Summary

The transient dopant diffusion followed by high dose ion implantation
is modeled by directly accounting for detailed physics of dislocation loops
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induced by the implants. A two-dimensional model for the evolution of the
dislocation loops in silicon is developed based on their simultaneous
interaction with point defects. The effective pressure from the ensemble of
dislocation loops is numerically calculated from the established linear

elasticity theory for a single circular loop. The pressure field from the layer of
dislocation loops is fundamental to the extended defects modeling, since it

changes the equilibrium point defect concentrations around the layer and the

boundary conditions governing the emission and absorption of the point
defects. Solution of pressure-dependent point defect diffusion equations

incorporated with a triangular density distribution function of loop size

provides an effective model for the loop growth and shrinkage including the
statistical processes such as loop coalescence and dissolution. The simulation
for 900°C dry oxidation correctly predicts the loop morphology as shown in
the TEM pictures, in terms of the number of captured silicon atoms, radii and
densities of dislocation loops. It shows significant reduction in interstitial

supersaturation and accordingly, a remarkable decrease in OED of boron in a

buried layer as shown in a series of SIMS experiments. The model led to

quantitative simulation of the interstitial sink action of dislocation loops in

silicon, confirming the diffusion-limited interaction of dislocation loops and
interstitials as observed indirectly through the SIMS measurements.



CHAPTER IV
MODELING OF THE STRESS EFFECTS ON DOPANT DIFFUSION

IN SILICON

A point defect based model for the stress effects on dopant diffusion is

presented in this chapter. Binding energies and diffusivities of dopant-defect

pairs under pressure are modeled and encapsulated into diffusion equations.
Three examples of the stress-induced phenomena are simulated with the
model in agreement with data. First, boron segregation around dislocation

loops in silicon is explained in terms of the pressure effects, and the
simulation agrees with the measured SIMS data. Second, the model also

shows that retarded diffusion of phosphorus under oxide-padded nitride film
of various widths is caused by the stress at the film edge. Finally, two-
dimensional simulation of diffusion in the pressure field leads to better

prediction of threshold voltage shift in short channel LDD MOS transistors.

4.1 Importance of Stress in Modern Device Fabrication

Stress is an inevitable phenomenon in the materials used in the
fabrication processes of silicon integrated circuits. As the device dimensions
are reduced and the packing density of circuits is increased, we obtain better
device performance and higher integration. In scaling-down processes,

however, the stress induces more and more significant effects, and it can

cause a more severe problem by generating and propagating dislocations in
the silicon substrate. Furthermore, the stress in silicon also causes dopant
redistribution and changes doping profile in the active regions to the extent

that is no longer negligible in modern scaled-down devices.

97
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Major sources of stress can be traced in the stages of the IC fabrication

sequences. First, stress in the substrate arises due to deposition of films with
intrinsic stress. For example, very large stresses are usually built up in the
silicon area near the edges of nitride films. Second, thermal oxidation of non-

planar surfaces results in high stress at the corner of the device isolation

regions, such as trench isolation. The extended defects such as edge
dislocations and stacking faults are induced by the stress from the oxide as

well as deposited films. Moreover, the dislocations can glide a significant
distance in the stress field. As devices are scaled down, the active transistor

regions are nearer to the edges of the isolation structure. The stress-induced
dislocations have become a critical factor to consider in designing the short-
channel MOSFETs and shallow junction bipolar devices. Third, high dose
ion implantation creates dislocation loops in the substrate. The dislocation

loops are naturally accompanied by the stress field as described in Chapter III.
The formation of dislocation loops during the subsequent thermal annealing
is also catalyzed by the high stress from the oxide and the nitride films.

Fourth, stress can also be caused due to the difference in thermal expansion of
two materials in contact.

The stress from these sources, whether it is from the dislocations or

from the film material with lattice constants different from silicon, affects the

doping profile to a degree enough to make an appreciable change in device
characteristics. It is thermodynamically reasonable that the diffusion of
solutes in crystal silicon is affected by the stress field. There has been

experimental evidence of stress-induced anomalous dopant diffusion, such as

boron gettering and phosphorus retarded diffusion. Thus, the extended
defects induced by the stress in silicon should be accounted for in advanced
diffusion modeling for the scaled-down devices. Chapter III described a
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model for the evolution of dislocation loops and the effect of strain on point
defect diffusion. The growth of dislocation loops during oxidation has been
modeled on the basis of the number of silicon atoms captured by the
distributed loops. In the next section, the model is extended to account for the
effects of strain on dopant-defect pairs. Through the investigation based on

the dopant-defect pairing theory shown in Chapter II, a physics-based
atomistic model for the stress effects on dopant diffusion in silicon is

accomplished.

4.2 A Dopant Diffusion Model Including Stress Effects

Figure 4.1 shows the pressure field surrounding a layer of dislocation

loops centered at 1700 Á below the surface of the wafer. The pressure is

computed by integrating the pressure components from each loop and

Figure 4.1. Pressure around a dislocation loop layer simulated based on the
loop distribution parameters obtained from TEM measurements.
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Figure 4.2. Equilibrium concentrations of interstitial and vacancy under the
pressure in Figure 4.1, compared with the nominal values in the absence of
pressure.

averaging over the entire loop distribution. The abruptness in the transition
from compression to tension around the layer boundary is reduced in the

pressure P calculated by considering the distribution of loop size, as discussed
in Chapter III.

Under the theory of dopant diffusion mediated by point defects, the
diffusion of dopant-interstitial and dopant-vacancy pairs is naturally affected

by the pressure field. First, it changes the equilibrium point defect
distribution as shown in Figure 4.2. Inside the loop layer, the pressure is

compressive, which tends to attract vacancies and to repulse interstitials. The
formation enthalpy of an interstitial increases by the amount of the
interaction energy PAVi, whereas that of a vacancy decreases by -PAVy. AVi
and AVy are the values of the elastic volume expansion susceptible to the
external pressure effect on silicon interstitial and vacancy, respectively.
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Under a compressive medium, therefore, Ci (P) decreases while Cy (P) increases
with respect to the nominal values without the pressure, as described in

Chapter III. On the other hand, the pressure is tensile outside the loops with
the opposite effects on the point defects. The gradient of pressure results in

point defect movement around the dislocation loop layer. This produces a

driving force for the dopant diffusion, and enhances the diffusion where the

point defect population is increased.
The pressure field also changes the binding energy of a dopant-point

defect pair. Figure 4.3 shows this schematically. A free interstitial (at far right
of the figure) has its formation enthalpy increased due to the compressive

pressure. As the interstitial approaches the dopant, there is a net energy gain

corresponding to the binding energy of the dopant-interstitial pair. This

energy can also be shifted by the change in thermodynamic potential of the

dopant-interstitial pair, which is the interaction energy of the pair with
dislocation loops if the pressure is due to the loops. The situation is reversed
for dopant-vacancy pairing. Thus, the pressure-dependent binding energies
EbAic (P) and EbAvc (P) are:

EbAic(P) = EbAic (P=o) - PAVai + PAVi 4-1

EbAVc(P) = EbAvc (P=0) + PAVav - PAVy 4-2

where PAVai and -PAVav are the potential shift for dopant-interstitial and

dopant-vacancy pairs. The values for the effective volumes of elastic
inclusion for the dopant-defect pairs, AVai and AVAV/ are not established

experimentally. It is reasonable that the dopant-vacancy pairs will be affected

by the pressure in the same direction as free vacancies. The potential shift of
the unpaired point defects and the pairs varies according to their interaction

energies with dislocation loops. More generally, the change in formation
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Figure 4.3. Variation in thermodynamic potential of point defects near a
dopant atom under the compressive pressure (thick line), compared with no¬
pressure case (thin line).

enthalpy AHax (P) of the AX pair is equal to PAVai and -PAVav for dopant-
interstitial pair AI and dopant-vacancy pair AV, respectively, whatever the
source of pressure P is. Similarly, AHx (p) is the notation for PAVj and -PAVy

for unpaired interstitial and vacancy, respectively. Then, Eqs. 4-1 and 4-2 can

be summed up as one equation:

EbAXc(P) = EbAxc(P=0) ~ AHax(P) + AHx(P) 4-3

The changes in binding energies lead to a local variation of the pairing
coefficient Kaxc (P) and the concentration of the pair Caxc (P) under pressure.
Since the pressure effect can be assumed to be equal for the pairs with
different charge states, the effective binding energy EbAX (P) is affected by the
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same amount due to the pressure. From Eq. 4-3 and the definition of pairing
coefficient (Eq. 2-2) in Chapter II, we obtain:

r AHax (P) ~ AHx (P) ^
kTKaxc (P) = Kaxc(P=o) exp 4-4

V

The pressure-dependent pairing coefficient Kaxc (P) is now a function of
location in contrast to the constant Kaxc(P=0), because the pressure can vary

locally, as around the dislocation loops. This should be considered in

deriving the diffusion equation including the pressure effect. Accordingly,
the concentration of dopant-defect pairs is affected by pressure. If the

magnitude of pressure in silicon substrate is less than 5x109 dyne/cm2, which
is the typical case, it can be shown that the value ( Kax (P) Cx (P)) “1 for

phosphorus and boron under the pressure is much larger than unity. In this

case, we can safely assume that the unpaired dopant concentration Ca in

equilibrium is the same with or without the pressure. Combining Eq. 4-4, Eqs.
2-2 to 2-6 in Chapter II, and Eqs. 3-9 and 3-10 in Chapter III, we can evaluate
the pressure effect on the total concentration of AX pairs in equilibrium:

4-5

Thus, the equilibrium concentration of dopant-interstitial pairs Cai(P)
decreases in a compressive medium, while that of dopant-vacancy pairs

Cav (P) increases. The pair concentrations in non-equilibrium are accordingly
affected by the pairing coefficients in Eq. 4-4 as well as the point defect
distribution changed due to the pressure.

The change in the pair concentration due to pressure should be reflected
on diffusion equations. A dopant diffusion model accounting for concentra¬
tion of pairs in the absence of pressure has been established [31, 33, 45, 92].
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The diffusion equation (Eq. 2-1) should now incorporate the pressure effects
on pairing coefficients formulated as Eq. 4-4 in the framework of the pair
diffusion model in Chapter II. Moreover, it is necessary to account for an

additional pair flux due to the local variation of the formation enthalpy of the

pair AHax (P)- With all these changes, the equation for dopant diffusive flux
- Ja under pressure P can be rederived starting from the following equation:

-Ja = X ^axc
X,c

jqT'lVCaxc(P) + ZaxcCaxc(P)VP— + Caxc(P)V
\kT /

AHax (P)

kT
4-6

where the subscript (P) denotes the pressure dependence, Zaxc is the sign of
net charge of the pair AXC, is the electric potential, q is the electron charge,
and Caxc (P) is the concentration of dopant-defect pair AXC under pressure. It is
assumed that the intrinsic diffusivity dAXc/ which is related with lattice
vibration and entropy of migration [20], is not affected by the external

pressure, although it should be confirmed experimentally. The summation is
for both defect X (interstitial I or vacancy V) for each charge state c of the pair.
The last additional term accounts for the flux of the pairs induced by the
variation of stress field in terms of the change in formation enthalpy of the

pair AHax (P)- This additional term is theoretically consistent with a few

previous work on diffusion of point defects in the presence of the strain

gradient [84, 85, 86]. Eq. 4-6 is based on the assumption that the migration

enthalpy of the dopant-defect pair is not significantly affected by the pressure,

which is reasonable in considering a theoretical estimation of point defect

migration enthalpy in strained metals [86].

Eq. 4-6 is now further developed for a donor dopant of singly positive

charge state. Similar derivation can be achieved for a acceptor dopant case
with proper consideration of charge states. The concentration of AXC pair
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under pressure in non-equilibrium defect conditions can be expressed in
terms of unpaired substitutional dopant concentration Ca (P), defect concentra¬
tion Cxc_1, and the pressure-dependent pairing coefficient shown in Eq. 4-4.

Following Eq. 2-5 for the non-stress case, we have

Caxc(P) = Kaxc(P)Cxc_1 Ca(P) 4-7

The gradient of Eq. 4-7 is evaluated by incorporating the variation of pairing
coefficient Kaxc (P) in Eq. 4-4:

vcaxc(P) - kaxc(P)Or1 vca (P) + kaxc(P)ca (P) + Cxc l Ca (p>VKAx£ (P)

AXC (P)

Ca(P)
VCa(P) +

Ct

Cxcl
-VCX- +Ca(P)VI AHX (P) ~ AHax (P)

kT )

4-8

Substituting Eq. 4-8 into Eq. 4-6, we obtain

-Ja-XcUx^X, c C

CAXC (P) I^Ca (P) + CaA (P)
A (P)

iogCx^1 + zaxc^t +
q*F AHx(p)

kT

4-9

The formation enthalpy changes to the same amount for defects of different

charge states. Thus, the concentration of defect X in the inert intrinsic

condition under pressure Cxc_1 (P) is expressed in a manner similar to Eqs. 3-9

and 3-10:

Cx^1 (P) = C>-x"1 (P=0) exp
AHX (P) \
kT /

4-10

Combining Eqs. 4-10, 2-2, and 2-3, we can describe the non-equilibrium
concentration of charged defects Cxc_1 in terms of the equilibrium concentra¬

tion under pressure Cx (P) and the carrier concentrations:
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Cx^1 - Gxc Cx"-1(P)4-11
CX(P)

where Gxc is the charge state term (n/ni)1_c, where c denotes charge state of
the pair (0 for neutral pairs, -1 for negative pairs, and +1 for positive pairs).

When the pressure is not originated from extended defects, the electric

potential term 'F in Eq. 4-9 can be described in terms of carrier concentrations

as simply as in the non-pressure case. For the case of dislocations, however, it
is possible that the dangling bonds around the core of dislocations are charged
due to gettered impurities and defects. In order to model the potential
gradient thoroughly in this case, it will be necessary to solve Poisson's

equation around the dislocations. Significance of this effect may be estimated

by calculating the upper bound of the potential variation by numerical
solution of Poisson's equation in a simplified distribution of dislocations. In

this derivation, however, the potential variation due to the possibly charged
dislocations is not considered, for the nature of the charge states is not

characterized experimentally under the high temperature diffusion condi¬
tions. Under the simplifying assumption, we have the following relationship
between potential and electron concentration for the donor dopant, as in the

non-pressure case described by Law [92]:

log Gx* + ZAXc = log j^p + Zaxc log(JjL) = log (¿L) 4-12

Eq. 4-12 is valid for any charge state c of the donor-defect pair. Now the term

inside the brackets of Eq. 4-9 is simplified by incorporating Eqs. 4-10, 4-11, and
4-12. Also the term outside the brackets can be expanded by using Eqs. 4-7 and
4-11. In short, Eq. 4-9 becomes
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-Ja - X (dAXc kaxc(P) Gxc Cx^i(p)) »-x--
Xc CX(P)

VCA(P) + CA(P)V1°g| n
-* n¡
'X(P)

- X (dAXc kaxc(P) Gxc C^-i(p)) C+A (p) Vlog C+A (p)
x,c

c>
*

CX(P)
*-x n

cx(P) n\
4-13

Eqs. 4-13 and 2-1 show close similarity in their forms. In Eq. 4-13, the

quantities dependent on the pressure are denoted with subscript p, and they

correspond exactly to the terms without the pressure effects in Eq. 2-1. The

diffusivity term in the parentheses in Eq. 4-13 can be named as Dax (P) and
further related with the diffusivity without the pressure effect Dax (P=ov by

using Eqs. 4-4 and 4-10:

Dax (P) = X dAxc Kax'cp) Gxc C^-i(P)
C

= X ^ax* kaxc(P=0) Gxc Cxc1(p=0) exp
C

= Dax (P=0) exP

1
AHAX (P)

kT
/

AHAX (P)'
kT

4-14

Dax (P=0) is the fraction of dopant diffusivity attributable to the pairing of

dopant A and defect X (interstitial I or vacancy V) in the absence of pressure,
which is directly related with the charge-dependent values measured under
intrinsic doping conditions in inert ambient, Caxc(P=0):

dax (P=0) - X Daxc(p=o) Gxc 4-15
C

where D1Axc(p=o) = dAXc kaxc(P=0) Cxc1 (p=o) = dAXc—^(P=0-- = dAxc AX (P 0) 4-16
CA(P=0) CA(P=0)

The approximation in Eq. 4-16 is valid only when the unpaired dopant
concentration in inert intrinsic doping conditions C^p^ is about the same as

the total concentration of dopant atoms Ca (p=0)/ since the pair assessment had
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not been considered in measurements of the inert diffusivities in the

literature. For boron and phosphorus, the values of ( Kax (P=0) Cx (p=0)) “1 are

found to be much larger than unity for both interstitial and vacancy

mechanisms, so Eq. 4-16 is meaningful. It means that we can use the
measured diffusivities as values of Daxc (P=0) in the diffusion equations.

Substituting Eqs. 4-14 and 4-15 into Eq. 4-13, we finally get the expression of
total diffusive flux of dopant atoms as follows:

- X (DAXc(P=0) GX')exP "
AHAX (P) I

X,c kT
'“A (P)

CX(P)
Vlog r+ '-x neA(P)-r— jr

L'X(P) )

i,v

S
X

( AH^x (p) (~-+ Cx Y7in~ fC+ CX n)
\ kT J '—A (P) * V1°g

CX(P)
eA(P) . njCX(P) )

I,v
r

= X DAX (P) Ca (P) » X Vlog
x Cx (P)

r-+ nCA(P)-; —
eX (P) ,

4-17

Thus, the final equation incorporates the pressure effects on the unpaired

dopant and equilibrium point defect concentrations, which are calculable
from the energy variation and the pairing theory. The dopant diffusivity

component Dax (P) under the pressure P is associated with the known

diffusivity Dax (P=o> in the absence of pressure and the formation enthalpy of
the pair AHax (P)- The relationship of Eq. 4-14 is consistent with the
theoretical expression of the activation enthalpy of diffusion Qax as the sum

of the migration enthalpy Hax and the formation enthalpy Hax of the pair [20,
93], assuming that the migration enthalpy does not change significantly due
to the pressure:

AQax = Qax (P) - Qax (p=o) = Hax (P) + Hax (P) - ( Hax (P=0) + Hax (p=o) )

= HaX(P) -HaX(P=0) = Hx(P) -EbAX(P) -(Hx(P=0) -EbAX(P=0))



109

= AHax (P) 4-18

The change in defect formation enthalpy AHx (P) is equal to the interaction

energy of dislocations and point defects if the pressure is due to the
dislocation loops. Rewriting Eq. 4-14 for each type of defects, we have

' PAVai \Dai (P) - DAi(P=o)exp|-
DAv (P) = DAv (p=o) exP

kT j

PAVav
kT

4-19

4-20

In a compressive medium, therefore, diffusivity of dopant-interstitial pairs
decreases while that of dopant-vacancy pairs increases. The diffusivities

change in the opposite direction under tensile stress.

4.3 Boron Segregation around Dislocation Loop Layer

The above model was verified first by simulating boron redistribution
around dislocation loops. Sadana et al. [18] observed that boron is segregated

during annealing into the region of dislocation loops created by high-dose
arsenic implantation. More systematic experiments were performed in this
work to monitor the temperature and time dependence of the boron pile-up.
We used an isoconcentration boron layer and implanted silicon to a dose

large enough to create dislocation loops. After the subsequent annealing at

different temperatures from 600°C to 1000°C, the boron profiles were

measured by SIMS. The loop distribution was measured by plan-view TEM

(PTEM), as shown in Figure 4.4. Depth location of the dislocation loop layer
was also revealed by cross-section TEM (XTEM) in Figure 4.5, which is on the
same sample as the PTEM picture in Figure 4.4 shows. The results show that
the boron segregation is significant only at the anneal temperatures of about
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Figure 4.4. Plan-view TEM (PTEM) picture of a sample annealed at 900°C for
240 minutes.

Figure 4.5. Cross-section TEM (XTEM) picture of the same sample annealed at
900°C for 240 minutes as shown in Figure 4.4.
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800°C to 900°C with very little change in profile shape from 15 minutes to 2
hours.

Simulations were performed with the above diffusion model in the

process simulator FLOOPS where the point-defect-based model for loop
evolution [82, 94] was also implemented. Initial distributions of point defects
were assumed to follow the Pearson IV function with peak concentrations of
about lxlO19 cm-3, which is a reasonable value considering the reduction in
defect supersaturation during the rapid process of loop formation. The

assumption roughly approximates the point defect distribution at the initial

stage of annealing near the original amorphous/crystalline interface where
the dislocation loops are nucleated. The initial loop size distribution was

based on the PTEM measurements of a sample as shown in Figure 4.4. The
simulated distribution of loops at 240 minutes agrees with the data extracted
from the PTEM picture.

Figure 4.6 shows a good agreement between the simulations and the

SIMS measurement of the piled-up boron profile at 900°C, which stays almost

unchanged from 15 to 120 minutes. The boron segregation occurred at the

depth position of the dislocation loop layer observed by XTEM, as shown in

Figure 4.5. The profile shape is consistent with the similar observation of the
redistribution of implanted boron in the post-amorphized silicon substrate
[19]. The simulation shows the boron pile-up and segregation around the
dislocation loop layer, qualitatively in accordance with the data.

As shown in Eqs. 4-17, 4-19, and 4-20, it turns out that the dopant

diffusivity components vary with the pressure in different ways for the

dopant-interstitial pair and the dopant-vacancy pair. Inside the dislocation

loop layer where the compressive pressure tends to keep out dopant-
interstitial pairs, the diffusion via interstitialcy mechanism decreases. On the
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Figure 4.6. FLOOPS simulation and SIMS data of boron segregation around
the dislocation loop layer.

contrary, vacancy-mediated diffusion is locally enhanced there, since more

dopant-vacancy pairs as well as vacancies are attracted towards the loop layer
center and the binding of the pair is reinforced. The extent of these variations

depends on the effective volumes of boron-defect pairs AVbi and AVbv- The
value of AVbi used in the simulation was estimated based on the volume of

sphere with a radius equal to the sum of the radii of a boron atom and a Si

self-interstitial. In case of AVbv/ such estimation is not possible, since a

dopant atom can be viewed as paired with more than one vacancy whenever

they exist within or at the third-nearest neighbor sites in diamond structure.

The assumed value of AVbv was two times as large as AVbi- Eqs. 4-17, 4-19,
and 4-20 suggest that AVbv should be large enough in comparison to AVbi in
order for the boron redistribution to take place, for Dbv <p=0) is about 25 % of

OBI (P=0)-

T
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The simulation shows less extended depletion of boron in deep regions
than the data. It can be attributed either to the inherent error range in SIMS
or to the non-concentric distribution of the loops in depth direction as noticed
in XTEM, which would produce larger spread in pressure. The XTEM also
revealed another layer of smaller loops near the surface due to the second Si

implantation with lower energy and dose. It explains the smaller peak at the

position marked as k in Figure 4.6, which is simulated roughly by

superposing the pressure field from the smaller loops. The dislocation loops

may getter the boron atoms during their formation at the initial stage of

annealing, pinning the boron at the layer center. As in the case of edge

dislocations, the dislocation loops can be electrically charged at the core

boundary due to their unoccupied dangling bonds as well as possibly existent
metallic impurities. It is not yet certain whether the undecorated dislocation

loop states work as acceptors or as donors, since it depends on the charge
states of the point defects around them especially at the high annealing

temperatures. In any case, the charged dislocation loops will lead to variation
of the local electrostatic potential and the carrier distribution around the loop

layer. At the high temperatures, the fairly fast diffusing charged dopant-defect

pairs may also be affected by the coulombic attraction or repulsion. As shown
in Eq. 4-6, the diffusive flux changes due to the local electric field as well as
the hydrostatic pressure. If the dislocation loops are formed by directly

capturing the boron atoms together with the Si self-interstitials, the stress

around the loop layer will be relaxed by the smaller volume of boron atoms,

and the pressure effects will decrease with time. Further experimental
evidence through RTA will be required to confirm this possibility. More

rigorous simulation requires further knowledge on loop formation process
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and as-implanted point defect distributions near the amorphous/crystalline
interface.

4.4 Phosphorus Diffusion Retarded by Nitride Film Stress

The pressure-dependent diffusion model explains the effects of stress
from silicon nitride films on phosphorus diffusion. Ahn et al. [95] observed
that phosphorus diffusion in silicon is retarded under the oxide-padded
nitride films during anneals at 1100°C in Ar, as the stripe width decreases
from 750 pm to 16 pm. Figure 4.7 shows a simplified geometry of the nitride
and the oxide film structure used in [95]. The thickness of the nitride films

ranged from 100 to 120 nm, and the stress level in the nitride film was

measured by the change in the wafer curvature before and after the nitride

deposition without oxide pad. When the ratio of flow rates of reactant gases,

/SÍH2CI2 / /NH3/ was fixed at 1/3, the stress inside the nitride film was found

Region under high stress
Si substrate

1
lateral position where

the profile was measured

Figure 4.7. A simplified diagram of the film structure used in the
experiments of Ahn et al. [95]; excerpted and modified from [95].
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to be about 1.9xl010 dyne/cm2. The stress just beneath the nitride film edge in
the silicon substrate will be of the same magnitude with opposite sign.

Ahn et al. [95] attributed the junction depth reduction to generation of
vacancies at the nearby Si/SiNx interface and their lateral diffusion.

However, it is more probable that the stripe width dependence is due to the

high stress at the edge of the nitride film, which affects the stress level at the

center region under the SiNx/SiC>2 film. Under narrower stripes, the stress is

higher in the substrate. SUPREM-IV predicts almost two orders of magnitude
difference in pressure between the cases of 16 pm and 750 pm stripes. Figure
4.8 shows the hydrostatic pressure below the center of the SiNx/Si02 films

with different stripe widths as a function of depth. It implies a very strong

possibility that phosphorus diffusion was retarded by the compressive

Figure 4.8. The pressure beneath the SiNx/SiC>2 films of different widths at
the lateral midpoint, simulated with SUPREM-IV.
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pressure in the substrate, even without any change in point defect
distribution.

We performed FLOOPS simulation for the pressure effects on

phosphorus diffusion, using the pressure distribution of Figure 4.8 calculated
in SUPREM-IV. The effective volume of phosphorus-interstitial pair is
assumed to be about four times as large as that of boron-interstitial pair,

following the same ratio of volumes of a phosphorus self-interstitial and a

boron self-interstitial. In Figure 4.9, the simulated profiles of phosphorus are

shown for the stripe width of 16 pm and 750 pm. The simulation starts with
the gaussian profile of as-implanted phosphorus, which was subsequently
diffused at 1100°C for 10 hours under inert conditions with point defects in

equilibrium. The larger compressive pressure under the narrower film
reduces the total diffusion of phosphorus, which is predominated by

Phosphorus Annealed at 1100°C for 10 h

Figure 4.9. FLOOPS simulation of P diffusion under the SiNx/Si02 films of
two different widths in the inert ambient.
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Figure 4.10. Data [95] and FLOOPS simulation of variation in phosphorus
junction depth at the midpoint under SiNx/Si02 film as a function of stripe
width.

interstitialcy mechanism at 1100°C. In Figure 4.10, the simulation shows
0.2 pm difference in junction depths under the narrowest and the widest

stripes, in agreement with the measurements. It shows that the data can be

explained by the pressure effect, and the pressure-dependent diffusion model
is validated.

4.5 Two-Dimensional Extension and the Effects on Threshold Voltage of
Short-Channel MOSFETs

The threshold voltage Vj of short channel MOS transistors is known to

shift depending on substrate doping profile in the channel region and the

proximity of the heavily doped source and drain regions. Orlowski [21] has
suggested that lateral injection of interstitials from the gate reoxidation causes

transient diffusion of boron in the graded doping of the channel region,
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thereby inducing Vj roll-on for a certain range of channel length, i.e., the
reverse short channel effect. On the contrary, Sadana et al. [18] suggested that

Vj roll-off, i.e., the short channel effect, becomes more pronounced due to the

depletion of boron around the dislocation loops created from source/drain

implantation. There can be several aspects and reasons based on process

physics in the short-channel and the reverse short-channel effects, and recent

studies become more active in this area. When the boron redistribution

around the dislocation loops is considered in the Vt calculation, the boron

accumulated inside the loop layer may have a compensating effect for the
boron depletion around the loop layer. It will be valuable to observe the
relative importance of those two regions in affecting the threshold voltage.
We investigate the Vj variation in an LDD NMOS transistor structure with

0.2 pm channel length by using a two-dimensional process and device

simulator, FLOOPS and FLOODS.

Dislocations can be formed near the steep sidewall of amor¬

phous/crystalline interface in the lateral source/drain junctions, i.e., beneath
the gate mask edge [96]. This phenomenon was roughly modeled by

assuming vertical layers of dislocation loops near source/drain junctions.

Figure 4.11 shows a model diagram of the dislocation loop layers under the
MOS structure with source/drain regions formed by amorphizing implants.
The amorphous/crystalline interface formed just after the implantation can

be located near the source/drain-to-substrate junctions. The dislocation loops
are nucleated below the original interface during the subsequent anneal,

simultaneously with recrystallization of the amorphized regions. The
dislocation loops form layers in the lateral direction under each source/drain

region. In addition, groups of dislocations can be formed in the vertical

direction just under the gate mask edge region, as shown in [96]. It was
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Figure 4.11. A schematic diagram for modeling the dislocation loop layers in
an NMOS transistor with ion-implanted source/drain, including the disloca¬
tions under the gate edge.

argued [96] that the speed of solid-phase epitaxial regrowth of the amorphized

regions is different in the upward direction and the lateral direction

depending on the crystal orientation, and that it causes lattice mismatch at the
sidewall interface, inducing the dislocations there. It was also reported that
the steepness of the oxide spacer affects the formation of dislocations [96]. In

Figure 4.11, the dislocations at the sidewall interfaces are approximately
modeled to be layers of dislocation loops with the same size distribution as

the lateral loop layers. The exact morphology and nature of the sidewall
dislocations should be attested by more refined measurement technique such
as high-resolution TEM.

The boron redistribution during annealing at 900°C for 10 minutes was

simulated with FLOOPS in two dimensions, as shown in Figure 4.12. Boron
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19-, Boron Segregation in LDD MOSFET
c
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Lateral dimension (micron) 0 Depth (micron)

Figure 4.12. A three-dimensional profile of boron in an LDD NMOS
structure, simulated with FLOOPS.

segregation occurs around both the lateral and the vertical layers of
dislocation loops, surrounding each source /drain region. It should be noted
that the boron concentration is reduced substantially and evenly beneath the

gate oxide. The boron segregation at the SÍ/SÍO2 interface is a well-known

phenomenon. In this study, it was found that the depletion of boron beneath
the oxide interface is intensified by the presence of dislocation loops near the

gate edge. The tensile stress around the loop layer, or probably around a

group of edge dislocations with a certain directivity, may aggravate the boron

depletion underneath the gate in MOS transistors. Figure 4.13 shows the
simulation results of boron profile at the center beneath the gate oxide as a

function of depth position. The depletion of boron extends further down to

the substrate when dislocation loop layers exist at the gate sidewall edges. The
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Boron Annealed at 900°C

Figure 4.13. Boron segregation beneath the SÍO2/SÍ interface at the lateral
midpoint of the gate region during the anneal at 900°C.

boron depletion due to the pressure extends further at the center region
beneath the gate only when boron segregation at the SÍ/SÍO2 interface also
occurs simultaneously, forming the vertically graded profile. The pressure

due to the dislocations, in addition to the pressure from the film edge, can
affect the background doping profile to an appreciable extent so as to change
the device characteristics.

Device simulation with FLOODS was attempted to estimate the degree
of the pressure effects on threshold voltage shift in a MOSFET structure. In
addition to the substrate doping of boron shown in Figure 4.12, the device
simulation in this work used approximately the same source/drain arsenic

doping profile as in Sadana et al. [18], except that we have LDD structure of

phosphorus near the gate edge. The simulation with 2.5 V source/drain bias
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showed that the Vj decreases by 30 mV with respect to the case of no
dislocation loops. This is lower than the value obtained with different
simulation by Sadana et al. , which is about 63 mV [18]. However, the result
in this modeling work implies that the degree of Vt rolloff is dependent on
the amount of tensile stress around the dislocations under the gate mask

edge. More accurate estimation of the effects on Vt will be possible if the
dislocations at the gate edge are characterized in detail by sophisticated use of
TEM.

Even when the boron segregation is not considered, the mechanical
stress from the dislocation loops may possibly change the energy band
structure and minority carrier concentrations. It has been known that the

energy band gap for Si decreases with compressive hydrostatic pressure at a

rate of 2x10-12 eV/(dyne/cm2) [97]. The average pressure from the dislocation

loops is usually in the order of 109 dyne/cm2, and hardly exceeds 1010
dyne/cm2. Thus, the possible change in band gap and Vt solely for the

pressure from the dislocation loops is about several meV at most. Wortman
et al. [98] developed a theoretical model for the effect of stress on the electrical
characteristics of p-n junction devices. The model based on the distortion of
the energy band structure shows that the anisotropic stress has larger effect in
different ways than the hydrostatic pressure, and the calculated ratio of band

gap narrowing with respect to compressive stress of uniaxial [100], [111], and
[Oil] directions is about l.lxlO-11 eV/(dyne/cm2) for Si. The calculated values
of stress components from the individual dislocation loop can be in the order
of 1010 dyne/cm2 at the core boundary, which is the value estimated in
reference [98] to induce an appreciable change in carrier concentrations.

However, the anisotropic stress from the dislocation loop is localized only at

the core region, and it will not affect the energy band and carrier
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concentrations in the channel region of MOS devices where the dislocation

loops are not usually found. Accordingly, the threshold voltage is not

expected to change appreciably due to the localized band distortion effect.

4.6 Summary

The atomistic model for pressure effects on dopant diffusion is derived
on the basis of the variation of formation enthalpy of dopant-defect pairs due
to stress. The model leads to a physics-based simulation of the boron

segregation and the phosphorus retarded diffusion under compressive

pressure. The diffusion phenomena induced by pressure will be clarified by

probing the time-dependence of transient diffusion at the initial stage and by
measurement of the stress distribution.



CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

Crystal damage in silicon substrate is a crucial constraint to be
considered in the fabrication processes of advanced integrated circuits.

Today's trend of miniaturization in the semiconductor devices will further
increase the importance of damage in single-crystal silicon, which is apt to

arise more frequently with more pronounced effects on devices as the level of

integration increases. Two major sources for the damage are ion

implantation and stress in the substrate. Ion implantation is currently the

primary process for doping silicon because of the ability to precisely control
the number of dopant atoms introduced into the substrate. Stress in the
substrate originates mainly from deposition of films with high intrinsic

stress, oxidation of non-planar surfaces, and the extended damage. The

implantation-induced damage, particularly the dislocation loops, are

inherently linked with the stress.

At the present stage of technology, the implantation method of doping
will not be replaced easily. Rather, attempts to eliminate or reduce the

process-induced damage are made by extensive usage of implantation, such as

dopant outdiffusion from silicide or metal films with prior implantation, or
carbon implantation to suppress the formation of dislocation loops. In¬

vestigation of the damage-related phenomena is critically required not only to

understand the mechanisms of new process technologies, but also to help
envision the direction of further technology development. Studies through

physics-based modeling are the most appropriate way to achieve the basic goal
of process simulation, since we can at least hope to predict an unseen effect by

124
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exploring fundaments of the physical phenomena. As the search for the
nature of crystal damage proceeds, the quantitatively predictive modeling will

provide technologists with an efficient way to gain a better control over

dopant redistribution in future devices of more reduced size.
This dissertation concentrated on modeling of the effects of damage and

stress on dopant diffusion. The essence of the previous chapters is as follows.

5.1 Summary and Conclusions

Point defects are the basis element of dopant diffusion in silicon.

Although they may exist in thermal equilibrium at the high temperatures

used in the processing steps, most often times they are in non-equilibrium
state due to the external perturbation of the crystal from the processes such as

ion implantation and oxidation. Since the point defects are believed to

mediate the migration of dopant atoms by pairing with them, dopant
diffusion models should start with characterizing the point defects in the
most uncomplicated environment.

In Chapter II, transient diffusion of boron and phosphorus in intrinsic

doping conditions is modeled systematically based on the data from both the

experiments of low dose silicon implant damage effects and of oxidation-
enhanced diffusion in the literature. The pairing of dopant and point defects
was found to be critical for correctly modeling the enhanced diffusion under
excessive supersaturation of point defects. The diffusion enhancement was

quantified through the pairing coefficients determined by the effective

binding energies of the dopant-interstitial and the dopant-vacancy pairs.
Those binding energies were evaluated through the consistent fitting of the
measured data and the simulations in SUPREM-IV solving the diffusion

equations with the dopant-defect pairing model. The point defect parameters
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were extracted to consistently fit both damage-enhanced and oxidation-
enhanced diffusion. The thermal nature of the transient diffusion was

discussed in terms of the product of pairing coefficient and equilibrium defect
concentration Kax Cx, which is found to be a physical measure for the
activation of dopant-defect pairs based on energetics of diffusion. An

important relationship between the binding energy and the defect formation

enthalpy was revealed in explaining the temperature dependence of diffusion
enhancement observed in the data, i.e., larger enhancement of diffusion at

lower temperatures. The point defect parameters, extracted consistently with
the energetics and the data, provide a crucial reference for further modeling
of diffusion under high-dose implantation conditions. Also, the dual
reaction of trap with both interstitial and vacancy was modeled and examined
with the data on material dependence of diffusion.

In Chapter III, the model for the low dose implantation was extended to

the high dose implantation condition that leads to creation of dislocation

loops. There are two basic touchstones for validating extended defect models.
One is the TEM micrographs that show the morphology of dislocation loops
at different annealing time and temperature conditions. The other is the

dopant profiles measured through any means such as SIMS or spreading
resistance profiling. A correct model should agree with both TEM and dopant

profiles. Furthermore, it is very important to account for the pressure field
around the dislocation loops in order to accomplish a physics-based model
with both accuracy and efficiency in two dimensions.

A point defect based model for the evolution of dislocation loops in
silicon was developed by accounting for the interaction with point defects.
The effective pressure from the ensemble of dislocation loops was

numerically calculated from the established theoretical solution of the stress
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field around a single circular loop based on linear elasticity theory. The

pressure field from the layer of dislocation loops is fundamental to the
extended defect modeling, since it largely affects the equilibrium point defect
concentrations around the layer and the boundary conditions governing the
emission and absorption of the point defects. The reasonably simplified

morphology and distribution of the dislocation loops led to a very efficient
model with enough accuracy required in two dimensional simulators. The

pressure-dependent point defect diffusion equations were incorporated with
the triangular density distribution function of loop size. Solution of the
diffusion equation in the process simulator FLOOPS provided effective
simulation of the loop growth and shrinkage including the statistical

processes such as loop coalescence and dissolution during oxidation. The
simulation showed reduced interstitial supersaturation during dry oxidation
at 900°C, and correctly predicted the variation in the number of captured
silicon atoms and the radii and densities of dislocation loops in agreement

with the TEM micrographs. Simultaneously, it showed significant reduction
in OED of boron in a buried layer due to the dislocation loops capturing most

of the interstitials injected at the oxidizing surface, in accordance with the
SIMS profile data. The model led to quantitative simulation of the interstitial
sink action of dislocation loops in silicon, confirming the diffusion-limited
interaction of dislocation loops and interstitials as observed indirectly

through the SIMS measurements.

Chapter IV presented a point defect based model for the stress effects on

dopant diffusion in silicon. The atomistic model was accomplished by

accounting for the variation in formation enthalpy of dopant-defect pairs due
to hydrostatic pressure on the basis of the pairing theory described in

Chapter II. The enthalpy variation leads to corresponding changes in binding
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energies and diffusivities of dopant-defect pairs under the pressure. A

pressure-dependent dopant diffusion equation was derived by incorporating
the changes of physical quantities, including the equilibrium point defect
concentrations and the additional diffusive flux caused by the local variation
of pressure. Three examples of the stress-induced phenomena were

simulated in FLOOPS solving the diffusion equation numerically. The

pressure-dependent diffusion model was validated through the simulations
consistent with experimental data. First, boron segregation around the
dislocation loop layer in silicon was monitored through systematic

experiments on time and temperature dependence of the boron pile-up. The
results showed that the boron segregation is significant only at 800°C to 900°C,
and the profile shape stayed almost unchanged from 15 minutes to 2 hours at

these temperatures. The phenomenon was explained in terms of the

pressure around the dislocation loop layer, and the simulation agrees with
the measured SIMS data. Second, the pressure model was used to explain the
data in the literature on the retarded diffusion of phosphorus under oxide-

padded nitride film of various widths. Dependence of the phosphorus

junction depth on the film stripe width was quantitatively simulated in

FLOOPS, and it was shown that the retarded diffusion can be caused by the

stress at the film edges. Finally, two-dimensional simulation of boron
diffusion was performed in the pressure field around the dislocation loop

layer in a short channel LDD MOSFET structure. The dislocations at the gate

mask edge were approximated in the model, and the simulation showed that
the boron segregation around the dislocations and at the oxide interface is
correlated. Threshold voltage roll-off in the short channel device was

simulated in the device simulator FLOODS. The result demonstrates the
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importance of doping profiles in more accurate estimation of the char¬
acteristics of modern scaled-down devices.

5.2 Recommendations for Future Research

This work added only a tiny little bit to the accumulative system of
human knowledge, as with other theses in this small world. Many intriguing

topics are waiting for proper research in this field, broadening the scope of
modelers' interest as more advanced process technologies are required. Some
of the issues relevant to this thesis are as follows:

• Distribution of as-implanted point defects is the most critical initial
condition for any point defect based diffusion model, and it is out of

question that extensive and definitive knowledge on the initial distribu¬
tion is urgently required. Correct modeling of the diffusion with extended
defects depends on quantitative knowledge on the point defect distribu¬
tion after high dose ion implantation, including the behavior around the

original amorphous/crystalline interface during solid phase epitaxial

regrowth of amorphized silicon. Direct measurement of point defect dis¬
tribution would be a paramount contribution to the whole area of process

modeling and simulation.
• This thesis concentrated on the evolution of dislocation loops, i.e., growth

and coarsening, not the formation process. Dislocation loop formation
model should be included if the complete process of high dose ion

implantation and subsequent annealing is to be simulated from the

beginning. Clustering and precipitation can be considered to be the process

similar to the formation of category I or II dislocation loops from
coalescence of excess interstitials. This may prove to be complicated,

however, since the as-implanted point defect distribution and the epitaxial
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regrowth will be a determining factor in verifying the model. RTA (rapid
thermal annealing) can be used to monitor the loop formation at the early

stage of annealing. Combined use of RTA, TEM, and SIMS would lead to

better understanding of boron segregation, attesting the possibility of direct

capturing of dopant atoms during the loop formation period.
• The loop reaction parameters in this work were extracted from data only at

900°C. Further experimental data at other temperatures are required to

simulate the temperature-dependent loop evolution. Moreover, in order
to use the model extensively without simulating loop formation, it may
be a good idea to encapsulate by table the TEM data on initial loop size and

density distribution depending on the process conditions as implant

species, dose, energy, preannealing temperature, and time.
• This work used theoretical solution of the pressure around the dislocation

loops as a starting point. It will be necessary to verify the magnitude and
distribution of the pressure and its temporal change, by measuring it

through x-ray rocking curve analysis. The x-ray measurement of the

pressure variation combined with TEM measurement of loop density and
size could be used to clarify the mechanisms of loop coarsening.

• Modeling of the stress effects on the dislocation loop formation and glide
will prove to be an interesting topic. The detailed information on the
stress distribution in actual devices will be required. The estimation of
critical limits of dislocation generation and migration is especially im¬

portant in future technology development.
• The stress and misfit dislocations in the strained material, such as SiGe,

are being investigated actively. Another important factor in the

Si/Sii-xGex heterojunction bipolar transistors (HBTs) is the outdiffusion of

dopant atoms from the base region into the adjacent emitter and collector
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regions. The pressure-dependent diffusion model could be extended to

explain the diffusion phenomena in the strained silicon-based materials,
and provide an insight for application of stress.

• Deactivation of dislocation loops is an issue of tremendous importance.
Reduction of size and density of dislocation loops or even elimination of
them will be desirable for shallow junction technologies. Carbon

implantation is known to work against dislocation loop formation. To

correctly understand the effects of carbon, it is necessary to investigate
mechanisms of stress relaxation and mobile traps, as well as electrical

properties of dislocation loops and interstitial clusters at the processing

temperatures. Formation of titanium silicide on silicon substrate is also
known to eliminate end-of-range dislocation loops, probably by inducing
vacancies into the bulk silicon. Physical modeling of the mechanisms of
dislocation loop generation and degeneration will render an essential
prospect to the damage control technology in the future.



APPENDIX
ANALYTIC FUNCTIONS FOR THE AVERAGE PRESSURE FROM

THE DISLOCATION LOOPS IN SILICON

Average pressure from the dislocation loops in silicon is one of the
crucial parts of the two dimensional model in this thesis. To achieve more

rapid and efficient simulation, it is desirable to use analytic functions for the

average pressure instead of time-consuming numerical calculation. This

appendix describes the analytic formula in the form of a pseudo code

equivalent in its content to the subroutine used for the simulations in the

previous chapters.
The analytic functions were extracted by optimization of numerically

integrated hydrostatic pressure from the six nearest dislocation loops of equal
radius as described in Chapter III. There are three input variables: distance z

in the depth direction from the center of dislocation loop layer in cm; radius
of the circular loops R in cm; unit distance L in cm between the adjacent

loops, which directly represents density of the loops D by the relationship
from the geometry in Figure 3.4, L = 1 / yj 2D . The range of error between
the analytic fit and the numerical solution of the pressure is dependent on
the values of R and L as follows:

(1) when 0 < R < 1000 Á and 0 < L < 1000 Á: excellent fit with maximum error

within 1 %.

(2) when 0 < R < 1000 Á and 1000 Á < L < 5000 Á: good fitting with average

error of about 5 %.

(3) other range of R and L was not used for the optimization, so the fitting
does not guarantee accuracy. However, R is usually within 1000 Á in most
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experiments of interest in silicon, and the pressure from the dislocation loops
is usually insignificant when L > 5000 Á (i.e., D < 2x108 cm-2).

In the following subroutine, the average pressure <p> from the equal¬
sized loops is calculated. It can be easily extended to solve the total effective

pressure from the loops of various size by considering the density distribution
function of loop size as shown in Eq. 3-8. Implementation of Eq. 3-8 involves
numerical integration again, but the overall CPU time is already reduced

substantially by using this analytic function. For the simulations of Chapter
III, the total effective pressure was obtained by Simpson's rule for numerical

integration.

[Subroutine for Average Pressure from a Layer of Uniform Dislocation Loops]

/ / Variables

z;

R;
L;
Lact;

Pmax;
Pmin;

zmin;
Pave, P;

/ / distance from the loop layer center in cm
/ / radius of the uniform loops in cm

/ / unit interloop distance in cm
// replacement for the case L > 1000 Á
// maximum pressure at the layer center
// minimum pressure near the layer edges
// depth location where P = Pmin
/ / average pressure in dyne/cm2

A, CO, Cl, cOO, c01, c02, clO, ell, cl2;

pcO, pci, pc2, mcO, mcl, mc2;
// functional coefficients
// functional coefficients

/ / Constant coefficients extracted by optimizing the numerical integration
ocOO = 1.862543e-06,
ocOl = 2.767662e+05,
oc02 = 1.697741e-06,
oc03 = 1.581166e+03,
oc04 = 1.025973e+00,
oc05 = -1.467842e+08,
oc06 = 1.488764e+00,



oclO = -2.211107e+05,
ocll = -5.679975e-01,
ocl2 = -1.509685G-09,
ocl3 = 1.590394e+00,
ocl4 = 1.023463e+04,
ocl5 = 6.42681 le-01,
ocl6 = -1.267399e+07,
ocl7 = 3.509028e+05,
ocl8 = -8.037639^02,
ocl9 = 2.826381e-05,
ocllO = 8.969554e-01,
oclll = 1.240322e+00;

icOO = -3.119669e+00,
icOl = 5.05261 le+02,
ic02 = 5.993183e-01,
ic03 = 2.15541 le+01,
ic04 = 1.279971e+02,
ic05 = 1.307077e+01,
ic06 = -3.262755e-02,
ic07 = -9.971293e-01,
ic08 = -3.369401e-02,
ic09 = 3.028979e+00,
icOlO = 2.437615e+01,
icOll = 8.270822e+00,
ic012 = 4.474912e-03,
ic013 = 1.289934e+00;

mcOO = 3.970196e+03,
mcOl = 1.150057e+00,
mc02 = -1.148110e+09
mclO = 1.333959e+03,
mcll = 5.003771e-01,
mcl2 = -4.209305e+05
mcl3 = 2.736690e+10,
mc20 = 3.560625e-07,
mc21 = 9.560052e-01,
mc22 = 9.971219e-01;

pcOO = -1.278542e+04,
pcOl = 2.010656e+00,
pc02 = -4.804410e-08,
pclO = 3.375197e+06,
pcll = 3.278859e+02,
pel2 = 6.100625e-06,
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pcl3 = 1.287639e+00,
pc20 = 2.777961e-02,
pc21 = 8.172097e-01,
pc22 = -3.470959e-07;

/ / Prepare for the very low density case (L > 1000 Á)
Lact = 0.0;
if (L > 1000.0e-8) {Lact = L; L = 1000.0e-8;}

/ / Start with calculating minimum pressure Pmin near the layer boundary
/ / User functions: pow(A, x) = Ax; cos(x) = cos x (x in radian);

pcO = pcOO / pow( (L - pc02), pcOl);
pci = pclO * L - pell + pcl2 / pow( L, pcl3);
pc2 = pc20 * pow( L, pc21) + pc22;

Pmin = pcO * R + pci / ( R + pc2) - pci / pc2;

zmin = R + 5.0e-8;
if (( L > 999.0e-8 ) && ( R > 549.0e-8 )) zmin = R + 10.0e-8;

/ / Now average pressure <p> calculation

if ( z >= zmin ){ // Outside the loop layer
cOO = ocOO * exp( ocOl * L ) + oc02;
cOl = oc03 / pow( L, oc04) + oc05;
CO = cOO * cos( c01*pow(R, oc06)) - cOO;

clO = oclO * L + ocll + ocl2 / pow( L, ocl3 );
ell = ocl4 / pow( L, ocl5 ) + oció;
cl2 = ocl7 * L + ocl8 + ocl9 / pow( L, ocllO );
Cl = clO * cos( cll*pow(R, oclll)) + cl2;

A = Pmin * pow( ( zmin - CO ), Cl);
P = A / pow( (z - CO), Cl);

}
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else { / / Inside the loop layer
mcO = mcOO / pow( L, mcOl) + mc02;
mcl = mclO / pow( L, mcll) + mcl2 + mcl3 * L;
mc2 = mc20 / pow( L, mc21) + mc22;

/ / Maximum pressure at the loop layer center
Pmax = mcO * R * ( mcl / pow( mc2, R * 1.0e6 ) + 1.0 );

cOO = icOO / (1.0 + exp( icOl * (1.0e5 * L - ic02))) + ic03;
cOl = ic04 * 1.0e5 * L / (1.0 + exp( ic05 * (1.0e5 * L - ic06 )))

+ ic07 * pow( 1.0e5 * L, ic08 ) + ic09;
c02 = icOlO / (1.0 + exp( icOll * (1.0e5 * L - ic012))) + ic013;
CO = cOO / pow( ( R * 1.0e6 ), cOl) + c02;

A = ( Pmin - Pmax) /( pow( CO, 1.0e6 * zmin ) -1.0 );
P = A * pow( CO, 1.0e6 * z ) + Pmax - A;

}

/ / For the case L > 1000 Á (very low density)
if (Lact > 1000.0e-8) P *= pow( (1000.0e-8 / Lact), 1.931311);

/ / End of <P> calculation
Pave = P;

/ / The average pressure <p> from the dislocation loop layer of uniform size
return ( Pave ); / / <p> in dyne/cm2
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