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COMPUTER AIDED DESIGN OF INTEGRATED CIRCUIT

FABRICATION PROCESSES FOR VLSI DEVICES

Introduction

The work described here‘builds upon an established program which over the
past five years has resulted in the development of three generations of com-
puter aided process modeling programs - SUPREM I, II and III. The second gen-
eration version - SUPREM Il - is currently in use at more than 150 industrial
firms and university research groups and is generally regarded as the pre-
eminent tool of its type available today. A significant number of published
papers from groups all over the world reference this computer program, and in
fact, many papers include simulated results obtained from SUPREM. It has
found widespread application in the design of state-of-the-art MOS and bipolar
fabrication processes.

SUPREM III, which will be released in the immediate future, substantially
upgrades the program in that it makes it possible to simulate structures with
up to five material layers. Built in models for Si, Si0Oz, Polysilion and
Si3Ng are included and other materials can easily be added with user
defined parameters. A large number of new and/or improved physical models for
oxidation, diffusion, epitaxy and ion implantation are included in SUPREM III,
these have, for the most part, come from experimental and theoretical work
under this program over the past five years. These new models should greatly
expand the range of applicability and the accuracy of the program.

The specific goals of this research have been and continue to be the

formulation of basic physical and mathematical models of integrated circuit




fabrication processes which can accurately predict the structure of small
geometry VLSI devices (and other arbitrary device structures) which will
result from a given fabrication sequence, and to implement these models in a
comprehensive process modeliny conputer program. Such a program, it was
believed at the outset of this work, would significantly reduce costly and
time consuming iterative, experimental approaches to developing or optimizing
silicon technologies. This has in fact occurred. SUPREM III represents a
major step along the path towards improved simulation tools.

It is clear that the historical trends in integrated circuit technology
over the past two decades towards increased complexity and smaller active
device dimensions will continue. Modern device structures employ lateral
device dimensions on the order of 2-3 u and vertical dimensions well below 1
um. There are no basic physical mechanisms which will prevent a reduction in
each of these dimensions by an additional order of magnitude over the next
decade. Practically accomplishing this continued scaling, however, depends
upon our ability to physically understand and quantitatively model the
fabrication techniques which will be used in the construction of such devices.

For devices with relatively large geometries (>5 u) and loose processing
tolerances, relatively simple models suffice for prediction of vertical de-
vice structures resulting from a given fabrication sequence. As device dimen-
sions shrink, however, it becomes essential to employ more robust process mod-
els and to consider the interaction both laterally and vertically of various
processing steps, if accurate simulation of structures is to be obtained.

This is important even with today's 2-3 um device geometries; it will become
essential for smaller devices.

Large geometry devices can be successfully modeled as one-dimensional

structures. This is true for both process models and electrical models.




Devices with lateral dimensions below a few microns, however, require two-dim-
ensional models for accurate simulation. This need has stimulated a large
body of work in recent years on two-dimensional electrical models of device
current-voltage characteristics. One example of this type of work is the 2D
program GEMINI, developed under this program. Work of this type has resulted
in remarkalyle advances in our understanding of swall geometry device physics.

Progress has not been as rapid, however, in two-dimensional process mod-
eling. While some basic 2D process modeling programs have been developed at
Stanford (SUPRA for example) and elsewhere, these programs do not incorporate
robust 2D kinetic models which can accurately predict doping profiles and dev-
ice geometries under a wide range of conditions. This is a direct result of
our need for improved physical models of oxidation, ion implantation, diffu-
sion, and CVD. It is quite clear that these processes are not one dimension-
al. Recent experimental evidence has clearly indicated that oxidation or im-
purity diffusion in a localized region of a silicon substrate can substan-
tially affect oxidation or diffusion rates in laterally or vertically adjacent
regions of the substrate. There is no clear agreement at the present time on
the basic physical mechanisms responsible for such results, although much has
been learned in the past several years. It is clear, however, that we must
quantitatively understand such phenomena if we are to accurately model small
device structures.

A specific goal of this program is to understand and model these two-dim-
ensional effects. We have made substantial progress in this regard in the
past year. It appears now that the basic physical phenomena underlying these
interactions are the roles of point defects--silicon vacancies and intersti-
tials--in impurity diffusion, thermal oxidation, and other processes. The

generation and consumption of these point defects during high temperature
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fabrication steps appear to be the unifying physical effects which can explain

many of the phenomena which have been regarded as anomalous to date. We have
used such models to quantitatively understand a variety of process phenomena
and have incorporated some of these models in SUPREM II. More such models are
in SUPREM III. The unifying role of these mechanisms is a cornerstone of the
work described in this report. We regard such models as absolutely essential
to accurate modeling of two-d.mensional effects in small devices.

Simply stated, the Tong-range objective of this research is the develop-
ment of a 2D process modeling program which contains physically correct 2D
kinetic models. Most of the effort under this program will be aimed at exper-
imental and theoretical work to uncover the basic physical mechanisms which
govern 2D oxidation kinetics, 2D diffusion, etc. This is a major problem area
with very difficult materials problems. It will become clear in the technical
discussions later in this report that 2D process modeling involves much more
than solving 1D equations in two dimensions. Basic physical laws and under-
standing are lacking at present. Effects such as lateral OED, oxidation under
masking Si3Ng layers, lateral and vertical effects of high dopant concen-
trations on diffusion coefficients, and a host of other known experimental
effects cannot be explained by a simple extrapolation of known 1D physical
laws to 2D structures. This program is aimed at generating the physical
understanding needed to develop 2D kinetic models.

An essential part of this will be to develop models for bulk point defect
(interstitial and vacancy) generation, recombination and diffusion, since it
is clear that the local concentrations of these defects determine local dif-
fusion coefficients, oxidation rates, etc. In fact an alternative statement

of the overall objective of this program would be to develop techniques for

calculating Tocal (i.e. time and position dependent) process parameters
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suitable for process simulation. Such process parameters will of necessity be

geometry dependent which means that diffusion coefficients and oxidation rate

constants, for example, will depend on the presence or absence of nearby heav-

ily doped regions or oxidizing interfaces. This will imply a tight coupling

between surface geometry and resulting impurity profiles in small devices.
In this context, the overall objectives of this program are:

(1) To develop accurate physical models for the basic technologies
used in the fabrication of silicon integrated circuits--oxidation,
ion implantation, diffusion, and chemical vapor deposition (CVD).

(2) To develop accurate physical models for the interaction of these
processes, for example, the enhancement of diffusion coefficients
in an oxidizing ambient.

(3) To develop accurate physical models based upon silicon point defects
for two-dimensional process phenomena in small geometry devices.

(4) To develop high resolution analytic tools for the experimental
characterization of small device structures.

(5) To implement improved process models in updated versions of SUPREM III
so that this program is capable of accurately simulating small devices
and multi-layer structures.

(6) To aim toward a robust 2D process modeling program (SUPREM IV) which
would combine outputs from this program with numerical techniques
developed under other support.

(7) To disseminate the results to the defense industry.

Because this is a fairly mature research program, the next section

~

describes our present situation with regard to SUPREM and its process models

in surmary form. This section is intended to provide an overall perspective




of the program and to provide background information for the detailed sections

which follow. These later sections describe specific activity in the past

year and project proposed activity in the future.
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1.  PRESENT STATUS OF SUPREM

The overall objective of the process modeling program SUPREM is to permit a
process/device designer to accurately simulate complete silicon fabrication tech-
nologies. The program input is, in essence, a processing schedule specifying a
sequence of times, temperatures, ambients, depositions, implant doses and energies,
predepositions, etc. The program output, available after each step in the process
sequence, is, in the case of SUPREM I and II, the one dimensional impurity profile
in the bulk silicon and any overlying Si0p layer. In the case of SUPREM IlI, the
structure may incorporate additional material layers above the bulk and/or Si02
including polysilicon and Si3N4. The thicknesses and dopant profiles in each of
these layers are calculated by the program during each process step.

By way of introduction to the work described in this report, it will be use-
ful to review the past achievements and present status of the physical models used
in SUPREM. We will do this by illustrating the progression of physical models from
SUPREM I through SUPREM III. The increase in capability of the program through
each of its versions should become apparent.

The basic structure of SUPREM is illustrated in Fig. 1.1. The program is des-
igned so that steps can be simulated either individually or sequentially just as
they would occur during the actual fabrication of an IC. In addition to dopant
profiles and Tayer thicknesses, junction depths, sheet resistance and MOS threshold
voltages are also calculated in versions II and III. An example of a typical
SUPREM output in this case from an early version of SUPREM III is shown in Fig.
1.2. In the following pages, a detailed discussion of the models used in versions

I, II and III will be given.

1.1 THERMAL OXIDATION

The rate of Si02 growth on silicon has historically been described by the

well-known linear-parabolic growth law [1.1].




i 5 *tEE Gttt (1.1)

where X, 1is the oxide thickness, t 1is time, and B and B/A are the
parabolic and linear rate constants respectively. B is proportional to the
oxidant solubility in the Si0p (and hence to oxidant partial pressure), and
to the oxidant diffusion coefficient in the Si0. B/A 1is also, to first
order, proportional to oxidant solubility (and hence to pressure) and to kg,
the Si/Si0) interface reaction rate constant. The two rate constants B and
B/A separate the overall oxidation process into diffusion of the oxidant
species through any existing Si02 layer and reaction at the Si/Si0; inter-
face, either one of which may be rate limiting depending on temperature and
Si02 thickness.

The parameter t 1is related to any initial oxide thickness, Xi at
t =0 by

X%+ AX;

t =—‘—B—— (1.2)

and has also been used to correct eqn. 1.1 for the "anomalous”" fast inital
growth rate up to X5 = 200 A in dry O2.

As written in equations 1.1 and 1.2, the oxidation growth law provides
limited physical insight into the underlying physical processes involved. One
can generally state that anything which affects the rate of diffusion of 02
or Hp0 through the Si0, layer (such as high dopant concentrations in the
Si02) should affect B. Alternatively, anything which affects the Si/Si02
jnterface chemical reaction rate (such as substrate crystal orientation)
should affect B/A. However, the detailed mechanisms which may be responsible
for these changes in B and B/A  are not apparent from eqgn. 1l.l.

In modern device structures, which are makinyg increasing use of lower

temperature processes and thinner Si02 layers, B/A or the interface reaction
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rate is increasingly the dominant rate limiting parameter. It has also become
clear in recent years that the detailed mechanisms involved in B/A are respon-
sible for nany important process phenomena (oxidation enhanced diffusion or
OED for example). A substantial amount of our work in thermal oxidation over
the past several years has, therefore, concentrated on determining the detail-
ed mechanisis involved in B/A. This activity has been reported in detail in
our previous annual reports. Since it is essential to much of the work to be
described later, we outline here the basic ideas which have evolved from this
work.

The basis of our model is shown in Fig. 1.3. 02 from the gas phase is
incorporated into the surface of the Si02 layer and is known to diffuse to
the Si/Si107 interface where the reaction converting silicon to Si0p takes
place. The work of Doremus [1.2], Jorgensen [1.3], Rayleigh [1.4], and
Collins and Nakayama [1.5] presented conflicting evidence concerning the pres-
ence or absence of an important charged oxyygen ion in the diffusion process.
The work of Mills and Kroger [1.6] clearly showed that a doubly negative
oxygen interstitial ion was the dominant species in the hiygh temperature con-
ductivity of Si02. The first-order pressure dependence of the parabolic
rate constant B in the Deal and Grove model [1.1] seems to indicate that the
dominant diffusing species is molecular oxygen. It is quite surprising that
20 years of work on this basic question has not resolved the issue of the main
diffusing species in Si oxidation. For the purposes of the present discus-
sion, we will consider 0y as the dominant species for thick oxide layers.

At the Si/Si0, interface, dissociation of the 0z occurs as a first
step in the oxidation reaction. When silicon and an oxyyen species react in
the interface region to form an Si02 molecule, a necessary quantity of “free

volume" rust also be supplied so that the molecule can fit into the normal




Si02 network structure. From density considerations, the average spacing
between Si atoms in Si0p is about 1.3 times the average spacing between Si

atoms in the Si lattice. This would lead to a 70% strain in the Si0p if the

lattice continued in a coherent way into the Si0p film. If the interface
moves into the Si at V cm/sec, the oxide thickens at 2.25 V cm/sec, which
means that the “free volume" must flow in at a rate of 1.25 V cm/sec per cin?
of interface area, to produce an unstrained film. If no "free volume" is sup-
plied, then the excess free energy stored as strain in the Si0p film is suf-
ficient to strongly retard the oxidation reaction at normal driving forces.

A portion of the required "free volume" for the reaction may be supplied
as shown in the top reaction in Fig. 1.3. In general, we might expect some
lattice mismatch to occur at the interface, stored as a cross-grid of dislo-
cation lines (dangling bords) and some of the mismatch to be stored as strain
in the Si0z film.

Two alternative means of providing the necessary free volume at the inter-
face are shown in the middle and bottom of Fiy. 1.3 and are based upon point
defects in the SiO2 and silicon layers. In the middle reaction, vacancies (Siv)
from the silicon substrate provide the reaction sites or the required "free
volume." In the bottom reaction, silicon atoms are removed from lattice sites
to create interstitials (Sij) and the required reaction sites for the growth
of the Si0p. Note that possible charge states of the point defects have been
neglected in the reactions proposed here. Si vacancies are known to exist in at
least three charge states, Siy+, Siy-, and Siy=, in addition to neutral
vacancies, very little is known at the present time about possible Sij charge
states.

It is believed that all three of these mechanisms play a role in the oxida-

tion process. Each of them likely dominates under specific process conditions.

For example, the reaction involving S™ js believed to dominate in the case of
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heavily doped N* substrates when the position of the Fermi level is near the
conduction band and the equilibrium concentration of vacancies is dramatically
increased. This mechanisin is the basis for our quantitative model explaining
the enhanced oxidation rates of N* substrates [1.7,1.8].

The bottom mechanism in Fig. 1.3 has been postulated by Dobson [1.9,1.10]
and the excess interstitial flows produced during thermal oxidtion may be the
mechanism of oxidation enhanced dopant diffusion effects [1.9-1.12]. In addi-
tion, the interstitials produced during the reaction have been linked to oxida-
tion-induced stacking faults [1.11, 1.13]. Finally, it might be conjectured at
this point that some of the excess interstitials move into the Si0p layer.

Such a flow would then very probably be closely related to the observed fixed
oxide charge Nf that has been discussed as incompletely oxidized silicon atoms
[1.14].

This basic concept of the roles of point defects in many related proces-
ses has been successfully used to quantitatively model the effects of enhanced
oxidation over heavily doped regions [1.7,1.8]; to quantitativley model the
growth and retrograde growth of oxidation induced stacking faults [1.11,1.13];
to qualitatively explain enhanced diffusion coefficients during thermal oxida-
tion [1.12]; and to qualitatively explain the dependence of fixed oxide charge
(N¢) on process parameters [1.15]. These and other implications of this type
of modeling are indicated in Fig. 1.4. Such a model thus appears to be of major
significance in accurately modeling and understanding many of the fabrication
steps used in silicon integration circuits. It is believed that as device
geometries shrink towards submicron structures, this type of point defect model-
ing will be essential if we are to accurately model VLSI structures. Additional
discussion of this model and its implications are contained in our last two

annual reports. [1.15,1.16].
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We turn now to a detailed discussion of the oxidation kinetic models used
in SUPREM I, II and III. These models are summarized in Table I which will be
referred to in the following paragraphs. All three versions of SUPREM produce
1D vertical cross-sections through the illustrated structures in the Table.
A1l versions of SUPREM employ an incremental form of the classic linear-
parabolic growth equation. The increment of oxide thickness aXy grown from

time point tj_1 to tj is calculated as

ax X, - X,

o i j-1

[ -(2x,_; +A) + ~/(2X1'~1 + M2+ st - ti-l)—]] (1.3)

Nj =

For each successive increment, the rate constants B and B/A apropriate for the
substrate and ambient conditions applicable to that interval are calculated.
Specifically incorporated in the functional format of the rate constants are
numerous process variables demonstrated to influence oxidation kinetics that
have been quantitatively characterized and modeled under this program. Thus,

for either Hp0 or dry Cp oxidations,

8=8" [3 (P, +P, )] (1+ecd] [e] (1.4)

Q L HCL dependence
substrate doping dependence

oxidant pressure dependence

— "intrinsic" parabolic rate constant

Similarly, the linear rate constant for Ho0 oxidation is




(o

B/A = (B/A)" [1/2(P; + P;_1)] [1+ w(c - 1)] [n] [] (1.5)
* 4 L orientation
dependence

HC1 dependence

substrate doping dependence

— oxidant pressure dependence

— "intrinsic" linear rate constant

However, for dry 02 oxidations, B/A has been found to have a different
oxidant pressure dependence, and an "anomalous" fast initial oxidation as

discussed below; thus,

0.75 0
1

B/a = (B/A)" (172 (p07% + p975)] (1 + w(cT - 1)] (n] (=] 1+ keFiY (1.6)

L thin oxides

Equations 1.4-1.6 express the most general relationship implemented in
SUPREM (Version III) to describe oxidation kinetics. Versions I and II contain

only a subset of the factors in eqns. 1.4-1.6 as described below.

1.1.,A. Lightly Doped "Intrinsic" Kinetics

Rate constants for the oxidation of lightly doped, <11ll>-oriented single
crystal silicon at one atmosphere oxidant pressure (no chlorine additions to
the ambient) were determined in the first year or two of this program. ror
dry 0, both Bi and (B/A)7 may be well-represented as singly-activated

processes [1.17,1.18]:

~E /KT

gl = C, e where  C, = 7.72 x 102 12 hr (1.7)

E] = 1.23 eV
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-E,/kT
e 2

(B/A)Y = C, where  C, = 6.23 x 10% u/hr (1.8)

2.0 eV

E2

For Hp0 oxidation, both 81 and (B/A)1 also appear to be activated
processes but with differing activation energies for higher vs. lower tempera-

ture ranges [1.15, 1.19]:

i -E) /KT 2 2
B = C1 e where T > 950°C: C1 = 4.20 x 10° u"/hr (1.9)
E; = 0.78 eV
T < 950°C: €1 = 1.70 x 104 w2/hr
E] = 1.17 eV
(3) =cpe where T > 900°C: C, = 1.77 x 108 whr  (1.10)
A 2 2
E2 = 2.05 eV
T < 900°C: 2 = 2.07 x 106 w/hr
E2 = 1.60 eV

"Pyrogenic steam" and "wet 02" (a 95°C H20 bubbler) in one atmosphere
ambient pressure have been estimated to correspond to an effective Hp0 oxi-
dant pressure Py,g = 0.92 atm [1.19). The rate constants will vary accord-
ingly, as discussed below.

B has been found to have no significant substrate orientation dependence.
However, B/A is observed to be ~ 1.7X greater for <111> than for <100> silicon

in both H20 and dry 02 oxidations [18]. Thus,

« 111> =1 (1.11a)

« <100> = 1/1.7 = 0.595 (1.11b)

Dependencies for other orientations have not been determined, although they are

expected to lie between the <111> and <100> rates.
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As indicated in Table 1.1, SUPREM I's complete oxidation model consisted of

eqns. 1.7-1.11. In fact the break in activation energy reflected in equations
1.9 and 1.10 in B and B/A for H20 oxidation, was not included in SUPREM 1.

Versions II and 111 contained all of the above models for "intrinsic" oxidation.

1.1.B. Oxidant Pressure Dependence

Recent work under this program has characterized the effect of oxidant
pressure on the kinetics of silicon oxidation in both dry 02 and pyrogenic
steam for T = 800-1000°C and P = 1-20 atm. In pyrogenic steam, both linear and
parabolic rate constants were found to be linearly proportional to Ho0
pressure as indicated in Fig. 1.5 [1.15,1.19]. The same relationship was
observed by Deal and Grove for pressures below 1 atm [1.1].

For dry 02, B also exhibited a linear pressure dependence, as in Fig. 1l.6.
However, the linear rate constant B/A demonstrated a sub-linear pressure depen-
dence, with proportionality to the power of n where 0.7 < n < 0.8, as shown in
Fig. 1.7 [1,16, 1.20].

Typical high pressure oxidation cycles employ an approximately linear
pressure ramp in the oxidizing ambient at temperature to acheive the desired
oxidation pressure. Addition of a linear pressure ramp capability in SUPREM
allows simulation of the complete cycle oxidation kinetics. For such a linear
pressure ramp, the effective rate constants during the time increment tj.1
to t; may be calculated. In the case of a linear pressure dependence of the
rate constants, as for both B and B/A in H20 and B in dry 0z oxidations,
the effective rate constant is found to be simply the average value during

that time increment:

B = B, [1/2(P; + P, ;)] (1.12)
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In the more general case of a P" dependence, as for B/A in dry 02 ox-

idations, however, the effective rate constant becomes

n+l -p n+l

B _ i 1 i i-1
LMk oy Bl cen (1.13)

This dependence may be seen to reduce to the simple average when n = 1, Also,
when pressure is unchanged during the time interval, the dependence reduces to
the proper PN,

For ease of implementation, a simple averaging during each time increment
has been incorporated in SUPREM III. This approach is rigorously correct for
both B and B/A in H20 oxidation, and for B in dry 02 oxidation. For B/A
in dry 02 kinetics, some error is introduced. This error should be small
and in any case is incurred only during the pressure ramp, a small contribution
to the total oxide growth. SUPREM versions I and II assumed linear pressure
dependence for both B and B/A under all conditions and thus did not encounter

this problem.

1.1.C.  Substrate Uoping Dependence

Under conditions of high substrate doping levels, oxidation rates may be
increased substantially [1.21]. Work under this program [1.22, 1.7, 1.8] has
suggested that the major enhancement is seen in B/A or the interface reaction
rate. Increasing substrate doping increases the total silicon substrate
vacancy concentrations [1.23]. Vacancy consumption has been suggested to be
directly involved in the interface oxidation reaction as described earlier.
Thus the linear rate constant has been shown to correlate directly with the

increased vacancy levels with heavy doping,

B/A = (8/A)" [1 +s(c’ - 1)] (1.14)
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where s is a measure of the intrinsic vacancy role in the interface oxidation

reaction, experimentally found to be

s = 2.62 x 100 exp (FLeid &) (1.15)

and Cy is the normalized total vacancy concentration, given by

n. 2
+{ i -(n ={n
(@) () < ()

C - (1.16)
v 1+ct+c +C
with
ct = exp [(E* - E4)/kT], EY = 0.35 eV
C- = exp [(Ej - E-)/kT], E- = Eg - 0.57 eV
C= = exp [2E; -~ E= - E)/KT], E® = Eg - 0.12 eV

The above expressions should be recoynized as the normalized intrinsic concen-
trations of vacancies in the three charge states with their corresponding
state energies in the silicon bandgap. Finally, the silicon energy bandgap

Eg, intrinsic Fermi level Ej, and intrinsic carrier concentration n; are

£ =17 - 4732107 | =T | o (1.17)

y * ) T + 636 *

E, = £g/2 + 2T (an 0.719) (1.18)
_ 16 .3/2 -0.605 eV) -3

n, = 3.87 x 10 T exp (__—-FT___) cm (1.19)

For phosphorus doping, a small enhancement of the parabolic oxidation
rate has also been measured. This is likely due to an increased oxidant
diffusivity in .ne Si02 due to dopant segregation into the Si02. B is

modeled empirically as
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(1.20)

5 = 9.63 x 10718 exp (iz——f—%—e! (1.21)
q = 1.28 exp (:O—%—LV (1.22)

CT is the total concentration of dopant in the substrate side of the Si/SiO2
interface (but not the interface pile-up peak level seen with phosphorus). A
“threshold" doping level of ~1019 cm~3 should perhaps be reached before

eqn. (1.21) is applied.

Eqn. (1.21) should also be reasonably applicable for other n~type dopants
such as arsenic and antimony that should show fairly similar behavior in seg-
regation to and complexing in the growing oxide. For p-type dopants such as
boron, however, the dependence of B on doping level is even less weil char-c-
terized. Irene and Dong [1.24] have found for oxidation in dry 02 of ¢
single heavy boron doping level of -6 x 1012 cm=3 that enhancement of B
is significant but with a decidedly different temperature behavior than for
comparable phosphorus doping levels. Substantially more work is obviously
needed for both p and n-type dopants.

Note that n-type dopants show substantial interface pile-up during oxida~
tion (as described in previous annual reports and in Section 16 of this
report). However, there is still sone question as to what degree these pile-
up peaks are either mobile or electrically active. In any event, the para-

' meter values for eqns (1.15) and (1.21) were derived without considering the
pile-up and peak levels but rather the doping levels just beyond the very
narrow pile-up peaks (~100 1 into the silicon).

’ As shown in Table 1.1, SUPREM Il and III contain the heavy doping model
described above. SUPREM 1 did not.
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i 1.1.0. Chlorine Additions To The Ambient (HC1 Dependence)
r‘ Addition of a chlorine species to the oxidizing ambient has become common

industrial practice for the passivation of thermally grown silicon dioxide

films. Improved threshold stability and more uniform dielectric strength of
such films have been well documented [1.25-1.27]. Significant increases of
oxidation rate by such chlorine additions have also been observed [1.25, 1.28,
1.29].

Various chlorine species have been used, including most commonly HCIl
[1.30], trichloroethylene C2H013 (TCE) [1.31]1, and 1.1.1. - trichloroethane
H3CC13 (TCA, €33) [1.32]. Understanding and physical modeling of the kinetics
for any of these species, however, have not been achieved. Perhaps the most
extensive data base exists for HC1 oxidation, including substantial work
done under this program as described in previous years' reports [1.33,1.34]
and journal papers [1.30,1.35,1.36]. While this data has not been conclusive
in understanding the physical mechanisms involved, the data is of inmediate
value as the range of temperature and % HCL ambient includes most conditions
of practical interest. This data is also directly applicable to TCA oxida-
tions because of the identical H/C1 ratios in the two species. A given % TCA
ambient has been shown to be equivalent to an HC1 ambient of exactly three
times that % [1.32]. No such simple direct equivalence has been demonstrated
for TCE oxidation. (However, the use of TCE as the chlorine species has
decreased.)

A basic modeling capability of HC1 and (TCA) oxidation kinetics is there-
fore feasible for inclusion in SUPREM based empirically on the available HCI
data. This capability, suitable for most chlorine oxidations of practical in-
terest to the process engineer, is implemented in SUPREM III as multiplicative

factors in the calculation of both B/A and B,
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B/A = (B/A)1 n (1.23)
B=gle {(1.24)

In this formulation, n and e contain the HCl depencencies of B/A and B,
respectively, and will vary with 8 = % HCl, temperature T, and major component
of the ambient (02 vs. Hp0).

For HC1/02 ambients, the extensive data produced in this program
includes 0 - 10% HC1 for T = 900 - 1100°C. As the HC1 concentration increases
from 0 to 10% for a given temperature, the oxidation rate increases. This
increase is reflected in a continuous increase of the parabolic rate constant
B, but the linear rate constant B/A levels off with increasing HC1 after an
initial increase with the first 1-2%, as seen in Figs. 1.8 and 1.9 [1.30].

The increases in B/A are similar for both <100> and <111> orientations. Thus,
no significant additional orientation dependence appears to be introduced by
HC1, and the intrinsic orientation dependence already included in « of eqn.
(1.11) remains adequate.

Because understanding the mechanisms involved is still incomplete, this
data is implemented in SUPREM III as Took-up tables of n and €, as in Tables
1.2 and 1.3. Linear interpolation is employed for conditions of % HCl and T
intermediate to available data points in the range of the look-up tables, for
want of any strong contraindications. For condi*.ons beyond the range of
available data, the best procedure is even less obvious. Some limited data
for T = 1150°C from 0 to 11% HCl1 has been analyzed for an effective B only
[1.37]. The observed enhancement ¢ values are very similar to the correspond-
ing values for T = 1000°C in Table 1.3. So in SUPREM III the last applicable
table point (or interpolated value) is employed for both € and n for condi-

tions beyond the range of Tables 1.2 and 1.3.
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Table 1.2

T-= 900°C 1000°C 1100°C

8 = 0% HC] n =1.0 1.0 1.0
1% 1.750 1.250 1.621
3% 1.750 1.486 2.207
5% 1.750 1.486 2.207
1% 1.750 1.486 2.207
10% 1.750 1.486 2.207

Look-up Table for SUPREM Implementation of HC1 Dependence n of
Linear Rate Constant B/A on Temperature T and % HC1 © in HC1/02

Oxidations.
Table 1.3
T = 900°C 1000°C 1100°C
8 = 0% HC1 e = 1.0 1.0 1.0

1% 1.083 1.658 1.355
3% 1.250 1.840 1.490
5% 1.444 2.075 1.641
7% 1.639 2.332 1.816
10% 2.028 2.759 2.102

Look-up Table for SUPREM Implementation of HC1 Dependence e of
Parabolic Rate Constant B on Temperature T and % HC1 6 in HC1/02
Oxidations.
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For HC1/H20 oxidations, data produced in this contract included additions

of 5% HC1 for T = 900 - 1100°C. The oxidation rate is found to decrease with HC1
such that addition of HC! serves to dilute the oxidizing species. The effective
parital pressure of the oxidant is reduced. This reduction is calculated in

SUPREM III for a given 6 = % HCl via

n=1- (8/100) (1.25)

1 - /6/100) (1.26)

€
This empirical approach should be useful for most chlorine oxidations of
practical interest, within the range of conditions for which data is currently
available. Better understanding of the mechanisms involved will be necessary,
however, for complete predictive capability particularly outside the available
data range.
The modeling capability expressed in equations 1.23-1.26 and Tables 1.Z2and

1.3 is implemented only in SUPREM III.

1.1.E. Thin Oxide Dry 02 Kinetics

It is well known that the growth of very thin (<500A&) Si02 layers in dry
02 occurs by fundamentally different mechanisms than thicker layers [1.1,1.16].
Direct manifestations of this include faster growth kinetics and different opti-
cal and physical properties. No satisfactory explanation has yet been provided
for these results. We believe that SUPREM must be able to accurately model such
thin Si0z Tayers since gate oxides <400 A are already an essential part of VLSI
MOS circuits. Because of this a major part of our oxidation activities in the
past two years has been aimed at resolving these questions. We have developed
special experimental techniques (in-situ etching prior to oxidation) and have
gathered a substantial amount of experimental kinetic data. This body of data
has been considerably expanded during the present contract year under a joint

program with E. Irene of the IBM Watson Research Laboratory [1.16].
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Some experimental data also exists in the literature on the growth kinet-
ics of thin Si0p layers [1.38-1.45]. One of the first detailed studies was
reported by Van der Meulen and Ghez [1.38,1.39]. Their work involved oxida-
tions between 700° and 1000°C in dry 02 and in 02/N2 mixtures with the
02 partial pressure as low as 0.01 atm. They found that both <111> and
<100> orientations exhibited essentially linear growth at least down to ~50
A in thickness. The pressure dependence of the growth rate, however, varied
from close to p0-5 at 700°C up to close to pl-0 at temperatures of 1000°C
and higher. This result is in contradiction to the predictions of the linear-
parabolic growth law [1.1] which predicts a pl-0 pressure dependence under
all conditions, but agrees with the high pressure kinetic data obtained under
this program and described earlier.

In an effort to explain their experimental results, Van der Meulen and
Ghez proposed that the interface reaction is actually more complex than that

proposed by Deal and Grove. They suggested that three reactions occur, given

by

$i-Si + 0p » Si-0-Si + 0 (1.27)
Si-Si + 0 » $i-0-Si (1.28)
0y 5 20 (1.29)

While the first two reactions are not stoichiometric in Si0p as written,

they are intended simply to indicate that both molecular and atomic oxygen are
assumed capable of reacting with the silicon to form Si02. Based upon their
kinetic data, Van der Meulen and Ghez determined rate constants for the first
reaction (ki) and for the combination of reactions (1.28) and (1.29) (k3).

The corresponding activation energies were found to be 1.91 eV for k} and

0.58 eV for k3., Because of this difference in activation energies, kj
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would be expected to dominate at higher temperatures and therefore a p1-0
pressure dependence and the normal Deal-Grove relationship should apply at
these temperatures. At lower temperatures, k3 should dominate, leading to a
p0~5 pressure dependence and a growth law with different effective rate
constants. Thus they concluded that oxidation by molecular oxygen was domin-
ant at high T while the atomic oxygen reaction becomes increasingly important
as T decreases.

Recently Blanc [1.45] has proposed a kinetic model for thin oxides which
in essence uses only Eqs. (1.28) and (1.29). That is, he assumed that the
reaction involving molecular oxygen [Eq. (1.27)] does not occur at all. Based

upon this, he derived a growth law given by

1

> u+ s (exp2u-1)=bt (1.30)

where ax = sinh u and a and b are rate constants. For thin oxides, this pre-
dicts a linear parabolic growth law similar to [1.1], but with different
effective rate constants. Blanc has compared his theoretical predictions with
the data of Irene [1.46] at temperatures of 780°-980°C with apparently good
agreement. As Blanc points out, however, his model predicts a pO'5 pressure
dependence for the interface reaction rate; this would seem to be in
disagreement with the data of Van der Meulen and Ghez.

Other models have been proposed to account for the enhanced growth rates
of thin oxide layers. Grove [1.47], for example, proposed that molecular
oxygen is ionized at the outer SiO2 surface, forming 05. Coupled diffusion
between the OE and holes then effectively increases the 05 diffusion rate
until an oxide thickness on the order of the extrinsic Debye Length is reached

(120 A for dry 02 and ~5 A for H20). This model might also be

expected to be at least partially successful in explaining the
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;1 experimental results of Jorgensen [1.48] in which externally applied electric

fields were found to affect oxidation rates.

Accurate modeling of the thin oxide regime is most hindered today by the
lack of a comprehensive body of experimental data. If such data did exist, it
would then likely be possible to differentiate between the various proposed
models or to define a new model. A major effort in this program has, there-
fore, been aimed at obtaining such a body of data. Since an oxidation rate
Taw may result from a number of possible mechanisms, the observed reaction
rate law may not be conclusive evidence for a particular mechanism. There-
fore, a large matrix of experimental conditions has been sought in order to
reduce the number of possible mechanisms involved by discarding those which
are valid only under some of the exprimental conditions. Thus, the effects of
temperature, partial pressure of oxygen in the oxidizing ambient, silicon
orientation and the doping density of the silicon substrate were investigat-
ed. Oxidations were carried out in collaboration with E. A. Irene of IBM, us-
ing their in-situ ellipsometry capability and cover the temperature range of
800-1000°C, partial pressures of 0.01-1.0 atmospheres 02, three substrate
orientations and a variety of substrate doping levels.

The results which have been obtained (of which Fig. 1.10 is an example),
suggest an enhancement of the oxidation rate of the form

Ko g+ xle'ml + Kze't/Tz (1.31)
where the first term is the usual linear parabolic relationship and the second
two terms correspond to decaying exponentials which dominate over the first
220 A and 200 A of growth respectively. A more detailed discussion of these
results is contained in section 5 later in this report. SUPREM III contains a

simplified version of eqn. 1.31 as indicated in Table 1.1. This
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should greatly improve the predictive capability over SUPREM II (which arti-
ficially multiplied (B/A)T by 10X for X < 200A) and SUPREM I which did not

model the thin regime at all. At the present time we are still uncertain

about the physical mechanisms responsible for egn. (1.31).

2. TON IMPLANTATION

Past versions of SUPREM (Versions I and II) utilized essentially look-up
tables to calculate range distributions as shown in summary form in Table
1.4. As device geometries shrink, the limitations of this approach become
apparent, particularly because most modern device structures employ implants
through masking layers. In addition to complicating calculated range
distributions, such multi-layer structures introduce additional effects such
as the possibility of knock-on ions from the nasking layer. We first review
here the method by which implanted profiles are calculated in SUPREM I and II
and then describe a new approach, developed under this program and employing
the Boltzmann Transport model, which is erployed in SUPREM IIl. This new
approach promises a wuch more general and robust process modeling capability.

The simplest description of an implanted impurity profile in silicon or
silicon dioxide is a symmetrical Gaussian curve with first two moments the
projected range Rps and the standard deviation s calculated from the LSS
theory [1.49]. However, experimental distributions of many ions, such as
boron or arsenic, are found to be asymmetrical. The simple Gaussian approxi-
mation of those implanted profiles is often inadequate so that higher order
moments must be used to construct range distributions. Gibbons and Myiroie
[1.50] have shown that the third central morent is enough to provide suffi-
cient information to construct accurate distributions when the asymmetry is
not excessive (less than the standard deviation). In these cases, the distri-
bution can be represented by two half-Gaussian profiles, each with a different

standard deviation, o1 and 92, joined together at a model range Rm as
27
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shown in Fig. 1.11. This method can be used for profiles such as arsenic and

L. phosphorus. However, for boron a modified Pearson IV distribution [1.51] is
found to be more realistic. For the joint half-Gaussian distribution, the two

sides are given by

¢ (y) =P, exp [-(y - R )2/20%] 0<y <R (1.32)

: 2
P, exp [-(y - R) /20%] R <y(w

C,(y)

The parameters are determined from table look-up and interpolation [1.50,
1.52]. A1l ions (B, P, As, and Sb), are modeled this way in SUPREM I.

Hofker et al. [1.53] have shown that the implanted boron profiles in
amorphous silicon before annealing, may be described by a Pearson-type IV
distribution. They have experimentally determined the fourth moment ratio.
Although this distribution describes well the profile of boron from the sur-
face to a distance somewhat beyond the peak of the distribution, Fig. 1.12
shows that the approximation fails to model the observed exponential tail that
is due to random scattering of boron ions along channeling directions. Based
on experimental results [1.54-1.56] an empirically modified Pearson IV distri-
bution can be used by adding an exponential tail with a fixed characteristic
length (0.045 um), independent of dose, energy and crystalline surface orien-
tation [1.51]. The tail is attached to the shoulder of the standard Pearson
IV distribution in SUPREM II, where the concentration drops to 50 percent of
the peak value. Of course, after the addition of the tail, renormalization of
the distribution to the implanted ion dose is necessary. Typical resulting
profiles from this modification are shown in Fig. 1.12. These profiles are
representative of those generated by SUPREM II.

Practical device processing very frequently involves implantation into

target structures composed of a substrate on which one or more thin films of
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L varying composition have been grown or deposited. LSS theory assumes an iso-

tropic or amorphous semi-infinite target. The effect on ion range of implan-
tation into such a multilayer target is not considered. Also not modeled is
the experimentally observed dopant profile's deep channeling tail that results
from ions scattered into the relatively unobstructed open “"channeling" direc-
tions of the crystalline silicon substrate. Further, the secondary implanta-
tion of "knock-on" atoms from a masking surface layer into the substrate as
recoils from collisions with the primary ion beam critically affect electrical
properties and device performance. This "recoil implantation" process also
cannot be analyzed by LSS theory.

The substrate itself can be severely damaged by implantation. An ini-
tially crystalline substrate may be driven amorphous or large densities of
vacancy-interstitial point defect pairs created. Such damage distributions
are integrally involved in implant annealing and activation, but have not been
adequately modeled. An approach similar to that of LSS has been used by
Winterbun et al. [1.57] to calculate eneryy deposition (damage) profiles. In
this case, however, the asymmetry of such profiles necessitates the use of
many moments for an accurate description. In addition, non-nuclear effects
including electronic stopping rust be neglected. Brice {1.58] has circumvent-
ed these problems to some extent by using a variation of the LSS moments
approach to determine the more symmetric intermediate range distributions and
then calculates energy deposition profiles directly from these. Unfortunately
such approaches again require the assumption of a homogeneous target and
therefore fail to address the problem of multilayered media.

In a transport equation approach [1.59.1.60] quantities of interest are
determined by calculating in a step-wise fashion the momentum distributions of

both primary and recoil particles as a function of distance z from the target
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surface. It is assumed that the target is amorphous or aligned in a random
direction and possesses translational symmetry in all directions parallel to
its surface. Thus only two components of momentum, or equivalently an energy
and direction cosine, are necessary to define a particle's state of motion.
Let F(p,z)dp be the number of particles (integrated over time) with momentum
in the region dp about p and depth z. There will be one such distribution
function for each projectile type. The spatial evolution of each distribution

is governed by the Boltzmann transport equation:

R RE IS
p P

Here for simplicity we assume a single element target with number density N.
The total differential scattering cross section da(ﬁ»ﬁl) represents a differ-
ential area presented to an incident ion by each target atom. Any ion
which enters this area with momentum p is scattered to iiomentun 51. A par-
ticle which scatters to a momentun (or energy) below some fixed limit is con-
sidered stopped and is removed from the momentum distribution. In this way
the range profiles of particles are generated. The factors of cos (8) result
from the fact that a particle moving at an angle 6 with respect to the z axis
travels a distance dz/cos (8) as the entire distribution moves the distance
dz. The quantity Q is a generation term which (for recoil distributions)
allows particles to be created from rest.

The distributicn functons are assumed known at the surface plane z = 0.
Recoil distributions are identically zero there and the momentum distribution
of the primary ion is taken to be a delta function:

>

F(p,0) = ¢6 (p - p (1.34)

o)

K}




where ¢ 1is the total dose (per cmz) and p is the (unique) momentum of ions
in the incident beam. With these initial conditions the transport equation is
integrated numerically to determine the distributions at all depths z > 0.
Crossing a material interface during the integration, as occurs in the case of
multilayered target, necessitates changing only the nunpber density and cross
section to quantities appropriate to the new material. No changes in the
momentum distributions occur because such distributions are continuous func-
tions of z for any target composition. Such an approach is thus easily
applied to targets of practical interest.

To apply the transport equation (TE) effectively to problenis in ion
implantation some additional assumptions must be made. These assumptions are
not inherent in the TE approach but arise from our limited knowledge of the
scattering process itself and are typically niade in all wethods. In
particular we assume (1) the scattering cross section do is the sum of an
elastic nuclear part do, and an inelastic electronic part dog, (2)
scattering consists of a series of independent binary events so that
contributions from elements in a multi-element target may be simply summed,
(3) electronic stopping acts only as an energy dependent drag force which
removes eneryy continuously from the distribution, (4) only nuclear events
dgenerate recoils, produce lattice disorder, or cause significant argular
deflections, (5) classical two body mechanics wmay be used to describe the
angular deflections of both incident and recoil particles, and (6) for each
nuclear event involving energy transfer T (assumed much greater than the bind-
ing energies of lattice atoms), a particle of energy T is created i1n the
appropriate recoil distribution consistent with assumption 5.

The results of such TE calculations have been found to be guite sensitive

to the differential nuclear cross section used. The scattering function

32




(o

f(t1/2) used in dop(t) is determined by parameter constants A, m and q

f1.61, 1.62]. The constants A = 1.309, m = 0.333, and q = 0.667 were origin-

ke

ally fit to an interatomic potential based on the Thomas-Fermi model of the

atom and have been used in most work to date. However, Kalbitzer [1.63] has

proposed that the parameters x = 2.54, m = 0.25, and g = 0.475 will provide a
better fit to a large collection of experimental data taken under conditions
where nuclear stopping dominates (i.e., when the LSS-normalized energy e < 1).
The two scattering functions differ most in the low energy region and are
compared in Fig. 1.13. We belijeve that the Kalbitzer cross section is better
at low energy transfers but that near € = 1 values closer to the Thomas-Fermi
cross section should be used. We have therefore constructed a hybrid cross-
section which ayrees with that of Kalbitzer at low eneryy transfers but
evolves continuously into the Thamas-Fermi cross section at hgher transfers.
The mark shown in Fig. 1.13 gives the approximate point where the hybrid
crosses over from Kalbitzer to Thomas-Fermi. A cross section which is very
similar to this hybrid but which has a more fundamental basis was recently
proposed by Wilson, et al. {1.64].

In Fig. 1.14 TE calculations using both the Kalbitzer and hybrid cross
sections are compared with a Pearson type IV distribution generated from LSS
moments for a dase of 1016 arsenic per cn? at 355 keV. Also shown is
experimental data from Hirao, et al. [1.65] of arsenic jmplanted into single
crystal silicon substrates which were misaligned by 8° from the (111) direc-
tion. For direct comparison the Kalbitzer cross section was used in the LSS
calculation. Under these conditions (e = 0.5) we expe.t nuclear scattering to
be the dominant stopping mechanism and hence sensitivity to the nuclear cross
section is most effectively exaniined. The figure shows that the TE and LSS

calculations using the Kalbitzer cross section agree well near the peak of the

distribution. However the LSS profile is wore skewed, and both the TE and LSS
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calculations yield profiles that are somewhat deeper than the experimental data
would suggest. By comparison, the TE calculation using the hybrid cross section
is seen to agree quite well with experiment. The disagreement which occurs in
the deepest part of the distribution is most likely due to channeling effects.

Similar types of profiles can be easily obtained in multi-layer targets
such as those illustrated in Table 1.4. This capability is implemented in
SUPREM III. As an example, we consider an implantation of arsenic into a target
censistirg of a silicon substrate coated with silicon dioxide (Si02).During the
fmplantation, oxygen atomé will be recoil-implanted from the oxide to the sili-
con. Since oxygen can introduce deep levels in silicon it is of interest to
determine the total number of oxygen atoms (per cm) which ultimately reside ;n
the silicon substrate. For a given initial ion energy, this number will be a
function of the oxide thickness. Goezberger, et al. [1.66] have used surface
state techniques to measure the dependence of total oxygen recoil flux on oxide
thickness for an implant of 5 x 1013 ¢m~2 arsenic at 100 keV. We have calcu-
lated the same quantity using the Kalbitzer crossAsection with the results given
in Fig. 1.15. As can be seen from the figure, the TE results are in good agree-
iment within the experimental error. Such a calculation can be very valuable in
assessing the merits of conventional implantation processes.

SUPREM 111 contains the full multi-layer modeling capability for the pri-
mary implanted ion (as shown in Table 1.4). It does not contain the capability
to predict recoil profiles or damage distributions even though this is inherent
in the Boltzmann Transport approach, because present general algorithms for
implementing these capabilities require unacceptable amounts of computer time. A

specific objective of future work is to reduce the required time and hence to add
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these capabilities to the program. Some progress in this regard has been made

in the specific case of 0 recoils from Si0p layers as described in our
annual reports [1.15,1.16].

A final example of the new ion implantation modeling capability is shown
in Figs. 1.16 and 1.17. Fig. 1.16 contains the SUPREM Il and SUPREM III input
command files for a bipolar transistor with an implanted base and emitter.
This particular device is a high frequency structure with very shallow junc-
tions. The outputs produced by SUPREM Il and SUPREM III are shown in Fig.
1.17.

The arsenic emitter profiles are quite similar, both having the charac-
teristic plateau shape and a junction depth of 0.18 microns. The most notice-
able difference in the results of the two programs is the boron base region.
SUPREM II models the boron base implant with a Pearson IV distribution having
an empirically determined exponential tail added to the profile to account for
residual channeling. By contrast SUPREM IIl uses the more fundamental Boltz-
mann transport approach to modeling the boron implantation, resulting in a

narrower base region which much more closely fits the experimental data.

1.3. DIFFUSION

Impurity diffusion is an essential part of all semiconductor device fab-
rication. When all impurities are present at concentrations below the intrin-
sic carrier concentration at the process temperature, nodeling of iipurity
diffusion is relatively straightforward. This is not the case, however, in
many processing techniques of practical importance. In past versions of SUP-
REM (Versions I and II), we have generally relied on diffusion models devel-
oped elsewhere. Under this contract, specific experimental work has concen-
trated on "anomalous" diffusion which occurs during thermal oxidation of the

silicon surface. New models, which incorporate such effects are included in
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SUPREM III. 1In the paragraphs below we outline first the models used for
diffusion in non-oxidizing ambients and then review some of the recent work
under this program which addresses the additional effects which occur in
oxidizing ambients. Table 1.5 summarizes the diffusion models which will be
discussed.

The most general case of impurity diffusion in silicon may involve a non-
constant diffusivity along the impurity concentration gradient, as in high
concentration diffusions in which the impurity concentration exceeds the in-
trinsic carrier concentration ni(T) at process temperature. An effective
electric field driving force or electrostatic potential gradient may be estab-
lished by the concentration gradient of either the impurity under question or
another impurity present at greater concentration. Further, the long-range
effects induced by nonequilibrium phenomena such as oxidation of the surface
alter diffusion deep into the bulk. Simulation of such processes must involve

the complete one-dimensional continuity equation

¢ 3 (&) g_a__(‘ _ag)
st = oax Qoax/E okt x \PC (1.35)

where D is the effective diffusivity, and C and E are the total and electri-
cally charged impurity concentrations, respectively. The potential ¢ is
= KT n

¢
where n and nj are the electron and intrinsic carrier concentrations, res-
pectively. Thus, the first term in the continuity equation represents class-
ical concentration gradient-driven diffusion, including non-constant diffusiv-
ity. The second term incorporates the electrostatic potential gradient-driven

flux and also includes non-constant diffusivity. The sign of this field-

driven flux term depends upon the charge polarity of the field-driven species.
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Physically rigorous simulation of a diffusing impurity should therefore

track all of the different mobile species, both charged and neutral, with
which the impurity atom may associate. Further, diffusivities of each of the
species must be known and possible interactions and/or exchanges amony the
different species may be significant. Physical understanding of such
processes is incomplete, however. The nunerical tasks presented by such
complete simulation are also formidable.

Rather, the diffusion models in SUPREM at present represent an attempt to
utilize the more accurate point defect-assisted diffusion models developed
both in the literature and in work under this program. Vacancy-assisted mod-
els have been the most well-developed, and include the widest range of process
conditions, particularly under non-oxidizing surfaces. Interstitial-assisted
diffusion has been used to complement these models to simulate altered diffus-
ivities under oxidizing surfaces.

Under non-oxidizing conditions, group IIl and V impurity atoms in silicon
have been modeled to diffuse larygely by silicon vacancy-assisted mechanisms,
such as vacancy-impurity pair diffusion. Thus the diffusion coefficient is
proportional to the concentration of such point defects. Although the concen-
tration of neutral defects at any given tewperature is independent of the
impurity concentration (so long as it does not approach that of silicon
atoms), the concentrations of defects with various charge states (which have
been identified within the silicon bandgap) depend on the Fermi level position
in the bandgap and thus are a function of impurity concentration. Recently,
Fair [1.67] summarized some of the latest work on diffusion in silicon and
suggested that the effective diffusion coefficient should be the sum of sev-
eral diffusivities, each accounting for impurity interactions with different
charge states of lattice vacancies. The effective diffusion coefficient under

non-oxidizing conditions DN can thus be expressed as
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Dy = D} + 07 [V']+ 0] [V1+ o: wvh) (1.37)

where D¥ is the intrinsic diffusivity due to each identified charge state,

v, of vacancies (v: =, -, x, +; i.e., doubly negative, singly negative,
neutral, and positive), and [VV] is the concentration of vacancies in each
charge state, normalized to the intrinsic concentration of that state. Using
the Boltzmann approximation it can be easily shown that these normalized

concentrations may be given by

n.

2
1=, - (2—) and V') = L (1.38)
1 1

where n is the free electron concentration. Thus under intrinsic conditions

(n = nj), Eq. (1.37) becomes

Dy = DY + D] + D + 0} (1.39)

i.e., the intrinsic diffusivity is the sum of the diffusivities resulting from
the various vacancy charge states.

Often, not all of the intrinsic diffusivities due to the various vacancy
charge states are significant. For each commonly used dopant, specific vac-
ancy charge states have been found to be dominant in determining Dy while
the contributions of other charge states are less significant and may be neg-

lected.

1.3.A. Boron

Boron as an acceptor is negatively charged in the silicon lattice. It
diffuses primarily with V¥ and VX vacancies. Thus, boron diffusivity is

largely determined by the D* and DX contributions [1.68,1.69]:
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Dy (B) = D} + D‘i“ (%)

D [9.037 + 0.72 (f})] exp (134%%—9!) cmz/sec (1.40)

1

In this instance, V* and VX assisted diffusion of the dopant exhibit

similar activation energies. It may be seen that DY in particular will dom-
inate for boron except in heavily doped n-type silicon.

SUPREM III implements egn. (1.40) for Boron intrinsic diffusivity.
Earlier versions of SUPREM (I and II) utilized approximate versions of this
expression due to the lTack of detailed information at the time those codes
were written. In SUPREM I and II, the form of the diffusion coefficient

implemented is given by

1e o)
=D

B-Yi |T1+8 (1.41)

D

where Di is the intrinsic diffusivity, which by comparison with Eqn. (1.40),
contains contributions from neutral and + charged vacancies. B8 = D*/DX is
a measure of the effectiveness of charged vacancies relative to neutral ones
and was empirically determined to be = 3 for Boron. Table 1.5 summarizes

these results.

1.3.B. Arsenic

Arsenic as a donor appears to diffuse primarily with VX and V= vacan-

cies. The diffusivity becomes [1.69]:

Dy (As) = D}+ D (?xj) (1.42)

0.066 exp(:élé%-gl) + 12.0 ({}) exp :31%%—21) cm2/sec
i
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In this instance D? and D; are comparable throughout the process temperature
‘ range. The relative significance of DX vs. D~ diffusion of arsenic will

then depend entirely upon the doping level and “"polarity" of the silicon.

SUPREM II1 implements eqn. (1.42) for As diffusion. Earlier versions (I and
II) used an approximate form (eqn. 1.41) with 8 = 100. This value of B was
empirically determined to provide reasonable agreement between experiment and
theory.

At moderate doping concentrations, the net electron concentrations may be
taken to equal the As concentrations, and application of eq. (1.42) is
straightfoward. With high doping levels, however, the electron concentration
n will deviate significantly fom the total arsenic Cy. Further, this n vs.

Ct dependence may depend critically on the nature of the As doping source.

For ion implanted arsenic, the total arsenic concentration is [1.69]

N IR TS T 7 YU B

I

To satisfy charge neutrality requirements, the net electron concentration
becomes

n= C(As+) - C(As+)(v=) (1.44)
With high doping Tevels the latter two species in eqn. (1.43) will account for
substantial fractions of the total As, and n will not increase directly with
Ct. Mass-action relates each of the constituent As species in eqn. (1.43)
to n. The (As*)(V-) pair is found to be relatively less significant in
contributing to Cr. Thus, with

C(As+) «n
3 (1.45)
Clashyvr) ="
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the dependence of n vs. CT resulting from eqn. (1.43) is well approximated by

3

CT (As) = n + K(T) n (1.46)
II
where K(T) exhibits a slight temperature dependence
K(T) = 9.41 x 10'44 exp(tgl%%—gy) cm6 (1.47)

For chemical source arsenic diffusions, the deviation of n from Cy at
high doping levels appears even greater. Arsenic clustering models have been
invoked to rationalize this dependence. Fair and Weber [1.69,1.70] have
proposed that, in addition to the (As+)(V-) and (As+)(V=) pairs formed, another

complex appears
2 AT+ VT = (AsT), (V) (1.48)

Two As atoms are involved via the reduction of Asp03 molecules in the
chemical source by the Si surface. Vapor phase doping likaly involves Asp
and Asq species, while again monatomic As is negligible [1.69]. Formation of
the (As*)2(V®) complex becomes much more significant than with implanted

As diffusion. Thus eqn. (1.43) becomes

c

Tehen AT T Cash (v Cashy ) * Cash), () (1.49)

Chem

Here, the (As*)2(V*) species appears more significant in contributing to
Ct than (As*)(V-) or (As*)(V=). With mass-action requirements, the n
vs. Cy dependence is found to be well approximated in the case of chemical

sources by

c (As) = n + K'(T) n? (1.50)

Tchem
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Recent data of Murota, et al. [1.71] have confirmed this n4 dependence. The
temperature dependence of a two-As atom cluster contribution to Cy has been
estimated to be =1.6 eV by Schwenker, et. al [1.72]. Thus,

« 1.13 x 10‘68.exp(%$——‘?l o’ (1.51)

K'(T)

1.3.C. Phosphorus

Phosphorus has been observad to exhibit perhaps the most complex
diffusive behavior of the commonly used dopants. Particularly in high
concentration diffusions as for emitter regions of bipolar devices, such
"anomalous" features as both enhanced and retarded diffusion, "kink"
formation, enhanced "tail" diffusivity, and emitter-base push (i.e.,
enhancement of the diffusivity of other impurities such as boron present in
the silicon beneath the high phosphorus region) have been observed. No
single unified physical treatment of phosphorus diffusion has satisfactorily
reconciled all of this anomalous behavior. However, models, particularly from
the work of Fair [1.69,1.73], have been developed to allow reasonable

simulation of many of these features of the diffused phosphorus profile.

1.3.C.1. Isoconcentration Diffusion

In the absence of a rapidly changing profile gradient, the basic
phosphorus diffusion model is a logical extension of the mechanisms of
impurity diffusion discussed above. Phosghorus as a donor diffuses with VX,
V=, and V= vacancies [1.69]

2
X -(n =/n
Dy + (F{)* i (‘n‘)

25 a(S) ¢ hon (1) o (44
i

Dy (P)

2
+44.2 (2—) exp (L‘?—%%LV) cn?/sec (1.52)
1
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For lightly doped silicon, DX dominates the diffusive behavior. With heav-
ily n-type material, the charged vacancy pair-diffusion, in particular D7,
will largely determine the phosphorus diffusivity, because of the (n/ni)2
dependence. SUPREM I again implemented a simplified version of egn. (1.52)
(i.e. eqn. 41 with p/nj replaced by n/nj and 8 = 100). SUPREM II used
in essence egn. (1.52).

As with arsenic, the electron concentration n will deviate significantly
from the total phosphorus Ct at high doping levels. In analogy with egs.

(1.43) and (1.44), the total phosphorus and electron concentrations are

[1.69,1.73]:
= - + + = .
P2 Sty Cotyny T Cehn) (1.53)
n = C(P+) - C(p+)(v=) (1-54)
The resulting n vs. Cy dependence is well approximated by
C P n 3
T(P) =n+ K"(T)n (1.55)
K*(T) = 5.33 x 1070 exp (i‘l—ﬁ—?—“ﬂ> cn® (1.56)

1.3.C.2. High-Concentration Profiles

With high-concentration surface-diffused layers of phosphorus, many
more features must be taken into consideration. A typical profile is composed

of three regions as shown schematically in Fig. 1.18.

da.  Surface Region

In the surface region, the diffusivity is given by Eq. (1.52)
and may be seen to be dominated by D¥. The diffusivity will increase with
increasing surface concentration, until at concentrations above ~3-4 x 1020

cm=3 the diffusivity will then begin to decrease. This effect may be attri-
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buted to silicon bandgap narrowing due to the strain induced on the lattice by
the combination of the finite phosphorus misfit and the relatively high solu-
bility of phosphorus i the silicon lattice. This misfit strain-induced band-

gap narrowing may be surface orientation dependent, and is estimated by

[1.74,1.75,1.76]: :
- -22
aEg. e <111> = -1.5 x 10 [CT - CD(T)] ev (1.57)
' ‘ S
26
where Cy(T) = giii—f—l%——
[r(°c)]

aEg ¢ <100> = 1.23 4Eg ¢ 11 (1.58)

where CTS is the total surface concentration of phosphorus (neglecting the
interface pileup within ~100 A of the 5i/Si07 interface).

Another strain effect which must also be included affects the diffusivity
of ion-implanted phosphorus profiles. In this case, it is observed that the
di?fusivity is further decreased under high dose conditions, probably due to
permanent lattice disorder [1.74,1.76] produced by the implantation process.
Thus in the case of ion-implanted phosphorus, an additional bandgap narrowing
is calculated from [1.76]

AE = -2.3 x 1070

0.25
. @,) eV (1.59)
I
where Qp is the phosphorus atom dose (cm=2).
Thus, the total bandgap narrowing

AE = AL + AE (1.60)

may be quite substantial, and must be accounted for by replacing nj in egn.

(1.52) with an increased effective intrinsic carrier concentration

-AE
= -4 -3
Nig = Ny exp( 2kT) cm (1.61)
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The importance of including the bandgap narrowing effect is illustrated by
Fig. 1.19 where the calculated diffused phosphorus profiles with and without
AEg are compared.

With these considerations, the surface region diffusivity may be calcula-
ted and is found to be monitonically decreasing with depth into the silicon
(Fig. 1.18), until the end of this region occurs at the point where the Fermi
level drops below 0.11 eV from the conduction band edge, crossing the ioniza-
tion level identified with V® vacancies [1.77]; a characteristic electron

concentration ng is defined at this Fermi level value

21 -0.39 eV -3
ng = 4.65 x 10 exp(————ETg—) cm (1.62)

b. Tail Region B

The key assumptions of this modeling are now invoked. Diffusion of
phosphorus in the surface region has been largely via (P*)(V®) pairs
created at the surface. When the Fermi level crosses and falls below the V=
ionization level at the characteristic ng, V¥ vacancies whether "free" or
paired with the ionized P* will lose an electron, with V- vacancies

1t .
R et ¢ ) e $ P AV (1.632)

+ =

(PHOVT) ¢ PPV o PT v 4T (1.63b)

¥4

Because the binding energy of the (P*)(V-) pair is ~0.3 eV lower than

that of the (P*)(V") pair, the dissociation of phosphorus-vacancy pairs

and creation of free V- vacancies is more likely and proceeds more rapidly

via reaction (1.63a) than (1.63b). Both reactions will contribute to creating
a supersaturation of V- vacancies above and effectively independent of the

equilibrium concentration corresponding to the local doping or Fermi level.
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This supersaturation, as implied by eqn. (1.63), will be correlated with the
concentration of (P*)(V®) pairs originally created at the surface. The
excess vacancies have a finite but substantial lifetime or diffusion length esti-
mated to be ~1/4 sec or ~25 u at temperatures in the range -900 -1100°C
[1.73,1.78]. Thus, they will enhance phosphorus diffusivity in the "tail" region
substantially above that called for by the local Fermi level; and, this enhance-
ment will be virtually constant, decaying only slowly deep into the bulk.

By applying these assumptions and invoking mass-action, the V= vacancy
supersaturation and enhanced tail diffusivity are estimated (with bandgap

narrowing effects discussed above explicitly included) [1.73,1.74]:

_nX .- [V
DrarL = Dy + Dy vl
i (1.64)
3
n 3AE ~(X-X_)
= nX -)s g +0.3 ev) ( e )
D7 + Dy {n 7 e’“’( KT )[1 * e"p( k)| e\
e 1

where ng is the surface electron concentration and Xe is the depth at

which ng is reached. Note that the decay length of this enhancement extends
considerably beyond Xg and in fact well beyond the point at which the phos-
phorus doping reaches ni and intrinsic diffusivity Dj would otherwise be
reached. An enhancement factor G corresponding to the vacancy supersaturation

driving this increased diffusivity may be defined for later use below:

X - - -

0D VIV Dy

0.% + D pX
i i i phosphorus

G

(1.65)

48




c. Intermediate (Transition) Region

The transition from the diffusivity Dg at the end of the surface
region at Xe to the enhanced diffusivity DyapL occurs over a finite depth
that varies from ~1500 A at 875°C to -500 A at 1000°C and vanishes for
temperatures in excess of 1050°C. A "kink" in the phosphorus profile is
observed at the point at which Dypj is reached. This transition region is
perhaps the least well understood in the phosphorus profile. It is not un-
reasonable that the phosphorus-vacancy pair dissociation reactions of egs.
(1.63) driven by Fermi level changes along the profile gradient occur not
instantaneously but over a finite depth.

Empirically, Boltzmann-Matano analysis has indicated that the dif-
fusivity in this region increases with depth in proportion to n-2 [1.73,
1.79]. Thus, the diffusivity calculated at Xg using egn. (1.52) is multi-
plied by (ne/n)2 with further depth until the point at which Dyayp of

eqn. (1.64) is reached and the tail region begins.

d. Emitter-Base Push

Because of the long decay length of the excess vacancies created by
the phoshporus diffusion, the vacancy supersaturation will exist throughout
the tail region and even past any metallurgical junction into which the phos-
phorus may diffuse. The charge state of the excess vacancies will likely
continue to change in response to the local Fermi level. Thus, the vacancy
supersaturation approximated by the enhancement factor G defined above will
enhance the diffusion not only of phosphorus in the tail region, but also of
other impurities of the dominant "polarity" type both in the tail region and
beneath the tail region. For example, the empirically observed "emitter-base
push" enhancement of boron diffusivity in the p-type base region beneath a

phosphorus n-type emitter region becomes [1.73]
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DBASE (B) = Di (8) [G] (1.66)
where Di (B) is the intrinsic boron diffusivity in the base region.

1.3.D.  Antimony

Antimony as a donor diffuses with VX and V- vacancies [1.69],

X -(n

(1.67)
0.214 exp :g_g%e_v + 15.0(2-) exp iﬁ%—el cm/sec

i

Dj is somewhat greater than D? at process temperatures and will dominate
in n-type material. As with B, As and P, SUPREM I and II used a simplified

expression for Sb diffusion, given by eqn. 1.41.

1.2.E. _Solid Solubility

The above models must be applied with care particularly as the dopant
concentration approaches its solubility limit in silicon. This limit estab-
lishes CTmax in applying eqns. (1.46) and (1.50) for arsenic, and eqn.
(1.55) for phosphorus, for example. Dopant in excess of CTmax Will likely
precipitate and is considered not diffusable, not contributing to the n vs.
Ct dependence of arsenic and phosphorus, and not contributing to the misfit

strain-induced bandgap narrowing AEgmf in the phosphorus model [1.74].

1.3.F. Diffusion Under Oxidizing Surfaces

The oxidizing surface has long been observed to alter the diffusive
behavior of the commonly used dopant impurities even at considerable depth
into the bulk. Boron, phosphorus, and arsenic exhibit oxidation-enhanced
diffusion (OED) [1.80,1.811, as shown for example in Fig. 1.20. Antimony, on

the other hand, has recently been reported to demonstrate oxidation-retarded
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diffusion (ORD) [1.82]. While some measure of understanding and quantitative
modeling of OED has been achieved, ORD is a more recently observed phenomenon
and presents new challenges to modeling.

As diffusion is most probably a silicon point defect-assisted process,
consideration of QOED and ORD must beygin with an understanding of the influence
of the oxidation process on the substrate silicon point-defect population
kinetics. A reasonably current view of the oxidizinyg interface is shown in
Fig. 1.3, which represents a composite of the ideas of many groups. Workers
such as Sanders and Dobson [1.83] have for some time suggested that the oxid-
jzing interface acts as a vacancy sink and interstitial source. Evidence for
this view has been indirect but substantial. For example, interstitial gener-
ation during oxidation has formed the basis of successful modeling of OED and
the related growth of oxidation-induced stacking faults (OISF) [1.84].

Vacancy consumption in the interface oxidation reaction has been proposed as
the basis for the enhanced oxidation of heavily doped silicon {1.7,1.8]. If
these reactions at the oxidizing interface do in fact occur, then their

influence on impurity diffusion may be addressed.

1.3.F.1. Dual Mechanism Impurity Diffusion

As has been noted, impurity diffusion via vacancy-assisted mechan-
isms has already yielded well-developed models, particularly for fhe non-oxid-
izing interface. Interstitial-assisted diffusion rechanisms, such as the
Watkins relacement (kick-out or partial interstitialcy processes [1.75, 1.85]
have been visualized, but models utilizing these mechanisms in silicon have
been less well-developed. A general formulation for impurity diffusion would
consider both possibilities, and propose both substitutional and interstitial
impurity populations, Csy and Cyp, respectively, diffusing together

through the Si lattice.

51

M



(The precise nature of an interstitial impurity, as with Si self-inter-

stitials or even Si vacancies, may not be obvious; a "pure" interstitial with
perhaps four dangiing/broken bonds in the lattice would seem energetically to
be unfavorable. The impurity atom may exhibit some partial interstitial
nature, perhaps by sharing a lattice site with a silicon "interstitial." Thus
dopant atoms of this nature may diffuse via interstitial-assisted mechanisms,
while purely substitutional impurity atoms diffuse through vacancy-assisted
processes. This allows the total impurity concentration to be separated into
substitutional and interstitial populations.)

Thus, we may define the total impurity concentration Ct as

CT = CSI + CII (1.68)
and overall dopant diffusion becomes [1.75]
3 /achI) (azc”> (1.69)
— =D —3—] + D —_— 1.69
at ST\ 342 1\7,,2

where Dgy and Dy are the vacancy-assisted and interstitial-assisted
diffusivities, respectively.

In thermal equilibrium, under non-oxidizing conditions, and for lightly-
doped silicon, the intrinsic interstitial impurity flux will be some fraction

fi1 of the intrinsic substitutional impurity flux

D;I ¢ = f c (1.70)

i .0
11 Ps1 Cs1
where fy; will vary with the impurity. It seems likely that fyj will also
contain some temperature dependence if the diffusion processes via inter-

stitials vs, vacancies exhibit different activation eneryies.
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The defect and impurity populations are not independent, and exchanges

may take place among the various species in the silicon lattice--vacancies,

interstitials, substitutional impurities, and interstitial impurities. One
likely process, the Watkins replacement mechanisin, involves creation of inter-
stitial impurities Iy (and substitutional silicon Sig) via exchange

between silicon interstitials Si| and substitutional impurities Ig,

Sip + Ig 2 Sig + I (1.71)

KT G €

c = Ky (T) Cey C
Il CSi 1 SI

I (1.72)

where C; is the silicon interstitial concentration and Kj' (T) is a tem-
perature dependent reaction constant. The concentration of substitutional
silicon Csi is so large (-~ the density of lattice sites) compared to the
other species that it may be assumed unaffected by the reaction and absorbed
into K1'(T).

With this exchange process, and substituting from egn. (1.70), the inter-
stitial impurity flux may be approximated under general non-equilibrium condi-

tions through the substitutional impurity flux and the silicon interstitial

D,.C m1= o"c(E-I-> (1.73a)
VI A\ I1 7SI "SI\ o -/oa
11 I

population

Variation of the interstitial-assisted flux with total interstitial population
is explicitly included. However, the dependence of (DII/DiII) on doping

is not obvious because of uncertainty concerning the possible charge states of
silicon interstitials that may make different contributions, with different

temperature and doping dependencies, to the interstitial assisted
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diffusivity. With no additional information available, Dy will be assumed
relatively unaffected by doping, and (1.73a) becomes
ST R (1.73b)
II°1r 11 °sI “si c.0 '
1
If the Si interstitial population is assumed to vary relatively little

with depth X into the silicon, then egn. (1.69) becomes

2

aC . /C 32
T _ i I SI
I3 ‘[DSI * DSI(—C o)] e (1.74)

I

The commonly used dopants are assumed to be largely substitutional (dif-
fusing mostly via vacancy-assisted mechanisms) in silicon. Egn. (1.74) may
then be considered the diffusion equation for the total impurity concentration
with an effective diffusivity that combines a dominant vacancy-assisted diffu-
sion process with a supplemental interstitial-assisted diffusion mechanism,

C

- L (e
D= Dgp * fiy DSI(C o) (1.75)
I

This effective diffusivity will vary with vacancy concentration through Dgp.
Disturbances in the populations of silicon interstitials or vacancies will
also alter the apparent overall diffusivity by driving exchanges between the
two populations of impurities, each with different intrinsic diffusivities, to
shift the relative proportion of impurities diffusing by vacancy vs. inter-
stitial-assisted mechanisms. This exchange may occur via reaction {(1.71),
yielding the explicit interstitial dependence in eqn. (1.75). A second poss-
ible reaction may involve the combination of an interstitial impurity with a

silicon vacancy to produce a substitutional impurity

Siy + I1 2 Is (1.76)
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Csy = Ko (T) €€y (1.77)

(Implied in reactions (1.71) and (1.76) is the annihilation of a silicon

interstitial with a silion vacancy to reproduce substutional silicon,

Siy + Sip § Sig (1.78)

CVCI = K3(T) CSi = Ké (T) (1.79)

This reaction implies a mass-action relation between the vacancy and inter-
stitial concentrations that applies in thermal equilibrium. The significance
of this mass-action in diffusion processes would be dependent on the activa-
tion energy barrier to the reaction, which will determine the time constant

required to recover from non-equilibrium conditions.)

1.3.F.2. Silicon Interstitial Generation

The influence of the oxidizing interface on impurity diffusivity
will depend on disturbances produced in the point defect populations. Inter-
stitial generation will depend on the oxidation and substrate parameters.

Fair [1.75] contends that the limiting reaction at the oxidizing inter-
face that leads to interstitial generation depends upon interstitial oxygen
ions 07%. The interstitial generation rate should exhibit a half-power
dependence on oxidation rate (dxo/dt)0'5. (An alternative explanation
for this power dependence is given in section 10 of this report.)

The interstitials created are subject to recapture at surface kink sites
during surface regrowth [1.84]. The surface kink density p is dependent on

surface orientation, with {1.75]

p<111> = 1.5 p<100> (1.80)
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With increasing substrate doping, whether n or p type, the total equili-
brium concentration of vacancies will increase [1.23]. The increasing vacan-
cies will reduce the interstitial concentration by recombination reaction
(1.78). This may be considered a manifestation of a mass-action relation pre-
viously considered. The time constant required is not known, but the possible
mass-action with its activation enerqy barrier may in any event yield a direct
proportionality

._LT « (1.81)

I

C ¢,
Cy

where CJ and C} are the equilibrium concentrations in 1ightly-doped silicon.
The above annihilation of interstitials and time constant will be mani-
fest as a finite decay length or lifetime of the generated interstitials.
Thus, the generated interstitial concentration will decrease with depth X away
from the oxidizing interface as exp (-X/Lp), where Lp is the decay length.
Chlorine additions to the oxidation ambient will tend to reduce the
excess interstitials flowing into the substrate. Murarka [1.86] proposes that
chlorine reacts with silicon at the interface to produce vacancies that in

turn may recombine with oxidation-generated interstitials,

Si +35 C1, ¥ SiC1 + si (1.82a)
Siv + SiI « Sis (1.82b)

Fair [1.75] contends that u = 1 in reaction (1.82a) and therefore,
-0.5 (1.83)

-0.5
Cp= (pep )7 = (pyey)

where P or P are the partial pressures of the chlorine addition to
Clp HC1

the ambient.
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With the above considerations, the interstitial supersaturation with the

oxidizing interface may be expressed as

005

. X/
¢, (e Ky(T) exp( LD) aX
L) 41 ( 2 (1.84)

+
o C 0.5
C, v [p 1+ Kg(T) pae)

where K4(T) and KS(T) are complex equilibrium and proportionality constants.

1.3.F.3. Oxidation-Enhanced Diffusion

By combining eqgns (1.75) and (1.84), the effective di