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SUPREM II -- A PROGRAM FOR IC PROCESS MODELING AND SIMULATION

Dimitri A. Antoniadis, Stephen E. Hansen, and
Robert W. Dutton

PREFACE

SUPREM II is the second version of the Stanford University IC
process simulation program, SUPREM. Several modifications and refine-
ments relative to SUPREM I [1] have been implemented but the basic
program architecture and I/0 philosophy has not been altered. The
input language syntax remains the same, but various semantic changes
have been made mainly to accommodate the new or improved physical i
models used in SUPREM II. Also, CPU time saving features have been |
included, the most important one being the introduction of latent
regions in the simulated space where the impurity distributions are
not processed until they exceed a physically significant level of
concentration. In this new version of the program the probability of
numerical instability such as the occurence of negative impurity con-
centrations, has been greatly reduced by the implementation of a new
segregation model. Among new physical processes that are now simulated
by SUPREM II are, phosphorus diffusion under high concentration and
the associated base push, arsenic clustering which affects both arsenic
migration and final electrical activity, and enhanced oxidation rates

due to high surface concentration of n- and p-type impurities.

This report consists of three parts. In the main part the physi-

cal process models and their numerical implementation in SUPREM II

are described. Also, some details of the program and data structure T

are discussed. The second part (Appendix 1) contains the SUPREM II
operating manual valid at the time of the program release. The last
part of the report (Appendix 2) consists of a set of examples of
program usage in multi-step process simulation together with some of

the resulting outputs.
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1. INTRODUCTION

The Stanford University PRocess Engineering Models (SUPREM) pro-
gram is a computer simulator capable of simulating most typical IC
fabrication steps. The program is designed so that these steps can
be simulated either individually or sequentially, just as they would
occur during the actual fabrication process. The output of the program,
available at the end of each step, consists of the one-dimensional
profiles of all the dopants present in the silicon and silicon-dioxide
materials. These profiles may be displayed in various formats including
line-printer output, line-printer plots, and high-resolution (Calcomp
type) plot. It is understood that, in sequential step simulation, the
output of a processing step constitutes the initial conditions for
the subsequent step. The junction depths and sheet resistances of all

n or p layers formed during the process are also calculated.

The fabrication step simulation is based on several process models.

The models implemented in SUPREM are the following:

(a) ion implantation

(b) chemical predeposition through the surface (gaseous or solid)
(c) oxidation/drive-in

(d) epitaxial growth

(e) etching

(f) oxide deposition

Migration of impurities is fully accounted for in any of the above models

involving high temperature.

Communication between the user and SUPREM II has been kept as simple
as possible. The input file consists of free format statements involving
key words and numbers. Typically, a single processing step can be simu-
lated with an input specification involving less than 60 alphanumeric
characters. The details of input specification are given in the SUPREM
II user manual (Appendix 1).

Several physical parameters have been stored in the program and
constitute the default values used by the models. These values are

given in Appendix 1 with the appropriate references. They may be
overriden by user-specified parameters.

=




; The various process models have been implemented in SUPREM as sub-
3 { : programs, each consisting of a number of subroutines and special

7 functions. Figure 1 is a schematic of this arrangement. Input para-
meter specifications have been designed to resemble actual process
runsheet data and documentation. A run may consist of a series of
process steps. A typical input file is listed in Appendix 2. The
sequence of steps and the specification of the correct model parameters
are controlled by a supervisor program that evokes the appropriate

! step subprogram. All communication between the various subprograms

is directed through the common variable area of the computer memory.
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Figure 1 General block diagram of the SUPREM process simulator.
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One essential part of the common area contains the impurity con-
centration arrays. In the present version of SUPREM, there is a
capability for haﬁdling up to three different impurity species. The
impurity concentration is stored in terms of a discrete profile with
a maximum number of 400 points. Each concentration value corresponds
to a point in the discrete space (spatial grid) defined along a
vertical axis, with its origin at the surface of the material -- silicon
(Si) or silicon dioxide (8102). Typically, the spatial grid is divided
into the 5102 grid points, high-resolution-depth grid points, and low-
resolution grid points, as illustrated in Appendix 1. Within each of
the above three areas, the grid-point separation is uniform. The
spatial steps for each area and the three interface point indexes are
stored at the end of the concentration array, together with additional
information pertaining to the various physical characteristics (such
as diffusivities, segregation coefficients, etc:) of the impurity
species represented in this array. Storage (and recovery) of interme-
diate or final results in nonvolatile records is therefore greatly

facilitated.

Very often, during a processing step, the physical dimensions of
the simulated discrete space may change, as happens for example during
oxidation, etch, deposition, and epitaxy. The distance between
spatial grid points may not be uniform during any of the above proces-
ses. For this reason, a cubic spline interpolation routine has been
incorporated into the program and is used at the end of each of the

processing steps to restore the uniformity of the spatial grid.

0
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2 PROCESS MODELS

2.1 Ion Implantation Model

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, Rp, and the standard deviation, Op,
calculated from the LSS theory [ 2]. However, experimental distribu-
tions of many ions, such as boron or arsenic are found to be assymmetrical.
The simple gaussian approximation of those implanted profiles is often
inadequate so that higher-order moments must be used to construct range
distributions. Gibbons and Mylroie [ 3 ] have shown that the third
central moment is enough to provide sufficient information to construct
accurate distributions when the asymmetry is not excessive (less than
the standard deviation). In these cases, the distribution can be repre-
sented by two half-gaussian profiles, each with a different standard
deviation, 01 and 02, joined together at a modal range Rm as shown
in Figure 2. This method is used to specify the implanted profile
of all impurities in SUPREM II, with the exception of boron where a

modified Pearson IV distribution is used as described later.

C(y)

pyL--__.__
I

Ci(y) ! Caoly)

|
Old‘
5%
|

0 Rm y

Figure 2 The joint half gaussian representation of as-implanted
impurity profiles

For the joint half-gaussian distribution, the two sides are given by
Clyy w . exp | =y « R)“125,%1" OSy<h
197 By SR SRy < Ry 159y Sy SRy

Lo £
Cyly) = P_ exp [— (y - R)"/20, ] R < ys®




In SUPREM II, the values for Rm’ 01 and 02 are obtained from the

Gibbons-Mylroie algorithm which makes use of R , 0 , and of the third -~
moment ratio, Y- These last three quantities are obtained by inter-

polation from look-up tables for each element in silicon or silicon E
dioxide as a function of implant energy [ 4 ]. 1In addition to the

acceleration energy, the normal way of specifying an implant is by

selecting the ion dose. As a result, a relationship between the dose

and peak concentration must be used. Defining the normalized ion

dose by

. b

1 Q(o,R,a,b,) =/ exp [- (y—R)2/202] dy

| a
{

The peak concentration, Py, and the total dose, Q, are related by

DRI 5 it Mo R e
ecvm—

‘ Py s Q/[Q(ols Rm: 09 Rm) + Q(OZ’ Rm, Rm, °°)]

v/

In implantation through silicon dioxide, two sets of Oy» 0y, and R_ »
| must be used in the two regions. Because the stopping power of silicon
dioxide is somewhat different from that of silicon, the modal range i

in silicon is modified to account for this difference in the following

approximate way,

RmSi 7 RmSi * 61 = RPSi/RPox) Zox

where ZOx is the silicon dioxide thickness,

i - samroie s
-

RmSi and RmSi are the

corrected and the uncorrected values of the silicon modal range, and

o el St e

RPSi and RPox are the silicon-dioxide projected ranges. A possible
small discontinuity of the profile at the silicon-oxide interface

is an artifact produced by this. approximation.

Boron implanted profiles: Hofker et 2l [5] have shown that the implan-

ted boron profiles, before annealing, may be described by a Pearson

type IV distribution. They have experimentally determined the fourth
moment ratio, 62. Although this distribution describes well the pro-

file of boron from the surface to a distance somewhat beyond the peak

of distribution, Figure 3 shows that the approximation fails to model the

e
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Figure 3 Boron as-implanted profiles in <i11> and <100> silicon
in a random direction. Pearson IV and modified Pearson
IV distributions for representation of these profiles.

observed exponential tail that is due to random scattering of boron

ions along channeling directions. Based on experimental results [6,7,8]
we have empirically modified the Pearson IV distribution by adding an
exponential tail with a fixed characteristic length (0.045 um),
independent of dose energy and crystalline surface orientation. The
tail is attached to the shoulder of the standard Pearson IV distribution
where the concentration drops to 50%Z of the peak value. Of course after
the addition of the tail, renormalization of the distribution to the
implanted ion dose is carried out. Typical resulting profiles from

this modification are shown in Figure 3.

The standard Pearson IV distribution is calculated as follows:

¢ ef(y)

C(y) 4

bt i 1 e Ve M
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where
f(y)=L—Lnb +bx+bx2 - -
2b2 o 1 "n 2°n
(bllb2 + 2a) e 2b2 X + b1
(4b2bo - b1 ) (4b2bo - bl )
and

o (y = RP)/GP 3

o
[

= — \(1(62 + 3)/A

- @By - /A

o
(]

b, = a

o
]

-(28, - 3yf - 6)/A

and A

2
1082 = 12Y1 - 18

The constant Co is found from a normalization to the implanted dose:

A=0Q lf[ef(}')dy

2.2 Impurity migration during thermal processing

2.2.1 The redistribution of impurities in the

space of the silicon-silicon dioxide system, during thermal processing,

Introduction.

is governed by the general continuity equation which can be written as

g-—deV=f(g—k)dV-¢.-l;.;dS (1)

dt
v(t) v(t) S(t)
where
C = impurity concentration
S(t)= closed surface (function of time, t)
V(t)= volume enclosed by S(t)
F = impurity flux vector
n = outward unit normal to S(t)
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g8 = impurity generation rate per unit volume
£ = impurity loss rate per unit volume

| The left hand side of equation (1) represents the time rate of

. change of the impurity content in any volume, V(t), and it is equated
to the net impurity generation rate in the same volume minus the net
impurity outflow through the surface S(t) enclosing V(t). The reason
for using the continuity equation in integral form is that it simpli-

fies treatment of volume changes which occur during silicon oxidation
i and epitaxy processes. The generation and loss mechanisms have been
' included to account for the exchange of impurity atoms between different
] states in the silicon lattice as in the case of arsenic where atoms may

coexist in substitutional and clustered states.

For one dimensional flow, equation (1) can be written

& Qly; 3,20y y,)=[F(y,) - Flyp] (2) :
3 where
Bt
; Yy
§ Q(yy»y,) =f C(y)dy (3)
k| Y1
;\ U(y;sy,) =f (8 - Ddy ()
3 Il
b !

where y is the direction perpendicular to the silicon surface and is
positive inwards, and the flux F(y) is positive in the y direction.
Physically, the impurity flux may arise from thermal diffusion, from
interface phenomena such as evaporation or segregation and from the
motion of interfaces as in the case of silicon oxidation and epitaxy. ?
In the sections that follow we discuss the models used to describe

each of the physical processes present in equation (2) as well as their

i

numerical implementation in the context of SUPREM II. ?
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2.2.2 Diffusive flux. Solid state diffusion is the physical
mechanism responsible for impurity migration within the silicon body

during high-temperature processing steps. At any point, y, the diffu-
sive flux, FD(y), of impurities is related to their concentration and

diffusivity gradient by the modified Fick's first law [9]. For one-
dimensional flow the relation is

d
FD@) i @(y) . C(y)) (5)

where D(y) is the diffusion coefficient of the impurity. Under the
assumption of single-state migration there is no generation or loss

within the material. The conservation equation, therefore, becomes

dQ(y,»y,)

T = - (By(¥)~ Fp(yp) (6)

l Under the further assumption of uniform diffusivity, the well-known

‘ Fick's second law is derived by using equations (3) and (5) in (6)
and differentiating with respect to y. The equation becomes

2

: 3C d°C
& — =D (7)
| 2
i gt ay -
i Fick's second law is generally adequate for the calculation of
:; impurity migration under low impurity concentration conditions. However,
r

this approximation fails as the impurity concentration increases to Or
above the intrinsic carrier concentration, ni(T), in the semiconductor at
4 Vs temperature as
defaulted in SUPREM II [10]. 1In addition, equation (7) may fail even

at low concentration conditions if another impurity species is present

|
o
»i the process temperature. Figure 4 is a plot of n
%

in the silicon at high concentration. We refer to silicon in which

any impurities exist at concentrations lower than ni(T) at the process
temperature, as intrinsic silicon. If the opposite is true then we

refer to it as extrinsic.

One of the first attempts to explain diffusive flux under extrinsic
conditions was to include the "electric field effect'" of the introduced
: free carriers on the impurity ion migration [11], in a way similar to
J ambipolar diffusion in plasmas. The effective diffusion coefficient

-10-
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Figure 4 Intrinsic carrier concentration in silicon vs temperature.

thus becomes a function of impurity concentration given by

[+ @17
D = Dife = Di 1+ |1+4 ET) ] (8)

where Di is the intrinsic diffusion coefficient. As can be seen,

the maximum value of fe is 2, for C >> n, and this is clearly inade-~
quate to explain diffusivity enhancements of the order of 10 to 20

often observed with most of the common impurities.

At present, it is generally accepted that extrinsic diffusion
phenomena are the result of impurity migration by interaction with
charged point defects in silicon BZ]. All common impurities diffuse
in silicon by means of interaction with lattice point defects such

as silicon atom vacancies and possibly interstitials. Thus, the diffu-

sion coefficient is proportional to the concentration of such point

defects. Although the concentration of neutral defects at any given

Lt
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temperature is dependent on the impurity concentration (so long as

it does not approach that of silicon atoms), the concentration of
defects at various charge states (which have been identified within
the silicon bandgap), depends on the Fermi level position in the band-
gap and thus is a function of impurity concentration. Recently Fair
[13] summarized some of the latest work on diffusion in silicon and

suggested that the effective diffusion coefficient should be the sum

of several diffusivities, each accounting for impurity interactions
with different charge states of lattice vacancies. The effective J
diffusion coefficient can thus be expressed as

D = fe{Dx +0 [V31+D [v'1+0 vD) 9)

where D' is the 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 Boltzmann approximation it can be easily shown that these

normalized concentrations may be given by

i et 3

=

n

=, (e At an =t (10)
ni ni

where n is the free electron concentration. Thus, under intrinsic
conditions (n=ni), equation (9) becomes

1)i=1)"+1)"+n=+1)+ (11)

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

The above model is the basis of what has been implemented in SUPREM II.
However, with the exception of phosphorus, it has been assumed that only
the neutral and one charged defect state is responsible for the diffusi-

vity of impurity atoms. The specific form now used in the program is

D =D, (1+B£)/(1+8) (12)

where Dy is the measured intrinsic diffusivity and fv = n/ni for donors

and ni/n for acceptors. Thus, under intrinsic conditions fv = 1 and

-12-
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D = Di' On the other hand for extrinsic conditions the physical meaning
of the parameter B can be derived by combining equations (9), (10) and
(12), to get

v B
$T+p OB =0 0%

Thus, B = DV/Dx, is an index of the effectiveness of charged vacancies
relative to neutral ones in impurity diffusion. Figure 5 is a plot of
normalized diffusivity vs. fv' Although it might be expected that B

for any impurity element is a function of temperature, no definite charac-
terizations exist at present. Recommended values (also included in the
program as defaults) are B = 3 for boron and B = 100 for arsenic while

for phosphorus a completely different model is used as described later.

B is not known for other impurities and therefore is defaulted to 1.

16° 0" : 10’ 10°

Figure 5 Nofmalized diffusivity vs normalized carrier councentration
for different values of B.
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It is well known that when different impurity atoms are present in
silicon there is direct interaction among them [14]. Fig. 6 illustrates
one such (simulated) case where high concentration arsenic effects the

distribution of boron*. 1In SUPREM II this interaction is directly

B (initial)

1016 LLIJJJ {1 VAT VANNE, OO, ¥ oo (NN (RS TR 0 [ Lo |
0.00 015 0.30 0.45 0.60 0.7% 090

DEPTH (um)

Figure 6 1Illustration of effects of heavy arsenic doping on the redistri-
bution of boron.

*The case of phosphorus is quite different. As explained later, phosphorus
at high surface concentration indirectly affects the diffusivity of other

impurities by increasing the concentration of point defects in silicon.
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modeled through the use of equation (5) for the calculation of impurity
flux. For the example shown in Figure 6 the diffusive flux of boron

in the region which is heavily n-doped is reduced because fv(boron) =
“i/n + 0, while at the edge of the arsenic profile the dip is produced
by the rapid spacial change of fv and thus of diffusivity for boron.

Phosphorus: The model implemented in SUPREM for the diffusive migration
of phosphorus has been presented by Fairand Tsai [15]. The model predicts
with reasonable accuracy the phosphorus kink formation as well as the
base push effect, commonly observed during heavy emitter diffusions in ]
bipolar technology. According to this model the physical explanation ;

f of these "anomalous" effects lies in the enhancement of vacancy concen-
tration in the silicon caused by the dissociation of the phosphorus-
L doubly ionized vacancy pairs that flow from the surface into the silicon
i i bulk. A typical high concentration phosphorus profile is composed of
i { three regions as shown schematically in Figure 7a. |
|

(a) The surface region in which phosphorus diffusion is assumed

to take place by interaction with neutral and with doubly

charged vacancies forming P+V= pairs. In this region the
diffusivity is given by

D = fe}'a" + D=@1€)2:

where n, the free electron concentration is calculated from

T

the total phosphorus concentration using equation (48). Thus

in this region the diffusivity is monotonically decreasing, 4

B

as shown in Figure 7a. The end of the surface region is
1! ' assumed to lie at the point where the Fermi level drops
below .11 eV from the conduction band which is identified

as the state level for doubly ionized vacancies. This occurs

e

at a characteristic electron concentration, n., given by

£ 21 (_ 0.39 eV)
ne(T) 4.65 x 107" exp KT

T

(b) The tail region where the diffusivity is enhanced relative i

e e

B to the intrinsic value due to supersaturation of the silicon 5

lattice by vacancies resulting from the P+V= dissociation.

-15-

TN KX T A




|
[
| | SURFACE
| RROFKEL 11 INTERM.
| . 11 TAIL
|
I
|
| R
| o
: - D/D;
|

DEPTH

Figure 7a A typical phosphorus doping profile with a
demarkation of the three regions considered
by the Fair and Tsai model. Also shown is
the local diffusivity profile derived by the
model.
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In this region the diffusivity is given by

i ‘ n 3 '
- 0.
i e S e
é

where ng is the surface electron concentration. This equation
| should only be considered as an empirical fit to observations.
As can be seen the tail diffusivity depends very strongly on
ng and thus the surface concentration of phosphorus. Since
the model predicts that there exists a vacancy defect super-

{ saturation in the bulk, a point that has been recently verified

by Matsumoto et al [16], any other impurity elements present in

the silicon lattice beneath a region of heavy phosphorus surface

r concentration should also experience a diffusivity enhancement

approximately equal to that of phosphorus. Thus, in SUPREM II

T R N VT
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an enhancement factor, fenh’ given by

e /¢ 1)
£ p*
e

fenh
is calculated and multiplies the intrinsic diffusivity, Dx,
of any other impurity in the presence of phosphorus. This
treatment permits the modeling of the base push effect, but
also predicts an enhancement of diffusivity of other elements
such as arsenic or antimony that may constitute the buried
collector in bipolar processes. This latter effect is proposed

by the present authors, and has yet to be experimentally
confirmed.

The beginning of the tail region is determined as follows:
It has been observed by means of Boltzmann-Matano analysis of
phosphorus profiles under heavy doping conditions (15,17]
that there exists an intermecdiate region between the surface

and the tail, where the diffusivity increases in propor-

tion to (?%_ . This empirical observation is used in SUPREM II
to determine the beginning of the tail region. Namely, the
diffusivity calculated at the end of the surface region, i.e.

at the point where n = n,, is multiplied by (B} 2, as the

n
depth from the surface increases, until the point where the

value DTAIL is reached. At that point the tail region is
assumed to begin.

It can be easily seen from equation (13) that the model just described
predicts that the diffusivity of phosphorus, at least in the tail region,
should increase monotonically with increasing surface concentration. It
is however well known that as the surface concentration increases above
about 3-4 x 1020 cm_3 the tail diffusivity decreases. This effect may
be attributed (Fair [18]), to silicon bandgap narrowing due to the stress
induced on the lattice by the high phosphorus concentration. In SUPREM II

this stress effect is modeled by increasing the intrinsic carrier con-
centration, ng, according to the formula

=17=
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AE
n, =m0, (unstressed) exp (— ——E-%)

where AEg is the stress-induced bandgap narrowing given by the
equation [18]

AR = - 1.5 x 102 (Crs = &% 1020 cm_3) ev

where CTS is the total surface concentration of phosphorus. Of course,
at the same time n, must also be increased by the same amount. The
importance of including Fhe stress effect is illustrated by Figure 7b
where the calculated diffused phosphorus profiles with and without

AEg are compared with experimental data.

0%

POCl,
7min @ 920°C

1
0.2
"DEPTH (m)

Figure 7b Calculated phosphorus profiles for two different surface
concentrations. Slower diffusion of the higher surface
concentration profile is due to the silicon stress model.
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One additional stress effect also included in SUPREM II affects
the diffusivity of ion implanted phosphorus profiles. In this case
it is observed that the diffusivity is further decreased under high
dose conditions, probably due to permanent lattice disorder [18]
produced by the implantation process. Thus, in the case of ion
implanted phosphorus an additional bandgap narrowing is calculated
from the equation [18]

-6 «25
E =- 2, 10 V
A g 3 x (Qp) e
where Qp is the phosphorus atom dose.

2.2.3 Diffusion under non-equilibrium conditions - Oxidation

Enhanced Diffusion. It has been observed by several authors [e.g. 19,

20] that the diffusivity of boron and phosphorus is enhanced when the
silicon surface is oxidized. This phenomenon of oxidation enhanced
diffusion (OED) is generally attributed to enhancement of silicon point
defects due to the oxidation. Perhaps the most plausible model has
been proposed by Hu [21] and subsequently quantified by Antoniadis et
al [20]. This model relates OED with oxidation stacking fault (OSF)
growth, by invoking a dual diffusion mechanism for impurities in sili-
con whereby both vacancy and interstitial defects are responsible for
diffusion, and postulating an enhancement, due to oxidation, of the
silicon self interstitials. Thus, according to the model, during oxida-
tion the interstitialcy component of impurity diffusivity is enhanced
leading to OED while increased interstitial precipitation leads to OSF.
At present the relationship between oxidation rate and OED is not known
with certainty. Thus, for boron in SUPREM II temperature dependent but
time independent OED is assumed for an ambient causing silicon oxidation.
For phosphorus a fixed enhancement of a factor 1.8 is assumed for dry

0, and 3.3 for wet 0, [18].

2.2.4 Interfacial fluxes. An interface is the surface that sepa-

rates two different homogeneous regions such as the silicon bulk and
the silicon dioxide or the gas ambient. During thermal processing there
exists at least one such interface that plays important role in the

redistribution ot dopant impurities. This may be a bare silicon surface

-19-
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in an inert ambient where evaporation of impurities is taking place,
or the same surface in a dopant atom rich ambient where dopant incorpo-
ration takes place or perhaps the silicon-silicon dioxide interface

where dopant atom exchange between the two materials is taking place.

Although the actual details of the chemistry taking place at such
interfaces may not be known, generally the dopant atom flux across
interfaces may be phenomenologically described by means of a first

order kinetic model as

F, = h(C, - Cp/m,, ,_,) (14)

eq,1-2

where Fs is the dopant flux defined positive from region 1 to 2, C1 is

the dopant concentration of the interface in region 1 and C2 the same

in region 2. Figure 8 illustrates the setup in the case of a SiOZ/Si

interface. meq,l-z is the equilibrium segregation coefficient for the

specific impurity species in the system of regions 1-2 and is defined as
2

m = ———
,1-2
eq C1

Finally, h which has units of velocity, is the surface mass-transfer

(15)

coefficient.

In SUPREM II, equation (14), in one form or another, is used to
model all interfacial dopant flux phenomena. Following is a brief

discussion of each of the major cases.

Cly)
REGION 1 f REGION 2
(o
1 g
——’
— i e =
Fp ‘

C2

—
y

Figure 8 Interfacial flux, F_, in the silicon-silicon dioxide system.
Also shown is the £fux induced by the motion of the interface
during silicon oxidation.
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(a) Evaporation. The mass-transport coefficient becomes the impurity

evaporation coefficient which is a function of temperature. The same

evaporation coefficient is used for SiOz and for silicon. Also, C, is

1
assumed zero and m__ = 1.
eq

(b) Chemical deposition. Chemical deposition is simply modeled by

assuming (arbitrarily) that h -+ «, (actually h is set equal to 1 um/sec),
meq = 1 and C1 equal to either the dopant solid solubility or to any

other (user) specified concentration. Thus, the simulated surface con-
centration of silicon becomes very rapidly equal to Cl' It is recognized
that the model may be overly simplistic but there exist too many different
processes by which dopants may be deposited in silicon, making it impracti-
cal to attempt to accurately model each of them specifically in a general

program like SUPREM.

(c) 8102 - Si interfacial flux. Under non-oxidation conditions the SiOz—

Si interface is stationary and equation (14) is sufficient to model the
impurity flux exchanged between the two regions. Unfortunately, there
exists practically no characterization of the flux in this stationary
system with the exception of the phosphorus doped SiO2 - Si system (used
for silicon doping), which has been carefully explored by Ghoshtagore [22].
In this case h was derived as a singly activated function of temperature,
while meq was assumed infinite. Actually the exact value of meq would

not alter the observed result as long as it is kept large (say > 50).

In the case of a moving interface as in silicon oxidation there also
exists a motion-induced interfacial flux resulting from the different

dopant concentration, across the interface. This flux denoted by F is

b,
given by

T A (C1 - aCy) (16)

where vox = dZox/dt is the oxide growth rate and a is the ratio of oxi-
dized silicon to resulting oxide thickness (equal to 0.44). Fp is also
depicted in Figure 8. Generally this flux competes with the flux Fg-.
If h >> s then C2 > Meq C1 while if h << Yk then Cl > aCy. In all
characterizations of the moving interface system to date, the first

condition has been implicitly assumed, i.e. that the equilibrium

alle
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segregation condition prevails. Thus, in the absence of any meaningful
values, h has been arbitrarily set equal to 0.1 um/min in SUPREM II,
and thus the condition h >> A is always satisfied.

Although the exact values of the coefficients are not known at present,
the above described modeling of interfacial fluxes is physically more
meaningful than the classical model that has been used in SUPREM I. 1In
addition the new model lends itself more to numerical evaluation resulting

in substantial improvement of the solution stability.

2.2.5 Generation and loss mechanisms. Almost all dopants may exist

in silicon in more than one state particularly when the concentrations are
high. Typically one of these states is substitutional and therefore mobile
while the other, if present, may be some form of precipitate or cluster which
is immobile. Exchange between these two states gives rise to the generation
and loss terms in the continuity equation (1) of the mobile species. 1In
SUPREM II a model describing arsenic clustering phenomena [23,24] is inclu~
ded. However, due to lack of similar models, effects of clustering and
precipitation on the migration of other impurity atoms has been neglected.

The assumed chemical reaction for arsenic is
kc
mA_ > As (17)
where m is the number of atoms in a cluster and kC and kd the clustering

and declustering rate coefficients. Defining the concentration of

clustered atoms, Cc’ as

CC = CT = C (18)
where CT is the total concentration and C the substitutional concentration,
the conservation equation for Cc may be written as

8Cc .

T Yk kaC - k'dCc =Q2-3g (19)

where % and g refer to the loss and generation terms in equation (1).

Further, defining the equilibrium clustering coefficient, ke, by

k
x = <_£> o (20)
e kd

=22~
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We can rewrite equation (19) as

9C

c = m = -~
TR kd [m(keC) - Cc] L~-g (21)

The above equation together with equation (1) are used to describe the
thermal migration of arsenic atoms in silicon. The cluster size that
gives best fit to recent observed data [24 ] is m = 4 (tetramers). How-
ever, there is evidence that clusters of larger size may be involved.
The declustering rate coefficient kd has been adopted from the work of
Schwenker et. al. [23]. Under equilibrium conditions (i.e. accﬁ)t = 0)
equation (21) yields

(@]

T 4 3
= m k
1 +4 C (22)

This equation is plotted in Figure 9. It can be seen that clustering
imposes a limit to the maximum concentration of substitutional and
therefore electrically active, arsenic atoms. This limit is a function

of process temperature.

Although the clustering model predicts the formation and dilution
of clusters during predeposition and subsequent drive-in, an assumption
must be made about the initial cluster concentration when arsenic is
implanted. In this case, it is arbitrarily assumed in SUPREM II,
that the initial clustered arsenic profile is simply that determined by
thermal equilibrium at the annealing temperature, given the known implanted

profile of total arsenic atom concentration.

243 Thermal Oxidation

The rate of Si0, growth on silicon is described in SUPREM II by the

well known formula [25]

2
ZOX + AZox = B(t + T (23)

where Zox is the oxide thickness, t is time and A and B are related to the
linear and parabolic growth coefficients KL and KP and normalized partial

pressure, Poz, of 02 by

=33
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Figure 9 Normalized total arsenic concentration vs the substitutional
arsenic concentration, resulting from clustering model, as
a function of process temperature, under thermal equilibrium.
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The parameter T is related to the initial oxide thickness by

2 = -
20, (t=0) + Az (t = 0)

B

(24)
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Under relatively low dopant concentration conditionms, KP and KL depend only
on silicon crystal orientation and on the oxidizing ambient, and they are
singly activated functions of temperature. All relevant data are given in

Appendix 1 together with appropriate references.

It is however well known that under high surface concentration condi-
tions, such as in MOST source and drain or bipolar emitter region, the oxidation
rate of silicon is enhanced. A detailed description of the phenomenon has
been given by Ho et al. [26]. Briefly, it was found that the linear rate
coefficient is substantially enhanced, indicating an enhancement of the

surface reaction rate while the parabolic rate, which depends on diffusion of

0y through Si0, is only modesty enhanced. These enhancements are decreased

with increasing temperature. In SUPREM II we have incorporated a model
proposed by Ho and Plummer [27] which relates quantitatively the enhancement
factors for KL and KP to the surface dopant concentration. The underlying
idea is that the rate of silicon oxidation depends on the lattice vacancy

concentration which is affected by the presence of dopant atoms as already

discussed in Section 2.2.2.

According to the model, the linear rate coefficient can be written as

R

KL = K{ (1 + Y(CT - 1)] (25)

e > : ;
where KL is the intrinsic (i.e. low concentration) coefficient, Yy is an

PEIPRIR TS i

experimentally determined parameter given by

M b o

pL v & 2.62 % 10° exp [— Lé—q—‘ﬂ] (26)

CT the normalized total vacancy concentration given by
3 2

k| 1+¢* (9——) +c'(-::—-) +C (—9—)
t CT_ | i ni_
. 1+¢+¢ +¢"

with

(27)

+ +
¢ = exp [(E' - E,)/kT] s E = 0.35 eV
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C = exp Eee, = E ) /kT] ; E = E, - .57 eV
C = exp [(2E, - E” - E )/kT]; E = E, - «11 eV

The above expressions should be recognized as the normalized intrinsic
concentrations of vacancies in the three charge states with their cor-
responding state energies in the silicon bandgap. Finally the silicon

energy bandgap, Eg’ and intrinsic level, Ei’ are given as functions of

temperature by

]

Eg(T) 1.17 - 4.73 x 1074 [T2/(T + 636)] eV

Ei(T) Eg/2 - kT/4
For n~type dopants the enhancement of the parabolic oxidation rate
has also been obtained by Ho and Plummer [27]. K, is given as

Kp = “f» (1+3 CTO'ZZ) (28)

where

&= 9.65 % 168 exp 2£83 ev (29)

K; is the intrinsic parabolic rate and CT is the total n-type dopant

atom concentration.

Since during oxidation the impurity surface concentration changes
due to diffusion and segregation distribution, the calculated enhanced
values of KL and KP may generally be time. dependent. Thus, rather than
using the classical oxide growth equation (22), in SUPREM II an incremen-

tal form of the same equation is used, namely

1 2
| A y ]
o [2 (2zox + A) + (zzox + A)” + 4BAt

Thus, as the simulation time proceeds in small time increments, At, and
the impurities redistribute in the silicon, the coefficients A and B are
obtained from the surface impurity concentrations in each time increment,
and from those values the corresponding increment of oxide thickness,
AZOx is calculated.

2.4 Silicon Epitaxy

2.4.1 1Introduction. Epitaxy is a processing step commonly used in

==
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modern semiconductor fabrication technologies. As with oxide growth,
the epitaxial silicon growth step defines a numerical moving boundary
problem. The objective of SUPREM II is the simulation of impurity
redistribution occuring during this step.

The model for impurity redistribution is vaguely similar to that
reported by Langer and Goldstein [28]. Although redistribution caused 4
by diffusion and evaporation is well simulated, front-side autodoping ]
is omitted. Further investigative work is necessary before a reliable

front autodoping model can be incorporated in the process simulator.

Backside autodoping has also been neglected to conform with the
one-dimensionality imposed on SUPREM II. This, however, should not be
a severe limitation because backside autodoping is often avoided either
by backside sealing or by the use of ion-implantation on lightly doped
substrates. On the other hand, frontside autodoping may be a nonnegli-
gible effect, particularly when lightly doped layers are grown on
heavily doped ones.

2.4.2 The model Figure 10 illustrates the epitaxial growth model

used in SUPREM. It is assumed that the bulk gas phase has a uniform

GAS SILICON
ZERO
FLUX
¢! Cr BOUNDARY
e R
> Fs
—t>F,
MOVING
INTERFACE

Fg: EVAPORATION FLUX
Fp: MOVING-BOUNDARY FLUX

Figure 10 Model for the redistribution of impurities during epitaxial
silicon growth. 4

.
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equivalent concentration of single dopant species, C;I- This is a
fictitious concentration equal to the desired uniform epi-doping con-
centration. No real details of the gas phase are considered in SUPREM II.

At the solid gas interface, there exist two flux components, Fg,

and F,. as indicated in Figure 10. FS is an impurity "evaporation" flux,

b

= hekC
F, = h(ch - C) (30)

I
where h is the impurity evaporation coefficient, as already discussed in
Section 2.2.4. As evaporation flux, we define any impurity flux exchange
between the gas and the solid, other than direct moving boundary incorpo-
ration; CI is the impurity concentration at the solid surface, and k is
the surface equilibrium segregation coefficient defined as

C
k = C—,fl (31)
24

The term Fb is a flux induced by the interface motion and can be calcu-

lated as in the oxidation case (Section 2.2.4). It is given by
%
Fb = v(CgI - CI) (32)
where v is the interface velocity (growth rate)

Within the solid (silicon) body, diffusive flow of impurities is

accounted for as has been discussed in previous sectioms.
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3. NUMERICAL IMPLEMENTATION OF PROCESS MODELS

3.1 Introduction

The previous section has described the models of the physical
processes that are simulated by SUPREM. In the present section, the
numerical implementation of those process models will be discussed
with particular emphasis on the discrete formulation of the impurity
continuity equation under the moving boundary conditions encountered
during silicon oxidation and epitaxy. However, in order to establish

a basis for the discussion of this issue, the numerical solution of

the continuity equation under stationary conditions will be outlined

first.

3.2 Stationary Boundaries

The space over which the impurity continuity equation (2) is to be
solved, is partitioned into discrete cells. The impurity concentration,
C(y), is evaluated at points (or nodes) lying in the middle of each of ]

the discrete cells. Figure 11 illustrates this space discretization.

C(y)
A
GAS Si0, | Si

1231|+5678910|

e

-
Cz2 \C‘;ﬁ\g" _é.s_fg.s 3
——.\

C , ;
C 5
o4 %
A o

i .

Y

Figure 11 The partitioning of the simulation space into discrete
cells. Impurity fluxes across cell boundaries.
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For instance, taking cell i = 6 as an example, the discrete continuity

equation (neglecting generation-loss terms) is written as

d .

at % =~ [P0 90 - Fp0v5 5)] (33)
where FD(y6 5) and FD(y5 5) are the impurity diffusive fluxes at the
right and left-hand boundaries of cell 6, and Q6 is the impurity con-
tent of cell 6. Thus, for the general ith cell not lying at any of the

space boundaries, the continuity equation discretized in space becomes

d = - -
ok e L e e (3)
where FD is evaluated at the cell boundary from equation (5) and Qi is
given by
i+s
Q = C.dy (35)
i-3

For simplicity we have ignored generation-loss terms in (34). Both the
spatial derivative in equation (5) and the integration in (35) are
carried out using numerical approximations. Specifically, the flux F

D
is evaluated by replacing (5) by a difference equation while Qi is

evaluated using midpoint integration.

The cells at the two space extreme boundaries as well as the SiOZ/

Si boundary (when it exists), deserve attention at this point.

(a) Top Boundary. The first discrete cell is actually a half-cell with
its node at the physical boundary. Generally, at this boundary an
evaporation or incorporation flux, FS(O), governed by equation (1l4) as
discussed in Section 2.2.4, is assumed. At the inner boundary of this
cell a diffusive flux is evaluated as with all other cells, from equa-

tion (5). The continuity equation for this cell becomes

(b) Deep Boundary. This boundary usually lies inside the silicon

substrate at the point where the simulated space terminates. The last
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cell in this end is also a half-cell similar to the first one. However,
a reflecting boundary (implied by setting h = 0 in equation (14), is
assumed here. Because the depth of simulation is user determined, care
must be taken to ensure that the presence of a reflecting boundary at
that point does not affect the simulation results. On the other hand,
this reflecting boundary facilitates significantly the use of SUPREM II
in unconventional cases such as Si on saphire or poly-Si on 8102, where
it may be desirable to study the effect of the reflecting deep boundary
on impurity redistribution. The continuity equation for this last cell

becomes
d 0=F (v ) (37)
dt 'n "D n-%

(c) Si02/Si Interface. Since this interface is an extremum point where

impurity concentration must be evaluated it must always lie on a node.

This node is shared by two half-cells, the one in Si0; and the other in

Si. Since the impurity concentration is generally discontinuous across
the interface (because of thermodynamic segregation), the interface node
contains two different concentrations, one for the oxide half-cell and
one for the silicon half-cell. An interfacial flux, Fs, described by
equation (14), is assumed to flow between these two cells, while diffu-
sive flux calculated from equation (5) with the appropriate diffusivities
for the two materials, is flowing across the other two boundaries. The
continuity equation for the two interfacial half-cells becomes

R, = FEg = B, O D1 .- 38

d_
dt 'I,ox S D

G g = = IR0, = Bl (39)

.
dt °1,si

The established boundary cell equations (36), (37), (38) and (39)
together with equation (34) for all other cells constitute a system of
equations that describes the temporal evolution of the impurity distri-
bution. Numerically, this evolution is obtained by replaciﬁg the time
derivative in these equations by a discrete approximation. All the ’

above equations are of the type

d
H,(6) = §o Q,(0) g (40)
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where Hi(t) denotes in abbreviated form the cell boundary flux differ-
ence. Assuming that at time to the concentration distribution is known,
the distribution at a future time t; may be derived by solving the :

equation .

£y

/Hi(t) dt = Qi(tl) - Qi(to) (41)

=
o

B d are v o bl et e L

Various methods exist for performing this integration numerically.
The method used in SUPREM II is first order implicit, i.e. it assumes
that during the time interval (tl-tol Hi(t) = Hi(tl). Then the above

equation becomes
H, () = [Q(t)) - (£ )]/ (gt ) (42)

Now, there are as many equations of the form given above, as the number
of discrete space cells. Also, since for each cell the function Hi’

is evaluated at t (i.e. at the future time), it involves not only the
unknown cell concentration Ci(tl) but also the two neighboring cell
concentrations Ciil (tl). Thus, the resulting equations are mutually
coupled and form a system with a tridiagonal determinant. This system
of equations is solved successively in small (simulated) time increments
by means of gaussian elimination. Also, since the system may be non-

linear due to the dependence of diffusivity on impurity concentrations, :

Newton-Raphson iterations of the solution are performed until conver-

gence of the results (concentrations) is achieved.

3.3 Moving Boundary - Si02/Si

When silicon is oxidized the interface between SiO2 and Si moves

into the silicon and the oxide layer expands with a velocity vox(t)

given by
dz_ (t)
Yox(® T g a2

whereZox is determined as discussed in Section 2.3. Under these condi-

tions a moving boundary induced impurity flux, Fb, given by equation (16) )

-32-~
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also flows across the interface.

The presence of the moving boundary complicates the numerical
formulation of the continuity equation in two ways. Firstly, because
of the non-unity volumetric ratio of Si to Si0y (a = 0.44), there is
expansion of the discrete volume cells as they become part of the
8§i0p. Figure 12 illustrates this effect. Thus, for the cells around
the interface, volume is a function of time and the integration bounda-
ries of equation (35) change between times t, and t). Secondly, the
existence of the two interfacial fluxes Fs and Fb creates a jump dis-
continuity in the impurity flux, that propagates through space during
oxidation. Referring to Figure 13 the flux across the interface from

time t, to t; can be considered as a superposition of two separate

processes. The first process assumes that the interface moves instan-

taneously (at to+)’ to its new node and that FS flows for the time
interval (to,tl). The second process consists of the redistribution
of the impurity contents of the two SiO2 cells nearest the interface

due to the moving boundary flux Fb that flows across the boundary of

these two cells.

INITIAL
b~ SILICON THICKNESS +|

————t—— .+ -« = t=0

R
F——¥—+—F—+—4—4 = el ek
\
;_4___\.\__4__._4_4 o ¢ o oo t'-'4t1
\\
= $ + ‘-\ . W e o o = t=16t'
A
\
Si0,/5i

INTERFACE LOCUS

Figure 12 Relationship of Si0, and Si volumes when silicon is
oxidized at four different times. Here the oxidation
rate is assumed purely parabolic. The tick marks
identify cell boundaries.

i
|
|
|




o = y ey e 4 . . - cdkdand » e o -"“'m., fo "u'!
B —— -

Numerically assuming that the discontinuity occurs in the immediate vici-
nity of the ith cell at a time t in the interval (to,tl), the first order
implicit approximation to the integral equation (41) yields
t- ¢
H (t)) ¢ Tk Fp(ep) = [Q3(t) - Qe )/ (e-t ) (44)

Referring to Figure 13, i may be equal to I or to I-1, where I identi-

fies the interface node. The + sign is used when the equation represents

4 the continuity in the interfacial cell I in SiO2 and the - sign when the
% continuity in cell I-1, also in SiOz, is represented.

To complete this discussion, it remains now to outline the inter-

relation of time and space discretization that arises from the considera-

tion of the moving boundary. Given the constraints that the interface

3 ‘ must always lie on a node and that the number of oxide nodes may increase
} by at most one node in any time step, two basic possibilities for advance-
|

i

ment of the interface exist in SUPREM II, depending on the oxidation rate

% ¢
o
o

_ i
?% ———— r'—_———'t
. ¥ l
' b qé/ t
Si0, | 1 si
I I

Figure 13 Interfacial cells and moving boundary flux at two incre-

ments of time. For simplicity the volumetric ratio, a, 3
r is assumed unity.
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which is typically a quadratic function of time. These two possibi-
lities are illustrated in Figure 1l4. Note that the figure has been
drawn assuming o = 1 for clarity. In Figure 14(a) the number of
oxide nodes increases by one, while in 14(b) it remains fixed. In
the first case, (a), the interface crosses the left hand boundary

of the cell that contains the interface in time t;, while in the
second case, (b), it does not cross any boundary. When case (a)
arises, equation (44) must be used in the two cells that share the
crossed boundary while in case (b) the cells in the neighborhood of
the interface see no special boundary flux i.e. equation (42) is
valid just as in all other cells. Of course, in both cases the

fact that the volumes of the two cells change in the interval (to, tl)
must be accounted for, in establishing the cell impurity content.
Thus, as already mentioned the limits of integration in equation (35)
are time dependent for the two cells in the interface neighborhood.

Si0, Si

(b)

Figure 14 Examples of interface motion (a) when the number of oxide
, ! nodes increases by one and (b) when the number does not
; | § increase. 1In case (a) the interface crosses the cell

1 & boundary while in (b) it does not. For simplicity a =1
has been assumed. v

-
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3.4 Moving Boundary - Epitaxy

As with oxidation-diffusion, discussed in Section 3.3, the epi-
taxial growth-diffusion algorithm has been derived from the impurity
conservation equation [Eq. (1 )]. Special treatment of fluxes is
necessary only at the moving/gas solid interface. Again the algorith-
mic constrain is imposed -- the interface must always lie on a spatial
grid node and, during any simulated time increment t, no more than one
new node of solid can be generated. This is illustrated in Figure 15.

| The solid vertical lines identify the gas/solid interface, and the
broken lines delineate the discrete subcell boundaries across which the
fluxes flow. The concentration in each subcell is considered uniform

1 with value equal to the concentration at the grid node.

‘ The numerical method used for the solution of the conservation
equation is implicit, first order in time and uses midpoint integration

in space. The procedure for the solution of the resulting system of

equations from one time increment to the next can be best understood by

referring to Figure 15.

(a) At time tys the concentrations in the solid and
the gas (near the interface) are known. These
concentrations are either the initial conditions
or the results of the solution up to the simulated

time to(Figure 15a).

(b) Still at time t,» an intermediate step (Figure
15b) is taken at which the contents of the two
cells near the interface are rearranged. Speci-
fically, the concentration at the new node, i-1, |
to be added during the next time increment At, |
is fixed at the gas concentration C;I, and the

concentration at the interface node, i, is

-

modified to account for particle conservation in

the ith subcell. The second operation is

necessary because one nodal concentration value

must be used to account for the current in each

” T R T
UG TS
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Figure 15 Motion of the silicon/gas interface in the discrete space,

during epitaxial silicon growth. For explanation see text.
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subcell. The results of this intermediate step serve

now as initial conditions for the next time increment.

(c) Time is incremented to to + At, and the system of coupled
impurity conservation equations for each subcell is
solved. The interface has now advanced by one grid node.
This is shown in Figure 15c. From this point on, the

cycle of operations is repeated as just described.

In setting up the system of equations, in step (c) above, the two
interface fluxes, described in Section 3.3.2, are also included;
however, although the evaporation flux, Fg, flows out of or into the
composite system shown in Figure 15c, the moving boundary flux F

b
does not; Fb only results in rearrangement of the contents of the
(i-1)th and and ith cells in going from the situation shown in
Figure 15b to that in 15c. This is a key point if particles are to

be fully conserved by the algorithm.

The equations for the impurity conservation in the first two

cells from time to to t1 becomes

1 1
~Babrgn) ¢ P, ~ g B =g bg (e <0, ((£)] ®s)

|
~RBilrous bl * S B o~ o fg G —qded) (48

where FD identifies the diffusive flux and the remaining symbols and

indexing have been defined earlier in the previous sections.

3.5 Spatial Discretization, Truncation Errors and Time Step Generation

The impurity concentration resulting from a diffusion process is
a continuous function of space and time. The concentration profile
resulting from numerical simulation is a discrete approximation both
in space and time, to this continuous function. This space and time
discretization naturally leads to so~called truncation errors of the
numerical solution of the continuity equation. These errors are small

provided the space and time intervals are small.

~38-




In SUPREM II the maximum number of discrete space intervals is
fixed to 400 and thus there is a limitation imposed to the smallest
space increment, Ay, that can be used. However it has been found
through practice that spacial steps of order 1008 provide accurate
results under most circumstances. Clearly there exists a trade-off
between computation (CPU) time necessary for a particular simulation
and spacial discretization errors. It is very hard to derive general
forms that would rigorously satisfy specific trade-~off goals, parti-~
cularly since profiles of different shapes may coexist in any simulation.
A good rule of thumb for selecting Ay maybe that it be fine enough to

adequately represent the sharpest final profile of the simulation,

Generally, as time progresses during a process involving diffusion,
the profiles tend to become less steep, and thus the rate of change of

the content of each discrete subcell diminishes. It is reasonable to

AR bl Sl e oo

assume that temporal discretization errors for a particular discrete
space would be proportional to the rate of change of the profile, i.e.
to the rate of change of impurity content of each subcell. Thus, if in
the interest of CPU time economy, temporal truncation errors are to be

kept rather constant during a simulation, the time steps should become

longer as simulation time elapses. This scheme has been adopted in
SUPREM II where the time steps (which are built-in to the program),
increase parabolically with time starting from a small value of about
half a minute. Again through practice it has been found that this scheme

provides accurate results under most process simulation conditions.

Finally, it should be mentioned here that a latency feature exists
in SUPREM II, that can significantly reduce the CPU time of simulations.

The basic idea is that impurity concentrations below 1013 cm-3 (this is

arbitrary), are not physically significant and thus need not be processed.

i An algorithm is built-in to the program that keeps track of the length of
i' simulation space for each impurity species and increases it as the '
| profiles spread out by diffusion. Thus, the number of spacial points
over which the continuity equation is numerically solved, is always

optimum and is controlled by direct feedback from the actual profile

e SS——

being processed.
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4. CALCULATION OF ELECTRICAL PROPERTIES
k 4.1 Introduction

The previous sections have described the models and their numeri-
cal implementation used in SUPREM II to obtain the impurity profiles
resulting from simulated processes. Ideally, these profiles together

with some lateral geometry information would serve as an input to a
device analysis program that may calculate electrical parameters and

predict the behavior of devices under development, thus completing the

cycle of device computer design. However, a lot of insight into the
| performance of devices and circuits is often gained from simple elec- |

trical parameter calculations. For this reason SUPREM II incorporates

T

f the calculation of layer or sheet resistance and of MOS threshold voltage.
‘ Following is a discussion of the implementation of these two calculations. ]

In this section the symbol N(y) is used to denote the net carrier con-

- D & 7

4 centration under quasi-neutrality conditions. It is defined as N(y) =

CA(y) - CD(y) where C stands of atomic impurity concentration and the

subsripts A and D for acceptor and donor impurity type.

4.2 Sheet Resistance 7

Layer resistance is calculated as the reciprocal of the average con-

Ei ductivity of the layer given by the equation

E 1 - q y2

Ej — =0 =—2 u(C) N(y)dy (47)
3 o b B

- Y1

where Yis Yo define the boundaries of the layer (measured from the top
silicon surface), q is the elementary charge, N(y) the net carrier

concentration defined above and u(C) the appropriate carrier mobility !

which is a function of total impurity concentration [20]. The net :
| carrier concentration is calculated by assuming total impurity electri-
cal activity except in the case of arsenic where only the unclustered

\
atoms are assumed to contribute electrons and in the case of phosphorus

where the electron concentration, n, is related to the atomic impurity

concentration, C, by the expression [15]
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Both of the above exceptional cases are important for heavy doping
conditions.

Sheet resistance is calculated in SUPREM II for all layers of
individual type resulting from a process simulation. For example,
in the case of simulation resulting into an npn layer structure three
sheet resistances are calculated, namely, (a) of the n-layer extending

from the silicon surface to the np junction (b) of the p-layer extending

from the first (np) to the second (pn) junction and (c) of the n-layer
extending from the second (pn) junction to the end of the simulated
space. The sheet resistance of the layer bounded by the end of the
space may or may not be of physical significance, depending on the
particular process that is simulated. Also, the sheet resistance of
the middle layer in the above example which could be interpreted as

a pinched base resistance may well be an underestimate since depletion

regions are not considered in the calculations.

4.3 MOS Threshold Voltage

The calculation of MOS threshold voltage, VT’ is implemented in
SUPREM II based on the full depletion approximation and the assumption
of quasi-neutral impurity profiles [28]. Figure 16 shows a typical
p-type implanted impurity profile. It is assumed that all the carriers
are depleted for OS:(Sxd. The threshold voltage is then calculated

from
Vp = Vop U+ ¥, (49)
where Vgg is the flat band voltage given by
= - 50
VFB ¢MS 4 Nss/cox =0

with ¢MS the gate-semiconductor contact potential dependent on the
gate material and on the channel surface doping, NsS the oxide inter-

{ face charge density and Cox the oxide capacitance per unit area.

] ws is the surface potential under strong inversion conditioans

given by [28]
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| N(y)=Ca-Cp

|DEPLETION
REGION I
]

Y4 y

Figure 16 A typical p-type profile resulting from boron ion-implan-
tation. N(x) is the hole distribution under quasi-
neutrality conditions.

g . NGO
ws = % q—lnl:—————-n 2 (51)
i

where Nb is the carrier concentration at the bulk contact and N(yd) the
same at the edge of the depletion region. Nb may be the surface con-
centration, the substrate concentration or an arbitrary user determined
concentration. Obviously Nb and N(yd) must be of the same type. Details

on the specifications of C, is given in Appendix 1. The positive sign

b
refers to p-type and the opposite to n-type impurities.

Finally,vB is the silicon bulk voltage given by

y h
v, = o fd N(Y)dy (52)

B
ox
o

The onc¢ unknown in the above equations is the depletion region width

This is determined by solving the Poisson equation using the full

¥.o
d
depletion approximation.
2
Yy L i auk 53
5 e (C00) - C, (7)) = ¢ N(y) (53)
dx s s
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Double integration of this equation and use of the appropriate boundary
conditions yields

y
L %;%Yd [dN(y)dy -‘O/]‘dN(y)dyzg (54)

Thus, Y4 is determined by numerical solution of the non-linear system
of equations (51) and (54).

Within the accuracy limitations imposed by the assumptions used
here, VT can be calculated for any arbitrary impurity profile. The
vertical profile under the gate does not have to be of a single doping
type. Thus, a junction may exist within the depletion region as is
often the case with implanted channel and depletion mode devices. The
one important consideration is that the doping type at the bulk contact
be the same as that at the edge of the depletion region. If the
profiles are such that this is not satisfied, no threshold voltage can

be calculated.
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5. SUPREM II DATA STRUCTURE

5.1 General Information

The SUPREM II data structure is divided into five main blocks.
The first block is made up of six, 450 word, real arrays. The first
three of these arrays contain information about the impurities being
processed in the process under simulation. The discretized impurity
profiles are stored in the first 401 words of each array, followed by
one word specifying the impurity element, nine words containing spatial
grid information about the profile, (see Figure on page 55) and
the rest containing the physical constants pertaining to redistribution
of the impurity. The fourth of the six arrays is reserved for storing
the total arsenic distribution (including clusters), while the fifth
is a general working array. The sixth of the arrays in this block is
used to hold the 400 point spatial matrix indicating the distance bet-
ween each of the points in the profiles of the previous arrays. The
last fifty points of the sixth array contain current step parameters

such as temperature, time, ambient, etc.

The second block is made up of three arrays, one of type logical,
one of type integer and one of tyr- icai. These arrays contain infor-
mation regulating the type and quantity of input and output, along with
some grid and substrate information that is not normally variable from
step to step. In addition some temporary grid pointers used when oxi-

dizing or growing epitaxial silicon are also stored in the second block-

The third block consists of arrays containing model card parameters
as described in the SUPREM II user's manual (Appendix l). The arrays
are initialized to the internal default values when the substrate card
is read~in and are modified by the occurence of the model cards in the
input deck. When a model card is referenced in a step card, the model

parameters are read from the appropriate array in this block.

The fourth block is made up of four 410 word arrays which are used
as working arrays by various routines throughout the program. The fifth

block is reserved for future implementation of an optimization routine.
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Figure 17 Flowchart of SUPREM II program.
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When SUPREM is initiated, it first lists the entire input deck,
numbering the lines. Secondly, it goes through the deck, line by line,
checking the validity of the syntax and card order. If, after checking
the entire deck, any errors were found, SUPREM lists the errors and the
line numbers in which they occured, and then terminates. If no errors
are found it then begins processing the first process in the deck.

This process is illustrated in the flow chart of Figure 17.

As described in the user's manual the first card in a processing
sequence must be a title card, this is because when a title card is
processed by the input routine, all of the data arrays described above,
except those of the second block, are zeroed. The second block is

initialized to its default values. The next two cards in the sequence

- must be a _grid and a substrate card. When the first grid card is

processed, the spatial matrix is set up in the sixth array of the first
block, and the spatial grid information in the first of the impurity
arrays are set. The substrate card, by specifying the crystalline
orientation of the silicon surface, causes the model cards to be ini-
tialized. If the substrate card also sp=cifies a substrate impurity
element, then the first impurity array is opened and its physical para-

meters initialized.

As impurities are introduced in subsequent steps, the second and
third of the impurity arrays in thé first block are opened and ini--
tialized. When an element model for one of the impurities present is
referenced in a step card of the process, the parameter values asso-
ciated with that model in the third block are mapped into the appropriate
impurity array. The parameters that are associated with the element,
and special purpose models, once set, are not changed except by a later
reference to a model card of the same type. However, epitaxial and
oxidation model cards must be specified at each step in which their
associated parameters are to be used, or else the program will use

its default values.

5.2 Program Segmentation

Following is a list of the SUPREM II main program and segments
together with the routines that they use. A brief description of each
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of the routines is included in the source code and thus will not be

given here. The program structure reflected in this section is the

original one, developed on a Hewlett-Packard 2100 minicomputer under

DOS-III operating system.

Although this segmentation is not a unique

solution it can serve as guide to those users of SUPREM II that may

wish to use the program on small machines.

SUPREM MAIN AND SEGMENTS

SUPREM Main

SUPRM STPRC OPTIM

Segment SUSYN

SUSYN GETLN ERSET
OPSYN RSLSY STOSY
PARTP IFTYP ITYPE

Segment SUINP

SUINP COMST ERSET
GETLN PARSE INITE
IFTYP ITYPE

Segment TGSIN

TGSIN GETLN FGRID
LGTOP GETRL IGTEL

Segment SVLDF

SVLDF PARSE SAVFL
MODNN STPTP PARTP

Segment GRDNW
GRDNW PARSE ERSET
STPTP PARTP IFTYP

Segment STPST

STPST PARSE ERSET
GETRL IGTEL MODNN

FUNC

GDSYN
ISCOM

PLTST
ISCOM

SUBS
MODNN

LODFL
IFTYP

CGRID
BNDRS

INITE
STPTP

SBSYN
PARSE

PRNST
LGTOP

ISCoM
STPTP

ERSET
ITYPE

LGTOP
SPLIN

MODIN
PARTP

PLSYN
LGTOP

MODST
GETRL

ERSET
PARTP

LGTOP

GETLN
SEVAL

OXIDI
IFTYP

-ty 7=

PRSYN
GETRL

STPSV
IGTEL

PARSE
IFTYP

GETLN

ISCOM
ITYPE

EPTAX
OXINT

SLSYN
IGTEL

OPTST
MODNN

BNDRS

TYPE

ISCOM

GETRL

LGTOP
SOLUB

MDSYN
MODNN

RSLTS
STPTP

INITE

GETRL

IGTEL

GETLN
ITYPE

STSYN
STPTP

STOPS
PARTP

OXINT

IGTEL

MODNN

ISCoM




Segment IMPLN
IMPLN ERSET QDIMP

Segment DIFOX

DIFOX PREQ OXTHI
PRINT UPREC ACTVE

Segment DIFEP
DIFEP GRIEP PREQ

Segment OPTIO
OPTIO

Segment OPTPR
OPTPR DJAC LNEQS

Segment OUTP1
OUTP1 ACTVE SHEET

Segment OUTP2
OUTP2 PROUT PLTLP

Segment SUERR
SUERR

IPLNT

TIMOX
DFPB

CFEPI

LUDEC

VTHRS

EOUTP

GAUSN

SITHI
DFFY

SLVEP

LUELM

QDINT

PRVAL

IMPRS PRSON TRAPZ SPLIN SEVAL

DIFPR OXDEP INTRP COEFl SOLVE
PREC

PREPI UPREC SPLIN SEVAL DFFY

EOUTP WRTQD TRAPZ SPLIN INSPL

SPLIN SEVAL
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SUPREM=II INPUT FORMAT

THE INPUT PARAMETERS FDR SUPREM ARE SPECIFIED BY A SEQUENCE OF CARDS OR
LINES IN A DATA FILE, EACH OF WHICH BELONGS TO ONE OF THE FOLLOWING CARD OR
LINE TYPES,
INITIALIZATION INPUT/OUTPUT PROCESS/MODEL
4 SeowvevoeoweTowen SeegeeewSSsew PrgeongpreosPeorn
| TITLE PRINT STEP
| i COMMENT PLOY MODEL
' | GRID SAvE
i SUBSTRATE LOAD
| END

EACH CARD CONSISTS OF ONE OF THE ABOVE CARD TYPE IDENTIFIERS FOLLOWED
BY EITHER A PARAMETER LIST OR A CHARACTER STRING (OF WWICH ONLY THE FIRST
FOUR CHARACTERS ARE SIGNIFICANTY), THE PARAMETER LISY OR CHARACYER STRING
1S SEPARATED FROM THE CARD TYPE IDENTIFIER RY EITHER A COMMA OR ONE OR MORE
BLANKS, ONLY THE FIRST 72 COLUMNS OF & LINE ARE READ By SUPREM!'S INPUY
PROCESSOR, IF NOT ALL OF THE PARAMETERS OF A CARD'S PARAMETER LIST WILL
FIT ONE ONE LINE, THEY MAY BE PLACED ON THE FOLLOWING LINE IF A PLUS (e) IS
USED AS THE FIRST NONeBLANK CHARACYER OF THAT LINE, CARD TYPES THAT USE A
CHARACTER STRING INSTEAD OF A PARAMETER LIST MAY NOT HAVE A CONTINUATION
LINE, ALL BLANK LINES ARE IGNORED,

e

THE CARD TYPES TYHAY WAVE A CHARACTER STRING INSTEAD OF A PARAMETER LISY
ARE TITLE, COMMENTY, STNP AND END, THE STRINGS IN ANY YITLE OR COMMENY CARDS
ARE USED BY THE OUTPUT ROUTINES, WMILE TEXT IN STYOP OR END CARDS IS IGNORED,
THE PARAMETERS IN THOSE CARDS WHICH USE A PARAMETER (IST ARE SPECIFIED 8y &
PARAMETER NAME TO WHICH A VALUE IS EQUATED (1,E, «NAME>a<VALUE>), THE PARAe
METER/VALUE PAIRS MAY OCCUR IN ANY QRDER WITHIN THE 18T, SEPARATED FROM
EACH NTHER BY COMMAS, ANY BLANKS OR SPACES WITHIN THE LISY ARE IGNORED,

NPt s

THE VALUES ASSIGNEND TO THE VARIOUS PARAMETERS MAY BE OF SEVERAL DIFFER-
ENT TYPES (1.E. NUMERICAL, LOGICAL, ETC,), IN THE CARD TYPE DESCRIPTIONS ON
THE FOLLOWING PAGES, THE TYPE OF VALUE THAT IS ASSIGNED TO A PARAMETER IS
INDICATED BY ONE OF THE FOLLOWING SYMBOLS,

SYMBOL TYPE EXAMPLE OR (DESCRIPTION)
7 «N> NUMERICAL, 10, , 2 , 1,28E=14 , 350,236
; «L> LONGICAL T, YTRUE , ¥ , YES , F , FALSE , N , ND

<E> ELEMENT R (RORON), P (PHOSPHNRUS), SB (ANTIMONY), AS (ARSENIC)
! «$> STEP TYPE (SEE STEP CARD DESCRIPYION)
! <M> MODEL TYPE  (SEE MODEL CARD DESCRIPTION)
\ <P> PARAMETER NAME  (THE NAME OF A OPIMIZING OR RESULT PARAMETER)
{ <PT> FILE TYPE A, ASCII , B, RINARY
!

£
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ALL LENGTHS, AREAS, AND VOLUMES ARE GIVEN IN MICRON BASED UNITS, EXCEPY
FOR IMPURITY CONCENTRATIONS, WHWICH ARE GIVEN IN ATOMS/CUBIC CENTIMETER, AND
IMPLANT DOSES GIVEN IN ATOMS/SQUARE CENTIMETER, TIMES ARE ALWAYS GIVEN IN
MINUTES AND SO VELOCITIES ARE IN MICRONS/MINUTE AND DIPFUSIVITIES ARE IN
MICRONS SQUAREO/MINUTE,

FOLLOWING IS A DESCRIPTION OF EACH CARD TYPE AND ITS ASSOCIATED PARAe
METERS, 1IN THIS DESCRIPTION OPTIONAL PARAMETERS OR PARAMETER GROUPS ARE
ENCLOSED BY SQUARE BRACKETS, [ ), WHERF ONE OF A LIST OF PARAMETERS OR
PARAMETER GROUPS MUST BE CHOSEN, THE CHOTCES ARE ENCLOSED BY ROUND BRACKETYS,
( Y, SEPARATED BY THE WORD "OR",
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A, INITIALIZATION CARDS

TITLE CARD

THE TITLE CARD SPECIFIES THE CHARACTER STRING USED BY THE PRINT AND PLOT
ROUTINES TO LABEL THE OUTPUT, THE TITLE CARD ALSO CAUSES THE INITIALIZATION
OF MANY OF THE PROGRAM'S DATA BUFFERS AND SO IT MUST BE THE FIRSY CARD IN
ANY PROCESSING SEQUENCE, IF SEVERAL PROCESSES ARE TO BE RUN, THEY MAY BE
PLACED IN TWE SAME INPUT FILE, SEPARATED BY THEIR TITLE CAROS,

TITLE (<CHARACTER STRING>)

COMMENT CARD

COMMENT CARDS CAN BE PLACED AY ANY POINT IN A PROCESSING SEQUENCE AFTER
THE INITIAL TITLE, GRID AND SUBSTRATE CARDS, TYHE CHARACTER STRING SPECIFIED
IN THE LASY COMMENT CARD BEFORE A STEP CARD IS USED BY THE PRINT AND PLOY
ROUTINES TO LABEL THE OUTPUT,

COMMENT (<CHARACTER STRING>)

END CARDO

THE END CARD IS USED YO TERMINATE THE PROGRAM AND SO MUST BE THE LASY
CARD IN THE INPUT FILE OR CARD DECK,

END (<CHARACTER STRING>)
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GRID CARD

THE SILICON WAFER IN SUPREM 18 REPRESENTED B8Y UP YO 400 POINYS SPACED
ALONG AN AXIS PERPENDICULAR YO ITS TWE SURPACE, THESE POINTS ARF DIVIDED
AMONG THREE REGIONS, THE GRID SPACING, (DISTANCE BETWEEN ADJACENT POINTS)
1S UNIFORM WITHIN EACH REGION BUTY USUALLY DIFFERS FROM REGION TO REGION,

THE FIRSY REGION 18 THE ONE REPRESENTING THE OXIDE, THIS REGION IS
ALLOCATED FROM TEN TO FIFYY POINYS IF AN OXIDE LAYER EXISTS AND ZERO POINTS
IF NO OXIDE EXISTS, THE GRID SPACING AND THE ACTYUAL NUMBER OF POINTS USED
THIS REGION ARE DETERMINED BY THE PROGRAM,

YHE SILICON DISTRIBUTION I8 STORED IN THE NEXY TWD REGIONS, THESE
REGIONS DIFFER ONLY IN THEIR GRID SPACINGS, YHE SECOND REGION WAVING A GRID
SPACING AT LEAST TWICE THAT QF THE FIRSY, THE GRID SPACING IN THE FIRSY
SILICON REGION IS DETERMINED BY THE GRID CARD'S DYSI PARAMETER, 17S BOUNe
DRTIES EXTEND FROM YHE SILICON SURFACE TO A DEPTYH SPECIFIED TYHE GRIC CARD'S
DPTH PARAMETER, (YHE SILICON SURFACE IS EYTHER THE OXIDE/SILICON INTERFACE
OR THE SURFACE OF THE WAFER IF NO OXIDE IS PRESENT), THE GRID CARD'S YMAX
PARAMETER SPFCIFIES THE MAXIMUM SILICON DEPTH REPRESENTED AND SO THE BOUNe
DRIES OF THE SECOND SILICON REGION ARE AT NDPYH, THE END OF THE FIRSTY SILICON
REGINN , AND AT YMAX, THE END OF THE SILICON, THE PROGRAM WILL TRY TO USE A
GRID SPACING OF OF TWO TIMES DYSI IN THE SECOND SILICON REGION, BUY IF THIS
WOULD CAUSE THE NUMBER OF GRID POINTS TO EXCEED THE 40 POINT MAXIMUM, TKE
PROGRANM WILL INCREASE THE GRID SPACING YO FIT THE NUMBER OF POINYS AVAILABLE,

THE REASON FOR HAVING YWD REGIONS IN THE SILICON IS THAT INCLUDING A DEEP
STRUCTURE, SUCH AS A BURIED COLLECTOR, MAY REQUIRE A GRID SPACING THAT IS YOO
COARSE TO ACCURATELY REPRESENT A STEEP QR NARROW PROFILE NEAR THE SURFACE,
SUCH AS AN [ON IMPLANT, IN THIS CASE THME FIRSY SILICON REGION, WWO'S GRID
SPACING CAN BE SPECIFIED BY THE USER THRU THE DYSI PARAMETER, 1S EXTENDED YO
COVER THE STEEP OR NARR(OW PART OF THE DISTRIBUTION, IN ALL BUT A FEW CASES,
GRID SPACINGS OF LESS THAN @,81 MICRONS IN THIS REGION ARE UNNECESSARY, IN
FACT, GRID SPACINGS OF m,02 AND 0O,A3 ARE OFTEN MORE THAN ADEQUATE,

IF POSSIBLE, THE PROGRAM wWILL USE LESS THAN THE MAXIMUM NUMBER OF GRID
POINTS FOR THE DISTRIBUTION, AND SINCE THE YIME OF CALCULATION AND QUTPUY 1S
DEPENDENY UPON THE NUMBER OF POINTS IN THE DISTRIBUTION, THE USER SHOULD
CHOOSE THE GRID PARAMETERS SO THAT THE MINIMUM NUMBER OF POINTS ARE USED,

GRID CARDS MAY APPEAR ANYWHERE IN A PROCESSING SEQUENCE, THIS ALLOWS
THE USER TO MODIFY THME GRID SPACINGS AND BOUNRIES TF NECESSARY T0 KEEP SUFe
FICIENT ACCURACY WHILE MINIMIZING THE TIME OF CALCULATION, WWILE GRID CARDS
MAY APPEAR ANYWHERE, AT LEAST ONE MUST APPEAR EITHER IMMEDIAYELY AFYER THE
TITLE OR SUBSTRATE CARDS IN ORDER YO INITIALIZE THE GRID, THWE YOTA, DEPYHW
OF THE SIMULATION SPECIFIED BY YMAX, MAY BE EXTENDED BY LATER GRIO CARDS,
SILICON ADDEN IN THIS WAY HAS A CONCENTRATION IN THE ADDED SILICON THAT 18
EQUAL TO THE CONCENTRATION IN THE LAST POINY IN YHE ORIGINAL SILICON,

J1€«SURFACE I<=INTERFACE

1 IC-..-OPTN.---DI

1 x(---..---....---..-.--.--.-YHll--—--..-..-.-----.)! : §
1 nz 1 ovs1! 1 GREATER THAN NR EQUAL YO 2«DYSI 1} b
1 Ox10E 1 S1 REGION { 1 SY REGION 2 1 b

I4-...-.----..--....-...-.------‘ﬂﬂ POXNYS-..-----.-....-oo---...-.--..>1
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GRID (DYSIs<N>) (,DPTHEs<N>) [,YMAXs<N>)

DYSI &t SPACING BETWEEN GRID POINTS IN MICRONS IN THE REGION FROM THE

OPTH

YMAX 3

SILICON SURFACE TO THE DEPTW SPECIFIED BY DPTYH, DEFAULT VALUE
s 0,01

THE DEPTH IN MICRONS OF THE SILICON REGION THAT BEGINS AT THE
SILICON SURFACE AND WHOSE GRID SPACING IS GIVEN BY DYSI,
DEFAULT VALUE = 2,01

THE MAXIMUM CALCULATION THICKNESS OF THE SILICON IN MICRONS,
THERE IS NO DEFAULY VALUE, THIS PARAMETER I8 REQUIRED ON THE
FIRSY GRID CARD IN THE PROCESSING SEQUENCE AND CAN BE EXTENDED
SUBSEQUENTLY, GRID ALLOCATIONS BETWEEN DPTH AND YMAX ARE

EITHER 2eDYSI OR THE MINIMUM VALUE NEEDED YO FIT THE 408 POINTY
LIMIT,
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SUBSTRATE CARD

THE SUBSTRATE CARD PROVIDES THE PROGRAM WITH INFORMATION ABOUY THE
SUBSTRATE, SUCH AS THE CRYSTALLINE ORIENTATION AND ANY INITIAL UNIFORM
IMPURITY CONCENTRATION, SINCE THIS INFORMATION IS NEEDED BEFORE ANY PROCESe
SING CAN BEGIN, SURSTRATE CARDS MUST APPEAR IMMEDIATELY AFYER EITHER THE
TITLE OR INITIAL GRID CARD, SUPREM WILL CURRENTLY WANDLE ONLY SILICON SuBe
STRATES WITH EITHER <111> OR «¢«1@0> ORIENTATIONS,

L ]

IN MANY SIMULATIONS, THERE I8 AN INITIAL UNIFORM SUBSTRATE CONCENTRATION
THAY IS USED QONLY TO PROVIDE JUNCTION DEPTH INFORMATION AND IS NOT OTHERWISE
SIGNIFICANT, WHEN THIS IS THE CASE, MUCH COMPUTATION TIME AND PRINTED OUTe
PUT CAN BE SAVED BY SPECIFYING THE TYPE OF INITIAL SUBSTRATE IMPURITY AS
EITHER Pe OR NeTYPE, (¢ DR ) AND NOT AS THE ACTYUAL ELEMENTY TYYPE, B, P, SB
OR AS, IF USED IN THIS WAY, THE IMPURITY CONCENTRATION SPECIFIED IS USED ¢
4l ONLY IN THE CALCULAYION OF OUTPUT INFORMATION SUCH AS THE JUNCYION DEPTHS,

i SHEEY RESISTIVITIES, TWRESHOLD VOLTAGES ETC, AND IS NOT ACYUALLY PROCESSED

| DURING HIGH TEMPERATURE PROCESSING STEPS, PLEASE NOTE THAT THMIS CONCENTRA-
7 TION REMAINS AT THE SAME UNIFORM LEVEL THROUGHOUT THE EXISTING SILICON, EVEN
INTRINSIC EPI=LAYERS,

B

RS——.

SUBSTRATE ORNTs<N> [,ELEMS<E> [,CONCmeN>))

ORNT &t THE CRYSTALINE ORIENTATION OF THE WAFER, ONLY <111> OR <ipo>
ORIENTATIONS ARE ALLOWED,

e e

ELEM ¢ THE TYPE OF IMPURITY INITIALLY IN THE SUBSTRATE WwWOS UNIFORM

k| CONCENTRATION IS SPECIFIED BY CONC, MAY BE ACTUAL IMPURITY

g 1 DESIGNATION SUCH AS B, P, SB, OR AS, OR JUST THE IMPURITY TYYPE
k| SUCH AS ¢ FOR PeTYPE OR « FOR N=TYPE,

k 1

CONC ¢t THE UNIFORM IMPURITY CONCENTRATION OF THE E_EMENY SPECIFIED BY
THE ELEM PARAMETER, DEFAULT VALUE s p,0

*+ « THIS FEATURE CAN SUBSTANTIALLY REDUCE CPU TINME,

L A RS PRSI e 21




T

8. INPUT/DUTPUT CARDS

[ THE INPUT/OUTPUT CARDS ARE THE PRINT, PLOT, SAVE AND LOAD CARDS, THE
FIRST TWO OF THESE, THE PRINY AND PLOT CARDS, ARE USED FOR CONTROLLING THE
HAROCOPY OQUTPUT OF THE PROGRAM, TYHE VALUES ASSIGNED TO THE PARAMETERS OF
THE PRINT AND PLOT CARDS DO NDT CHANGE UNTIL YHEY ARE MOOIFIED IN SUBSEGUENT
PRINT OR PLOY CARDS, THE OTHER TWO INPUT/OUTPUT CARDS, THE SAVE AND LOAD,

] ARE USED YO SAVE THE CURRENT STATE OF THE PROCESS UNDER SIMULATION OR TO

| LOAD IN A PREVIOUSLY SAVED PROCESS AND RESUME PROCESSING FROM THE POINT AY

WHICH IT WAS SAVED,

A est——

PRINT CARDS

|
|
B
F: eessonvecew
i
{

THE PRINT CARDS CONTROL SUPREM'S PRINTED NUMERICAL OUTPUY, WwHICH 1§ OF |
TWO BASIC TYPES, THE FIRST TYPE, CALLED TWE HEADING INFORMATION, IS CONT= |
ROLLED BY THE PRINY CARD'S HEAD PARAMETER, THE HEADING CONTAINS INFORMATION <d
ABOUT YHE STEP CARD'S PARAMETERS AND OYHMER STEP RELATED VARIABLES SUCH AS
THE AMOUNT OF OXIDE OR SILICON GROWN OR ETYCHED, THE HEADING ALSO LISTS THE
AMDUNT OF OXIDE PRESENY, THE TOTAL SURFACE CONCENTRATION, JUNCTION DEPTHS,

kS SHEET RESISTIVITIES, TOTAL AND INDIVIDUAL INTEGRATED IMPURITY CONCENTRATIONS >
Lk AND, IF THE GATE MATERIAL 1S SPECIFIED, THE THRESHWOLD VOLTAGE, THE SECOND

Ei TYPE OF PRINTED NUMERICAL OUTPUT I8 A LIST OF TYHE DEPTH AND CONCENTRATION AT

B EACH GRID POINY FOR BOTYH YHE TOTAL AND/OR INOIVIDUAL IMPURITY DISTRIBUTIONS,

¥ THESE ARE CONYRNOLLED BY THE PRINT CARD'S TOTL AND IDIV PARAMETERS,

2 THE PRINT CARD PARAMETERS ARE ALL LOGICAL FLAGS AND SO MUSY BE SET TRUE
OR FALSE BEFORE THE OUTPUY CAN BE GENERATED, SINCE THE OUTPUT ROUTINES ARE
CALLED IMMEDIATELY AFTER THE COMPLEYION OF A PROCESSING STEP, IF ANY OF THE
PRINT OPTIONS ARE TO BE CHANGED FOR YHWAT STEP'!S OUTPUT, THE PRINY CARD THATY
MAKES THOSE CHANGES MUST APPEAR BEFORE THAY STEP CARD, PRINT CARD OPYIONS,
ONCE SET, APPLY FOR ALL SUBSEQUENT SYEPS UNTIL CHANGED BY LATER PRINT CARDS,

PRINT (HEADS<L>] (,T0TL=eL>) [,IDIVael>)

HEAD § CONTROLS THE PRINTING OF THE HEADING INFORMATION, DEFAULY
VALUE = FALSE,

{ TOTL t CONTROLS THE PRINTING OF THE NET IMPURITY CONCENTRATION VALUES
VS, DEPTH AT EACK GRIO POINT, DEFAULT VALUE s FALSE,

I0IV ¢ CONTROLS TWE PRINTING OF THE INDIVIDUAL IMPURITY CONCENTRATION
VALUES VS, DEPTH AY EACH GRID POINT FOR EACH ELEMENT PRESENT,
DEFAULTY VALUE s FaLSE,
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PLOY CARD

PLOT CARDS CONTROL THE PLOYS OF @IMPURITY CONCENTRAYIOS V8, DEPTH, THEY
MAY APPEAR AT ANY POINT IN A PROCESSING SEQUENCE AFTER THE INITIAL GRID AND
SURSTRATE CARDSS, THE STANDARD PLOT OUTPUY FOR SUPREM 18 DONE ON A LINE
PRINTER, SOME SYSTEMS THAT HAVE LINE OR POINT PLOTYTERS MAY QUTPUT THE PLOTS
YO TWHEM INSTEAD OF THE LINE PRINTER, CHECK wWITH THE PERSON RESPONSIBLE FOR
MAINTANENCE OF SUPREM, ONLY FIVE OF TWHE PARAMETERS LISTED BELOW ARE USED
WHEN PLOTTING ON THE LINE PRINYER, THE OTHWER TwO, AXIS AND DATA, ARE DESe
CRIRED IN CASE YOUR SYSTEM USES A PLOTTER WITH SUPREM,

THE LINE PRINTER PLOTS ALL TAKE UP THE SAME AMOUNTY OF SPACE ON A PAGE IN
ORNER THAT DIFFERENT PLOTS CAN BE OVERLAYED, THIS MEANS IS8 YHATY THE OXIDE
1S PLOTTED IN A FIXED AMOUNT OF SPACE INDEPENDENT OF THE AMOUNY OF OXIDE,

IF NO OXINDE EXISTS THE IS STILL ADJUSTED, THE SILICON IS ALSO PLOTTED IN
THF SAME AMOUNTY OF SPACE ON EACH PAGE, HOWEVER FOUR TIMES MORE AREA IS USED
THAN FOR THE OXIDE, THE AMOUNTY OF SILICON THAT IS PLOTTED, (1,.E, TWHE PLOY
WINDNAW), IS SPECIFIED RY THE PLOY CARD'S WIND PARAMETER, THE MAXIMUM XwAXIS
VALUE HOWEVER MaY RE LARGER THAN THE WINDOW SINCE THE FOUR MINOR DIVISIONS
OF THE SILICON AXIS ARE LIMITED YO WIDTHS FRAM TWE FOLLOWING SERIES) ,0%,
.22, ,£25, .04, ,05, .78, .1, .2, ETC, THWHF YwAXIS REPRESENTS THE LOG OF

THF CONCENTRATION AND IT!S MINIMUM (OG VALUE 18 SPECIFIED BY TWE CMIN PARA=
METER, THME NUMBER OF NECADES PLOTTED 1S SPECIFIED BY THWE NDEC PARAMETER,

THE OTHMER FQUR PLOT CARD PARAMETERS ARE LOGICAL FLAGS WHICH DETERMINE
WHAT INFORMATION I8 TO BE PLOTTEDN, THE TOTL PARAMETER CONTROLS THE PLOTTING
OF THE TOTAL OR NET CONCENTRATION AND THE IDIV PARAMETER CONTROLS THE PLOT-
TING OF THE INDIVIDUAL IMPURITY CONCENTRATIONS, THE AX1S PARAMETER CONTROLS
THE PLOTTING OF THE AXIS, WHICW ALLOWS THE USER TO PLOTY SEVERAL CURVES ON
THE SAME SHEET WITHOUY REPLOTTING THE AXIS AT EACH STEP, (THIS IS NOT POSe-
SIRLE OGN MOST LINE PRINTERS SO THE AXIS PARAMETER IS IGNORED BY TWE LINE
PRINTER PLOY ROUTINE), TYHE DATA PARAMETER CONTROLS THE PRINT OF SOME STEP
DATA AT THE BOTTOM OF THE PLNTS, SUCH AS THE OXIDE TWICKNESS, THE STEP TIME
AND TEMPERATURE, CAGAIN TMIS DOES NOT APPLY YO LINE PRINTER PLOTS),

PLOT [WINDmeND®) [,CMINBeN>) [,NDECEeN>) [,TOTLmeL>) [,]0]Vvael>)
. [ AXISs<¢L>) [,DATAs<LD)
WIND § AMNUNT OF SILICON PLOTTED IN MICRONS, DOEFAULTY VALUE = 4,

CMIN ¢t LOG NF THE MINIMUM CONCENTRATION PLOTTED, OEFAULY VALUE s 14

NDEC ¢ NUMBER OF NECADE OF CONCENYRATION PLOTTED, DEFAULY VALUE » 7

TOTL CONTROLS THE PLOTING OF TWE NET IMPURITY CONCENTRATION VS,
DEPTH, DNEFAULT VALUE s FALSE,

IDIV ¢ CONTROLS THE PLOTING OF THE INDIVIDUAL IMPURITY CONCENTRATIONS
VS, DEPTW FOR EACM ELEMENT PRESENT, DEFAULY VALUE s FALSE,

AXIS CONTROLS THWE PLOTING OF AX1S, DEFAULY VALUE = FALSE,

DATA CONTRAOLS THE PLOTING OF STEP DATA BELOW YHWE PLOTTED CURVES,
DEFAULY VALUE = FALSE,
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SAVE AND LOAD CARDS

THE SAVE AND LOAD CARDS ARE USED TO STORE AND READ THE INFORMATION

NECESSARY TO RESTART A PROCESSING SEQUENCE, THEIR MAIN USE 18 FOR SIMULAe

TION RUN SPLITS, IN WHICH FOR EXAMPLE, SEVERAL EMITTYER DIFFUSION TIMES MAY

BE SIMULATED WITHOUT RERUNNING THE ENTIRE PROCESS FOR EACH DIFFUSION TIME,

THE SAVE CARDS MAY APPEAR AT ANY POINY IN THE PROCESSING SEQUENCE AFTER THE
INITIAL TITLE, GRID AND SUBSTRATE CARDS, THE LOAD CARD SHOULD APPEAR IMMEw
DIATELY AFYER THE INITIAL TITLE, GRID AND SUBSTRATE CARDS,

THE SAVE AND LOAD CARDS MAVE ONLY TWO PARAMEYERS, ONE SPECIFIES THE

FORTRAN LOGICAL UNIT NUMBER THAT IS ASSIGNED TO THE DATA FILE IN THE JOB
CONTROL LANGUAGE DECK WHILE THE OTHER SPECIFIES THE TYPE OF DATA TRANSFER,

SAVE LUNMEGN> , TYPEs<FT>

LOAD LUNMsgN> , TYPEs<FT>

LUNM 3 A FORTRAN ITO LOGICAL UNIT NUMBER WHICH HAS BEEN ASSIGNED TO
A DATA FILE IN THE J,C.L DECK,

TYPE 3 DESCRIBES THE TYPE OF DAYA TRANSFER AS EITHER ASCII OR BINARY
YYPE, INFORMATION TRANSFER IN BINARY FORM IS ABOUT TWENTY
PASTER THAN ASCII AND THE DISC STORAGE IS MUCH LESS,
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C. PROCESS/MODEL CARDS

STEP CARD

STEP CARDS ARE USED TO SPECIPY THME PROCESSING STEP TYPES AND PARAMETERS,
THERE ARE CURRENTLY SIX DIFFERENY TYPES OF PROCESSING STEPS THAT CAN BE
MODELED BY SUPREMO) ION IMPLANTATION, PREDEPOSITION, OXIDATION, EPIVTAXIAL
GROWTH, LOW TEMPERATURF OXIDE DEPOSITION AND ETCHING, ODRIVE=INS ARE MODELED
BY OXIDATIONS IN NITROGEN OR NEUTRAL AMBIENTS, EACH STEP IN A PROCESSING
SEQUENCE USES THE IMPURITY DISTRIBUTIONS THAT RESULTED FROM THE PREVIOUS
STEP AS THE STARTING POINT FOR ITS CALCULATIONS,

EACH TYPE OF STEP HAS IT'!'S OWN PARAMETER LIST, THOUGW THEY MAY USE MANY
OF THE SAME PARAMETERS, THE VALUE OF ANY STEP PARAMETER THAT IS NOT SPECe
IFTED IS SET TO ZERO, WITH THME EXCEPTION OF TEMPERATURE, WHICH WILL USE THE
LAST SPECIFIED TEMPERATURE, FOLLOWING IS A DESCRIPTION OF EACH STEP TYPE
AND IT'S ASSOCIATED PARAMETER LIST,

ION IMPLANTATION

§ 10N IMPLANT STEPS MAY BE SPECIFIED IN TWO WAYS!

(1) IF THWHE IMPLANT ENERGY IS SPECIFIED THWEN THE PROGRAM USES INTERNALLY
5 STORED INFORMATION TO CALCULATE THE PROFILE, 1IN THIS CASE THE PROFILE IS A
$ TWO=SIDED GAUSSIAN FOR THE ELEMENTS, ARSENIC, PHOSPHORUS AND ANTIMONY, AND A
1 MODIFIED PEARSON TYPEelV DISTRIBUTION FOR BORON,

(2) IF THE RANGE AND STANDARD DEVATION ARE SPECIFIED THEN SUPREM USES
THESE VALUES Y0 CALCULATE A SIMPLE GAUSSIAN DISTRIBUTION FOR THME ELEMENT,

STEP TYPEsIMPL, ELFMu<E>», DOSEs<N>, (AKEVE<N>») OR (RANGm<N>», STDVs<N»)
* t,MODL=cM>»)
ELEM § THE IMPURITY ELEMENT TO RE IMPLANYED (B, P, 8B, AS)Y,
; DOSE ¢t THE IMPLANTY DOSE IN ATOMS/SOUARE CENTIMETER,
| AKEV t THE IMPLANT ENERGY IN KEV, t
3 ; RANG & THE RANGE OF THE SIMPLE GAUSSIAN DISTRIBUTION IN MICRONS,

| STOV ¢ THE STANDARD DEVIATION OF THE SIMPLE GAUSSIAN DISTRIBUTION IN
1l . MICRONS,

i MODL ¢ THE NAME OF AN ELEMENY OR SPECIAL PURPOSE MODEL,
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ETCH STEP

ETCHES IN SUPREM CAN BE EITHER HIGH OR LOW TEMPERATURE, A LOW TEMPERA=
TURE ETCH IS ONE IN WHICH THE TEMPERATURE 18 BELOW 200 DEGREES CENTIGRADE,
IN LOW TEMPERATURE ETCHES THE AMOUNT OF OXIDFE ETCHED AWAY 18 EQUAL TO THE
ETCH RATE TIMES THE STEP TIME, ANY LOW TEMPERATURE ETCH STOPS WHEN THE ALL
OF THE OXIDE HAS BEEN REMOVED, 1IF EITHER THE TIME OR ETCH RATE PARAMETER IS
ZERQ QR NOT SPECIFIED THEN ALL OF THWE OXIDE 18 REMOVED,

IN HIGH TEMPERATURE ETCHES, THE OXIDE 18 ASSUMED YO BE ETYCHMED AWAY IN A
NEGLIGABLE AMOUNT OF TIME, AND SO THE AMOUNY OF SILICON REMOVED IS EQUAL TO
THE STEP TIME TIMES THE ETCH RATE, IN THE CURRENT VERSION OF SUPREM THE

IMPURITIES IN THE REMAINING MATERIAL IS NOY REDISTRIBUTED, I,E, I8 ASSUMED
TO BE NEGLIGABLE,

STEP TYPESETCH, TEMPm«N> [,TIMEs<N>, ERTEs<N>») [,MODLs<M>»)

TEMP : THE SILICON TEMPERATURE DURING THE STEP IN DEGREES CENTIGRADE,

TIME t THE YOTAL STEP TIME IN MINUTES,
ERTE t TWE ETCH RATE IN MICRONS/MINUTE,

MODL t THE NAME OF AN ELEMENT OR SPECIAL PURPOSE MQODEL,

LOW TEMPERATURE OXIDE DEPOSITION STEP

IN THIS STEP, NDOPED OR UNDOPED OXINE IS DEPOSITED ON THE SILICON SURFACE
OR ON TOP OF ANY EXISTING OXIDE, TWE AMOUNY OF OXIDE DEPOSITED 18 EQUAL YO
THE STEP TIME TIMES THE GROWTH RATE, 1IF THE DEPOSITED OXINDE IS8 YO BE DOPED

THEN THE IMPURITY 1S SPECIFIED BY TNE ELEM PARAMETER WHILE CONC SPECIFIES
IT'S UNIFORM IMPURITY CONCENTRATION,

STEP TYPEsSDEPO, TIMEs<«N>, GRTEas¢N> (,ELEMs<E>, CONCs<N>) ([,MODL®meM>»)
TIME ¢ TWE TOTAL STEP TIME IN MINUTES,

GRTE ¢ THE OXIDE GROWTH RATE IN MICRONS/MINUTE,

ELEM 3 THE OXIDE DOPING IMPURITY (B, P, SB, AS),

CONC ! THE IMPURITY CONCENTRATION IN THE DEPOSITED OXIDE LAYER IN

ATOMS/CUBIC CENTIMETER,

MODL ¢ THE NAME OF AN ELEMENTY OR SPECIAL PURPOSE MODEL,

wfe
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OXJDATION STEP (AND DRIVEeIN)

THE OXIDATION STEP IS A HIGH TEMPERATURE STEP WHICH INCLUDES THE REDISe
TRIBUTION OF THE IMPURITIES PRESENT DUE TO DIFFUSION AND EVAPORATION, IN
ADDITION IF THE AMBIENT INDICAYED BY THE OXIDATION MODEL SPECIFIED BY THE
MODL PARAMETER IS NOT A NEUTRAL ONE, THEN IMPURITY REOISTRIBUTION DUE YO THE
GROWTH OF OXIDE ALSO OCCURS, THE TEMP PARAMETER SPECIFIES THE WAFER TEMPERe
ATURE AT THE BEGINNING OF THE STEP, THE FINAL TEMPERATURE IS EQUAL TO THE
SPECIFIED INITIAL TEMPERATURE PLUS, THE TEMPERATURE RATE OF CHANGE SPECIFIED
B8Y TRTE, TIMES THE TOTAL STEP TIME, THE OXIDAYIDN AMBIENT IS SPECIFIED By
AN OXIDATION MNDEL CARD REFERENCE (SEE OXIDATION MODELS), OTHER MODEL CARDS
MAY ALSO BE REFERENCED IN THE SAME CARD BUT ONLY ONE OXIDAYION MODEL REFER=~
ENCED IS ALLOWED, IF NDO OXIDATION MODEL IS REFERENCED, YHEN A NITO MODEL IS
ASSUMED,

STEP TYPEsOXID, TIMEs«N> [,TEMPa<N>) [,TRTE=<N>] [,MODL=<M>)

TIME ¢ TWE TOTAL STEP TIME IN MINUTES,

TEMP § TME WAFER TEMPERATURE AT THE STARY OF THE STEP IN DEGREES
CENTIGRANDE, DEFAULT VALUE = LAST SPECIFIED STEP TEMPERATURE,

TRTE : THE TEMPERATURE RATE OF CHANGE IN DEGREES/MINUTE, DEFAULY
VALUE = a,

MODL ¢ TWHE NAME OF AN OXIDATION, ELEMENT OR SPECIAL PURPOSE MODEL,
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PREDEPOSITION STEP (NONeIMPLANT)

THE PREDEPOSITION STEP MODELS THE INRODUCTION OF AN IMPURITY ELEMENT
FROM A CONSTANT SQURCE AT THE SILICON SURFACE, SUPREM DOES NOT CARE ABOUT
DETAILS OF THE IMPURITY SOURCE, THME CONC PARAMETER SPECIFIES THE SOURCE
CONCENTRATION AT THE SURFACE AND THE SOURCE ELEMENT TYPE IS INDICATED BY
THE ELEM PARAMETER, THE SILICON TEMPERATURE AT THE SYARY OF THE STEP 18
SPECIFPIED BY THE YEMP PARAMETER WHILE THE FINAL TEMPERATURE IS EQUAL TO THE
INITIAL TEMPERATURE, PLUS THE TEMPERATURERATE=OF=CHANGE, SPECIFIED BY TRTE,
b} TIMES THE TOTAL STEP TIME,

STEP TYPE®PQEP, ELEMs<E>, CONCa<N> TIMEseN> [,TEMPs¢N>») [,TRTES<N>)
. L, MODLB<M>)

Mlae Cll oAb e o e L

ELEM 3 THE IMPURITY ELEMENY BEING INTRODUCED (B, P, SB, aAS),

CONC ¢ TME SURFACE GAS CONCENTRATION OF THE IMPURITY SPECIFIED BY
ELEM IN ATOMS/CUBIC CENTIMETER,

TIME 3 TME YOTAL STEP TIME IN MINUTES,

YEMP t THE WAFER TEMPERATURE AT THE BEGINNING OF THE STEP IN DEGREES
CENTIGRADE, DEFAULY VALUE ® (AST SPECIFIED STEP TEMPERATURE,

TRYE § THE TEMPERATURE RATE OF CHANGE IN DEGREES CENTIGRADE/MINUTE,
DEFAULT VALUE = @,

MODL § TWE NAME OF AN ELEMENY OR SPECIAL PURPOSE MOODE(,
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EPITAXIAL GROWTH STEP

THIS STYEP MODELS THE EPITAXIAL GROWTH OF A SILICON LAYER AY HIGH TEMPERe
ATURES, ON TOP OF AN INITIAL LAYER OF SILICON, THE ADDED SILICON MAY DOPED
OR INTRINSIC, IF IT IS TO BE DOPED, THE IMPURITY ELEMENT IS SPECIFIED BY THE
ELEM PARAMETER AND THE BULK GAS CONCENTRATION (NOT THE SURPACE) IS SPECIFIED
BY THE CONC PARAMETER, THE AMOUNT OF SILICON GROWN IS EQUAL TO THE GROWTH
RATE, SPECIFIED BY GRTE, TIMES THE TOTAL STEP TIME, THE WAFER TEMPERATURE
AT THE BEGINNING OF THF STEP 1S SPECIFIED BY THE TEMP PARAMETER, THE FINAL
TEMPERATURE I8 THE INITIAL TEMPERATURE PLUS, THE TEMPERATURE<RATE«OF«CHANGE
SPECIFIED BY TRTE, TYIMES THE TOTAL STEP TIME, THE MODL PARAMETER MAY BE
USED TO SPECIFY ANY DESIRED ELEMENT, EPITAXY OR SPECIAL PURPOSE MODELS,

STEP TYPESEPIT, TIME=<N>, GRYEsm<«N> [,TEMPs<N>) [,TRTEs«N>) [,MODL3<M>)

- [ELEMs<E>», CONCacN>)
TIME ¢ THE TOTAL STEP TIME IN MINUTES,
GRTE & THE GROWTH RATE OF THE EPI«_AYER IN MICRONS/MINUTE,
TEMP 3§ THF WAFER TEMPERATURE AT THE BEGINNIN OF THE SYEP IN DEGREES

CENTIGRADE, DOEFAULY VALUE = _AST SPECIFIED STEP TEMPERATURE,

TRTE ¢ THE TEMPERATURE RATE OF CHANGE IN DEGREES/MINUTE, DEFAULTY
VALUE = &,

MODL ¢ THE NAME OF A ELEMENT, EPITAXY OR SPECIAL PURPOSE MODELS,
TION MODEL,

ELEM ¢ THE IMPURITY ELEMENT IN THE GROWN SILICON (B, P, SB, AS),

CONC ¢ THE BULK GAS PHASE CONCENTRATION OF THE IMPURITY SPECIFIED ARY
ELEM IN ATOMS/CUBIC CENTIMETER,




MODEL CARD
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THE MODEL CARDS ALLOW THE USER TD MODIFY INTERNAL PROGRAM COEFFICIENTS,
THERE ARE FOQUR MAIN TYPES OF MODEL CARDS AND TWO OF THWESE, ELEMENT AND

i OXIDATION, ARE DIVIDED INTO FOUR SUBTYPES, EACH OF TWESE TYPES OR SUBTYPES

ARE IOENTIFIED BY A UNIQUE THREE CHARACTYER NAME, IN ADDITION THERE ARE
FIVE OF EACH OF THE MODEL TYPES OR SUBTYPES, IDENTIFIED BY A SINGLE DIGIY
NUMBER FOLLOWING THE THREE CHARACTER INDENTIFIER, THE MOOEL TYPES, SUBTYPES
AND THEIR NAMES ARE LISTED BELOW,

| TYPE SUBTYPE NAME (<M>)
‘ ELEMENT MODELS (BORON) MBOW # 81 =5
{ (PHOSPHORUS) MPHN  # 3 | = S
CANTIMONY) MSB#H sy e85
C(ARSENIC) MASH 43 les
OXIDATION MODELS (STEAM) STMu %81 =5
(WET) WETw ¥ el e85
(DRY) DRY# sy e358

(NITROGEN) NIT# # s ] e85 “
EPITAXY MADELS cme EPIw 5§35

SPECIAL PURPOSE MONELS e== SPMu Wy es :

A PARTICULAR MNDEL IS REFERENCED IN A SYEP CARD RY ASSIGNING THE MODEL
NAME T0 A MODL PARAMETER (1,E, MODLaMAS2), THIS RESULYS IN THE PARAMETER
VALUES SPECIFIED ON TME MODEL CARD OF THAT NAME BEING ASSIGNED TO THE CORe
RESPONDING PROGRAM VARTABLES, THESE NEW PARAMETER VALUES WILL BE USED IN
ALL SUBSEQUEMT STEPS UNLESS REASSIGNED BY ANOTHER REFERENCE TO A MODEL CARD
OF THE SAME TYPE OR SURTYPE, 1IF A STEP REFERENCES A MODEL WITH THE NUMBER
ZERD AS THE IDENTIFYING NIGIT, THEN ALL OF THE PROGRAM VARIABLES ASSOCIATED
WITH MODELS OF THAY TYPE OR SUBYYPE ARE RESEY YO THEIR DEFAULYT VALUES,

FOLLOWING IS A OESCRIPTYION OF EACH OF THE MODEL TYPES AND THEIR PARAs
METER LISTS:
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ELEMENY MODELS

THE ELEMENT MODELS ALLOW THE USER YO CHANGE THOSE PARAMETERS WHICH ARE
ELEMENT SPECIFIC, THERE ARE FOUR ELEMENT MODEL SUBTYPES CORRESPONDING TO
EACH OF THE ALLOWABLE IMPURITY ELEMENTS}) BORON, PHOSPHORUS, ANTIMONY AND
ARSENIC, THE ELEMENT THAT THE MODEL CARD'S PARAMETERS APPLY TO IS SPECIFIED
BY THE NAME PARAMETER ASSIGNMENT, THE ELEMENT AND THE CORRESPONDING MODEL
NAMES ARES

BORON t MBO{, MBO2, MBO3, MBO4, MAOS
PHOSPHORUS ¢t MPHY, MPH2, MPHY, MPN‘, MPHS
ANTIMONY ¢ MSB1, MSB2, MSBI, MSB4, M3BS
ARSENIC 3 MAS), MAS), MASI, MAS4, MASS

THE COEFFICIENTS THAY CAN BE ACCESSED THROUGW THE ELEMENT MODEL CARDS
ARE LISTED BELOW, ALONG WITHW THE WAY THE MODEL CARD'S PARAMETERS ARE USED
TO CALCULATE THEM,
OXIDE DIFFUSION COEFFICIENT s DOX@® = EXP(=EOXP/KT)
SEGREGATION COEFFICIENT 8 SEGO » EXP(«SEGE/KT)
SURFACE TRANSPORY COEFFICIENT = STCO « EXP(=«STCE/KT)
MAVING ROUNDRY FLI'X TERM 2 HSFA &« EXP(=HSFE/KT)Y
SILICON DIFFUSION COEFFICIENT =
(NON=OXIDIZING) 8 DSXN « EXP(=ESXN/KT)

(FGR BORON IN NDRY NXYGEN) = DSYXN # EXP(«ESXN/KT) ¢ DSXD w EXP(=ESXD/KT)
(FOR BORON IN WEY OXYGEN) =& DSXN w EXP(=ESXN/KT) ¢ DSXW w EXP(«ESXW/KT)

(ALL OTHERS IN DRY OXYGEN) = DSXD » EXP(=ESXD/KT)
(ALL OTHERS IN WEY OXYGEN) & DSXW » EXP(~ESXW/KT)

WHERE KT ®» BOLTZMAN'S CONSTANY o« THE TEMPERATURE IN KELVIN DEGREES,

TNE PARAMETER RETA I8 USED Y0 MODIFY TWE SILICON DIFFUSION COEFFICIENY
OF IMPURITIES BY A MULTYIPLICATIVE FACTOR CALCULATED BY,

FACTOR = ( 1| ¢ RETA % (N OR P)/NIEF )/(1 ¢ BETA)
WHERE (N OR P) IS THE FREE CARRIER CONCENTYRATION AT A GRID
POINY AT THE PROCESS TEMPERATURE, AND NIEF 1S THE
INTRINSIC CARRIER CONCENTRATION AY THE PROCESS TEMPERe
ATURE,

IF THE IMPURITY CONCENTRATION IS8 LESS THAN 10X OF NIEF THEN THE NUMBER
CARRIERS EQUALS NIEF AND THUS FACTOR = 1§,
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THE CLUSTERING OF ARSENIC AT HIGW CONCENTRATION LEVELS IS CONTROLLED BY

YHE FOLLOWING THREE PARAMETERS,

CEQUILIBRIUM CLUSTERING COEFFICIENT) 3 KEQO@EXP («KEQE/KT)
(DECLUSTERING COEFFICIENT)

(NUMBER OF ATOMS PER CLUSTER)

MODEL NAMEs<M>»
.

L,DOXOmeN>)
(,DSXDo<N>])
(,SEGA®<N>)
(,STCO=<N>])
[, KEQ@s<N>)

® KDCOWEXP (=KOCE/KT)

t,EOXB=eN>)
t,ESXDueN>)
[,SEGEseN»)
[,STCEseN>)
[,XEQEs<N>)

= CLSY

[,DSXNuaN>)
[,0SXWeehN>)
(,HSFOBCND)
{,BETABCN>])
[, KDCOm<N>)

l)EstI‘N”
tp!’l“l(”"
t'HsFEl‘N.’
£, CLSTuaND)
[,XDCEs<N»)

PRE-EXPONENTIAL TERM OF TWE SILICON DIOXIDE DIFFUSION COEFe
FICIENY IN MICRONS SQUARED/MINUTE,

ACTIVATINN ENERGY OF TWE SILICON DIOXIDE DIFFUSION COEFFICIENT
IN ELECTRON VOLTS,

PRE-EXPONENTIAL TERM OF YHE INTRINSIC SILICON DIFFUSION COEFe
FICIENT IN MICRONS SQUARED/MINUTE,

ACTIVATION ENERGY OF INTRINSIC SILICON DIFFUSION COEFFICIENY
IN ELECTRON VOLTS,

PRE-EXPONENTIAL TERM OF YHE SILICON DIFFUSION DRY OXIDATION
ENHANCEMENT COEFFICIENT IN MICRONS SQUARED/MINUTE,

ACTIVATION ENERGY OF THE SILICON DIFFUSION DRY OXIDATION
ENHANCEMENY COEFFICIENT IN ELECTRON VOLTS,

PRE=EXPONENTIAL TERM QF THE SEGREGATION COEFFICIENY, DEFINED
THE CONCENTRATION IN THE SILICON OVER THE CONCENYRATION IN
THE OXIDE,

THE ACTIVATION ENERGY OF THE SEGREGATION COEFFICIENT IN
ELECTRON VOLTS,

THE PRE-EXPONENTIAL CONSTANT OF THE SURFACE TRANSPORT COEFe
FICIENT IN MICRONS/MINUTE,

THE ACTIVATION ENERGY OF THE SURFACE TRANSPORT COEFFICIENT
IN ELECTRON VOLTS,

PRE=EXPONENTIAL CONSTANT OF THE MOVING BOUNDRY FLUX IN
MICRONS/MINUTE,

PRE-EXPONENTIAL CONSTANT OF THE MOVING BOUNDRY FLUX IN
ELECTRON VOLTS,

COEFFICIENT RELATING THE EFFECT OF UNCHARGED VACANCIES ON THE
DIFFUSION COEFFICIENT,

NUMBER OF IMPURITYS ATOMS PER CLUSTER,
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PRE-EXPONENTIAL CONSTANT OF YHE EQUILIBRIUM CLUSTERING COEFe~
FICIENT,

ACTIVATION ENERGY OF THE EQUILIBRIUM CLUSTERING COEFFICIENTY,

PRE-EXPONENTIAL CONSTANY OF YHE DECLUSTERING COEFFICIENT,
ACTIVATINN ENERGY OF YHE DECLUSTERING COEFFICIENTY,
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OXIDATION MODELS

THE OXIDATION MODELS HAVE TWO FUNCYIONS) {) YO SPECIFY THE TYPE OF
AMBIENT THAT THE STEP 1S BEING CARRIED OUY IN, AND, 2) TO MODIFY THE OXIDE
GROWTH RATE PARAMETERS FOR THAT AMBIENY, THE OXJIDATION MQDEL NAMES ALLOW

DISTINCTION BETWEEN FOUR AMBIENTS, THE AMBIENT TYPES AND THE CORRESPONDING
MODEL NAMES ARE LISTED BELOW,

STEAM t STMy, 8TM2, STM3I, STM4, STMS
WEY 02 t WETY, WET2, WET3, WET4, WETS
DRY 02 t DRYY{, ORY2, DRY3, DRY4, DRYS
NITROGEN t DRY), DRY2, DRY3I, DRY4, DRYS

THE COEFFICIENTS THATY ARE CAN MODIFIED BY THE OXJDATION MODEL PARAMETERS
ARE THE LINEAR AND PARABOLIC OXIDE GROWYH RATES, THE EXPRESSIONS POR THESE
COEFFIGIENTS USING THE OXIDATION MODEL PARAMETERS ARE?!

LINEAR GROWTH RATE 8 LRTE w EXP(eLREA/KT) » PRES

PARABOLIC GROWTH RATE s PRTE « EXP(=PREA/KTY) = PRES

WHERE KT ® BOLTZMANS CONSTANY w TOWE TEMPERATURE IN KELVIN DEGREES,

MODEL NAME®s<M> [,LRTE=s<N>) [,LREA=<N>») [,PRTEs<N>] (,PREABCN>)
* [,PRESECN>)

LRTE 1 PRE~EXPONENTIAL TERM FAR CALCULATING THE LINEAR GROWTH RATE IN
MICRONS/MINUTE,

LREA ¢ ACTIVATINN ENERGY FOR CALCULATING THE LINEAR GROWTH RATE IN
ELECTRON VOLTS,

PRTE ¢ PRE-EXPONENTIAL TERM FOR CALCULATING THE PARABOLIC GROWTH
RATE IN MICRONS SQUAREN/MINUTE,

PREA ¢ ACTIVATION ENERGY FOR CALCULAYING YHE PARAROLIC GROWTH RATE IN
ELECTRON VOLTS,

PRES 1 THE AMBIENTY PRESSURE IN ATMOSPHWERES,
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EPITAXY MODELS

THE EPITAXY MONELS ARE USED TO MODIFY YHE IMPURITY PLUX PARAMETERS USED
BY THE EPITAXIAL GROWTH ROUTINE, THERE ARE FIVE EP] MODELS, NUMBERED ONE
THROUGH FIVES EPIl, EPI2, EPI3, EBP14, AND FPI5, THE PARAMETER LIST OF THE
EPY MODELS I8 DESCRIBED BELOW,

MODEL NAME®s<M> [,FRACs<N®) [,FAUTE<N>)
FRAC g A MULTIPLIER OF THE EVAPORATION COEFFICIENT FOR AUTODOPING,

FAUT t THE FRACTION OF DOPANT RELEASED FROM THE INTERFACE THAT IS
REABSORBED,

SPECIAL PURPNSE MODELS

THE SPECYAL PURPUSE MODELS ARE S0 CALLFD BRECAUSE THEIR PARAMETERS ARE
ONES THAY DON'T FIY IN WITH ANY OF THE OTHER MODELS, AND IN SOME CASES ARE
NOT STRICTLY MODEL PARAMETERS IN THE SAME SENSE AS THE OTHERS, THERE ARE
FIVE SUCH SPECIAL PURPOSE MONDELS, NUMBERED ONE THROUGH FIVE, THEIR PARAMETER
LIST 1S DESCRIBED RELOW,

SPECIAL PURPOSE MODELS 8 SPMy, SPM2, SPM3J, SPM4, SPMS

MODEL NAMES<M>» [,NTIEFm<N>) (,NIEAa<N>®) (,GATE=<G>] [,Q88Qs<N>)
+ {,CRLKa&N>)

NIEF § THE PRE«EXPONENTIAL CONSTANT USED YO CALCULATE THE EFFECTIVE
INTRINSIC CARRIER CONCENTRATION, NI, AS A FUNCTION OF TEMPERe
ATURE, (1,F, NI ® NIEF a EXP(«NIFA/KT) & (T we 1,5) WHERE K IS
BOLTZMAN'S CONSTANT AND T IS IN KELVIN DEGREES), DEFAULT
VALUE 8 2,M9717E16 ATOMS/CUBTIC CENTIMEYTER,

NIEA & THE ACTIVATION ENERGY USEO IN THWE ABOVE EXPRESSION FOR CALCU=
LATING THE EFFECTIVE INTRINSIC CARRIER CONCENTRATION, DEFAULT
VALUE s n 561839 EvV,

GATE t THE GATE MATERIAL USED TO CALCULATE THE THRESHOLN VOLTAGE,
THERE ARE THREE TYPES THAT MAY BE SPECIFIED, ALUMINUM, Pe, AND
Ne, THEIR SYMBOLS («G>) ARE RESPECTIVELY, AL, ¢, AND =,

@SSQ ¢ THE NUMBFR OF SURFACE STATES AT THE SILICON/NXIDE INTERFACE IN
STATES/SAUARE CENTIMETER USED FOR CALCULATING THE THRESHOLD
VOLTAGES, ODEFAULT VALUE s 2,

CBLK t INDICATES THE TYPE BULK CONTACT,
CoLK = 0, FOR CONTACT AT THE SUBSTRATE (LAST S POINT)
CBLK = 1, FOR CONTACT AT THE SURFACE (FIRST SI POINT)
CBLK = <N» ARRITRARY CONCENTRATION AT BULK CONTACT,
POSITIVE FOR PeTYPE, NEGATIVE FOR NeTYPE,

]
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DEFAULTY PARAMETER VALUES

RELOW ARE THE NEFAULY VALUES OF THE VARIOUS MODEL PARAMETERS USED IN
SUPREM, THOSE PARAMETERS THAT ARE ORIENTATION DEPENDENT AND WHOSE <1@@>
VALUE IS NOT KNOWN USE THE <31311> VALUE AS THE DEFAULT,

Mt G i o

NAME ORNT, 1 RORON 1 PHOSPHORUS I ANTIMONY I ARSENIC 1

SEGREGATION COEFFICIENT!

SEGA «<111> I 1126,0 1 10,0 1 10,0 1 10,02 1

SEGP <1p2> 1 2208,0 1 10,0 1 10,0 1 10,0 1

SFGE <111> I 2,91 I o.,0 1 0,0 ! 0.0 1

SFEGE <«100> I 2,96 1 e.,0 ! 0,9 ! 0.2 1
SURFACE TRANSPORT COEFFICIENTI

STCA 1 1.674E7 1 9,0€ES 1 1,5E3 ! 9,MES 1

STCE 1 2,484 1 1,99 11,04 1 1,99 1
MOVING BOUNDRY FLUX TERMS

HSFA 1 ﬂ.i 1 a-’ 1 2,1 1 o.! 1 >
HSFE 1 0.4 1 0,0 10,0 10,0 I
SILICON DIOXINE DIFFUSION COEFFICIENTS

DNXa 1 1,896E6 1 4,56E7 ! 7,86E28 ! {,05€E10 1 .
EOXA I 3.53 1 38,5 1 8,75 1 4,89 I ;
SILICON OIFFUSION COEFFICIENY (NEUTRAL OR NON=OXIDIZING AMBIENT)!?

DSYN <111> I 3,3324E9 1 2,31E40 I 7.74E10 1 1,440E1) b

DSYN <1@aA> 1 3,3IN24EQ I 2,0ME10 1 7.74E1n I 1,440E1 1

ESXN «§i1i1> 1 3,42565 1 3,66 1 3,98 1 4,08 I

ESXN «100> I 3,42565 1 3,686 1 3,98 1 4,08 1
SILICON DIFFUSION COEFFICIENT (DRY 02 OXIDIZING AMBIENT) I

NDSXN <111>» I 1,608E1 1 2,31€1@ 1 7.74E10 1 1,440E1) ! 2
DSXN <12a@> I 5,5m2E2 1 4,158¢10 1 7.74E10 1 1,440E1) 1

ESXD <111> I 11,4537 1 3,66 1 3,98 1 4,08 I

ESXD <«1n@d>» I 1,69065 1 3,66 I 3,98 1 4,08 I
SILICON DIFFUSION COEFFICIENT (WET 02 DXIDYZING AMBIENT)S

NSYXW <i{{i>» I {,608E} 1 2,31E10 1 7.74E10 ! 1,440E1) 1

DSxw <10d> I 5,5m2€2 I 4,158E10 I 7,74k %2 1 1,440E1 1

ESXW 111> I 1,430 1 3,66 1 3,98 ! 4,08 1

ESXW <1p@> I 1,692 1 3,66 I 3,98 1 4,08 I
BETAL

RETA 13,0 1 4,9 I 1.2 ! 1op .2 1

CLUSTERING S{ZEt

cLS” 1 0.2 1 0,0 1 0.0 1 4,0 1 2
EQUILIBRIUM CLUSTERING COEFFICIENTS

KEQQ 1 7,0 10,9 1 0,0 1 2,728=17 1

KEQE 1 @, 1 0,0 1 7,0 ! «p,308 1 ‘




NAME

ORNT,

I BORON

I

PHOSPHORUS

1 ANTIMONY

1 ARSENIC 1
DECLUSTERING RATE:
KDCA I n,0 1 0,0 1 0,0 1 ¢,8E8 1
KDCE I 0.0 1 o.n 10,0 1 2.8 1
NAME QORNT STEAM 1 WEY 1 DRY 1 NEUTRAL 1
? LINEAR OXIDE GROWTH RATES
; LRTE <itl> 1 2,717E6 1 2,71766 I 1.038ES 1 0.0 '
\ LRTE <100> I 1.617E6 1 1.617E6 1 6.181E4 1 0.0 1
; LREA «111> I 2.85 1 2.05 1 2,00 1 0.0 1
‘ LREA «100> I 2,05 1 2.5 1 2,80 1.0 1
PARAROLIC OXIDF GRNWTH RATE:
} PRTE <i11> I 6,43 1 6,43 1 12,87 ! 9,0 1
| PRTE <10@> I 6.43 1 6.43 1 12.87 ! oo 1
: PREA <i11> 1 9,78 1 0.78 11,23 ! 0.0 1
PREA <14d> I @.78 1 0,78 1 1.23 1 0.0 1
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REFERENCES FOR DEFPAULT PARAMETER VALUES

SEGREGATION COEFFICIENTS:
BORON:
Do A, ANTONTIADYS, A, G, GONZALEZ AND R, W, DUTTON, J, ELECTROCHEM,
s$0C,, (125), P, 813, (1978),
ALL OTHER IMPURITIES
H, F, WOLF, SEMICONDUCTORS, INTERSCIENCE, 197%, P, 3614,

SURFACE TRANSPORY COEFFICIENTS! )
P, MW, LANGER AND J, 1, GOLDSTEIN, J, ELECTROCHEM SOC,, APR, 1974,

MOVING BOUNDRY FLUY TERM:
SEE PAGE 21 OF THIS TECHNICAL REPORT,

SILICON DIOXIDE PDIFFUSION COEFFICIENT:
M, GHEZZ0 AND D, M, BROWN, J, ELECTROCHEM SOC,, JAN, 1973,

F SILICON DIFFUSION COEFFICIENT (NEUTRAL OR NONeOXIDIZING AMBIENT):
BORON:
; D, A, ANTONIADIS, A, G, GONZALEZ AND R, W, DUYTON, J, ELECTROCHEM SOC,,
E (125)1 P' 8131 (1978"
PHNSPHORUSS
] R, v, FATR AND J, C, C, TSAI, J, ELECTROCHEM SOC,, (124), P, 1107,
¢ (19773,

' ANTIHONYS

E | H, F, WOLF, SEMICONDUCTORS, INTERSCIENCE, 1971, PP, 153 8 363,
£ | ARSENIC:

Te Lo CHIU AND W, N, GOSH, IBM J, RES, DEV,, 15, 472, (1971),

E 3
Et ! SILICON DIFFUSION COEFFICIENT (DRY @2 OXIDIZING AMBIENT)3
1 i RORON?S
i SAME REFERENCE AS FOR MEUTRAL AMBIENT ARNVE,
E PHOSPHORUSS
R, B, FAIR, PRIVATE COMMUNICATION,
4 ANTIMONYS
.. PIFFUSIVITY SAME AS FOR NEUYRAL AMBIENTY,
ARSENIC:

DIFFUSIVITY SAME AS FOR NEUTRAL AMBIENT,

SILICON DIFFUSION COEFFICIENTY (wET @2 OXIDIZING AMBIENT):
PIFFUSIVITY SAME AS FOR DRY @2 AMBIENT FOR ALL ELEMENTS,

BETA:
SEE PAGE 13 OF THIS TECHNICAL REPORT,

ALL ARSENIC CLUSTERING INFORMATION

. F, F, MOREMEAD, PRIVATE COMMUNTICATION,
ﬁ LINEAR OXIDE GROWTH RATE CNEFFICIENTS
) R, E, OEAL, J, ELECTROCHEM 80C,, (125), P, 578, (1978),

PARABOLIC OXIDE GROWTH RATE COEFFICIENTS
4 SAME REFERENCE AS FOR LINEAR GROWTH RATE ABOVE,
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APPENDIX 2

Following are two examples of processes simulated by SUPREM II.
The first example is a CMOS process where the p-well fabrication
is simulated and the final n-channel threshold voltage is calcu-
lated, first without and then with a threshold voltage tailoring
phosphorus implant. The second example is a bipolar process including
an arsenic buried collector, a boron base and a phosphorus emitter.

This process is a variant of a Stanford University standard process.

Both of the following two examples were designed so that the use
of the SUPREM II simulator could be illustrated under a wide variety
of processes. It is not implied that any of these processes would

result into useful electronic devices.
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esw STANFORD UNIVERSITY PROCESS ENGINEERING MODELS PROGRAM eae

leeaoTITL
2,...6RID
3....50UBS8

4,0,,COMM
SeeesSTEP

6eeesPLOT

7.0..:°""
8eeueITEP

9¢eeos COMM
lG....PLOT
11,00 sPRINT

12,,,.C0MM
13004 3TEP

14,,..8TEP

15,4, ,COMM
16,.,,GRID

17 400,COMM
18,,,.M0DEL
19,.,.,8TEP

20,,,.,C0MM
?1....STEP

22!'.037£’

23,,,.C0MM
24,,.,,87EP
25,...8TEP
26,.,,PLOT
27 s0043YEP

23....5‘VE
29.,.,,COMM
30,...MODEL
31,...8TEP
32,4,4C0MM
33....,MODEL
34,,,.87EP

35I.I.END

ane VERSION Oe@2 wwe

CMOS PeWE L. STIMULAYION

oyYSisp@,01,
ORNT=104,

DPTHER,6, YMAXE2,S
ELFMue, CONCSIELS

STARTING OXINE THICKNESS OF 500 A,
TIME=), GRTEsQ, 050

TYPEsSDEPD,

TOTLsY, CMINsid4, NDECs=4, WINDs=] 8

PawBLL IMPLANT

TYPESIMPL,

ELEMSB, DOSE=SE12, AKEVE20Q

e=e STOP PLOTTING, STARY PRINTING INFORMATION eem

TOTLsN
HEADSY

DIVE=IN 1IN
TYPE®OX1D,

TYPESETCH,

N2 FNOR §,5 WOURS
TEMPS1100, TIMEsDA, MODLSNITP

TEMPS2S

cewbXTEND GRID SPACEe=e

DySlsp,015,

NPTHEY .2, YMAXE? O

ORIVE=IN FOR {5 WOURS IN 1@% DRY 02

NAMESDRY{,
TYPE=QX1N,

FIELD 0OXID
TYPEsSQX10,

TYPESETCH,

PRESs, |
TEMPS110Q, TIMESOQAM, MODLSDRYY

GROWTR IN WET 02 FOR SwOURS
TEMP31425, TIME=3AQ, MODLSWET®

TEMP22S

GATE OXIDATINN AT 1002 C

TYPESOXID,
TYPEsOYX1N,

TEMPsIAPR, TIMEsS, MODLsDRYD
TEMPeiPR, TIMESS, MODL=WETA

TOTLsY, WINDsb,

TYPEsSOXIN,

TEMP=1Q0P, TIMEsS, MONLeDRY?

FILEsPW] ,TYPEsB

ANNEA| weoe
NAMEESPMY,
YYPE®OX]ID,

CALCULATE THRESHOLD VOLTAGEe==
GATEsAL, 0SSG=dE}n, CBLKsY

TEMP=1AP@, TIMEs3A, MODLSNITQ@, MODLsSPM!

THRESHOLD TATILORING IMPLANT

NAMESSPMY,
TYPE=IMPL,

CBLKs6EYS

ELEMsP, DOSEsSE1l, AKEVEQQ, MODLE®SPMY
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CMOS PeWELL SIMULATION
PeWELL IMPLANY
| STEP s 2 TIME = «@ MINUTES,
!
DEPTH | CONCENTRATION (LOG ATOMS/CC)
(umy |
14 15 16 17 18
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-77=

e




N S AL i A b o A AR

CMOS PeWELL SIMULATION
DIVE=IN IN N2 FOR 1,5 HOURS
STEP & 3

NEUTRAL AMBIENT DRIVE«IN

TOTAL STEP TIME s 93,0 MINUTES

INITIAL TEMPERATURE = 110,00 DEGREES C,
OXIDE THICKNESS L] 5,0000Ee@2 MICRNOMS

| OXIDE | SILICON ! | SURFACE !
{ DIFFUSION | DIFFUSION | SEGREGATION | TRANSPORY
i\ COEFFICIENY | COEFFICIENTY | COEFFICIENT | COEFFICIENT |

BORON ! 2,09716E-07 | 8,90324E<04 | 66145 i 1,31132€E=-02 |

SURFACE CONCENTRATION & 4 ,31Q607E¢16 ATOMS/CMTD

JUNCTION DEPTH | SHEETY RESISTANCE
TeecsveaceTegYaseaveeneee l eeeeToseeeseveseeerseveenew
1,66157 MICRONS | 322,72 OHMS/SOUARE

| 66619,9 OHMS /SOUARE

NET ACTIVE CONCENTRATION

OXIDE CHARGE J.114049E¢10 TOTAL
SILYCON CHARGE 4,8%54020k¢)12 TOTAL
TOTAL CHARGE 4,805170€+12 INITIAL
INITIAL CHARGE §5,071722€Ee12

CHEMICAL CONCENTRATION NF BORON

OXINE CHARGE 3,114950E«17 TOTAL
SILICON CHARGE 4,96628R8E¢12 TOTAL
TOTAL CHARGE 4,997437E¢12 INITIAL
INITIAL CHARGE 4,997420E*12
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CMOS PeWELL SIMULATION
DIVE«IN IN N2 FOR {,S5 WOURS

STEP & 4

ETCH STEP

ETCn TEMPERATURE s 25,7 DEGREES C,

ETCH TIME L] .® MINUTES

ETCH RATE e .2000 MICRONS/MINUTE
OXIDE THICKNESS . ",00OPRE+AM MICRONS

SURFACE CONCENTRATION s 4,310697E«16 ATOMS/CM®3

JUNCTION DEPTH ! SHEET RESISTANCE
-...-----.n-..-.--.-..l..--...-........-..........
1.86187 MICRONS | 3722,72 OMMS/SQUARE

! 66619,9 OHMS/SQUARE

NET ACTIVE CONCENTRATION

OXIDE CHARGE & p,000NNPE<PD 18 A,PPPE«P® X OF YOTAL
SILICON CHARGE ® 4,854Mm20Ee12 18 100,0 X OF YOTAL
TOTAL CHARGE = 4,834m20Ee12 18 99,4 X OF INITIAL
INITIAL CHARGE s ¢ ,885170C€e12

CHEMICAL CONCENTRATION NF BORON

OXINE CHARGE s @,000n00EeR0 18 A,PPAE«Pd X OF TOTAL
SILICON CHARGE s ¢,966288E¢12 18 10,0 X OF TOTAL
TOTAL CHARGE » 4 ,9066288E¢12 I8 99,4 X OF INITIAL
INITIAL CHARGE s 4,997437E+12
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CMOS PewELL SIMULATION
DRIVE=IN FOR 15 HOURS IN 108X DRY 02
STEP # 5

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME s 900,0 MINUTES
INITIAL TEMPERATURE e 1100,00 DEGREES ¢,
OXIDE THICKNESS L] «1404 MICRN' 8

LINEAR OXIDE GROWTH RATE ® 3,007418Eecd MICRONS/MINUTE
PARARBOLIC OXIDE GROWTH RATE = 3,088500E«05 MICRONS®2/MINUTE

OXIDE GRQOWTH PRESSURE 8 9,999990E~@2 ATMOSPHERES
| OXIDE | SILICON ! | SURFACE !
| DIFFUSION | DIFFUSION | SEGREGATION | TRANSPORT

| COEFFICIENT | COEFFICIENY | COEFFICIENT | COEFFICIENT |

BORON ! 2,M9716E-07 | 1,23522€-03 | «66148 ! 1.31132E=02 |
SURFACE CONCENTRATION & 1 ,915271E¢16 ATOMS/CM*Y

JUNCTION DEPTH } SHEEY RESISTANCE
LA R L A R L L YN} ‘ PTOCPPSEP PO PrPRTERonnaReR
4,03262 MICRONS | 4067 ,52 OHMS/SRUARE
! 19710,6 OWMS /SQUARE

MET ACTIVE CONCENTRATION

OXIDE CHARGE s 5,0P3394ke1 18 10,9 X OF TOYAL
SILICON CHARGE = 4,081520E¢12 I8 89,1 X OF YOTAL
TOTAL CHARGE s 4 _,S5A1A5Q9E¢12 18 Pd, e X OF INITIAL
INITIAL CHARGE s 4,854124€+12

CHEMICAL CONCENTRATION NF BORON

OXIDE CHARGE s 5 ,0M3394F e} 18 10,4 X OF TOTAL
SILICAN CHARGE s 4,311637E«12 18 R9 .6 X OF YOTAL
TOTAL CHARGE s 4,811976E¢12 18 96,9 X OF INITIAL
INITIAL CHARGE = 4,966391E¢12
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CMQS P=WELL SIMULATION
FIELND OXID GROWTH IN WET 02 FOR SHOURS
STEP & 6

OXIDAYION IN WET OXYGEN
TOTAL STEP TIME = 30m,.m MINUTES :

INITIAL TEMPERATURE s  1025,00 NEGREES C, ’
OXIDE THICKNESS s 1,203 MICRONS :

3
LINEAR OXIDE GROWTH RATE = 2,116309E=02 MICRONS/MINUTE §

PARAROLIC OXIDE GROWTH RATE & 5,718539E=03 MICRONS®2/MINUTE

OXIDE GRQWTHN PRESSURE s .842105 ATMOSPHERES
! OXIDE | SILICON 1 1 SURFACE !
| DIFFUSION | DIFFUSION } SEGREGATION | TYRANSPORT 1

| COEFFICIENTY | COEFFICIENT | COEFFICIENTY | COEFFICIENT |

BORON ! 3,74197E«08 ! 3,18287E-04 | 41393 l 3,90494E-03 |

SURFACE CONCENTRATION ® 3 _,349655Fe¢1% ATOMS/CM*Y 1

JUNCTION DEPTH ! SHEET RESISTANCE
LA L X R U L L LA z ceeoeSeeeteeesercedSoesweeTew

3.68488 MICRONS | 5788,51 OHMS/SQUARE

| 21049, OHMS/SAUARE

NET ACTIVE CONCENTRATION
OXINE  CHARGE s {,723380E+12 18 7.6 X OF TOYTAL
SILICON CHARGE s 2,8%97nPEe12 18 62,4 X OF YOTAL
TOTAL CHARGF = 4,585079E¢)12 18 ivo, X OF INITIAL
INITIAL CHARGE s 4,581R859E+12

CHEMICAL CONCENTRATION OF BORON

OXInNE CHARGE
SILTICON CHARGF
ToTaL CHARGE

INITIAL CHARGE

1.7253806012
3.071508E+12
4,706078E+12
4,811076E+12

18 36,0 X DF TOTAL
18 64,0 X OF YOYAL
18 99,7 X OF INITIAL




CMOS PeWELL SIMULATION
FIELD OXID GROWTH IN WEY 02 FOR SHOURS
STEP & 7

ETCH STEP

ETCH TEMPERATURE = 25,0 DEGREES C,

ETCH TIME ) .0 MINUTES

ETCH RATE ] .30M@ MICRONS/MINUTE
OXIDE THICKNESS s ", ABARE+@® MICRONS

SURFACE CONCENTRATION s 3,349635E+15 ATOMS/CM*3

JUNCTION DEPTH ! SHEET RESISTANCE
LA L L X T L L L 0 X L L L L L N L2 J 1 CE L L L L L L L A
J, 68457 MICRONS | 5788,5% OWMS/SQUARE
{ 21049,1 OHMS/SQUARE

NET ACTIVE CONCENTRATION
OXIDE CHARGE 2,00700PE*0QQ 2,000E+RQ X OF TOTAL
SILICON CHARGE 2.859700PEe12 100,0 X OF TOTAL

TOTAL CHARGE 2.,859700E 2 62,4 X OF INITIAL
I"ITIAL CHARGE 4,585070E¢12

C ‘EMICAL CONCENTRATION OF BOROMN

OxX1IDE CHARGE 2,7000ARESR0Q 2,APNE+PA X OF TOTAL
STLICON CHARGE J,A71598E¢12 100, % OF TOTAL
TOTAL CHARGE 3,0871998E«12 64,0 X OF INITIAL
INITIAL CHARGE 4,796078EC¢42
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CMOS PeWELL SIMULATION
GAYE OXIDATION AT te@0@ C
STEP & 8

OXIDAYION IN DPY OXYGEN

YOTAL STEP TIME s S.A MINUTES
INITIAL TEMPERATURE = 1000,000 DEGREES C,
OXIDE THICKNESS s 2,0675E=02 MICRONS

LINEAR OXIDE GROWTH RATE ® 8,019060E=03 MICRONS/MINUTE
PARAROLIC OXIDE GROWTH RATE = {,765088E«34 MICRONS®2/MINUYE
OXIDE GRQWTH PRESSURE . {.¢030a0 ATMOSPHERES

! | SURFACE !
| OIFFUSION { DOIFPUSION ! SEGREGATION | TRANSPORY
{ COEFFICIENT | COEFFICIENY | COEFFICIENT | COEFFICIENT | 5

0XIDE | SILICON {

BORON | 2,01368E-08 | 2,03040E=4 | .34974 | 2,52626E=03 |
. SURFACE CONCENTRATION 3 1 _724P42E+15S ATOMS/CM*] i
JUNCTION DEPTH ! . SHEET RESISTANCE '
Taerass | MITRONS i SR21.81  OMMS/SGUARE
l 21083,5% OHMS /SQUARE

NET ACTIVE CONCENTRATION

OXINE CHARGE 3 1 ,113709€E+10 18 « 390 X OF YOYAL
SILICON CHARGE 3 2,8441R4E+12 18 00,6 X OF YOTAL
TOTAL CHARGE = 2,855322E+12 18 99,8 %X OF INITIAL
INITIAL CHARGE = 2,85970ME+12
CHEMICAL CONCENTRATION OF BORNON
OX10E CHARGE s 1 ,113799E+4n 18 » 363 X OF TQTAL
SILICON CHARGE s 3 ,055481€¢12 18 09,6 X OF TOTAL
TOTAL CHARGE & 3 ,066619E+12 18 99,8 X OF INITIAL
INITIAL CHARGE = 3,071598Ee1?2
. .
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CMOS PeWELL SIMULATION
GATE OXIDATION AT tan@ C
STEP & 9

OXIDATION IN WET OXYGEN

TOTAL STEP TIME L 5.0 MINUTES
INITIAL TEMPERATURE s 1p0n,200 DEGREES ¢,
OXIDE THICKNESS . 7.,8622E=02 MICRONS

LINEAR OXIDE GROWTH RATE & 1,400950E«Q2 MICRONS/MINUTE
PARABOLIC OXIDE GROWTH RATE ® 5,061528E~03 MICRONS®2/MINUTE
OXIDE GROWTH PRESSURE s +842108 ATMOSPHERES

| OXIDE ! SILICON ! !
| DIFFUSION ! DIFFUSION | SEGREGATION |
| COEFFICIENT | COEFFICIENY | COEBFFICIENY |

R AL R R A L A A I I A R A A T Rl AL R L R DL LR A L R LI LR AR L LI R DR R L L X )

2,52626E=0)3 |

BORON i 2.71368E-08 | 2.,03949E-04 | 034974 ]
SURFACE CONCENTRATION ®» 6,7S58076E¢14 ATOMS/CM*Y

JUNCTION DEPTH ! SHEET RESISTANCE
LA R L L L X L L0 L L X L0 L LN L2 J l EeeoevTeeeveeeYreooaRnTeaseweeRee
3,85247 MICRONS | 3872,5a OWMS /SQUARE
i 21077,.7 OWMS/SQUARE

NET ACTIVE CONCENTRATION

OXINE CHARGE = 3,422924E¢10 18 1,20 X OF TOTAL
SILICON CHARGE = 2,821365E+12 18 98,8 %X OF TOTAL
TOTAL CHARGE s 2,855504E+12 I8 100, X OF INITIAL
INITIAL CHARGE = 2,855322E+12

CHEMICAL CONCENTRATION DF BRDRON

OXINE CHARGE s 3,422024E+\Q 18 1,12 %X OF TOTYAL
SILYCON CHARGE = 3, A3P403E+12 18 98,9 X OF YOTAL
TOTAL CHARGE = J3,064R32E+12 I8 99,9 X OF INITIAL
INITIAL CHARGE s 3, A66K19F«12

SURFACE i
TRANSPORY
COEFFICIENT |
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CMOS PewWELL SIMULATION
GATE OXIDATION AY 1000 C
STEP » 10

OXIDATION IN DRY QOXYGEN

. TOTAL STEP TIME s 5,m MINUTES
INITIAL TEMPERATURE = 1pQ0@,000 DEGREES C,
OXIDE THICKNESS . 8,0946E+02 MICRONS

LINEAR OXIDE GROWTH RATE = 8,019060E-04 MICRONS/MINUTE
PARABOLIC OXIDE GROWTH RATE s {,765125E«04 MICRONS®2/MINUTE

I OXIDF GRQWTH PRESSURE s {,00000 ATMOSPHERES
‘ I OXIDE I SILICON ! | SURFACE |
‘ | DOIFFUSION | O0OlFFuSION | SEGREGATION | TRANSPORY

| COEFFICIENY | COEFFICIENT | COEFFICIENT | COEFFICIENT |

BORON ! 2,0136RE=-08 ! 2,M3949E-04 | 34974 { 2,52626E=03 |
ﬁi i SURFACE CONCENTRATION s 3,119767E+15 ATOMS/CM®*3
3 JUNCTION DEPTH ! SHEET RESISTANCE
bt S A b A B A d A A d A A LA A2 4 ) J ‘ PORNePePr PPN NPeNeePrsanweYeow
3,65270 MICRONS | 5882,82 OHMS/SQUARE
! 21087,8 OHMS/SQUARE

et

NET ACTIVE CONCENTRATION

: i
a OXIDE CHARGE s 3,92913SE¢10 18 1,38 X OF TOTAL
5 SILICON CHARGE s 2,815037E¢12 1s 98,6 X OF TOTAL
1 TOTAL CHARGE & 2.855228E+12 I1s 0.0 X OF INITTAL
¥ | INITIAL CHARGE = 2,8555Q04E«¢12
4 CHEMICAL CONCENTRATION OF BORON
OXIDE CHARGE s 3,920135E+10 1s 1,28 X OF TOTAL
SILICAN CHARGE = 3.P25167E+12 1s 98,7 X OF TOTAL
TOTAL CMARGE & 3§.064459E¢12 1s  100.0 X OF INITIAL
INITIAL CHARGE = 3.0B84832E¢12




CMOS PeWELL SIMULATION
GATE OXIDATION AT 1000 C
| STEP & 10 TIME & 5,0 MINUTES,

{
DEPTH | CONCENTRATION (LOG ATOMS/CC)

{
14 15 16 17 18
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CMNS PeWELL SIMULATION
ANNEA| =~ CALCULATYE THRESHOLD VOLTAGE=ee
STEP # 1}

NEUTRAL AMBIENT DRIVE=IN

TOTAL STEP TIME s 30,0 MINUTES

INITIAL TEMPERATURE = 1000,000 DEGREES C,

OXIDE THICKNESS . 8,0048E«22 MICRONS
OXIDE I SILICON |

|
i

SURFACE CONCENTRATION s 5 6356077E«1S ATYOMS/CMt3
GATE MATERIAL ] ALUMINUM STLICON UNDER GATE = P « TYPE
THRESHOLD VOLTAGE = .58 VOLTS AT SURFACE STATES = 4,0QE+i0

JUNCTION OEPTH $ SNEET RESISTANCE
----‘-..--.--.-'..-..-‘ L LAY L L Y L N LA L L L L]
s 3,65608 MICRONS | 5887 ,687 OH4MS/SQUARE
! 21109,7 OXNMS/SQUARE

NET ACTIVE CONCENTRATION

0XINE CHARGE s 4,229726E+10Q 18 1,48 % QF TOTAL
SILICON CHARGE s 2,812097Ee12 18 98,5 X OF YOTAL
TOTAL CHARGE s 2,854394E+12 18 ieo,0 X OF INITIAL
INITIAL CHARGE = 2,855228E¢12
CHEMICAL CONCENTRATION DOF RAORON
OXINE CHARGE ® 4,220726E+10 I8 1,38 %X OF TOTAL
SILICON CHARGE = 3,Mm22125E+12 IS 98,6 X OF TQTAL
TOTAL CHARGE s 3,064422E+12 I8 100.0 X OF INITIAL
INITIAL CHARGE = 3,P64459E+12
{
]
» !
5
E | ]
§ -87-
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| SURFACE
DIFFUSION | DIFFUSION | SEGREGATION | TRANSPORY
| COEFFICIENTY | COEFFICIENT | COEFFICIENT | COEFFICIENT
LI P R R L R R L L L R R D AL L R R R R R D L AL A LA AL A A2 A R 2 2 2 R R A X2 Y]

B8ORON { 2,01368E-08 | 9.16197E-05 | 034974 | 2,52626E~0) |

OXIDE THICKNESS s 8A9,5 ANG, CAPACITANCE/AREA s 4,26E=04 PF/UM2
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CMOS PeWELL SIMULATION
ANNEAL we= CALCULATE THRESHOLD VOLTAGE===
| STEP = 1} TIME = 30.8 MINUTES,

l
! CONCENTRATION (LDG ATOMS/CC)

l
14 15 16 17 18
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CMOS PeWELL SIMULATION
THRESHNOLD TAILORING TMPLANT
STEP & 12

TON IMPLANT (GAUSSIAN APPROXIMATION)
IMPLANTED IMPURIYY s PHOSPHORUS
TMPLANTED DOSE s 5,000000Ee4}
TMPLANT ENERGY . 90 ,ANAD

RANGE s 9,864M24E-02
STANNARD DEVIATION s 4,174892F«02
PEAKX CANCENTRATINN = 5,p23R04F+16

SURFACE CONCENTRATION s «4,P60335E+16 ATOMS/CM1Y

GATE MATERIAL s ALUMINUM SILICON UNDER GATE s N = TYPE
OXIDE THICKNESS s  809,5 ANG, CAPACITANCE/AREA s 4,26E=P4 PF/UM2
THRESHOLD VOLTAGE = .15 VOLTS AT SURFACE STATES = 4,00F¢10
JUNCTION DEPTH 1 SHEEY RESISTANCE
LAY P L LA L XL L LN L] ‘ YT LA L L D DL L L
L10135] MICRONS | 24786,9 OMMS/SOUARE
3.65608 MICRONS | 6A92,49 OMMS/SQUARE
I 21109,4 OHMS /SQUARE

NET ACTIVE CONCENTRATION

OYIDE CHARGE s 1,.181700Ee1} 18 3,79 X OF TOTAL
SILTCON CHARGE ® 3,P02378E+12 18 96,2 X OF TOTAL
TOTAL CHARGE = 3,120549E+12 18 109, X OF INITIAL
INITIAL CHARGE = 2,854394E¢)2

CHEMICAL CONCENTYRATION OF RORON

OXIDE CHARGE s 4,229726E+10 18 1,38 X OF TOTAL
SILICON CHARGE = 3,M22125E¢12 18 98,6 X OF TOTAL
TOTAL CHARGE = J3,064422E+}12 18 00,0 X OF INITIAL
INITIAL CHARGE » 3,064422E¢12

CHEMICAL CONCENTRATION OF PHQOSPHORUS

OXIDE CHARGE & {,413504E+}1 I8 28,3 X OF TOTAL
SILICON CHARGE = 3,583m73Eei1 18 71.7 X OF TOTAL
TOTAL CHARGE s 4,996577E+11 18 2,0PNE+AA X OF INITIAL
INITIAL CHARGE s Q@,M0Q000E+QQ
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#we STANFORD UNIVERSITY PROCESS ENGINEERING MODELS PROGRAM wee

leeeoTITLE
2.0446RID
J.0.080B8

4400 PRINT
SeeesCOMM

6eessSTEP
7e0eePLOT
BeessSTEP
Q.QOOPLOY
10,...8TEP

11--30:0NM

12,.,.PLQT
13,...8TEP
14,...PLOT

15¢essCOMM

16,..437EP
17444 4STEP

18,.,.PLOT
19,,.,STEP

20,,,,CO0MM

21.,...PLOT
22,,,.,STEP
23,...PLOT
24,,,.STEP
25.¢4.8TEP
ZG.DDCSTEP
27¢04.STEP
28,...,PLOT

29....3TEP
32, ,,.3AVE
31ee.sCOMM

32,..,.MODEL
33.0.48TEP
34,,..PL07
35,,,.9TEP
38,...8TEP

37.00eSAVE
38....’L°T
39.,.48TEP

4P .44 +END

wwn VERSION Dw@2 sen

STANFORD KITCHIP PROCESS
YMAXs5, DPTH=sy, DYSIs, 0y
ELEMsB ,CONCsiE15 ,0RNT21p0

6/5/78

HEADsY
BURIED LAYER

TYPEsIMPL, DNSE=1,5E15, AKEVs3D, ELEM=AS
TOTLsY, WINDs4

TYPEsOXID, TEMP=1250, TIMEs§80, MODLSORY®
TOTL®N

TYPESEYCH, TEMPs25

EPITAXY

TOTLsY, WINDsS
TYPESEPIT, TEMPsi0MA, TIMEsy1, GRTEs,5, ELFMsAS, CONCEIEYS
TOTL sN

ISOLATION

TYPEsNXID, TEMPs11MQA, TIMEs6a, MODLsORY®
TYPEsOXID, TEMP31200, TIMEsQR, MODL=DRYOD

TOTLsY
TYPESETCH, TEMPE2S5

BASE DIFFUSION

TYPESPDEP ,TEMPsO5A ,TIMEs3® ,ELEMsB ,CONCsy,2E20
TOTLEN

TYPE=QOXID ,TEMP=10AQA,TIMES4S ,MODLEDRYD

TYPESOXID ,TZMPs100QA,TIMEEd ,MODLSWEYTO 3
TYPEsOXID ,TEMPs1033A,TIMESS ,MODLsDRY®
TYPESOXID ,TEMP=100Q,TIMESI® ,MODLBNITP ﬂ
TOoTL sy

WINDu4 !

TYPESETCH ,TEMPE25

FILE=EBNCF ,YYPEsH ]

EMITTER DIFFUSINN

NAMEsMPH? ,STCO=@
TYPESPDEP ,TEMP=1025 ,TIMEs33 ,ELEMsP ,CONCeq,15E21
TOTLsN

TYPEsOXID ,TEMP=HQQ
TYPEsOXIN ,TEMPESQO

FILESEBNCL, TYPEsB

TOTLSY
TYPERQOXID ,TEMP=2SRQ

+TIMEs{A ,MODLSNITO
+TIMEe{A ,MODLBWETQ

+MODLOMPH2

yTIME=|{A ,MODLENITO
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STANFORD KITCHIP PROCESS 6/5/78

BURIED LAYER
STYEP »

I10ON IMPLANT (GAUSSIAN APPROXIMATION)
IMPLANTED IMPURITY s ARSENIC
IMPLANTED DOSE s 1,50000PEe3S
IMPLANT ENERGY s 30,0000

RANGE s 2,68R49B8E=02
STANDARD DEVIATION s 7,882185E«083
PEAK CONCENTRATION = 7,789626E+20

SURFACE CONCENTRATION = 9,970828Ee14 ATOMS/CM*Y

NET ACTIVE CONCENTRATION

OXIDE CHARGE = ©0,00000@0E+QQ 18
SILICON CHARGE s {,449207E+15 1s
TOTAL CHARGE & 1,449207E+15 1s
INITIAL CHARGE s §.00000nEe1}

CHEMICAL CONCENTRATION OF BORON

OXINE CHARGE = 0,000n00E+Q@ 18
SILICON CHARGE s 5,000000E+11 Is
TOTAL CHARGE s 5,000000E+11 18
INITIAL CHARGE s 5,0000M0E+}1}

CHEMICAL CONCENTRATION OF ARSENIC

OXIDE CHARGE s 0,000000E+QQ Is
SILICON CHARGE s |,448723E¢1S 18
TOTAL CHARGE » 1,448723E¢1S I8
INITIAL CHARGE = 2,000000E+00

wgle

2,000E+00
100,90
2,0808E4+03

2.,000E+0PQ
100,0
100,90

0.700E+0Q0
100,
0,000E«+00

e 22 ¢ ¢ 2

» e e

or
oF
or

oF
oF
OF

oF
oF
or

TOTAL
TOTAL
INITIAL

TOTAL
TOTAL
INITIAL

TOTAL
TOTAL
INITIAL
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STANFORD KITCHIP PROCESS 6/5/78
BURIED LAYER
STEP & 2

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME * 180,80 MINUTES
INITIAL TEMPERATURE s  12503,00 DEGREES €,
OXIDE THICKNESS . .4177 MICRONS

LINEAR OXIDE GROWYH RATE = |,577485E«02 MICRONS/MINUTE
PARAROLIC OXIDE GROWTH RATE s §,113008E«P3 MICRONS®2/MINUTE

OXIDE GROWTH PRESSURE s 1,00000 ATMOSPHERES

{ OXxIDE I SILICON | | SURFACE l

{ DOIFFUSION | DOIFFUSION | SEGREGAYION | TRANSPORY

! COEFFICIENT | COEFFICIENT | COEFFICIENT | COEFFICIENY |
CXII TP RPN LR R R R R R R R R R A R R A R L R R A A R X A 0 A R A L 0 0 XA 0 0 B 0 0 L A A L 0L L A X L 0 JJ
BORON ! 3,95869E=06 | 1,88161E-02 | 1,4706 ! «102339 !
ARSENIC i 6,93186E=07 | 4,55201E-03 | ie,n000 ! 0234214 |

SURFACE CONCENTRATION 8 <7 ,765171E«18 ATOMS/CM*)
JUNCTION DEPTH | SHEEY RESISTANCE

--.-.-...-..-.-..-..O.‘--.-.--..---.---.....-.-.'-

| 28,4108 OHMS /SQUARE

NET ACTIVE CONCENYRATION

OXINE CHMARGE = 8,700%5652E¢13 I8 5,92 X OF YOTAL
SILICON CHARGE s | ,382555E¢15 18 94,14 X OF YOTAL
TOTAL CHARGE & | ,469560Ee15 I8 101, X OF INITIAL
INITIAL CWHARGE 8 | ,449207E«1S

CHEMICAL CONCENTRATION NF BORON

OxIDE CHARGE s 2,784715Ee}Q 18 S.60 X OF YOYAL
SILICON CHARGF & 4,698372E¢1! 18 04,4 X OF YOoTaL
TOTaL CHARGE = 4 ,976843Ee¢11 18 99,9 X OF INITIAL
INITIAL CHARGE s §,00000PEe®lY

CHEMICAL CONCENTRATION OF ARSENIC

0XINE CHARGE 3 8,703345E+}3 18 5,92 X OF TOTAL
SILICON CHARGE s | ,383232E¢1S 18 94,1 X OF TOYAL
TOTAL CHARGE 8 | ,47QN66E+1S 18 101, X OF INITIAL
INITIAL CMARGE s | ,448723E¢15
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STANFORD KITCHIP PROCESS 6/5/78
BURIED LAYER
| STEP s 2 TIME = 180,0 MINUTES,
!
: CONCENTRATION (LOG ATOMS/CC)
!
14 15 16 17 18 19 20 21

{ { i LA i
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STANFORD KITCHIP PROCESS 6/5/78
BURIED LAYER

STEP & 3

ETCH STEP

ETCH YEMPERATURE = 25.2 DEGREES C,

ETCH TIME L .2 MINUTES

ETCH RATE s .000@ MICRONS/MINUTE
OXIDE THICKNESS s N,APAPE*P® MICRONS

SURFACE CONCENTRAYTION 8 «7,765171E+18 ATOMS/CM®3
JUNCTION DEPTH ! SHEET RESISTANCE

LA L L L L L L XL} ‘ eeederedoseNeereeRRgeogPes

{ 28,4198 OHMS/SQUARE {

NET ACTIVE CONCENTRATION

OXIDE CHARGE s 0,0000AREeDQ 18 2,000E+00 X OF TOTAL
SILICON CHARGE = | ,382535E¢1S 18 100,09 %X OF TOTAL
TOTAL CHARGE s {,382535E+15 I8 94,1 X OF INITIAL
INITIAL CHARGE s |,469%60E*1S

CHEMICAL CONCENTRATION OF BORON

OXIDE CHARGE s 0Q,00000RE+Q0Q Is 2.%00E+023 % OF TOTAL
SILJCON CWMARGF s 4,698372E¢ 18 100,0 X OF YOTAL
TOTAL CHARGE s 4,698372E+1]) 18 94,4 X OF INITIAL
INITIAL CHARGE 3 4,976R43Ee1}

CHEMICAL CONCENTRATION OF ARSENIC

OXIDNE CHARGE = ,00000PE+N® 1s 2,A00EeRE % OF YOTAL
SILICNAN CHARGE s | ,383M32E+1S 18 100,90 X OF TOTAL
TOTAL CHARGE s {,383032E+15 Is 94,1 X OF INITIAL
INIYIAL CHARGE = | ,470066E¢!S




STANFORD KITCHMIP PROCESS 6/5/78 |
EPITAXY |
STEP & 4 |

! EPI«LAYER IMPURITY & ARSENIC
TEMPERATURE s 1000,0 OEGREES C
TIME s 11,0 MINUTES
GROWTH RATE & «500 MICRONS/MINUTE
SILICON ADODED = 5,5000 MICRQONS
GAS=PHASE CONCENTRATION s |,000000E+)1S

' FAUT = +PANRNAE+AD FRAC = «000A0NAE+20 FINT = «N0ARMABE+ND

] 3
‘ { OXIDE | SILICON { | SURFACE !
{ OIFFUSION ! DIFFUSION | SEGREGATION | TRANSPORTY
| COEFFICIENTY | COEFFIGIENY | COEFFICIENY | COEFFICIENT | 3
T T T TIPS R PR DL DL D DS L D L P D L L LA AL LR LR AL DL Ll Ll d Ll L ddd [
BORON ! 3,95860E-06 | 9.,16197E-05 | 1,4706 { 2,82626E-03 |
'; ARSENIC i 6,93186E-07 | 1.,M1692E-05 | 10,0000 | 1,19298€-02 |

SURFACE CONCENTRATION s =1 ,00000Q0E+13 ATOMS/CM®3

i
|
\
! -----.-.-...--.---..--l---.----..-..g......---....
T

JUNCTION OEPTH ! SHEET RESISTANCE
] ! 28,2615 OHMS/SQUARE
it NET ACTIVE CONCENTRATION
d
;% OXIDE  CMARGE = 9,P0RPRRE+RR IS  ©0,000E400 X OF YOTAL
! SILICON CHARGE = {,379372E¢15 IS 10@,0 X OF TOTAL
+ TOTAL  CHARGE & 1,379372E¢15 13 99,8 % OF INITIAL
4 INITIAL CHMARGE & {,382555E¢15

L

CHMEMICA|L CONCENTRATION OF BORON

1 OXINE CHARGE = 0,00P0ARRE+AR Is ©@,000E+?@ X OF TOTAL
SILICON CHARGE = 4,702820E+11 18 100,90 X OF TOTAL
TOTAL CHARGE ®» 4,702629E+1} 18 100, % OF INITIAL
\ INITIAL CHARGE s 4,698372E+11

CHEMICAL CONCENTRATION OF ARSENIC
, OXIDE  CHARGE

; s 0,ANPQPNESAQ IS 0.000Ee@0 X OF TOTAL

| SILICON CHARGE = | ,3798SPE+15 1s 100,90 %X OF TOTAL

' 4 TOTAL CHARGE = |, 379A50E+4S Is 99.8 X OF INITIAL
INITIAL CHARGE s 1 ,383032E+15
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STANPORD KITCHIP PRQCESS 6/5/78

EPITAXY
| STEP = 4 TIME = 11,0 MINUTES,
{
i CONCENTRATION (LOG ATOMS/CC)
i
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STANFORD KITCHIP PROCESS 6/5/78
ISOLATION
STEP # 5

OXIDATION IN DRY OXYGEN

i i TOTAL STEP TIME s 60,0 MINUYES
4 INITIAL TEMPERATURE s 1100,00 DEGREES C,
OXIDE THICKNESS . 1104 MICRONS

LINEAR OXIDE GROWTH RATE ® 3,007418E=03 MICRONS/MINUTE
PARAROLIC OXIDE GROWTH RATE ® 3,986828E-04 MICRONSt2/MINUTE

| l OXIDE GROWTYH PRESSURE 8 1,00000 ATMOSPHERES
i | OXIDE ! SILICON ] |  SURFACE !
A ‘ ! DIFFUSION ! DIFFUSION | SEGREGATION | TYRANSPORT
1 | COEFFICIENT | COEFFICIENT | GCOEFFICIENT |} COEFFICIENT |
B T I YT R R R T R L L L L A L L R DL L L L L L L L AL L L L]
‘ BORON ! 2,09716E«07 | 1,23522E-03 | +66145 | 1,31132E=02 |
| ARSENIC |  1,18402E-P8 | 1,52575Ee04 | 10,0000 |  4,47011E=02 |

SURFACE CONCENTRATION = =1 ,385323E+15 ATOMS/CM*3
JUNCTION DEPTH l SHEEY RESISTANCE

PeceessenssePosenePenes l L LT L LT L L LY DL L L L

)
\
i
Y I 27,4748 OMMS/SQUARE

NET ACTIVE CONCENTRATION

] OXINE CHARGE s {,360439E+09 1S  9,863E<B5 X OF TOTAL
g | SILICON CHARGE s §,379328E+15 1s  100.0 X OF TOTAL
, TOTAL CHMARGE = §,379330E+15 18 10¢.0 % OF INITIAL
INITIAL CHARGE s {,379372E+15

CHEMICAL CONCENTRATION OF BORON

OXIDE CHARGE » ¢,4%4211Ee40 18 9,472E=20 X OF TOTAL
SILICON CHARGE ®= 4,702636E+11 18 i10e,.02 X OF TOTAL
TOTAL CHMARGE = 4,702636E+11 18 100, X OF INITIAL
INITIAL CHARGE s 4,702629E+1}

CHEMICAL CONCENTRATION OF ARSENIC

OXIDE CHARGE = |, 360439E+09 I8 9,880E«05 X OF TOTAL
SILICON CHARGE = | ,379815E+15 18 100,02 X OF TOTAL
TOTAL CHARGE = 1| ,379817E+15 18 100,0 X OF INITIAL
INITIAL CHARGE s §,37985QE+48

—— N ——in el —
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STANFQRO KITCHIP PROCESS 8/5/78
ISOLATION
SYEP # 6

OXIDATION IN DRY OXYGEN

TOTAL STEP TIME s 90,0 MINUTES
INITIAL TEMPERATURE » 1200,.00 DEGREES C,
OXIDE THICKNESS a .2674 MICRONS

LINEAR NXIDE GROWTH RATE ® 9,425077E«A3 MICRONS/MINUTE
PARAROLIC OXIDE GROWYH RATE & B8,088042E«Q4 MICRONST?2/MINUTE
OXIDE GROWTH PRESSURE 8 1.,n0000 ATMOSPHERES

{ OXIDE | SILICON ! | SURFACE |

! DIFFUSION | DIFFUSION ] SEGREGATION | TRANSPORY

| COEFFICIENTY | COEFFICIENT | COEFFICIENT | COEFFICIENTY |
L R Y P P L L L L L R R P L Y D RS S R PR PR R L L LR R Y )
BORON | 1,58896E=06 | 7,26316E=03 | 1.,1473 ! 5,44300E=02 |
AL AR R R R R R R AR R R R R R A R 2 R 224 X X 2 2 X L 2 X 2 & B X 2 & 2 0 4 L A A 2 XX 2 P X 2 0 4 & A & 0 X Xl ]

ARSENIC ! 1,95738E=07 | 1.58480E-03 | 19,0000 ! «14000 !
SURFACE CONCENTRATION =3 «1,199782E+15 ATOMS/CM*3
JUNCTION DEPTH ! SHEEY RESISTANCE

I P T R L P R L Y ) l LI AL L L R DL L L XX

| 24,7982 OHMS/SQUARE

NET ACTIVE CONCENTRATION

OXINE CHARGE = 3,329525E+09 18 2,414E=P4 X OF TOTAL
SILICON CHARGE = 1,379357E+15 18 100,0 X OF TOTAL
TOTAL CHARGE = | ,379360E+15 18 100, X OF INITTIAL
INITIAL CHARGE = 1 ,379330E+15

CHEMICAL CONCENTRATION OF BORON

OXIDE CHARGE = 19582,6 18 4,165FE«06 X OF YOTAL
SILICON CHARGE = 4,7Mm2171E+{1 18 100,0 X OF TOTAL
TOTAL CHARGE s 4,702172E+11 18 100,0 X OF INITIAL
INITIAL CHARGE s 4,7026836E¢1]

CHEMICAL CONCENTRATION OF ARSENIC

OXIDNE CHARGE s 3,329548E+09 18 2,413E=04 X OF YOTAL
SILICON CHARGE ® | ,379831E+15 18 iee,.m X OF TOTYAL
TOTAL CHARGE = | ,379A34E+15 18 i0m, X OF INITIAL
INITIAL CHARGE s § ,379817E+15
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STANFORD KITCHIP PROCESS 6/5/78

ISOLATION
STEP & 7
ETCH STEP )
ETCH TEMPERATURE = 25,0 OEGREES C,
ETCH TIME s .0 MINUTES
bt | ETCH RATE . 2000 MICRONS/MINUTE
{ OXIDE THICKNESS s 2,0000E+AA MICRONS
.1 SURFACE CONCENTRATION 2 < ,199782E+15S ATOMS/CM*]
H ]
! JUNCTION DEPTH ! SHEET RESISTANCE
' L L Y P Y R T Y Y ) 1 LTI T Y I PR R R L L L X XN
| { I 24,7981 OHMS/SQUARE

NET ACTIVE CONCENTRATION

OXINE CHARGE = 0,0020PRE+QQ 18 P.0MQPE+NQ X OF TOTAL
SILICON CHARGE s 1,379353E+1S 18 100,.0 X OF TOTAL
TOTAL CHARGE = §,379353E¢15 18 100,02 X OF INITIAL
! INITIAL CHARGE 3 {,379360E+15

CHEMICAL CONCENTRATION NOF BORON

]
1 OXIDE  CHARGE

T A,000000E«RQ 18 P, 00PEePQ X OF TOTAL
23 SILICON CHARGE & 4,702186E+1] 18 100,90 %X OF TOTAL
k| TOTAL CHARGE s 4,7021BBE+1} 1s 100, % OF INTTIAL
E INITIAL CHARGE = 4,702172Ee1}
¢
G | CHEMICAL CONCENTRATION OF ARSENIC
G ! OXINE CHARGE s Q,000M@NEeDR 1S 0,000E+PQ %X OF TOTAL
P SILICON CHARGE 3 1,379827E+15 12 00,0 X OF TOTAL
E TOTAL CHARGE = 1,379827E+1S 18 100.0 X OF INITIAL
INITIAL CHARGE = 1.379834E+15
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STANFORD KITCHIP PROCESS
ISOLATION
STEP &®

6/5/78
«@ MINUTES,

? TIME =

CONCENTRATION (LOG ATOMS/CC)
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STANFORD KITCWIP PROCESS 6/5/78
BASE DIFFUSION
SYEP & 8

GASEDIS PREDEPNSITION

TOTAL STEP TIME s 32,2 MINUTES
INITTAL TEMPERATURE = 952,000 DEGREES C,
OXIDE THICKNESS s 7 ,3000E+BQ MICRONS

PREDEPOSITION IMPURITY s BORON
GAS CONC, AT INTERFACE = {,200200Fe2p ATOMS/CC

\ OxIDE | SILICON l | SURFACE !

! DIFFUSION | DIFFUSION | SEGREGATION | TYRANSPORY

.\ CDEFFICIENY | COEFFICIENY | COEFFICIENY | COEFFICIENT |
...---..--..--.-.-..-...-.--..’---........----..-..-..-..-.....-..............
BORON L 5,40472E=29 | 2,55856E<05 | 024457 H 1.0000 !
ARSENIC . 7.45%46Eeyy | 2,22365€E-06 | 12,0200 ! 5,88350E-023 |

SURFACE CONCENTRATION 3 | ,196719Ee2p ATOMS/CMTY

JUNCTYION DEPTH H SHEEY RESISTANCE
388777 MICRONS | 59,3145 0HMS/SOUARE
{ 24,828 ¢ O<MS/SOUARE

NEY ACTIVE CONCENTRATION

OXINE C~ARGF s 2,2222p7Eep0 18 2,P2PEeRP X OF YOTAL

SILICON CHARGE s 3,263%40F¢18 1s 12e,@ X OF YOTAL

TOTaL CRmARGE & 3,263842E¢15 18 237, X OF INITIAL

INITIAL CmARGE = 1 ,379353Ee«1S

CHEMICAL CONCENTRATION AF BCRON

CYIDE CHARGE s 2,P22202Ee2Q 18 A,A32EeP2 X OF YOTAL

SILICON CHARGE s | BBARS3IEeSS s iee,.p x CF YOTaAL

TOTAL CwARGE ® | ,AB4AS3EeS 1s 4,208Fe0S X CF INITIAL

INITIAL CwARGE 8 4,722186Ee!

CHEMICAL CCNCENTRATION OF ARSENIC

ox1ne CHARGE 8 2 ,220002Ee20 18 2,200EeP2 X OF TOTAL

SILICAON CwWARGE & | ,379824EeS 18 iez2,.pe X OF T0TAL
- T0%aL C=AR3GE &8 §,379828E¢ S 18 122,2 X OF INITIAL

INITIAL CWARGE s | ,370R27Ee8
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SYANFORD KITCHIP PROCESS 6/5/78
BASE DIFFUSION

| STEP s 8 TIME &= 30,8 MINUTES,

!

! CONCENTRATION (LOG ATOMS/CC)
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STANFORD KITCHIP PROCESS 6/5/78
BASE DIFFUSION
STEP & 9

OXIDATION IN DRY NXYGEN

TOTAL STEP TIME s 45,m MINUTES
INITIAL TEMPERATURE = 10Q0,000 DEGREES C,
OXIDE THICKNESS L] 4,7021E=02 MICRONS

LINEAR OXIDE GROWTH RATE = 7,004851E=@4 MICRONS/MINUTE
PARAROLIC OXIDE GROWTH RATE s {,8a7558E=04 MICRONS®2/MINUTE

OXIDE GROWTH PRESSURE s i,00000 ATMOSPHERES

| OXIDE { SILICON ! ! SURFACE i

! OIFFUSION | DIFFUSION } SEGREGATION | TRANSPORY

! COEFFICIENT | COEFFICIENT | COEBFFICIENY | COEFFICIENT |
LI P PR LR E DR D D R R L D R DL R L D DL L L L L Ll L ALl DLl L Ll Ll L Ll LA L2
BORON ! 2,71368E~28 | 2.,M3949E-04 | 034974 ! 2,52626E-03 |
L e T R P P Y E Y DR P X I SR D LR LA DO DL DL L L DL LR R L Y D L L L AL L L]
ARSENTC ! 4,80947E-10 | 1,01692E=05 | 10,0000 ! 1,19298E-02 |

SURFACE CONCENTRATION = 2,542623E+19 ATOMS/CM*Y

JUNCTION DEPTH 1 SHEET RESISTANCE 3
L L X L L & X & L L X L N &2 J ‘ PN TN PO NSRRI PR EeR
1.,m3444 MICRONS | 73,6273 OHMS/SQUARE
| 24,8069 OHMS/SQOUARE

NEY ACTIVE CONCENTRATION

OX10E CHARGE s 2,81638J3E+14 18 9,47 X OF TOTAL
SILICON CHNARGE s 2,693828E+15 18 92,5 X OF TOTAL
TOTAL CHARGE s 2,975466E+15 18 91,2 X OF INITIAL
INITIAL CHARGE s 3,2636840E+15
CHEMICAL CONCENTRATION OF BORON
OXIDE CHARGE s 2,816390E+14 18 17,6 X OF TOTAL
SILICON CHARGE s | ,315187E+15 18 82,4 X OF YOTAL
TOTAL CHARGE & {,596826E+15 I8 84,7 X OF INITIAL
INITIAL CHARGE = 1 ,8B84853E+)S
CHEMICAL CONCENTRATION OF ARSENIC
Ox10E CHARGE s 7 ,281110E+08 I8 35.,277E=05 X OF YOTAL
SILICAN CHARGE = | ,379828E+15 I8 10o,.0 X OF TOTAL
TOTAL CHARGE » | ,379B29E+15 18 100, X OF INITIAL -
INITIAL CHARGE s | ,379826E+15
=104~
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STANFORD KITCHIP PROCESS 6/5/78
BASE DIPFUSION
STYEP & 10

OXIDATION IN WET OXYGEN

TOTAL STEP TIME s 60,0 MINUTES
INITIAL TEMPERATURE s 1800,000 DEGREES €,
OXIDE THICKNESS s ,4235 MICRANS

LINEAR OXIDE GROWTH RATE ® 1,472009Ee@2 MICRONS/MINUTE
PARABOLIC OXIDE GROWTH RATE ®= 5,149757E=03 MICRONS®2/MINUTE

OX1DE GROWTYH PRESSURE s ,842109% ATMOSPHERES
| OXIDE { SILICON ! | SURFACE |
| DOIFFUSION | DIFFUSION | SEGREGATION | TRANSPORY

| COEFFICIENY | COEFFICIENT | COEFFICIENY | COEFFICIENT |
L L L L e e R R D DL AT R Y P L D X L R D R L D S L T P R P Y P Y D D Y 2
BORON l 2,01368E=08 | 2,.03949E-04 | 34974 ! 2,%52626E-03 |
T T L Y Y e L L Y P P L Y Y P Y T T L L L T LY LTy

ARSENIC l 4,60947E«10 | 1,01692E-05 | 10,0000 ! 1,19298E-02 |
SURFACE CONCENTRATION s 3,871102E«18 ATOMS/CM*3

JUNCTION DEPTH l SHEET RESISTANCE
'..'..-...-.....-...-.‘.....-..............-.-.-..
1.20266 MICRONS | 127,610 OWMS/SQUARE

! 24,8019 OWMS/SQUARE

NET ACTIVE CONCENTRATION

OXIDE CHARGE s 0,046R204E¢14 18 30,8 X OF TOTAL
SILICON CHARGE s 2,028a50E+1S 18 69,2 X OF TOTAL
TOTAL CHARGE s 2,9326871E+15 18 98,6 X OF INITIAL
INITIAL CHARGE = 2,975466E¢1S
CHEMICAL CONCENTRATION OF BORON
oxIo0E CHARGE s 9 ,046388E¢14 18 58,2 X OF TOTAL
SILICON CHARGE & 6,494851E¢14 18 41,8 X OF TOTAL
TOTAL CHARGE s | ,554104E*1S 1s 97.3 X OF INITIAL
INITIAL CHARGE » {,596826E¢15
CHEMICA| CONCENTRATION OF ARSENIC
OXIDE CHARGE s | ,845820E+107 18 1,338E=03 X OF TOTAL
SILICON CHARGE s | ,379807E*1S 18 100,0 X OF YOTAL
TO0TAL CHARGE s | ,379825E+15 I8 100,07 X OF INITIAL
INITIAL CHARGE s | ,379820E+18
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STANFORD KITCHIP PROCESS 6/5/78
BASE DIFFUSION
STEP » 1}
OXIDATION IN DRY OXYGEN
TOTAL STEP TIME . 5.0 MINUTES
INITIAL TEMPERATYURE = 100n,000 DEGREES €,
OXIDE THICKNESS . ,4243 MICRONS 3

LINEAR OXIDE GROWTN RATE = 7 ,885412E«04 MICRONS/MINUTE
PARABOLIC OXIDE GROWYH RATE = {,795514Ee@4 MICRONS®2/MINUTE
OXIDE GROWTH PRESSURE L] 1.70000 ATMOSPHERES

| OXIDE | SILICON ! ! SURFACE |
{ DIFFUSION I DIFFUSION | SEGREGAYION | TRANSPORT

| COEFFICIENTY | COEFFICIENT | COEFFICIENT | COEFFICIENT |
LA L LY DY P L L R D R L L L L L L L L IR L L A LA AL L L Ll
BORON | 2,01368E-08 | 2,03949E=04 | 034974 l 2,52626E=03 |

ARSENIC ! 4,60947€=10 | 1,M1692E=05 | 10,0000 { 1,19298€=02 |

SURFACE CONCENTRATION s 5,871862E+18 ATOMS/CM*3

4
JUNCTION DEPTH ¢ SHEET RESISTANCE
.......'.‘.-.....-..-.l--..'..-.-.'-.'..-O.--.-.-.
1,22169 MICRONS | 128,319 LONMS/SQUARE
! 24,7965 OKWMS/SQUARE
NET ACTIVE CONCENTRATJION
OXINE CHARGE = 9,127785E+14 18 31,1 X OF TOTAL
SILICON CHARGE & 2,019751E+15 I8 68,9 X OF TOTAL
TOTAL CHARGE 8 2,932329E+315 18 100,0 X OF INIYIAL
INITIAL CHARGE s 2,932671E+15
CHEMICAL CONCENTRATION NOF BORON
oxioe CHARGE = 9,127069E+14 18 58,7 X OF TOTAL
SILICON CHARGE = 6,411452E+14 18 41,3 X OF TOTAL
TOTAL CHARGE s 1 ,553942E+15 I8 100,09 X OF INITIAL
INITIAL CHARGE = 1 ,554104E*1S
CHEMICAL CONCENTRATION DF ARSENIC
OXIDE CHARGE s §,837133E+10 18 1,331E=A3 X OF YOTAL
SILICON CHARGE = {,379832E+15 18 100,09 X OF TOTAL
| TOTAL CHARGE = | ,379850E+15 18 100, X OF INITIAL
INITIAL CHARGE ® | ,379825E¢15
-106-
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STYANFORD KITCHIP PROCESS 6/5/78
BASE DIFFUSION
STEP & 12

NEUTRAL AMBIENT DRIVE=IN

TOTAL STEP TIME s 1P,M MINUTES
INITIAL TEMPERATURE = 1000,000 DEGREES C,
OXIDE THICKNESS L 4243 MICRONS

{ OXIDE { SILICON ! | SURFACE l

I DOIFFUSION { OIFFUSION | SEGREGATION | TRANSPORY

| COEFFICIENY | COEFFICIENT | COEFFICIENT | COEFFICIENT |
BORON ] 2,01368E-08 | 9.,16197E=05 | 034974 ! 2,52626E-03 |

ARSENIC { 4,60947E=10 | 1,01692E-05 | 10,0000 ! 1,19298E=02 |
SURFACE CONCENTRATION s 6,891920F«18 ATOMS/CM2)

JUNCTION DEPTH ! SHEET RESISYANCE
-----.--.-----.-..-.-.l.-.-'O---.-.-'...'....--...
1.24112 MICRONS | 128,388 OHMS/SQUARE

{ 24,7988 OHMS/SQUARE

NET ACTIVE CONCENTRATION

OXIDE CHARGE = 9,162638E+14 I8 31,2 X OF TOTAL
SILICON CHARGE = 2,01620PE+1S 18 68,8 X OF TOTAL
TOTAL CHARGE = 2,932464E+15 18 100,0 X OF INITIAL
INITIAL CHARGE = 2,932529E¢15

CHEMICAL CONCENTRATION OF BORON

OXIDE CHARGE = 9,162821E¢14 18 59,0 X OF YOTAL
SILICON CHARGE s 6,375986E+14 18 41.0 X OF TOTAL
TOTAL CHARGE = §,553B81E+15 18 100,0 X OF INITIAL
INITIAL CHARGE s 1| ,553942E¢15%

CHEMICAL CONCENTRATION OF ARSENIC

OXIDE CHARGE s {,829183E+i0 18 1,326E=03 % OF TOTAL
SILICON CHARGE = 1,379832E+}S 18 100,0 X OF YOTAL
TOTAL CHARGE s 1,379850E+18 I8 100,09 %X OF INITIAL
INITIAL CHARGE s §,3708350E«15
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BASE DIFFUSION
STEP # 13

ETCH STEP
ETCH TEMPERATURE
ETCH TIME
ETCH RATE
OXIDE THICKNESS

‘ JUNCTION DEPTH

OXIDE  CHARGE
SILICON CHARGE
TOTAL  CHARGE
INITIAL CHARGE

»

STANFORD KITYCHIP PROCESS

SURFACE CONCENTRATION =

6/8/78

25,0 DEGREES C,

.@ MINUTES

,0200 MICRONS/MINUTE
L] P.APPBE+A@ MICRONS

6,891920E+18 ATOMS/CM®Y

{ SHEET RESISTANCE

! 24,7996

NET ACTIVE CONCENTRATION

7.0000NAE*00
2,016181E+15%
2,016181E*15
2.932464E 15

CHEMICAL CONCENTRATION OF BORON

OXIDE CHARGE = @,00000AEeQ0
SILICON CHARGE s 6,375974E+14
TOTAL CHARGE & 6,375974E¢14
INITIAL CHARGE = 1,5538B81E+15
1 ‘ CHEMICAL CONCENTRATION OF ARSENIC
£ OXIDE CHARGE s @,0PANORE+QD
SILICON CHARGE = | ,379814E15
TOTAL CHARGE ®» §,379814E*15
INITIAL CHARGE & {,379850E¢15

.----.-..---...-----..l'..'........-....'.---.U..-

‘ 1,23930 MICRONS | 128,389

OHMS/SQUARE

OHMS/SQUARE
18 N.ANAESAD %X
18 109,90 X
Is 48,8 %
18 2.000E+00 X
Is 10,0 X
18 41,0 X
I8 0.0PNE+RQ X
18 100,0 3
18 100,04 X

oF

OF

oF

OF

oF
oF
oF

TOTAL
TOTAL
INITIAL

YOTAL
TOTAL
INITIAL

TOTAL
TOTAL
INITIAL
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STANFORD KITCHIP PROCESS 6/5/78

BASE DIFFUSION
| SYEP = 1) TIME ® .0 MINUTES,
{

DEPTH | CONCENTRATION {LOG ATOMS/CC)

(uMy |
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STANFORD KITCHIP PROCESS 6/8/78
EMITTER QIFFUSION
STEP & 14

GASEOUS PREDEPONSITION

TOTAL STEP TIME s 33,8 MINUTES
INITIAL TEMPERATURE = 1025,00 DEGREES C,
OXIDE THICKNESS L ?,0000E+PP MICRONS

PREDEPOSITION IMPURITY s PHOSPHORUS
GAS CONC, AT INTERFACE = 1,150000Ee21 ATOMS/CC

OXIDE ! SILICON |

| | SURFACE l
| DIFFUSION | DIFPUSION i SEGREGATION | TRANSPORY
! COEFFICIENY | COEFFICIENY | COEFFICIENT | COEFFICIENT |

LT YT PR LR SR D LR L DS DA DL D R R L DAL D L L DA A A AT DL R LR L L ALl ]

i BORON { 3,74197E=08 | 1,67164E=04 | 241383 i 3,90494E=03 |
LTI T LY L D L P R DL L L D R DA L L A R L L L L L AL A AL Il DL L ALl L LA ddddddddd
ARSENIC { 1,08752E-09 | 2,08126E-05 | 10,0000 ! 1,69177E-02 |
LTI TR XX P XY X Y P R A P Y L L L L LR LR L L L L L L A LA L L L LY L L AL LAl Al
PHOSPHORUS | 1,17679E<06 | 2,56709€-04 | 10,0000 ! 1.0000 !

SURFACE CONCENTRATION = «3,390586E+20 ATOMS/CM*3
l JUNCTION DEPTH i SHEEY RESISTANCE |

|

| LA L L L L DL L LA LA L L L L L l eVeeveSedagebeRRePeoRenehasnw
| ‘ 1.08376 MICRONS | 6,73281 OHMS/SQUARE
l 1.,55913 MICRONS | 26066,9 OWMS/SQUARE
| ! 24,7752 OHMS/SQUARE
{

| NET ACTIVE CONCENTRATION

0XINE CHARGE = 0,0000nRE«QRQ 18 2,000E+20 X OF TOYAL
{ SILICON CHARGE = 1,37P0B1E+36 18 109,.0 X OF TOTAL
1 TOTAL CHARGE = 1,370MB81E+16 18 68a, X OF INITIAL
{ INITIAL CHARGE s 2,8{6181E¢1S
T

CHEMICAL CONCENTRATION OF BORON

OXIDE CHARGE = 0,000000E+0R IS B,ANAE+BA X OF TOTAL

! SILICON CHARGE & 6,125195E+14 I8 100,09 X OF TOYAL 3
TOTAL CHARGE = 6,125195E«14 18 96,1 % OF INITIAL
INITIAL CHARGE & 6,375974E¢14

CHEMICAL CONCENTRATION OF ARSENIC

OXIDE CHARGE s 0,000AA0E+0P IS  9,00PE+AR X OF YOTAL
SILICON CHARGE s 1,3798RSEe1S 1s  100,0 X OF TOTAL
TOTAL CHARGE s | ,379805E+1S 1s 100,0 X OF INITIAL
INITIAL CHARGE & §,379814E+18
| CHEMICAL CONCENTRATION OF PHOSPHORUS
! OXIDE CMARGE = 0,00p030E+0P IS  ©,0P0Ee@@ X OF TOTAL
| SILICON CWARGE s 2,973232€¢16 18 100,09 X OF ToTAL 1
1
4
TOTAL  CHARGE s 2,9732326418 1S 0.00AEedM X OF INITTAL
INITIAL CHARGE s 0,000AQ0E+AR
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STANFORD KITCHIP PROCESS 6/8/78
EMITTER DIFFUSION
| STEP = 14 TIME = 33,0 MINUTES,
|
i CONCENTRATION (LOG AYOMS/CC)
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STANFORD KITCHIP PROCESS 6/5/78
EMITTER DIFFUSION
STEP & 15

NEUTRAL AMBIENT DRIVEwIN

YOTAL STEP TIME s 10,0 MINUTES
INITIAL TEMPERATURE = 9ea,evn DEGREES C,
OXIDE THICKNESS s N, 000NE+QA MICRAONS
! OXIDE ! SILICON ! | SURFACE !
| DIFFUSION | DIFFUSION | SEGREGATION | TYRANSPORTY
! COEFFICIENTY | COEFFICYENT | COEFFICIENY | CNEFFICIENT |
P R LT LT RN L L L L L A L LN AL A L AL L L L AL L L L AL XX ]
BORON ! 1,29677E=09 | 6,39B43E-026 | ,16589 ! 3,87548E=04 |
.----..-.--......-.---.-..--.-'...-..--..------.-.-----..-.-...-.-‘..-.--...--
ARSENIC i 1,03185%Ee1t | 4,271448-07 | 10,0000 ! 2,54185E=03 |
PHOSPHORUS | 4,19632€<08 | 4,36660E-06 | 10.0000 ! a,00000E¢00 |
SURFACE CONCENTRATION = &3,322567E¢2@ AYOMS/CM*3
JUNCTION DEPTH ! SHEEY RESISTANCE
----.-.----...-’---..'l PSSP oeranPeeNedoaereee
1,08766 MICRONS | 6,71579 OXMS/SQUARE
1.56485 MICRONS | 26219,8 OWMS /SQUARE
! 24,7739 OHMS/SQUARE
NETY ACTIVE CONCENTRATION
OXIDE CHARGE = 0,000000E+RQ 18 2.0MPE¢@P X OF TOTAL
SILICON CHARGE s | ,3729B4E+)6 19 100,0 X OF TOTAL
TOTAL CHARGE = 1| ,372984E«16 18 100, X OF INITIAL
INITTAL CWARGE s |,3707281E+16
CHEMICAL CONCENTRATION OF BORON
OXINE CHARGE s Q,N00PARE+QQ 18 8,000E*@2 X OF TOTAL
SILICON CHARGE s 6,12!120Fe¢14 18 100,0 %X OF TOTAL
TOTAL CHARGE = 6,12112PE+14 18 99,9 %X OF INITIAL
INITIAL CHARGE = 6,125195E+14
CHEMICAL CONCENTRATION OF ARSENIC
OXIDE CHARGE s 0 ,000PQPRE+RQ 18 P,APPEAD % OF TOTAL
SILICON CHARGE = | ,379804E*\5 18 100,0 X OF TOTAL
TOTAL CHARGE s | ,379804E*15 18 10,0 X OF INITIAL
INITIAL CHARGE = §,379808Ee1S
CHEMICAL CONCENTRATION OF PHOSPHORUS
OXIDE CHARGE s 0,00000PEsQQ 18 2,00NE+20 X OF TOTAL
SILICON CHARGE s 2,973231E#16 18 190,0 X OF TOTAL
TOTAL CHARGE ®» 2,973231E+18 18 100,0 X OF INITIAL
INITIAL CHARGE s 2,973232E¢16
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STANFORD KITCHIP PROCESS 6/5/78
EMITTER DIFFUSION
STEP # 16

OXIDATION IN WET OXYGEN

TOTAL STEP TIME = {a,0 MINUTES
INITIAL TEMPERATURE = oaR,00 NEGREES C,
OXIDE THICKNESS B 01777 MICRONS

LINEAR OXIDE GROWTH RATE » 5,628432E-02 MICRONS/MINUTE
PARABOLIC OXIDE GROWYH RATE ®& 4,581483E«A3 MICRONS®2/MINUTE

OXIDE GROWTH PRESSURE s 842108 ATMOSPHERES

! OXIDE | SILICON 1 | SURFACE 1

! DOIFFUSION | DIFFUSION | SEGREGATION | TRANSPORT

| COEFFICIENY | COEFFICIENT | COEFFICIENT | COEFFICIENT |
BORON ! 1,29677E«09 | 3,66143E=05 | «16589 ! 3,67548E=p4 |
ARSENIC ! 1,03185Ee11 | 4,27144E=07 | {p,0000 ! 2.54185E=-03 |
PHOSPHORUS | 4,19632E-08 | 7,860085E-06 | 10,0000 ! "n,A0000E+R0 |

SURFACE CONCENTRATION 3 «5,197845E+20 ATOMS/CM*3

JUNCTION DEPTH { SHEET RESISTANCE
WeoceeeveTeeReseTeeRee® l SR eWYTeEerNPeTeRTaTReSFoaneweaw
1.08799 MICRONS | 8,25491 OHMS/SQUARE
1,49109 MICRONS | 24321,2 OHMS/SQUARE

I 24,7715 OWMS/SQUARE

NET ACTIVE CONCENTRATION

OXIDE CHARGE s 3,463763E+15 I8 23,4 %X OF TOTAL
SILICON CHARGE ®= 1,135358E«16 1s 76,6 X OF TOTAL
TOTAL CHARGE = | ,481735E+16 18 108, X OF INITIAL
INITIAL CHARGE = | ,3729B4E+16

CHEMICAL CONCENTRATION NF BORON

OXIDE CHARGE s 4,6P4792E+13 18 7,55 %X OF TOTAL
SILICON CHARGE s 5,639213E+14 18 92,5 X OF TOTAL
TOTAL CHARGE = 6,099692E+14 18 99,6 %X OF INITIAL
INITIAL CHARGE = 6,121120E+14

CHEMICAL CONCENTRATION OF ARSENIC

OXIDE CHARGE s 3,248591E+n9 18 2,354E=04 X OF YOYAL
SILICON CHARGE s {,37980BE+1S 18 100,09 X OF YOTAL
TOTAL CHARGE s {,3798Q0E+15 IS 100, X OF INITIAL
INITIAL CHARGE = § ,379BP4E+3S

CHEMICAL CONCENTRATION NF PHOSPHORUS

OX1DE CHARGE s 6,676253E+15 18 22,3 X OF TOTAL
SILICON CHARGE ® 2,322669E+16 IS 77,7 X OF TOTAL
TOTAL CHARGE s 2,99Mm294E+16 18 104, X OF INITIAL
INITIAL CHARGE =

2,073231E+186




STANFORD KITCHIP PROCESS 6/5/78
EMITYER DIFFUSION
STEP & 17

NEUTRAL AMBIENTY DRIVE=IN

| YOTAL STEP TIME = 10.0 MINUTES
é INITIAL TEMPERATURE s 920,000 DEGREES €,
;3 ! OXIDE THICKNESS . 1777 MICRONS
: QX 10E | SILICON ! SURFACE !

‘ ! !

. | OIFFUSION | DIFFUSION | SEGREGATION | TRANSPORT

1 | COEFFICIENT | COEFFICIENT | COEFFICIENT | COEFFICIENT |
i

LI T R TR L R R R L Y PR L R D LA R L L L A LA A LAl L L L LA Ll LAl AL ld]

i BORON l 1,29677E=09 | 6,39843E-06 | 16589 ! 3,67548E=04 |
! (I AT LR DL L L LR L L R R A A R R A L LR A A AL LA A Al A A L LAl Al A Al Il d il Al il ddd A L 4 dd A
' ARSENIC ! 1,73185E=11 | 4,27144E=07 | i0,0000 i 2,54183E=03 |

| TR P P LS LR DR D R AL R R D R L DL R DA R A A D L DAL DL LI AL LR L D L L ALl L)

4 PHOSPHORUS | 4,19632E-n8 | 4,36669E-06 | 10,0000 ! P,NOORRE+DN |

SURFACE CONCENTRATION & «4,416995E+29 ATOMS/CM*3

JUNCTION DEPTH ) SHEET RESISTANCE
LI YT L K L XXX X X N L2 J l Y XTI R LN L LK L B L N B & B L X 2 J
1.00908 MICRONS | 8,2004¢ QHMS /SOUARE
; 1.4919) MICRONS |  24343,0 OHMS/SQUARE
| I 24,7713 OHMS/SQUARE
Lt NET ACTIVE CONCENTRATION
A OXIDE CHARGE ® 3,40324B8E¢15 1s 23,0 X OF TOTAL
SILICON CHARGE s |,141275E+16 1s 77,0 %X OF TOTAL
TOTAL CHARGE = {.4816QQE+16 IS 100.,@ X OF INITIAL
INITIAL CHARGE s 1,481735E+16
CHEMICAL CONCENTRATION OF BORON
OXIDE CHARGE = 4,670280E+13 18 7.66 X OF TQTAL ;
SILICON CHARGE ®= 5,629458E+14 s 92,3 X OF TOTAL
TOTAL CHARGE ®= 6,096486E+14 s 99,9 % OF INITIAL
INITIAL CHARGE s 6,P99692E+14
L' CHEMICAL CONCENTRATION OF ARSENIC
‘ OXIDE CHARGE s 3,166797E+09 1S  2,29%E«P4 X OF TOTAL
SILICON CHARGE = {,379806E+15 Is 100.0 X OF TOTAL
TOTAL CHARGE s 1,379809Ee(5 1S 100,0 X OF INITIAL
| INITIAL CHARGE s 1,3798P0E+1S
!
¢
| CHEMICAL CONCENTRATION OF PHOSPHORUS
! OXIDE CHARGE s 6,490390E¢15 1s 21,7 X OF TOTAL
i SILICON CHARGE s 2,341254E+16 1s 78,3 X OF TOTAL
! TOTAL CHARGE ®= 2,990203E+16 Is 100,09 X OF INITIAL
| INITIAL CHARGE s 2,90P294E+16

«{ {4
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| STANFORD KITCWIP PROCESS 6/8/78
EMITTER DIFFUSION
| STEP = 1?7 TIME » 10,0 MINUTES,
|
DEPTH | CONCENTRATION (LOG ATOMS/CC)
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