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ABSTRACT

The operation of Metal-Oxide-Semiconductor Field-Effect Transistors is
analyzed, emphasizing the effects of quantum-mechanical statistics, the join-
ing of strong- and weak-inversion regions and the modeling of small-
geometry devices.

When the gate voltage exceeds the threshold voltage, the surface-carrier
concentration is higher than the doping concentration and the surface may
degenerate. In order to understand the changes at the surface, we must
explore the quantum-mechanical effects. The quantum-mechanical effects
must be ascribed to both the quantum-mechanical statistics and the quantiza-
tion of the energy band. Numerical evaluation of the drain current, channel
conductance etc., based upon quantum-mechanical statistics, demonstrates
that quantum-mechanical statistics alone do not result in a significant devia-
tion from the classical prediction of these device characteristics within practi-
cal operational voltage ranges.

When the gate voltage changes from above to below the threshold vol-
tage, the operational mode shifts from strong to weak inversion. The
difficulties in modeling the transition between the strong- and weak-
inversion regions, where no simple approximations can be applied, are over-
come by joining the strong- and weak-inversion characteristics by properly
defining the transition region. This approach provides an efficient and self-
consistent way to simulate the operations of both strong- and weak-inversion
regions.

Program TWIST has been developed to simulate the characteristics of
weak inversion and weak-injection punchthrough by solving the two-



2

dimensional Poisson equation. The generation of non-uniform doping
profiles including a two-dimensional impurity redistribution and graded
meshes, and the application of modified Gummel’s algorithm and
Successive-Over-Relax iteration, together with a by-pass scheme, are imple-
mented.

The punchthrough phenomena are explored by theoretical analysis and
two-dimensional device simulations. The results of the two-dimensional
simulations establish the relationship between the drain-induced lowering of
the surface barrier and the punchthrough. The onset voltage of the pun-
chthrough is derived from a quasi one-dimensional Poisson equation.

To provide an efficient model of small-geometry devices, a semi-
empirical model, MOS3, has been developed and installed into the circuit
simulation program SPICE2.G. The equations in a simple format allow easy
parameter extraction, a property which is as critical as the accuracy of the
model itself. A close correlation is obtained between the calculated and
measured characteristics of small-geometry devices.
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CHAPTER 1

Introduction

A Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET), also
commonly known as an Insulated-Gate Field-Effect Transistor (IGFET), is a
semiconductor device with four terminals: source, drain, gate and substrate.
It is the major ingredient of today’s Large- and Very-Large-Scale Integrated
Circuits (LSI/VLSI). The extensive development of MOS technology is a
result of the simplicity of its structure. This simple structure permits low
production costs and high packing density which make MOS integrated cir-
cuits very economical.

The invention of MOSFETS can be traced to the 1930°’s [1-2]). The first
reported laboratory study of MOSFETs was carried out in the 1940’s [3].
Commercial MOSFETSs became available in the 1960’s [4], after the develop-
ment of planar integrated-circuit technology [5]. Since then, MOS technol-
ogy has been developed rapidly [6-7]. First, the polysilicon gate replaced the
metal gate. Then ion implantation [8-10] replaced thermal diffusion and the
devices could be tailored with much more freedom and precision. The dev-
ices are getting smaller and smaller. Today’s typical channel length and
width are as small as 2um. Now, people are looking forward to the era of

devices as small as or even smaller than 1um.

Theoretical research on MOSFETs and technological improvements
have always gone hand in hand. Detailed physical analysis has led to better
understanding of device operations and to the development of transistor
models that are widely used in circuit simulation programs. Device models
which are compatible with these simulators have gained very much attention.
Characteristics equations with sets of device parameters are often used [11].
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Table-Look-Up is an alternative when dealing with large-scale circuits [12-
13]. Both approaches to transistor modeling require either available device
data from which parameters may be extracted [14] or parameter values
obtained from one-dimensional or pseudo-two-dimensional physical models
of the transistors [15]. Numerous models have been developed [6-7]. The
complexity ranges from the most compact Shichman-Hodge’s [16] model to
those models requiring iterative solutions [17]. A good CAD (Computer-
Aided-Design) model should be able not only to reflect the state of the tech-
nology but also to provide accuracy and computational efficiency.

Most MOSFET circuits are designed so that the devices operate in the
strong-inversion region. The strong-inversion region is the region in which
the concentration of the minority carriers exceeds that of the majority car-
riers, which is in the range of 5.0X10" to 5.0X10'® on~3. The presence of
excessive minority carrier concentration inverts the type of net surface con-
centration. The threshold voltage of strong inversion is usually on the order
of 1 volt. Degeneracy, the condition in which the surface concentration is
10¥%m™ or more, does not occur until a much higher gate voltage is reached.
The impact of this heavy concentration and the effect due to quantum

mechanics are explored in Chapter 2.

The current in the weak-inversion region is low. The transition between
strong- and weak-inversion regions deserves attention. The major difficulty
in modeling the transition region is the fact that no simple physical approxi-
mation can be applied. In the transition region, the contributions from the
minority and majority carriers are comparable. Both the diffusion and drift
currents are equally important. Chapter 3 describes a properly defined tran-
sition region in which the strong- and weak-inversion characteristics are
joined. This approach does not involve internal iterations and provides both
efficiency and accuracy in circuit simulations.
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Numerical solutions of the two-dimensional potential and current-
continuity equations are necessary to describe the new generation of
integrated MOSFETs, which are shorter and/or narrower than the old ones.
People have been working on these subjects for the past ten years [18-20].
Initially, idealized impurity distributions and junction boundaries were
assumed to facilitate solutions. However, with very small device geometries,
modern process simulators show extremely inhomogeneous two-dimensional
impurity distributions and junction boundaries, which must then be con-
sidered in the potential and current-transport simulations. Program TWIST
(TWo-dimensional Interactive Simulation of MOS Transistors) is an interac-
tive device simulation program which handles the solution of the two-
dimensional Poisson equation. Because it limits the solution to the Poisson
equation only, TWIST is useful both as a pre-selector for structures to be
simulated with a more elaborate two-dimensional potential and current-
transport program and as an efficient simulation tool for the conditions of
weak inversion and/or weak-injection punchthrough. The development of
Program TWIST is described in Chapter 4.

One of the most important problems in designing small-geometry MOS-
FETs is the punchthrough between the source and the drain. This is the
result of barrier lowering due to the merging of the source and drain deple-
tion regions. Once the punchthrough condition is reached, the current
flowing from the source to the drain increases significantly as ¥, increases,
and the device characteristics deviate from the norm. This additional current
can be viewed as an undesirable component to be avoided or exploited as
part of the conduction current in novel applications of MOSFETs. In
Chapter S5, the punchthrough phenomenon is explored by both theoretical
analysis and two-dimensional device simulations using Program TWIST. The
derivation of the onset voltage of punchthrough is based upon the assump-
tion of a uniform substrate doping profile.
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The ultimate difficulty in the development of a model suitable for small
devices is the correct treatment of the two-dimensional nature of the poten-
tial distribution and current flow. A semi-empirical modeling approach is a
compromise between simulation accuracy and computational efficiency. The
equations in a simple format allow easy parameter extraction, a property
which is as critical as the accuracy of the model itself. The MOS3 model has
been developed and implemented into the circuit simulation program
SPICE2 to provide an accurate model of MOSFETs no larger than L<2um
and/or W=2um, and to attain computational efficiency.

In developing the MOS3 model, several important issues of MOSFET
modeling were considered. Model equations were developed and verified.
In the future, modeling work should emphasize the small-geometry effects.
Further development of two-dimensional device simulation programs would
be very helpful.



CHAPTER 2

The Quantum-Mechanical Effects on the Operation of MOSFETSs

In the El-Mansy and Boothroyd model [21-22], hereafter abbreviated
the E-B model, one of the major issues is the impact of quantum-mechanical
statistics on device characteristics and modeling. The E-B model and the
nature of the quantum-mechanical effects are examined in this chapter.

The E-B model is a charge-moment model based upon classical statistics
and the assumption of a block-charge distribution. The authors argue that
the widely observed channel-conductance modulation by the gate voltage can
be attributed to quantum-mechanical statistics, not the surface-mobility
modulation. But, in this aspect, their model does not pei'form better than
models using empirical mobility equations.

The quantum-mechanical effects should be attributed to both the degen-
eracy of the surface carrier population, which can be described properly only
by Fermi-Dirac statistics, and the wave property of the carriers, which leads
to the quantization of energy band at degeneracy. The statistical impact
alone is not large enough to cause a significant difference in the device
characteristics in the practical operational range. The onset voltage of degen-
eracy is calculated. The surface potentials based upon different statistics vary
by as much as 30 percent in a degenerate state, but the difference in the dev-
ice characteristics is less than 1 percent.

An empirical expression, which relates the surface potential to the
charge density per unit area in the degenerate case, is proposed. This
expression is correct within three percent for Fermi levels within +4 to -4

% from the energy-band edge. This range, at room temperature, goes up
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to approximately (Vgz - V53) = 30V which is well above the maximum bias of
practical MOSFET analog circuits. This expression is chosen so that it is
differentiable and integratable and permits efficient computations.

2.1. A Survey of the El-Mansy and Boothroyd Model

The E-B model is an analytical model which covers both the strong- and
weak-inversion regions of enhancement MOSFETs with a uniformly doped
substrate. Basically, it differs from other models in its assumption of charge
distribution rather than in its treatment of fundamental statistics. This point
has been debated by Brews [23].

An N-channel MOSFET is shown in Figure 2.1. In that figure, L is the
distance between the source and drain junctions, W is the width of the chan-
nel region, Tox is the oxide thickness, x, is the depth of the source and drain
junctions, and x and y are the spatial coordinates to be used in later analysis.
In the E-B model, in order to deal with the spatial charge distribution effect
on the potential distribution, the total charges inside the semiconductor,
including both the inversion and depletion charges, assume a step distribu-
tion [24] of concentration Ny and depth W as shown in Figure 2.2. In the
case of an N-channel device, the potential, ¢,, sustaining this block of charge
can be expressed as:

~ s o,
os 26,1 WS (2])

which is also the surface potential with the substrate potential taken as the
reference point. The amount of gate charge per unit area, 0, = Cox(Vgs -
Vrs - ¢s), must equal the amount of the total semiconductor charge per unit
area, Qs = - gNsWs, to satisfy the constraint of charge neutrality. Therefore:



6a

A\
ol |
-.._k ..... .!
X !
‘o
N
N
i\
. (T by S .._..._-._._.._._!.
!
! &

Figure 2.2 The Block Approximation of Charge Distribution in the E-B
Model,
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Cox [Vcs -Ves - ¢:] = gNsW5s (2.2)

The relationship between the surface potential and the depth of this charge
block is derived by taking the ratio of Equations (2.1) and (2.2) and multi-
plying it by 2e:

W 2¢q Oy
s =
Cox [Vaa - Vrs - ¢s] (23)
The total depletion charge per unit area, Qpgp, is:
Qper = - qNsypWs (2.4)
2¢q gNsyp &5
(2.5)

Cox [Vcn - Vrs - ¢:]

where Ngyp is the substrate concentration. The inversion charge density,
Qmv, equals the negative sum of the gate and depletion charge densities:

Oy = - [Qg + QDEP] (2.6)
2¢g gNsyp 95

= -Cox|Vea -Vra - ¢s| + 7
[ ] Cox [Vcs - Vrs - ¢:] 27
with parameters » and a defined as:
Ves - Vg - ¢
7 T/a (2.8)
a ox 2¢; 4 Nsup (2.9)
_ VkT/q (2.10)

1
where v is the conventional body effect coefficient. The expression Qpy can
be rewritten as:

240 -
opy = KL Cox " T [Vos - Ves |2 (2.11)
w q a 7

This is Equation (25) in Reference [21]. Here, it has been derived solely
based upon the assumption of block-charge distribution and is independent
of the statistics on which the model is based.
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The drain current is the most important device characteristic and can be
obtained by integrating the total current density, J(x,y), over a cross section
normal to the channel direction:

Wy

Ing = W f J(x.y)dx (2.12)
1]
where W, is the width of the surface charge layer at location y. The total
current density is the sum of the drift and diffusion current densities:

T) = Uere NGB, + 2L 9,0z ) (2.13)

Based upon Boltzmann statistics, the electron density is related to the quasi-
Fermi level, ¢,, which measures the excess charge induced by the external
biases, as shown in the following expression:

q(3(xp)-§,)
N(xy)=N,e M (2.14)

where N, is the electron density at zero biases. The total current density can
be rewritten as:

J(x.y) = -qUesrN(x.p)V, 8, (2.15)
which is Equation (21) in Reference [21]. The drain current equation
becomes:

W, ot
Ips = WqUggr { N(x,y)a—;dx (2.16)
= - WUgrr Qmvv L (2.17)

oy
By integrating both sides of the above equation from source to drain in vari-
able y, one arrives at Equation (24) of Reference [21]:
Vos

Ins = -2 -Uger [ Qs (2.18)

As noted before, Qv is an explicit function of ¢,. In order to carry out the
integration in the above equation, ¢, must be related to the biases and the
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quasi-Fermi level. This is achieved by integrating the differential Poisson
equation in the potential domain from 0 to ¢, with the boundary condition
of zero electric field at the boundary of zero potential:

¢ s,
2 = 4 - 2.
[vieds =L | [N Nsu,]d¢ (2.19)
2 [N
19| _ g .9
2 (o], = { N(¢)d¢ < Nsusds (2.20)

It can be further rewritten as:

7]

2
[ No)ds = I 4 Nsusts (2.21)

2€dq

By applying the classical definition of the quasi-Fermi level, carrying out the
integration, and replacing the expression Qg;, Equation (8) in Reference [21]
is obtained:
2
N2 T 26 - La) [Cox [Vaa - Vrs - ¢s]]
i kI, =

i | (2.22)
Nsys 4 2¢5 9 Nsusds

¢, must be solved from the above equation by either iteration or simplifying
the equation. The integration in Equation (2.18) can be carried out:

Ips = %Uﬂrcoxp (2.23)
where
ss + &5
I’ = [VGB - Vep + 2.’;1 + 72_.2_§_2_2.£. [¢:.D - ¢:‘s] (2.24)

bl
which is equivalent to Equation (15) in Reference [21]. Here ¢, and ¢,,
are the surface potentials derived from Equation (2.20) at the source and the
drain, respectively. Equation (2.24) has been intentionally rewritten in a for-

mat similar to that of conventional equations for a convenient comparison.
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It might be argued that it is not necessary to introduce the classical
definition of the quasi-Fermi level, which contradicts the quantum-
mechanical concept put forth by El-Mansy and Boothroyd. To accommodate
their argument, Equation (21) of Reference [21] must be derived using a
quantum-mechanical approach. Nonetheless, the authors of the E-B model
maintain that because the properties of the source and drain junctions are
well described by Boltzmann statistics, the first-moment of charge distribu-
tion based upon different statistics should be the same at the junction boun-
daries to provide a smooth transition. They further argue that this is a gen-
eral property of the Poisson equation and can be applied to the derivation of
the drain current equation. This direct application of the boundary condition
to the channel region is confusing and contradictory to their main theme.
Both Equations (8) and (21) in Reference [21] are the results of classical
statistics.

The essence conveyed by the combination of the step charge distribu-
tion and the classical voltage-potential relationship can be properly desig-
nated as a classical charge-moment model [25]. In the charge-block picture,
the total amount of charge inside the semiconductor is the weighted sum of
the inversion and depletion charges:

- Qs = opvyQivv.o + opepQpep (2.25)
where the weighting factors ¢,y and ¢p. are defined as:

W,

v = W;V (2.26)
W,

op =TZ (2.27)
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{ xpavy (x)dx .
Winy = 2 mme—— (2.28)

_!)‘ pmvv (x)dx
.!;pDEP (x )dx (2.29)
(i
sus

oy iS @ number greater than one, while s,z is a number less than one.
Wiy, Wp and Ws versus Vgg - Vi, and oy and opep versus Vgg - Vep are
plotted in Figures 2.3 and 2.4, respectively, for comparison. In the strong-
inversion region, the weighting factor of the depletion charge decreases as
the gate voltage increases. Thus, the depletion charge in the E-B model
diminishes as Vg increases. Nonetheless, it should not be interpreted as a

diminution of the real depletion charge.

The charge-block representation enables the E-B model to replace the
double integration in the Pao-Sah theory [26] by a closed-form expression
and establishes it as a practical CAD model. But quantum mechanics are not
involved in the derivation of the model.

The E-B model also differs from the other models in that it uses a con-
stant, instead of modulated, surface mobility. The drain conductance can be
derived by differentiating the drain current equation with respect to the drain
to source voltage, Vps:

Gps = - %UQO(drain) (2.30)

= - —Z"UEFF [Qs: - Qoep] (2.31)

Clearly, the drain-conductance modulation may result from variations in the
surface mobility, the surface potential or the depletion charge or in all three
of them. In the E-B model, the drain-conductance modulation is the conse-
quence of repartitioning charges. The weighting factor of the depletion
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charge is sensitive to the gate voltage as indicated in the formulation of Qpgp.
Conventionally, the drain-conductance modulation is modeled by empirical
mobility modulation. In this aspect, the E-B model is less flexible than
models using empirical mobility-modulation concept. The Is-versus-Vps
curves of a 50um by 9um MOSFET are plotted in Figure 2.5. The measured
data is compared with both the E-B model and the MOS2 model in
SPICE2D, which uses the empirical mobility-modulation approach. At the
low bias range of 0 to 0.5 volts ¥y, all the second-order effects are negligible
and the simulated characteristics are dominated by the basic assumption.
The E-B model consistently overestimates the current. The difference
increases as the gate voltage increases. The model-parameters of this device
are chosen so that the models fit adequately in the range of 0 to 10 volts Vg
as shown in Figure 2.6. The parameter values are listed in Table 2.1:

Table 2.1
Parameter | MOS2 | E-B Unit
W 50 50 um
L 9 9 um
VTO 045 1045 v
TOX 19850 1 950 A
XJ 122 122 | um
LD 0.75
NSUB 6E15 | 3E15 | om-3
Uo 630 | 650 |em/V-s
UEXP 0.27 |-
UCRIT 80K | - V/cm

Table 2.1 Device Parameters Used in Figures 2.5 and 2.6
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2.2. The Impact of Quantum-Mechanics

Equation (2.21) is a general derivation from the Poisson equation.
Quantum-Mechanical statistics and the noticeable wave property in degen-
eracy induce different carrier distributions and integration results that devi-
ate from the classical ones. A new relationship between the surface potential
and the biases is required in order to handle the quantum-mechanical effects

properly.

The surface potential measures the conducting carriers. Its distribution
determines how the current will flow between the source and the drain. The
surface potential predicted by quantum mechanics is more sensitive to the

applied gate voltage than the classical statistics predicted.

The quantum-mechanical effects can be attributed to both the highly
degenerate surface concentration, which can be properly described only by
Fermi-Dirac statistics, and the wave property, which leads to the quantiza-
tion of the surface energy band. The combined impact of both the statistics
and the wave property has been studied by linearizing the surface-potential-
well to decouple the Poisson and the Schrodinger equations [27], and using
perturbation techniques to include the non-linearity of the potential well in

the highly-degenerate case [28].

The maximum of the electron distribution function is located inside the
semiconductor instead of at the surface which is predicted by Boltzmann
statistics without including the effects of the Schrodinger equation. The peak
concentration is much less than the classical one. As reported by the work
of Talley et al. [27], the channel thickness decreases as the gate voltage
increases, and stays at a finite thickness of approximately 0.01um. While clas-
sical statistics also predicts a decreasing channel thickness, but the thickness
diminishes in the very strong-inversion region.
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Pals [29] has measured the characteristics of capacitance versus gate vol-
tage to determine the charge distribution inside a semiconductor. His results
show that the quantum-mechanical considerations must be included in the
theoretical calculations in order to match the experimental data. The
existence of sub-bands has been demonstrated by magneto-resonance meas-
urements [30] on P-channel MOSFETs.

2.2.1. The Wave Property and the Band Quantization

The influence of the wave property has been explored by precise numer-
ical calculations based upon the Schrédinger and Poisson equations. The

results of the existing studies are reviewed in the following paragraphs.

When the gate voltage is high enough to induce a degenerate surface
carrier concentration, the wave property of the carriers becomes noticeable.
The impenetratable potential barrier at the interface forces the interface be a
node point of the standing wave pattern associated with the carrier distribu-
tion function. As shown in Figure 2.7, the fundamental energy states, which
have the highest occupation probability, tend to place the peak carrier con-
centration close to the center of the surface potential well. So the carrier
distribution based upon quantum-mechanical calculations has its peak con-

centration inside the semiconductor.

As the surface concentration degenerates, the surface conduction band
is quantized and splits into sub-bands along a direction normal to the sur-
face. Each of the sub-bands corresponds to a two-dimensional continuum.
The carrier motion is quantized along the normal direction, but is continuous
along the parallel direction. The quantization effect is enhanced as the sur-

face potential well is narrowed down at an increasing substrate bias. At
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room temperature, when the surface just starts to invert, many of the sub-
bands are populated and the quantization effect is not prominent. As the
gate voltage increases, the surface’s normal field strength, the differences
among the quantized energy levels, and the relative population of the lowest
sub-band all increase. Thus, the quantization effect is profound.

2.2.2. Fermi-Dirac Statistics

The carrier concentration can be expressed as:

E,

N = g‘ N(E) F(E) dE (2.32)
0

where N(E) and F(E) are the density of states and the distribution probability
respectively. If the surface carrier concentration degenerates, the integration
should be replaced by the summation over all the sub-bands, N(E) by the
corresponding density of each sub-band, and where F(E) is Fermi-Dirac dis-
tribution function.

By using the Fermi-Dirac function, neglecting the sub-band quantization
and assuming a spherical band structure, the above equation becomes:

(B¢ - 2c + afs - 1]

N(¢) = JV-;—NCF,,ZI - (2.33)
where
@© 172
Fip(x) = {ﬁg’: (2.34)

and ¢ is the magnitude of band bending and ¢, is the quasi-Fermi level. If

the surface concentration does not degenerate, it can be reduced to:

N(¢) = NgeF ~Ec +ale-hAT (2.35)

which is equivalent to Equation (2.14) with N, = Ng e® -EV*T_ The
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relationship between the surface potential and the gate voltage can be
derived by substituting the expression N(¢) for the integrand on the left side
of Equation (2.21). By using the approximations suggested by Seiwatz and
Green [32], the integration can be reduced to [33]:

¢
: ¢: - In)
fN(¢)d¢ = —Nc \/— g F3/2[51-' -Ec + Q'(—T (2.36)
where
Vg
Fyn(x) = f e (2.37)

The corresponding expression based upon Boltzmann statistics is:

& kT BB + (¢, -5,)
fN(¢)d¢=——-N PR T (2.38)

Functions 72_—-F.,2(x) and e*, which are counterparts based upon
T

Boltzmann and Fermi-Dirac statistics, are plotted together in Figure 2.8.

x
The quantities \ / =3 F,,z(x) and e?, which correspond to the inversion

charge density Qv but are based upon different statistics, are plotted in Fig-
ure 2.9. F,, and F, are calculated by the Table-Look-Up method based
upon the McDougall-Stoner table [34]. The difference between the results
based upon Fermi-Dirac and Boltzmann statistics increases to approximately
ten percent as the Fermi level approaches the band edge.

The relationship between the surface potential and the gate voltage can
be deduced from Equation (2.21) and the expression Qg as:

s
Vos = ¢, + \/ %, + ——‘f— i RAOL (2.39)

The onset voltage of degeneracy, Voe» can be defined as the gate voltage at

which the Fermi level reaches the band edge. The onset voltage of degen-
eracy versus the oxide thickness is plotted in Figure 2.10 for cases of both
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the inverted and accumulated surfaces.

An accumulated surface, e.g. the surface of a depletion device in the
strong-conduction mode, differs from that of an inverted one because there
is no depletion charge next to the interface. The degeneracy voltage of an
accumulated surface is lower than that of an inverted surface as shown in
Figure 2.10.

2.2.3. The Impact on Device Characteristics

By neglecting the surface-scattering effect which modulates the surface
mobility, the drain conductance can be expressed as a function proportional
to the carrier density per unit area, Q,vy, as in Equation (2.30):

w ,
Gps = - TUEFFQINV(J’GM)

where

Quwv (drain) = Cox Vs - Ves - ¢, - Opep (drain) (2.40)

where Vg, which is one order of magnitude larger than ¢,, dominates.

Transconductance, Gy, can be expressed as:

$n
w a0y

Gu =7 Us f{s m‘dﬂ (2.41)
rnD
. 1 - N(¢s - g.n)
=1 J psumr(Gy) " (2.42)

fas Fleldsypr($a) +
Cox

It depends on the physical properties at the surface of the channel region.
The impact of quantum-mechanical statistics on Ips, Gps and G, is estimated
by carrying out the related integrations in Equations (2.18), (2.30) and
(2.42). The calculations in the degenerate condition is done by the Table-
Look-Up method. The results show that, for the case of Tox = 0.01um,
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Nsyp = 5X10%em™, V40 =05, Vps = 0.5 and Vg=<10 volts, the quantum-
mechanical impact on these device characteristics is limited within 1 percent
deviation from the classical one. This finding agrees with Reference [35]
upon the capacitive calculation.

A differentiable and integratable empirical expression is fitted into func-

tionF= \/‘\%;‘%F;/z :

X
F=e?lag+a X + a,xz] (2.43)
where
ap = 0.924 (2.44) -
ay = —0.062 (2.45)
a; = —0.012 (2.46)

Its functional performance and percentage deviation are plotted in Fig-
ures 2.11 and 2.12.

A new relationship between the surface potential and the terminal vol-
tages, which correctly reflects the impact of the quantum-mechanical effects,
can be derived only by including the effects of the wave property and band
quantization.
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CHAPTER 3

A Unified Approach to MOSFET Modeling

For today’s MOSFET applications, an adequate CAD model, besides
addressing the small-geometry effects, should also be able to simulate con-
sistently the operations of both strong and weak inversions. Much of the
literature on MOSFET modeling concentrates only on device characteristics
either below or above the threshold voltage [31,36]. Some unified theories
and models [17,21,26] have been proposed which require internal iterations
to achieve a solution for the characteristics. These models have slow compu-
tational speed. Other models [15] attempt to join the characteristics based
upon different theories of specific operational ranges. If the physical implica-
tions are not correctly perceived, these models will be accurate in only one
of the two regions.

This chapter presents a unified approach to MOSFET modeling without
invoking internal computational iterations. The proposed approach is based
upon the recognition of the transition region between weak and strong
inversions. It establishes an efficient CAD model covering overall charac-
teristics. Section 3.1 describes the inadequacy of existing unified models.
Sections 3.2 and 3.3 present the strong- and the weak-inversion models upon
which the proposed model of transition region is based. Section 3.4 gives
the definition and establishes the significance of the transition region. Model
equations are developed. Section 3.5 describes the influence of fast-surface
states. A comparison with existing unified models demonstrates the validity
of the new model for CAD applications.

19
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3.1. General Overview

The drain-to-source conduction of a MOSFET is induced and modulated
by the gate voltage. The drain current consists of both diffusion and drift
components. The diffusion current dominates in strong inversion, while the
drift current dominates in weak inversion. In the previous chapter, the gen-
eral expression of drain current, Equation (2.18), including both com-
ponents, has been derived in terms of an integral relationship with the

quasi-Fermi level as the integrating parameter:

w Vos
Ips = 'TUEFF _£ Qmwvd,

Vos
= '%,'Uarr{ [Qsz‘stpldﬁ'u (3.1)

In order to carry out the integration, the density of the total charge inside
the semiconductor, Qg, has to be partitioned into the inversion charge Qv
and the fixed surface depletion charge Qps, and related to the terminal vol-
tages.

The total semiconductor charge is balanced by the charge residing on
the gate, and can be related to the terminal voltages, as derived in the previ-
ous chapter, by a manipulation of the Poisson equation, as in Equa-
tion (2.22):

2
1|Qs gN.
?{ e;] = :’8 Q (3.2)
where
29 ) qQ20p +35,) | 99, qé;
Qo=[1_e~ kTP ¢‘+_k_7;e. iT e_kT—_l]+.k_T[e-kT_l] (3.3)
q q

The difference between Equations (2.22) and (3.2) is in the inclusion of

terms corresponding to the concentration of holes and depleted donors.
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The diffusion current is proportional to the gradient of carrier density,
while the drift current is proportional to the product of the carrier density
and the electric field strength. In other words, these two current com-
ponents are controlled by either the gradient or the magnitude of the surface
potential, ¢,. Existing unified theories generally formulate the characteristic
equations in terms of the surface potential which is a controlling variable in
Equation (3.2).

The relationship between ¢, and the terminal voltages as predicted by
Equation (3.2) is plotted in Figure 3.1 in which the @s-Versus-Vgg curves are
plotted with parameters ¢, and ¥g. The curves asymptotically approach
straight lines in the extreme of either strong or weak inversion. In these
two extremes, the transcendental Equation (3.2) can be approximated by
explicit analytical equations which can be used to develop the models of both
regions.

Equation (3.2) is used by all the unified theories to relate the quasi-
Fermi level to terminal voltages [17,21,26]. The approaches differ in the
way they divide Qg into Quy and Qpgp, thus leading to different results. In
general, Equation (3.2) has to be solved by iteration, especially in the weak-
inversion region where ¢, is almost constant over the entire integration
domain of Equation (3.1). An accurate value of ¢, is required because the
drain current is calculated as the difference between two very close quanti-
ties. Therefore, most unified theories require a well-converged solution of
Equation (3.2) for the weak-inversion characteristics.

The unified model which is developed by Baccarani et al. [17], together
with the model based upon the double integration [26], the conventional
strong-inversion model [31] and the weak-inversion model by Swanson et al.
[36] have been programmed on a Hewlett-Packard 1000 minicomputer to
compare the computational speed (in second per operation), in linear,
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saturation, and weak-inversion regions. The results are summarized in
Table 3.1:

Table 3.1

|_Model Linear Saturation |  Weak-Inv |
P-S S23sec/op | B.00sec/op | 5.22gec/op
B-R-S | 5.08 msec /op | 3.03mgec/op !| 3.84 msec/op |
Strong | 0.85 msec/op 1.08 msec/op | -
Weak - - 0.68 msec/op |

Table 3.1 Comparison of Computational Speeds
The computational speed of the iterative approach is three orders of magni-
tude greater than that of the double-integration approach, while that of the
explicit approaches is five times as fast as the iterative approach. As the
model evaluation consumes a very high percentage of computational time
in VLSI circuit simulations, the explicit approach is much more desirable
than the others.

The Pao-Sah theory [26] uses a rudimentary integral formulation,

W Vos b5 (5y) N
s =7 Usreq [ d5, [ F{8do (3.4)

where approximations are kept to a minimum. However, the result is
cumbersome for CAD applications. The El-Mansy-Boothroyd theory [21]
partitions the charge based upon overall weighting factors:

Vps
Ips = % Ugrr ‘{ d$n o v Qmv (3.5)
Although allowing for the influence of the spatial distribution, this treatment
gives an unrealistic result because of using the weighted average. The
Baccarani-Rudan-Spadini theory [17] decouples Qe from @, by relating
Qozr t0 ¢, by a square-root relationship. It is equivalent to assuming that the
inversion charge distribution has no influence on the potential distribution.
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Vos
lns = UserCox [ Vo - Vea - 6:60) - 1VEED a1, (3.6)

This result agrees well with the Pao-Sah theory, especially in the weak-

inversion region where the depletion charge dominates.

The other method of providing a model covering wide operational
ranges is to attach exponential tails with measured weak-inversion slopes to
the strong-inversion characteristics at a point slightly above the threshold
voltage [15].

The threshold voltage used in model evaluation can be determined by:
(a) plotting (-:;i)-versus-Vas, measured at fixed low Vps and fixed Vg,
DS

(b) extrapolating the linear portion of the curve to zero,

(c) interpreting the interception on the Vg axis, Vg°, as a point

corresponding to pseudo zero inversion charge density,

(d) relating Vzy to Vgs° through the conventional current equation in a rear-
ranged format:

Vos LXIps
2 WXVpsUgrCox

Vg = Vgs® -

3.7

The other parameters, Ngyz, ¢r, and v, can be derived from the extrapolated

Vra's at different Vy's:

2
[‘Ycox]
= 3.8)
Nsys s (
_ kT, |Nsus
o = —q ln[ N’ ] (3.9)
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y = Vru (Vas2) - Vra(Vasy)
Vér - Vas2 = \Vor = Vas)

Iterative computation is required to obtain a set of consistent parameters.

(3.10)

In order to compare the basic assumptions of different modeling
approaches, the Pao-Sah theory is used to generate ideal characteristics;
these characteristics are used to extract model parameters for the other
models. The physical parameters used in the Pao-Sah model are listed in
Table 3.2 together with the extrapolated parameters to be used for the other

models:
Table 3.2

Dev Mdl NSUB TOX GAMMA | VTO | VFB
- (em-3) | (um) [ (sqrtV) | (V) (V)

No.1 Intr. | 5.0E14 | 0.105 | 0.39 0.26 | -0.57
Extr. | 3.1E14 [ 0.105 { 0.38 0.41 | -0.38

No.2 Intr. | 5.0E15 | 0.105 | 1.24 0.26 | -1.41
“ | Extr. | 3.5E15 | 0.105 | 1.17 0.41 | -1.18
No.3 Intr. | 2.0E16 | 0.105 | 2.4B 0.28 | -2.95
Extr. | 1.9E18 | 0.105 | 2.41 0.42 | -2.37

No.4 Intr. 5.0E15 | 0.05 0.59 0.26 | -0.88
Extr. | 32F15 | 005 | 054 | 0.41 | -0.68

No.5 Intr. | 5.0E15 | 0.20 2.36 0.26 | -2.32
Extr. | 3.7E15 | 0.20 2.30 042 | -2.09

Table 3.2 Intrinsic and Extrapolated Parameters

The extrapolated parameter values differ from the intrinsic ones. The most
significant difference is between the value of ¥y; and the value of V.
Though the values differ by only about 0.2v, the difference implies that the
extrapolated Vzz does not correspond to a point at which ¢, equals 2¢, as
generally assumed. If the same parameters are used in the companion
weak-inversion tail of the joint model with a single break point, the quality
of the weak-inversion model is sacrificed.
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The ideal characteristics with intrinsic parameters based upon the Pao-

Sah theory [26], the simple strong-inversion model [31] with extrapolated
parameters, the simple weak-inversion model [36] with intrinsic parameters,
and the strong-weak-inversion model with single break point [15] with extra-
polated parameters are plotted together in Figure 3.2 in which V,s equals
0.05 V and 5.0 V. The method of choosing a single break point fails to
recognize the existence of a transition region where none of the specialized
theories apply. It results in an erroneous prediction of the current in weak

inversion if it is matched in strong inversion, and vice versa.

All the weak-inversion models apply to the weak-inversion region only,
and all the strong-inversion models apply to the strong-inversion region only.
A single break point approach is not sufficient to retain the accuracy in both

original theories.

3.2. Strong-Inversion Region

Strong inversion is characterized by either a high Vg or a low quasi-
Fermi level. At this extreme, the right hand side of Equation (3.2) is dom-
inated by the term of inversion charge and ¢, can be approximated as:

s = 20p + §0 + <L 1n Yap - ¢ 2-¢ (3.11)
s F ] q kT ~ s

= ¢p +

where

kT

|VGB - & ]2_ %” (3.12)
Y

¢, is linearly related to the quasi-Fermi level ¢, and logarithmically related to

b8 = 2¢F ‘*"k—;"lﬂ—q"

Ves. Its dependence on Vgp is small and ¢ stays close to 2.5¢r in the
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strong-inversion region. Therefore the ¢, used inside the logarithm can be
approximated by (2.5¢f + {,) without losing accuracy.

As pointed out in the previous chapter, when Vg, is sufficiently high,
Equation (3.2) no longer holds because the Boltzmann statistics can not
apply to the degenerate case. A new equation is proposed in the previous
chapter to replace Equation (3.2) in order to include quantum-mechanical-
statistical effects. The break point joining the non-degenerate and degen-
erate cases is defined as follows:

Voeg = Vrg + o5 + % + $a (3.13)
As concluded in the previous chapter, the correction factor due to degen-
erate statistics is small and it is important only at a very high V5. In most of
the practical operational range, the device characteristics are subject to the
strong influence of surface-mobility modulation. The degeneracy impact of
sub-band splitting can be included in empirical equations designed for mobil-
ity modulation. Thus this effect is neglected in the following derivation of
model equations.

The terms are plotted in Figure 3.3 for comparison. ¢, and the contri-
bution of the depletion charge are approximately constant in the strong-

inversion region. Qpzr can be approximated as:

Qper = YCox /b5 (3.14)
The current equation can be derived accordingly:

Iug = %UmCox’o (3.15)
where
$s0 + bss 2 | 3 . 3 (3.16)
I° = |Vgg - Vpp AT S [¢s.n - ¢:.s] -37 bsp” - bss .

This formulation is very similar to the conventional one [31] and the
difference is minor.
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3.3. Weak-Inversion Region

When Vg, is low and/or the quasi-Fermi level, ¢,, is high, ¢, is approxi-
mately linearly proportional to V53 and very insensitive to the quasi-Fermi
level, as illustrated in Figure 3.1. In Equation (3.2), the term corresponding
to the minority carrier concentration in weak inversion, which depends on
the quasi-Fermi level, is so small that it can be ignored. When ¢, is smaller
than (2¢r + ¢,) and the term of the minority carrier concentration is
neglected in Equation (3.2), the expression ¢, becomes:

2
¢y = ‘12- + V(;g + v 14— + Vgg (3.17)

This approximation fails at ¢,=(2¢r + ¢{,) where the exponent of the minor-
ity carrier term in Equation (3.2) becomes positive and the magnitude of the

term increases rapidly.

In the weak-inversion region, the depletion charge is dominant and can

be expressed as:

Oper = -vCox\ /[ s '% (3.18)
and the total charge density inside the semiconductor can be approximated
as:

k q(dy - $, - 2¢p)
QSI = 7C0x ¢,-£ 1 +L—T—Z£—e kT (3.19)

2 ¢,-kT/q

The density of the inversion charge equals the difference between the magni-
tudes of Qg and Qpgp:

Omv = QOsr - Qper (3.20)
q(¢y -5y - 20F)
= Cp—kl e kT (3.21)
q

where
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Cp = qe"‘_NSUB._. (3.22)
2[¢, . kT/q]

The drain current is dominated by diffusion. The configuration of the chan-

nel region of a MOSFET in weak inversion and the base region of a bipolar
transistor is similar. Accordingly, the weak-inversion current can be formu-

lated as:
Ips = WDM (3.23)
2 q(d; - 295 - V) -ﬂq_
= _E"USCD'!;_T e "‘kr'_[l e KT (3.24)

3.4. Join Together

The weak-inversion model is accurate in the region where ¢, is equal to
or less than (2¢r + ¢,), while the strong-inversion model is good in the
region where the inversion charge is the dominant charge component. By
properly defining the transition region where neither of these two models is
valid, the characteristics in the weak- and strong-inversion regions are joined
together through an empirical transition characteristics to provide an accurate
and efficient CAD model over the overall operational range.

The approximated ¢, of both strong and weak inversions is plotted in
Figure 3.4, together with the exact solution, over the range of (Vg - V2s)

between -1 and +4 volts. V,,_ is the gate voltage at which the surface

potential equals (2¢f + ¢,). The boundaries of the transition region can be
defined as follows:

(a) weak-inversion  boundary:  ¥weak  where  surface  potential

00mv _ 9Qper

&s.weax = (2¢f + §,); This is equivalent to the condition
' Ao 3¢,
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[37]. In other words, in this condition, a variation of ¢, induces the
same amount of both the inversion and depletion charges. As indicated
in the previous section, once ¢, is greater than (2¢ + {,), the inversion
charge increases exponentially and the depletion charge is no longer the

dominant factor in determining the surface potential.

strong-inversion boundary: Vswrong where the surface potential is
¢sstrong SO that the contribution to ¢, from Quy, ¢, is ten times
greater than that from Qpep, és.per- ¢s,wv and ¢, e are the first and
third terms inside the square root at the right side of Equation (3.2):

q(d, - 20p - §,)

b = AL (3.25)
boer = b, (3.26)
By assigning X = :::Z:: , it is reduced to:

bosone = 265 + Vg + KL 1 2e5TR0NE (3:27)

The corresponding gate voltage, Vsrrone is:

Vstron = Vrs + ¢sstrove + V(1 + X) o, sTRONG (3.28)
¢s.sTRoNG Can be estimated by replacing the ¢, srzon inside the logarithm
by 2¢r + ).

Inside the transition region, the sensitivity of ¢,-versus-Vg;,

(8¢5/0V6s)(Vgs - Vrs)/¢s, changes from greater than one percent to about ten

percent. The following expression is proposed to approximate the relation-

ship of ¢, to Vs in the transition region:

¢s =a + b(Vgs - Vrax)" - (3.29)

Once the exponent =», the sensitivity coefficient, is determined, the

coefficients a and 5 can be deduced from the boundary conditions. » can

best be approximated as L to reflect the average sensitivity within the transi-

2
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tion region. For cases of 5.0X10"<Ngy;=<5.0X10'6 and 0.05um <Toy=<0.2um, the
difference between Vypzy and Vgpong is approximately 0.6. The resultant
¢, together with the exact solution and the percentage deviation are plotted
in Figure 3.5 for comparison. The deviation between the approximation and
the exact solution is less than 10 percent.

The relationship of Vg to the logarithm of drain currents is very similar
to that of ¢,-versus-¥V;;. The formulation of the drain current in the transi-
tion region is complicated by the dependence of ¢, on the quasi-Fermi level
¢. which is the integrating variable in the current equation. Instead of divid-
ing the integral into three parts, which corresponds to partitioning the chan-
nel into strong-, weak-inversion and transition regions, the weak- and
strong-inversion characteristics are joined through the same transition region
by a similar equation. The comparisons between the current-voltage charac-
teristics based upon different approaches, at Vps = 0.05¥ and Vg = OV, are
plotted in Figure 3.6 with parameters Ngyz and Tox. The transition region is
about the same as the one in the relationship between ¢,-versus-¥g;. The
drain current in the transition region is expressed in terms of the currents at
the break points.

1
: IDS = elﬂ(’ww) + b(Vgg - Vm)z (3.30)

where

b = In(Is7rong ) - In(Uweax)
_ 1 (3.31)

(Vstrone - Viwzax)®
Compared with the exact ideal characteristics in Figure 3.7, the overall agree-
ment between the exact and joint solutions is good. The computational
speed of this model is as fast as that of simple models in both weak- and
strong-inversion regions. Only in the transition region is there a penalty in

computational speed.

"
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3.5. The Influence of Fast-Surface States

The fast-surface-state density is used by van Overstraeton et al. [38] and
- Swanson et al. [36] as a parameter to characterize the weak-inversion region.
Fast-surface states are the surface states whose lifetime is so short as to be
filled and/or emptied fast enough to follow the variation in ¢, induced by
changes in the applied biases. The fast-surface states are induced by the bro-
ken bonds at the surface resulting from the interruption of the crystalline
structure [39]. They distribute themselves almost uniformly over the center
of the energy gap, with the peak densities near the band edges. The detailed
distribution function differs from material to material. Experiments [40]
show that the density of fast-surface states is about 10'° to 10" em~2%¥! in the

central region.

In the presence of fast-surface states, the Qg in the left side of Equa-
tion (3.2) becomes:

N,
Ost = Cox |Ves - Vra - 6 + =2[s, - 1] ] (3.32)
0X

Figure 3.8 shows how the relationships of ¢,-versus-¥;; and Ips-versus-Vg;,
vary with the fast-surface-state density. Both relationships are based upon
the Pao-Sah theory with Qg defined by Equation (3.32).

The presence of fast-surface states widens the transition region and
lowers the current. This situation is equivalent to lower the threshold vol-
tage. If the fast-surface-state density is abnormally high, say 10'2, the turn-
on characteristics are softened and the weak-inversion slope is reduced.
Fast-surface states have a significant effect only in the weak-inversion region.
The approximated ¢, in the weak-inversion region is updated to include the
effect of fast-surface states:

o
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2
Vee - Vs 1 [ ¥ - \/ 1, « VGs - Vs
=07 4 o - —_ 2 .
¢ 1+ « 2[1+a 1+« 4(l+a)+ 1+ a (3:33)
where
qNrs
a = 3.34
Cox (3.34)

The current equation in weak inversion is modified accordingly. The weak-

kT dln(Ips)

P becomes:
GB

inversion slope,

1
\/1 + 4[V65 - V,,-,] 1 :’2"‘ (3.35)

The emphasis in this chapter is placed upon the transition between the

kT Oln(lps) 1
q OVGB 1+«

1-

strong- and weak-inversion regions, i.e. the region close to the threshold vol-
tage. The device characteristics are better described by the flatband voltage,
Vrs, than by the threshold voltage, Vy;. Once the device operates in the
strong-inversion region, the effect of surface-mobility modulation, which is
not covered in this chapter, can not be ignored and will be presented in
Chapter 6.

o



CHAPTER 4

Two-Dimensional Simulations of Small-Geometry MOSFETs

With decreasing transistor dimensions, it has become more difficult to
describe MOS transistors with equations that are simple enough for hand cal-
culations or programmable calculators and yet retain sufficient accuracy to
provide useful information about the device characteristics. In a small-
geometry MOSFET both the impurity and potential distributions are
extremely inhomogeneous. The numerical solution of two-dimensional
potential and current-continuity equations is required to determine their
characteristics. A thorough solution' including every possible effect can be
obtained using maxi-computers.

However, a more limited computer program with interactive capacity is
also needed. Such a program, if sufficiently fast and efficient, can interac-
tively provide iterative solutions which can then be used to obtain the
optimal device structure. This requirement limits the solutions to that of the
two-dimensional impurity and potential distributions, in other words, to the
handling of the weak-inversion or weak-injection approximation for an MOS
transistor. Since VLSI devices are geared toward low-voltage and low-power

applications, these characteristics are of critical importance.

Program TWIST (TWo-dimensional Interactive Simulation of MOS
Transistors) has been developed using a minicomputer together with graph-
ics terminals to simulate the characteristics of weak inversion and weak-
injection punchthrough by the solution of the two-dimensional Poisson equa-
tion. Graded mesh, modified Gummel’s algorithm, and Successive-Over-
Relaxation iteration, together with a by-pass scheme, are implemented. The

desired high-speed interactive feature and the graphics representation of all

33
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data are demonstrated. Program TWIST is used in later chapters to study
the weak inversion and weak-injection punchthrough characteristics.

The use of this program allows optimized device structures to be
developed which then deserve more elaborate simulations involving the
complete solution of both the potential and the transport aspects, which
presently consumes approximately 50 times more computational time than
the approach presented here. In a working hierarchy of CAD tools, struc-
tural and impurity parameters can be obtained from process simulators [41-
42]. TWIST can then be used to optimize and develop semi-empirical
models of small-geometry devices. At that point, a full two-dimensional
potential and current-continuity solution would be justified [43] for the
derivation of device parameters suitable for circuit-oriented simulators [11-
13].

Section 4.1 gives an overview of the structure of Program TWIST. Sec-
tion 4.2 describes the generation of impurity profiles and graded meshes on
which the analysis can be based. Section 4.3 presents the basic physical
equations and the boundary conditions used in the program. Section 4.6
describes the iteration algorithm used to solve the Poisson equation, and
evaluates its performance. Section 4.7 presents the equations used to charac-
terize devices from the self-consistent potential solution. The TWIST user’s
guide is presented in Appendix A, an example input together with its
SUPREM input in Appendix B, the corresponding console record in
Appendix C, and the program list in Appendix E.
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4.1. Overview of Program TWIST

Program TWIST requires 65K 16-bit words on a Hewlett-Packard 1000
F-series computer. 32K words are used by the EMA (Extended Memory
Area) to handle the data arrays. The present setup of the system is shown
in Figure 4.1. The HP2648A graphics terminal provides interactive com-
munication and graphics displays of the simulation results. These results can
also be drawn on the four-color plotter HP9872A and/or a graphics hard

copy unit.
The following device structures can be handled:
(a) conventional MOSFETSs with uniform substrates,

(b) enhancement and depletion MOSFETs with single or double channel
implants,

(c) MOSFETs with asymmetric channel implants

The oxide covering the device to be simulated does not need to be uniform
in thickness. The gate electrode can be arbitrarily located. The widths of

the source and drain regions may differ.

Figure 4.2 shows the flowchart of Program TWIST. The program is
divided into eight parts, the root and seven segments. The root, TWIST, is
the executive program which controls the overall function. The first seg-
ment, GETPA, reads in data either from the console interactively or from a
pre-defined file. The second segment, SETPA, initializes both the impurity
distribution and the graded mesh, and preprocess the parameters to be used
in the analysis. The third segment, SOLVE, iterates the Poisson equation
using the finite-difference method at the given bias; the resolution and the
accuracy can be controlled interactively. From the fourth through seventh
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segments, OUTP1, OUTP2, OUTP3 and OUTP4, handle the graphics and

numerical outputs; both can also be routed to hard copy units, i.e. either the

plotter or the line printer.

4.2. Graded Mesh and Impurity Distribution

In a small-geometry MOSFET, both the potential and impurity distribu-
tions are extremely inhomogeneous. Large gradients exist in the immediate
vicinity of the source and drain junctions and of the interface between oxide
and silicon. In these regions, the density of the grid points on which the
finite-difference equations are based should be high to ensure accuracy. The
point density in the remote regions can be relatively low. For the mesh-
setup purpose, the horizontal cross section of the device is divided into three
regions: source, channel and drain, to which Mock’s algorithm [19] is
applied. The Y-constant in Mock’s equation is changed to 0.05 to get rea-
sonable mesh sizes in the surface region. A typical mesh layout is shown in
Figure 4.3.

Up to three ion-implantation steps can be used to tailor the impurity
profile. The first implant always covers the whole device as either the well
implant of the CMOS/DMOS process or the threshold voltage implant of the
NMOS process. The second one may cover only part of the device as
required by the DMOS process, or the whole device as the threshold voltage
implant of the CMOS process, the double implant of the NMOS process to
suppress the source-to-drain punchthrough, and/or the depletion implant of
the depletion-NMOS process. The third implant is the source/drain implant;
it is allocated to the user-defined source/drain regions.
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The impurity profile generation can be either analytical or numerical. In
the analytical mode, the ion-implantation profile assumes a Gaussian distri-
bution. The two-dimensional redistribution, due to later high-temperature-

process steps, is included. The expression used is [44-45]:

N(xyp.t) = 2‘\’/"% [Q(y,t) + Q(—y,t)]X[l -erf[’i/;_D’ﬁt’.” (4.1)

where

Q1) = e-.o%mi[l + erf[B + Cy]] “2)

The coefficients A, B and C are:

A = 2AR} + 4Dt (4.3)
1

~ Re 2D |2 4.4

B=2r 4 ( -_ )

C= o (4.5)

The error function in the expression is evaluated by its polynomial approxi-
mation [46].

In the numerical mode, Equation (4.2) is replaced by the one-
dimensional linear interpolation of the output from Program SUPREM [41];
the lateral two-dimensional redistribution is still based upon Equation (4.1);
the standard deviation is estimated from the SUPREM result.

4.3. Basic Equations and Boundary Conditions

Under weak-inversion and/or weak-injection conditions, the equations
of the current continuity and the electron-hole-recombination effect are
ignored. The equations used to describe the physical mechanism inside the
semiconductor are:
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V2 = -ig[zv,, “N,+P -N] (4.6)
q(¢-¢5 )
N2 !
N = kT 4.7)
Nsyg €
q(@-cb&)
P = Nsuge ) kT (4'8)

The first one is the Poisson equation of potential ¢. The last two are the
electron and hole densities based upon Boltzmann statistics. The variables
¢r, and ¢p, are the quasi-Fermi levels of electrons and holes, respectively.

The interior of the oxide is assumed to be free of charges. The Laplace
form of the Poisson equation is used to describe the oxide potential distribu-
tion:

Vip =0 (4.9)

The potential in the neutral substrate, the reference potential, is
assigned zero. The potentials in the neutral source and drain regions are:

¢ (src/drm) = %ln[ﬂﬁl + Vep (4.10)

where ¥V, is the reverse bias voltage applied across the source/drain to the
substrate junction.

Figure 4.4 is the cross section of a device with specified boundary con-
ditions. The potentials at the two boundary planes at the left and right are
determined by the self-consistent solution of the one-dimensional Poisson
equation:

v,% = -—e‘i—[N, -Ny + P -] (4.11)
The boundary potentials at points A and B are calculated by Equation (4.10),
i.e. they are neutral. The boundary potentials at points C and D may be
zero, i.e. neutral, or be extrapolated from the potential of their neighbors
based upon the quadratic equation:
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_ 9Nsus
2&_«

b, [W,, - D,ar (4.12)

where W, is the width of the depletion region to be sustained by the poten-
tial, ¢,, at the neighboring grid point:

2e56;
W, ="\ [ —— 4.13
4N sys ( )

D, is the mesh size at point C/D. This equation is based upon the assump-

tion of complete depletion together with a zero electrical field in the horizon-
tal direction.

The lower boundary plane is treated in the same way as that for points
C and D which has been described. The mesh points in the lower boundary
plane are either in the neutral substrate where the potential is zero, or in the
completely-depletion region where the potential will be calculated from
Equation (4.12).

The top boundary plane consists of the gate electrode and the exposed
oxide. The potential at the gate electrode is the gate voltage. The boundary
at the exposed oxide serves as a reflection plane of the potential distribution.
This is equivalent to assume zero normal electrical fields at the surface, i.e.
no charge on the exposed oxide.

4.4. Quasi-Fermi-Level

The distribution of the electron and hole quasi-Fermi levels determines
the direction and the magnitude of the total current density. The quasi-
Fermi-level distribution can be solved together with the potential distribution
from the Poisson equation and the current-continuity equation. If the Pois-
son equation stands alone, as it does in TWIST, only one unknown, the



40
potential, can be solved. But quasi-Fermi levels are required for the calcula-
tion of carrier densities as shown in Equations (4.7) and (4.8). Thus we

need an algorithm to assign the quasi-Fermi levels at each mesh point.
The assignment of quasi-Fermi levels must satisfy the following criteria:

(a) the quasi-Fermi level should be constant along the direction without

current flow,

(b) the quasi-Fermi levels of both electrons and holes are the same in the

neutral regions,

To facilitate the explanation of the quasi-Fermi-level assignment, the
definitions of source, drain and channel regions are clarified first. The
source, drain, and channel regions differ from those defined by the user
because of the two-dimensional impurity redistribution. In the case of an
enhancement MOSFET, the region between the surface P-N junction and
the neighboring boundary plane is defined as a source/drain region. In the
case of a depletion MOSFET, the "surface junction” is defined as the turning
point of surface impurity distribution, i.e. the point at which the second-
order gradierit of impurity distribution along the surface changes the sign.
The region between the junctions is the channel region.

In the source and drain regions, only the y-direction correlation of the
quasi-Fermi-level distribution is considered. The quasi-Fermi-level assign-
ment is based upon the one-dimensional theory of a P-N junction in y-
direction. In the neutral substrate, where the net charge density is less than
two thirds of the impurity density, both the electron and hole quasi-Fermi
levels are assigned to the substrate bias, zero. In the neutral source and
drain, the quasi-Fermi levels are assigned to the bias voltages on the junc-
tions, i.e. Vg and Vps respectively. In the depletion region, where the net
charge density is greater than two thirds of the impurity density, Eg,, the
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hole quasi-Fermi level, of an N-channel MOSFET is assigned to the sub-

strate potential, and Eg,, the electron quasi-Fermi level, is assigned to Vs or

VDB-

In an N-channel enhancement MOSFET, E; in the channel region is
always assigned to the substrate potential, because the hole current is negligi-
ble. In the neutral region next to the substrate boundary, Ep, also stays at

the substrate potential level. The quasi-Fermi levels will separate only if the
surface depletion region exists. In the surface depletion region, two different
cases must be considered. In the initialization, Ef, always assumes the bias

on the source junction. During the two-dimensional iterations, the horizon-

tal correlation must be included. In a horizontal cross section, Ep, is

assigned regionally constant and located at either the source or drain bias, as

shown in the band diagram in Figure 4.5. Eg, is at the source level until, at

any given depth y, the partial derivative of the electron energy in the x
direction becomes negative: in other words, the partial derivative of the
potential, ¢, becomes positive. The boundary of the drain-controlled deple-
tion region is assigned at the place where the potential assumes a further

drop of .ch_T.. from the barrier potential. Beyond this point, E, is assigned to

the drain level. This transition will cause the electron density to drop
abruptly at the location where the drain control sets in. Actually, the con-
centration of the electrons which are injected from the source would drop
linearly, in the absence of recombination mechanism, to the boundary of
drain-control.

In the channel region of a depletion MOSFET, the junction between the
surface and the substrate causes the quasi-Fermi levels to separate. A neu-
tral region may exist between the surface and the junction, and the quasi-
Fermi levels also join here.
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4.5. Potential Initialization

Initialization is necessary and critical for the two-dimensional numerical
solution of the Poisson equation. The estimated initial values determine the
convergence speed to a large degree. The algorithms which converge fast
require closely-estimated and smoothly-distributed initial values.

The potential distribution in a small-geometry MOSFET is inherently
two-dimensional, especially in the drain-controlled depletion region which
occupies a major portion of the device. The problem is further complicated
by the extreme inhomogeneity of impurity distributions. Few of the existing
theories can model the potential distribution in this region adequately by
analytical expression. Instead of strictly abiding by the theoretical predictions
of surface potential distribution, TWIST uses an empirical approach to pro-
vide quickly-evaluated, smoothly-distributed initial values. The resultant
convergent speed demonstrates its validity.

In the initialization for the low ¥,s case, the device is partitioned into
five vertical domains as shown in Figure 4.6: channel, source and drain, and
source- and drain-controlled depletion domains. In the channel, source and
drain domains, the potential distributions can be described by the one-
difnensional Poisson equation, while in the source- and drain-controlled
depletion domains, the potential is a two-dimensional function of both x and
y coordinates. The widths of the source- and drain-controlled depletion
domains are estimated using the equations described in References [47-48].

In the channel, source and drain domains, one-dimensional self-
consistent potential distributions are solved at the left and right boundary
planes and the middle cross section of the channel region. These one-
dimensional solutions are then assigned to the entire regions to which they
belong.
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By using these potential solutions as boundary conditions, the potentials

in the source- and drain-controlled depletion domains are assigned using the

1- P52~ P51 rx'xl
V 6:00) - 6:10) |x2-x,

for ¢(x,y) lying between ¢,(y) and ¢4(y), and x between x, and x,, where ¢,,

equation:

2
] (4.14)

8 ) = $10) + [8:0) - B0 X

and ¢,, are the surface potentials at the two boundary planes respectively,
and ¢,(y) and ¢,(y) are the potentials in the two boundary planes. Whenever
the expression gives a value greater than ¢,(y), #(x,y) is limited to ¢,(»).

The one-dimensional self-consistent potential distributions in the chan-
nel, source and drain domains are solved using the following initial condi-
tions:

(a) In the source and drain domains, the initial potential is based on the
one-dimensional P-N junction theory with a uniform substrate. The
depletion region is totally allocated inside the substrate.

(b) In the channel domain, the surface potential of either enhancement or
depletion channel is estimated using approximate closed-form solutions
of the Poisson equation in the condition of either strong or weak inver-
sion. The depth of the surface depletion region is estimated and the
potential is assigned accordingly.

In devices with very short channel lengths and moderate drain biases,
the channel domain does not even exist. The drain- and source-controlled
depletion domains merge together, as shown in Figure 4.7. The following
scheme is designed to initialize this extreme situation:

(a) Determine the width of the source- and drain-controlled depletion
domains based upon analytical expressions [47-48].
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(b) Limit the drain-controlled depletion domain between the source and

drain junctions.

(c) Assign the potential in the drain-controlled depletion domain using
Equation (4.14).

(d) Use the middle of the overlapping region as the boundary of the

source-controlled depletion domain.

(e) Use the already assigned potentials at the boundaries as the boundary
conditions and assign the potentials in the source-controlled depletion
domain accordingly.

After the potential distribution of the entire device are initialized, the
user may be allowed to modify it. But the auto-initialization results are ade-
quate in most cases tried to date. Figure 4.8 shows the initial and final
negative-potentials, which are directly proportional to the electron energies,
of a 0.8 um device with a channel implant and biases at Vgz = 0.1V,
Vs = SV, Vsg = OV.

4.6. Iteration Algorithm and Program Performance

The self-consistent two-dimensional potential distribution is then solved
using an iterative method. The resultant potential, field and free carrier dis-
tributions can be displayed. The surface- and punchthrough-barrier poten-
tials, the injection locations and the surface depletion regions are determined

and displayed.

The Poisson equation in a five-point finite-difference format is solved by
the Successive-Over-Relaxation algorithm with a modified alternating-
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Figure 4.8 The Initialized and Resulting Negative Potential Distributions,
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direction method. The mesh is scanned column by column along the hor-
izontal direction. But the scanning direction is reversed every other iteration
loop to ensure that the most recent iteration results are used to update the
potential at the currently scanned point. The Gummel algorithm is
modified to use the potentials of the four immediate neighbors as boundary
conditions and to carry out the Newton-Raphson iteration of the potential at
each point. Because the correlation is quite localized, the points which con-
verge quickly are detected and skipped in later iteration loops to increase
speed. Typically, by the third iteration, about half of the total mesh points
of a uniform-mesh setup and one third of the total mesh points of a graded
mesh setup are by-passed. More than two thirds of the mesh points are by-
passed in later iteration loops. The computational time per iteration loop
varies due to the by-pass scheme. The average computational time per two-
dimensional iteration loop averages 1-2 seconds for a 50 by 50 mesh setup
with 2mV resolution.

4.7. Device Characteristics

In the weak-inversion and/or the weak-injection region, the drain
current is mainly a diffusion current injected from the source over the
regional potential barrier and collected by the drain. So the current is for-

mulated as:
le Wy q(d5() - dspc)
Ine = gD———— [ e kT (4.15)
bs =4 NsysWpg '£ b

where W; is the "base width", ¢, is the local barrier potential and ¢gpc is the
source potential. Given a self-consistent potential distribution, the drain
diffusion current can be calculated from the barrier potentials at the inter-
face, in the buried channel, and/or at the saddle point at the punchthrough
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ridge, and the "base width". In small structures, the barrier may be just a
point in the potential profile. In these cases, the "base width" and the depth
of the base cross section are calculated as the dimensions of the regions in

which the potentials differ from the barrier potential by less than one or two

k—qT-. Although this leaves the base width ambiguous to some extent, the

most dominant factor in the current equation is the exponential term
depending on the barrier potentials. The larger part of design optimization
rests on the control of the various local barrier potential.



CHAPTER 5§

The Punchthrough

With recent technological developments in both the accuracy of process
control and the fine structure of lithography patterns, the scaled-down MOS-
FETs promise a higher integration density and a faster switching speed. The
scaling approach [49], which requires the reduction of both physical and
electrical dimensions in proportion, has practical and physical limitations due
to technical constraints and the non-linear relationship between geometrical
and physical parameters. One of the most important problems in designing
small-geometry MOSFETs is the punchthrough between the source and the
drain. It is the result of the barrier lowering due to the merging of the

source and drain depletion regions.

Once the punchthrough condition is reached, the current flowing from
the source to the drain increases significantly as ¥Vps increases. This addi-
tional current can be viewed as an undesirable component to be avoided, or
exploited as part of the conduction current in novel applications of MOS-
FETs [50]. Both approaches require a thorough understanding of pun-
chthrough.

In this chapter, the punchthrough phenomenon is demonstrated by
two-dimensional device simulation and theoretical analysis. Section 5.1
describes the close correlation between the punchthrough of the source and
the drain and the static-feedback from the drain to the gate. Section 5.2
describes the nature of punchthrough and the locus of the injection point by
the results of two-dimensional simulations using Program TWIST. Sec-
tion 5.3 presents a theoretical analysis of punchthrough, based upon the

assumption of uniform substrate doping.

47
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S.1. Static Feedback and Punchthrough

Static-feedback and punchthrough effects are usually cited as two
different characteristics associated with short-channel MOSFETs. As a
matter of fact, the fundamental mechanisms of these two effects are very
similar. Both phenomena can be described as a modulation of the potential
barrier between the source and the drain by the drain voltage, Vs, when the
channel length is sufficiently short. The static feedback from the drain to the
gate is observed as a shift in the threshold voltage due to ¥,s, and pun-
chthrough is observed as an abnormal current which strongly depends on V)
at a medium or high v,s.

Figure 5.1 shows the surface potential distribution versus the normal-
ized channel length, as simulated by TWIST, in devices of channel lengths
ranging from 20um to 1.5um, with a uniform substrate concentration of
2.0X10"%m™3, biased at Vg5 - Vg = 0.6V, Vps = 0.0V and Vgs == 0.0¥. Under
such bias condition, these devices operate in the weak-inversion mode. In a
long-channel device, the barrier is wide and flat and its height can be
predicted by the one-dimensional Poisson equation in the direction normal to
the channel. The barrier width is reduced as the channel length is shor-
tened. In a device of intermediate channel length, the barrier height is the
same as that of a long-channel device; however, the source and drain deple-
tion regions fill most of the channel region. A shift in the threshold voltage
is observed and can be explained by the overall charge conservation, as
modeled by Yau and Lee respectively [51-52]). With a shorter channel
length, the source and drain depletion regions merge. The barrier width is
reduced to a single point and the height is lowered. In this operational
mode, the surface conduction current in weak-inversion, which is indepen-
dent of the drain voltage in a long-channel device, increases as Vs
increases. This phenomenon is called the static-feedback effect; the gate and
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the drain are coupled together. Both the gate and the drain have a direct
control over the barrier. Figure 5.2 shows the surface potential distribution
versus the normalized channel length in a device 1.5um long, biased at the
same Vgs and Vg as in Figure 5.1 and at Vps = 0.0V,2.0v and 4.0v. The

potential barrier seen from the source is lowered as V,s increases.

The merging of the source and drain depletion regions leads to the
lowering of the barrier between them. Under certain bias conditions, the
barrier is deep inside the substrate and provides an alternate current path to
the surface channel. Because of this extra substrate component, the drain
current in the punchthrough mode is more dependent on V,s than the drain
current in the weak-inversion mode. Because the gate is shielded from the
barrier by the depletion charge, the gate-control over the buried barrier is
weaker than that in the weak-inversion mode. The carriers are injected
from the source over the buried barrier and flow along the edge of the bar-
rier minimum in the vertical cross sections. The injection barrier is located
at the saddle point where the potential is the minimum in the horizontal

direction and the maximum in the vertical direction.

The barrier height is lowered as Vg and/or Vs increase and raised as
Vsp increases. The buried injection barrier moves toward the surface as ¥V
and/or Vs increase, and away from the surface as Vs increases. The opera-
tional mode shifts gradually from punchthrough to static feedback as the
injection point moves toward the surface and vice versa. In the low current
region, both operational modes are barrier-controlled. The shift between
static feedback and punchthrough is demonstrated by a series of two-
dimensional simulations of a device with L = 1um, Tox = 0.065um,
x; = 0.5um, and Ngyz = 0.75X10"an 3, Figures 5.3, 5.4, and 5.5 show the
equal-potential contours. The injection point is the point at which the

equal-potential lines meet or form closed circles. Figure 5.3 shows the
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equal-potential contours at Vps = 4V and Vg = OV with Vg - Vg at 0.7 V and
0.4 V. The injection point moves from (x,y)=(0.554 um, 0.0 um) to
(x,y)=(0.484 um, 0.386 um) and the barrier potential moves from 0.630 V
to 0.567 V as Vgs moves from 0.7 V to 0.4 V. Figure 5.4 shows the contour
plots at Vps = 2V and Vg - Vg = 0.4V with Vg at -2.5 V and 0.0 V. The
injection point moves away from the surface as Vs decreases and the height
of the injection barrier is lowered. Figure 5.5 shows the contour plot of the
same device at Vps = 0.0V, Vs = 0.0V and Vs - Ve = 0.4. By comparing it
with Figure 5.4, one sees that the injection point moves toward the surface
and the barrier height increases as Vs decreases.

5.2. The Saddle Point

When a long-channel MOSFET is biased at Vs = 0.0V, Vs = 0.0V and
Ves = Vrs, the channel region assumes a constant potential from the surface
through the substrate. In a short-channel MOSFET with the same process
parameters at the same bias, the flatband configuration is modified by the
merged depletion regions. Inside the overlapped depletion region, charges
are shared between the source and drain junctions. The more the charges
are shared, the lower the potential barrier is sustained. The barrier height is
lowered and the potential distribution at the channel center is no longer flat.
Since more charges are shared at the surface than inside, the deviation from
the flatband condition is largest at the surface. However, the gate voltage
tends to hold the potential at the flatband. The gate influence decreases as
it penetrates the substrate. The combined effects of the gate voltage and the
merging of the depletion regions result in a potential maximum in the verti-
cal cross sections as shown in Figure 5.6(a). The horizontal minimum of the
potential distribution in each cross section is located at the center of the dev-
ice because Vs is zero. Thus the resulting potential distribution looks like a
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saddle. The equal-potential contours and the three-dimensional potential
distribution are shown in Figures 5.6(b) and (c) respectively.

The saddle point’s location and its potential can be modulated by the
bias of the device as shown in Figures 5.3, 5.4, and 5.5. The locus of the

saddle points and the barrier potential and height are listed in Table 5.1 as a
function of biases:

Table 5.1
VDS VGS VSB | Saddle Height | XB YB
(V) (V) (V) (V) (V) um - um
(1.0 40 0.0 422 .480 718 192 |
20 40 0.0 | .501 .381 832 297 |
3.0 .40 0.0 548 334 0564 338
4.0 .40 0.0 587 315 484 336 |

Table 5.1 Properties of the Saddle Point as a Function of Biases

5.3. Quasi-One-Dimensional Analysis

As illustrated in the previous section, in either the static-feedback or
punchthrough mode, the influences of Vs, Vs and ¥, are coupled together.
The potential distribution is inherently two-dimensional. The author handles
the analysis by decoupling the two-dimensional Poisson equation into a
simpler one-dimensional format and introducing quasi-empirical parameters
to model two-dimensional effects on the onset voltage of punchthrough.

One- and two-dimensional charged systems differ in charge sharing. In
a two-dimensional system, the charge supports the potential differences in
both the x and y directions while in a one-dimensional system, the charge
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supports the potential difference in only one direction. In MOSFETs in the
barrier-controlled mode, the potential barrier in either direction is supported
by only part of the depletion charge between the source and the drain. This
can be modeled by replacing the doping concentration in the pseudo deple-
tion region by a higher pseudo concentration. The pseudo depletion region
can be penetrated only by applying a higher bias across the source and drain
junctions than predicted by one-dimensional theories.

In the two-dimensional Poisson equation:

Vis + Vip = -LE2) (5.1)
. L)
The left side of Equation (5.1) can be replaced by qiv“ in the case of an N-
s

channel MOSFET. The term of the second-order derivative in the vertical
direction, y, contributes to the pseudo density in the pseudo depletion
region. In the punchthrough mode, the second-order derivative at the sad-
dle point can be approximated as:

2 _ 1 [Vs-0 ¢-9
vie Lo[ 72 7 ] (5.2)
_ 1]e . e-0 '
Ly W, + W, ] (5-3)

where W, and W, are the widths of the depletion regions below and above

the saddle point in the vertical cross section. They can be approximated by

2¢q49 2e5(0 - &;) . .
Wy ="\ / and W, = '\ /—— respectively. L, is the Debye
1 N 0 aN. P y D y

26,‘ kT/q
qN4

tion, V2¢ can be expressed as:

24 = . 9Na ¢ $- 9 54
VT e [\/ it/ * V kg \ >-4)

This is a negative quantity. By moving this term to the right side of Equa-

length, . After substituting W,, W, and L, in the above equa-
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tion (5.1), the equation can be rewritten as:

N,
vig =T vis (5.5)

s
70 R N N SN L XX 7}
€g [l + 2 [ kT/q + kT/q

The two-dimensional effect is equivalent to an increase in the effective sub-

(5.6)

strate doping concentration. By defining the scaling factor of the substrate
doping concentration, F, as:

=1+ L[y /= $-9 5.7
F=1+3 VkT/q+VkT/q' (-7
The Poisson equation then assumes a one-dimensional format:

gN,

20 =
vie ==

F (5.8)

By using an effective doping density, N,F, the one-dimensional concept of
punchthrough can be applied.

As illustrated in the one-dimensional band diagram in Figure 5.7, when
the source and drain depletion regions merge and the barrier potential is
lowered so that it is less than the junction built-in potential, the source is
essentially forward biased and the punchthrough current starts to flow. At
the onset of punchthrough, the relationship of the depletion widths to each
other is formulated, based upon the assumption of complete depletion:

Wp + Wg =1L (5.9)

where W, and Wy are the depletion region widths of the source and drain
junctions:

2¢59s
ws =\ / 2eats (5.10)
2¢a|#s F Ver (5.11)
"o = \/ GN.F

The onset voltage of punchthrough, ¥,;, can be expressed as:
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Vpr = [aL]zF - 2aL\/¢,F (5.12)
where
_ 26,; 1
a= . (5.13)

By substituting the explicit expression F in Equation (5.13), V,r becomes:

Ver = aLz[l + —;'[\/(ﬁj + Vg + \/¢J + Vg - ¢,]] (5.14)

-2al V¢J

¢, is the barrier height between the source and the drain at the onset of pun-

1+ %[\/ﬂ; + Vss + \/¢J + VSB - d’:H

chthrough. It is a constant, while ¢, is the value of the surface potential
with the reference potential at ¥;. In the barrier-controlled mode, the sur-
face is weakly inverted and the surface potential, ¢,, can be approximated as
a linear function of vg:

¢; = aVgp + b (5.15)
o, = a[VGs - V,s] +b (5.16)

The second square-root term in the expression F depends only on Vg, As
illustrated in the previous section, Vg5 and Vps can affect the barrier potential
and its location. In other words, they modulate the pseudo substrate doping
density.

A major feature of Equation (5.12) is the dependence of V,; on Vg and
Ves. If the two-dimensional effect factor, F, is ignored, that the depletion
regions have just merged, the intrinsic onset voltage of punchthrough, v,;°,
is independent of Vg and Vgs:

Vpr® = [aL]hzaL\/E (5.17)
An empirical formulation of ¥,y is proposed based upon Equation (5.12):

Ver = a + 8\/Vsg + &5 + 6\/Vgs - Vg (5.18)
Three empirical factors, a, 8 and § are introduced.
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Experimentally, Vp;r can be defined as the drain voltage at which the

normalized drain current, —;‘—,Iw, is below 10%amp and Vs is below V5. A

low Vgs is chosen to suppress the surface current. Figure 5.8 shows the
measured Ips-versus-¥ps of device A with parameter Vg and V. Fig-
ures 5.9 shows the characteristics of device B. Vpr-versus-V;s with parameter
Ves and Vpr-versus-Vas with parameter Vgs of device A are plotted in Fig-
ure 5.10. The characteristics of device B are plotted in Figure 5.11. The
device parameters and punchthrough coefficients which are obtained by

linear regression are listed in Table 5.2:

Table 5.2

===

{Param Unijt Dev.A | Dev. B
v um 50 50 _
L um 1.3 1.8
Na 1EiSem-3 | 1.78 0.75
Tox um 0.08 0.065
Xij um 0.85 0.5
Vto v 0.05 =0.2
VFB v -0.88 =1.01
| alpha \' -0.08 4.79
| beta | sqrtV | 393 4.23
delta sart V 1.94 3.6

Table 5.2 Device Parameters and Punchthrough Coefficients

The limitation in circuit design is determined by the maximal allowable leak-
age current. The onset of punchthrough conduction can be used as a limit-
ing voltage in circuit-design applications.
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CHAPTER 6

Small-Geometry Effects and the Semi-empirical Model MOS3

Besides the punchthrough phenomenon, advances in process technology
to achieve small device geometries also bring into prominence other effects
which do not appear in the characteristics of the devices of long or even
medium channel lengths. In very small MOSFETs, the electrical dimen-
sions, which determine the device characteristics, could not always scale pro-
portionally as the other parameters. For example, the depletion-layer width
of a P-N junction is related to the built-in potential of the junction by a
square-root expression. The built-in potential depends logarithmically on the
substrate doping density. Thus the depletion-layer width does not scale
linearly with the doping density. Keeping the operational voltage constant
during scaling, instead of strictly following the scaling rules, causes high-field
phenomena such as the velocity saturation of hot electrons.

A small-geometry MOSFET with L=<2um and W=2um can be character-
ized by the following features:

(a) Threshold-voltage sensitivity to the length and the width of the device
~ due to the two-dimensional nature of the potential distribution;

(b) Threshold-voltage sensitivity to the drain voltage due to the drain-
induced lowering of the barrier;

(c) Relaxed transition between the linear and saturation regions due to the
velocity saturation of hot electrons;

(d) Lowered saturation voltage and current due to the velocity saturation of
hot electrons.

56
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This chapter describes the MOS3 model which was developed and imple-
mented in the circuit simulation program SPICE2 (Version 2G.1) to address
the above problems and attain computational efficiency. The companion
capacitance model, which conserves charge [53], is also derived and imple-

mented.

As demonstrated in the previous chapter, the ultimate difficulty in
developing a model for small devices is the correct treatment of the two-
dimensional configuration. A complete analytical solution is too complex for
the application in circuit simulations in even the simpliest ideal case, not to
mention the more complicated two-dimensional simulations. A semi-
empirical modeling approach is a compromise between simulation accuracy
and computational efficiency. In addition, if the model equations can be
writtened in a simple format, they will allow easy parameter extraction, a
property which is as critical as the accuracy of the model itself.

The semi-empirical approach to MOSFET modeling proceeds as follows:

(a) Perform two-dimensional analyses, taking into account the details of the
device configuration;

(b) Derive semi-empirical relationships between parameters based upon the
linearization of the two-dimensional simulation results. The resulting
model is accurate only within the range of process parameter variations
for which two-dimensional results are investigated.

The threshold voltage is the most critical parameter and is investigated
in Section 6.1. The threshold-voltage sensitivity of small devices is
emphasized. Section 6.2 presents the basic current equation upon which the
model is based. In Sections 6.3 to 6.7, second-order effects, including mobil-
ity modulation, velocity saturation, channel-length modulation and capaci-
tances, are described in sequence. The last section compares the MOS2 and
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MOS3 models. Examples of circuit simulations are included to demonstrate
the validity of the semi-empirical model.

6.1. Threshold Voltage

The threshold voltage, Vyy, of a long-channel device, say L>20um,
depends on the substrate bias. Their relationship can be predicted by apply-
ing the charge-conservation principle to a vertical cross section of the device
in the middle of the channel. This cross section is bounded by the gate and
the substrate. In the channel: .

Q= - [Qosp + QINV] (6.1)

and Qny =0 at Vgg = Vyy. Q,, Qper and Qpny are the gate, depletion and
inversion charges respectively. The result is:

Viur = Vi + ¢ + \2¢4qNsys(¢ + Vsp) (6.2)
where Vpy ; is the threshold voltage of long-channel devices, V¢, the flatband
voltage, ¢ the surface potential at threshold and v, the source to substrate
bias. This expression is not applicable for small devices whose threshold vol-
tages should be determined by the overall charge conservation [48,51-52] of
the entire channel.

In the lengthwise cross section of a device, the field lines which ori-
ginate in the depletion charges near the ends of the channel terminate at the
source or the drain, instead of the gate. Thus, the effective threshold vol-
tage is reduced as the channel length is shortened.

On the other hand, the depletion region actually extends beyond the
edges of the channel widthwise. The extra charges at the edges sustain field
lines which terminate at the gate and result in a higher threshold voltage as
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compared to a wide device. The threshold voltage increases as the channel
width decreases.

In the case of a long, wide device, the percentage of the charge at the
edges is negligible. In a short and/or narrow device, this percentage is
significant enough to make the shift in the threshold voltage visible. In
MOSS3, the effects of the channel length and width and the drain voltage on
the threshold voltage are decoupled.

6.1.1. Short-Channel Effects

In a device of intermediate channel length, say 5um, the surface poten-
tial barrier is the same as that of a long-channel device, say 20um. However,
the source and drain depletion regions at the edges occupy most of the chan-
nel cross section. The surface potential at the edge is higher than that at the
corresponding region of a long-channel device and results in a higher con-
centration of conduction carriers, as shown in Figure 6.1. The average chan-
nel conductance is higher than that of a long-channel device, and the
effective threshold voltage is lowered. By assuming a trapezoidal partition
[51] of the depletion charge, and applying the cylindrical-junction approxima-
tion [48], one can formulate the correction factor of the threshold voltage

as:
We/xy ). Lp
T WP/xJ x;

which is used to multiply the depletion-charge term, the square root, in
Equation (6.2). The threshold-voltage shift due to the short-channel effect
with Ngyp = 5.0X10%em™3, Tox = 0.1um, x; = 0.5um, and a channel length of

Fs =

(6.3)

2um t0 20pm, is plotted in Figure 6.2. The difference between the plane-
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junction approximation [51] and the cylindrical-junction approximation [48]
is plotted in Figure 6.3. This difference is important in the case of low Vg
operation in which the device characteristics are sensitive to the exact value
of the threshold voltage. The difference increases as the deviation between
the predicted depletion-region widths increases, i.e. when the substrate dop-
ing concentration is lower, the oxide thicker, and the junction made more
shallow.

In the case of a shorter channel length, the source and drain depletion
regions merge and the barrier maximum becomes a single point. The barrier
height is lowered and can be further modulated by the drain voltage, as
shown in Figure 5.2. An extra term which is linearly proportional to Vs has
been added to Equation (6.2). The proportional constant is inversely
related to the oxide capacitance and the cube of the channel length [54].
Parameter 7 is designed to allow flexibility:

A,_ Vm = Vag (6'4)

v}
CoxL’®
where A is an empirical constant whose value varies with the process param-

eters.

6.1.2. Narrow-Channel Effect

By assuming cylindrical distributions of the depletion charge at the

edges, a correction factor can be formulated as:

Weyg

o 8+ Ve (6.5)
Other edge effects, such as the existence of a field implant, non-planarity

AwVyy = DELTA

due to a LOCOS process, and the correction of the cylindrical field distribu-
tion, are included by introducing the empirical parameter, DELTA. This



61

parameter is characterized by threshold-voltage measurements.

6.1.3. The Model Equations

From the above, Vqy is formulated as:

Viu = Ves + & - FoVos + vEs\/6 - Vas + Fu [ - Vis (6.6)

where Fj, is the static-feedback coefficient:

-3
Fp = nA=

Cox 6.7)
A is an empirical constant:
A = 8.15X1072 (meterfarad) (6.8)
and gamma is the body-effect coefficient without any correction:
V2eqgN.
y= €5 9Vsys (6.9)

Cox
Fs is the correction factor due to the short-channel effect as defined in Equa-
tion (6.3). L, is the lateral-diffusion length, W, the depletion-layer width of
a plane junction, and W, the depletion-layer width of a cylindrical junction
and:

4 W, w, I*
Fe gyt a +“2{xf (6.10)

X7 Xz

where d,, d, and d, are empirical constants with the following values [48]: 4,
= 0.0631353, 4, = 0.8013292, 4, = 0.01110777. In Equation (6.6) Fy is the
correction coefficient of narrow-channel effect:

= AL
Fy = DELTA T (6.11)
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6.2. Basic Drain-Current Equation

The drain current can be expressed as:
Ips®(x) = WQmy (x)v (x) (6.12)
where N(x) is the carrier density per unit area at location x:
Quwv(x) = Cox [Vos - V()] (6.13)
v(x) is the carrier drift velocity:

v(x) =U ‘ﬂ;xﬂ (6.14)

Vry(x) is the effective threshold voltage at location x:

Vi (x) = Vs + #(x) + 7Vo(x) (6.15)
Since the drain current is a constant independent of the location, Equation
(6.12) can be integrated from the source to the drain to provide:

Vos

Ins® = = [ omvix)av () (6.16)
The carrier density can be approximated by linearizing the expression of the
effective threshold voltage with respect to the source:

Vi (x) = Vg (sre) + [l + FB]V(x) (6.17)
where '
Fp = 0.5 ——=Y—e
Y ) (619

The 0.5 factor is used to count the effect of the other higher order terms
which are dropped for simplicity. The expressions of the carrier and current

densities become:

Qmv = Cox|Vas - Viu - [1 + Fa [V (x)] (6.19)
tos” = 2 U Cox|Ves - Ve -[‘+F’]Vw Vas (6.20)
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A similar expression has been developed by other workers [55].

The above equation is an approximation of the drain-current expression
which has been widely used in text books [31,56]:

Vs '%7[[4’ + Vna]%' [¢ + Vss]%

W Vps
Ins® ==~ U Cox|(Vas - Vig - & - —5—

(6.21)
These two equations differ in their linearization of the threshold-voltage
expression. A comparison between Equations (6.20) and (6.21) is plotted in
Figure 6.4 for the cases of L '=5um, W =50um, Tox = 0.65um,
Uy = 600cm?%/V—sec, Vyp =1V and Ngyp = 5.0X10%m™> and 5.0X10%cm~3. A
simpler expression based upon charge-control analysis [56] is also plotted in
the same figure for comparison:

14 Vps
Ips® =TU COX[VGS -V =

Vos (6.22)

These three characteristics are approximately the same in the low Vg
range. The difference between the charge-controlled model and the text
book model is much larger than that between the MOS3 and text book
models. The characteristics at a higher Vs are governed by second-order
eﬁects, such as the hot-electron effect, the current saturation, and the
channel-length modulation. The basic current equation is critical only in the
low Vps operational range of a short-channel device. Thus Equation (6.20)
can be applied to a small-geometry device without compromising accuracy.

The simplicity of Equation (6.20) leads to an explicit formulation of the
saturation voltage which is derived later. Because the V,s dependent term,
7, in the threshold-voltage expression represents the average influence of the
drain voltage upon the surface potential, it is treated as a constant

throughout the integration in the derivation of current equation,
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6.3. Surface-Mobility Modulation by Gate Voltage

Surface mobility is directly proportional to the channel conductance of a
device. Besides the lattice scattering [57] and the impurity scattering [58]
which determine the value of bulk mobility, the surface mobility is further
degraded by the mechanism of surface scattering [59] and interband scatter-
ing [60]. Considerable effort has been devoted to theoretical and experi-
mental studies of the surface mobility. Nonetheless, the use of an empirical
expression is still the most practical approach for device modeling in CADs.

The empirical equation of Us used in the MOS3 is:
Uo

1+ a[VGs - Vm]

For a comparison with the more elaborate formulation used in the MOS2

model in SPICE2 [61], the relationships between Us and Vg5 based upon

Us=

(6.23)

these two expressions are plotted in Figure 6.5. These three plots show a
very close match in the range of 10 V v,s. Deviation is observed in both
the low ¥js, 5 V, range, and the high Vs, 20 V range. The plois demon-
strate that the surface-mobility modulation effect can be matched by both
empirical equations within a given operational range if the parameters are
properly adjusted.

6.4. Velocity Saturation of Hot Electrons

Among various hot-electron effects [62], the saturation of hot-electron
velocity has a direct impact on the characteristics of a short-channel device.
It lowers the conduction current in the linear region and smooths the transi-
tion between the linear and saturation regions.
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In a short-channel MOSFET, the lateral electric field in the channel is
higher than that inside a long-channel device at the same operational bias.
The effective mobility decreases and saturates when the electric field is
stronger than the critical field. This relationship can be approximated by the
following equation [63]:

Ugrr(x) = 4 Us_av ' (6.24)
Vuax dx

By substituting this expression in the basic current equation before carrying

out the integration, the current equation becomes:

Ips®
I =
N7 (6.25)

The effective mobility can be expressed as:

Ugsr = Us
EFF L+ Us Vps (6.26)
Vaax L

The effective mobility is plotted in Figure 6.6 as a function of V,s. This
effect has been interpreted as either a higher effective threshold voltage [64]
or an effective feedback resistance [65].

6.5. Saturation Voltage

In a short-channel MOSFET the drain current saturates when the carrier
velocity approaches its maximum [31], V., instead of approaching the
channel pinch-off condition as it does in a long-channel devices. When the
carrier velocity saturates, the current can be approximated as:

IMO = Qm‘y(d’ain)V”Ax (6.27)
By substituting the expressions (6.19) and (6.20) in the above equation, it
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yields:
WCox [Vcs -V - [1 + FB]VAS',:a]VMAX = (6.28)
W 1+ Fp
T UsCox Vas - Vi - = Vosua |Vos s
Vps.sa is derived from the above equation:
Vg = L Tl [Py Sk (e29)

Vpssa 1S dependent upon Vs through V5. At the limit of infinite v, ., this

equation can be rearranged as follows:

1- \/1 + (Lo Ym _Us )2 (6.30)

Ves - Vru VamaxL
= +
Vs sa 1+ Fp Us

1+ F3 Vil
By only taking the first-order term in the Taylor series expansion, the term

of square root can be simplified and the above equation becomes:

2
_ Ves -V Us [VGS’VTH

V = -
@ T 1+ Fp  2Wyul|[ 1+ F,

(6.31)

Ves - Vru

Vps..a approaches to 15 F,

which is the maxima of the current equation

and corresponds to the channel pinch-off condition of a long-channel device.

In the derivation of Vps .., Equation (6.20) is used instead of Equation
(6.25). As pointed out in Murphy’s work [64], if the exact expression is
used, the velocity "pinch-down" condition is equivalent to the channel
"pinch-off” condition. The resulting saturation voltage, Vps_...°, is the max-
imum of the basic current equation in which the slope of I, is zero:

2U. Vgs - V-
1+ —- 8~ ™ _, (6.32)
ViuaxL 1+ Fp

Vos.sa® is higher than Vpg .. From the view point of CAD applications, the

Vo 0 = LVMAx
DS a2 US

zero-slope point is undesirable because the output conductance of a short-
channel device is not zero. Equation (6.28) is equivalent to an approxima-

tion of the velocity-field relationship by two straight lines joined at the
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saturation point, as shown in Figure 6.7. A comparison of saturation vol-
tages based upon these two definitions is plotted in Figure 6.8 for the cases
of 2um and 5um respectively. The discrepancy between Vps., and Vpgs.a°
increases as Vg5 increases.

6.6. Channel-Length Modulation

As Vpg gets larger than Vps ., the point at which the carrier velocity
begins to saturate moves toward the source, and the effective channel length
is reduced. The formulation of the channel-length shortening factor, AL, is
based upon Baum’s theory [66] :

- Er Vos - Vossa . Ep_ 6.33
AL \/(—23) + «( B )38 (6.33)

where E; is the lateral field at channel pinch-off point, and coefficient B is:

1

B = 57 (6.35)

By making the slope of the Ips-versus-¥,¢ characteristics continuous at
Vos = Vps.sa»r the expression E, becomes:

= Inssa
Ep = G L (6.36)
Ips sa and Gps .o are the drain current and the drain conductance at saturation

voltage, respectively.

The point at which the velocity begins to saturate differs from the chan-
nel pinch-off point at which the free carriers begin to be depleted. ¥y is
the voltage at the velocity-saturation point while E, is the lateral field at the
channel pinch-off point. Therefore, the voltage across the depleted surface

should be less than Vs - Vps.o. The empirical parameter « is introduced to
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include this effect.

6.7. Capacitance Model with Charge Conservation

The companion capacitance model is based upon the charge-
conservation concept [53] which is critical for the simulation of circuit opera-
tions depending upon charge transfer, for example, in switched capacitance

circuits.

The total amount of charge residing on the gate can be formulated as:

L
% =W [ 0,0 | (6.37)
usw? '
=—— [ am)ew,), (6.38)
DS 0

where Q, is the gate charge per unit area and Q. the channel charge per unit

area:

Q; = Cox [Vcs - [Vra +¢-Fp Vm]] . (6.39)

Q. = - Cox[Vas - Vo - [t + Fs 1] (6.40)
The integration if carried out yields:

V, 1+ F

QG = WXLXCOX VGS - [Vpg + ¢ 'FD Vm] - ;s + IZFIB Vuzg (6.41)
where

Fl = Vgs - Vm -1+ FB/ZVRS' (6.42)

Similarly, the total bulk charge, 05, can be obtained:

Qg == WXLXCOxQ8° (6.43)
where

F Fg(1 + F,
Qs° = YFs\/& ¥ Vsz + Fw [ + Vas | + =V -—"—(-I—Z—F-’L)V&s (6.44)
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The charge-neutrality condition requires that the total channel charge be:

0 = - [oc + 0s] (6.45)

which is distributed between the source and the drain.

There are three charge quantities. Each of them has three associated
derivatives which are the capacitive elements in the circuit model. Only six
of these nine capacitance components are independent because Qg, @z and

Qc are correlated with each other.

The resulting C-V characteristics, based upon the parameters listed in
Table 6.1, is plotted in Figure 6.9, together with the corresponding C-V
curves predicted by MOS2 [15] with the same parameters. Because of the
linearization employed in MOS3, the results differ in the capacitive com-

ponents which are related to the channel charge.

6.8. The Comparison Between MOS2 and MOS3

MOS3 is a semi-empirical model developed specifically for small-
geometry devices. This section is intended to demonstrate the validity and
performance of MOS3 through device characterizations and test-circuit simu-
lations. The MOS2 model [15], which is based upon approximations for and
analyses of devices with channel lengths greater than 2um, is used as the test
vehicle for comparison. Both MOS2 and MOS3 are implemented in
SPICE2G. Although they have many common parameters, different values
of the mobility-related parameters must be used to produce approximately
the same characteristics. For example, parameter VMAX (Vy4) has no
effect on the characteristics in the linear region simulated by MOS2, while it
lowers the effective mobility in the medium ¥, range when simulated by

MOS3. In order to get a close approximation, MOS2 requires a lower value
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of the parameter UO.

(a)

(b)

()

(d)

(e)

The differences between MOS2 and MOS3 are:

The basic current equation used in 'MOS3 is an approximation of that of
MOS2;

Different empirical equations of surface-mobility modulation are used;

The static-feedback effect is modeled by drain-induced barrier lowering
in MOS3 and by charge sharing between the drain and the gate in
MOS2;

Parameter VMAX lowers both the effective mobility and the saturation
voltage in MOS3 but affects only the saturation voltage in MOS2;

The junction curvature effect is included in the threshold-voltage equa-
tion of MOS3 but the junctions are treated as plane junctions in MOS2.

Two devices are characterized by both MOS2 and MOS3 for com-

parison. One is long with a layout channel length of 20um; the other one is

short with layout channel length of 2.3um, the effective channel length after

side-diffusion correction is 1.6um. The two devices reside on the same chip

and have the same width, 50um. Their simulated and measured characteris-

tics are plotted in Figures 6.10 and 6.11 respectively, and the parameter

values are listed in Table 6.1:

3
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Table 6.1
Param. Device No.1 Device No.2
MOS3 | MOS2 | MOS3 | MOS2 |
W{um) 50 S50 50 50
L{um) 2.3 2.3 20 20
XJ(um) 0.5 0.5 0.5 0.5
D(um) 0.35 0.35 0.35 0.35
VTO(V) 0.452 0.452 0.452 0.452
TOX(um) 0.065 0.085 0.065 _0.85
NSUB(cm-3) 1.85E11 | 1.85E11 1.85E11 1.85E11
UO(em2/V-s) 578 450 790 720
| VMAX(M/s) 20E4 6F4 - -
theta 0.08 - 0.045 -
 eta 0.035 - 0 -
KAPPA 1.0 - 1.0 -
UEXP - 0.24 - 0.20
[ UCRIT(V/M) | - 1.2E6 - 1.5E8
- LNEFF - 7 - 1

Table 6.1 Device Model Parameters

71

All the process parameters except those related to mobility are the same. In
the case of the short-channel device, MOS3 can fit both the high- and low-

current ranges consistently while MOS2 can fit only the high-voltage range.
MOS3 requires a higher UO and a higher VMAX, —‘%4"-, which is equivalent
S

to a saturation field of 3.46X10*V/cm. This corresponds to the field in which
the velocity begins to saturate. The values of VMAX and UO used in MOS2
yield a saturation field of 1.3X10*/em, which corresponds to the field at the
corner of the velocity-saturation curve. This is the result of the different
assumptions used in the models. The discrepancy between the predictions

by the MOS3 model and the measurements of the long-channel device is
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expected because the simulated characteristics of a long-channel device are
dominated by the basic current equations. MOS2, whose basic current equa-
tion is based upon a more thorough analysis, is able to fit the long-channel
device in both high and low current ranges consistently while MOS3 can fit
only the low or high current range by using different mobility-related param-

eters.

With devices of matched characteristics, several test circuits have been
simulated by both models using SPICE2G.1. The inputs to SPICE2 are
listed in Appendix D. The output waveforms are plotted in Figures 6.12(a)
through (d). Even with the carefully chosen parameters, these two models
do not give identical device characteristics, although the results are similar.
The simulation statistics are compared in Table 6.2:

Table 6.2 Simulation Statistics

Table 8.2
Circuit Analysis | X'tors | Iteration No. CPU (sec)
Name Type MOS3 | MOS2 | MOS3 | MOS2
- Op Point | 5 44 | 42 1.48 | 1.95
Bootinv | qvonsient | - 235 | 280 |54 | 1577
Invehn Op point 10 48 48 2.49 3.43
Transient | - 208 306 1494 | 2669 |
Op point | 12 164 | 3¢ |9.25 | 3.21
Mosmem | ¢ . icient | - 248 | 380 | 2057 | 36.08
Op point 25 26 1.11 1,63
Ratlos | Trapsient | - 778 | 648 | 3847 | 40.13

The results show that for most of the circuits, the MOS3 model is up to 40%
faster in computation than MOS2.

[13
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CHAPTER 7

Summary

This analysis of MOSFETs emphasizes possible problems due to
quantum-mechanical effects, the unification of strong- and weak-inversion
regions and the modeling of small-geometry devices. The first two problem
areas concern the modeling of MOSFETs in general. The modeling need for
small-geometry devices is due to the recent advances in integrated-circuit
processing which have led to today’s VLSI chips.

The quantum-mechanical effects are attributed to both the degeneracy
of the surface carrier population, which can be described only by Fermi-
Dirac statistics, and the wave property of surface carriers in degeneracy,
which is governed by the Schridinger equation. Numerical evaluations of
the drain current, the channel conductance, etc. based upon quantum-
mechanical statistics, demonstrate that quantum-mechanical statistics alone
do not result in a significant deviation in device characteristics within a prac-
tical operational voltage range. The onset voltage of degeneracy is at the
high end of the voltage range of most practical applications. Though the
differences in device characteristics induced by the wave property may be
large, these differences can be absorbed in the empirical expression of sur-
face mobility, whose variations are much greater in the practical operational
range.

Existing MOSFET models which are valid for both the strong- and
weak-inversion regions require time-consuming iterative solutions. The
other models are valid in either strong- or weak-inversion region. The
approach presented in Chapter 3 joins the weak- and strong-inversion regions
by recognizing the existence of a tranmsition region. It proves to be an
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efficient approximation of the iterative solution.

Program TWIST was developed to simulate the characteristics of weak
inversion and weak-injection punchthrough of short-channel MOS devices by
solving the two-dimensional Poisson equation. The program is sufficiently
fast in its analysis to allow reasonable interaction with a process or device
designer as the simulation is performed. In a working hierarchy of CAD
tools, structural and impurity parameters can be obtained from process simu-
lators. TWIST can then be used to optimize all the aspects of barrier-
controlled operations and as a pre-selector for structures to be simulated by a
more elaborate two-dimensional simulation program to obtain high-current
device characteristics.

The analysis of the punchthrough phenomena involves both theoretical
analyses and two-dimensional device simulations. The formation and charac-
teristics of the injection barrier are studied and the equation of the onset vol-
tage of punchthrough is derived assuming a uniform substrate doping con-
centration. The experimental data supports the derived equation.

The MOS3 model has been developed and implemented in the circuit
simulation program SPICE2 to address the features of small-geometry MOS-
FETs and to permit the effective simulations of integrated circuits containing
small-geometry MOSFETs. The model equations are formulated to allow
easy and automatic parameter extraction, a property which is as critical as the
accuracy of the model itself. A comparison of the MOS2 and MOS3 models
proves that the MOS3 model is accurate for small-geometry MOSFETs.

In the era of LSI and VLSI, the emphasis of modeling should be placed
upon the small-geometry devices. The two-dimensional device simulation is
an indispensable tool for the study of micron or submicron devices. In the
course of expanding Program TWIST to include the solution of the current-
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continuity equation, the attention must be put on finding and implementing
both efficient algorithms of numerical solutions and adequate physical
models of various high-current effects. The impurity profile in a small-
geometry device critically affects device characteristics. The thermal redistri-
bution in both one and two dimensions, must be considered in the genera-
tion of impurity profile. This profile dependence will be an important part of
the future study of both two-dimensional device simulation and circuit-
simulator oriented models. Although the onset of punchthrough is described
in this thesis, a complete model of punchthrough conduction remains to be
formulated. More research is needed in this area.

N



APPENDIX A

TWIST User’s Guide

TWIST is a program for the "Two-dimensional Interactive Simulation of
MOS Transistors” in weak inversion and/or weak injection. The device
geometry and doping profile as well can be entered either through the con-
sole or a parameter file. The doping profile can be defined analytically by
specifying process parameters or numerically by using the results from Pro-
gram SUPREM. The resulting impurity concentration, carrier concentration,
potential, and field distributions are either displayed as three-dimensional
graphs or output as numerical tables. The interactive feature of TWIST
allows maximum flexibility to the user.

Except for numerical parameters, which include the values of device
dimension, impurity concentration, voltage, etc., soft (special purpose) keys
on the keyboard are used to facilitate the question-and-answer session. Keys
No.7 and No.8 are always designated as Yes and No, respectively. The
definitions of other keys are displayed with the accompany questions. If an
answer is entered from the keyboard, instead of the soft keys, the first char-
acter of the alphabetical answers must be in the upper case.

In the following, the procedure of using TWIST is explained step by
step. All the information displayed by TWIST is shown in italics in the same
sequence as prompted by TWIST. f7 and f8 are the abbreviations for keys
No.7 and No.8 respectively.
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1. Input Options

REQUEST->

Input from the console (Yes={f7/No=f8) ?

Yes-> TWIST will ask for the name of the parameter file, read the
geometry and profile parameters from it, and branch to Section 5 if
SUPREM results are used; otherwise it will proceed to Section 6.
The format of the parameter file is detailed at the end of this guide.

No-> Parameters will be requested on the console.

2. Geometry Parameters
REQUEST->

Drawn channel length (um) ?
Lateral span of source (um) ?
Lateral span of drain (um}) ?
Oxide thickness: gate <> and field <> { um_) ?
Gate oxide location: from <> 10 <> (um) ?
Span of oxide ramp (um) ?

rawn gate location: from <> to <> (um) ?
Depth o§ the simulated structure (pm) ?

All the entries should be in units of wm. The source junction is defined as
the origin of the coordinates.

3. Profile Options
REQUEST->

"Use SUPREM output (Yes={7/No=f8) 7"

Yes-> The profile is generated by the interpolation of SUPREM results.
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No-> Parameters of analytically generated profiles are entered from the
console.

4. Profile Parameters

The profile can be tailored by up to three implantation steps, i.e. overall,
selective and source/drain implants. The overall implantation covers the
entire structure; the selective implantation can be directed into either a
specified window or over the entire structure; the source/drain implantation
goes only into the source/drain windows. The two-dimensional redistribu-
tion of drive-in is considered only for the selective and the source/drain
implantations.

4.1. Substrate

REQUEST->

Substrate dopant ?
Substrate concentration (in unit of 1E15 cm-3 ) ?

4.2. Ion Implantation

REQUEST->

Any overall  implant (Yes={f7/No=f3) ?
Any localized  implant (Yes=f]/No= / ?
Any source/drain implant (Yes=f7/No=18) ?

Yes-> Invoke the corresponding ion-implantation step.
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No-> Skip the corresponding ion-implantation step.

The implant dopant can be entered either by the species (B/As/Ph/Sb), or
by the type (-/+), where - stands for N-type and + for P-type. If a species
is used, the associated drive-in process is characterized by the temperature
and the time. Otherwise, the drive-in process is characterized by the
diffusivity and the time.

REQUEST->

Implant parameters: Range(um) <> Stndv(um) <> Dose(cm-2) ?
Diffusion coefficient at drive-in temperature (em2/sec) ? (optional
Dnive-in temperature (°C) ? option

Drive-in time (minutes)

A table of computed parameters is displayed at this point. For example,

...profile parameters:
const=4.75E-15(cm2/sec) peak conc=-3.85E+15 (em-3)
Jjct depth=2.19E-05(cm) average conc=-4.58E+15(cm-3)

where jct is the abbreviation of junction, diff of diffusion, and conc of con-
centration,

S. Profile Based on SUPREM Results

5.1. Substrate

REQUEST->

Substrate dopant ?
Uniform substrate (Yes=f7/No=f8) ?

Yes-> Substrate concentration will be requested.
Substrate concentration (in unit of IEl5 cm-3) ?
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No-> File name and column index will be requested and the substrate
profile is treated as the result of the overall implantation (see next
section).

Data le name ?
column ?

The background concentration will be extracted and displayed:
Non-uniform substrate with background concentration
= -7.500E+ 14cm-3

5.2. Ion-Implantation
REQUEST->

'mplant dopant ?
Implant STN. V’(um) ?
Data file name

Which column ?

A table of the estimated profile parameters is displayed at this point.

...profile parameters:

total dose=4. 36E +15 cm-3 standard D= 9.85E-06(cm)
peak conc=] 6E+ cm- impl range= 1.00E-06(cm)
ave conc=8.72E+19(cm-3 Jjet depth 5.00E-05(cm)

where ave is the abbreviation of average, impl of implantation, D of devia-
tion, jet of junction and conc of concentration.

6. Lateral Diffusion

After the doping profile is defined, the effect of lateral diffusion is displayed

as:
Drawn source/drain junctions at ( 0. 000um 2.340um)..... f 4.4
Corrected by side dilfusions as ( 00um 1.940umj.....( 15, 31 }
Lateral qufvmon length of sids( 400um, 400um)
Effective channel length:~ 1.541um
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7. Check Mesh and Profile, Save Parameters

After the setup, the mesh and the doping profile can be examined by
answering Yes to the requests.
REQUEST->

Check impurity profile (Yes=f7/No=f3) ?
Check 1he mesi (Poem oL 7 )

The other related information will be requested as explained in Section 9.
The input parameters entered from the keyboard can be saved on the disc
for repeated use by answering Yes to the request and specifying the file
name to be used.

REQUEST->

Save input parameters (Yes=f{7/No={8) ?
Data ﬁfeu ngme ? ( 2 )

8. Potential Initialization and Self-Consistent Solution

REQUEST->

%plied voltages: VD, VG, VS, VB ?

solute resolution of 1-D iteration (mVs) ?

Absolute resolution of 2-D solution (mVs| ?

Relaxation factor (1<=x<2,"1.7) ?

Maximum count of 2-D iterations ?

Convergence information per 2-D iteration (Yes=f7/No={8) ?
Search for specific surface potential (Yes=f7/No={8) ?

The suggested resolution of initialization is approximately from 0.2 to 0.01
mV. The relaxation factor should be equal to or greater than one, but less
than and not equal to 2. Numbers close to 1.7 have been proved adequate.
The optimal value varies depending upon the structure and the bias. If

searching a specific surface potential is desired, the following question will
be asked:
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REQUEST->

Target surface potential value ?
lterate which bias (D=Vd,G=Vg,S=Vs,B=Vp) ?
Searching tolerance (mVs) ?

A summary of the initialization is displayed. For example:

Initialize column 1. Converged at 26th iteration, maximum deviation = 0.00
Initialize column 19: Converged at 50th iteration, maximum deviation = .]90E-03
Initialize column 50: Converged at 50th iteration, maximum deviation = .827E-04
Egqual potential region between -.05qu2 and .09um(11) as -.10um 6}
Equal potential region between .91um(35) and 1.24um(49) as 1.30um(5 )
Lateral depletion layer between .30um(19) and ~.91um(3 5)

Lateral depletion layer between .09um(11) and  .61um(25)

The two-dimensional iteration either converges or is limited by the given
count. The convergence message of each iteration loop can be turned on or
off as desired. The message assumes the following format:

10th loop: max deviation =2.866E-02, at (35,12), by-pass 42.79%

A summary is displayed at the end of the two-dimensional iteration:

2-D iteration stops at Ioog 85:
last max deviation = 2.158E-04, at (44,18),
by pass 53.80% ave per loop
**Af surface**
Potential minimum = .199at X = .920um, (23)
Barrier height = .
Current density = 1.245E-08 Ampjcm?2
Barrier width™ = .654um,
rom .554umto 1.208um...(19,26)
Source depletion width = .133um
Drain depletion width = .210um
Saddle potential =_.200, barrier height= -.682
at (.920um,” .130um). 123, 6)
current density = 2.014E-08 Ampjem2
Barrier width"=_ .404um,
Jrom .718umto 1.122um...(21,25)

The result can be checked at this point by answering Yes to the following
request.
REQUEST->

Check results (Yes=f7/No=(8) ?
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The procedure is explained in the next section.

9. Output

The results may be displayed and examined at each check point, i.e.
after the setup and 2-D iteration steps.
REQUEST->

Which one? 2-dimensional plots/f], 3-dimensional plots R
save in Fmgrp ﬁle/ﬁ, print the numbgrs[///z

After the choice is made, the domain of display will be requested. Fora 2-D
display, the user has to select an X or Y cross section and define the domain.
REQUEST->

Constant X or Y ?

Cross section index ?
From <> to <> (indices) ?

The functional values in the defined domain will be displayed to help the
user estimate the minimum and the maximum. For the other choices of
display, the messages are:

REQUEST->

From <> to <> (X-djrection) ?
From <> to <> (Y-direction) ?

At this point, a 7x8 table is displayed to help the user determine the
appropriate minimum and maximum. Then the following question is
prompted:

REQUEST->

Estimated MIN/MAX function values (MIN=>>MAX->>skip) ?
If MIN is greater than or equal to MAX, the output will be skipped.
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9.1. 3-D Graphics Display (f2)

REQUEST->

On the console ( Yes—ﬂ/No;/B) ?

Log scale (Yes=f7,
Ho%v many( points in X-dir/'gctzon ?

How many points m Y-direction ?

Tilt angle (de d)

Rotatzon anglgr (degree) ?
After the results have been plotted on the screen, graphs may be re-drawn
on the plotter.

9.2. Numerical Display (f3,f4)

The results may be routed to the printer or saved on the disc.

9.3. More Outputs

Other data may be obtained at each check point. The user may have more
than one output. The output alternatives are determined by the answer to
the following request.
REQUEST->
Which one? doping concentratio ree carrier profile/f2,
TR it onl ] e amier profilel?

Except for the choice of displaying doping profile, the signs of the results will
be changed if the answer to the following question is Yes.
REQUEST->

Referring to electron (Yes=f7/No={8) ?
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There are four field-display options.
REQUEST->

Which one? X-component Y-component
-ratzo(gj or nqgémt e(rp 72).

10. Loops

The simulation can be repeated at a different bias without re-defining the
geometry and the profile. The user can also analyze a new structure using a
profile defined by the same process parameters or analyze the old structure

using different process parameters.
REQUEST->

Another bias (Yes=[7/N
Anoth g; l'llgls Yeis—]q/ ’ ]5?8/
Redefine the structure Yes j;7N

Noit) !
Redefine the profile (Ye =f3) ?

11. Open File Error

If the specified disc file cannot be opened, the user can try again or exit.
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12. Input File Format

12.1. Case of Analytically Generated Profile

line.1:
line.2:
line.3:
line.4:
line.5:
line.6:
line.7:
line.8:

line.9:

line.10:
line.11:
line.12:
line.13:
line.14:
line.15:
line.16:
line.17:
line.18:
line.19:
line.20:
line.21:

title line

drawn channel length (um)

lateral span of source (um)

lateral span of drain (um)

oxide thickness: thin? and thick ? (um)

thin-oxide location: from ? to ? (um)

lateral span of oxide ramp (um)

drawn gate location: from ? to ? (um)

depth of the simulated structure? (um)

substrate dopant: B, As, Ph, Sb, +(n-type), -(p-type)
substrate doping concentration (*1E15 cm-3)

well implant dopant: B, As, Ph, Sb, +, -

well implant range(um), stndev(um) and dose (cm-2)
diffusion constant of well implant (¢cm2/sec)

drive in temperature for well implant (°C)

drive in time for well implant (min)

localized implant location: from ? to ? (um)

local implant dopant: B, As, Ph, Sb, +, -

local implant range(um), stndev(um) and dose (cm-2)
diffusion constant of selective implant (cm2/sec)

drive in temperature for selective implant (°C)



line.22: drive in time for selective implant (min)

line.23: source/drain implant dopant: B, As, Ph, Sb, +, -
line.24: src/drn implant range(um), stndev(zm) and dose (cm-2)
line.25: diffusion constant of src/drn implant (cm2/sec)

line.26: drive in temperature for src/drn implant (°C)

line.27: drive in time for src/drn implant (min)")

12.2. Case of SUPREM generated profile

line.1: title line

line.2:  drawn channel length (um)

line.3:  lateral span of source (um)

line.4: lateral span of drain (um)

line.5:  oxide thickness: thin? and thick ? (um)
line.6:  thin oxide location: from ? to ? (um)
line.7:  lateral span of oxide ramp (um)

line.8:  drawn gate location: from ? to ? (um)
line.9:  depth of the simulated structure? (um)
line.10: index of SUPREM input F

line.11: substrate dopant: B, As, Ph, Sb, +(n-type), -(p-type),
line.12: index of non-uniform substrate N

line.12.a: if line 12 is not N in 1st column;
substrate doping concentration (*1E15 cm-3)

line.lz.B: well implant dopant: B, As, Ph, Sb, +, -
line.13: standard deviation(um) of well implant

line.14: SUPREM save file name of well implant



line.15:
line.16:
line.17:
line.18:
line.19:
line.20:
line.21:
line.22:
line.23:
line.24:

89

column index of well implant

localized implant location: from ? to ? (um)
local implant dopant: B, As, Ph, Sb, +, -

local implant standard deviation(um)

local implant file name

local implant column index

source/drain implant dopant: B, As, Ph, Sb, +, -
src/drn implant standard deviation(um)

src/drn implant file name

src/drn implant column index’



APPENDIX B

Example Input to Program TWIST

1. Input to TWIST

ARk ke ke kA * * TWIST FRRA Rk KRR R KRRk Rk Rk Rk
1.84 ..drawn channel length (um)

1 0.184 ..lateral span of source (um)

10.368 ..lateral span of drain (um)
6.50E-02 0.60 ..oxide thickness: thin? and thick ? (um)
0.0 1.84 ..thin oxide location: from ? to ? (um)
0 .0 ..lateral span of oxide ramp (um)
0.0 1.84 ..drawn gate location: from ? to ? (um)
4.5 ..depth of the simulated structure? (um)
F ..SUPREM input index
B ..subs dopant: B,As,Ph,Sb,+,-
U ..index of non-uniform substrate N
0.75 ..subsrate concentration (*10" em™3)
§ ..well implant dopant
0 ..standard deviation(um) of well implant
xxxxx1::s3 .SUPREM save file name of well implant
1 ..column index of well implant
9-9 ..localized implant location: from/to(um)
$ ..Jocal implant dopant: B, As, Ph, Sb, +, -
0 ..Jlocal implant standard deviation(um)

0 ..Jocal implant file name

0 ..Jocal implant column index

90
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As ..src/drn implant dopant: B,As,Ph,Sb, +,-
0.02 ..src/drn implant standard deviation(um)
suprm2::s3 ..src/drn implant file name

2 ..src/drn implant column index

2. Input to SUPREM for Generating Example Profile

title 2706 enhancement, check source/drain junction
global levl=2

subs ornt=100, elem=b, conc=7.5el4
grid dysi=0.01, dpth=0.75, ymax=1.0
print head=n, idiv=n, totl=n

plot idiv=n, totl=n

step type=oxid, time=30, temp=2850, trte=10, modl=nit0
step type=oxid, time=4, temp=1150, modl=dry5

step type=oxid, time=70, temp=1150, trte=-4.286, modl=rnit0
step type=impl, elem=b, dose=4ell, akev=100

print head=y, idiv=n, totl=n

plot wind=0.8, cmin=14, ndec=8, totl=n, idiv=y

step type=impl, elem=as, dose=1el6, akev=100

step type=oxid, time=25, temp=900, modl=nit0

print head=y, idiv=y, totl=n

step type=oxid, time=75, temp=1000, modl=nit0

model name=drys, Irte=2.5e5, Irea=2.0, prte=52.0, prea=1.23
save lunm=20, type=ascii

end



APPENDIX C
Example Console Session of Program TWIST
Input from the console (Yes=f7/No=f8)? "No"

Input data file name? "@input::xx"
* kkkH ok ko ok kg Kk ko Input Summary LS 2 S 22 2 22 f TR T e

drawn channel length 1.84um
lateral span of source .18um
lateral span of drain .37um
oxide thickness: thin: .06um, thick: .60um
thin oxide loc: from 0.00um to 1.84um
lateral oxide ramp 0.00um
drawn gate loc: from 0.00um to 1.84um
depth of the structure 4.50um
Use SUPREM generated profile.
Uniform substrate of dopant: B, concentration=-7.500E+ 14cm-3

..... profile parameters:
total dose = 4.36E+15(cm-3) standard D = 9.85E-06(cm)
peak conc = 1.76E+20(cm-3) impl range = 1.00E-06(cm)
-ave conc = 8.72E+19(cm-3) jet depth = 5.00E-05(cm)
Drawn source/drain junctions at ( 0.00um, 1.84um).....( 4, 42)
Corrected by side diffusions as ( .42um, 1.42um).....( 17, 29)
Lateral diffusion length of s/d:( .42um, .42um)
Effective channel length: 1.00um

Check impurity profile? (Yes=f7/No={8) "No"

Check the mesh? (Yes=f7/No=f8) "No"

Save input parameters? (Yes=f7/No=f8) "No"

User’s responses are in quotes.
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Another bias point (Yes=f7/No=f8) ? "Yes"
Applied voltages: Vd, Vg, Vs, Vb 2 "2.3 00"
Re-initialize the potential (Yes=f7/No=f8) ? "Yes"
With same iteration parameters (Yes=f7 /No=£6) ? "Yes"
Search for specific surface potential (Yes=f7/No=f8) ? "No"
Initialize column 1:Converged at 17th ite;'aiion, maximum deviation = 0.00
Initialize column 18:Converged at.12th iteration, maximum deviation = 0.00
Initialize column 49:Converged at 35th iteration, maximum deviation = 0.00
Equal potential region between -.12um( 2) and .37um(16) as -.18um( 1)
Equal potential region between 1.47um(30) and 2.14um(48) as 2.21um(49)
Lateral depletion layer between 48um(18) and 1.47um(30)
Lateral depletion layer between .37um(16) and 1.36um(28)

Feapeok ok ok ok oo ek o ek ook ek K ok End Of Initialization % ] Rk KRN

**2-D iteration stops at loop 111:

last max deviation =1.049E-03, at (29,15), by pass 63.23% ave per loop
**At surface** |

Potential minimum = 589, at x = 484, (18)

Barrier height = 293

Current density = 4.167E-08 Amp/cm2

Barrier width = .210um, from .422to .632...(17,20)

Barrier depth = 1.000um, from 0.000 to 1.000...( 1,24)

Current / width = 94,2 Amp/um, with Uso=700.0 cm2/sec-V

Source depletion width = 0.000um

Drain depletion width = .787um

Saddle potential = .589, barrier height= -.293 at ( .484, .023)...(18, 2)

Injection current /width = 87.4 Amp/um, with Uso=700.0 cm2/sec-V
Check results (Yes=f7/No=f8) ? "Yes"
Which one ? (2-dimensional plots/f1), (3-dimensional plots/f2),

(Save in Fmgr file /f3), (Print the numbers /f4). "Save on disc"



Referring to electron? (Yes={7/No=f8) "No"
X-mesh->(n,x): "1 50"
Y-mesh->(n,y): "1 50°

- 12 3 4 5 8 7
YX(um) | -.18 -32 -550E-02 0.0 1.60E-02 3.37E-02 _ 5.34E-02
1000 |.88 .88 .87 .87 .88 .88 .85
2.02 |.88 .88 .87 .88 .88’ 88" 85
3.05 |..8 .88 .87 .88 .88 .86 .85,
4.07 |.8B8 .88 .87 .88 .88 .85 85
5.10 |.88 .88 .87 .88 .86 .86 .85.
6.13 |.88° .87 .87 .88 .88 85 .85
7.6 |.87 .87 .87 .88 " .85 .85 84
8.19 |.8v .87 .88 B85 .85 B4 B4

Estimated MIN/MAX function values? (MIN=>MAX->skip) "0 1"
File name? "@poten::xx"

Another output? (Yes=f7/No=f8) "Yes"
Which one ? (Doping concentration/f1), (Carrier distribution/f2),
(Field distribution /f3), (Potential profile /f4). "Carrier"
Which one ? (2-dimensional plots/f1), (3-dimensional plots/f2),
(Save in FMGR file /f3), (Print the numbers /f4). "Save on disc"
Referring to electron? (Yes={7/No=f8) "No"
X-mesh->(n,x): "1 50"
Y-mesh->(n,y): "1 50"
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- 1 2 3 4 5 8 7
YX(um) | -.18 =12 -5.50E-02 0.0 1.80E-02 3.37E-02 _ 5.34E-02
10.00 -1.7E+20 -1.5E+20 -1.2E+20 <-8.9E+19 -7.5E+18 -8.5E+19 -5.2E+19
2 .02 -1.7E+20 -1.5E+20 -1.2E+20 <-B.9E+18 -7.4E+19 <-8.4E+19 -5.1E+19
3 .05 -1.6E+20 -1.5E+20 -1.2E+20 -8.7E+18 -7.3E+19 +8.3E+18 -5.0E+19
4 .07 -1.8E+20 -1.4E+20 -1.1E+20 -B.3E+19 -7.0E+19 -6.0E+19 ~4.BE+10
5 .10 -1.5E+20 -1.8E+20 -1.0E+20 -7.BE+19 -8.8E+19 -5.7E+19 -4.5E+19
6 .13 -1.3B+20 -1.2E+20 -1.0E+20 -7.2E+19 -8.1E+19 -5.2E+19 -4.2E+19
7 .16 -1.2E+20 -1.1E+20 -D.0E+19 <-8.5E+19 -54E+19 -4.7E+19 -3.BE+19
8 .19 -1.0E+20 -8.7E+19 -7.8E+19 -5.6E+19 -4.7E+19 -4.1E+19 -3.3E+19

Estimated MIN/MAX function values? (MIN =>MAX->skip) "0 1"
File name? "@carri::xx"



Another output? (Yes=f{7/No=f8) "No"
More iterations (Yes={7/No=f8) ? "No"

HERERERR R 3e24208%  End of Two Dimensional Solution

Another bias point (Yes=f7/No=f8) ? "No"
Another run (Yes=f7/No=f8) ? "No"
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APPENDIX D

Test-Circuit Inputs to SPICE2.G

Invchn - Five-Stage Saturated Inverter Chain by Short MOS (MOS3)
.tran 0.12n 12n

.options defad=1e-9 defas=1e-9
.opt acct ‘
.op

ml 772 8 nmos w=5u 1=2.3u
m2 2108 nmos w=50u 1=2.3u
m3 77 3 8 nmos w=5u 1=2.3u
m4 3 2 0 8 nmos w=50u 1=2.3u
m5 7748 nmos w=5u 1=2.3u
mé6 4 3 0 8 nmos w=50u I1=2.3u
m7 775 8 nmos w=5u 1=2.3u
m8 54 0 8 nmos w=50u |1=2.3u
m9 77 6 8 nmos w=5u 1=2.3u
ma 6 50 8 nmos w=50u 1=2.3u

vin 1 0 pulse(5 0 0.2n 1n 1n 5n 12n)

vdd 70dc 5

vbb 80dc O

.model nmos nmos(vto=0.452 nsub=3.6e15 tox=0.065u 1d=0.35u xj=0.5u
+ uo=>580 theta=0.06 vmax=20e4 level=3 kappa=1.0 eta=0.035)
-plot tran v(2) v(3) v(4) v(5) v(6) v(1) (-1,5)

-print tran v(2) v(3) v(4) v(5) v(6) v(1)

.end
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Ratlog - Ratioless Dynamic Logic Circuit by Short MOS(MOS3)
-opt acct defl=2.3u defw=50u defas=1n defad=1n
.tran 1n 110n

ml
m2
m3
m4
mS5
mé
cl 1
c2 2
c3 3
c4 4
¢S5 S
vin
vpl
vp2
vdd
vbb

9
9
2
4
3
1

11 2 10 nmos

12 4 10 nmos

1 0 10 nmos

3 0 10 nmos

12 2 10 nmos

11 5 10 nmos

0 0.05pf

0 0.05pf

0 0.05pf

0 0.05pf

0 0.05pf

50 pulse(0 4 In 2n 2n 20n 500n)
11 O pulse(0 S In 2n 2n 12n 52n)
12 0 pulse(0 5 26n 2n 2n 12n 52n)
90 dc 5

10 0 dc -2.5

-model nmos nmos(vto=0.452 nsub=3.6el5 tox=0.065u 1d=0.35u xj=0.5u

+

uo=580 theta=0.06 vmax=20e4 level=3 kappa=1.0 eta=0.035)

plot tran v(4) v(1) v(2) v(3) v(4) v(11) v(12) (0,6)
.print tran  v(4) v(1) v(2) v(3) v(4) v(11) v(12) (0,6)

.end
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Mosmem - MOS Memory Cell by Short MOS (MOS3)
.opt acct defas=2n defad=2n defl=2.3u
.tran 0.5ns 60ns
.op
vdd 90dc 5
vs 7 0 pulse(2 0 30ns 2ns 2ns 30ns 200ns)
vw 10 pulse(0 2 Ins 2ns 40ns 10ns 200ns)
vwb 2 0 pulse(20 1ns 2ns 2ns 100ns 200ns)
ml 3100 nmos w=50u
m24200 nmos w=50u
m39930 nmos W=5u
m4 9940 nmos w=>5u
m5 5730 nmos w=5u
mé6 6740 nmos w=5u
m7 5600 nmos w=50u
m8 6500 nmos w=50u
m99950 nmos w=5u
ml109 96 0 nmos w=5u
mll 8 4 0 0 nmos w=50u
ml12 998 0 nmos w=5u
.model nmos nmos(vto=0.452 nsub=3.6e15 tox=0.065u Id=0.35u xj=0.5u
+ uo=580 theta=0.06 vmax=20e4 level=3 kappa=1.0 eta=0.035)
.print tran v(6) v(5) v(7) v(1) v(2) v(8)
-plot tran v(6) v(5) v(7) v(1) v(2) v(8) (0,5)
.end
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Bootinv - Bootstrapped Double Inverter Circuit by Short MOS (MOS3)
.opt acct
.tran 0.2ns 20ns
.0p
ml 1136 nmos w=10u 1=2.3u ad=0.02p as=0.02p
m2 3 2 0 6 nmos w=50u |=2.3u ad=2p as=0.02p
m3 1146 nmos w=10u I=2.3u ad=0.2p as=0.2p
m4 14 56 nmos w=10u 1=2.3u ad=0.02p as=0.02p
m5 5306 nmos w=50u 1=2.3u ad=2p as=0.02p
cl5 50 0.1pf
cl2300.1pf
cb4 4 5 0.1pf
vdd10dc 5
vbb 60dcO
vin 2 0 pulse(4 0 1ns 2ns 2ns 13ns 20ns)
.model nmos nmos(vto=0.452 nsub=3.6e15 tox=0.065u ld=0.35u xj=0.5u
+ uo=3580 theta=0.06 vmax=20e4 level=3 kappa=1.0 eta=0.035)
.print tran v(5) v(3) v(4) v(2)
.plot tran v(5) v(3) v(2) (0,5)
.plot tran v(4)
.end
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Invchn - Five-Stage Saturated Inverter Chain by Short MOS (MOS2)

.tran 0.12n 12n

.options defad=1e-9 defas=1e-9

.opt acct

.0p

ml 772 8 nmos w=5u 1=2.3u

m2 2108 nmos w=50u 1=2.3u

m3 77 3 8 nmos w=5u 1=2.3u

m4 3208 nmos w=50u 1=2.3u

mS5 77 4 8 nmos w=5u 1=2.3u

m6 4 3 0 8 nmos w=50u 1=2.3u

m7 77 5 8 nmos w=5u 1=2.3u

m8 5408 nmos w=50u 1=2.3u

m9 77 6 8 nmos w=>5u 1=2.3u

ma 6 5 0 8 nmos w=50u 1=2.3u

vin 1 0 pulse(5 0 0.2n 1n 1n 5n 12n)

vdd 70dc 5

vbb80dcO

.model nmos nmés(vto=0.452 nsub=3.6el5 tox=0.065u 1d=0.35u xj=0.5u
+ u0=450 ucrit=12e4 uexp=0.240 utra=0.25 level=2
+ vmax=6ed4 neff=7)

.plot tran v(2) v(3) v(4) v(5) v(6) v(1) (-1,5)
.print tran v(2) v(3) v(4) v(5) v(6) v(1)

.end
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Ratlog - Ratioless Dynamic Logic Circuit by Short MOS(MOS2)

.opt acct defl=2.3u defw=>50u defas=1n defad=1n

.tran In 110n

ml 9 11 2 10 nmos

m2 9 12 4 10 nmos

m3 2 1 0 10 nmos

m4 4 3 0 10 nmos

mS 3 12 2 10 nmos

mé 1 11 5 10 nmos

cl 1 0 0.05pf

c2 2 0 0.05pf

c3 3 0 0.05pf

c4d 4 0 0.05pf

¢5 5 0 0.05pf

vin 5 0 pulse(0 4 In 2n 2n 20n 500n)

vpl 11 O pulse(0 5 In 2n 2n 12n 52n)

vp2 12 0 pulse(0 5 26n 2n 2n 12n 52n)

vdd 90 dc §

vbb 10 0 dc -2.5

.model nmos nmos(vto=0.452 nsub=3.6e15 tox=0.065u 1d=0.35u xj=0.5u
+ u0=450 ucrit=12e4 uexp=0.240 utra=0.25 level=2
+ vmax=6e4 neff=7)

plot tran v(4) v(1) v(2) v(3) v(4) v(11) v(12) (0,6)
.print tran  v(4) v(1) v(2) v(3) v(4) v(11) v(12) (0,6)
.end
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Mosmem - MOS Memory Cell (MOS2)
.opt acct defas=2n defad=2n defl=2.3u
.tran 0.5ns 60ns
.0p
vdd 90dc5
vs 7 0 pulse(2 0 30ns 2ns 2ns 30ns 200ns)
vw 10 pulse(02 1ns 2ns 40ns 10ns 200ns)
vwb 2 0 pulse(2 0 1ns 2ns 2ns 100ns 200ns)
m1 3100 nmos w=50u
m24200 nmos w=50u
m3 9930 nmos w=5u
m4 9940 nmos w=5u
mS5 5730 nmos w=5u
mé 6 740 nmos w=5u
m7 56 00 nmos w=50u
m8 6 500 nmos w=50u
m99950 nmos w=>5u
ml109 96 0 nmos w=5u
mll 8 400 nmos w=50u
ml2 998 0 nmos w=>5u
.model nmos nmos(vto=0.452 nsub=3.6e15 tox=0.065u 1d=0.35u xj=0.5u
+ u0=450 ucrit=12e4 uexp=0.240 utra=0.25 level=2
+ vmax=6e4 neff=7)
.print tran v(6) v(5) v(7) v(1) v(2) v(8)
.plot tran v(6) v(5) v(7) v(1) v(2) v(8) (0,5)
.end
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Bootinv - Bootstrapped Double Inverter Circuit by Short MOS (MOS2)
.opt acct

.tran 0.2ns 20ns

.0p

ml 1136 nmos w=10u 1=2.3u ad=0.02p as=0.02p

m2 3 206 nmos w=50u 1=2.3u ad=2p as=0.02p

m3 1146 nmos w=10u 1=2.3u ad=0.2p as=0.2p

m4 1456 nmos w=10u 1=2.3u ad=0.02p as=0.02p

m5 5306 nmos w=50u 1=2.3u ad=2p as=0.02p

clS 500.1pf

cl2'300.1pf

cb4 4 5 0.1pf

vdd10dc 5

vbb 6 0 dc 0

vin 2 0 pulse(4 0 1ns 2ns 2ns 13ns 20ns)

.model nmos nmos(vto=0.452 nsub=3.6e15 tox=0.065u 1d=0.35u xj=0.5u
+ u0=450 ucrit=12e4 uexp=0.240 utra=0.25 level=2
+ vmax=6e4 neff=7)

.print tran v(5) v(3) v(4) v(2)

.plot tran v(5) v(3) v(2) (0,5)

.piot tran v(4)

.end



APPENDIX E

Listing of Program TWIST
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TCONMO

Fitle:?

TENA

Filel

1,32, TILT.ROTAT . NX1.HX2,HY1, NY2, ~

LYC40),.LABLZC40). KFONTNC2,10), KFONTY(2.,10).4

2
G
[}

CORNMON /XY2/

CONNON /ZGLABL/

gSSI(SO).‘

2
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LTVIST

Filet

HK CIHD.KANSUR, -2)
NK CIHD.KANSUR,-3)

]
i
IF (KAHSUR.EQ.KYES) CALL OUTPS (1)

BAY
ALL LINK CLH4.KAHSUR, -2)
CALL OUTPL CKANSUR, -2)

®IF HP100O
100046AYCH
caLL L

P10090

®ENDIF
oIF H
*ENDIF

LTUISY

Files
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File: gsOUTPY

0.....CHECK UMICH OUTPUT
(KQUNT . NE. 1) . AND. CKFLAG.NE. 1))
s1F HP2640A
CaLL SKEYD
SENDIF
VRITE (KONSOL.1010)
1oto FORMAT( "VUhich one °.*
tDoping concentretion’/f1), CCarrier distribution/f2), *~
/7.10%,°(Field distribution /f3), (Potentisl profile /f4). 72 _*)
READ (KEYBRD.2000) KANSUR
2000 FORNAT(ARIL)
*IF BATCH
VRITE (KONSOL.2000) KANBUR
*ENDIF
KDIsPuy
VHILE CCKANDUR. NE . nanoartuo:so)) AND. (KDISP .LY.NDSP))
' KDISPeKDIGR ¢}
[}
0. ... cuscx uulcu rltlb CONPONENT
IF CKDISP .EQ.3) [
oIF HP26e0n
CALL SKEYF
CENDIF
UIIIE (KONSOL.3020)
3020 RTC® ﬁ-coupan-ut(ll). Y-coaponent(€2), °*,»
SH/Y¥-ratio(f3) or megnitude(fd) 72 _*)
READ (lEVlID.:oOO) KANSER
*IF BATCH
YRITE C(KONSOL.2000) KANSUR
SENDIF
KF!LO-I
YHILE CCKANSUR. ME. NANFLDCKFELD)).AND. CKFELD.LT. NFLO)?
. KFELOKFELD 1
e
8. ... .CMECK UMICN DISPLAY
*IF HP26404
CALL BKEYTY
sENoIF URIVE CKONBOL,1083)
[
1013 FORMRAT ("Which one °,~
SC¢2-dinensional plots/fl), (3-dinensionsl plots/f2),°*~
7.108,%C8ave in FHGR file /7#3), (Print the numbers /€4). 2 .
READ (KEYORD.2000) KAMSUR
*1F BATCH
URITE (KOMBOL,2000) KANSUR
SENDIF
KTRCTeNTCY
' VHILE CCKANSUR .NE.NANTCTCKTRGY)).AND.CKTRET.CT. 1)) KTRGVaKTRGT -1
0..... 2-0 CRAPHICS DIgPLAY
IF (KTRCY.EQ@.1) ¢
IF (KDISP.€0.2) ( O CARRIER PER UNIT AREA
URITE _(KONSOL,2010)
2010 FORNAT(*Cerrier so unit ares (Yesef?/Hoefd) 72 _*)
REARD (KEYBRD,2030) KANSUR
*1F Batcu YRITE C(xomeoOL,2 ) LE]1]
+2000) KANSUR
sEMoIF IF (XANSUR.EQ.K
.KYES)
53%%¢°?355-o¢ 3029) 9 CET Z LINMITYS
READ _ (KEYORD, o) 21,22 :
IF CZ1.LV1.22) ¢ 0 SET OUTPUT PARAMETERS
KCRPHe-2
KSIGHe |
HX1=HSOURC) HX2°MDRAIN
NYLi=0} HY2=NANX
NEn2(NNE, 1)) N2e2(HN2,.))
YI=0.0CEXP)YOs Y220 .0CEXP)YO
R ELSE KGRPH=9Y
]
IF CKOISP .EQ.4) ( ® EQUAL POTENTIAL CONTOUR
URITE (KOMSOL,2030)
2030 FORBAT(*Contour ﬁlot of equel potentiel lines °*,~
*(Yegof?2/HoefB) 2?2 _°)
READ (KEYDRD,2000) KAHSWR

*IF BATCH
*ENHDIF

3010
*1F BRTCH
SENDIF

4010

®IF @AaTCH
CENDIF

*1F IBATCH
4020
SENDIF
4030

*IF BATCH
*ENDIF"
*1F IBATCH
*ENDIF
4040

oIF
04
oEN

O
.
"

*IF IBATCH
SENDIF
*IF BATCH

*ENDIF
*IF IBAYCH
*ENDIF

File:t &OUTP)

RITE C(KOMSOL,2000) KANSUR
F (KANSUR EQ . KYES) KGRPHe4q

Ics

LEQ.0) [

XOISP.€EQ.2).0R.(KDISP.EQ.4)) { ® SET SIGH-FLIP FLAG
RITE_(KONSGL.3610)

Oﬁnal(’lcforrlng to oltctron (Yesof?7/Ho=fB8) 2?2 _°)
EAD (KEYBRD,2030) KAl

RITE C(KOHBOL,2000) KANSUR

F CKANSUR.EQ.XYES) KSICH=1

LSE KSI1CHe2

KSIGH=g

L. MUNAKR) 2¢(K,3)=XPOSC(K)oUN @ SCALE X BY LA
L.HYMAX) 2(K,4)eYPOSCK)oUN 0 SCALE Y BY UM
RAPHICS

TRET . EQ@.1) (

RIVE ((onlot.OOIO) ® CEV DIRECYION INDEX
ORNATC("Constant Y ")

ERD (KEVBRO.:OOO) KROS!

RITE (KONSOL.2000) KROSS

F (KROSS .EQ.NANY) ( @ COMSTANMT v

URITE (KOH.OL.OO:O) (N‘ﬂ'ad'l.?)o(l Z(K 4). k=1, HYHAN)
FORMATCAL. *~nosh-)> M,°,AL,%1°,5C12.%, %, F7. 3 2X)~
/i lx:‘(lio' *.F7.3,2%))

URITE (KONSOL,4030) ® GEV Y-CROSS SECTION IMDEX
FORART( °Cross section iIndex ? .°)

READ (KEYBRD,o) KY

KYSHINOCNYNAX. NAXO( 1 .KY))

URLITE C(KONSOL,4031) KXY

FORMRATC14)

URITE C(KOMSOL,4020) (MANX,J®1,2),(K,2¢K,3),Ke1, NXNAXK)

Bll'l (Knuaot.ooooy 9 GCET X DOMAIN INDICES
RAATC*Fromn <) to ¢)> Cindices) 7 .°)
READ CKEYBRD, o) MX1,NX2
HRLI=RIMOCHXNAX, MAXO( ), HX1 ))
HR2=KIHOCHXNAX, NANOC 1, HN2))
IF CNX1.GT . HX2) € NTeMNI! NX1eMX2) NX2eNT )
URITE (KOMSOL.4041) NNI1,NX2
FORNAT(213)
00 'E?%'i?“%ti . ® LOAD DATA
. -
) z«u.z)-noréa (K,KY.KDIBP,KSIGH.KFELD)
RYLoHANY) NY2=MANX @ SEV SPECIFICATIONS
N1w2CHXI,1 )3 A2=2CHX2, 1)
Yin2¢KY.4)) Y2e=v1
LBE 0 CONSTHAT X

URITE CKONSOL,4020) CNANX,JI=1,2),(K,2¢K,3),K=}, NKBAX)
URITE (KONSDL.‘O!O) ® GCET X-CROSS SECTION INDEX
READ (KEYEBROD, X

KKUHINOCHXNQR:HQKO(Iall!) ::

URITE CKONSOL,2000) KX =8

VRITE C(KONBOL.4020) (HAMY,J=1,2),CK,Z(K.4),Ku), NYHAX)
URITE (XONSOL.4040) @ GEY Y DOMAIN INDICES
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(R2,¥0,¥2,21,22,4

CKGRPH .NE . 99))
Lo) ¢

LOUTPY

CALL TPRHT ¢
KFLA
KFLAG=TABSCKGRPH)

bFile:

IF (KGRPH.EQ.99) KFLAGw=O
ELSE L 1

*IF GRAPH]

SENDIF

® SET SPECIFICAVIONS
& GEY THE DATA RANGE
® SET GRAPHICS INDEX
@ CET X-DOMAIN INDICES
® GEYT Y-OOMAIN IHDICES

0 LOAD DATA

YIeNY2: NY2eNT )
(KX, XK, KDISP,KSIGN.KFELD)

NNSeNX2) NX2eNT )
NYI=NY2) NY2eNT )

+3021) 21,22
3

LoUTPI
IF C21.L7.22) KGRPH=2

Files
URITE (KONSOL.4041) WYI.NY2
URITE CKONSOL,4020) (NAMY,J=1,2),(K,2(K,4). Kol ,NYNAK)

URITE CRONSOL,4020) CNAMX, 322,20, CK, 2¢K, 3. K=l . NXNAX)

URITE CKONSOL.4041) N1, HR2
URITE CKONSOL.4048) NX1,HX2

ELSE (

...CASE OF NOT 2-0 CRAPMICS
ATCH

oIF OATCH

SENDIF
4030

o1IF BATCH
oIF 10ATCH
*ENDIF

oIF BATCH
*ENDIF

oIF 0aTCH
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oY

READ C(KEYORD
URITE CKONSOL.3021) 21,22

2

[{

[{

[

[

L

[ 4

1 ATCH
3010
SENDIF
3020

oIF BATCH
SENDIF
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L0UTP3

File:

CALL PLOTI (X1.%2,Y1,Y2,21,22, K. NY ROTAT,TILT,LU, KONSOL)

138

.66~

souTP2

Filet

~
[
<
-
th
L 4
~
L
[
-
32
(-]
-
x
-
-
E 3= -4
wo =
we =
-1 -]
>3 (%)
- -
- -
- -
< <
[ ©
¢ smesnw
x
.11
w .
=N
-l
D
oco
wdadtn
& X
-~ .vo
-2
N @ -
- <D
= -t d
- .o
NeO xo
Nt -
” e D
S T
fnax -l
=xD -N
wxo (13
L4 1o x=z
x z£0
~ud s
-ow -t
- x -
bt x>
-O<T Rl
Nt ~NE
= ~NO
w = £ ~u
Qow mesag
- E 1w ON
o D= - o3
< wo a [ 1T
-l »Eaw mx
“ €« adu -l O
X J= oc -t
- a0oad 3ol
Nt (XIS
N mavOw
«- O ~oy
- AN~ O
D @t Q-]
Q - [
TCONMme wa
w a .
x L] (Y )
- ®» Rad
- o 3
D wa © wWo =
“wd = ® w a
we aw & vw D
oa <x o N =a
D = O wa wWE
- o ~ - W
o -
L -
< <
o (3
¢ sossesess



Filet &OUTP4

. DEFN
.CGll BEOUIINS CUTPE C(KFLAG)
[} CRAPHICS OATA DISPLAY
[] KFLAG = O -) PLOT HENM
[] 2 -) 2-0 PLOY OF Z<(N.1) VERSUS 2(N.2)
(] 3 -) OPAGULE 3-D PLOT OF ARRAY 2¢)
: 4 -) EQUAL POTENTIAL CONVOUR PLOT
;catt TCONNO
. DATA KYES/2HY /7, LUPLTR/Y/
READ. (KOWSOL.2000) KANSYA
ggzg ;g:g:;g;gg the consele (Vol-riluotfl) -*)
IF (KANBUR .EQ.KYES) LU=KONBOL
ELSE LU=LUPLTR
URITE C(XQNBOL.302
READ (KONSBOL,®) VNIN.YHAN,HUNLIN
3020 FORNART(®Potentiel nin, max and nuabor of lines? .*)
CALL PLOTC C(VNIN.VHAN.NUBLIN.L
LR

-67-

File: QOUIPS

oCALL TUOEFN .
SUBROUTIKE OUTPS (KFLAGC)

OUTPUT COMTROLLER

KFLAGC = -3 - P

8
1 -0
4 =)

KOUNT = COUNT OF OUTPUT LOOP
KGO s 8TATUS FLAGC
= & -) END OF OUY

(L]
1 =) CHECK VHICH

CaLL TCOoNMMO
DATA KYES/2HY /., KNBGC/Y/

40 0686 00 €0 S0 PINTOTOLABOESOES

IF GRAPHICSRHPLOQO
END!F'F CKFLAG_EQ.-1) CALL LINK C(IHE.O) o..... PLOT WESH
IF CRAPHICSLIKPL100O
ENDIFl’ C(KFLAG.EQ.-1) CALL QUTPSI <O)
IF HPLOOOLIBATCH
EHDIFl' (KFLAG.ED.0) CALL LINK ¢1HD,¢,0) .. ... SAVE 1NPUY
IF HP100OABATCH
IF CKFLAGC.EQ.0) CALL LINK C(1H4,0,0)
ENDIF
1F (HP10OO
ENOIFl' (KFLAGC.EQ.0) CALL OUTPL (0,0)
.
IF (asSh?‘i.t'."““”("l."“t'-')’ 4 e..... PROCESS OTHER OUTPUT
-
REPEAY e..... OUTPUT LOOP
KOISP=KFLAG
O1F HPIOOOLIBATCN
*ENDIF CALL LINK CIMD,KQUNY,.KDISP) o..... GET OUTPUT DATA
o1F HP1OOOLDATCH
CALL LINK C1H4.KOUNT.KDISP)
SENDIF
*IF 1HP1O0GO
CALL SUTPL(KOUNT.KDISP)
*ENDIF
o1F GRAPHICSLNPLIGOO
IF (KDISP.NE.O) ¢
IF (KOISP EQ.2) CALL LINK CLNE.KDISP) 2-D0 PLOT
IF CKDISP.EQ.3) CAlL LINK CIHF.XDISP) @ 3-D PLOT
) IF (XD18P . €EQ.4) CALL LIRK CING,.KDISP) CONTOUR PLOT
*ENDIF
oIF GCRAPHICSOIHP1000
IF (XDISP.ME.O) {
IF (KDISP .EQ.2) CALL OUTP2 C(KDISP)
IF CKDIBP EQ.3) CALL OQUTPY (KDISP)
) IF C(KDISP.EQ.4) CRLL OUTP4 C(KDISP)
SENOLE KOUNT=ROUNTe L 9 CHECK IF THER OIS
. ANOTHE PLAY
*1F HP1000L1BATCH
CALL LINK C1HD,KANSUR, -KNSC)
SENDIF
¢IF HP10OOROATCH
CALL LINK C1M4, KAHSUR, -KNSC)
sENDIF
*IF 1HP10OO

CALL OUTPI (KANSUR,-KHSGC)
IF (KANSUR .EQ.KVES) KEO=i
KGO=0
) ] UNTIL (KGO .EQ.¢)
RETURN
END

SENDIF

PROFILE GEHERATED

1
OUTPUT AND GET OUYPUT DATAR

6¢€1



R, YUPPR)

LPAPER

Filet

File! APAPER

TINE PAPER C1GCO,NONY.XKONSOL)

EFN
ROV
CHECK PAPER SIZE FOR THE PLOVVTING ON HP9B72
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*CALL

-")

140

<
LK ¢
- Y ]
o~ o
)
ze ~
wa ~
< -~e .
. (-9 ©
e >
e ac .
o« o "
¢ s O -
* O 00X L 4
- e3¢
oW ®00 ¢ -
COB=g o -
- S (%] L4
2LDOW & -
0®~e3 €~ ¢
- Qe O atd O
~h OB~ Ow N
00 3> U -
-Veo e a
L0t #0® O
eIl o Lo £
Lo < DB~
OOIWES - &
. e DL C I~
o ~® =@
VLLOIXE Xw
eo0C om .
+ 3= CO QOX~
@0 wDuG W
] —— W= D O
~ - Jomwx OE®
- O=C SWO=We
@ OO G O
- - Le 60O
-« CeIOoSC £33
- > IOODHwvOBLLEG
-~ = ean a0
€ ~ ~0 x - -
. o ox ox wexwo
- QO <> [ E L
Q@ o~AAAO~ moe LOSLo
& «PBOoNs LEX oEZae
< sl v o = -
O JBIDI A Aaan
T QU=LOO WeN MeNVSS
€ BUVIRD +» ww wwwe 0
= EeajmmPE -
M OwmwOO € [ Y
| XXEZxN o
E wvmwew & t ol
9  aJda 3 ~
2w w ssesses e X
FPuuudte® o s s aaaan e
b =madaem& NSNS NNANNo
OuucTTanW - =
JOLOLIE @ € o
- = E W
an - x T=oa
€« ° © owx
o ~. “- ocxw
o o
- °
° o
- e
-~
. ~
s ’ L
oo '
.. o~
- o~
-~
e -3 ~
- @
e [] -
- ° .
[ ] = 9
- ~ z
I3 ~ g
e - ~
2 -
[ - [
0w . -
oL > o
» - >
O~ - ~
[ . .
] 3 -
€E -~ o ®
Yy e e -~ ~ -~ @ o
€t e no . ] a e
.“sea -es - . -~ ’ ] a
NNNN. - @ ®
0000 [N} - .~ o~ £ © °o .
AR A [ ] [ ] - ~ ~ F3
[T I NN £L8 o -~ (S - [ -
336 3¢ 3¢ yuwy € = [ ® - x x
i GEE = ~ - Y o W w - oo
wwwy ——— ~ . ° o ww - o ww AN
ooon - - o a o3 no » > o feted
R ) » = . O . o [ xx
socon . e € - ~ . ox ow o 3 ww ww
feom [ T T - ® ~ 3 oK o1 * o 'e o~
- v Qe > - @ ~ A e b ) w [ 1) ww no
SNNN sss O - . ~ - [Ty 4 b
0000 — - e = ~Aonnge wo Awang oo oo
e ke gcE - ® o™ O QoMWW  Uw CWwOoNA ww .o
[ e cEE A [ o= = Weaow | 1 33 - neoowa [ W
—0ae ’ ® a E A B 430 30»00 wo o O=O>rXO ©O o
&5 ©neo - @ ® s @ NXiead W oo - MW e ao
R>X> whO - - = O VBN w WS W ~Awe - SO vd W
s eea  Netw @ x B o™ eE - | S EJBED & ato AEABOT &D ‘1
LN Py - .® v LD mw” SOSOWTe o= xOoWo ~O0DHSOW T B oooo
©0000 e " PNE AcAAIREL N JB B P> W Wl =W ® O> i =W
AAAAA ° ‘€ ONOO PO~ WIECERD 8 [ W ol d eI 11K0 e Bl
atOal -~ » W O wVLOM- RNNCGUDOOOIEXR =& D e Ob. W=
MICIILIE £ - ~ = V00 ABWWOLM: XEDA. B -l WolGae MW —DJe
~  WeWWW e~ b AL A AmINe IE> WRwwwROL O OXiw> ‘N wEiom e >R
N vevww £ESE © WO=O B s N NMEIE > RID D sss ES - X S X0
® OORwO =yu T O=O Wdeddd N G=WWE MI> > s BEEWE WHXK XX —wea
- e 00 O >0-00LOVIELF-EQY - -Be ED0-EOw ] Do
¥ \NoONnRNn Ne -~ MmO UO BB ONOWUDWmmE & - O DOoa=xe - weoa
B e = - - €+ + ‘HEIEX XX EJEXOWR ) - D XD un - -l D
QO > NN mes Q¥ BO=OQwOMERKBUG ™ =™ S S S XX»>
@ EBNNSNSNSN - EO=Q Wxe M+ XEXEw - - —
- NOOOO [N B D ® ‘wwwwwwI o -
N ol d Y =EAE G - - O -l -l -t
E OLIJJW EEE O WO=O=IWE WS Mxw ~u - - ~w -
O WWODDY £2€ & XS AEB=TO=TOK w -
- e eledleln O bvwwwEmECnETD -
® ARUAFRX>W SN w 0O - ECEOWROWER -
= M= - WE CxT e D082 = -
w es ~ - wWeTok.
B e - X X
- e« £ CEOWOL.
o oo - (X re=ine
-0 © © © (-4 4
- ® o ~ [ - L4
- 0 O o o o ©
Se® = COSTOSSVE® = N - - - -

-70-

-69-



LPARNS

File:

GPARNS

File:

N 3
-~
- ” » <
- by - - a -
° - o - = o 3
~ - o - - - W
= - 3 T g a .
~
= © @ = a = .
¢ = 2 = e = ~ 141
o 2 ~ < ~
. =3 x o= 4 < ™
o w - o hord ” < <
> = b g o « e
- X e L 3
w e [ ~ o « A~ ~gy
= -4 ” x \.l @ [ )
. - -~ b ol - & o e
- a S W x D ™ mm
~» ~ - ® < -3 (%) S = oA
- ~ -~ - : 2 * @ . AN
- - - % o - X 8 s wme
3 N - o S x *® “~t o€ o og
o Py = - o [*] D 8 08 3
o (3 - - - b4 - K 0 aws
- b4 < x ° pot o S M M- .
y (-4 [ 3 © ~ Dedtw Mo VM
7 » - bod - o g XE @\
=z = z 4 = l.‘ [ 3 -« s = A~
< - -~ P-4 t] b4 “ ouvee W
. 4 (3 ~ bt - XC ‘€ ‘o
a = = o - el &xXxO -0 -ae
- o o - q Qe " O o0 ¢ -
x -~ o o w ° % 4 X0 -0 L
< - - < - o V3 o
E ~ . " - ala - ala O C e~ B>
x ~ ° o ’ ana L > UIEegcc
® = by ~ o -0 ° - ®K=mI=-3ee
[ an~ a~ o —oa -xXOo P O WO e
w s i a3 ol m a3 e hem
- T - -l - . Owws - - e i OM Co
. bt - N éa X L ) 3 2 =3 . San3u2e
L] Lo~ zo~ Al O DOR ~—o E EOw Sshanse
- T - - - -~ - . - & Owid ™ et i = =vo " - nc
< o DeeBe X b el Lo O W= D= & : MO B = O Aw >l
M o - 0 Wl & Wwe wALUEX OQ TwvO CAX=X EO EwO BNMWMNN
2( -~ Ow O B Ow ‘% CEIVD NE wvAO ELeED OC wdo ®ed
e o TEONX X TEom AXIOw E& UOEC AXECXw TX WOS uadwmt
("N - 1000 = | X[ X =Wow IUmECE Zwead [T £ 11 ANQ 0~
-~ QO Tt O NEw LDIXOIU vOXT. ZLIXOND EEEE owmam~2
NM” )"“(“W(“ uﬂtﬂﬂtﬂ “OHNB ROVW=w WORWS =OLD=w 2992 © Vv e
wURNDON 10 o wLEBwEOEEO see
T W > oOnJds P EDadd .0““. b 3 4 | $-3-4 O LhOn L v
AAY AU RAL D D00 X CIEC I naxxES X il maarre s cous wehtuse
Q0 WhEICErrE =1 GTmm— AOOR=EEZBUUGr =OOL—EEBBILUG - oTa= Ol g
X W Dw D Qru =< Saviow = €ouvsow = sxDe l”.o-cl
06" Gueew °9 Ses o= o€ ~aa D m&3=<o 3 noox bttt
QI 3¢ 0 i O8I ETwoO
e B s -~ - Es & oo
oSE Futre= x* B = o ETocoue - Boowoe - wwEROO®MON N\ N\
00 me - - D o v 8 I IENE
Do= T>w - . - coneXI I v
OTD i —~—— - oue ] - La00 108 ™
ovi Eo su XRLLNOKWE
T W “ B B3N =
o Ol P OOP NS § T
cEe T ~ oo mRANAROWUEO =
- b3 bt - ORAXROOKDWw o
= - -~ wd
- = > - E=—a
- w a > cwx
o ~ axw
. .
. .
. o
. . °
L 1 ] N -3 .
- e - oe
-~
-] -~
=ENX -
= O -
-y -
- &\ -
- S
wox @
Daitn Fd
- ~ ~
“w - ~ ~
o - - -~
W W W m
~ - & & - -~
a -2 D w -
o » - o ® @ =
o - - - ] > (-4 L d
z = = &« N N o ~
(=] - = - - ~ ~ - ~ -
- o - ~ -~ - -~ [
w . o o -~ m o~ - o
= = N = E - - - = Lod
- - - € w - - (¥ <
- « - - ® ® @ ® -
> e ® =o a o © o - <
o ™ ~w = o o o = [
- NE -l - e > * [ -
[ 3 =g = BDOD ~ -~ - - <
S —wld =E9 DIDD Q = = - ~ o
o CNET T B0 W e - o ~ »
VOY T O PO X WO WO wo -~ oo
= ONDO JOS see - OA BA OA -~ oA
- O LGS AA AN A e oa Oa OO - ~me
-~ HMEN  MMAANE 2 ax ox ax - ~3C
PO vmmIvwwwwe O v wii ww » >
= b o cdadadddad @ Sv v §v < [ -~
- et e O ) Tl e B O O ~o A0 ~o = ~0 -~
o DD SOLEEEEEL " =N m x -~ x - »
w 00T LI 02 (4 €3 L ot e e it e © w0 wO~vo = Ad  wO ~
@ o BIPOI IOV ULOD “wi Wi~ - W W -
ox BAGAAEANK~ ] AD  mA -
w = - oy -~ OAD=ADINW DM = ot X =
- ] o 08000 -~ e sl o 2 -] -0 v~  ~a
w o= - U wLEUL ® o - o ol o
= - w - - S K- KO & & - MO Ame= o8
< o o =0 - ~ e BOADIADBAD W~ * & DA OTO~ &=
- = - » ”- o "NONIONION = . « "a ALex EX
< 2 o W - - BRAGRAD sALD W = D w OX~ & Wwima
[y - = o= 2 = W & ~a = [ " = wls X LML
o © - - . OAX AR =X &€ N ~ O w Bvx W WEwS!
- o o ow = o ~ Bl =i wW & & @ v = BOw v GmuTw~
2 w w we - - Oww wv v € D D o « - A0 OUmNN
“ - W e O » v G =0 O & ® ~A0 08 & BmEd - BOOBw
- < [ xS (- < X <9 @D @ =mu D€ €« S wmind PU=OL
@ = € EC IO €84 ~ =~ O%0 %0 ¥O0 0O v We Ww & A~ ARVOD ¢+ wNDIOE
® > - € =& s LWEIE M O \N BX - X B W ONLUBUU AAAw NOwew BES 6w
= - W e AREEBA™ » m P Cwil Wi v e O & wnRUE HOANE
= w - > 6> WHEECIT & B A =@ af =X EN JL¢00OmJ Wwvwvi LBO. ¢+ FOXIA
€ = - € WE OEAUGCL B v & BX - X - x SROCWHIOEE Fobiclk EICH. B8
- o - X e~ @~ € WIACINFILE CUWWED mAg@r- SAT~~
- ~ ~ LYY AAAAAA O W W OE= RN EMN BRALEANACWNEIN J=eIP O EO “MXX
w [ [ () OO O v mEe Gv Sw UROPUIEN=O WBBNIwEvEIs MeOwe
z w E X = Dt tw W WeWOIVEZEO ELVLULS JWvdd vE=L =
- - -~ N DN AAAAAn O W N AE A AR EOVRS\OOUM 8 AMEALARCUEEDIER
- —Cym ME = J B WmD ND MDD ERORCTRO I JANAAM OFED OEL I =
" W M “ - N o g ﬂ " - “(l w® we HE >808900> !l?l(l!lllFL“ﬂ“""
- - LD WP WD R ICIWWEDKS EwwwE S OB
WO & © & - € S0 PLLEIE W * € ENVUEVWEvE G0IATNEITZD EGGL=I
Q00 ® J EO W D DE Or=EL= & D - WO ND 8D © DOG~OXRim~me ICELO
BO+ D € WO » ® G EEICIT - O € PONJIPLLBLd DOULIDIOCIET XmmmeO
lHﬂFS O == x O 3O INUEE O W O EI~UWIRWISN BUILEROUCLE LLVUVLIO -~ UEIE
. . . .
TR -l
- e pur ]
CWSx <e
[ dd U (=12 . . . -
sowe mE®ee - = se as o= Ll

-2~

AST POINT UITHIN THE DIFFUSION

-?1-



whilLE 2

Fole:

APHIF}

Files

~PHININ) . LE.VI30OK) . AND . CHCI .LE.NDRAIN)) 1
=PHININ) . LE.TUOVY) . AND.CNC2.LE.HDRAIN)) I

=
o
-
L4
-
=
el
-
=
=
. - <«
= E 3
> -~ (-]
= =
[l [ ~ - ~
- = = = (-] =
w g Lt . - -~
> = © EX - [ od o~
w ~ ~WO (=3 - @
] - [ x o & = = =
«x X - u o - oa = - 0o
- -0 e —_X - - 3 o - O
= -0 v N =y a Re=td E WMy X
~N &« M & -—3CE 8 = B X e 3
“w W Wim & mm Qremo P BO=mQO »~ = ONOD ~
- = O I NLOTW N ®maOa BE € AUL B
E O¢ AZUEZEZTsALALE - BwXs - & wX3 -
& BXMEPDE ™ <X w M WmeIX = O w0X N~
« OTLOD T ORBwemr ——— @
w < HOETINOEEZOU BUOL OO0 U O OO W
z 9 SMIm=TWA L & - OELWEIA T OZTWIA =
- o BT I T [ X X.25) & Wid. &
| ol > emOs 8 - (X3 o= o
= DS w = RE=mTLO=NO xLox o IVx Q
w ~ O = = O=aREXO ~ uxTa>» P DED e
WOO & = Qx x> [} =
Q0 « O w EOo <O < <
ION D W WL (2 -3 - -
e D O e o0 * ]
[-'% {78 . . -
P -bed . -
- o -l od
-3+ T
QLe=Cw LW N . .
eowe wESIsase o ==
o0
wo
>>
LB
awn
=<
= o
o -1
- >
-
L 3 "~
w ~N [nd
- - -~
(™) - -
- 3 -
Qe - O
I3 - w
-y — .
[*] =~ O
- &
> R
- 0 W
- -
3 4
o - 174 .
x oc O
- -4 X
= su <«
at .
o Bw ~ -~
E 3 = -~
< -og  em -~
we « >
> x o =
- z~ Q -~ -
- ST = > x
ot ~ T . = =
=3 -~ O - -~ -
-> -~ o o »n o
< > xo . = = L-4
~ & = o x rnd (-3 ~
Ld - - B w (-] -l
¢ & * - [ otnd - ®
- O = o - & d - [ad L] on
[T - =z - ‘0 =0 - T & L { 4
o o oxxEx [ 1 ~ L Ted =t o
. o x —-TO0c (X3 an o . [ 1. J
> w o D -+ - * O »xw wod> >>
= > Pxy W A~ -~ wa e [
-~ W ~ [ 4 wWoa i Sz [ % 3
”® o - oma »E - = O L {3 -
= @ z ‘295 |® ~we -] - -lonon -
- - [ -0 -t v - ouiad - -
= < TBN o= Qo= O wvE JuMALE e
- - [ 4 exXET Bwd & w X We -
w W 900 O3 -+ OLETOe>» = UOX =X -
- A~ Ol =W e -y i -l
= o0 &DJD [t -1 X 3 ® Win @ - -
- - XXX OX - - WD~ bl xz 0w =
o Ww N XX - 8 DBemen x o =
w @ wwy QWEE [ 2333 ol s e e [l
z 2 OO ITJdvw W o0 € = O <€
- o - T wwih OO = [} (.3
- 0 » [ = - - o
= 2 W X O WL o WWL Dad Lad ~
L e = £ LT Owm W O0Q= L "1 ) 4 «
WO & = €Kk Jhls Xw - = [ ] -
Q00 @ W EO Owm D - -1
BO + D W WL =IXT O = =z = o
—N @ O = OG0 O L [l Ll o
[ % 1" . . .
-l o2 el .
- O -l d N
CWETE e M
Qe Prory . . . . .
S0 Wwe OSSO L1 J - e o L L

- ow

-~
©
~
[ 3
x
-
-
L-
-
|
~
(-4
~
&
»x
-
b
[ 4
-
-~
-
39
e
-~
N
~z
aa
fwn
>0
[ X4
-l
[_T-1 ]
[ ttid
Ewdr
wsu
-~ o~
UEE
-
e
- ww
W
o=
Db
el
woo =
BLL (-3
- wo
e -0
w QwE
- ~ oxw
. .
L 1 4 oe
-~
x
(-]
~
~
-
x
[]
-
x
=
-
[
o
Q.
x
-
~
&
a0 *x
na w
>> o
[ X ] -~
=X ko
i x
Lol -
=x -
[ X-% -
“w
~ 3
. [
> -
= o
- (4
- an *
> [ Z-d -~
x >> =
= [ X} =
- nx -
Lo -l ~
[ (b -
- ~ BE ~~ W
o - &l =v X
- =3 23X O
. = an EZXT W
“w [ 3 =l wweO
(] "X OOXL
- -l NAEE OO
~ -l P> - GRNE
> € ETXWW XKXXL
= @ ScdD B0V
- -y - - wNXT
- A wwRHHeXXOA
) ® hRLEXR
nx + EXEwww
= - b -
~- W O W
= e © Q0 mw
- o e @ odd
- = € 8 W
¢ O - =N ®
w & [Tt L)
- ® vuW ¥ EXTww
. wu
-l ood -
Wttt ol
- = —ia)
=w
L 1]
Td -

142

-74-

-73-



srLule

tole:

SUBROUTVINE PLOT2

SCALL TUDEFN

SPHMI N

File:

SUBROUTINE PHNIN (N, PRNIN.LRIKN)
LOCATE POTENTIAL RININUR

-~ -~
= ~
L -
= s
- -
L x
-
1} I3 -~ o
= - o . —
Py s ot g = 143
a ~ (] [ ~nS
= - M o n w w N
-t - w = > >
[ 3 t 2 [ ® w ¢ a U“ JK:
= « o~ - T & =3 -
- - ~ - w - e WA L >t
~ - [ = = o xx LK
- - - - - Do - ey
= - b o [-Y VIE x xx“
0o ~ E 4 & o - [ -
- -t 2 2 [ wo - 2g
SO a - & wlomD > xAx
o < ~ - [ - ST < [Ty
< -l ~ - w Wox L3 [~} ek ]
=S e N ] @ [ wano o - WETS
e O o o * OO o
—— - - eoes e ) 23N
Ok 4 ~ " (-3 LR IS
N=D N @ ] 2 3 -~ Oo@@
= e M - - @ O =
~oA anN ~ - -» - oac:
- L3 - - [ ] § MM -
= - - - L] B o a0y
LX 3y ~o @ - ~a ® Jaax -
E 14 A - [ 3 [ 3 - ~ e NS 00U (-4
- -3 N > t il L] ~ ladnd ~ VD= -
AN v s B [ d —d 4 ~ kb - EaxxXw @
LI ] x~ ™ » 0 hond - ~ -y B Oww - [ 3
-l -o ™ - -9 o ~ - - b O = > o (4
~n Dem © ox t - . ~ E £+ 4 B & wRST ®
(-2 3 ® -~ N\ s o [*1-3 - - - ~ N w > 00 -
-l -t D “w o o - ~ - ~NN M v WX
- sw 0N 9 W M- & O a~ »x - o - = ~@D x~
~N - A oW o wd O™ Wwe - t 3 R -wdn =CCoN wo
N~ b= 1 w E <DoOR W~ = - fotutad - & [ [ 3
>0 *z « -~ OO 0D &6& X ~ x> o WES Do~ -
Eiog d -0 . - O =ROMemwal B> « AAAAA A e aco -l M O™ -l
v i N o o~ O <O 000 mem > wNN=m= o, - g M O NET ~O -
NO>» oD N -l O DO YRM™ o B P> Imd xXIRK - -~ WODO | R
o O« N -l ™3 GLOPE @A™ « O ss sl xcsCTD A AD LW (24
2D o~ o © B+ s EEDWO= X memNNom o TEL COVRNN~ O D
~& M w bl lala.d wadad U < 4 x ST ~ DOVWEC xHJe ~
Ad aen W BdWO O W OO -TURO + B s o e oo s ad ® 00XT»0 - «Oe =sa
[-4 @™ -« & Lt tadal € VALvHMUT LOHDDDDHDED NN O ATPNWXXD N - -
[ g - . XNN ® WX GETXEIOCOw B JLLLLLLELY I B e W B -3
Q s WhY = & vO=m WOOs X D> XMUISVIIVLCTY vwd ¥ WLdLeO0 ¢ O &
- ~NO ——dC O D~oNk AL UM mEmLl SUEMEUEE M wm=wC v SO0 WWLS S22 0 Dw
& v Wee o B ™ v NEwe BDWEww vwwwwwNw Txx |®BRND =« D Reww [ d
3w EBE N\ - TRt - [ XY "IN = o >» NmamQ A JEXZ-EDL € - o ‘=
- B3 ‘LD & - N We w W G WE CUWIIIBwW ZTEX 2 OOEBJIN wae P i dd
< wdd 20w N\ - Ea>mE 8dmOQEO I E WEICTTET™D> +ECud = OMAUENND W b= &Wwo
= NOe CTxX & (-] » 3m 30 e O Pl Ehddad=® A=OREEETO=DE tu N OwvwwX €0 oo X o
S we o - = DmOX0 wrERWOOCEED CJITO0OO~E+ZLLE & &« =i ih JERO wOa
- MM = - G SMAXEIG VOIXREOLDN E w=exX>w W Exemmw D T
[} o - -t w el b bk wh el Bl BE - QR = wd
L wwe- Len = - o« ol e d d e ek B R -l e b
w e —-in - Orw -l CTCTTTTTAL SN0 < BWO W E {84
E =W -z e ~ FLRLLUYLLL»LES O MIEwe ~ el
- X0 <« =w < Qeltd o -
e QuE £ ox - Qa w =
’ - W e < ow = -
o~ -l (-3 - o “w
pry . .
-t © © ° © -4 .
< o (-4 - »n -4 .
(4 . - © ° 4 . © o4 -
L A 2 1 T 1 XX 1 3 - oo L] - - L1 ] - . ee

PAIN=POTNN )

N) { LNRN=N)

K+VYI3O00K

-26-

OUNP TO PLOTIER
LU.ME.LUPLIR) (

-735-



DYPD2=COSTeXOVR2

0000000030000
SPAN/2BPAN

22-21
X
+KTYPE,1.LV)

YP22=2200YPD2

TePLOTI
0) KESC

ED/2/.KEBC/703308/.KDELL/7/7.,KYES/Z2HY /
LOTR(KCCE

File:
INITIALIZATION

SUBROUTINE PLOT3 (X1,X2,Y1,Y2,21,22,NK,NY,ROTAT, TILY,LU,KONSOL)
1
E
)

§eosoesvsosecnr
YP21e21e0YPD2)

3000

File: 4&PLOT2
LUSLUPLIR )

LER.Q :
plot on the plotter (Yessf?/No=f0) ? _*)

(KGO
Re
1

144

PE,1.LW)
as set up on the plotter) _°)

0000600000000 0000

=23

el « U 2O
A O d = PUMO

C PLANE

E THE PLOTTIN
CALL ABCAL C(KGCCB., XONY,XLINO,XLINMI,YLINO,YLIND)
PLOTTING SECTION

@ weEAX ™
w W E& wa
S OEOQOJLrE
= ol 0 G 0K o ik 0 B

—-rCRWOOTERO
AODAL RIS DW

CALL LINE (KGCH,0)
8CAL
[]
fe0ccsossnscocee

4000
4010

-70-

-77-



LPLOTI

File:

LPLOTI

File:

-
-«
-
-l
[
-
-t
L]
~ 2
-2 -
[S
o -
-~ Ll lata et late) w -
NN NN o (Y N oo 9 1 «s
NN NNNNNNNN u o« 30
[ 50O 00 Ol - w oS
k ok od 3o 3m0m Dn 3m D 3 a 2
P desebsee =~ - <
N~ NN =N wo - Mo
- bl Y [ -
[ 33 Cu O O O B O B O ] d Ladandad
> 3030 5= 3m 3= 3 3m 3m. -l @ oon
- . . e eaeeaa -l » oow
N AN = a0 O [ 1o - CO™
hadad = OOV = at ~ W W
[ X3 Nl L L 'Y . oot ..
AAX DY ICICXICICIE X ~e @ - Ao
e s Weasacaaan [ 1 1] o ! 0 EO0wW
|t TA0DIDAOD® [ i P J =0 .
O CVVVLLLLLL [ dd *D & JERTx ~
V0 JOVVVIPVOU WX - 00> O
AU G IAUMAICA I -Dw ©* O Dxx® -
- WO www o N = Jewm o
a oo ‘& e . < W
B3 WWRIDDWIWDE DG LHOE o Ww » -
€C IX>CAITFIIPT LBWO XN T T=Qw O
EX rawOEXEOXOE W o Wew D me o
00 OJEQOCEQES WeDa @ =~ g DWW
T o we OB o
e Wddaddddada Sudvad WeE wow
ed Pl o ol el o el d cd k. o - TR =mQ -l
CC WITTCCTCTEE TTULE EEO St -
L0 JOLUVLLULLL D=L Bl Mg Lol ol
[ - o ] x
= = = w D
o - - x
& L 3 - ] -
.
© .
-4
S .
LT ] e ae nNnes
-~
~
~ -
~ ~
- -
~ ~
- E
- -
(.3 x®
- - ~
> & G
- z >
®x S -
- ~ - -
[~ [ - O
= t d -t
> - xoa
W - A3
- Qo ROAE>
- N [T
= o X> -0
€ &x QONJIY ~
3 £ > *PONEX B
[N-9% <« o6 e O
) > o 0O QO =N (4
[-Y-% == ah. & IO ddESD
> o~ [ AP N CSxw LAL==C€ o
= x> Q0 v dw ORFIEOK
Q0 -=N>»00 N®D 11 o= N 2> I€IO &
-l B e 8 > > 108 T swWEQEmI0 >
hadio 8 roe 8 0M® ™ > - ¢O00I>G =X
Q X> -0 BNBLLE E OONFLIEId W
MXE QOWNrRKE wENPX> G JELINOPLE &
| QOO0 Pr000 M FEKFNIL
e 00w - -lwe i o2 -l
[ ] L] >0 -
LI 1 - >890 <
AWIIC I o Lo ™ N o -~

1ot on the plotter (Yes=f?/No=f8) ? _*)

145

a
[ 1.3
-2
s €
Mg
b o =
X 3
TE WD
®E X
00 Ow=T
“wis Ooaw
-4
[-4-4
-84
Svme
-
-~
"~ -
-~ ~
- -
~ -~
- 4
- -
. =
- -
[ @ G
- = > -
= D - - O
- - - - NN NN
9 - - O 0o dd.0
=z > - =3 3= 3m 2mm
> - xzoo testne
w = cax - e N
- o VRE>» -\ N == = o
- Nd &LIOS [ ¥ wy
x oa R 0 t 2 ok ok o2 ot ]
| AKX OQONIGD ~ S eeen
> B > . *ONTX “ ‘““llz
oo s B> v - - ——
*on x> Wl N CMuw GL= - s S 8eeae
t S [ ttnd x06 > v Pwv BX>EOS L -1 -T 1-1 ]
-h 00 NmQ ) =NEOO = N XX ICIO & CBLRLOUVLOWW
t 3 A TXX 1 0 8 RNAOIE E +owZoOrmmE0 D wSEIPIOOOw
0w LCAWES SBN 0 AN = > 20040 B [ X £1 1§ 373V
(1 @ X>r OODe.6 NOVLEL E QONXJIJICId W ) W e
M8 8 O 3= <« nn. 0>AE & "E
NN Qh-XXROOO0 X000 8 4
[ Gl ~=$ 00w - -londn g -l E>CTEETC
W PR Pl L] «R0 - O O ax & s X
& asssosnan P d > 0080 L3 TJEQ0000
LB el gt ot 3 21 ~ NSO - <
«@O=OON 1 el el el o ) wd od
) Ol N o wd ek d e b ek
Zoeao XTETTETT
- EFRPO - UCCCCCCC
»
<« <
[ -
a o
L L} L 1 3

-80-

-79-



sPLOTC

Filed

4PLOTC

File:

~
L)
L 3
]
[ 1
1]
.
-
-
- % 146
-~ [
- o -
~ - ~ -
- 3 - .
L =) [ - s
Py . o - - - o
- W Q.
wma. E 3 - ~ ~ ~
-~ . - [T} - - - [
et - ) 4 2 > =2 >
- . [ R w t > > olo
- - = 1 - - -
o0 "0 - - & - (3 NV ~ . ~ - ~
axz v =T -t x E~3 x -e [ ~ @ ~ @ -~
O - Arge - © - - - P2 TR T “ o ﬂ [T
Ll w [ ~ - - [_J & o < o (-] Q
usw ”.ll- ” @ s > [ [ [ BNW E 3 o = S x a x
QOwd - 1- -1 o -~ x = o o (] D - o . o . LY
G ¥ - ] (-] o "3 » ® - - - = . & -~ &
-~ -~ ~ . . ~ o~ = - - - - “ Lad n - L "
TwOoOD Too o ° -4 4 b~ > » = *
n A O N AN © ~ o x E ] > > ve e . s - . . . .
[l Sl 1] woa NG e o < ~e L3 < < -~ o - o - -
EOXOx EWXE K - ~ m = Ow= - - [.J D = - x w x w »x w
1 W= | WO - o . 9> 299 a Q Q o [ - ® .« o - @
»>aBVvOo 30 o - - o E 3 ™ -~ 1.3 = L = @ = o =
woaw -OoVw Qo 8 © wN L -l - -l Bems ~ o = - = - E 3 -
- . - [ IR X 1 @« o o -l 0 -l - OudD - - -4 - -~ -
L adntad " 1 K s = z = > AN L _iadad /A AZ» one ~ N - n o o~ ® n
Wadw W WEw zax (-] ~ o o [ X DO QVOw o~ Q- & - xz - E - E
X - XX t 3 ~ ~300 ®%x 09 O 29D X o [ J %z = - = .« = -~ X
MR {7 200 v B HKOAA Wit SPER Ak WaE XU w o - O - o -
-y e T s ccnoa ww Hee AR e wva 160 - v D W O W D W
TBVOI TSI w e w O XXX L-2-4 Q00 Xamw =OoX ~als o = e = a X o =
—-—eoa Lot % Kok ] - X x> ¢ Wi Ladata BUNE) 430D W+DD @l Ew . - @ - o -l B
Bl QNa = R Iy O*Rwvw @ O AXX wvaXIX Oad. - © o - - .« - . .
ETXEw TEZw = Me = _—Xe<nn ®6 sas OMMea wmKosn 09X = L. I dd [ et d WD Q=D
[~12] Vd 3~ ~3 ~-o® - . LEQeD Asse s ad X ] L 3 1d BAL ORO DX QXL
DT et D o~a e XOON EmNOLY LALW VLW w=ao SDamg [l Do S Do
OaiDem O @ NOO = HwwdsBrIECUBU XXOS eXOS DX OEXD [ lat HEM E 3+ 19 VI
v [ 34 OO > 06 0 -RACHOXUUKOW MM ~ MM X wwde Mo vl vl wiide
= = onoaxo Wk Ov e vAVMYY Owwew | ww 20 & ' - - -l
- -t VNG O hoiiemeITES o £ - €O ~0 Ot [ = g
- -~ - -~ Bl BT WommesRTOOWwwNWIX -ODW xXodW Xo>» Tl -« X XExXE xExxT xxx
9 1 d O00J WO URXTTULe *BOE>CWO=ED | =ED> G~ OXOw -00 WO W0 W=
= = HMBOV ‘¥ VEULI IXOOOmOEY ¢ EO O X -& RwO o8 w -l -l @ -t
- ol EWo xS .330""L“°°°‘°.°”'°"°'° 0L XY T {7) vz [Tt 7]
@« ”n (ad FOXEERIST KE> XXX D8 Dx 8 Dxe -y € O W * W A w e w e
« “w WO CWw SSr=0Os LN 0 el O WU ok ol 3C o U ol T B od == nlull"tI-L'z&Ll'all-L‘z
< < M B Rt R ONOwadaded 0 8 daib B wdA 8 BUBIE WSS Ol L e LA T K]
- [ 9 D wmad .onH"Huuuuaa.'xo..'uo."xo. -l.CO @ERTHNOCAECDUERECDLENXTOW
iad - €MD "cccc'vxxfwccxboccuooccuboc WNNOW Lodad o2 2 L YE 3 T r=2-2rtedry-$—4
[ - whrQEwve & ] [
- - ¢ =ax [ - »
TouEWOWLE D < w
- » N e I OE A e - -
L4 @ -l >
w w o < [ 3 -
= E 3 L 3 - o w
(2] 9 - o [ L1
. . . -y . o .
. . . > . -
. . . -] - (-4
- e L 1 ] [ ] - [ 1 ] nes
~
LJ
oa
3
~ -~
~ N .
o L}
> >
x = -
~ < -
-~ = .
» -«
w - - ~
> > o .3
o - - (-]
° a -
- = -
~ o~ ® “ -
~ ~ &8
~ o - = [
- > L of =
-d = [ ' w -~
[} < o - -l od
@ = ~ ~ -~ t [
= 5 % s 3 g
- - -t
WI - - = = '
~AN -~ - - -» » - -
~ [ X J = - - ® = -l -
"N+ xXT b L w w L] - x o
~ NN W Rad ™ [ 3 [ 3 - - Q
i~ 2 wBN\ v >xE~ > ot - o - - -
-t xx “wMmomny ade (o -d [ J & - -2 °
A 20 DMANHD> *x t 4 o ~ = - - ~
= PBEEX 204 ‘B Lol - ~ o - = -4 &
L Dl wA\NEOX ~ -—ih ax A ad Ar o - x
-l Lol QWNE - UNLE e O @0 I - - g k-4 w
= < = ~BvO = ML - o = % - wes -~ -
= - 0 AWOm - waeo W ¢ w - w0~ O~ Ol & - O
= L il I «d WARX o = x v O & Wws ot € b 4 Lanad ~ -
- - * NE - = BEUM o - E OO0 We ad = - - -
x o O - NS D mmwew > - ~ OO XL L& = o = & - tww
< = = w ey O wJWN W - e -RNOX OwvD ®O> - N = Lo ~WE
= - BNE We 12 o ® o~ DO ~OM = O3 -l L -XL
> E + ™S ONENT SN Eimna ol ®o wd@BON 0 «~ o [t 3 33 == oo
- o B\ e e WA 0 wlh ™ hLee veaa™ - «SCOSO - .~ - B
= [ iedd HOZTON €0 JuIdw =B O ol O s BLUWDO~ b2 ol -l W e mman WD 8
- |®DW WE» PR BEwwd = A Aalyw Ml ~ DR WW -0 @ € & -+ =-OO WO
= wou s NE ® D I3 » EJ0LOS WHwOO VP REMO - wNeS -« « @ @ E mee TLJE
> [ "] S BAA \& w EXESes » QXN C PR wvwwwes C=YHLUD & W OO0 =mOr-u
- [ 1od o mNO\&E €+ VO @ O LOWE - LVERXELO (3 UOUUL <« = & = A4LL JEOm
wdx= N WhmeL =) \NJdO> J & VOm WOODX w=D> ® ML = W 08 sawm
o = w mas AR - — AR & D=ous -t LIt L T wwdd X - o PEOCmN Jd
- - W M & N\ BE B =eo e s NEwwowBUEww ~3¢ - W W D i 3
o I = ESNX ~ Wal me e W G0 W & =R - e Quer € =000 €O
- e = KRLOW X 0 EEEERJ> E WWiwe - W ex we Dmegw Bt I1D -g bt .3
- =8 ol EUNVNE = OwmPmOd = Eare=g G OEQ R - OUE WMEXE EXEwE =
-] > CEMEOON N\ ~ LOE I LMo ° 3= I e X 2 b B o d S b et CBE « B < o
W Jho0 ®_ = NN X - EPRXERS W DrOKO w-CRWOOSCEEO WAk WES= D=0 E—4
E a®w = Bl =X € € Wt TDO0 N JxXXBa HOIRLBMOODW own NX>2 OsSal (-3
- *=o O UOL\WE B v EEAEXRMY =ww - el =BEJS &K -
L -1 3 - BE=DERC o -myem> e -l L] WOt i8O8 = =
= S do=o E O =OUDET B ~ EBwwlN = L 1Y -l EZTTCE Guwd =0 -
“w ~ O onaa 2 X == € U8 IWE =@ ~w N =mEUUW =EEo o
WOO & o €L W =weees € & WIBLUE = -l - & [
oo . @ =N EQ €& OErmtn o & wE~E wa = (g s o o
3oNn D O WS = gwaacce € O WOJ>ORO =w 2 = [~] o
-l"" * o = o a0000a O w AXT>00Dw ma (-} - - -
17 . . . . . . .
Pt 39T -dad . . . . . .
- dud o o - o o o . -
CaCx ST -4 . o . .4 <@ - M
QW L dd - e . L-3 - o © (- - N
Sswe meeosemses a2 - Svee —.e ~ - * e L1 ] - L -



LPLOTC

File:

APLOTC

File:

147

-
-~
-
-]
>
-
- -~ -~ ~ ~ ~ -~ - -~
~ @ -~ = -] « o @ » - =
(-4 @ w @ o o w - [ g (2] (4
w o [ -] o o ] o - - o o
e x o t o L 3 » » [ - t 3 t 3
o - E 3 - - - - - [T} ~N - -
. & - £ 3 [-3 a x - = o - -
> 3= x @z T ax ox (] =8 [ 3 o (-3
- . -~ [T R o - Q- Q- L 4 > < @ - D~ (24
| ot - (=] Q3 ow -1 ou (=] < L ¥ 4 ow ou o ~en
x w x o [ nw E 1 EW i = -« ) uWw oW o 0o
L - ~ (] -a - -0 ~® -~ - - L4 -0 - AN
o = < o = O [ 3 QX QxE (=] o (=1 J oz o [
z - = x ~ « Es Es Z+ Z=Z-~ = - ~ - E- =T =T ¢
- - w -] - 3 - - -~ -l onN - - - ww
»w o~ il v A ~ &~ «an "N "an "N [ ne L _2ad n - ~ an [ lad o A
- = " N a - T T - E {od = Ow [~ 14 - ~ E 3 E = -1-2
- = - z - D x = - -x - -x - 200 © © ik [ - ~x - -
“w o [ o0 > w o wo wo wo “wo '] P> Aad -3 > wOo -0 L3 L-2-4
S - 2 -0 3 Vv D D S =1 - s s i~ - > e D Sw 2 ..
L - @ o N o X [ -1 3 az 2 a 00 XQe - i nE 2 - > O
- D - - D ladiiad - - - - -t ~00 WwWeo - EmO ~ -l -2 - X
- - 3 N x L-2-2 23 - .- - L3R - = - wh I - -2 .. -« - O =X
[l @ O -~ el [ 1] an |a o6 - =N s s =X WX OV - - o0 on o W s
WX @X Qb @ [l lod [ L [ DWW « «E e -8 E - &I0 [ [ ] 1% (3 * QO®D
Se [ RNL BLULWY [ oo [ [rid [r %O WLUL oML -g NS [*) [ 1 ouv [ N LW
M HME =20 CSOULX t t 3 t 3 4 M M2 » Q> POO0 X0 @t =D (-4 t ¢4 E £ t 3 XV
-l wvid O10x EMXXw e - v v - MEI= MMM ~ w8 £3s ®NHOow » L2 4 - - O
- - Qudd»v Owww Qe wvww Oww D + O>w ~ R v
B - EEXT [ 3 ld | et [ g [ g [ ol g - [ =1k 3 [ S mes LT o o | td b ==
XX = W WxOX xxE == Xz X x DEXLOWWDI XOD xwa QW - xx xE x Doww>
w0 W= eTed> RNAX=ExD wo wo wo wo w OCT I T>PT I =E SOw = I1D> T wo wo [ 1 1>
- B W=D WMEROOW [t [ td [ =g [ o4 HELO=OK = o8 =0 =D & =id, |l d - VOmO®E
OV OE WXDE Jddits C.] L 1] C L[] [ 13 O XLU>OJIECOQ=D RO= WOE EJ C 7] C T < QdJdBO

o L3 SN -* - WIxXtd» oxX e 3 € d> o (] ° - xx
- e W o b A8 Redadudadmetdad M) cd el ad PN Pl M0 88 0 Jdddlwid WeIE flul Edmmuddmtdudmemy =0 8 dalad
il B ol WNNL SJldadd S Ml S 1L 1 Vdd B i T WONONULal B o LSEJIE WN Al a8 Sl B ) WO
CERECTULUEX TIIC ACECTONUECENUECEIRLEENVEENLUE CO0O0AQECEEELXOE ALED £OCE XNEWUECEVLEENUE HILTEX
GOV =X DUOLUEZVUUETOUITUUEZOUIIVU XX LOUUXOOL ENUL 30 BUITUUVLITWUEIW LUXXOVOV

= [ - - «
[ - o [ a
[ = = - t 3 @«
w o o =
w =3 - - [ - -
> - [ 3 [ g > [
(-3 a (-3 -3 =3 = w
= E -] -« = - -
. . . . . .
. . . . . .
. o . .
~ . .
. o . .
L 1 ] oW 1 ] L1 nee o L L J
-~
.
[ 3
]
. <
- -~ .
-
-~ P -
[ [ 3 .
> - » n
- [ & - L3
- L4 ~ ”» -
- -~ -~ - - - Ne o~ -~
x [ [ o x x - - = (44
~ - x 4 o wo - -« - (24 o w
@ [ 3 w (-] [ wA - s (-] (=] >
[*] [ v = »® -l o ~N - k] » -
< ~N -3 - - 38 [ ) -” - - [ 4
t 3 - . [ 3 -« ow t-4 - . a = >
~ o - ~ -~ -~ v - [ tid ~o -~ ~ =
= - ax a*x o« xn [ 1% ax oax [ <
> < o @ - [T IE3 [ < - > [ X @ - [T 3E3 [*3 =~
< = ~ ow o o t 313 <« ~Ne — o ow o [
« [ W e o >»e [ 3 ww i = ~>
-3 ~ 3 - - - [X~3 a ~s -~n - - (o3
o w o WE (=3 [ X3 "n o O L= ~ s
-l ~ lod - x - - = mE - ~ma -~ x & - = o S -~
- 4 ® © - - - -l - L &4 = - - - ~ Py L L, I
xTT [ < i an "»te » ol Seted L 3 na < [ d [ dad (] = [ 3.4 . .
L2 3 - = - E b= = 9 33X o -® = B E o = o e [’ 1ad
= “w > - -~ -xE - ~moo o w e o ~x -~% - n~ W= Swo
bl 2 ' NN wo [ 34 “w Qalteits Aem -3 L} “o wo £ x3x v - ® A
» - -] M xx D D > AP s s B> [T 3 g W S 2 oe 0 -i® O
-1-1 - ~ x®*0 ax ax - - oM Xo - - X ax ] > BO ] v X
s ~ -l G e -l e 4 - AR L W -- - ~ - e - E»A OX L X
A = <8O - L - - W R i & ” -3 .« - . - - )& .o w v
Q= - W o= . e 5o as S0 [ * W e el We M o - ae an [ ] CwxX Se ~e O
@ -~ B ® oms WO 1] (-3 - o as J [ = 6 - [l [ 1 (T] XOW L - -
o - NG AW [T i) [ od 4 © W o6 - NG © T id PO <o O0v OU Lol
I = OXRYD auvy a E 2 4 = OXem OO o> EE®® ORO o A L 2 3 M BRAD uNX ac
O x £ 00 Xt - - - E Lt M -~ 2903~ WON » - - v DCLNEww o lvd
A e =4 Rw Wew wete ww XN e = Rw - Wl - ®E =P
[ %4 G X v [ g | ol E 17 (-] Omald W | g [ et - GXEwoaKw > W>
xXeod>» 2R AW oW nE e o e w» =0 KXW VoW - =xE nx B CEEVEOsmD> I 1 NOE
WX O WID> B wmE wo wo - Ei> D€ 1w GO06v MI> EX - o W LENOCOCQO Saso-x1
ve & EO I=G «®NO= —ig -id - mNE O Mo Lol d BMO Cm - [t [ s D ERJIE SUDIr-OD
OE=O P OJdE ESJd U4 1) O NSO EOXJ= SlUr OWUE K U [ [7] @ »RO»> > > 1 «ExXT
»a ] -3 QN (il - - o Xx o8 -y & J% (-] * o ~ E 08 bddd S8 dalw
-k ) e o EBEdudmemdntNLdmmyy ey B wvitladadbtewis - fal BudoMudadMNJddM=d POOROJII NWEB &

.
-
L
R
L
€
2
L
0
L
L
-
-
L
t
-
e
L
L
»
-
L

RaiM @l S -l WO - Ndad D VT dd B T ) EE>EECES SIOECO W

RmEERUECENRNLUECRNLE OCI LJEECAL»D WALLED EJE XEWN =33 ) > PL

OO0 JdNL =X upccnuccu"ccuuc WUXSWOLU>O00 GNNOLOL »XUD VUERUWUEITUUIEZV
-d

[4
Y
0
[
€
[4
f
]
t
L]

POINT TO
..ORIDE L&
LIN SINP
...POBITION
..LADEL VES

...
2038
[}
e....
e....
3030

-83~

~04-



LPLOTC

File:

File: &PLOTC
sl4
LL GVEXT (KGCH.LBUF,NS.NC.KOCB)

NC
(1]

148

01 KEY(2)=0) 2(KH.KM)=BITS 1}

-
——
e
= <
==
- -
by =
E3 -~ ]
< - ]
= ~w =
pry o> -
= - -
- ox - "
- w
-~ (“ - E 3 o -
@ - <« s bd
€ - - = - I
3= Wi - M M x® ®
ocunn ax
nx =5 c X © =
- - ] - o *
Nexx t . - A -
oo A . o ~ -
3= A wme ~ os 1 . L2 [od
~ T o R o o . a
- E=OW - [- 273 - - - »
- & Wi - ™ R . o hd
E er-aax [ -4 o - . >
. e - s0 ® v = w
=z EZmao ~e - < 2 ~Axe
- w1 N " on » - - t 3 Lad
=3¢ v ax ~ - s
»¥ % > NM »x =o = - Nlﬂ
& WAAA W ® w - - - g
Z Qi1 MR N X O ~W Ow NQ~
=z = v D WARE B JU = - .IuE
-l =-O0O0O - W0 - - o = - MO -
oAy W N W e VU O~ =g B=>E
W Walda @ X =@ W BN WO =8 =we
xz = EX € WE =E €v GX OX WOXN
-~ g OW & W ' = wmy - =
[ 1) ) o mE - 8 (-] w -
> xw x o = O -l = =
0O w w x Z=> MO M M M = W lad «
xX i CX W= € U uE “ - M "Wb
D Omy O D = w o
D = WO =0 € Tu Ted T W o= ow=
@ o e QW O W= ™ oW o ® w - omw
ded . . .
d d M
ca
Provy . . . . . .
LA L 1 1 1 Y ) - e ae o oo eos [ 1}
~ ”~
@ 3
o [
o o
3 x®
- -
© o
z =
< 3
) 3
z =
. - -~
" [ [
2 > -
o [ -
- - [ ] -~
- - n ~ .
- - @ s NAm ~Am -~ & [}
o o ow e ey ao -~
[X] o >0 WO >0 LU % O -~
e a % 0o u oo - o
x »® Ov xu 8w xx > . -
- - > - - > - o w = o
< > E~ &> T~ &> o w -~ -
© o «X VO TR DO - = a []
= = Tw zz Tw =z - .o ]
- -~ LY - a8 [ %) °
e« > ~s @> ~o &> ~ W x “o 2
©® ®» o oo o eow o ® ~ - S ~
=z = ma =X "o =X * 2 O = - -
- - -2 - e Oud LR (-] - = (] (%] L]
w - AN Wi AT Wi ~n .« @ (] [od -
F 3 O DD © W DD O &8 ®w x » » - ®
e e [ ] . oo € = =T - - (] > >
- oo *A »DA a2 »2 = - o a © -
- - Y -3 -~ - ~-BOo - e Y LaY- ) “w - ="~ - =
o e OdA @am OJd~ ae Ok D o wo o e [
M @ SEva QO sva O S €T @ - ] = 13
o [T x x U xX X O x me o4 e w - ~ o~ »
b3 » SUW aas sl A RS - - “e @ one -
- - B oo B o S=s @ - [ B " oow L]
WU=o Wmo Om O WV W * « oo> -
- e D& - [ I URIO U OGN A~ W whow a
x x EIDwe e KB~ XX o D M M - @~ = -y -
w - - o WW v S NY W e 8y v o Lol O = Ay 0 = [ 3
- [ - - i - [ ot 13 F] [ 111 ® ) O HOJIW = L 3
¢ o > a3 S > o BU Er @ = e VR GW Jd R0 - o -
- en oww - oww - —POWWER X = Daits ¥ & JEBE 4 -~
s8N e *>A> ol *>A> o *>000 W © X Je COXDI=D oe
RECI>> OO SO0 Jud WGOOOwW & g wvIv O O IOV - @
-NLSRLT Stuouwee SELOWEE BEEC-G O W -l B - JouNEOS -
EEOEZTO > xR IO X OO > & ™ o [ T ¢ wEUD we
w 0 oot 8 adwid Ol i Rdsmad oy DO JOK & WW XX -®
O ® Ocld @ OO M i® bk RWO NN E Erow O
- - SCCw CCC W OEECOoCRUE ¢ W Www 2D = oa
POLUSW N RUVEw ~  RgULOERS -t OJe ® = o Dmwn =e
» - - = & o we OBt = g
o - - [ Dudvwe WeE wie °
> > < - - o) T =Q 9%
« ECLE =0 (TS - =
- - - W R RUmY B M ~—e @«
[ w 3 3 - @ [T BE WO
= - 3 -] = = [ o ==ao
<® < =3 - - - = 0 OwWwxE
- - » @ - - © ~e Ooxw
. . . . B
. . o . . . B
. - . o . o
. © . ° o
N " © N -

-86~



tPLOTD

File:

tPLOTC

File:

-
-
'
-
-
-
t3
<
t 3
*®
x -~
] - -
®x > (7]
~ F*3 [X] ]
x [} ~
o o ~ -
- a - [
-« [
= - Y =
< - = -
t 3 L-3 -~ -~ - =
> -~ - = - -~
1) [ 3 x - » =]
- ol < @ A < =
« w ~g = o ~x o
o v A QD e LG [
= -~ (-3 ~x (Y] - -~x - -~
o w ~ - - - - Wy - - S %
. O ~ o =w N Xx =Ew - >
x « - . - -9 - e ] O e
e x® w = - < S = - & =n
x = < E ~ - * WW -y ~ xR
< W = EES [YY 3 ~ oS T3 - .ae
B - » - B - M B ! @0
= = -~ »x x Q - ! we [- 3 - U
- - AN O w [~ 3 - 2] 3 = v
. [ d e - x - - £ WD - - M
~ - w -Q - O o0 .~ - v > R > ww
> o = -ad ¢ -l A~ o~ » Ox o~ -4
= Qo - wis = W L1 ~ - BO A~ W W
oS - =0 - - il [ - -~ o >
x w x o Qe c e x> Q o x> * O
-~ = [ 3 -l N AR v ol * odad o Ld - xo
(3 < . €« WwmAAAAg = OO v . - << v >
o -l » Q ~=OONA x . . [ oG » LW oo 2
o an B > SMPIP:E X 0O = o L] i D wad
® - - 0 = A e~ XMB o~ o - - . - o~ - . > €
- W ®A AR &€ B NNW wl) ety | - > % [ d o
o We TOO - o ~XIAHKNXY KUY KX | otad - 31 - < 1% - bag
Qo ™ e mim @ EN ME 20 OB oo™ t [~k a2~ = o> - ~ -
- > ) - .00 20 vwvBOet - Js O6es =8 - et A 3¢ -~ ontmpm Ao (1]
o w BB =O0uUd O= o BRULOLIO~W QOY Dw - PN+« B SWw™ o - [
- O €L OXUX S0 & COULIULY XOD WGS "B -] BEwTTEW 3 - TIvEEZW = »
[Y Y JOMw G O JJIEEEEAWECS I HemerE wEBU wwe O ! wlBU wwwX ~
w X Qi=y W O WHewwwEBw e www Wewlo o BB - W - 0B - O
- = (Y w o ENOS ao il & B BOX =93e=mOO0ED . = R =mOOEDIIW a.
E - T WU el wwB3IDOoOAa WIS rw=EC CEErELLOE»T c EEr=ALLOE> >
Lo B0 XTIV NI I1XS0DCTEXALWL DPET EC€OEZOoOW ERP»Uw i vl =ow BX>»Uw I ZW
- W B o) WAROXCHNOAAXOX KL Oaw WO § o D808 ¢ » ®sa DEsE S w
E 3 o = xE = Ba® TWRETLLEOO™E 8 C Eoa XEJONEDW DAV Vd EOW VIV QA
[ O - = =X we L 3 2 V] =2t J%) - EX s FRFO=Pmm e bt 2 oo Lol
WO & o €L W IO w0 1 X ) O dod od b ladal dadS X = -
Q00 ® = EO O EXudud Ll I D pur pury wladad =)ot e -
BO + D D WO Jm IOE SW=NO=NCEECW C€E€ET DECONO L-d <
N B S e A0 NeGW (ol 2 1 £ o3 ot A YTRTYTrI= "UWW OWEZXTo -~ -~
Qo >t . . . .
ST IC e —bed .
o O -d ol
cShTEZ T .
O PO I . . .
sowe Smvseone se L J ae
=
-
o
=X
=
Lol
x
x
=
-
=
L J
-l d
-
~ -
~o0 ~
L33 - -
*oo =
~ el o - a
o -~ -
Lol IR ® o~ =
-l wTE «® [
+ NOO = [ 3 -
= —— - = -
o Submbm = o L 3
T Cuw -~ . = -
v w - [ o4 -
1.1 1 [ ad -l - a
B T - . L4 E 3
= oo - 3 N
@ K - o X o
B O»x ~o - Od a~
- & Nes « om - ~
A o o =J h
= e ot n B Ow ~ ~8
o x i w « w ~& o
- - M N\ & ¢ Gl L "
- 000 v B X S mm .0 -
@0 = - sewme O S SO
B menw w N [] - alwe = &
2 W X WAW We WN gl
- Wl EX € EJO X8 Sl @M
= oW B = -l WM -
[ Tl wl SV L B W W
W e z O =T ax O =@ Tux =
hond < = =E> HMEw MM DX g (.3
L ad w o B We € LO=e O - wo
- - EO ED = ws - < ot E o]
oN z o WO =0 € ZTxu = (-] -~ ouE
- - W O WM~ O - o - asw
axia . . .
Twes -ad . . .
(-] -ded .
hwex << -
- O

149

-97-



tPLOTH

File

WPLOTH

File:

(KGCO.,0)

PEN
X2}

oL 10 PLOTIER

SUBROUTINE rLOTH
PLOT BESH

KANSUR
he plotter (Yes=f?/Mo=f8) ? _*)

000)

000)

an ¢
.EQ KYES) L

/,18PEED/2/,*

0000000000000

INETIALIZATION
ALIZ2E OEVICE

[ LXIXIYYYY YT YT YY

slﬂll(lGCOaKIVPE-lolU)

00) KESC

3060

PE.L.LD)

3,‘0 set up on the plotter) _*)

@ auE ouLo Lo
wBWE w
-0 e
w ®es
QAR O i E

3 ad e €0 ol ol v O
-nEEWOOCERO

MOBRLXIIDU

4000

000000000000000s
-NE.O0.0CEXPYO)) (

UTLINE DEVICE

')?).0..('0!!

PLOTTING SECTION
TOX0.¥0X1)

WALETETNVX I

§ec0sc000000000e
TON=ARAXLC
CALL PENUPC(KGCE)

4010
[ ]

N8
B.X.Y,KHOVDN)

(K
cC

CALL PENUP (KGCO)

-E | ORXIG

150

CALL PEMUPC(KGCD)

.FINISH uP

-90-

-99-



KITROCI)=8

File: 4POSHI

ELSE

GPOSN1Y

Files
GUBROUTINE POSNI CLOC.KPASS,.KLITR,.KNSG)

>
-
- <c
S . >
(4 -~ - (] =
- - < " [
® ~ ) - LY ') P-Y mMﬁ
= - 123 = ~ > A~ -
(-] o ~ - - o o
L) (g - - . z -8 * -~
~ - [ w & N - -~
b3 - - o ~ = . mm » P
= . [ * - » e z N
- w © -~ - = s -~ ~ o
= o - - M & s o - w
@ ° [ hd D - 2 & -l - .
k=4 = ~ = [l ol e o . -~
o - ~ - - a o N 0 ~a -
] X4 - (1} - a wegz » -~ &
> ® - ] z ® -a - - -3
w Oox o -l - . LS -] = - - <
= O~ J - -~ W w & O -a ~x
- -~ .~ = - [~ - - - - X Lt —¢
AAG - « O = -l o o ~gE ™y -
= on - w [ = Ao - A -~ 0 -t
= ~w - [d € = @@= m x D -~ oo
aWE O Y -~ ¥ Twe=c |« ewusx LI ~ -
w xx - * W v &=EGOn - - . = A
" W~ e -~ ” R DM'IF - LY 3 [ ) < - -~ oo
vy - W JE e - | SEa z = = = > un
w © + W 1 Q U Ores J >uiw Y > - ol
> c X Q = @ N Ls > z® - N v E o = .-
= OEw o - - B »ERALOI - (1 3 x A - 3 (X T3
o D - W & XDJee = aco € = [ 0 1 O
[ WOX = = ® = LOW=C & e £ ex o ~a ol
Ex- o [ > = Juxe o .~ > o o =a o~
=T e X . -0 X W & ~ Qe ® v - >3 YL
00 Awmx O -~ P30 w an o o ax - - O [ ow oa
L oxw o - A PO 8 N ~ ace ® & - = (4 wlw
- e « Am 3 UEET QATNO MM -~ <t W= @ o oo o o Q ‘W~ ®
0D O ‘& = =~ ~ -~ XALSO ™ - ® - .08 @ - B o & vl 88 8
— OXO O e - T COEM =nn W WRMAAA ~ -y ] oo SEAAA A
00 4O ¢ Vo (XX X & O . v ARBNmEmw XA [ ] > DCmemee o
® w ™ Ow OF ~ Ak « AQ00d ¢ - OPOWEsss o -€00 ~ wn »E csse o
- AR e wew £ Leee > miwWd = mOALEEE & EAD x OR wm AWK X
*3 OO - v wm . sl W ROW e SEUSEvwY W [ LN € ~C TENSEET T
B JOW XW = L UOM X G E T ‘GEIC PO @ OEX wox EE AENEEE K
® WETLOXE OE O Ou ' & WXOO Nm WA uaEs « - ~igh A W AT >
- ot - mo =0 w dwr v AOM =0 EABS = - Av meT QX ~AeaXTE =
T wx~~oa OB wiv o Olwmw ws B 3 comemem VOO WX -~ I s ROMeww w
[ e, B Gl eemes © G>e - = eI UME Bl - MW - T DOD D
s O+ W [ - < E 32 €®v0 avo %0 EewWwxxsx &
- TIESTX C€X +2ALO™E W Coww K COJECDw W [ 2 D) PlIomimm o
W C widmd> > OIURD = moime wdwd O [ WO = o Bv X -mesmm
L 13 =D XO wTO &>EALO = NWAEX O WoWade o = = JOW wll  E XA N
e ~ZEXLT &P sSTw voORD W Kt W ®Be-O : Qe o OEZw
BU Do w Pohbdviid O Rul~ - Cullh> > »® O€Dw W
- O @ =00 W -ar e - O B Qe - U «
et 'Y - L JOCIC W “OCEW - BierI QATE€ wIXCT wEML o
o 3o ld v s e L™ CLOVUSWL = ~ =L ~u ST Do Bl mEwe W
S X 'w ODAwilw ] Dl w
LS 800 © @ - ®
lmww W il W - OB -
- w e - WwOreim ™y ~o, & ~
OWEw L
[ <«
11 «w
"~ PO Lala BN T
(=] ©° [
o o
'S -4 >
- - @«
. Y - .
= (g .
o o .
- o = .
. - ° w .
sese [ ™ - e
-
-~
-
-l -
[ -~~~ -
= [T 1] -
- [* 1T ] (4
E 3 = ng oo Q
. TEXT -
- &% -
- “ea x
. MM o
3 000 -
(-] b= b - o
- e - [
- g - [
. ki [T} -~
> a Ft o ~
-, = [toted [ ] -
zxT < L3 [ [ 3
-4 . “a s - o
* e - [XTrIry = -
oon © 200 (Y1 - -
oo -t wddd [ 3 x
>>> - www -~ o - -~
a8 = -e - had
[ 11 ] - TER - o L ]
O= VU = REW o wes L3 M
KA emmee . WWo ~ Qo= w o
oo TzTTT WM =ETXE - - -~ z o
i GGG w O Ameme ® s -~ ;o=
se ] w - [ 1] o -~ -
xxE -~ A L6 Sddddd v o .8 w N -
00 A~ A OPNFdulad o =3 ~a - > ®
-t -ed 8B J-i-cea N o0 bl < «® o
-es - wHMUELOLLY - [ ¢ e L = o
~ %) € - & » — o B e O
-~ <o BE QOARA ~ ~a ~m - . ~ &
- PR wma Xo~0o W ox oo =i = o A
x == CE ®AMA A A A ———- < Ow =
N o .. ® - ‘& & > [ -~ [ 1=2] . A .
&= = w @k AX X = t 11 - k3l ~ u "”““
- - - - - Bt ¢ w ww
r-Y -~ = [ = Dlm ”“ v O .l“( - vw oo -l l‘\urwlvu““)
) - ~ - o 2V &0 O W |O ™ T o oo ] AA - b4 i >
- - - . o0 €0 x . e = -eae & X .o - [ Yy . OVO=Taxw
- v -td - WO O ~ B30 - © L 2] - *x3 3 eJned
= w & o wwld Weo v o+ @ Demen O .. (4 -u 0 O&vr§.Jux
- e = a LR IR IEREY B=eEXT O & ww o v R 6 XOOS-
- L Sk O & B > O &b - © = oo ~ WO =t =
= o - ® - Bwal DE O ¢+ ¢+ N =g - .. (] - o © E = ctarx
o = v 86 - o« o o~ g Lt L) & ~em -l 200 = w WOREUDE -
- - & wWR « . S W wma, RAGMN- e o - - ~.. O ° - N XOCD W
- -~ T =« -— A Bw wOou GME « o x - - < EO® = ~ L 3 N I0J400 0
< [ ~ x - -0 BUY o W e - - S8V - wal - [ (73 S0 3ol v OF 2 b o)
2 - L lad B wWE e 00> wwzoo 2 ECU0O0 ~ o - (3 b3 t COEX I XE
o v & mOo we WD MO Ow U el = O = = e & W : O3erOuwe
™ ] . mx - 20 wvo a e VOmwvE ETwew | B = W v W OO ~=n
- ® =0 o 0 Wl v DOERNRE o JERAXK X W  mee © oJd vESIOQW
= - Nty = am WE ®© ® Ao ® OwEOO0D J €83500 € > OO - . e - HwOChl &>
bd - N W - . B OO ibad WD e € mANLL E W Q0 O XW WOw
[ 2 nE ow ww -y w [T » —-———Jd & . 00 Oou
- N = ] WOWe » weosa s B +00 B Wtehww O [ - -
- £ Xo x - < - N G- Wt N W WOUwe » NXX>XX W ® e XQm
o 0 &x ow T eI ) - ® =oo > =wEETOO witd Ow Ow
- - X0 O =3 SO e od win - Oudad b o LSEE cwiad WO @
EE O %X o Bad Cdites  Weewd o W v = W Er>euwn X0 Gk WL
w & = [T [T o - X O =mTTVOA E=CET Owm= Om
> CE W €€ wuw =W . — Q00 W & =EIEww AW - -
- EO X = 0o ©» @ @ - - e 3 & mety wa. [
S WL = €€ Vud Wwo B B - > = “ S®OWw = =
M e 0 00 Cumw €=w - - - il O =TTOm= L o -
-l
e
KX«
[y

=;;?i.,)..ID.(Kl?l.(ﬂ'lOKOI).HE.I))
1)=9

-92-



LPOSSH

Files

SPOSNI

File:

=
-
wo~
184
30 -
Ldmdad
Qo 3=
T X~
- ~O
TWTE
it T
sowe

LE.ATOL1) .OR.(KOUNT .GE.KNAX))

SOLVE 2-0 POISSON DIFFERENCE EQUATION

DINEHSION K1TRO(30,49), HORDERC4)

SUBROUTINE POSSH
]
8
EQUIVALENC

)
ITE (KGNSOL.2000) LOC.KOUNT,NORDER( 1), ABSERR
CIT.EQ.2) VURITE (KONSOL.1000) LOC.KOUNT.,NORDERC2).AOSERR

NESSACE
{ LOGIT.EQ. D)

[
SE

F (LD
LSE L
1
3

nexinun deviation =°,610.3)

iteration,

'.‘C'Q

1
’

.l
A2

*Converg

1000 FORMAT (°Initial

-*)

KYES/20Y /7
tion (Yes=f7/Neafl) ? _*)

iteretion ?

?
KLITR

]
2§80Lol0‘l) KL R

KCR/0138/
KE LOCAL ITERATION

NORDER/2Hst.2Hnd ., 2Hrd. 2HtR/,

KESC/0330/,
URITE CKONSOL.2000) KANSUR

DATA
oLF HPL1O0OO
OATA
SENDIF
KPASSe1
1030
oIF BATCH
¢ENDIF
1060
*1F BAYCH

- axw

gaaotloa per grid (Yeseof?/Hosf0) ? _*)

{ KANSUR .€E0.KYVES)
EVENT TABLE

URITE C(KONSOL,2000) KANSUR
IF ¢
ELBE

oIF BATCH
2000 FORMATCAL)

1070
SENDIF

152

*
1
reset loop count

set CO r!|'
8 set channel center iIndice

FTERATION

2)
0)
.OEO/FLOAT(NKNAXONYNAXK)

HSOURCINDRAIN)IZ2

WNNEZ =SS0 0
RX>FDIOOILQ
AETOI=ALUMEE

€ XN-LOOP DIRECTION EVERY OTHER ONE
~04-

IFBRKCO) .EQ.0) (



.MM

Mel). EQ

LPOSSH
*+  *dph=",F?.3.°% X=°,F7.0)
1) PHI=RELAN20CPHI-OLDPHID*OLDPHI
)
’

File:

oENDIF

Filet GPOSSH
4
ROLD=NHAK
LLTY L1

GEHCE WEISAC

.CLEAR CO

”~ -
~ - -~
- w ~
- T -~
- - . = Y
-~ w e~ ~
= o oD X = =~ [
" = "y < . [ 1o x
x [ ~n T ~ -4 w
< - - 3= - A~ ~
E 4 < e =B > D06 o
= ~ xx 8 x [ 3.1 -
- T x < xuw o
- - O EE <& = [- 34 -
= ~ > B > - 14 -}
" ~ e - ¥X £ = - w
» -~ x - - - 'S -2 . -~
< " W -~ BE -~ = o - ~ =
= W A ow = - a L] .
= w o N OD @ ww - -
= - - EX X « *a - w )
-~ 4 Q¢ == & - - Jon o »
[ -~ . [} et B - [l (-3 <
[ 3 x ~ ~ = SR B E 3 ™ (-3
- < ~ = [ - - w -
| J B - < -4 - -~ - - =0 .
- > E S < = Loy « o [-1-4 -~ =
= = x > * Rl ol [ 3 = [l ® o
w . < E 3 ~o - . . w < = - o
3 E I ~ L o 200 [] - - [ B ed
] - > = »a s - ~ o - XA~
< e = - ax - - L J b 13-4 - Cemtv
Ao A > - (23 UL o~ w . - 30 ™ B
- = T x - Queem o w o~ o Weses
~Nees & o~ o ®o E L4 L] Em® - e EV
—-AZEER ES QX = o o - L £ 1.3 < ae > [ 3 1.4
ER s s~ & Ew™® ] 30 33 AAA [ 1ad s maCa
WALLTEXT =Ex D X [ ] -8 ~ALRE - - owwn Kt ~ SEES
Gl Mwwe wiid oxXEO ~ [ 304 AR *d S o - = -1
¢ on DO X AR =TT - xRXX z0 * BXZXEx
- e OX £ ITXE -~ - - L 311 DN Am mowl
[} WABwS AR >E 4LLIE -« EEX ODwmiNw CTXX.
Lot ) cmIT0 > Q> §iIdMve w P> WO » o EOO™
t 3 TNER I WXE 1E Awm Q0 . £ 4 DNNMD Ot
< 0 HCwTOW ~ -l » RNTWEE L o4 LT WEwwh ZTOCM™
w w = =k - wE BE KOOt - BEZ BwXXO whaO
] "o PARADBIEOw Qv EQ s . w rw o0t wita
-l S & D vl W DU A - [ 1.4 ot ~
(™} € o= SO Om wm EOERww - [ 133 OO0~ QN
We X C L ] I ~wdw W W [ttt CBEMLN X - X%
L] (-] 8 Qs sm X - EQC e e - o€ 1€ €Xxa&
- T WEmROEE wiC waxXh « 6 WX -l NAE L33
Lad L EZZT IO at mEww W € - o> “EE>»
w -0 1 w [ A - - W © « & OXXE
] ocaa ] - ] o cames & EBWE o
- ol d Q4 -l (L1 e ol o Bewwet oo
L] BwOPm L™ g lajem L3 - W IS DXX
- w < oo oo
[ [ ] L - Lt L Lond
t 1) -h axX000 ITO0O
Lo B L] ~w -~ Ntk whAaO
o W -
- [ 4
= [
- - D o
» (-4
< ”»
-
(-]
=
-
= [
- -
. .
L1 ] L1
< -
-~ < -
~Nee -~ ~
- - - -t -
== . - ~ ) -
[ ot == - [ ] .
xx ' [ J x -
o0 x> < -~ =
E ) oo [ = " -
(10 | oderd -t = [ J =
[ &4 W . -
AR &6 ~e - - .
P ~e o~ = = =
ca A etes ~ . ] . o
w—em A - x -~ .
e & - O < - -~
z= i - [ = - -~
ww W EX c«x = = o
XX T ww R - -~
o0 =3 W= - [ 3 L o3
i A 0O 2 « x
00 N =i g - ot w0000
[ X % - 80 [ 3 w (o4 vOoOOoOOO -~
*s E GO L -3 [J o L L L1 1] -
- ~n - s wo [ ] - . ~4
~ee @ A~ - « . 000000 -
~ - - € eoe -~ w o B b s B . 3
\“I wE - “l - “l- 3 = - ==
—w = XX a e ROOOVO ww
<@ X - ww L 3. ] < N \cccr‘r‘l Mow
» [ o4 - Xx W= @ -~ ~ on
= =20 ~ . QO ~ .88 B - - ~en b
. ‘W O EBI ~@AAs A . - o OO0
[ ] = AD W mEilwmas =~ - = e Y
™ G~ & 09 Esoc+ & E i - fcoww s
- - RAmAS LOLEEZEXZ Ex -0 8 x ~ - . EE <SS
o B+ WO N> | Meoww wild Ann QAW - - e
= wE VOE « smm -ODO & - maney -« -EEAS TT
7] ~ OQv wITWExEX & - WO - ceses Gl
(.3 =% [ % N Y Lol ol 2] ExX [T 3 1aled d
= 00 OMOTEIQ -mmm = . www wh =BT
~w A e Nl XA WA a0 MO S oo o
¢ BAOQO WrOXRX~ORw - [ i & ERRwme -
~AQ 106 EJIALOO ‘wdew W w [t o= o o o) WO
-E NS [ Ll s ” - oo CLEEZREOW
ARG TS~ ARemOOwOXE o L] M > cwwwwwE
= BN NETLLRECw= W < - OB SN O =T
tN~ = s DhI+O00w [ - W e 020 2206 B O O 65 > o A0
NMEXZ wEEZ REOQ= »& - < R ittt T
x - E ‘w widdE O wlth wille o NGO w s ae s O W o
- e S XwOo Suice Lot L - W AW A2 ML ol
> -l O Ow - B rwwwwww
" mu W0 e o ”» -8
DNO=EOC Wk -
> GuET I v O ’n (] [ ] “""""""
o - o Bw - B
SO OVmLED
T 33X Eems 8O - Sw
’OXE, = 1 GOWET ™ - ) Qo
H
o <
w -
o =
-
o ”«
= =
- =
. .
. : °
° -4
Ll 1) @

X.NNAK, ~

GE
OATCNSKIP)
Ny

-96-

[4
] .EQ.2)

1¢ (%fcfllﬁgcz.to.o) WRITE ¢
ELSE

ELOE

}.J) =) array(k)
f.....
DCEASCHM) o1F IBATCHAKP2
ELSE
+M,OLOPHI,PHI,*
12.*
A

ONE(NN) ), COOPE, ATOL2,HITRE,*

TRO.GCE.(KI-1)).AND. "

FORMATCID,®
-93-

o1F 1BATCH

2010



3000
3ool
SENDIF

3010

- h:4
Filet 4POSSHN
ELSE URITE (KONSOL .,
RORDER(
PERCHT
ELSE
IF (KINSC2 .EQ.0) WRITE CKONSOL,
HOROER(
PERCHYT,
ELSE URITE (KOHSOL,
NORDERC
PERCNT
) ]
FORNAT C13.A2.° loop! max deviation =°,IPCY
2.%), b' pess®,0PF6.2.°x 1°)
FORNAY (13002.' ocop! mex deviation =°,1PCY
12,%,%,12,%), by-pass® . 0PF6.2,°% (°

SERR.LE.ATOL2).OR.CKOUNT.CE.KNAK2).0R.(KCO.EQ.0) )

OUNT-1)

3010) lnln.tlbtb NOLD.NOLD tovox
iteretion stops at ‘ LR

st nax dovlo‘lon -'.l? ®°, st
pess®, 0PF6.2,°X ave peor loop')

-97-

14X
(.l'

-
2.%

*.12.%),

3000) KOUNT, ~
3)oﬁﬁsﬁﬂﬂoﬂﬂﬁx NURX .~
300 KOUNT, ~
4),ABSERR, NRAK . HHAK, ~
KCR

300 KOUMT, ~

4),ABSERR ., HNAX , MNAX, ~
-3, et (°, 12,

3", at (°,

sRE, %)

-

File: ARDFDP
eCALL TVUDEFM
. SUBROUTINE ROFDP i
: REDEFINE DOPINC PROFILE
:CQLL TCONMN
. DINENSION KDOPECE)
DATA KYES/Z2HY /., UM/1_OCEXP)-4/, SECND/60 OCEXP)YO/
' DATR KDOPE/2HB ,2HG .2BP ,2H8 ,2H+¢ ,2H- 7, KDSUP J2NF ¢/
0..... CHANCE ALL
URITE (KOUIOL.IOOO)
1000 FORMAT(®Change all profile peraneters (Yes=f?/NowfB8) ? ")
READ (KEVIR 12000) KANSER
oIF BOAYCH
URITE C(KOHSOL.2000) KANSUR
oENDIF
000 FORNAT(AL)
. 1F (KANSUR.EQ.KYES) CALL REDDP
§..... CHANCE PART OF THEN
ELSE ¢
URITE C(KONSOL,1010)
1010 'otnl!(‘l:'.ubltrcto dopant: g(ga.'h.gh.O(? tupo).-(p-tupc). Pl
upren
/6X,%substrate doping concontgctlon (o{EL3 cn- 3) .......... 2°~
/6X.%0overell inplant dopanti 8, As. ' $o = 3o~
6%,° rna’o(uu). stadeviun) ' uad docn(cn -2) q4°~
141.00 diffusion constant (cn2/sec)........ g
76%,° drive In toaptrcturo (oC) ........... b
/6X.° drive In time (miIN).. ... .. ... ... .. . i
/ .'loc.ll:od inplant locctlonl fron 1 te ? tua) o
/ ® pant) B, As., Ph, Sb. )=~
76K,° ron'o(uu). stndeviun) und doso “Cen-2) 10~
76X%X,° usion constent (cu!/a-c) | Sl
76X,° rlvo in tenperature (oC).  Sld
/6X,° drive In tine (nin 3o
/6X,source/drsin inplant doptnll 0, As, Ph, 8b, ¢, -, .. ... q°-
/76%.° , un). stndeviun) ond do’ofca 2) 13°~
76X%X,° fusion constant (ca2/ :oc) ...... [ 3l
/76X,° drcvo in toup.rtturo CoC)......... 12°~
. 76%.° drive In time Cain).............. . 18*%)
0..... READ INDE
REPEAT ¢
URITE (KONSOL,1020)
1020 FORNATC*SUhich one! C(Enter index) ?
READ (KEYDRD,e) KPARN
¢IF BATCM
URITE CKONSOL,1021) KPARM
1021 FORNATCII)
;EHOIF
0.....GET INPLANT FLAG
(KPhlg.tﬁ 2) KKINP=oO
ELSE IF (KPARN.LE.7) KKINPew]
ELSE IF (XKPARN.LE.13) KKINPe2
. ELSE KKINPe3
0..... CET ruuan:ltgi
URIYE C(KONSOL,L030)
3030 FORMATC *Value(s) 2 _°)
0..... READ SYWBLE
IF CCKPARN.EQR.1).0R. CKPARN.ER.3).0R. .~
CKPARN.EQ.9).0R.CXPARN.EQ.14))
REARD (KEYBRD.,2000) KANSUR
oIF BATCH
URITE CKONSOL.2000) KARNSUR
®ENDIF
H DOPING BPECIEN o
K21) UHILE CCKANSUR . NE.KODOPECK)). AND.CK.LY.6)) Kuket 5:
IF C(K.EQ.1).0R.CK.EQ.6)) DYYPEw-) OCEXP)O
ELSE ODTYPE= 1 OCEXNP)O
LF (XPaRN _EQ.1)
IF (KANSUR EQ.KDSUP) KSUPRNe=]
ELSE ( KSUPRN=0) TYPE=DTYPE )



SRDFGH
geonetry paraneters (Yeaof?/Howf6) 2 _°)
KAKSUR

Filet
UNZ1 0CEXPY-4/

.EQ.KYES) CALL REDGN

TINE ROFCH
REDEFINE ODEVICE GEOMETRY

CALL TCOMNN
TE C(KONSOL,2000) KANSUR

DATA KYES/2HY 2,

LROFDP
.EQ.2) CBUB=RNG0e1 OCEXP)>1S

File:

DOPECKKINP )=k
READ C(KEYBRD.s) ANSO.,ANSI,ANS2

IF (CKPARN.EQ.4).0R .C

1
ELSE
[ 4

.READ VALUES
ELS
.INPLANT VIND

BATCH

9....
oIF
4....

155

=XCATE1S XGATEl=T ]

€Ccceceen
saessnsese -
-NmTNe~D
-
........ [ ]
........ -
..... x
e =Y
L~ =3 -0
13 =w
-33 Lo IR T
‘w - cx ~
. mou 2 L 3] L
k. nEC 23 L
LBl -~ [ 2t 3 -
-=QE80 [ S| W -~
. o e 1] [N -4 -~
R T aea 8 83 «=Ww ~
AAA e ~D o~ 0 [ bahad B [ d
CELEY O & AA mxMx z=a -
2933¢cEEES ~ Sl o0 [ L]
wwwdOeO0w x xx Lok g -3 -3
bbb & -w e d o =
® &t ew ° v dadd L= ~
uce o o c 090000000 « ~
Lo=wePow - EEEDE X W -
“sJesSc=-Co - OOWEAKXS O& o o &
POLN OXOm [ = - BT s~ | "3 3 =o
EWND —=0=3 L - = EELLALAL EOw o 8 =e
. - »HE » < < DO CwWW € > = 0O
=il B O 0~ CE & ~ o 0 ULUTOO Qb g @& @ O
oowuoun wes .0 AAZTE=XX™ €S A M M =
-~ ®0 O - (-] OWESCOO~ &Y 3x - (g
OCLCC~C~0o ~ e N -~ =B BOTOKr- XX XXX < e A A <
Coex o &£ O=x w ortx EXLNS [ - - ® o0 O o [ 3
coaavease ~Ne ~ ~ BRECTHX X eI Husbe *EO O W o
R R=0nes oc~ © OrA Nwew i o SeO O > »
~g L= G A @06 = =N DNWAAAAAR Am . - -LNe N >
OUmeme@ XK= 0 W - - ‘v . LAAD=NMTNS WO @ sV . - .~ [
- @@ Oe v JEO o -« €8x - - - - . N = . - O &4 O O -
OCLLLS LEE W Oum ©O O3 SowvIIINO OG- o oex © W - D
E =3000C03¢ D ®-G ® [l st WWE *eLD o - & o
W P v==w 0 J TLE> T~ EE> BXX - - ¢ o - o ¢ &3 3 20> =X & W bod
T HLO0exSOLe € ODW OM QW WESEIEETZTEX EEx x oEw O > . x
= OTCmmOs=mTY P MIX XMw MM EECHCXCR\ Exw & He X X ® O >
Messsares e ww wwwe CTTTTTX s < vww v E O -
W Beacneceanae o Lot - o4 QS lALALAL LWL & Lad < =
O OXREARXXRXRXX X We we we CONMMMMI = AMitem we W 2 o <
UODVIVIEY CuiFED FE »EQ OEEvewww - (™3 »EQ = i =
= wwNANNNNAN EC wk wEC SN HNEE - Bl RO
-« [ ReaOw SO ®SOWw CTh b is . b4y b CROW & W= €%
T wa WEBUE DU DUE OGO rmmmes ™ ey Blak B e E
& = ow = w x xx
—~og B < (3 E-J <
O 11 -l (-3 we
Du - w = -~ =3
=W o - <
-1 < 3 < > = o
Td " [ (5] = (.4 [
Yw = [ o < L S
. . (- 4 [ . . L 4 [T .
. - - . . - .
o o - © - [ - 3 o .
- N a NE M . T % W X .
(-3 R O = oW O N c O w W
- ae - 0 =P =w oo oG = & & ->®
-
©
o -~
x «d
w 3
~ ~ =
o ©° -
~ o
& o -
x - a
w o -
~ v = -
o o W -
~ ] <
a o =
Ld t 3 -~ @ -
L] w o © -
- - o « <
- o z = L]
(3 . c e
= O w - -
- “it] w - L]
t 3 6 X x ~
oO» <oe€ -~ -
- S ENE . »
- - CEC 1) -
-t - ® . & L d
[ ) BN ~g~ -~ o
= =L 2 a~e >
L L [ 1.3 DwE TaAX ~ -
x CC OmE wmEm . __ .
~s [N ONw WMokt L |l
-0 t 13 NET HMAE ] E 3
wd d a8 ERY wiw [ o -
[ 1 s C®»> LwE = -~
= t 13 PO Whoe N\ [ tmd
= ANl OE> ~ Cd
xxK ~ A~ W - &
[ 3 9 - —EEe. ara I& = -
DO - a® 3 =wo 3o
~o 000 - AU AN o™ ® N ox
DO .o - BNMXX men »E & 00 [
-ANOA N cwwdd . w@& € I S
GEXJIE B ~owd@w SO0 o x uX [ 33
WE XA = ® vwoow Waw -« D
-8 0 W € 1 EX® [ [od-2alliadibad o
EOwwwm & MEMEr-O WMX oD O ® v
0l aud I o HMEESO MMM e & w we
Ch b w wilwvwe www ® 00 & > [
[ X33 L1 =L N x ne
Womem iy, ot e o 26 e o b bt Vs o .~ -
I " 0 L4 2t v bl l ol o & & O 0 W
- o O W + O
- oL & - O Ld
[T EO0>» E & W o
- sw - ~OoEW O D c B
w GBI X XM ® O wm
- Woww o B 0
w o - € M W
= Bwe wW = o E
< S-EO = v Cd
- V@& m Sl &6
< OROW & Woiw CE
& - BUE D = o
w = »
-~ [ 2 e
= [-] [ 1= =
< = -~ woe -«
3 : £y,
-9 = {
= = « - OWE
- < [ g & ™ omw
. . <« w . .
. - = . .
o o . .
® b = .
© me " . .
L1 o® = o o L 1 ] *®

-100-

-99-~



]

(cn2/sec) ?
-*)

et °,~

AREDOP
031) DCOEFC(KINPL)
036) TEWNP(KINPL)

1
)
el
3)

156

LO==-XSOURC-XSCURC!) XINPLI=XINPLO )

0 © o
OAAQOAOAOAR
ALBRALAL AL ™~
63638 XA XA 3

<«~ A L0 3 (ad 3 W) S A
[ ] W wilvil vl v
. YOOVvOoOvwovoe
% © - O O O A

gocl) DPRVINCKINPL)

File)

- 00 -0 QO ‘ON

=2 os8s0sOoRON -
- 197 [ Ealad ol LT KT )

bad-Jal Lol Lar "]

za Al I
- LEEOLELEALE

» T e I e 3 o 2 50 O

nE 5 2 g =0 2k ms 2g o0 0 T
L0 W v M 2w 2w o

FORMAT(IP3GIZ. D)

1030
*IF BATCH
1038
®IF BATCH
1060
*IF BATCH

'4
12Hsr,2Hc/ . 2Hdr , 200 ¢

’ aulu.lupl.zﬁ.n;zﬂt ' 28
/

22NCh,2Hen,20ge/
2LKNEGO)

3.8baf4,",~
P-typed=ré) ? _*)

(3;2).u:tec:(4.3:.xnove(c)
+2Hle,2Hce . 2N’ ,2H¢
128 L 2H-

LREODP
FROM THE CONSOLE

File)
2Hbs, 2Nt . 2Ha L, 2He

C(KEYORD.2000)
URITE (KONSOL,2000) KANSUR

E SOFY KEYS 1-6

DEFN
BROUTINE REODOP
READ [N DOPING PARAKETERS

oCALL TCONNM
READ

BATCH

oCALL TVOE
susk
SENDIF

9
SENDIF

WPk wEwh

® wOKFOLWXDINWN

= [
< 3
o) =
- w -~ .3
- wwsd
< B0
<@ cwE
L - oxw
e
-~ -~
. L]
] L}
~ o~ ™~ -
L] >
L) ~ €~ E ]
L3 Ll ]
-~ 3 - »
g -0
- < .~ ~
L - ~ -0 “~
- [} -~ - I -9 L
* [ 3 ncye a8 .
- v [ [ 3 LT 4 Lod
. *e - - -l
»® n 3 1o ”a. -
- == ~ | t 3
~ ] -t ™ A d 8 -
~ - - o8 - & ~ .
L J - [ -l ~an -]

. - R ] o [ o =
- -] »x O hw L ~a <
-0 P -+ X —a) = - .

CAA o AN, - = L3 -~
LA - Lo Lo - - » 0 -
-3 & Ot e O > o

it D «exs €% o R d -~
avw l 1okl e~ & - w
00 € X & -0 = - [ 3
< - - - P Goud = Bwlt & O

Rendadiid Matw ca X ®e3 D O
~1 L et -x we ® ® x
~Ass ¢ -~ o -y -~ e o~ z 2 -
xww o0 w = [ I 3 noxX @ ~o &€ C W
vl - - O aoned 3 ~Ne ~ E X ¥ =X
Wi o » o= DW= O N~ O~ [ 4 -
G @ > - WHaE = ——g wm ~a ~ =
o & - ® EEZEC € e . . 90 © © 3 o¢
o~ - n - wwo B @O 4™ MY O O B var
wue (3 - - B OUE O o o © =

R4 [ ] D -~ N sA A AAROCE 8O -e N N €
- - [T} - & oty O O O ONEI> RN e€ s o x
=S N o nx ass N NO O W O o6 w® O o wvidewo

] [ 21 w B © @«@®O O »EMwE M= G~ & O wIO~UX
= AU ~ v = - W N MUv v ww oo & »

BE O W - L] =% e s e o . - - RE > X WIEXECSH>
By =o - * X - XO o TFIWSE wa O W O JaAD=aWw
& - @#~ O - O QO =&k O WAar-EO =k Me M M KM ¢ x
CX =0 w~ o -~ -e & ® E=mEQ€ s« ww v v Bmow
MO sbs M B = LUWE N> T E=E0W SO L N -
- e o4 D & >0 /W O BxIuEx BDu we W wie
v OB DO ® WO MM MX X B mE Q = ayrxs
- BAS W= O FW e ww v = wiEx € = =l
AW - BRI ES w W - i [ g S S0 W &« 0O
i OCHW O ¥ E& I1DW <« W e ~PL & I XODu
Cm M Ko O €O LB KO b o
wE © wew v ™ KO LE~ E€ -
- Lot - " €. ECE OW & w
T - we WE § A =uD W& D =
E~vu-Ea = ® i
K= OEAET=E D = O = = E 3
Ol dEOWUED ® WhdO [ o hd
L3 (%] - - -
< - «® W < U € W
[ ] L - e [ ] g - =
o - -0 o (-3 [ d -0 o o -4
o - = N - N b N ~» - =B -
o O = Oow O = w © = ow L3 - o
o~ - & s we - o o - & wme - o o -

=%)
+DOSECKINPL)

?
URITE CKONBOL.1041) RANGECKINPL), STHOV(KINPL) ,DOSECKINPL)

-101-

oIF BATCH



SREDF

File:

SREDF1

Filet

© © © © ©o
© © o ©o o 0000000
.~ & & o > 0000000
[ 1 T T X X 1 J
0 © 0 0 ©
- e e 0000000
Do o o P e e
© 0 0 © ©
L I B I 0000000
VOVIOVO
-~ . A a -
- e @ wm e AnAnAmn
' ' 1] ' ' 0000000
4 M . . . WM WA W W
o o o ©000000
WoW W M W oo .
- -+ 0000000
0O 0O O Q= oo
E T T TwWx A A W W
WOW W W ETETETETEIXT
M M M OMEE oo+ oo 0
wemomy wile mAaamaan
x x x - o o om o om o0
WOWO Wb o -1-2-X-1-1-1-1
eI oe wmOns 02 & O O OF o o8
s . o D329
OO nntraR wdoaddcdddoda
AXARARNEINE wwwwwww
O000OCOUAE hihihthitinis
Er=ZTX T
wWow W oww W W
MAUMAUMAMAUSN vwwwwww
LY BEY 2RY IR RN )
- ted Sod vl Send v b b e b e b b
GOl Gl Gl o om o ot st o oo
CTWIWOWOWDWD
ZOXTDEDEDED -
@Al U d B ol WL ] I -
Sw tw v S e w
W o W W g
J0560305ad0 _-— S
BEDHCDCSDETHE - O
i e xXK X
A0 +C @8 <0 & ~=OO -
o & & & = WR=XxX ©
o=~ @&« el
WAMAWAWAWS DJEROOKSIX
MEENENENXN OXXXXII
9 «® <8 -8 -0 PAOOOLE
BO0DOCODODOMD XKIMICILKI
PELVTLOITILZIWE
awowowo
MUAMMBEXXMMEX 0200020
VYOO wew S etaseas
- =t ot ot ot 0
L L L oenoco0o
OWOWOWOWAW JEXERKEE
€OTOTOTOCO DDDIDID
WOWOWOWOWD wulaacade
BLURUEURUEY wwwwewww
ddddudaddadudd 80QQOOO
Db edadee €ETCTTTTS
CCECCTCTTTETCET Wit
UULULWLULWULOL XExEEaa
W«
]
-t
w
L
-
«
=
=
-
-~
-
e
L3
2
)
=
<
=
-
-
~
2
(]
-
<
=
-
-
< "
- -
-~ -
m~ D
vo ® <
- ®
m € N
Wi T O\
BD w MNX
CB + =
w EX ~ \Xx
-l - ~ o~
Loud -~ - @\
- ~ O w Ux
~ N oW
< - wid = T
- B W s
= v B EEW E NN
o “a & &N « MmO
« B W e E AN
e . = BE s WO
E W M ~ 6
(4 <t B - i
- B €« ~+ v =0
w « € O™ W T
- ~ Q& wme 5
w * & we® B N\
- B - e =® O
“w « W » Do € ® -
o = & B @8 E N\
w « G W EU v 0
= & e E €0 ~e
B W BX W NN\
g @ O W
z 9 x € =T E N
- o =2 O - et
- - g = - ex
T = ¥ O E € ol
“wo = = = >
Wi O E W wow -«
an € O B JOE S =
BO W QD wm wmOw "3
-0 & > QO Wwo - o
Y
- - -8
-t - .
< < N
I Pry o
® SO 9B L

-4
o
x << < L]
< L] L]
= L & o
b 23 3 [ 4
- s
¢ - CIEEY [-)
o ”mm ™ o
e e o
ng e A ~ o
<O Wit W - -
ax S )
-3 as s . Q
x0 o -
- .-e o w
[ "o @ . o
3.3 s - o <9
DY < MmMC M~ =
@ eas - 0 & w ~
e CCENNEMNE » L -4
XE IISudw3 - w
“X @88 o a8 <o L4
@ e o a8 2 o - .
=X Mmmm LI - ©
@ oo e - -
Tewt X = N -t W
QIO b V= la ~ =
MOE « « aw B 0 o [~ 1o .
2HWS 5 8 L0 w8 0 ~
N am N N\ WO =
@O ~LOE\ AT »Oo O
NXXSU~COEO N &
~SONCGLI-LEL -s D
= cCIlLw bt [ 3 QO o
8 <5 SO0V [ 3 WD -
WemIoer @ w =S W
-0 @ e e - - O
EOCE wenU UE W e W
==k 00nNO80s [ -
® B o=V~ o &« S0
EODeEcEE - o & 8T
TXNCeOX X U &« M -
O coaueocs - o
wim O RRN=0 +»O [ 3 -~
oL L= oL > - &
AN AV Re0) & [l ]
o X e¢ 09 & E ]
- - LL® LEU W -8 ~
© 5 COOVEHID K ae o
>M DI ==eee O LOE O
€+ XogoIxL oL W ow o
€ PNOLJIOFJLOL O o
EO <0sessses @ we o
E® Naosasasae > < -
DE CERXXXRXRXX wE 4 W [
"0 TeOHNOONNINN EU L OW &
M e easaccssae mg €S0 D
Po WNNNNNNAN U E WO o4
2 [ g @D W S -
Al <« o [
- = Ba & oo O
smee Cad D ded €
x © T O e« W
-0 we OO &«
E 3 - Q0
[l < <O
- 3 wo
[ - 1]
- . . Y [
- . . - W e
a - o . . ® o
= . - . “ - =
w - ° = w W
L X 1 J ~ PN See e o
<
-
~
.
= ~
~ ® -~
~ e =
[ 3 o w
2 o &
-« x O
o - - W
= (] = -
o QO W
- [ z 9
-~ = - &
- -1
[] o [T
= - w =
o~ -~ o - -
-~ e ¥ =
"= - &
* -~ o w
¢ ¢ & = - u
N = N ® v - o
- e = L ndihed
-t e -] o -
aTITX CUow8 E =
TNy b =% 4 < &«
T REERS ESE ® W
ama & Lded-1.3 - W
G D —-0Na 0 - -
&TEZT L2 1 1o -
Teetuce - -ht w o
LR w o - o J
b O\ = OPO® - &
SUY 3 -0 GmEwm ®
KTTX = -POoCh @
E L ~ . wBe e ~
CTREELS w - -~ X = o
“P20L0 N\ -l D I i - .
G 0o O - 00 G Lod
BEIZEE ™ [ 3 HMECHE~ -t
DRtV M ' Qur0® WE °
NN N o < B W = Jw &
& -« N [ g Wwwlitea » mLO®
we - <« G wyemer B.OOW
By, o ® o cwa &8 Ex
o = o W= EOOM WL
oc c w w wemEcO EI
»nE = = T 8§ XOWLO =SOW
- BwdesEo (51 1]
< cso« OWad =
Lo | ol -Oa, m w
< soc woox [ 3
-] o=a e o
L & & .
- T = .x .
(-] -] . o
= - = - -4
w - W nd -4
o= o oemee -

157

o
-4
[
(-]
-
o
o
-
~ o -l
- -4 [
] [ 3 =
. -
o o »
- w - -
* . °
» -] (=4 -l
[ = (] [
L w -~ =B
t 4 [ng Q w
- o -~ = x
w - w
~ w L3 L o ~ o
- - . 1] - @ o
- .- L 3 -l - [ ]
-~ . - . v O W
. w ~e W . w > o
. - e = - = & L
® N =0 . ”» - M -
- o 00 W ~ ¢ - > v «&0
- w e ¥ - ~O 1Y (g}
- ¢ e e O nen D00 =®
[-] o 1 e o L 4 DOT =~
[ £ s L D @ ROW XO
[ 3 C WW W o o o -« @ o
© el ED w - =0 L-2-4
o N > dB W N - o=~ o -
*® A i M O O Bes w ~ 20
-» » e W ® DCC 20N T -
4 - -~ 2 - ~neo ~30 i
& -w -~ a0 WL = ® O XX
3 ~. » ®E b wa 0w [Z3ad .
3 (-4 . A DO e Denl) AN
- Dy aa OFrX 6 w XiIX &=
o ®2OwW [ - 3 O v w -0
-~ . -~ ® noesgc »~ o -
ox [ N D AwmOee N Liw [+
-t EBBOw N @ OWoLU - - )
o | L 0e O W=Oos»EC G God Dw
N - = [2Z-1 OOMBO0 W WED Ji
- D wWxoo 2% ~ ‘D DV * HWO O
- Bwis - My ® ODJID -l t § w
~ O Sw -~ wit o -NO®M ME. dvad Ow
& ®e a New v w BONEE L& 4 J @
3 =Ew Swe (T3 QO WwE « mw G Wa
® 0D Swl alW = CEOX IX WDl X~
Qg o [l otand €0 D VMM Jw
MO wew 8 =X WO o Dmww O
-~ B - = E® ‘% ®MD v GO0 = Db
-@aw < = € Mw GEWE e Lo
W= & doevewd od O VvBr-E X
~ D S &wm ® JJ € Deatx
—-SeR0 wé Eflhk.d €S M LOEOC O
L W O & =LOdw o
B -
- [} =
Ol -l [
'3 ~
o -4 (.4 -4
< o o -4
- o ©, °
- - - -
. [ [ [ - e
N = W e x w L
-4 -4 . »® o o <« o
(-4 - . [ - X o 3 -l T =
Lod o N - w W ol - w W e
~ ~ o L 4 e o ~ o * e o
°
o k-4 ©o ©°
o © ®~ o
[ [ ] L
(-
o o o - O
- O L ° (4
L J
-3 © < O
o o ] -4 ]
[ o ~
-~ - " - -~
- O - [} -
LI T ) (-] L
. . [ -4 N
e ~ a w o
w o w o - W
< W . ] o -
o © o z O
= . = ~ w =
w o - o o w
o N o - - X
- o w - -4 -
t 3 - 3
L 3 . 3 L2 -
- o~ - - | iad.d
- z W - -
- - D=~a
- 28 g = ~oRE
e D o ~ -1 .-1-]
2 o LI - EXTX
w - - o w W
o o~ -« R ag_3ad
-« O - D -® -0
- - o ol red o
L - B w S
W WS W WOWD
= W = o L 1.1 1]
- - - W © -l
- - - -3 cwr ooy
w = - - [ PR
n 2 ™ D0 W DOOQ
- [ ] BE o o acoae
- - B nw E 4 WA W
[7] - D -8 - atad
£- o - - o - &
= “ " " - == = o [ ol
- [ o -~ « e
- Y " “ -~ nte = - WML Y
- = - ® . W ° Ioo I3
= - et x - - 00
e ” “ [ 4 ® Ux Qo LELE
~ 0 < o = = oW ~ -« - owow
0.4 -4 k4 - W Mx € 1] B2 2 20
- [ od [ O] - - - ww We ¢ wwww
* - < o - - ¢« B
S 2.2 8 $5.3 #shs
- wled “-o e D c oW = -
e o0 ~ . € o = «0 D - € <coco
- BE N WO W ® WO o «CE W Wowo
- RE € OUs = - B - "t & SLUEL
- e & swe » -] 'u W dadadad
w MM 4 KE= o4 Q el -
» ww w WEX 4 € B e € - D bl
-o L d W ¢ w - ®C W “w X «€sca
[ W € =xx W & w W0 & W = QDI
ox = E Ww O 20 w0 -0
€ X & O © [-1-4 w RO
W VOE O Wh O we = o0
- EX DD b & [ Lod [~} L
33 “ . [ [ 3 L N -
") - - . T W e - w - - 2
- (-3 [-1.4 - o . . o . M
- 2 E Lo - - = e - B ol
- Sdom wo - - W W i - W - d
L oo LA L 1 ] ® © owme ”» OeOS OB

-104-

-103-

ra



File:

SREOF1

File:

SREDF 1

(KONSOL,8000)
; ;oooo Channel length (= 0! Progran terminated! esese®)

U
1

N8OL.0001)

(KONSOL.0002)
tg 30 Zero substrete doping concentrationt Progren terninated! ee®)

K

.

-4

€
<X0
g;;oooo Substrete dopant undefined! Progran terninated! sesee®)
UE

K

.

[

<
-
-~
< ~
- 1
L] [
- Ul
~ - -
[
[ L <
> << wme . ue
o 88 O~ ~ (2]
) A IVVe & «¢ B~ -~
a ™ [ 1 e L awnuy ~
< v I sDen NG WNOow es
. < 1 e ENW ~O&w T &~
~e €8 « U #NO C~OWU ¢ - w3
[ 1] . A s B BOw O SVEW =
I~ Age PO~V <0 © [l 2 XX X4
vE £330 =BEL Ot W+ LIC S bw
Iwd W I &~ CSUCH-- os
fw v @ =y ICrALCOIOERICOS
€ &8 SLI>CO~ [ LIS XXX ¥
St -8C wALOGECE-. ue VVe-
U o~ Lo VY v OuUIELS ~C oo
=O0C0Je C-CWO LEOGOCEDOCEC
< ¢ CENTVS A ORMSC AP YVve~- moce
- 28808 v UDL ~@NOEE +C Swe wwm
. LR adadi LI - 1T PV Vo=eQeoc @ o
. S ECEV O LA€W - VUL MOCCCOEIG®
o AJICECCISOLD~C 0w eowwegOhd>
® EwwSOOONAL LY EO0CC=w 0 QClr ==
- 3 Lot +OC- === CO30006—0C4
[ d e Ch GORToswn OO0 >»>TVVVD
[ d VEE & GCRUCOIISOUACH ==
[ Bhm=e P WS >»>000=¢LLe
L] M IOLELC-COBUL O AL ~~mwDLDVYEC
POCHONO~ » UOGS=L & [ 4
> CNY =0=3= VLUV -
- [ ] - S D [ 3 (-3
bt =00Rowe=C Cco [ [ 3
® - ooBvoOURE -=-¢ - -
Q- 0 0 & ae o
0=¢ SCECECmCm=00 Om [ (3
K88 COSI @ £V DO - -
anecanyease e o
Cona-Oans 0 o- ® [
QO L= Soo & [ °
Qe Yo dt Xow RO @ Qs ~ ~
e o8 O b Lo - [ ]
00CLLOS LECLO ¢ - o
WAL= 90VEO3on BG [ 4 [
- —RS PV 800 OO v 3
3 aaa ~LOOREOLOT D> [-] Q
= 000 SHNUVw=0W~TVOW Uo - -
&« OmN w9
w PP i 4 L o BRO =M P IS A
caa [ -
- wledal e
-4 000 3 00eeseee0e 0000090008000 000O
(ol SN APCCECEECEEEE CECCECECECCECECEEEC
- BEE Ch~—rcvcnacwn momccewowo oo~

RW MMMOscoonsssvseas
YWy wwillw s o s assaaaqas

E8 = T8 » T zs NN
= WEOmEWTOmEWED K~ WWWOS <«
|ttt deletert Lad ety 1o O b ot . o b oo I =
TR T LI BRI rmmeen O -
OWEOOOC KOO o o
CEILUCOMILOLEIWLY WLIXIIISW [
.
© - o~ . -4 ©
-4 QO = o &~ o O L-4 -
o ©o ©° o © L4 -d -4 L4
@ ® o o @ @ eaen [ 3 ®»
-4 < <
o .« &
- - LI}
] a
[~} ~ ~g - -~
- Lad - ~ o4 N C
-d Qs OO ~¢ P -
(-~ Qe = WS - c &
3 - = - QO sdnA Y w
* - t 4 o v €
-~ ~ ~ag A~ ~ bad - oTELL © =
~ o n Ne &~ ~ ~ - cmZE W ¢
ol w x oW o * 1.4 @ Wemieese O @
o L4 on o -] Q o ESwwnx & >
= e O = = = - I wvw -
w o ~ wo W w w - Lalk -1 % 14 13
R - o -~ 2 »® x® ~ N Bladem o [-]
- w . -~ o - - -4 QO w
-~ z w oy -~ ~ [ ELAOXET~ o
o ¢ wd o .o o -3 = -E ~0Q ~C ~
2w L - BUWEEW TwW Tw Lo d Wm0 I O
wa - x wWo=we wo wa t 4 M wt O
=0 Q -~ HOXMO O w%O -d © O O W eslhide PP
-2 a - W D i) > © © O VEELLLYD ‘A
-t 2 O - > - - o & & @ Oww=EX eLOoC™
L - X DB O W = O8I = Qb en §M
W - & Wil W Wed -0 @ © O wEwXEX ODSm- -
[ 33 'Y . AT =T X L mww® & ~
-itd o ~ OV WD D ~ OEOWo. - ik
- -w ~ . e - - ~0~0 O0~0 ECENE= o~ o
- - oAb athe bhatr JOJD DI CSEGCOWS o Us
S0 - DO0uUDOUDO™DOW & & o & wvEor g *® o
@o [ ] DO ROLDOIDOA E~E~ALAERA -~ @ ¢ as
0 - 0 HMOEXPAERXAALUYAE mOmOECOm™O o~ - A\ .
- o s ema e e e MUWMWesWEW -0 a mMNe
[ 1} - o BOXMEOUXOAON vOWOMOWO L 1, ] LA
[ iad o x KoK EErY W . v X . -Q -t U
w o x . M Wh LW W T GOoOWOoAO=O wem  Blwin
HOX - UOOUMOWKDALXO~ T O & -> . -l s P sl
b -~ = SOXE O UK 0> CWLOWWWEW ‘ol Nw® 0O
@ ~ o - 8 Ch LD WD & ETOZ=~TOX ~o C® 0
©~o o a WORONCALD LD N * . . -i 6 *e O
Q=0 o x O™ Qe Q= QOw Laintasniaialatel [ X 3 AL A
IO N wx BIAKIAKIANEIAN GmOmO=d= =0 zemie
w N v wl v Sw Ow O @ ~Q ~0 -0 -a - "nE O -
- R -~ Be Be Fe Be WEHOK=Eea Mo we o ™
Wl O Wo el i et bW T ET- - - ola v -
&0 & o O DA 30 ‘Da D W 08 ) O O d w KX %O
SO0 D =K CODCOBTONTOD OVwIDwIDwDe B b BOXO =
WEKE o T WEXWEMWEMWEM b el s ol Ul A » O et el
Hhe o BIY SBUCTWCEWCBWe wOwOwOwO [ -1 3 O« o
t 3 e »® 3 t -3 ® W W W w CSwdD =N N
~“vQ O " WO UWOIVOIWD OvOwOCO™ Be
2 € € = J €J €y T € € € € @ =
Ul W 10 SLWCLWEL WSl W e W fal e D
V=G & O UNAUED=ELOmE O == @F == G o @ 0o e
-
o
[
=
-
-
© =
© [l
o [
- [ 3
- [ [y .
W e L 3 - - .
(-1 ® (-] . o
- B Ly -d = . ~
w W - - w . o
* o L d L d L [ L

-SCALE AND LINIY

AL LR EE NN N NN N NI
W esasRssaspLasaaa
L= N N S5

FORMA

9020

)
FERR C2,KERR.NANBUF)

(1}
T

KEXIT.EQ.0) RETORN

..DONE
1F ¢

US EXIT, RENENDER TO UNLOCK DISPLAY NEWORY

) KESC

L,3000

3000

158

[]
1
R
L
stor

SELSE

SENDIF

-ERROR 1IN INPUT DATA

-106-



1f (KEWD.EQ@.-1) GO YO 900

File: AREDF2
READ C(LURDS,2000) KANBUR) IF (EOFC(LURDI).HE ©.0CEXPYO) CO TO 900

IF C(KANSUR .NE .MOUNIF)

oIF HP100O
oLF HP10OO

SELSE
*ENDIF

File! OREDF2
REOF2

READ INPUT PARANETERS FRON A FILE

SUBROUTINE

° “ (-4 o
-4 -4
-3 w ”» L] L]
2 w 159
< o -4 o
(=4 [ 3 - - e -
- - -
(24 o 2 x (-] o
o -4 [--3 o 9 x (] o
[T) o 2 il " -
L « ~ ~ x -~
-~ L - o x - o
- o = L d ] ~ ] -
) L [ 3 .- . - ~ .
. [~} - - o x ~ O o [~}
o o [ -t bad w w wo~ w (2]
w < - [ 3 N - ~Q .
N = = [ o O wax -] ~
o -~ =] - [ X 3 z c -l 3 = o
= ° x (- X1 o [~ W W ~
w ~ W - T 1-4 R 3 ¢ MO » [
o [ < o o & wd ww W MO - - x <9
- x - ~ o za 3 T N w =
w -~ w o & -4 - - . S 13 ~ [- 3
- v 1) [ T = g t 1o -E ~ Oz~ - © -
- o @ -~ < w e L [ d = - wm B - - [
- 2 LI} [ 3 o X . - A O ~ (-3 -~ =
- L-4 L. < - o - o~ o = -0 35 -] . -3
-~ . (7] -y - - ~ - -l by EA D AKX 20 W = ~
oo w . »s @ o [ wo WO o ey wo T w o
=9 = ~ g - W . [~1 = Bad XO w AXwO o N L .4
we - = om ax o .- e O W Nwwn -~ - O
2 -~ - L N - D x - -t O NWet -l® - - -
- - E 4 o0 s @ =~ D @D W walOx e O < -
- - Vo W ¥ 40 - [ ] W v Woow W o [
e & M W o D v &A - Be oD e v =D D = D
We 3 O X @wa [ 14 Ea e [ td -8 b O ~O - o - @&
B o B © DO MOO =X - E {3 A = Qs . - w -~
-3 - ~ B . <& Xw - -l [ 354 M WO A e W “w -
8 w OwW e ® W v [ x 2 - we -2 o o 2
Wi O w0 ~ab 8 a0 0O ~x w .0 - c chmen A GO W do00
Dw W »X mec Wi -l - - —-ted HME D WOJI “ T v 2O
@ - O=C DO o -~ 6O -O A T W ® BEw A t ) Al ol
= @ L Do -on B - ol Oow -t X M w max W o &
€ W N> T ne -ON W Ebh oo O [ 3 € =i v = - =0
B = A= GO0 @ ¢ XX EENE AL I We X Bxwk O We Wb =
aa OA « I D0 DIMem EEROL g~ Bw o - M = B »n ~
w -~ Al Nas - QwmE AN 4§ X wmwm T N ~ =X -OW © v O O ~ON
- @ a4Xs ~ C Bt Owm Omin WMIC B -d O CxEZh . O @ & -3
a” D XWE OCe A v M O dedilr vk 20 © =O€O w so o [
- B WV Oowy s Bw =& L& 'O XX 'w GE O w - -0 2 O ~ ® X
M @ wmd Oo0C - 3 0D EEOJ WWO OW N wns oW e 8 (-1
(~1-] 080 MO @ O ‘N EBd wmJie OO0JW WM o onemh @S WM 2« N L Rk 3
o ~ R -y L4 AW KOO0 Dw RELE b wo w WS Md ww = I -
2w € OD= JC -~ w o WED i S0E= IIE i O B ¢ & - 34
i - -NX OD - & -l -l WY wO OmmE Owsag QW & =W ~E oW & X Ot
v = OUE ®se x el » W ddXl JAE <0 D = ‘P emm €O D e € O
13 O WeE =X - w w af dwd Ov LAwer LLwW WO o BEX C O WO J woeo
oW = B O e om = . J €« = e w 80 w UM We S0 v v W &EEZQ
€O D BOVUEZ uw -4 @ 8 CSLE Wi =l Ot 0wty wwwid W > o -l
WO o Dm e we . GwmDvw Uwl K XXm NERmW wad @ Wuwvw O JJd O O = JaMd
BO v OWNO = - L4 wlad € 8 00 oo € T W ddwd
Qe swe a8 Ltk ] C€ W NLhwlk o €2 W » O €uE
ww © wBTar 4 B0 we M UL B Neemm e GO B8 ® & Wm0
el @ D Dwea -1 -1 L] [
€CE€ W LOOPRXD [ obed D bt -l
VL & =LVOXIK Wxo [ 1] L] =
- = . L
- -0
Lal™] - (-] - 4 o L4 (- 34
[ o o o o 20
- © L4 o wo
< - - - =
" . [ 3 [ 3 & [ - [ G
W - . = w =" = W - = W e -z
”» a o o o o o [ -} .
- T L4 “w - x [ 3 - ® 1 - B 'S
w o - W w - w W - wow R
e @ (] L L] L3 . . (] e o 3 e & ewme
-4
©
[ J
-4
[~ ©
-~ - L L4
a ©
< Qo o [
x [T -
- ~ [d
~ W o ~ (-] -
- - © - (<)
~ < - 1 o
Y - ~ . ~ Pry
3 - - @ -
@ - 9 w L] ~
= 3 3 . . o
< =] = o @ ~
E 3 - S = w [ 3
- -l - R x
- = - -~ o o w
- - E R ”» - = hd
> 0 NN e ~ ™ o
(] - Y4 [T 3 - o N
[™) - - -~ o w ) - L-2
@« x D (3 o N
= 2 E 2.3 @ ~ - O - -l w
- [ aow o = -~ - -~ - =
”~ = M o W - Q - - « N
< [ ] Q © o & o & W = -x -
- ~ = -~ . - © & ~— « D - g -
-~ 3 wW N - = o2 @ » ax o
ma D AL - @ - TR 3 - = =
-~ wOo @ ¢ Fome 3N E W -4 w < -t W~ D
o -e £ o > To « D < . = o O o
o [ - X > 8 . =z - - w 0 w
4 wi. T BN\ 10 -~ o= L] - & w -« -O
- ED v MNX - w - <« =z o = = -h o8N O
> D -~ =X D oo - =z [ o4 . W - - We
'3 B ~ = K= I = - S - -l “w B
=3 - ~ onNn B €9~ - B 0D - . 2 -
@ -~ - BN " N\ - EEW - - ° - -8 &
- © s w UK - L4 ~ e W Do D £ w - » N Wk -
~ ™ oJ oL - @ ol = EC0 € & - x Sw
o wid = uE - EA wm o = Sx £ = - [ - ) -
o P W - wd e -llls w- - o€ - o - -= - MO ®
- OEW &£ NN\ =g o3 =L - [ .1 3 - = - - e& D
- BEN & ™0 <« - “weE & u-a = - - L 3 < uNw &
(] Wimem | NN SE &V [ % 3 L2 el [} - - E uEx =
& OO « WD s Bw Es B A" o ¥ o - ® w e«
> WEXY -~ a0 RO NN “w =& w ©00¢ w > o - - o M~ X
- Beo = P»w Bl 8 B IR > Omosd - & L4 o [
hy AN o = D t-J x w®O IR . - (] £ = ~
-~ XOwT b uMET oE <« B MM o -a9Cs (=] - = - me ©
~n Cmw D . D B w s W™ e M e ~ - we o
v Bwe & N\ Bt NN W e Cwloe E » © - w ox ©o
bl e X © ®E o ~ - D68 O ‘O Jim - . P - - - W ™
wo mDes & @ -~ [-1-] = @ - SC SOS Oud - L 3 - € v =
a&m BBA E N\ - &E ™ “h EQ “WE>EE~ -4 - N < - - -
(-3 3 wWRY «w 0O [ B’ee ™ R|M @ DWmLO wWE . - O oW ~ - » [
oD Re€O we Bl NN O € Bw ‘BN o Ju = -~ . —ag - o oW =
»e WEM W NN DO N N\ - mvwwa s =ALO BNWO < & € O
] ® Wal [~ od « = -l mme- WLOBW OCLI8 - D WO o4
L2 3 L33 xz NO A LE O o ox QW «eo Ex ®O = 8.4 -0 &Y -
o0 E -1 w el I O » -l EXEQE®MN Wl W~ & [ ]
=mon I -l O € 00 W W ALOBw=EXO it e X (=] E & odod O
E e =0 ® Mot o0 T » E =0IW SWOLO =8O -4 mww O o - Jd €
& TX x > [ X-4 -  EXWIELTO Dage [J -y o = O T W
CE WWO Www - a 20 €S9« Oxdivwd = [ 3 WEw O - OoVw «
£C =EEO JE 3 = D8 O O o e - - (1 3 o <O
WO wm=O mm o < .8 <€€oc WOOEOWE - - wWOw O wo
. Q0= wo w o X OQQwO P=ALU=D (-] - Ehee o [ 3l
« - » & % e w [ [ 3 -
wbd = . - T -z - - . = - X3 - -
—ded . a o . o o o - 00 . - o
<< - = - X W ° - B e - O W o4 =
Dt - . w - e ° w W o - wo - w W
cowe Semses cse *® @ cmowe * ewmes - oe s e@B= 3 oNBBe . o

READ C(LURDL,1010) NBTRNG) IF CEOF(LURDI).HE.O.0CEXP>0) GO TO 900
~100-

.GEYT COLUMN INDEX

SENDIF
oIF HP100O

oELSE
.

1
Q.
-107-

.NE.KOOPECK)) . AND . (K. LE.6)) K=Kl
TYPE . EQ.-1.0CEXPY0) KD



Filel GLREDF2
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CALL RE
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caLL C

00E (KEND‘!)I READ (KBUF.,e) ICOLMMN
READ (LURDI.o) ICOLNN: IF CEOFCLURDI) RE 0 OCENP>0) GO TO 900
CALL REDSP (KINPL.ICOLWN,NSTRHC)

sELSE
*ENDIF
]
ELSE (

00 KX=1,3 ¢
oIF HPL1OOO

CALL READFC(KOCOI,KERR.KBUF,LRECL,KEND)
IF (KEND.EQ.-1) GO YO 900

READ CLURDL.1010) DURRNY; IF CEOF(LURDI ) .NE.O OCEXP>0) GO TO 900

SELSE
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oCALL TUDEFN
. SUBROUTINE REDENM
[} READ IN GEOBETRY PARANETERS
SCALL TCONNMN
DINEHSION MESNGCI(3,2).MESB62(T,2)

DATA LHNBG1/3/.*
NESGCI/2Hp0.20ur . 2Hce,*
20ér . 2Ha 1,200 /2,
LuR8G2/3/,*
NESSC2/72MDr ., 2Hav.2Hn ,2Hge,2Hte."
2HCa,2Hte.2H o0, 2HNK i, 2Hde/
sIF WP1O0O
DATA KESC/0330/
:EHDIF
URITE (KONSOL.,1000)
1000 FORMATC("Drawn channel length (un) 2?2 .*)
READ (KEYORD.o) NCHANL
o1F BATCH
URITE (KOUOOL.%OOS) NCHANL
100t  FORMAT(IP2610.3)
sENDIF
IF (RCHAML .LE.O.O0CEXP)O) GO ¥
VRITE CKONSOL.1010) (lEl!Gl((.l)oKOl.lllUGI)
READ (KEYBRD.®) KSOURC
oIF OATCH
E"DlFURlTE CKONSOL,1000) XSOURC
.
URITE CXONSOL,1010) (R!i.cl(l:l).(-l.tllscl)
10106 FORBAT("Lateral ng.n 2.% ? Cun) .*)
RERD CKEVBRD,o) OQOIN
oIF BATCH
URITE (KONSOL.1001) MORAIN
eENDLF
VRITE (KCHSOL.1030)
1030 FORAAT(®Oxide thicka lsoa ~) gete and field (un) 22.%)
READ (KEYBRO,o) TOXO,TOK1
o1F BATCH
.!"0"01116 (KONSOL,1001) TOXO, TOXI
URITE CKONSOL,1020) CNESBC2(K,2),K=1,LNNSGC2)
READ (KEYORD.o) XORO,XOX1
oIF BATCH
URITE CKONSOL.1008) XOKO,XOX1
SENDIF
URITE CKONSOL.,1040)
1040 Fo.uh!(‘tgnn of oul" renp (un)d 2 .°)
READ (KEYDRD,o) XOXR
oIF BAYCH
0(00]'“.1" CKONSOL,1001) XOXR
URITE (KONSOL,1020) (u!llc:(l.t).u-l.tnuﬂcZ)
1020 FORMATCIA2,° locetl [13 €> to ¢) (un) 2?2 _*)
READ (IOHIOL.O) xco EO.KGQYEI
oIF BATCH
URITE C(KONSOL.,3001) XGARTEOC,XGATE!
SENDIF
1060 FORRAT( -Depth of th lated structure Cum) 7 _*)
. ° e sinulated structure C(um -
READ (KEVBRD.o) YHAX
oIF BAICH
URITE C(KONBOL.16001) YHAX
:EIDIF
8..... SCAEL _INPUT PARANETERS
0 CALL CHKGA
§.....00NE
. RETURN
0.....ERROROUS EXIT -)> REMNERDER TO UNLOCK OISPLAY MERORY
900 CONTINUE
9000 FORNATC cascs’  ehaanel tength <o o1 P ted!
annhe on L rogren terninete
oIF HP2648A 9 v
URITE (KONSOL,%9010) KESC

s0000°)
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GRITE CLUWR,3000) CNANBTR,.K=1,60)
FORNATC29R2,A1, 4%, "TUIST®, 4X,29AR2.A1)

oELSBE



¢IF WP

*ELSE
*ENDIF
o010

.
4020
[]
[

File: &Savou

IF C(KDISP.EQ.3) I

1000

K=3,LRECL)
TE (KBOF, 49
L URITF (KpC

00
(14] D).Ket ,LENFLD)
CAL

K. KFELD ), Ke1,LENFLD)

KBUF

o)
KoCo. X
URITE C(LUUR.4020) NANDOT.VDB,VECH., VER.(NANDOT, K=l ,42)
FORNATCAZ,3C1PC10.2),°CVOD. VCB. VEO) ",41M2.A1)
.DONAIN OEFINITIONS

[ 1}
-0
-~
=m

ANDOT,K=2,42)

oiF upi1 0

SELSE

0
OIF HP
sELSE

*ELSE

"1,LRECL) KBUF(K)=NANBLK] CALL CODE

URI'E CKBUF.3010) 21,22,C(RAN0OOT.K=1.39)) CALL URITFC(KOCO.KERR,KBUF,LRECL)

URITE (LUUR,J010) Z1,Z2.CNANDOT,K=1,39)

. EONCPAGE)) NPAGESHPAGES!
Yiet \

8
»
-
-
=
ﬂ
-~
8
.’l
anm

Q
IO(N?ONt'.GE.lK?)
N2-Nlet

’Lﬁﬁl LINE BETUEEN EACH PaGE

PO Kef,LRECL) KOUF(K)=NAMOLK) CALL WRITF (KDCS,.KERR.KBUF.LRECL)

URITE CLUUR.9333)
ATC2X)

g!ll EACH BY COUNTS OF COLUNNS AND ROVS

CALL C 0PE) GRITE CKBUF,6000) NCOL,NROW.KP,CNANDDT,K=1,39)
caLL TF (KOCS.KERR.KDUF.LRECL)

URITE CLUUR,6000) NCOL.,MROV,KP.,(NANDOT .K=q,39)
FORNAT(2X, 13, 110,9X, "Ccalunn.rou) on Page *,13,2X,39A42)
OVED 8Y XN-COORDINATES

- -
b

cE OCOMED
/W DBODWO
w—— e e
ey IR g R
ms M™ms
[ 3
aAn JA. B
R -
CC -“BDuBN
TcE TmMemacMm
-0 OEROOR
L - 11 1 7]
e - wCr v
n wm
~An mAasman
RN DXERBRRN

Files &SAvVOV

IF °

sEMND
6003 FORMATCEEN, 9C19,4%))
:OIO FORNAT (2X, *YC(CH)IXNC(CH)®,4X,9C1PGY.2,4X))
0... ..0UMP THE NUNMBERS
00 KY=NY1.NY2 (
¢IF HPLOOO
00 Ks§,LRECL) KOUF(K)aMANBLK: CALL CODE
URIVE C(KBUF,7000) KY,YPOS(KY), C2(K,KY),KoN],N2)

CELSE CALL WURITF (KDCB.KERR.KBUF.,LRECL)
oENDIF URITE (KBUF,7000) KY.YPOBC(KY), (2(K.KY),K=NEL.N2)
7000 3 FORNATC(I2,1PGCY.2,2%,9¢LPC13.3))
. ]
§.....CLOSE THE FILE
900 CONTINUE
oIF HP1OOO

CALL LOCF (KDCB,KERR,JUNK,IRB.JUNK, JSEC)

CALL CLOSE (KDCO,.KERR,JSEC/2-IRB-1)

IF (KERR.LY.0) CALL TFERR(2,KERR, NANBUF)
SENDIF
..., [
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File:t OSKEYD

oCALL TUDEFH
SUBROUTVINE SKEYD

[
[ ] DEFINE SOFY KEYS FI=DOPING F2=CARRIER FI=FIELD F4=POTENTIAL
;C‘lt TCONMN
oIF HPLOOO
DATA KESC/0338/
;END(F
URITE (XONBOL,1000) (KESC.K=1,4)
1000 FORMAT(RY,"4f1k2ebLDoOping",*
Ri,“8F2k2a7LCarrior®,
R1,°0FIk2eILF 101G,
. Ri,°4F4k2e9LPotent el ")
RETUAN
ENOD
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*CALL TWDEFN
SUBROGUTINE SKEYF

ODEFINE SOFT KEYS

[}
sCALL vConmN

oIF HWPL100OO
OATA KESC/0338/

*ENDIF
(]

File: LSKE
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LSKEYT

Fite:
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Filet &SOLVE

oCALL TUDEFN
oIF HP100O
ENRCXY2,0)
SENDIF
o SUBROUTINE SOLVE (KSOLY)
= POTENTIAL BOLUTION SEGCRENT
[ ] KSOLV 19 FTHE SECTION FLAGC VWHICH DEMOTES THE RE-ENTRY POINT OF HEXT CALL
[ ]
¢CALL TENA
:Cﬁll Tconnm
° DINERSION NARYLT(4)
oIF HP100O
Euol‘oata KESC/0338/7, KNELL/OOZD/
.
OATA KYES/72NHY /7, WANSTR/2Hes/, I1TRMAX/10/,~
. NARVLY /200 .2HG ,2HS ,2HB /
s..... INITYRALIZATION
KINETa|
KPITRe|
I1F C(CKSOLY.ES.0).AND.C(KLOOP.£G.1)) [ KPHIS=C) KDIAS=O )
. REPEAT
0..... GET APPLIED VOLTAGES
IF (K8OLY.EQ.0) [
1000 FORRATS 7 ameiieg valtages! VO, VG, VS, vB 7 _o»
[ ] olte » . ] -
IF saTeH RERD (ltv“o.0> 'D.VG?OS.VO
.
URITE (KONSOL.1001) VD,VG.VE,VB
1001 FORMATC(1£4613.3)
SENDIF
VORaYD-¥YD
VSE=vE-vD
YGo=¥G-YVB
. IF (KPHIS.CE0.1) PHSREF=PNSREF-VD
0..... CNECK IF RE-INITIALIZE
IF C(KINET EQ.0) {
URITE (KONSOL.,§003)
10038 FORMAT(*Re-iInitialize the potential (Yesof?/No>f8) 7 _*)
READ (KEYDRD,2000) KANBOR
oLF BATCH
URITE CKONSOL,2000) KANSUR
SENDIF
2000 FORNAT(AL)
) IF (KANSUR.EQ.KYES) KINIT=}
[}
0..... CHECK IF RE-DEFINE ITERATION PARANETERS
If (!Pltl.!ﬂ.O)
URITE CKOHSOL,1007)
1007 FORNATC W i1th l;.. iteration pareneters (Yesof7/Moefg) ? _*)
READ (KEYBRD,2000) KANSUR
¢IF BATCH
SRITE C(KOMBOL,2000) KANSUR
SENDIF
s IF (KANSUR.NE.KYES) KPITReg
s..... CEV 1-0 ITERATION PARANETERS
K80LYa
IF CCKINRTV.EQ.1).AND.CKPITR.€0.1)) (
UREVE CKONBOL,10i1)
101t FORAAT( "Absolute resolution of 1-D steretion (a¥’s) 2 _°)
READ (KEYBRO.eo) ATOLS
o1IF BATCH
URITE (KONBSOL.1003) ATOLS
*ENDIF
1 ATOLL=ABSCATOLLOL. OCEXPY-3)
[ ]
®....CEV 2-D IVERATL PARANETERS
IF (xp ?l.ﬁﬁ.l) (4
URITE C(KOMSOL,1012)
1012 FORMAT("Absolute resolution of 2-D solution (av’s8) 72 .
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Filet ASOLVE

691

READ (KEYBRD,*) ATOL2
*1IF BATCH
URITE (KONSOL,1001) ATOL2
SENDIF
ATOL2=ABS(ATOL201. OCEXP)>-3)
GRITE CKONSOL.1020)
1020 FORNAT( Relaxation factor (1Cex¢2, ~1.7) 2 -")
READ (KEYBRD,e) RELANZ
¢IF BATCH
URITE C(KONSOL,1001) RELAX2Z
SENDIF
RELAXI=RELAX2
URITE CKOWBOL,1040)
1040 FORNAT(Meaxinun count of 2-0 iterations ? _°)
READ (KEYBRD.®) KHAK2
*1IF BATCH
URITE (KOMN3OL,1002) KMAX2
1002 FORMATCIZ)
*ENDIF
1030 FORRAT  SCoaver eoad) inr t1 2-0 1terat -
o8vergence inforaation per 2-D i1teration®,
. (Yol-’Iluo- [ 2] P
READ C(KEYBRD.2000) KANSUR
oIF BATCH
END1F URITE CKONSOL.,2000) KANSUR
. .
IF CKANSUR.EQ.XYES) KINBG2n2
) ELSE KINGC2e0
]
O.....CHECK IF VO SEARCN FOR A SPECIFIC SURFACE POTENTIAL
IF (KPHIS.EQ.0)
URITE CKONSOL,1030)
1030 FORAAT("Search for tso:lllc surface potential °*,~
*C(Yesof?/HoafR) 2 _%)
READ (KEYDRD.2000) KANSWR
oIF OATCH
oENDIF URITE (KOMSOL,2000) KaNBYR
3 1F (KANSUR.EQ.KYES) KPHIGw)
o..... CET SEARCNING PARANETERS
IF (KPNIS.EQ.1) ¢
IF (KBIAS .NE.O) {
URIVE C(KONSOL,1033)
1033 FORAARTC"VIth sane locr¢h|n| paraneters °,~
“CYoesolf7/Mosfg) ? V)
READ (KEYDRD,2000) KANSUR
oIF BATCH
CENDIF VRITE CKONSOL.2000) KANSUR
IF (KANSUR.EQ.KYES) KNEWeo
) ELSE KNEU-I
ELSE KMEW=}
IF C(KNEW.EQ.1) ¢
VRIVE ¢(KONSOL,1060)
1060 FORlar('!.r,ot surfece gotoutlcl velue *,»
*(reference te V8i) 72 _°)
READ (KEYBRD.o) PHOREF
oIF BATCH
URITE (KONSOL.1001) PHBREF
*ENDIF
PHSREF=PHEREF-YD
1070 PORRATE Shencaiecun: Bias (DeVd,Gevg,8evs.Bevb
erate whic [ oVa.6eVg,8eVs.82Vb) ? _°
“r maTen REAC" (KEVBRD:2000) “PaRiss v ’
ENDIF URITE C(KONBOL.2000) KaNSUR
.
. DO Keo1,43 IF CKANSUR . EQ.NARVLT(K)) KBIAS=K
KBIAS=RINO(4,BAXOCI.KBIAS))
21080 FORNAT(EP eat trg value 7 _*)
rs ry velue -
S i saven RERD  C(KEYBRE.e) viRy
L
[ URITE (KONOOL.1001) VIRY
BOENDIF

URITE (KOMSOL.1090)
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File
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rance (naV’s) ?

SSOLVE

Files
ATOLS=ARBCATOLSOL . OCEXP)~T)

URITE (KONSOL,1001) ATOLS

oIF BATCH

1090
SENDIF
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SCALL TUDEFN
SUBROUTINE SETPA

SETUP NWESH AND DOPING PROFILES

File:

SSETP

an e

n

REED OR MEV PROFILE OEFINED

efALL

Files ATFERR

TUDEFHN
SUBROUTINE TFERR (KFLAC.KERR.NAMBUF.,KRET)

HANDLE THE ERROROUS CABES IN FILE OPEN/CLOSE
L LLL

DIMENSION MAMNBUF(1)

DATA KYES/Z2HY /

ar

| OB OM

CE, SET REOPEN FLAC
ANBUF(K) . K=1.,3),NANBUFCI ) . HANBUF(E)

DO Do
€>s RN NHE

-nBH/DM
ALMMED XN
s HqmOID Mue

® 8 B~
x D

S IN2,%1°,02,°1%, 02,4
£8) 72 .*)

-3
-~

]
-
O -

ERROR IN CLOSE FILE: ISSUE VARNING NESSAGE

E CKOHSOL, 3000) KERR,(HANBUFC(K ), Xu1,3),HANBUFCS), NANBUF(E)
ATC(%Error *,13," in closing File °,3R2,°1°,A2,°1°,R2)

W
-

IL1
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ATHESH

Filey

QTFUHC

File:

S0WLSG GOBOESBSIIEe an

SUBROUTINE THESH

FUHCTION FUNC <(X.Y)

SET-UP MESN AND CALCULATE RELATED COEFFICIENTS

INTER-POLATE THE FUNCTIONAL VALUE OF PLOTTING ARRAY
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ATHESH

File:

CTHESH

Files
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