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INTRODUCTION

Active devices that possess inherent negative resistance hold an
important place in the field of electronics. A device that has this
characteristic will ordinarily have two stable states and will be able
to be switched from one to the other. There has been a good deal of work
done on a variety of two and three terminal p-n-p-n semiconductor devices
that fall into the above category. The three terminal device that is
controllable for both turn-on and turn-off by means of gate current T

g
will be the type of device that is to be considered here. This type of
device has various names such as thyristor, GIO (gate turn-off), and
GCS (gate controlled switch) depending on the reference or manufacturer
being considered. The purpose of this thesis will be to present a
mathematical model, usinrg numerical techniques to set up a computer
solution, of the gate controllable device that will permit the explora-
tion of the behavior of the device during the time of switching from
one stable state to the other and that will allow exploration of the
dependence of this behavior on the device geometry and fabrication. The

computer model results will be compared to the actual behavior of a

commercial device.

Theory of Operation
Some of the basic concepts involveid in the two terminal device as
shown in Figure la are presented by Moll et al. (17). This type of

device is fairly amenable to analysis and has been given a good deal of

attention in the literature. Mackintosh (14) and Aldrich and Holonyak (1)



have discussed some aspects of the three terminal version of the p-a-p-n
switch as shown in Figure 1b. As pointed out in these papers, this type
device usually has transverse base currents and so will present a two-
space dimensional problem which will be more difficult to handle than the
two terminal case. .

The process of switching from the "off" state to the "on" state for
the two terminal device is ordinarily done by increasing the value of
anode-to-cathode voltage to a point where avalanching occurs across the
center junction of the device. To switch from the "on" state to the
"off" state, the device current I is interrupted in some manner until
the change has been accomplished.

The three terminal device as shown in Figure 1b can be turned on by
applying a current pulse Ig of appropriate polarity to the gate terminal.
Some three terminal devices must be turned off by interruption of the
device current ;A by some manner while other three terminal devices can
be turned off by a current pulse Ig of the appropriate polarity at the
gate terminal.

Referring to Figures la and 1lb the two outer regions both act as
emitters so that the outer junctions will be referred to as JEl and JEZ'
The center junction JC acts as a collector and the two inmer regions
both act as base regions. The Pl region will be referred to as base 1
and the N2 region as base 2. The static fraction of the emitter
current at emitter JEl into base 1 that is collected at JC will be
called Q- The static fraction of the emitter current at emitter JEZ

into base 2 that is collected at JC will be called aé. When a low value



of voltage V of polarity shown in Figures la and 1b is applied, the
junctions Jul and JE2 will be forward biased, and JC will be reverse
biased. This corresponds to the high impedance, or "off'", state shown

as Region 1 in Figure 2.

For the two terminal device of Figure 1 the device current I will be

I= alx + GZI + ICO (L

where ICO is the collector junction saturation current. If this equation

is solved for I the result is

I
co
I =7 (2)
1 al Oé
Thus if ICO is small and Qxl + 2) is small, the current I will be small,

so that the "off" state corresponds to the condition

ozl+oz2<1 (3)

If the values of a; and az increase for some reason, and the condition

a +a, 21 A

exists, then Equation 2 is no longer valid and the device current is
limited only by the external circuit. In order for the collector current
to be limited to the value of current flowing in the external circuit,
the center junction becomes forward biased thereby emitting electrons and
holes back into the base layers causing the base layers to become
saturated with minérity carriers. Under the condition of Equation 4, the
device has all three junctions forward biased and is now in its low
impedance, or "on" state corresponding to Region 2 of Figure 2 and will
remain in this state until some external signal is applied to force a

change. . It has been shown that the alpha value increases with emitter
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current as discussed by Moll et al. (17), Aldrich and Holomyak (2),
Jonscher (1lla), and others. Figure 3 gives the approximate behavior of
the alphas for a four layer device under the assumption that the maximum
value of oy is near unity while the maximum value of a2 is considerably
less. At very low values of emitter current alpha is very small because
much of the current across the emitter junction 1s caused by recombina-
tion taking place inside fhe space depletion region of the junction
causing the emitter injection efficiency to be low for low values of
emitter current according to Sah et al. (22b). As the emitter current
increases the recombination centers in the space depletion region tend
to become saturated so that diffusion of carriers across the region
increases causing the emitter injection efficiency, and thus alpha, to
increase. The value of alpha will tend to drop off somewhat at high
values of emitter current due to conductivity modulation of the base
region causing the emitter efficiency, and thus alpha, to decrease.

To turn on the two terminal device of Figure la, the voltage V is
increased to a level where avalanche breakdown at JC causes an increase
in the emitter currents causing al and @, to increase. If the condition
of Equation 4 is reached, the device will change from the high impedance
to the low impedance state as Je changes from a reverse to a forward
bias. The device will remain in this low impedance state even if V is
no longer held at the switching level. To return the device to the
"off" state, the usual method of turning off the two terminal device is
to reduce the device current below a certain minimum value, called the

holding current, causing the device to change from the low impedance to
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the high impedance state as the center junction goes back to the reverse

bias condition.

The behavior of the three terminal device can be discussed in a

similar way. The anode current is

I, = 0I, + °‘1(IA + .Lg) + Lo (5)
If this equation is solved for IA the result is

. e I+ ICO @

A 1- a - Q,

where ICO is again the collector junction saturation current. Again, if
Ig’ ICO’ and le + az) are small, IA will be small and the device will be
in the "off" state. If «x1'+ aé) 2 1 now becomes the case, the device
current will be limited by the external circuit and the device will be
"on'". For the three terminal device switching can be accomplished by
increasing the emitter currents, and hence the alpha sum, by supplying a
gate current at one of the bases. For turn-off, if the three terminal
device is properly designed, charge can be withdrawn from the gate base
which will reduce the emitter currents and the alpha sum causing the
center junction to return to a reverse bias, high impedance condition
when the.two bases come out of saturation.

The definition of turn~on time will be taken as the length of time
from the application of a gate pulse until saturation of the base regions
occur which willlbe when the device current begins to be limited by the
_ external circuit. The turn-off time will be the length of time from

when the control pulse is applied until the device current is small

enough so that the device will again act as a high impedance device with



the controli pulse ended.

Lateral Effects in Gated P-N-P-N Devices

Fletcher (5) has pointed out an effect in power transistors that
must also be considered in devices with a gated base region. Because of
the narrow base region and the finite resistivity of the base layer of a
device such as in shown in Figure lb, the base current flowing in a
transverse direction in the base region to supply the necessary charge
for volume ;ecombination, junction capacitance charging, losses due to
emitter efficiencies less than unity, and any other necessary charge
will cause transverse voltage differences along the base region. Thus
when base current is being supplied to base 1 to turn the device on, the
injected carriers along the emitter junction will be a maximum nearest
the base lead and will fall off due to the drop in emitter forward bias
caused by the ohmic voltage gradient along the base. Thus for a narrow
base region with relatively high resistivity, the effective emitter
area will be limited to a region close to the gate contact. Figure &
illustrates the case during the time the device is being turned on.

The turn-off operation is also complicated by the transverse base
resistance. For turn-off, the entire emitting area must essentially be
turned off when withdrawal of charge through the gate terminal is stopped
or the device will still be in the low impedance condition. With charge
being removed from the gate, there will be an ohmic voltage gradient
that will cause the emitter voltage forward bias to be lowest next to
the gate terminal and higher at points more remote from the gate.

Figure 5 illustrates the case for charge being withdrawn from the base.
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Turn-On and Turn-Off Gain

Turn-on gain is the ratio of load current after the device is on to
the necessary value of gate current to turn it on. Likewise, turn-off
gain is the ratio of the load current before turn-off is started to the
gate current necessary to cause the device to turn off. Goldey et 2l. (9)
have discussed some of the factors influencing gain. In order for the
gate current to have maximum effect during turn-on, the alpha of the
gated base should be large so that a given gate current will cause a
large increase in emitter currents which in turn will increase the alpha
sum causing turn-on if said increase is great enough. Once the device
is "on", the center junction limits the device current and the alpha
sum to approximately unity. If the device current were not limited, the
alpha sum would approach some maximum value. The amount that this
maximum value of the alpha sum exceeds unity essentially determines how
much excess minority carrier charge is stored in the base regions. To
keep this excess stored charge at a minimum, the alpha of the ungated
base should be kept low. Thus the physical design of the device should

be such as to give a high al for the gated base, and a low Q, for the

ungated base.

Structures
A necessary condition for the operation of the p-n-p-n semiconductor
device is the variable alpha sum. This is true for both the two-terminal
and the three-terminal device. The avalanche process at junction JC is
the means for increasing the alpha sum in the case of the two-terminal

device. The consideration of turn-off gain for the gated three terminal
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devices of Figures 6 and 7 puts the additional boundary condition of
wanting the gated base alpha to be high and the ungated base alpha to be
low. Consideration must be given to how the magnitude and variation in
alpha can be controlled.

The quantity al of the gated base is desired to be fairly high. The
design of the device for this purpose is done using well known techniques,
e.g. narrow base width, high injection efficiency, low volume recombina-
tion rate, etc. The controlled low a2 structure can be achieved by
reducing either the emitter efficiency Yo of JEZ or the tramsport factor
Bz of base 2 to low values. A general discussion of the ideas involved
here are given in Gentry et al. (6).

If the traasport factor 52 of a device such as that shown in
Figure 6 is to be controlled, this may be done by employing a wide base
region for base 2. The same purpose would be accomplished if the life-
time were lowered by having a high density of recombination centers. As
injection levels increase, and saturation of recombination centers enter
into consideration, the lifetime would increase and tend to raise aé.
This effect might not be desirable if a2 is to be kept at a low value to
minimize saturation minority-carrier demsities. Still another way that
the minority-carrier transport can be varied is by an electric field iﬁ a
wide base region due to majority carrier current flow. This effect is
dependent on device current and thus gives a variable . This method
of control is discussed by Lesk (12), Aldrich and Holonyak (1), and
Gentry et al. (6).

If the emitter efficiency of JEZ is to be the controlling variable,
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there are at least two techniques that will allow this. The absolute
magnitude of Y, may be restricted to low values by designing emitter 2
to have a high sheet resistivity with respect to the value of the sheet

resistivity of base 2. The value of y as shown in Goldey et al. (9) is

%

'\{asRe_l_Rb D)
where Rb is the sheet resistance of the base layer and R.e is the sheet
resistance of the emitter layer. To obtain a low y the quantity
R.e > > Rb' If the emitter layer is made very thin and highly doped
giving a high Ré, conductivity modulation of the emitter will not occur.
If conductivity modulation occufred an increase in emitter injection
efficiency would occur and cause a corresponding increase in O&. Another
way to gain the variability and control of size for Yo is by using a
shorting contact to short together emitter 2 and base 2. Aldrich and
Holonyak (2) discussed this technique in some detail and further
discussion of this idea can be found in Gentry et al. (6, 7). As device
current begins to flow in this type of device, as in Figure 7, there is
a transverse flow of charge in base 2 under the shorted emitter toward
the shorting contact causing a transverse voltage along base 2 which

will forward bias the junction J_,, and cause injection of holes into

E2
base 2. At low device current, the junction JE2 is nearly inoperative
as an emitter so that Yy is very nearly zero. As device current in-
creases the forward bias on JE2 will increase and the emitter will begin

injecting more charge with a corresponding increase in Yo I1f Yo

increases sufficiently to cause the alpha sum to reach unity, the device
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will switch to the low impedance, or "on'", state. For turn-off, the
preceding routine is reversed. If enough gate charge is withdrawn so
that the transverse voltage drop in base 2 is insufficient to maintain
heavy injection at JEZ’ Yo will decrease enough to cause.a drop in the
alpha sum and the device will switch to the "off" state. The relative
widths of the emitter layers are important and will effect the sizes of
holding current and gate current for turn-on or turn-off. It should be
especially noted that the shorting contact introduces further very

important transverse considerations.

Spread of "On" Region

Because of the transverse Biasing effect in a gated four-layer
diode as discussed in the section on lateral effects, the region of the
p-n-p-n switch that will be "on" first will be that part of the emitter
closest to the gate terminal. If the device anode current is greater
than the holding current when the gate current is discontinued after
local turn-on has taken place, the device will remain on and there will
be a gradual spreading of the ''on'" region due to the lateral diffusion
of carriers in the base region so that the "on' state will spread. This
phenomenon has been discussed by Longini and Melngailis (13). They
have discussed this in terms of a "velocity of propagation' of the '"on"
state. Dodson (4a) did a good deal of experimental work on devices of

the general form shown in Figure 6 that demonstrated how the ''on'" state

spreads after local turn-on has taken place next to the gate region.
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DESCRIPTION OF THE PROPOSED MATHEMATICAL MODEL

The two types of devices that will be considered in this proposed
mathematical model will be the devices shown in Figures $ and 7. Both
these devices have transverse base currents that strongly influence their
behavior. The controlling quantity in both devices will be considered
to be the gate current Ig for both turn-on and turn-off. The voltage
applied across the device will be assumed to be less than that required

for avalanching to become important at junction JC.

Factors Effecting Gate Controlled Devices

The gated p-n-p-n switch has high level effects that arise due to
the base biasing effects causing the emitter current demsity at the
gated emitter to be quite high at regions near the gate and to fall off
rapidly at more remote parts of the emitter. The collector junction
Jo becomes forward biased in the "on" state and this also must be accounted
for. For devices of the sort shown in Figures 6 and 7 with o, of the
ungated base being designed to have a low value with a relatively wide
base region of high resistivity, electric fields due to majority carrier
current flow may also be important.

The results of the considerations entering into the design of the
devices of Figures 6 and 7 that will be important‘in the considerations
for a mathematical model are:

1. Transverse voltage gradient along base 1 and base 2 due to

transverse current flow
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2. Two-dimensional minority carrier concentration in base 1 and
base 2 due to transverse base currents
3. Injected minority carrier concentration may be large enough
to cause conductivity modulation to occur
4. Emitter injection efficiency may be low enough in some cases
so that carrier injection into the emitter may become important
5. Collector junction JC becomes forward biased as the device
turns on
6. Electric field due to ohmic wvoltage drop in the low wide base
region may become important.
Some of these factors will be more important than others. The first of
these factors has been discussed in the sectioms on lateral effects and
on structures. This factor is very important and certainly must be
included. The importance of the first factor leads directly to the
reason why factor 2 must be included. Factor 3 is important since some
parts of the gated p~n-p-n will be conducting heavily and will be turned
on while other parts will be conducting very lightly. If the injected
minority carrier concentration becomes sufficiently high, the transverse
voltage along the effected base would be correspondingly changed and the
emitter injection efficiency would change due to its dependence on the
relative size of the base and emitter sheet resistivities as discussed
in the section on turn-on and turn-off gain. Factor & must be considered
since low emitter injection efficiency will result in the injection of
charge from the base into the emitter and will increase the amount of

base current necessary to drive the effected base. Factor 5 must be
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taken into consideration because as the four-layer device changes from a
high impedance to a low impedance state the center junction JC must
change from a reverse to a forward bias in order to limit the device
current. This points out that the criteria for the device being "on"
depends on whether or not the center junction is reverse biased. The
final factor is important because an electric field can cause more charge
to be transported across the base thus effectively varying the alpha of
the corresponding base and also can effect the transit time of carriers
on base 2. Since the four-layer device is dependent on changing values

of alphas for its behavior, this electric field must be considered.

Overall View of the Problem

The analysis of the devices of Figures 6 and 7 is complicated by
their two-dimensional nature arising from transverse effects caused by
variation in the emitter junction voltage from the transverse base
current flow through the transverse base resistance and from transverse
effects caused by the shorting contact of the device of Figure 7.
Further complications arise due to the way the base regions are coupled
so that they furnish drive to each other. Other factors discussed in the
preceding section also cause complications. All these considerations
make it extremely difficult, if not impossible, to get any sort of an
exact mathematical solution. If a reasonably accurate analysis is
desired, it becomes necessary to go to numerical techniques. The
necessary equations will now be obtained and discussed, and then the
overall approach to the use of these equations for the analysis of the

problem will be discussed.
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Equations needed for the solution

The basic relation that governs the flow of the charged particles
through semiconductor material is the equation of continuity. This
equation completely describes the behavior of either electrons or holes
in semiconductor material for both time and space variations. If an
incremental volume dxdydz centered at (x,y,2) in a cartesian coordinate
system is considered within the semiconductor material, the continuity
equation requires that the time rate of increase in the number of
carriers within this incremental volume is equal to the excess of
generation over recombination plus the net inward flow of carriers
across the surface of the volume. The method used here for the develop-'
ment of the continuity equation parallels that of Shockley (23). If an

N-type material is considered, the time rate of change of holes in the
incremental volume is

Leio)
5o dxdydz (8)

The excess rate of geﬁeration over recombination in the incremental
volume is

(g - r)dxdydz 9
where g is the net rate of generation of holes per unit volume and r
is the net rate of recombination of holes per unit volume. The current
density in the x-diréction'and into the middle of the dydz face of the
volume is

oi x(x,y,z) ax

ipx(x:Y:z) = 3% 2 (10)

The current flow out of the middle of the other dydz face will be of
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exactly the same form with the negative sign replaced by a positive

sign. Thus the net inward flow of holes for the dydz faces will be

&,7,2) 4
= - __Jl_________ _ L
[_q(lpx(x,y,z) 3% 2) (lpx(x:Y:z) ‘
i (x,y,2) i (x,y,2)
—px_ "7’ ° dx = L_px ’°° 7
+ = 5 ) Jdydz p = dxdydz

(11)
The net inward flow of holes for the dxdy and dxdz faces can also be
found in an exactly similar manner resulting in an equation for the net
inwvard flow of holes being

oi oi
- _( + agz + P )dxdydz = '%V . fpdxdydz (12)

Again referring to Shockley (23), if the assumption is made that the
number of excess holes decay with the characteristic lifetime TP, the
average lifetime of a hole before recombination with an electron, the

following relation is obtained:

7

P, P
(g - r)dxdydz = -EL?f-_'dXdde = - il-dxdydz (13)
P P

Here P, is the equilibrium value of concentration, p' is the total
concentration, and p is the excess concentration of the holes in the
N-type material. The complete continuity equation obtained by putting
these results together after noting that the dxdydz dependence will

cancel out of each term gives

2. _2_1lzg.7
3t Tp q v lp (14

After a similar development is gone through for P-type material the
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resulting cquation for the minority electron concentration is

on _ . n _ la =
e- "7 F 3 Ve i (15)

n
The difference in sign on the divergence term results from the fact that,
due to the opposite sign on the charge of holes and electroms, hole
diffusion current flows in the direction of decreasing density while
electron diffusion current flows in the direction of increasing density.
In order to have the continuity equation strictly in terms of the
minority carrier concentration, the relation between current density and

this concentration is needed. For current density due to hole flow in

an N-type region this relation is

T =quE{p + -qD ¥ ' 16
> qup(p p) D, vp (16)

The analogous expression for current demnsity due to electron flow in a
P-type region is

-
1

n qugf(n + np) + an'en an
In both Equation 16 and 17, the first term on the right is a drift
current due to an electric field and the second is diffusion due to a
density gradient in the excess minority carrier concentration. For
these equations, by and W, are mobilities of electrons and holes in
cm2/volt sec, Dn and D are diffusion constants for electrons and holes
in cmz/sec, E is the electric field vector, q is the magnitude of the
charge on an electron, and fn and E% are current density vectors.

If one of the continuity equations is to be applied to the analysis

of a base region, it is necessary that the relation between the excess
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minority carrier demnsity at the edge of the transition region of a
junction and the voltage across that junction be known. For an N-type
region, the excess hole concentration at the edge of the transition
region is

p = p,(exp(qv/kT) - 1) (18)
For a P-type region, the excess electron concentration at the edge of

the transition region is

n = np(exp(qv/kT) - 1) (19)

Here k is Boltzmann's conmstant, T is absolute temperature, and v is the
voltage across the junction which will be a function of position and
time. Equations 18 and 19 give the boundary conditions at both the
emitter and the collector for either base region being investigated.
Boundary conditions at exposed base surfaces will be determined by
assuming a recombination velociﬁy of some value, Middlebrook (15). The
equation of this boundary condition for an N~type material expresses the
fact that the rate of hole diffusion to the surface is proportional to

the excess carrier density at the surface

p -5
D 2=-5-0p (20)

-

)
where SR is the component of excess hole density gradient normal to the
surface and S is the effective surface recombination velocity with

dimensions of cm/sec.

Organization of the solution

The base current for the ungated base N, will be electrons collected

at the center junction from base Pl' Conversely, the holes collected at
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J_, from basc N, will provide drive for the gated base P The gated base

C 2

can also recceive base current from the gate terminal. Since the gated

1°

base for either of the devices of Figures 6 or 7 is a P-type region, the
gate current I_ to base 1 for switching from the high to the low
impedance state will consist of positive carriers into the gate terminal.
For this reason the gate current for the defined direction shown in
Figures 6 and 7 will be a positive pulse of current for turn-on. For
turn-off, positive charge will have to be withdrawn from the gated base
so that I_will then be a negative pulse of current. The current pulse
in both cases will be of finite length. For turn-on or for turn-off, if
the magnitude or the time duration of the pulse is insufficient, the
device will fail to change its state. The total base current furnished
to the gated base will be the sum of the hole current collected ét JC
from region N2 plus the gate current Ig'

During turn-on, the base current for either base must supply several
needs. For the emitter voltage to increase to a forward bias wvalue,
charge must be furnished to the emitter junction capacitance. At the
start of turn-on the center junction is reverse biased, when turn-on
has been achieved the center junction is forward biased. The base
current must furnish the charge for this change in voltage for JC. The
excess of recombination over generation within the base must also be
supplied as well as having to supply the majority carrier charge that
will offset the increase in minority carriers present as required for

space~-charge equilibrium as the minority carrier concentration builds

up during turn-on.
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The current density equations shown as Equations 16 and 17 allow the
total device current to be calculated when applied at the center junction
JC if the electric field and the excess minority carrier concentration is
known. These equations allow the base current into base 1 and base 2 to
be calculated if the value of Ig is assumed known. The minority carrier
concentration in either base can be found from the continuity equations
if the boundary conditions specified as Equations 18, 19, and 20 are
known. Equations 18 and 19 allow the excess minority carrier concentra-
tion to be calculated if the appropriate junction voltages are known.

The circuit of Figure 9 will be used for both turm-on and turn-off. With
the device in the "off" state, the center junction JC will be reverse
biased with essentially the full voltage E. The two junctions JEl and

J., will have a very low forward bias which will be considered to be

E2
zero to give a distinct starting point. The device current IA will be
essentially the saturation current of the center junction. The initial
value of the excess minority carrier concentration in both base 1 and
base 2 can then be approximated to get a starting point for the analysis.
The starting point of the turn-on process occurs at the time when the
positive pulse of current Ig as shown in Figure 8 is applied. The
continuity equations for base 1 and base 2 will be approximated over as
fine a grid as desired with finite difference approximations to Equations
14 and 15 after combining these with Equations 16 and 17 so that the
continuity equations are wholly in terms of excess minority carrier

concentrations. The behavior of the device can now be analyzed for the

turn-on period by stepping forward in time using a finite time increment
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Assumed circuit for transient analysis of device
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and going through the following steps:

l.

Calculate currents at junction JC to get total base drives

into either base 1 or base 2 at one particular point in time.
Base 1 also has Ig supplying drive current.

To step forward a specified time increment, the base drive
current is assumed constant over the time increment thus

giving the total charge supplied to the base during this time
step. Knowing the total charge supplied and the junction
voltages at the beginning of the time step will allow calcula-
tion of the new junction voltages at the end of the time step
by conmsideration of the necessary charge needed for capacitance
charging, volume recombination etc., and comparing it to the
actual amount supplied. These junction voltages are calculated
only at discrete points.

The finite difference form of the continuity equations will

be solved by an iterative technique to get the wvalues of the
excess minority carrier concentration at the end of the time
step at the intersections of the specified mesh.

Return to step 1 and step forward another increment in time.

Continue until solution is completed.

The starting values of junction voltages, minority carrier concentra-

tion, and device currents for the beginning of the turn-off period will

be known from the end results of the turn-on calculations just described.

The beginning of turn-off will be at the time when the negative pulse

of current Ig as shown in Figure 8 is applied. The solution for the

-—
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turn-off process follows the same pattern just described. The excess
minority carrier concentration of the bases will be decaying during the
turn-off process in contrast to turn-on when they will be building up.
The logical flow of the computer program used for the modeling of the
devices of Figures 6 and 7 is shown in Figure 10. More detail will be

gone into on some of the individual blocks shown on this figure.

Base Bias Calculations

More detail will now be gone into in regard to the two blocks
shown on Figure 10 for base 1 and base 2 bias calculations. Each of the
two base regions is divided into finite sized increments by constructing
a network of variably spaced grid -lines completely covering both base
regions. The device shown is the shorted emitter device of Figure 7.
To avoid overcrowding the sketch only base 1 is shown covered by a grid
of horizqntal and vertical lines. Exactly the same type of grid is
placed over base 2. To simplify the computer program, both regions were
made rectangular as shown by the two dashed lines on Figure ll. The two
omitted regions should not have a significant effect on the amalysis.
The methods used in the various parts of the computer program are no-
where dependent on having exact rectangular regions. The assumed
position of gate contact shown on Figure ll is a consequence of neglecting
the resistance of base 1 in regions away from the active base fegion
between the N1 and the Pl regions. The vertical grid lines divide the
horizontal width up into (IM~1l) finite increments where IM is a variable
integer. The horizontallgrid lines divide the vertical height up into

(OMT~1) finite increments where JMT is a variable integer. Base 2 has
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Figure 10. Flow diagram of overall computer program
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(IM-1) horizontal and (JM2T-1) vertical finite increments. The assuming
of base 2 to be a rectangle does not arise for the device of Figure 6
since base 2 is rectangular as it stands.

To enable calculation of the excess minority carrier concentration
along JEl’ JC’ and JEZ from Equations 19 and 20, the voltages along these
junctions must be known at the points defined by the vertical grid Ilines.
As explained in the last section, the drive current for base 1 will
consist of hole current collected at JC and whatever gate current is
supplied. The drive current for base 2 will consist of electron current
collected at the center junction. The equation that expresses the needs

that must be supplied for either base by the base current in incremental

form is
AV
Q. ¢ - 2Q
Ib 'r+ At C * At ¢ +At+Ie loss @L

during a specific time increment At. If At is chosen sufficiently small
then to a good approximation the base current Ib being supplied to the

base will be constant over that time increment. The term I is due

. e loss
to emitter efficiency being less than unity. The term Q/T is the
recombination current. The second and third term represent the amount
of current needed to supply the charge to the collector and emitter
capacitance to have a change in voltage of AVc and AVe during the time
increment At. The term AQ/At is a measure of the base current needed to
supply or remove majority carriers to maintain space-charge equilibrium
as the excess minority carriers stored in the bulk base region changes.

The capacitance terms Cc and Ce both are a function of the voltage

across their respective junctions. For a step junction, an expression
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for capacitance from Gibbons (8) is
— SO '
c = —H0 (22)
(1 - v/p)*
where v is the junction bias voltage, ¢ is the contact potential, and

C(0) is the capacitance of the junction for a voltage bias of zero. An

expression for C(0) is

S - S
c(0) = Tr I, (23)

where ¢ is the permittivity, A is the junction area, and 1l and 12 are
the voltage dependent space charge layer widths into the two regions on
either side of the junction for a voltage bias of zero. When the
transverse variation of junction voltage of v is noted, the junction
capacitance is seen to be both time and space dependent.

A slice of either base 1 or 2 is now considered that is Ax wide,
where Ax is the distance between two vertical grid lines, and centered
on a vertical grid line. To effect a change in the old values of
junctioh voltages at either end of this slice after an incremental step
At forward in time, this slice of base must have an amount of base
current furnished to, or carried away from, it as determined by consid-
eration of Equation 21. 1In any given slice, there will be a certain
amount of base current flow into the slice due to collection at JC from
the other base. If the amount of base drive needed for this slice is
more than the amount supplied from the second base, the difference must
be supplied by a transverse flow through the active base region. If

the amount of base drive needed for this slice is less than that
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supplied from the second base, the excess must be carried away by a
transverse flow through the active base region. In either case the
transverse flow of base current will cause a voltage variation along the

base region since the transverse resistance of any slice is

_ 0 AX
Re = Do (24)

where p is the average resistivity of the base, D is the depth of the
device into the paper, and BW is the distance from emitter to collector
of the base being considered. Transverse flow in base 1 will be very
important during turn-on or turn-off when Ig is being applied. Base 2
will always have a great deal of transverse flow in the shorted emitter
type of device. Even in the non-shorted emitter device, transverse flow
in base 2 will occur due to the collection of drive current into base 2
being heaviest at areas under high injection levels for emitter 1, which
occur over an area close to the gate for turn-on and remote from the gate
for turn=-off.

One other factor of importance here is the conductivity modulation
that occurs when and if the minority carrier concentration reaches the
same order of magnitude as the doping concentration. When this happens
the increase of majority carrier concentration in the base to maintain
charge neutrality will be a significant amount with respect to the
magnitude of the doping concentration. Using the P-type base as an

example, the equation for resistivity assuming low injection levels is

P~ L (25)

Qp.pNA



32

where My is the mobility of holes and KA is the acceptor impurity
density. The case where the injection level becomes high can be handled
by noting that for charge neutrality the minority carrier buildup in the
base is matched by an equal buildup of majority carriers to give a new

value of resistivity of

; 1 1 |
p =~ =p (26)
qpp(n + NA? 1+ n/NA

where n is the excess minority carrier density. It is noted that for
NA >>n p' and p are approximately the same. When this condition is no
longer true p’ becomes less than g.

The anode-to-cathode voltage across the device can be calculated as
the voltage E minus the drop due to the current ;A flowing through the
resistor REX' The voltage across the center junction can then be cal-
culated by noting that along any chosen longitudinal path through the
device the anode-to~-cathode voltage must exactly equal the sum of all
junction voltages, with proper regard to sign, and all voltage drops
due to majority carrier flow through the bulk material of the various
regions.

The routine to step forward in time by At for a given base assuming
that junction voltages and currents across JC at the beginning of the
time step are known for that base will be discussed. Before going into
the calculation for new bias conditions the wvalues of resistivity are
computed.for regions where conductivity modulation has become important
and the values of junction capacitances are calculated using the known

junction voltages that exist at the beginning of the time step. The
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values of resistivity and capacitances are assumed to be fixed at these
calculated values for the entire incremental time step. What is needed
at the end of the time step are the new values of junction voltages and,
in the case where the junction voltage across JC has become positive,
new values of currents across JC.

To proceed for the step forward in time for base 1, a value of
minority carrier concentrétion is assumed at i = NIX, giving a corre-
sponding value of voltage for the emitter junction at this point. The
voltage across the center junction is then calculated and the total base
drive needed for this slice is found using Equation 24. The starting
value of a variable called GIR for base 1 that represents the total
transverse current flow at any point is found by taking the sum of the
gate drive and the base current into base 1 from the second base for all
slices to the right of and including the slice centered at i = NIX, and
subtracting the base drive needed for all slices to the right of and
including the slice centered at i = NIX. This starting value of GIR
will be the transverse current flow through the slice centered at i = NIX
causing the emitter voltage at (NIX-1) to differ from that at NIX by
the product of GIR and RT where RT is for base 1. The base drive needed
for the strip centered at (NIX-1) is subtracted from, and the amount of
base current into this strip is added to, the running value of GIR. This
process is continued slice by slice until the extreme left edge of base 1
is reached. 1If the value assumed for minority carrier concentration at
i = NIX were exactly correct, GIR would be precisely zero after all base

strips have been accounted for. The residue of GIR is checked and an
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appropriate change is made in the assumed value of minority carricer
concentration at i = NIX. The entire process is repeated until the
residue of GIR at the left edge of the base region is as small as
necessary for the desired accuracy.

When new bias conditions are being calculated for base 2, the
assumed value for the shorted emitter base is the amount of transverse
current flowing out from under the shorted emitter while the assumed
value for the non-shorted emitter is the value of minority carrier
coﬁcentration at emitter JE2 at 1 = 1. The running variable for the
transverse current flow in base 2 at any point is called RUNT. The
procedure in base 2 is to start at the left edge and go through analogous
calculations slice by slice until the right edge is reached where the
residue of RUNT is compared to zero. The assumed value is changed and
the calculations are repeated until the residue of RUNT becomes suffi-
ciently small at the right edge.

A general flow chart of the computer program for the bias routine
for either base is shown in Figure 12, though in actuality two different
programs were used for the two separate bases. Base 2 differs somewhat
in that it is assumed that majority carrier flow is great enough due to
the low a2 so that longitudinal voltage drops, and hence electric fields,
must be accounted for. The shorted emitter device will also have

transverse electric fields due to the transverse flow of current to the

shorting contact.
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Continuity Equation Solution

After the junction voltages are known for (to + At) the values of
excess minority carrier concentration at the junctions at this new time
are known. This gives the boundary conditions for the continuity equation
for either base at (to + At) and the new values of excess minority
carrier concentration at points interior to the base regions can now be
found by stepping forward in time to (to + At) for the solutiom of ;he
continuity equation. Due to the variations in the boundary conditions
at the junctions, the cbntinuity equation must be handled in terms of
two space dimensions. Because of the many complicating factors such as
the two dimensional nature of the problem, conductivity modulation of
parts of the base region, etc., the solution of the continuity equation
is, for all practical purposes, impossible to obtain in closed form. The
continuity equation will be put into finite difference form. A stepwise
solution of this finite difference form of the continuity equation will
then be used to get numerical approximations to the values of excess
minority carrier concentrations at finite points inside the base region

being considered.

Survey of iterative techniques

Basically, there are two types of finite difference equations that
could be considered for the.type of problem discussed here. The first of
these is the explicit method in which the value of the variable sought
at a particular point at time (to 4+ At) can be expressed completely in
terms of known values of the variable at this point and surrounding

points at time e The solution of this type of difference scheme is
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quite simple. The second type of difference equation is the implicit
method which results in large systems of simultaneous equations to be
solved at each time step which is fairly difficult.

A basic difficulty with the explicit difference method is that when
stabilicy criteria for the explicit difference method is applied,
O'Brien et 2i. (20) has shown that the size of the time step is severely
restricted so that an uneconomically large number of ;ime steps must be
made in order to insure stabiiity. This same paper points out that for
an implicit difference scheme stability is present without having to
restrict the time step. In the book by Varga (24), the material o=
Chapter 8 is on parabolic partial differential equations which is the
class in which the continuity equation fits. Several possible approaches
to the solution of this type of equation are discussed, and the conclusion
is that the most widely used methods in practice are variants of the

alternating-direction implicit method mainly because of their inherent

unconditional stability.

Alternatine-direction implicit method

The alternating-direction implicit method is attributed to Peacemzn
and Rachford (21) and requires the line-by-line solution of small sets of
simultaneous equations that can be solved in a non-iterative way.
Basically the step At forward in time is divided into two hailf steps
each At/2 in length. First a finite difference form of the partial
differential equation is written in which the partials with respect to x
are replaced in terms of the unknown values of excess minority carrier

concentration at (to + At/2) and the partials with respect to y are
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replaced by known values of excess minority carrier concentration at
to. This results in an expression that is implicit in the x direction
for a given row. Each row results in a set of simultaneous equations
that are solved row-by-row over the entire region of interest. Sccond

a finite difference form of the partial differential cquation is written
in which the partials with respect to y are replaced in terms of the
unknown values of excess minority carrier concentration at (to + At) and
the partials with respect to y are replzced by known values of excess
minority carrier concentration at (tO + At/2). This results in an
expression that is implicit in the y digection for a given column. Each
column results in a set of simulteneous equations that are solved
column-by-column over the entire region of interest. These two steps
taken together complete one step At forward in time. This results in a
procedure that is alternately implicit on rows for one half time step
and implicit on columns for the next half time step, hence the name
alternating-direction implicit method.

Many of the symbols and techniques in the following work are similar
to those used by Burley (3) who worked out a solution for a heat flow
problem in terms of the alternating-direction implicit method. THe
continuity equation for a P-type base will be considered first so the
excess minority carrier concentration will be n. With reference to
Figure 11, the two difference equations referred to in the above discus-
sion will be

- Aln, +Bln. . - Cln.
i,

i,3-1 1,3 i+l

(27)
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for the x-implicit half step and

A ’ - BM ! +0 ’ = - +IM -
Aln i,5-1 BMl1n 1,3 Cln 1,3+l Ani—l i BMn., Cn..l>

for the y-implicit haif step where Equation 27 and 28 must be applicd
alcteranately with ecual sized steps. The coefficients defined in these
two equations are singly subscripted varizbles since a2 set of equatiouns
is written for each row for the x-iteretion and for each column for the
y-iteration. For simplicity, the singly subscripted nature of these
coéfficients is not indicated in the equations. Here the primed value
implies that this is the unknown value at tne starting time plus a time
increment while the unprimed velues are the known values at the starting
time. Application of Equation 27 to a row or Equation 28 to a column
will result in a set of N simultaneous equations in terms of N unknowns
that form a tri-diagonal matrix which cazn be solved by use of the
algorithm given by Peaceman and Rachford (21). For r =1, 2, =++++, X
being the N nodes that appear along a given row or column the system of

equations that result are shown below, with the subscripts shown being

values of r.
7 7 =
B n1 + Cln2 Dl

7 /7 e
-+ -+ T = < N -
An 1 B_ n C 1 D (2 £r N l)

7 r _
A1+ By = Dy 29)

The constant Ar is A or Al, Cr is C or CI, Br is either (- B) or (- B¥1)
depending on which equation is being applied, and Dr is equal to the

entire right hand side of whichever equation is being applied. The
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algorithm for solution of the system of Equations 29 follows.

w1 = Bl
v, .= Br - Arbr-l 2=sr=sN) (30)
br = Cr/w (l<srs<N-1) (31)
g1 = Dy/wy
g.= @ -4Ag D) /Wr .(2 <r <N (32)
The solution is
[
oy T ey
r_ - ’ -
o =g, brnr+1 (lsrsN-1) (33)

Equations 30 through 32 are calculated in order of increasing r and
Equation 33 in order of decreasing r. One complete iteration comnsists of
two equal half steps where the first is the x-implicit half step for
which Equation 29 is written and solved by the given algorithm row-by-
row over the entire region of interest, and the second is the y-implicit
half steﬁ for which Equation 29 is written and solved column-by-column
over the entire region of interest. The general flow diagram for the
iteration program for either base 1 or base 2 is shown in Figure 13,
though in actuality two different programs were used due to the

differences in coefficients for the two bases.

Finite difference form of the continuity equation

The mesh points formed by the horizontal and vertical grid lines
shown in Figure 11 will be the points at which the approximation to the

exact solution of the continuity equation will be found. For each mesh
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point there is an associated mesh region ri,j with a width of Ax and a
height of Ay as shown in Figure 14 for an interior mesh point. 1In
Figure 14, Ax and Ay are shown divided into two equal parts. This
results when assuming a uniform mesh spacing that is a convenient, but
not necessary, assumption. For each mesh point at which the value of

n. . for base 1 or P; ; for base 2 is unknown, the continuity equation is

> 2

integrated over the mesh region ri,j' The excess minority carrier
concentration will be known along the junctions as a result of the base
bias calculatioms.

The region of P-type base 1 will be considered first. In this
region there is in general a concentration of minority carriers that is
high at the emitter and low at the collector. The majority carriers
that must be supplied to the base to maintain approximate space charge
neutrality will also have a gradient from base to emitter tending to
set up a diffusion flow o holes from emitter to base which would carry
the holes away from the emitter‘and destroy the space charge neutrality.
Equilibrium is reached when there is a small unbalance of charge density
that sets up an electric field tending to cause holes to move from
collector to emitter, and the diffusion of majority carriers in omne
direction is just canceled by the drift of majority carriers in the
opposite direction. The small electric field is in such a direction as
to aid the diffusion flow of minority carriers. If the majority carrier
current density iP is taken as zero, and the electric field is eliminated
between Equations 16 and 17, the value of minority carrier current density

18
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- _ n =
i q(l + ~ NA)Dn Vn (34)

The quantity inside the bracket is seen to be unity for n < < NA and to
be two for values of n > > NA' Thus the result of the small electric
field that arises due to the causes just discussed is to cause the
effective diffusion comstant to double for very high injection levels.

This effect is important only at high injection levels. The value inside

the brackets is defined as

g=1+—2— (35)

where g is a function of time and positiom.
The result of the combination of the continuity equation and the
minority current density equation with g present to account for high

injection levels for base 1 is

OIIOJ
[ 1=

= - -%1- + ‘Dn?f - (g¥n) (36)

Here g takes care of the variation of the effective diffusion comstant
between Dn and 2Dn so that D__1 itself can be considered a constant. If
Fe

the following relationships are defined
x=1X, y=1LY, t = 120/p_, and A = L2/'r D (37)
? 4 n’ nn

where L is the width of the device and X,Y, and T are nondimensional

variables, the continuity equation can now be rewritten as

QJIOI
R

=-+7V - (g7 (38)

where V' has partials with respect to X and Y. In order to get the

finite difference approximation for Equation 38, integration over a given
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mesh region ro is given as
2

[ SN

T Laxay = [ (- ayaxay + [ 97 - (¥'n)dxay (39)
r, . °* T, . T, .
i3 i,] 1,3

I1f Green's theorem in the plane is applied to the final term in Equation

39 the result is
=t . sy ravy = “f rS . o0 S (. SB\iava
J [ ¥’ - (V'n)dxdy o Sxle 5+ agle SpldKayY
ij i3
= [[g Sy - 5 Sux] %0)
J ke v S N
o o oY

The final form is a line integral to be tzken around the contour oi
ri’. in such a direction that the region r.)j is on the left as advance
in the positive direction along the curve is made.

As an illustration of the derivation of the finite difference
equation from Equation 39, the necessary details for am internal node as

shown in Figure 14 for the X-implicit half time step will be worked out

for base 1. The partial with respect to time term can be approximated

as
7
o N nl .= L.
- S UG, R % R ,
Jo SrRdY AT LXAT 1)

H

i,]
where the primed value is the unknown value at (To + AT) and the

unprimed value is the known value at To' The term representing volume

recombination can be approximated by using the average value of n, j over
2

the time increment AT.

n . +n. .

- % I % 1
JJ ¢ amyazay = - a5 bhaxay
T,

N
g~
[}¢)

g
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Figure 15. A grid point on the exterior base surface



The contour integral starting at "2" and going in a counterclockwise

direction around L gives
2

n. -1 .
r 3n - 3, - i.j-1 i,i.
(85T - 8590 = gy i« AY ) X
-
_ll - 14
. Ti-1.7 i.1
~ gl,J( X )AY
Pii-1 " Mg
. i.3-1 .
g gi’J( Iy ) AX
7 7
Pie1.9 T P44
H fAL

If 21l the terms of Equations &1, 42, or 43 are gathered into the form

snown in Equation 27, the results for the coefficients are

. AY . AKAY , AMEAY o _ o AY
AT s BT s T T2 2078 5%
(44)
_ AR _ LX _ AXAY |, RAXAY =, 22
AL =g oy BLT 28y sy TTar T2 0 M T8y

The details on the Y-implicit difference equation for the intermal node
for base 1 will be found in Table 1.

The X-implicit finite difference equation for base 1 will now be

[0

considered for a node that is on the right external surface of the bas

a2s shown in Figure 15. The partial with respect to time term will be
simply

.f. .’o
J4J
r.

i]

an o oodadi Uiy AXAY ,
37 9XdY ( ) =5 (&5)

The next term to be considered is the volume recombination term. The

result for this term is
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4

I mdaxay = - ACisl Jialy 8XAY 63
T 2 2

i,3
The contour integral is the term that is effected by the boundary
condition at the extermal surface as given by Equation 20 in terms of

the appropriate minority carrier concentration for base 1.

. . - n
Oniv . o Ohiey - i,i+1 1.3y &X
-g(g XY - 8 3930 = g 4 AY )2

81,3 AX

- Di n! .AY (47)

If all the coefficients of the various terms are gathered together, the

values for A, B, C, Al, Bl, and Cl for this particular type of node are

_ AY - _ _  AY . AXAY . MAXAY | SAY . _
A=g s B 8 s T oaar T4 T 0C=0
(48)
_ LX = OX _ AXAY | MXAY = AX
Al =g 524y B1 =8 5y~ 2ar T~ & > Gl =81 5y

The details on the y-implicit differencé equation for this type of
surface node will be found in Table 1.

For base 1 of the devices shown in Figures 6 and 7 there are various
types of nodal points to handle, and the different types are assigned
identification numbers. Table 1 shows the assigned numbers and gives a

description either in words or a node picture, in which an area labeled



Table 1,

Node identification and values for iteration coefficients for base 1

1
junction

10 equation, Al n{

-1 included H as a
]

* Node Node
ID No. Description A ¢ Al cl M N B B1
1 011 0 TYOX X0Y X0Y %M N B+S Bl
ol1 | N | 3
2 First 1 node X~-Iteration: Node 1 equation as it stands
below center Y-Iteration: Node 1 equation, Cl n{ 41 included in H as a known quantity
junction . >J
3 First 1 node X-Iteration: Node 1 equation as it stands
above Je Y-Iteration: Node 1 equation, Al n{ -1 included in H as a known quantity
. - 3
junction '
4 110 TYOX 0 X0y X0Y M LN B+S Bl
1 1 3
110
5 First 4 node X~Iteration: Node 4 equation as it stands
below center Y-Iteration: Node 4 equation, Cl n{ 541 included in H as a known quantity
jet. ' ?
6 110 YOX 0 0 X0y %M L N B+%4S B1+%S
1 1 3 1
0l0
7 111 YOX YOX 0 TXOY % M ¥ N B Bl+S
= 1 1 1
0)0 .
8 First 7 node X~Iteration: WNode 7 equation, A nf_ . included in H as a known quantity
right of Y-Iteration: Node 7 equation as it stdnds
center jct.
9 First 10 node X-Iteration: Node 10 equation as it stands
above Je Y-Iteration: Node

known quantity

8%



Table 1 (Continued)

Node Node
ID No. Description A c Al cl M N B Bl
10 111 ‘"TYOX TYOX TX0Y TX0Y Ml N 1 B Bl
111
11 First 10 node X-Iteration: Node 10 equation as it stands '
below center Y-Iteration: Node 10 equation, Cl n{ $+1 included in H as a known quantity
jeto ?

6%
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1 is inside the base region while an area labeled 0 is outside, for the
necessary node types of base l. For the X-iteration

= - +
H=Aln, ; ;= Bln; . +Cla; . (49)

and for the Y-iteration

H = An.

i-1,; ~ BYR; 4+ Cny | (50)

R itl,j
The coefficients of Equations 27 and 28 are defined in Table 1 for
base 1 in terms of the following defined parameters:

s, = SAX/Dn, Sy = SAYlan, M, = AXAYl/A'l‘, N; = AXAYl/Z

YOX = g, .AY1/2AX, X0Y = g. .AX/?.AYI, TYOX = 2Y0X, TX0Y = 2X0Y
L] 1,] (51)
51

B=A+C+ M+ N, BM=B - 2M, Bl

Al +Cl - M+ N,

BM1 = Bl + 2M
For base 2, the result of the combination of the continuity equation

and the minority carrier current density equations is

a = - _E_ - - . -l —-— .'
Y T e Vi +p) +DY p) (52)

If non-dimensional variables are again defined

2 2
x=1LX, y=1Y, t=1 T/Dn, A =L /DPTp,

Ay Lp,p/Dp, A, =D /Dp (53)

n

and the continuity equation is rewritten, the result is

_a_2=_ _ = 2 S0, (2 )
AT T klp )2E Vp+V “'p) (54)

where the V' operator has partials with respect to X and Y. The AT

constant is necessary so that the time variable T is the same for both

base regions.
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When base 2 of the device is considered, the electric field ‘present
cannot be handled in terms of the g parameter since the majority carrier
current flow cannot be considered negligible in this relatively low
alpha base. The only type of term for the continuity equation for the
base 2 region given as Equation 54 that is different from the types of
terms handled for the base 1 region 1s the one containing the electric

field. This term can be rewritten in the form

rﬂ' (- WLE - ¥'p)dxdy = - A, {j’ (E-9'¢+0p)
i,] 1,]

+ (p +p )V’ - Eldxdy (55)

- - - - - - -
Now, when vV’ - E is of appreciable size, it is reasonable to assume that
the excess minority carrier concentration p is much greater than the
equilibrium minority carrier concentration P,- Equation 55 can then be

rewritten as

- oy, 3 3
i‘j‘ (- )\ZE.vP)dXdY=-A2£j [Exg}%-i-Ey-a-%

i,] - i,]
5, o,
+ p 3% + p BY]dXdY (56)

When this term is written in its finite~difference form for an internal

node for the x-iteration the result is
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)\ZAY
_j‘f(-sz-vP)dXdY- 113 )(E‘-+Ex. )
1,] 1,] i,1,]

T
~p, CFE - E )
LIV & T YiL341

ALY,
2 + E )

(5 )(E
1+1 sij° & 1+1,j xi,j

)\ZAX

)(E + E )
isj yi,j'l

+ Py 51

)2AY

He,  -E )
1+1,j i-1,j

| MAX
P, ) CE T+ E 57
P T @ TR ) 6D

Py, ;¢

The details of handling all the other terms is exactly the same as was
done earlier for the base 1 region and will not be repeated here.

The general form of the finite difference equations for base 2 is
exactly the same .as Equations 27, 28, 49, and 50 with n replaced by p
since the excess minority carriers are holes in base 2. As in base 1,
thére are various types of nodes to be handled so identification numbers
are assigned to these nodes. The coefficients of the finite difference
equations are defined in Equation 58 and in Table 2 in terms of the

following defined parameters:

52, = SAYZ/DP, M, = ATAXAYZ/AT, N, = xIAXAYzlz

YOX, = AYZ/ZAX, X0Y, = AX/2AY., , TYOX, = 2Y0X,, TX0Y, = 2X0Y,

FYOX2 = 4YOX2, FXOY2 4X0Y2, =3B - 2M, BM1 = Bl + 2M



Table 2. Node identification and values for iteration coefficients for base 2

Node

Node

ID No. Description c Al c1 M N B Bl
1 01 0 TYOX2  XOY2 X0Y2 My/2  N,/2  TYOXptS23HMKN - TXOY,-MN
o1 -Ccl1  -scJL/2  -ScJT/2 +(SCIT-SCIL) /2 +CM;] |
2 First 1 node X-Iteration: Node 1 equation as it stands
below S.C., or Y-Iteration: Node 1 equation, Clp{ 341 included in H as a known quantity
J ?
€1
3 First 1 node X-Iteration: Node 1 equation as it stands
above center Y-Iteration: WNode 1 equation, Alp{ j-1 included in H as a known quantity
jet. -
4 1lo TYOXg 0 X0Y, X0Y, M, /2 N,/2 TYOX,+S2,+MIN  TXOY,+52
2 2 3 a 2veey
1]0 +A11 +SCIJL/2  -8CIT/2 +(SCJT~SCIL) /2 -MHNFAM;;
5 First 4 node X~Iteration: Node 4 equation as it stands
below J Y-Iteration: Node &4 equation, clp/! included in H as a known quantity
junction? T3kt
6 First 4 node X~Iteration: WNode 4 equation as it stands
above center Y-Iteration: Node 4 equation, A1p£ -1 included in H as a known quantity
jet ?
7 First 10 node X~Iteration: WNode 10 equation, Cp{+1 3 included in H as a known quantity
, ;
;ig: of known Y~-Iteration: Node 10 equation as it stands
8 First 10 node X-Iteration: Node 10 equation, Cpi'+1 3 included in H as a known quantity
H
node below left Y-Tteration:

of known

Node 10 equation, Clp{ 3+1 included in H as a known quantity
’

129



Table 2 (Continued)

Node Node
ID No. Description A ¢ AL cl M N B B1
9 First 10 node X-Iteration: -Node 10 equation as it stands
above center Y~Iteration: Node 10 equation, Alp{ j-1 included in H as a known quantity
jcto - ?
10 111 TYOXoy TYOXy TX0Yy TX0Y, MZ N2 FYOX,+MHN FX0Yy-M+N
1|1 +A1; ~Cqy +5CJL -SCJT +5CJT-SCIL +Cy1784,
11 First 10 node X-Iteration: WNode 10 equation as it stands
below a known  Y-Iteration: Node 10 equation, Clpjf , included in H as a known quantity
node ) »jtl

hs
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Ajp = AL /8@, +E ), Gy = AL/ E,
1,3 i-1,j i+1,j

MMy = Ay - MALE, /2, CMyy = Cpy - MALE /2
i-1,3 1,]

SCJL ()\ZAX/ZO(EY +Ey s

i,j isj-l

SCJT = (xzax/zo (Eyi,j+1 Eyi,j) (58)

AM are singly subscripted variables while

The texrms A Cll’ and CM

11° 11° 11
SCJL and SCJT are doubly subscripted variables. It has been assumed that
the electric field in the x~direction does mnot vary as a function of y,
but to take into account the effects of volume recombination in a wide

base region the electric field in the y-direction is assumed to be a

function of both x and y.
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PERFORMANCE OF THE MATHEMATICAL MODEL

The accuracy of the finite difference solution to the partial
differential equation is of interest and must be considered. The
performance of this model can be discussed in terms of the convergence
and stability of the finite difference method used. As defined in the
paper by O'Brien et 2l. (20), the question of convergence is concermned
with whether or not the exact solution of the finite difference equation
approaches the exact solution of the partial differential equation while
the question of stability is concerned with whether or not the numerical
solution of the finite difference equation approaches the exact solution
of the finite difference equation. In this same paper truncation erroxr
is defined as the difference between the exact solution of the finite
difference and the partial differential equations while numerical error
. is defined as the difference between the exact solution and the numerical
solution of the finite difference equation. Thus the question of the
convergence of a particular iteration scheme is related to truncation
error caused by the finite distance between mesh points while the
question of stability is related to the numerical errors such as round-off
exrrors.

O0'Brien et al. (20) has demonstrated unconditional stability for
the alternating direction implicit method for the general parabolic
partial differential equation assuming constant boundary conditions and
constant coefficients. Lees (11b) has demonstrated unconditional

stability for the very general parabolic partial differential equation
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du_ 3 duy . 3 3u

+ f(x:Y:u’t:%’% (59)

for the alternating direction implicit method. Douglas (4b) has shown
that unconditional stability of an iteration method also implies the
convergence of that method with proper choice of space and time mesh
increments. The.continuity equation being worked with is of the general
form shown as Equation 59 and thus the alternating direction implicit
method used for the continuity equation should be both stable and
convergent. Thus the question of convergence and accuracy will depend
on the choice of space and time mesh increments.

Once a particular choice of spatial mesh size is made, the accuracy
is dependent on the time increment size. 1In general, for that part of
the solution where the quantity being solved for is far from steady
state and is var&ing rapidly the time increment size should be small for
best accuracy. When the quantity being solved for is approaching its
steady state value the time increment size can be made considerably
larger. A precise best choice for the time increment size is very
difficult to make, Varga (24). A conveient way to check the accuracy
for a particular time increment at any time in the solution is to use a
new time increment half, or some other fraction, as large as the old
time increment and check the results obtained for both new and old time
increments at the same point in time. This approach was used to select
the values of the array TM(L), TMAX, and TMAX2 that was used in the

computer program for the calculation of the time increment size for the
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succeeding step. The rate of change of n in base 1 or p in base 2 was
calculated and used as a basis for choosing a particular value of

TM(L) which was then used as a multiplier for TMAX or TMAX2 as shown in
Figure 16. The minimum size of the time increment will ordinarily be
limited by consideration of the amount of computer time needed. The
cost of greater accuracy as the minimum time increment becomes smaller

will be an increase in computer time needed to carry out the solution.

Comparison to Experimental Results

In order to test the capability of the model to predict device
behavior, some devices of the form shown in Figure 17 were obtained from
Motorola, Inc. with the dimensions given in the figure. The depth of
the device into the paper was 0.381 ecm. If a comparison between
Figure 6 and Figure 17 is made;(it is noted that if the device of
Figure 17 is divided in half as shown by the dashed line the Motoxola
device can then be analyzed by means of the computer program for the
device of Figure 6. A 10 x 10 grid of mesh lines over each base region
was used for both turn-on and turn-off calculations.

Base 2, the Né region, is the starting material and is about
25 ohm+cm material. The surface concentrations of the P regions are
about 5 x 1018 and of the N1 region is about 5 x 1020. Using these values
of surface concentrations, when the curves by Irvin (10) are used, the
average resistivity of base 1 is found to be approximately 0.33 ohm*cm.
Emitter 1, the Nl region, has a resistivity of about 0.0066 ohmecm while

emitter 2 resistivity is about 0.0577 ohm.cm. The capacitances of the

junctions of device 2 were found by measurement with a G. R. 1650
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Calculate rate of change
in n for base 1

Choose TMZLé on basis of

base 1 rate of change

L

Set
TEMP=TM (L) *TMAX

4

Calculate rate of change
in p in base 2

§

Choose TM(L) on basis
of base 2 rate of
change

v

Set
TEMP2=TM (L) *TMAX2

Set AT=TEMP and Set AT2=TEMP2 and
AT2=NTM2*TEMP where AT=NTM*TEMP2 where
AT2<TEMP2 AT<TEMP

Figure 16. Flow diagram of calculation of time increment program
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Anode
P2 0.004572 cm
4
N
N2 ’ 0.012466 cm
V
A
By 0.002032 cm
Vv
A
N 0.00254 cm
. v
———T ] g ——
Gate Cathode Gate

Figure 17.

0.1270 ecm ——>

0.3310 cm

Schematic sketch of the commercial device
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impedance bridge to be about 0.1085 x 1078 f/cm2 for emitter 1 and
about 0.538 x 10-8 f/cm2 for both the center and emitter 2 junctions,

where all these values are for the zero bias case. The values of

T 750.cm2/v01t°sec, by = 500 cmz/volt-sec, D = 19.43'cm2/sec, and

12.95 cm2/sec were found by use of curves given by Phillips (22a).

DP
Since the response of device 2 is the median response of the three de-
vices, the model was set up for comparison to it.

The circuit used for turn-on with reference to Figure 9 had a value
REX of 100 ohms and an E of 20 volts. The model values used were
REX = 200 ohms and E = 20 volts with the value of REX doubled to account
for the fact that the model would have exactly half as much total
current since the actual device is twice as large. The test circuit for
turn-on used a pulse for Ig that was 100 ma in magnitude. The value of
gate current used to drive the model was 50 ma to account for the fact
that the case drive for the model would be only half as much as for the
actual device. The response for all of the three devices for turn-on
are shown in Figure 18 as solid lines. The model prediction for turn-on
is shown as circled dots. The comparison between the curve for device 2
and the model prediction is quite good. The behavior of the voltages
VE(I), VC(I), and CJV(I) for turn-on are shown for several values of
time as Figure 19. The minority carrier concentration for base 1 along
the I ='NIX column is shown in Figure 20 and the minority carriér
concentration for base 2 along the I = NIX column in Figure 21, both for
the turn-on case.

The model was also used to predict the turn-off response of the
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Figure 18. Model prediction and commercial devices turn-on behavior
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1.25 us
0.0 G—C—C——C—0 . : g
1 2 3 4 5 6 7 8 9 10
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" .
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Figure 19. Behavior of junction voltages during turn-on, all versus

x-direction mesh lines ,
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n(NIX,J), (carriers/cm3x1016)

o
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Q

Figure 20. Minority carrier concentration along I=NIX column versus
jth row in base 1 for turn-on

1-0"

>
g

p (NIX,J), (carriers/cm3x1016)

Oo

Figure 21. Minority carrier concentration along I=NIX column versus
jth row in base 2 for turn-on
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same three Motoroia devices. The same circuit and external circuit
parameters were used with a negative gate pulse of about 70 ma applied
to the circuit. The model has a negative gate pulse of about 35 ma to
account for the Motorola device being double the model device. The
model response and the response of the three devices are all shown in
Figure 22. The minority carrier concentration for base 1 along the

I = NIX column is shown in Figure 23 and the minority carrier concen-
tration for base 2 along the I = NIX column in Figure 24, both for the
turn-off case. The base 2 region caused some difficulty during the
early stages of turn-off due to the high resistivity of this base Causing
very small transverse currents to give a fairly large change in voltage
along emitter 2. This problem disappears omce the early stage of
turn-off is past.

The values of recombination lifetimes for the two base regions were
not exactly known, the values used for the model prediction for the
response curves shown were T, = 0.285 us‘for base 1 and T = 2.65 us
for base 2. These values were selected on the basis of getting the

best comparison to the response of the commercial devices.
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SUMMARY AND CONCLUSIONS

The intent of this thesis was to use numerical techniques to model
the transient behavior of a three-terminal four-layer p-n~-p-n dévice that
is controllable by a gate pulse of current for both turn-on and turn-off.
The computer program written for this purpose can be used for the type
of device shown as Figure 6 and also for the shorted-emitter type of
device shown as Figure 7. The computer program takes into account the
transverse variations in voltage and minority carrier concentration in
both basé 1 and base 2 of both types. It also accounts foxr conductivity
modulation in the base regions as well as electric fields that occur.

The performance of the computer program was tested by comparison
to commercial devices obtained from Motorola, Inc. Three devices were
tested for both furn-on and turn-off in the circuit of Figure 9 with a
d-c voltage of 20 volts and a reéistive load of 100 ohms. The computer
model prediction and the three device curves are shown on Figure 18 for
turn-on. The model prediction compares quite well with the results for
device 2 for this case. The results of a turn-off test is shown as
Figure 22 where the external circuit source and load are the same values
as used for the turn-on test. Again the model prediction compares
quite well with the device performance.

The computer program developed in this thesis éhould be a very
useful tool for amn aid in the fabrication of devices of this type. By
use of the model, an answer could be quickly obtained as to what result
the variation of either a dimension or a physical constant of the

material would have on the switching behavior of the device. The
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relative importance of various physical parameters can also be examined.

The insight that is gained about the functioning of this device is
another feature of the use of a model of this type. The allocation of
base drive for either base at any point in time is known so that the
relati&e importance of the different junction capacitances, the volume
recombination within the base regions, and the supplying of majority
carriers to maintain space charge neutrality can easily be seen.

A great deal of time and effort was put into the writing of the
computer program used to model this device. There are undoubtedly many
improvements that could be made that would allow the program to be
faster and more efficient in the calculations that must be gone through,
however, the results obtained were good with the program as it stands.
The approximate time to go through the bias calculation and the iteration
of the finite difference equation for one base for a 10 x 10 spatial mesh
on the IBM 360 system was about 1.2 seconds when the center junction was

reverse biased. The time required with a forward biased center junction

was somewhat higher.
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APPENDIX A: DEFINITION OF COMPUTER PROGRAM VARIABLES

The doubly subscripted arrays used in the computer program are
listed and defined below.
DNEW (I,J) Electron concentration in base 1
DPEW(I,J) Hole concentration in base 2
EYLJ(I,J) Electric field in y-direction in base 2
IBI1(I,J) Base 1 node identification number
IB2(1,J) Base 2 node identification number
The arrays SCIL(I,J) and SCIT(I,J) are used in the calculation of the
iteration coefficients and are defined in the text material.
The singly subscripted arrays used in the computer program are

listed and defined below.

VE(I) Present value of emitter 1 voltage

VT (D) Value of VE(I) for prior iteration

Ve (D) Present value of center junction voltage
VCT (1) Value of VC(I) for prior iteration
CIV(I) Present value of emitter 2 voltage

cJVT (1) Value of CJV(I) for prior iteration
EX(I) Base 2 x~direction electric field

EY(D) Voltage difference across base 2

cJc(I) Electron current across center junction
CJCZ(I)' Hole current across center junction
E1C(I) Electron current from emitter 1 into base 1
cce (1) Hole current from base l.into emitter 1

EJC(I) Hole current from emitter 2 into base 2



AJ (1)
RB(I)
RHO2 (I)
CEML (I)
CCI (D)
CEM(I)
BN(I)
B1P(I)
BP(I)
B2N(I)
TEFF (1)

BULK1(I)
BULK2 (I)

PIC(L)
T™ (L)
LC1(3)
LCc2(J)
LR1(I)
LR2(T)
LCC1(J)
LCC2 (J)
LRRl(I).
LRR2 (1)

G(I)
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Electron current from base 2 into emitter 2
Base 1 resistivity

Base 2 resistivity

Emitter 1 capacitance (f/cmz)

Center junction capacitance (f/cmz)
Emitter 2 capacitance (f/cmz)
Equilibrium value of base 1 electrouns
Base 1 majority carrier concentration
Equilibrium value of base 2 holes

Base 2 majority carrier concentration
Volume recombination in base 1 or base 2

Majority carrier charge to base 1 to maintain space charge
equilibrium

Majority carrier charge to base 2 to maintain space charge
equilibrium '

Values of rate of change of minority carrier concentration
Time multiplier used to calculate time increment size
Leftmost value of I in the Jth row, base 1

Rightmost value of I in the Jth row, base 1

Bottom boundary J value in the Ith column, base 1

Top boundary J wvalue in the Ith column, base 1

Leftmost value of I in the Jth row, base 2

Rightmost value of I in the Jth row, base 2

Bottom boundary J value in the Ith column, base 2

Top boundary J value in the Ith column, base 2

Multiplier of the diffusion constant™in base 1
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All of the singly subscripted arrays A, B, C, Al, Bl, Cl, BM, BMI, All,

and Cll are used as coefficients in the iteration equations for base 1

and base 2 and are defined in the text material. The singly subscripted

arrays H, R, and Z are used in the solution of the algorithm defined by

Equations 30 through 33. Several other singly subscripted arrays are

used temporarily in calculations, but have no permanent definition.

The simple variables used in the computer program are listed and

"defined below.

BI1W,B2W
EIW,E2W
EL,D

XN, XTI
¥N1,¥N2
Y1I,Y2I
Y1I,¥21
DT,DT2
TIME,TIMZ
FREAL,RTIME
TMAX , TMAX2
TGATE
DIFN,DIFP
TAU , TAUP
UN,UP
DLN,DLP

E1EF ,E2EF

Base 1 width, base 2 width

Emitter 1 width, emitter 2 width

Device width, device depth

Number of x~increments, size of x-increments

Number of base 1 y~increments, number of base 2 y-increments
Number of base 1 y-increments, number of base 2 y-increments
Y-increment size. Base 1, base 2

Normalized time increment size. Base 1, base 2

Normalized total time. Base 1, base 2

Conversion normalized-to-real factor, total real time
Maximum time increment. Base 1, base 2

Time length of gate pulse

Electron diffusion constant, hole diffusion constant
Electron average lifetime, hole average lifetime

Electron mobility, hole mobility

Electron diffusion length, hole diffusion length

Emitter 1 efficiency, emitter 2 efficiency



RHO, RH2
REM1, REM
EXM,EYM
REX,E
BI
ccl,cc2
cC,CGES
TRC
DUMY
DDN1
DDP2
CEM1Z
CEMZ
ccJz

CZER1

CZERO

BI1CH
B2CH

CFTIR

CFT2

CP2

B1CPP,B2CPP
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Surface recombination velocity

Base 1l resistivity, base 2 resistivity

Emitter 1 resistivity, emitter 2 resistivity
Maximum electric field. X-direction, y-direction
External circuit resistance, external circuit voltage
Magnitude of gate current pulse

Total device electron current, hole current

Total device current, guessed device current
Starting variable used in base 2 bias calculation
Starting variable used in base 1 bias calculation
Base 1 value of n for.check on rate of change
Base 2 value of p for check on rate of change
Emitter 1 value of C(0)

Emitter 2 value of C(0)

Center junction value of C(0)

Emitter 1 current density value for junction recombination
calculation

Emitter 2 current demsity value for junction recombination
calculation

Determines accuracy of base 1 bias calculation
Determines accuracy of base 2 bias calculation

Determines accuracy of base 1 bias calculation for forward
biased center junction

Determines accuracy of base 2 bias calculation for forward
biased center junction

Determines size of first increment of change for TRC or DUMY

Determines size of first increment of change for CGES for
forward biased center junction
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There are also many simple variables that are used for temporary calcu-

lations and so are not permanently defined.

The integer variables that are used in the computer program are

listed and defined below.

™ Number of column mesh lines

JM1 Number of row mesh lines for base 1

JM2 Number of row mesh lines for base 2

I1C,JC Mesh point of base 1 where DDN1 is taken
I1C2,3C2 Mesh point of base‘2 where DDP2 is taken
NIX,IS Rightmost column of emitter 1, NIX 1

JMT Base 1 row number for center junction
JM2T Base 2 row number for emitter 2

JJE2 Base 2 shorting contact row number

KK, KKM Leftmost column number of emitter 2, KK-1
MMLE Maximum number of iterations for base 1 bias calculation

with center junction forward biased

MMLE2 Base 2 counterpart of MMLE

MPC Maximum number of array PIC and TM entries

MAX * Maximum number of iterations for base 1 or base 2 bias
calculations

NTM Number of base 1 iterations per base 2 iteration

NTM2 Number of base 2 iterations per base 1 iteration

NSE NSE 0 for device of Figure 6, NSE 1 for device of Figure 7

NSTEP Number of overall iterations per computer run

NOUT,NOUT2 Gives choice as to how'much data is output

LTIME LTIME 1 calculate DT and DT2, LTIME O read in DT and DT2
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LINT LINT O skip base 2 bias if CCl is smaller than a certain
value

There are also many other integer variables used as indices or in

temporary calculations that are not permanently defined.
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. APPENDIX B: COMPUTER PROGRAM

NOMAP

DATA SHOWN IS Fur START OF TURN OFF RUN

DUURLE PRECISION E1CI20),LCCL20)(VEI20),¥YTL20) VL(20),vCT120),
1TEMP{20)+EJCL20),AJ(20),CIV(20),CIVT(20),CJC(20),CIC2(20),
2TEFF{20)+TON(20) ,TDP{20) ,8ULKL{20)+BULK2{20) »81CHB2CH,DHiMY
CUMMON E1C CCCoVE,» VT, VC,VCT 4 TEMP 4EJC oA I CIVCIVT,CIC,CIC2,TEFF,
1TON,TDO, BULK] yBULK2,81CHsB2CH,DUMYs DNEW(20+20) +NPEW(20,201,
2FY1J(20,20)

CCMMON G(20),A2020),61(20),CL(20),TNLI20),TP2(20),

1A(20) 4B{20),C(20) 4BM(20) yBM1(20)sH(20),R(20)+2Z(20) +EX(20),EY(2D),
2RB(20)+8P120),B2N{20),B1P(20),PC(12},PICL12),
3TM{12)4RHU2(20)+CCJI120),CEM(20)yCEM1(20) 4 VDROP(20),
4BN{20) 4BIW+B2WoEL +Ds XN YNL YN29yOLFNoDIFP S+ TAUsTAUP,UN,UP,(LOS2
CUMMON FREAL,CJML ,CJM2,CIM3,CM1yCM34AR]1+AR2,CC+CC14CC2+CCORIRE X,
1QUCLOS,TRCE+BI,FR2,0T,0T2,TIME,TIM2,RTIME,COLD,CINC,DDN1,0DDP2,
2ALPHyCLNyULPyEE+E2EFyRHDyRH24 ELEFyE2WsE1W +CFTR yCFT2,CKUNy TMAX,
3TMAX2 (CP2,CPP, VNI X4 TGATE ,EXM,EYM,REMy REM1 » CQQQ+RRR4RRR24 EP, E2N,
“E2PyEINyXI+¥Y114Y21 AL RBL14RTRyCCLO+CGES+B1CPP,B2CPP,CZERL L ZERD
VARIAHLE IMMMM IS TD BE THE SAME AS IM

COMMON [MMMoJML,JM2 4 IM 12 ¢ MI2 ¢ ES 9 JM2T o JMT ¢NTM2 yNNNoKK o KKUyNIXy
LNSEJNCT2yNCJIoNVCNX ¢ IVK yMAX +IC 9 JC ¢ [IC29JC29JJE2 4 MPC yNTM,NOUT,NOUT2 »
2NSTPoNToNOFF NSTT g MMAX yLVC +MFIRS ¢ NIT1 o NIT24NCLOSs MCLOSINIUNJNRUN2Z »
3NB2

08 2 L=1,1300

EIC(L)=0.00+00

READ (1,1300) IMyIM1,JM2,1C,JC,1C2+JC24IMI2oJIMI?, 1S 4JM2T,IMT+JIE2,
LKK o KKMoNIX ¢MMLE ¢ MPC yMAX  NTM2 s NSENTHyNNN¢NSTEP o MMLF 2, NOUT,
2NOUT2 LTIME LINTyNOFF4NSTT »LVCoNB2

MMMz [ M

WRITE (391301) IMyJIMLoJM24ICsJCyIC29JC24IMI24IMIZ415,UM?T,JMT,
FIJE2 ¢ KKy KKMyNIXo MMLE,MPC o MAX JNTM2yNSE 9 NT Mo NNNo NSTEP, MML E2 ,NOUT
2NOUT2,LTIME.L INT ¢NOFF ¢ NSTT 4L VC,NB2

READ (1,1306) ALPH.DIFN,DIFP +OLNOLP¢EF+E2EF s REXs RHOyRH2+SeXN, YN,
LYN2,E4ELEF yBIN yB2W sE2W +E1W,EL» Do UNsUP,CFTR,TAU,TAUP,THAX, TMAX2,
2B14CP24CPPyVNIXy TGATE EXM,EYM,CFT2,CZERL,C2ZERDSLEMLZ,CEMZ,LCUZ

WRITE (3,1307) ALPH, DIFNyDIFP,OLN DLP+EE+E2EFs RFXyRHO¢RH2 S 4 XN 4¥YN]
1,YN2,E+ELEF,RL1WyB2WE2W,EIWEL 4D UNyUPCFTR,TAU,TAUP,TMAX,TMAX 2,
281 4,CP2,CPPyVNIXy TGATEy EXMy EYM,CFT2,CZERL4CZERDCEM] 24 CEMZ,(CUZ
READ {(1,1327) DUMY,BI1CH,B2CH

WRITE (3,1328) DUMY,B1CH,B2CH

REM=(1,0-E2EF ) *E2W*RH2 /82W /E2EF

REM1=(1.0-E1EF)*E1W*RHO/B1W/ELEF

QUUQO=2.25F +20%1.601 864E-19

RRR=2.0%11.7%8,85F-14

RRR2211,7%8.85E-14

EP=QQQQ*UNS®REM]

E2N=QQQQ*UP=REM

E2P=2.,25E+20/F2N

ELN=2 .25E+20/EP

81HO=1.0/(1.601864E~19%UP*RHO)

B82EL=1.0/{1.601864L~19*UN®RH2)

WRITE (341353) EP+E2NyREMy REM]1,E2P,EIN,BLFO,B2EL
QU=1.£01864E-19/1,38E-23/3C0.0

READ (141314) (PCUL),PICIL)oTMIL) JL=14MPC)

WRITE (3,1315) (PCIL),PICIL ), TMIL}IL=1,MPC)

X1=EL/XN

Y11=BlW/¥YN1

Y21=B2W/YN2

AR1=XI*D

AR2=B2wW*D
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EYFAC=1.601864E-19%Y21 /TAUP
QQ1=1.601864E-19%0D1IFN

QO0=1, €01 864E-1S*DIFP

FB2=1.601864E-19*UP*AR1]

FREAL=EL*EL/DIFN

CJIM1=0Q1*AR1/YY]

CIM2=CQ*aRL/Y2]

CJIM3I=QQ1*ARL/E2W

CM3=C JMI*E2N

CML=EP=QO*ARL/ELIW

AL=1.0-ALPH

RBL=X1/0/B1W

RTR=X[/D/B2w

WRITE (3,1353) CJUMI,CIM2,CJUM3,CM3,CML,RB]I,RTR

READ (141352) ((DNFW(I+J)yI=1,IM)4J=1,IMT)

WRITE (3,1337) ((ONEW(I,4J)s13141M),3=1,JMT}

READ (1,1352) ((DPEW(14J)y1=1,IM) 4J=1,IM2T)

WRITE (3,1337) ((CPEN(IsJ)olxleIM)yJ=] dM2T)

READ (141325) (VE(I)yVC(I)yCIVII)+BULKICT)yBULK2({ID),I=1, M)
WRITE (341326} (VE(I)sVC(ID}sCIVIIIoBULKLLI)9BULK2(E) 121, IM)
READ (141356) (AJ(I)oEX(I)oEY(J)RBUIDJRHO2(T) 4T=1,1M)

WRITE (3,1355) (AJUIDEX(I)+EYCI)oRBIII4RHO2(I)yI=141N)

READ (1+1300) IVKyNCT24NCJI4NVCNX,[TL1,IT2

WRITE (3,41301) IVKyNCT2+NCJoNVCNX,ET1,1T2

READ (141352} TRC,TIME,TIM2,CC10,CC20,CGES,BL1CPP,B2CPP,CC,HDT,DT2
WRITE (3,1353) TRC,TIME,TIM2,CCLO+CC20+CGES+BICPP,B2CPP,CCH»DTyNT2
RTIME=FREAL®T[ME

NIT1=0

NIT2=0

NRUN=Q

NRUNZ2=0

DO 750 NSTP=1,NSTEP

COLD=CC

IF (NQUT2-NRUN2) 3.3+4

NRUN2=0

NRUNZ2=NRUN2+1

WRITE (3,1445)

IFINCT2) 614,614,615

READ (1,1352) DT,0T72

IF (TGATE-RTIME) 18,18,19

81=0.0

DU 250 NT=1,NTM

IF (NCUT-NRUN) 898,7
NRUN=0

NRUN=NRUN+1

MFIRS=~-1
CLOS=0.02*CGES
CLOS2=0.02+CGES
QQU=aR1=AL

CALC ELECTRIC FIELDS
00 461 [=2,]IM
EX(I)=(CIV(I)=Cov(I=1)}/XT
EXMAG=ABS(EX(I))

IF (EXMAG-EXM) 46144619462
EX{I) = (EXMAG/EX(I))*EXM
CONT INUE

EX(1)=0.0

eX(IM)=0.0

D0 470 I=1,IM

EY(1)=0.0
AJDEN=AJ(]1)/AR]L



81

RTEMP=RHO2 (1)
DO 465 L=1,JM27
RENLFACSEN
AJDENSEYFACSDPEW( I+ J)+AJDEN
EYIS(I+J)a-AJDEN®RTEMP
YMAL=ABSIEYIJ(Ted) )
IF (YMAG-EYM) 465,465,463

“03 EYLJI(I+J )= (YMAG/EYIJU(IJ))®EYM

465  CONTINUE
DO 454 J=2,JM2T

454 EY(I)=EYIJ(I,J)*Y2I+EY(])

470  CUNTINUE
CC1=0.0
€CC2=0.0

C CALC QUANTITIES AFFECTED BY CONDUCTIVITY MODULATION
00 14 I=1,IM
dN(1)=Q0QQ=UP=*RB( 1)
BPII) =QQQQ*UN®RHO2( )
BlP(1)=2,25E+20/BN(L)
B2N(])=2.25E+20/BP (1)
Q4=0,0
00 13 L=2,JM2T

13 Qanm (DOPEW(TI oL +1)+DPEN(I4L))/YN2+Q4
RHO2( 1}1=RH2/(Q4/82N(1)+1.0)
TP2(1)=(Q&4/(Q4+B2N( 1) )+1 .0 )*TAUP
Q5=0.C
DO 16 L=l.JM1

ls Q5= (DONEW(I,L+1)+DNEW(THL) }/YN1+QS
RB(1)=RHO/ (QS5/BLP(I)+1.0)
TNL(I)=(Q5/(Q54B1P(1))+1.0)*TAU
QQ=EXP(-QUeVC(1))~1.0
DNEW( ! +JMT )=QQ*DN(I}
OPEW( 1.1)=2QQeBP(])
FFCJ=ALOG( (B1HO#ONEW( I, JMT ) )*(B2EL+DPEW(T,11)/2.25E+21)/QU
FEEL=ALOG( (BLHO+DNEW(I,1)) *€1N/2 .25E+20)/CU
FEE2=ALOG( (B2EL+DPEW(IJM2T))*E2P/2.25F+20}/QU
Ql=vC (1)
QU1=ARS(1.04Q1/FECY)
QF IVE=QS5/B1P( I}
IF (QFIVE-0.0005) 702,701,701

3 CPRI=CCIZ*SORT(1.0+QFIVE)
GO TO 703

732 CPRI=CCJZ

703 CCJ(I)=CPRI/ZSGRT{QQ1)
QL=VE(]}
QQ1=4B8S(1.0-Q1/FEEL}
CEML{ 1)=CEM1Z/SCRT(QQ1}
Ql=Cyvil)
QQ1=ABS(1.0-Q1/FEE2)
CEM(])1=CEM2/SQRT(QQY)
CJIC2(I)1={DPEW (1,2 )-DPEW(T,1))*CIM2
CICIIY=(DNEW( [4JMI )=DNEW( T +JMT)) ®CIMY
CCl=CJC(I)+CC1
CC2=CC2+CJdC2( 1)
VT{I)=VE(L}

1 CIVTLII=CIVII)
WRITE (3,1307) TNI(NIX),TP2(NIX)
CC=CCl+CC2
VOLT1=~(CC10+CC2 ) *REX+E
D0 501 I=1,IM

591 VCT(I)=VOL TL+FY(I)=VE(1)=CUVII)
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CALL ElAS] (MMLE)
IF (MMAX-MAX) 6,751,751
c START AASE 1 ITERATION
e cClo=cCl
CALL ITERLILITL)
259 CONTINUE
c TO START SOLUTION,CC1 MUST REACH A CERTAIN VALUE TN DRIVE BASF 2
IF (LINT) 30,30,33
39 IF (CCl-0.75E-04) 489932432 -
22 TIM2=TIME-2.0%DT2
LINT=]
33 DO 746 NT2=1,NTM2
CCl=0.0
CC2=0.0
D0 402 1=1,IM
TEMP{1)=0.0D0+00
CJIC2(I)=(DPEW( [+2)-DPEW(1I,1)}eCIM2
CJCUII=(DNEW( E9yJML)-DNEW(T yJMT) ) ®*CIML
CCI1=CJC(I)+CCl
402  CC2=CC2+CycC2( 1}
CC=CCLl+CC2
VOLT2==(CC20+CC1)*REX+E
DO 401 I=1,IM
401 VCT(I)=VOLY2+EY(I)-VE(I)=-CIV(I)
CLOS=0.02*CGES
MFIRS=-1
CALL BIAS2(MMLE2)
IF (MMAX-MAX) 450,751,751
«50 CC2u=CC2
IF (NOUT2=-NRUNZ2) 4661466,467
“60 WRITE (341431)
WRITE (3+41340) (AJ(I)4EJC(I)+CIC20TD,CICLT)oVC(1)CIVITY,EXILT),
LEY(I) »I=1sIM)
WRITE (3,1307) EYISINIXs1)oEYIJINIX,IM2T)
4 START BASE 2 ITERATION
C CALC NEW VALUE OF B1CPP ANLC 82CPP
467 IF {NCJ) 268,468,480
«80 CINC=ARS(CC-COLD)
82CPP=CINC/CGES
IF (B2CPP~0.01%CFTR) 481,481,482
481 B2CPP=CFTR
& 31CPP=82CPP
WRITE (3,1307) CINC,B1CPP,R2CPP
453 caLL ITeR2(1T2)
749 CONTINUE
489 IF (LTIME) 750,750,490
490 CALL TCALC(NTIME)
1300 FORMAT (1714)
1301 FURMAT (* *,1714)
1306 FORMAT (SE13.5)
1307 FORMAT (' *,5E13.5)
1314 FOKMAT (3E13.5)
1315 FURMAT (* *,3F13.5)
1325 FORMAT (5015.8)
1326 FUORMAT (* *,5015.8)
1327 FORMAT (3015.8)
1328 FORMAT (¢ *,3015.8)
1337 FURMAT (' *,6E15.8)
1240 FORMAT (' *42013.642E13.6+2013.6,2E13.€)
1352 FORMAT (5E15.8)
1353 FORMAT (* *,5E15.8)
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1354 FORMAT (D15.844F15.8)

13156 FURMAT (' *4D15.8+4E15.R)

193] FORMAT (0 0,4X,5HAJL]) 9BXe GHEJCIT 96X THC JC2UT 17X 6RCICETY
L8XoSHVCIT) y7X96HCIVIT) 9BXe SHEX (1) 9BX+5SKFY(1))

1445 FORMAT (*(Q0,76H% ® & » & & » 3 & » START CALCULATIUN FOR NEXT [TH&
IATION *# % & & & & = 5 2 &)

757  CUNTINUE

751 WRITE (2,1352) ((DONEW(IsJ)olndoIM)oJul JMT)

WRITE (2+1352) LIDPEN(Ted)elmliM)ednlogM2T)

WRITE (241325) (VE(T)oVCUI)sCIVIL)oBULKLIT)yBULK2 (1) yIxlyIM)

WRITE (2+13564) (AJUL)SEXCLIeEY(I)4RBUI)RHO2(IVolwly M}

WRITE (2+1300) IVKeNCT2oNCJIoNVCNX,ITL, IT2

WRITE (2¢1352) TRCoTIME,TIM2,CC10,CC20 +CGES9BLCPP,B2CPPCLyDTy NT2

STOP

END

SUBROUTINE BIASL (MMLE)

DUUBLE PRECISION E1C({20),CCC(20) 4 VE{20),VT(20),VC(20),VCT (200,
LTEMP(20),CJC(20) ¢ AJ(201 +CUVI20)4CIVT(20),CICI20Q)4CYC2120),
2TEFF(20) +TONL20) 2 TOP(20) yBULKL (201 +BULK2(20)4B1CH,82CH, DUMY

DUUBLE PRECISION TCJ(20},TCJ2(20)

COMMUN EL1C yCCCoVE9VT oVC VC Ty TEMP L ESJCoASVCIVICIVTICICICIC2TEFF o
1TON+TDPyBULK] yBULK24B1CH o B2CHs DUMY,DNEW(20+20) +DPEWN(20,27 )
CEYTJL20.20)

CUMMON G(20),21(20)+81(20)+C2020),TN1L20),TP2(20),

14020) +BL20),C(20)4BM(20),8M1(20)+H(20) +R(20)+2Z(20),EX(20)4EY(20),
2RB(20)+BP(20) 482N(20),B1P(20)4PC(22},PIC(12),
3TM{12),RH02(20),CCJI(20)+CEM(20),CEML(20),VDROP (201},

4BN(20) +BLWsB2WyEL 4D o XNoYN1 ¢YN2 DIFN,DIFP,S,TAU,TAUP ,UN,UP,CLOS2

COUMMON FREALyCJML9CIM2 yCIM34CM1,CM34ARL4AR29CCoCCLy CC24COOR yRE Xy
1QUyCLOSsTRC oo BI oFB2yDTeDT24TIMELTIM2,RTIME,COLD+CINCoDONLs DOP 2,
2ALPHy NLNoDLPy LEJE2EF RHOyRH29 E1EF ¢E2Wo EIWsCFTR 9 CFT2 4CKONy THAX,
3TMAX2 yCP24CPP yUNIXo TGATE s EXMy EYM(REMIREML ,QQQQ+ RRR, RRR29EP 9 E2N o
4E2PyEINy X1 4¥Y11,Y21+AL4RB1+RTRyCCL1U+CGES+B1CPP 4 B2CPP,C2ER] ,CZERN

COMMON [ My JML ¢ JM2 ¢ IMI2 ,JMT291S ¢ JM2T o JMT ¢NTM2 ¢NNNy KK o KKM N [X o
INSEsNCT2sNCJI sNVCNX ¢ IVK o MAX ¢ 1C o JC » IC2¢JC24JJIE24 MPC yNTM,NOUT,NOUT?
2NSTP o NToNOFF ¢ NSTT (MMAX sLVC +MFIRS ¢ NIT1 4 NIT2,NCLOS o MCLOSeNRUNNRUNT
3INB2

DOUBLE PRECISICN CHIP,DB8,DREAL,DCCR, TCC1,TCC2,TCCLCEIC,CCIL,0UY,
1CELEF+GIRy TT1oTT24TT3,TTOP,CINCyGDIF ¢GORDTOT,GMIN, SAVE,
2E1DC, TICO,ELIRC,DU

dU=QU

Ln=8I

TCL1=0.00+00

TCC2=0.0N+00

QU2=1.0601864E~19%ARL®YL]

00 2 1=1,IM

TCJIINI=CIC(T}

TCJ2(lisCacain)

TONCI)=ONEW(] 4 SMT)

TOP(1)=DPEN(],1)

TEMP(I}=DNEW(I,1)

TCCl=TCJ(I}+TCCL

TCC2=TCJ2(1)+TCC2

QQ=0.0

DU 3 J=2,9M1

QO=DNEWI F,J)+CC

TEFF{1)=0Q0%QZ/TNL(])

TCCaTCCl+TCC2

OREAL=FREAL*OT %2, 0*NNN

QZZ=QZ/OREAL

DN 142 MLE=]1,MMLE

o
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IF (NCJ) 14,14,13

IR (VCILVC 1+0.375) 18,12,12
CGES=TCC

CCUR=CGES*REX

G0 TO 16

LCUR=TCC*REX

RINDR=DB+TCC2

QuUE1=TCC2

I[F (BI) 74746

QUBL=TCC2+81

MMAX= 0

NF [RS==1

DCOR=€-CCDR

DY 65 MM=] ,MAX
VE(NIX)=DUMY+1,00+00
TTUP=VDEXP(DUVE(NIX))=1,0D+CO
TEMP(NIX)=TTDP*BN(NIX)
GEMLI=DNEW(NIX 1)/ (BLPINIX) +DNEW(NIX,1))+1.0
ELCINIX)=( TEMP(NIX)-DNEW{NIX+2)) ®CIM1*GEM]
CCUINIX)=TEMP (NIX)*CML/BNINIX)
CEIC=((VEINIX)=-VTINIX))/OREAL)SCEMLINIX)}*AR)
E10C=(CABS{EL1CINIX))+CCCINIX))/AR]L
IF (E10C=CZER1) 20542064206
T1CD=DSQRT{CZER] *ELNC)
EIRC=(TICD-E1DCI*AR]

G0 TO 207

E1RC=0.0D+00
CCCINIX)=CCCINIX)+EIRC

CCJul1=0.0

COMB=0.0

DQB1=0.0

CelEF=CCCINIX)

Glk=08-CFLEF-CELC

DO 23 I=NIX,IM

VCUI)=EY {1 )+DCOR=-VEINIX)=CJV(L])
IF (NCJ) 9,9,8
TTOP=NEXP(-DU*VC( 1} )-1.00+00
TOP(T)=BP{I)=TTOP
TONU1)=BN(I)®TTOP

TCJ2( 1= (DPEW(I,2)=TOP (1) }=CIM2
TCIT)=(DONEW( [4JML)=TDN(T))*CIM1
TT3=({(VCTUI)=VC(I))/OREAL )*CCJI(T)#AR]
RCB=TEMP(] )®QZ/TNI(I)+TEFF(!)
COMp=PLB+COMB

CLJUI=TT3+CCI
TT1=(TEMP(I)-DNEW(I,1)4BULK1(1))*Q22
NQB1=TT1+DQR1
GIR=GIR-TT1-TT3+TCJ2(1)-RCB

DO 20 L1=24NIX

I=NIX+1-L1
VE(1)==RB{I)*REI=GIP+VE(TI+])

IF (VE(D)) 26,425,295
VCLI)=EY(1)+DCLR=-VEL[}-CIV(])

1F (VE(I)-1.00400) 22,22,21
IFINFIRS) 27,28,28
LUMY=1.,2D+00%DUMY

VE(NI X)=DUMY+1.00+00

WRITE (3,1500) NUMY,VE(NIX)

IF (NCJ) 65,6544

IF (MM=1) 65,65,5

CNIF==0.1E+01
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GU TO 120

NF[RS=1

CHIP=0,5D0+00

DINC=CH1P*DINC

OUMY=CUMY—DABS(DINC)
VE(NIX)=DUMY+1.00+00

G0 TO €5
TTOP=DEXP({OURVE(]))~-1.00400
TEMP( 1) =TTOP®*BN(I)

CCCLIN=TTOP®CM]

iF (NCJ) 81,81.80
TTOP=NEXP(-DU=YC(1))-1,00+00
TOP(1)=BP{ [)*T70P

TON(I)=BN(I)*TTDP
TCJ201)1=(DPEW(T,2)-TOP (1) )18CJM2
TCI{I)=(ONEW¢ IoJM1)-TON( ) )eCyML
GEMI=NDNFW{1,1)/7(BLP(])+ONEW(I,1))+1.0
ELCCI)=(TEMP(I)-DNEW(I1.,2))sCIMIGEM]
CALCULATE CURRENT FLOW TO SUPPLY JCT RECOMRINATINN
ELOC=(CABS(E1C(I))+CCC(I))/ARY

IF (EICC-CZER1) 200,201,201
TICD=DSQRT(CZERI*F10C)
ELRC={TICD-E10C)*AR1

61 TQ 202

ELRC=0.70+00

LCC(I)aCCC (I)+ELIRC

CE1EF=CCC( 1)+CELEF
TTL=(TEMP{I)-DNEW(I,1)+BULKL(]})=QZZ
0QB1=TT1+0QB1
TT2=((VE(])-VT (1)) /DREAL)I*CEML(])*ARL
CELC=TT2+CElIC
TT3=((VCT([)=VC(I))})/DREAL)*CCI{])*AR]
CCUi=TT3I+CCIL

RCB=TEMP(T )*QZ/TNLI(I)+TEFF (1)
CCMg=RCB+COMB

GIR=GIP+TCI2( [)=TT1-TT2=-TT3~CCC(I)-RCB
CUNTINUE

IF(IVK) 35,35,30

GDIF=VNIX-VE(NIX)

GU TO 15

GOIF=GIP

{F ([-1) 10y10415

IF (DABS(GNIF)-B1CH*QURL) 48,48,15
LF{NFIRS) 52,54,54

NFIRS=0

CHIP=1.0D0+00

tF(GDIF) 53,63,56

CHIP=-1.00+00

GO TO S6

I F(GORO*GDIF) 57455455

IF{NFIRS) 56456460
DINC=CP2%D ABS {CUMY)

G0 TO 60

NFIRS=1

CHIP=0.5D+00

DINC==-DINC

[F (DABS(DINC)-0.10-14%DUMY) 48,51,51
DINC=CHIP*DINC

GIRO=GDIF

DUMY=QUMY+DINC

VE(NIX)=DUMY+1.00+00
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CONTINUE

WRITE (3,14642) MM,GDIF,DINC,DUMY,VE(NIX)
IF (INOFF) 2114211463

IF (I-1) &1,41,49

IF (VE{1)-VE(2)) 42,465,465
IF (VE(1)) 49,63,63

DO 40 N=l,I

TEMP(N)=0.0
ELCIN)={TEMP{N)~DNEW(N,2))*CJyM]
CCC(NI=0.0

VE(N)=0.0

WRITE (3,1300) I

D0 111 I=IS,IM
VE(1)=VE(NIX)

1F (NCJ) 108,108,6°

IF (MFIRS) 68,469,646

IF (VC(LVE)) 65+69,145
TCC1=0.00+0Q0

TCC2=0.00+00

00 14C I=1,IM
TCC1aTCCleTCULI)
TCC2=TCC2+TCI2(1)
TCC=TCCl+TCC2
CDIF=TCC-CGES
COIM=ABS(COIF)

IF (CCIN-CLOS) 112,114,114
CLUS=CDIM
CKUN=VE(LVC)+CJIVILVC)

IF (COIM=CFTR*CGES) 145,72,72
IF (NVCNX) 121,121,120

IF (VCILVC)+0.375) 120,119,119
CGES=TCC

Gy TO la2

IF (MFIRS) 73,70,76
MFIRS=0

IF (CKUN) 117,115,117
CKXUN=VE(LVC)+CUVILVC)
CLOS=CDIM

DELT=RICPPHCGFS

IF (CDIF) T44145,71
DELT=-CELT

GO TO 71

IF (COLOSCNIF) 77,78,78

IF (MFIRS) 72,73,75
DELT=0.5«NELT

GU T0 7!

MFIRS =1

DELT=-0,50%DELT
CGES=CGES+NELT

CDIU=CODIF

QO=EY (LVC) +E-CRON-CGES*REX
QULI=EXP(-QU*QQ)-1.0

QA2={ ONEW( LVC » JML ) -BNILVC) *QQ} )% CIML
1F (QQ2) 141,141,142

§F (MFIRS) 137,137,139

IF (DELT) 71,751,139
DELT=0.5*DELT
CGES=CGFS-DELT

WRITE (3,1337) CGES
NMAX=MMAX 41

I+ (MMAX-MAX) 13847514751
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RETURN

CONT I NUF

NIXL=NIX

00 &7 =l NiX

ONEW( [¢1 )= TEMP (L}

DU 160 I=1,IM

CICEL=TCILD)

cylat1)=TCJ2(1}

ONEW(1,J4T)=TUN(T)

LPEW(1,10=TOPC L)

CCli=TCCl

CC2=TCC2

cC=7CC

NCJ=0

1€ (VCILVC)) 14641465148

NCJ=1

NVONX =0

IF (VC(LVC)+0.375) 150,151,151

NVCNX =1 -

WRITE (34,1443} MLE,CCHCGESCDIF,CLOS,DELT

B10R=BI+CC2 -

WRITE (3,1430) VCILVC)

WRITE (3,1319) CCl.CC2,.CC

TOT=CCJIL+CFIC+CELEF+DQBl+CCMB

W2 ITE (3,1446) CCS1.,CELC,CELEF,NQBL,.COIMB,TCT,RLIDR

IF (NOUT-NRUN) 46¢&0%4606,467

WRITE (3.1429)

WRITE (341321) (CCCUINsELIC(IDoCICLINVE(T) VCITI RA(TI,RHU2(IY,
LCEMIT) o CCICE) oCEMLIT) o I=Ly IM) .

FURMATY (1714}

FURMAT (¢ 'y5H CCl=yE14s695H CC2=yELle.6yeH CC=yELl4.0)

FURMAT (' "92013.6+E134692N13,645E11.4)

FUUMAT (* *,6F15.8)

PORMAT (' ¢,6XoAHCOCIT) o TXQEHEIC( T )0 TXe6RCICIT I o BX,SHVE (1 ), 8X,y
LSHVCC T 7X o SHEBLT ) oSXy THRHOZ2(T) s 4X s SHCEMI T) 94Xy 4 HILIT L) 94X,y
2THCEMI (1)}

FORMAT ' ?,6H MM=,J2396H GLIF=yNIS.B46H DINC=oD " 3.1444H JUMY=,
1N23.1643H VEINIX)I=,N23.16)

FOKMAT (* %,% VCINIX) IS NEGATIVE *,015.8)

FARMAT (' " 5K MLE=,13,5E14.7)

FURMAT (¢ *yAH CCU1=¢N15.846H CEIC=¢N15.8+7H CFIFF=,NIS.2,6H DIB' =
19015.8,/74% BASE 1 RECOMB=*,E15.8,* BASE 1 DRIVL NFED=0=t,318,8,
1 S'OPLIED="',E15. R}

FOEMAT (* 1,7015.8)

RFTURN

END

SUBROUTINE ITERLILITL)

DIMENSTUN IB1{2042Q3.LCLI2N1eLC2(2))4LRL(2D)4LRI{ 20N

VNUBLE PPECISICN FLC(20),0CCI200,VE(20),VT(20),V0 {201,VCT( D),
LTEMP(20) JESCL20) »AI(20),LIVI20),0CIVTLI20?,CICE20),CUC21200,
CTEFF(2N0),TON(20) 4 TDP(20) JRULK {21} 4BULK2(20) R 1CHH2CH, DM IMY

CUMNMON E1CeCCCoVR VT oVCyVE T TEMP G EJC o AJoCIVICIVI LU0 CIC? TEFE,
LTONSTHPyBULKL +BIULKZ 1 BICH ¢ B2CH DUMYDNEWI2:1,2%1 LU TWI2042) 00
2EYIJL20,20)

CLPMCA ({231, 81¢20) ,81€203,C1(20),TNLE2D),TP2{D™Y,

140200 ¢BL20)9C120) 4BMI20) ,BMI(20) +HIP0)RIZD)e7 (2D, EXL20),8¥(20)
2RBUZ0) +BPL20) ,BPNI20),BIPL20),PCI12),PIC(12),
3TU(12)sRHOZ2(2C)1+sCCI(20) sCEM{20),CEMLL2CI4VDRAOP (7)),

SBNI20) vBIWoB2WoEL vDoXNo YNL o YN2 yDIFNDIFP S, T8, TAUP JUN, U, 0 L1'S?

COCMMON FREAL, CIML o CIM2 4C UM, CMI,CM3,AP),BR2,CL, L0, CO2.COUR JRE X,
1QUsLLCS+TRCyE«BIyFBZoOToDT2.TIME,TIM2,PTINE,COLD,CINC,ND%1,0D0PY,
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2ALPHoDLN+DLPyFESE2EFyRHO)RH29ELEF JE2WyELWsCFTR yCFT2,CKON, TMAX,
ATMAX2 ,CP2yCPPyVNL Xy TGATEyEXMyEYM,RENGKEM] 4 0QQQs RRR¢ RRR2 9 EP 9 E2N »
GE2PEINe XIoY119Y21,ALsRB1oRTR,CC10,CGES»BLCPP,B2CPP,L2ER] (L 2ERD
CCMMUN TMy JML g JM2 5 THIZ y JMT 29 IS ¢ IJM2T ¢ JMT yNTM2 e NNNy KK ¢ KKMoN IX o
INSE¢NCT2 )NCIJNVENX s IVK o MAX 5 ICoJC + IC29JC24 JJE20 MPC ¢ NTM,NUUT,NOUT2 »
2NSTPyNTyNOFF,NSTT ¢MMAX yLVC ¢MF IRS ¢ NITL o NIT2oNCLOS, MCLOS9NRUN¢NRUN? »
INB2

I1F (NIT1) 1000,10QU,1005

N{Ti=1

READ (1413081 ({IBL(1sd)ylmloIM),3=1,3M])
WREITE (341309} ((TE1CToJd)yInd,olN},Js,IM1)
READ (1+41310) (LCI(J)sLC2(I)9pJ=1,JM1)
WRITE (241311) (LCL{J}oLC2(J)pd=1,0M1)
KEAN (14131001 (LRLETISLR2(IVoixnl, M}

WRITE (391311) (LRICIDSLR2(I)yI=1,1IM)
0X=1.0/XN

DY1=B1W/EL/YN]

QQ=u. S%DYL

QQ1=0, 50X

QAl=0C*qQQl

HAl=2,0#%QA)

TAl=2 ,0%HAL

S1=0Q1*5/DIFN

§2=51

$3=0Q%S/DIFN

$4=33

YOX=QQ/nXx

xNY=QC1/0Y1

AMB=EL*FL/TAU/DIFN

ENN1=AMB*®QA]

ENN2=AMREHA]

ENN3= AMR® T AL

DT I=1.0/NT

EMMI=IITI*QAL

EMM2=CTI*HAL

EMM3=NT[*TAL

TREAL=FREAL®*2,0%NT

REGIN BASE 1 Y-TTERATIUON

1T1=171+1

WRITE (3,1324) IT]

NUNISENEW(IC,JC)

0N 100¢ k=leIMm

AW1=0.7

D0 1007 J=2,J¥1

Qwl=QU1-PNEWL I,J)

BULKL( [)=0QQ1

DO 1160 I=1l,fM

L3=LRU(T)

La=LRI(])

IL=1-]

IT=1+1

CALC VALUES OF G FOR I TH COLUMN

00 1lle J=L3,L4
G(JIZONEW(1+J ) /(DNFWIT+J)*BIP(]))¢1.0

D0 1150 J=L3,. L4

JL=d-1

Jr=yg+1

Al(J)=0.0

BM1(JI=0.0

C1(J1=2.0

H(JI1=0,.0
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1uB=1R1(1,J)
G TO (20142014+201,2044204420692C7+207,2105220,210),18B
sl Q1=2,0%G{J)*YLX
A1 (J1=G(J) =XOY
CL{JI=GlJ)*XOY
QCe=QC1~-FMM2+5 3453
BML(JI=AL(J)+CILII+EMMDI L ENN2
HJ)==JUewDNEW( L+ J)4+QCL*DNFW{IT,J)
1F (IBB=~2) 115C,1122+1124
i12¢ HIJIZCLII) PONEW( [ JTI4H{Y)
60 TO 1150
1124 H(J)=AL(J)SONEW( L1, JL)+H(J)
G0 TO 1150
2:4 Q01=2.0*G(J)*YCX
AL(J)=G(I)*X0Y
CltJ)=GlJI*X0Y
QCe=0Q1~EMM2+S3+52
RML(J)=8L(J)+CLl{J)+FMM2+ENNT
H{JI=QUQI*DNEW( IL + 3 }-QU4*DNEW( 1,43
If (IRAR-5) 1150,1127,1150
1127 HEJI=CL(J) *ONEW( [4,IT)+H(J)
GU TO 1150
2JA Qdl=G(J)*yOX
Cl{J=G{J)*=x0Y
Qu14=QQ1-FMML+S3
BML(J)1=CL(J)+EMMLIENNT +52
H{J)=QQL*DNEW ( IL +J)-QQ4=DNEW( T yJ )
GU TO 1150
~a7 QQl=G(J)*YOX
Qu2=QQl1
C1(J)=2.0%G(J)*xOY
QQ«=QC1+QQ2~EMM2
BMI(J)I=CLUJI+FMM24FNN2+S1+S?
H{J)=QQL*DNEW( IL »J)=QQ4®DNEW(T oJ ) #0022 ONEW( [T J)
Gu TO 1150
Z1n QQ1=2.0%G(J)*YOX
QG2=001
A1(J)=2,0%G(J )XY
Cl(J)=A1(J)
QU5=Q01+QQ2~FMM3
BMI(J)=AL(JI+CLUSIEENNT4EMMT
H{J}=QUL*DONEW (IL +J)=QOS*ONFW{ [ +J 1 +QQ2¢ONEW(IT, J)
IF {(leB=-10) 1130511502132
V130 H{JI=A1{J)I*ONER( T +JLI+H(J)
GJ TU 1150
2 HIJI=CLIJI*ONER( [ +JT)I+H{ )
0 CUNTINUE
Kl=L3e+1
QuU=1.0/8M1(L3)
R(L3)=Cl(L3)*0Q
0Q2=0.0
Z(L3)=QQ*H(L3)
DN 1151 K=Kl,Ll&
QQ=1.9/{=R{K=1)1%A)(K)+BM1 (K))
R(k)=Cl(K)*QQ
J02=A1(K}=*QQ
1161 Z(K)=CC*H(K)+CQ2#7(K=1)
DNEW( I,L4)=2(L4)
JJJ=Ls~1
0N 1157 JJ=L2.949
RENNNEIRLAN]
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ONEW( 1o J)=RIJIODNEW(T 4 J+1)+Z(J)}
CONT INUE
eND OF Y-ITERATI(OIN FOR BASE !
START NF X-ITERATION FOR BASE 1

00 1160 J=l,JM1

L1stCld)

Lz=iC2(J!

JilsJ=-1

JT=Je]

0 1161 I=L1,L2
GIII=UNEW{I+J)/(RLIP(I)SDONEW(T S} )41.0
DO 1175 I=Ll,L2

iLsl~1

{Telel

4(1)=0.0

8(1)=0.0

C(I)=0.0

H(I)=0.0

108=1B1(1+J)

GO TN (301930143019304+304+3064307,3074310,310,310)+1H8
C(I)1=2,0%G(1)*Y0X

QQ2=G {1} =x0Y

QQ3=Q¢C?

BCII=C(]1)+FMM24ENN24S34S3

Gy TO 315

A(11=2.0%G{ 1 )*YUX

Qu2=G(1)*xay

QQ3=QQ2

BlI)=sA([)+EMM24ENN2+524S3
QN4=0Q2+QQ3-FMM2
H1)=CQ2*DONEW( 1, JL ) -QO4*ONEW( 1+ ) +QQ34ONEW(TJT)
GO TO 1175

AlI}=G(I)*YOX

QQ3=G(1)1*XCY
BUI)=A(])+EMMI4ENNL4S3
QQ4=QU3~EMM] +S2
H{1)=-QQ4%ONEW(]+J)+QQ3I®ONEW([,JT)
GO TQ 1175

A(L[)=G(I)*YOX

QQ3=2.0%G(1)*XOY

Ctn=a(n)

BULI=A(I)+CUT)+FUM4ENN2
QUw=QU3~EMM2
H{L)1==Q04*DNEW([+J)+QQI*NDNFW{ 1,JT)
IF (IRB=7) 1175,1175,1171
H{1)=A{T}eDNER(IL J)+H(T)

GO TO 1175

AL1)=2.0%G(1)eYUX

QQ2=2,0%G{ 1)*x0Y

QQ3=3Q2

cthi=a(1)

BUL)=A(1)¢C(I)+FMM3+ENNT
QU6=sQG2+40QQ3~EMM
HUT)=QQ2*DNEW {1y JL) -QQ4SUNEW( [+ J 1 +NQ3XDNEWI 1,3 T)
CONTIRUF

K2=L1+1

QQ=1.0/B(L 1}

R{L1)I=C(L1)*QQ

QU2=0.0

Z{L1)=QQ*H (L1}

NN 1176 K=K2,L2
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QI=1.0/(-R{K=~1)*A({K}+BIK))

R{K)=C(K }*QQ
Jdu2sA(K) *QQ

ZiK)I=GQeHIK) +0Q2%2 (K~1)

ONEW(L2,J)=2(12)

1rr=La-2

NN 1183 I1=L1,II1

[=1{leLl=1¢

DNEw( [ oJ)=R{I)®DNEW(I+]1,J)42(1)

IF (NCUT=NRUN) 466446641190
WRITE (391336) Jo(TNEWII,J)yI=1,IM)

QUTPUT CTR JCT VALUES

IF (J=JM1) 1190,1192,1192

WRITE (3,1336) JMT,(ONEW(] +JMT),1=x1,1M)

CONTINUE

END OF X=-ITERATION FOR BASF 1

DO 1194 I=1,1M

QQ1=0.0

00 1193 J=2,JM
QQL=DNEW(I +J)+Q01

BULKL( [1wBULKL(])+QQ1

TIME=TIMES 2,09CT
RTIME=FREAL®T IMF

WRITE (341341) DT,TIME,RTIME

FOURMAT (1013)

FURMAT (v *,10I3})

FURMAT (213}

FORMAT (¢ ¢+,213)

FORMAT (* *,21HBASF 1 ITERATICN NQO ,»T2)

FURMAT (¢ ¢,13/(¢ *,5F14,.6))

FURMAT (* *,5H OT=4El%.6+13H TOTAL TIME=4Fl4.b6,17H TOTAL REAL TI
1Me=,E15.8)

RETURN

END

SUBKOUTINE RIAS2(MMLEZ2)

OOUBLE PRECISICON E1C(20),CCCI20),V<(20),VTI20),VC(20),VCT(20),
1TEMP(20)4EJCI20),2J(201,0JVI20)},CIVT(20),CIC(20),CIC2(2N),
2TEFF{20)+TON(20),TOP{20) 4RULK1(20)+8ULK2{20)+ B1CH,RPCH, DM IMY

DIUALE PRECISICN DRHD2{20) ,PEMP( 20}

CLMMON ELCoCCCoVE VT oV JVCToTENMP,EJC8J4CIVICIVT,CICCICT,TEFF,
ITUNTDP,RULK] ¢BULK2 ¢BLCH ¢B2CH yDUMY s DNFW(20420) 4 DPEW (20,20),
2€Y1J(20,20)

CUMMON G(201+¢A1(201,81 (200 ,CLL20),TNL(201,TP2( 201,
1AT20) +8(20)4CL20) yBMI20) yRML(20) yHE20) 4R {20} +Z(20)9EXI2014EY(2),
2RB(20)+RP(20)¢B2N(20)+81P(20)4PC(12},PICI(12),
3TM(12)4RH02(20),CCI(20)+CEM(20), CEMLI(20) 4VDROP (20},

SEN(20) +BIWyB2WeEL sD o XN+ YNI o YN2 oD IFNGDIFP, Sy TAU,TAUP IN, U2 ,LLOS

CUMMON FREALyCUML sCUM2 ¢CIM34CML14CM39AP T4AR24CC yCC1eCC 2o CCURLAF X,
LQUyCLCSyTRCSE 9 REyFB2oDT sOT2eTIME, TIM?, RTIMF,COLNs CINC.DDNL, DDP?,
2ALPH,OLNyDLPyEE+E?FFyRHOyRH2E1FF yE2W o F1W oCF TR yCF T2 CKON, TMAX,
3TMAX2 +CP2yCPP +UNIX TGATEyEXMyFYM, RFMyREM] y0QQA ¢ RRReRRR2 4 FPyF2N,y
4E2PyELNY XTI »¥Y1LeY2 1, ALyRBLyRTRHCC10O,COESyBICPP,BI2CPPLLLERYWCITRN

COMMON My JM1 ¢ M2, [MIZ o JMLI20 ISedMPT o JMT o NTM2 JNNN ¢ KK o KKMyNEX o
INSEWNCT2yNCIy NVCNX ) TVK o MAX ¢ IC9JC » I1.20JC2 9 JUE24 MPC o NTMNUT,NULIT?
2NSTPyNTINOFF ¢ NSTT ¢MMAX o LVC ¢MFIRSoNITLoNITZoNCLCSoMCLDSy NRUNoNR M2 o
3NB2

OUUBLE PRECISICN CCCJyCCEM,CAY,CEQB,DRC,001,QQ02,Q03,00,CLEL,
1RUNT, DELL yOLDP +EDC,TCD+ERC 4 NEMP,CHUP +QQ5,RCB,COMB2 Q2,022 +Q06, 307,
20CAP,RZZ,DV

DU=QU

QZ=1,6ClB64E-19%AR1Y2]



G0
E]

™
71
72

73
74

158

w
[
-

[
C
£

<1
&7

92

TREA2=FREAL*NT2252,0
DCAP= AR1/TREA2
QZZ=QL/TREA2
QQo=-FB2*EYIJI( 1, JM2T ) 4CIM2
QQ7sCIM2¥DPER (1,IM2)
V0 S1 I=1,IM
DRHO2(LInRTRORRN2 (1)
PEMP(1)=DPEN( 14JM2T)
TEMP( 1 )=DPEW(],JM2T)
QUsN. 0

N0 50 Ju2,JM2
QU=UPFW(1,J]1+QQ
TeFFI [ )=QQ=Q2/TP2(( ]}
ORCaTRC

MFIRS==]

N0 462 MLE=],MMLF2
MMAX= 0

CJIVIKKNI=0,0
NFIPS==]

IF INCJ) 73,73,70

IF (VC(LVC)+0.375) 72,71,71
C6tS=CC
CCCR=CGES*REX

GuU T 74

CCOR=CC*RFX

QQ5=E ~CCOR

0N 100 MMx],MAX
CUMR2=0,00+00

IF (NSF) 158+153,81
TemMP(1)=DRC

CIVI1)=(DLOGITEMP(1)/BP (1) +1.00+00))/DV
EJC(LI={TEMPILI=DPEN(1+IM2T)I1eCUM2-FRISEY TN 1, IN2T)2TFMP())

VOI1)=Q05+EY{1)-VE(L)-CIVIL)

LE (NCJ) 202,2C?,201
QN=PEXP(~QUsVC(1))-1.0N+00
DPiw(1,1)=RP(1)%QD

ONCWOL,JMT )=BN(1) QD
CJC2{1)=(DPEW(L1+2)=-DPEW(Ls 1)) 3CIN2
CJUC(1)=(DNEW(L1oJMI)-DNFW(],JUT))*CIM]
AJ(1Y=CMI®TEMP (L} /8P (1)
EOC(CABS({EJC(1))+AJ(1))/AR])

IE (ECC-CZERN) 40,41,41
DEMP=DABS({EDC)
TCO=DSQRY { CZFROSNEMP)
ERC=(TCD-EDC)*AR]

Gi) TN 42

ERL=0.00+00

L LNQB= (TEMPLL)=PFMP(1)+BULK2(1))eQZ2

KK=2
AJ(1)=AJ(1)+ERC

CaJ=aJ(l)
CCCU={VCT(1)~-VCL1))1=DCAPECCI(T)
CCEM= (CIV(L)-CIVT (1)) =DCAP*CENM{])
COMB2=TEMP (1)%Q2/TP2(1 )+ TEFF(])
RUNT=CLCI+CCEM+COQB4CAJ+COMB2-CIC (LY
SCC=0.0

B2NR=0,0

N 521 I=1,NIX

A20R=CICLTI+R2DR

GJ TO 159

RUNT=0ORC



203

204

160
77

74
79

150
517

S1A
519

83

.mb

85

60

Hl

69
68
506

93

CDQB=0.0
CCLI=0.,0

kR1w0,0

00 160 [=]KKM

IF (NCJ) 20442044203

UD=DE XP(-QUeVCI(I))-1.00+00
OPLW(1,1)=BP(1)*QD

UNEw( I JMT)}=BNII)*QD
CJC2{I)=(DPEN( 1,2 }-DPEW(Tos1))eCIM2
CJC(T }m({ONEW(T+JM1)=DNEW( [ +JMT))=CIM]
CUMB2=TEFF {1 )+C0OMB2
RRI=CJCII)*RR1=TEFF(])

QQ2=(TEMPL ) ~DPEW (T4 JM2T )+ CPEW(T, 1) +BULK2(I))*Q22
COO8=QR2+C0QR
CCCU=(VCT(L)-VC(I})*DCAPXCCI(I)+CCCY
SCC=RR1-CDOQB-CCCI

IF (SCC) 77,777,758

B820R=CC1

RUNT=DRC~-SCC

GO TO 79

B20R=CCl-SCC

CCEM=0,.0

CcaJ=0,0

N 87 [=KK.NBZ

IF (NSTT) 518,518,517
Cyvil)=Cavil-1}

G0 TO 519
CIVIII=CUV(I—-1)+RLNT=DRHOZ2 (1)
IF{CIV(]I)~-1.00+00) RS5,85.82
IF(NFIRS) B3,84,84

DRC=0. 750+00%DRC

WRITE (3,1350) ORC

GO TO 100

NFIRS=1

CHUP=0.5D+C0

DELL=0.5D+00%DELL
DRC=DRC~DABS ( DELL )

Gu TC 100
QR=DEXP(OU*CIV (I ) }-1.00+00
TEMP{1)=8P ([ 2QN)

AJC(I)=CM3=QD
VCLI)=EY{E)+Q0Q5-VE({1)-CJVII)

IF (NCJ) 61461460
QN=DEXP(=0U*VC(I) )=1.0D+00
OPEW(I,1)=BP(])*QC

UNEW( I+JMT }=BN(I)*0OD
CJC2{I1=(DPEW(T,2)=-DPEW( I41))*CaM2
CICLI)I=(DNEWC Iy JML)-DNEW (I +JMT) ) =CIM]
QQI=(CJIVII )-CIVTLI) )=DCAPRCEMLT)
CCEM=QQl+CCEM

EJCIII=(TENP( I)1-DPEW(1 ,JM2} 1 8CIMP—FB2*FYIJ( 1 JM2TI*TEMP(])
CALC CURRENTS FLOwW TO SUPPLY JCT RECCMRINATION
ENC=(CABSIESC (I} )+AJ(]))/ARL

LF (EDC-CZERD) 63 469¢69
DEMP=DABS({ EDC )

TCN=DSART{ CZERQSDEMP )

ERCx( TCN-EDC ) *ARL

GO TO 68

ERC=0.0D+00

IF (IS=1) 506,506,508

QQ2=0.CN+00



508
509

88
ar
108
99
s1
92
9%
95
a6

9
89

100
108
600
601
602
106
405

406
409

%40

“l12

3t0
6lé
©17
418

9%

GU TD %09

QQ2={ TEMP( 1) -PEMP (1 )eBULK2( 1) )eQ22
CNGA=QU2+C0QA

QQ3=(VCT (1)1=VC(1})»DCAP®CCIIT)
CCCJ=CQ3+CcCCy

AJIT)wAJ(T)+ERC

CAJsAJ(I)+CAJ
RCBaTEMP (1 )#Q2/TP2(1)+TEFF(I)
COMA2=RCB4CUMB2

QY= CQ1+Q024QQ3+AJ (J)+RCB-CJC(T)
IF (NIX=1) 86488,86
CLEIsRUNT+Q0

RUNT= RUNT+ QD

CUONTINUE

I1F {DABS(RUNT)~B2CH®CC1) 105,105,108
EFINFIRS) 90,92+92

NFIRS=0

CHOP=1,00+00

IF(RUNT) 944105,91
CHOP==1,00400

GO TO 9%

IF (OLORSRUNT) 65493,93
IF(NFIRS) 96954,96
DELL=CP2%DRC

GD TO 96

NFIRS=]

CHOP=0.5D+00

DELL=-DELL

IF (RUNT) 99,89,89

IF (DABS(DELL)=0.10-14*DRC) 105,89,8%
OELL=CHOP®DELL

OLDRw= RUNT

ORC=DELLORC

CUNTINUE

WRITE (341444) MMyRUNTsCLEL1+DRCoDELL,CUVI(L)
IF (NOFF) 602,602,600

L=NIX-1

LF (CJIVINIX)-CJIVI(L))} 602,602,601
CJIVINIX)=CYVIL) '
QO=DEXP{DU*CJIVINIX))=1,00400
TEMP(NIX)=BP(NIX)*QD

00 106 I=1,IM

DPEW( I oJM2T)=TEMP(T)

IF (NCJ) 405+405,409

IF (MFIRS) 40644094409

IF (VCILVC)) 409,409+456
CC1=0.0

CC2=0.0

N0 440 I=],IM

CCl=CJyClI)+CCl

CC2=CJC2(1)+CC2

CC=CCl¢CC2

COIF=CC~CGES

CDIM=ARS (CDIF}

If (COIM~CLOS2) 412,310,310
CLOS2=COIM
CKON=VE{LVC)+CIVILVC)

IF (COIM-CFT2%CGES) 45644164416
IF (NVCNX) 417,417,420

IF (VCILVC)+0.375) 420,418,418
CGES=CC



95

GU TO 442
&20 IF (MFIRS) 421,430,430
421 MFIRS=Q

IF (CRON) 42R 44264428
426  CKXCNsVE(LVCI+CIVILVO)

CLOS2=CO M
429  DELT=82CPP*CGES

IF (CCIF) 423,45%,436
423  OELT=-QELT

Gl TO 436
420 IF (CDIUSCDIF) 433,431,431
431 IF (MFIRS) 421,421,435
435 DELT=0.S#DELT

GO TO 436
“33 MFIRSw]
DELT=-0.508DELT
«36  CGES=CGES+DELTY
CLIU=CDIF

438 QU=EY {LVC) +E-CKUN-CGES*REX
QQl=EXP{=QU*QQ)-1.0
QQ2={ CNEWILVC » J¥1)}-BNILVC) #QQ1 )*CIM]
IF (QQ2) 441,441,442

441 IF (MFIRS) 443,443,445

443 IF (DELT) 43647514445

445 OELT=0,5#DELT
WRITE (3,1338) “LE,CGES.DELT
CGFES=CGES-DELT
WRITE (3,1337) CGFS
MMAXEMMA X+ )
IF (MMAX-MAX) 438,751,751

751 RETURN

462 CONTINUE

456 NCJ=0

IF (VCILVC)) 458,458+459
458 NCJ=1

NVCNX=0

IF (VCILVC)I#0.375) 475,476,476
475 NVCNX=]
«76 WRITE (341443) MLF,CCoCGES,COIF,LLOS2.MELT

I1F {SCC) «80y480,481

“80 B2DR=CC1

60 TO 482
481 R20R=CC1-SCC
“d2 WRITE (3414300 vC(LVC)
“59 VORUP (NIX)=~EY (NI X)+VE(NIX)+CIVINIX) +VC(NIX}

WRITE (3,1320) CC1,CC2,CCoVDROPINIX)

IF {NSE) 490,650,4¢]

4«39 4N=CCCI+CCEM+LAJ+CCQOB+COMR2

GO TN 492
&Q1 Q0=CCCI+CCEMHCAS+COQB+ORC+COMBZ
%92 TRC=0°PC

WRITE (3,41440) CCCJ,CCFMyCAJ,CDOK,0RC

WRITE (3,1441) COMB2+QDyB2MR
1350 FORMAT (' ',3015.8)
1320 FORMAT (' *3GH CCLlz4E14.605H CL2=,E14aby4H CCa,ElG 6.

122H AN-TO-CATH VOLY DROP=,E14.6)
1337 FORMAT (* *,6E15.8)
1430 FORMAT (* *,* VC(NIX) IS NEGATIVE *,D15.8)
1338 FURMAT (* *,]4,2E15.8)
1440 FORMAT (* *46H CCCJU=4D144696H COEM=4D14.645H CAJ=,D146.6,5H CDOT2,0)

114.695H DRC=y014.6)
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le4l FURMAT (* *y* BASE 2 RFCOMR=t,El&.6,¢ BASE 2 DRIVE NEEDED=*,N15.4,
1 SUPPLLED=*,F15.8)

1642 FORMAT (¢ 45k MLE=,{3,5F14.7)

1646 FURMAT (v 1,0 MuM=t,]13,¢ RUNT=',DN14.7," CLEL1=',N23.16," AC=",
ID23,164% DELL='5D?23.206¢7+" CJIVIL)=",002,16)

RETURN

ENP

SUBROUTINE ITER2(1T2)

ODIMENSION [B2(20,20)+LCCLE20)4LCC2(201,LRWLII20) 41 RR2(20)

DIMENSIUN A11(20),C11(20),SCJL{20,20),SCIT(20,20)

UUUBLE PRECISION E1C(20)),CCCL20),VEL20)4,VT(21) ,VC(20).VET (20},
LTFMP(20),EJCI20) 4 AJ(20),CUVI20),CIVT(20),CICI201,CIC2(20),
2TEFF(20) ,TONI20) , TDP(20) yBULKL1 {20 }4BULK2(20) +81CH,B2CH, D'INY

CUMMON E1C ¢CCCoVEZ VT YCoVEToTEMPL,EJCsAJsCUVICIVT4CICoCIC2,TEFF,
ITONSTNP9BULKL » BULKE s 81CHoR2CHs DUMY,DNEW (20420} # UDPEW( 20,201,
2EY1J( 204201}

CLMMON G(20), 22(20) ,B1(20),L1020)+TNL(2Q),TP2(20)},

LA(20) +8€20)4C(20),RM(20) 4BML(20) sHI20) yRE20)4Z{20),EX(2I),EY(20),
2RB(20),RP(20)+B2N(29)4BLP(20)4PCL12)},PIC(12),
3TM(12)4,RHO2(20)4CCI(20)4CEMI20),CEMI (200, VOROP (20),

GBNEZ0) oBIW 9B2WIEL o N9 XNy YN yYN2sDIFN,DIFPy Sy TAU, TAUP UN,UP 4CLOS 2

CCMMON FREAL yCUML yCJUM24CUM3,CM1oCM3 4 ART9AR24CC+CC14CC2yCONRYRE Xy
1QUsCLOSsTRCoE 9Bl oFR2,DTyDT2,TIME, TIM2,RTIMELCOLD,CINC.DONT, DDP 24
2ALPH s CLNDLPy FEJE2EF 9y RHO JRH2 9 ELEF yE2WoE1W yCFTR yCF T2, CKON, TMAX,
STMAXZ ¢CP2yCPP s UNLIX ) TGATE ¢ EXMy EYM, REM,HFM] ,QQQQ yRRR ,RRR2 =Py EZN,
SE2PELNy XTI oY11,Y2I,AL,RB1,RTRyCCLU,CGES+BLICPPyB2CPP,CZERL »C2EKY)

COMMON TMyJIM14JM2 4 IMI2 4 JMI2¢[SsJM2T o JMT JNTM2 ¢NNN 9 KK o KKM,NIX,
INSE+NCTZ2 osNCJyNVENXe I VK yMAX o IC s JC» 1029 JC29 JIE29 MPCyNTM4NDUT,NUUT?
2NSTPyNTyNOFFoNSTT yMMAX 4 LVC ¢MFLRSyNIT14NIT24NCLOS+MCLOSs NRUNoNRUN?,
3NB2

IF (NIT2) 600+£20,¢05

(X3 5] NIT2=]

READ (1,1308) ((IB2(IsJ)ol=19IM),3=1,0M2)

WRITE (3,1309) ((IB2(1,J)s1=191M)ed=1,JM2)

RFAD (141310) (LCCLUJ)WLCC2(J) oJ=IMI2,JM2)

WRITE (3,1311) (LCCL(JILCC2IU)2J=INI2,5M2)

READ (141310) (LRRU(I}SLRR2(T)I=iM12,IM)

WRITE (3,1311) (LRKL(I)oLRRZ{I)1=IMI2,4IM}
bX=1.0/XN
DY2=R2d/EL/YN2
AMB1=EL*EL/TP2(NIX) /CIFP
AMB2=UP*EL /DI FP
QQ=.5*DY2
QGl=,5%nX

XAM2=CQLl*AMB2
YAM22QQ®aAMB2

XAMo=0,5%X AM2
YAM& 20 5%YAM?

S21=QQ1*S/DIFP
$22=521

$233QQ*S/DIFP
$243823
TS23%2,0%523
YUX2=Qu/0X
X0Y2=QQ1/0Y2
TYOX2=2.0%Y0X2
TX0Y2=2.0%X0Y2
FYOX236,0*YOX2
FX0Y2=4,0%X0Y2
QA=QQ1*0QQ
HA=2,0%QA



&Ud

696
&7

n

&lé
3%

A0

701

704

97

TA=22,0%HA

ENL=AMB1*QA

EN2=AME]I*HA

EN3=AMILISTA

AT=DIFN/DIFP

LTI2=1.0/0T2

ATI=AT=0TI2

FML=AT(*0A

EM2=AT[*HA

EM32AT[*TA

[T221T2¢1

WRITE (3,1335) IT2

DCP=NOFRBL [C243C2)

00 607 1=1,1IM

yol=0.0

N0 606 J=2,JM2

QW1=QOL-DPEW(IWJ)

BULK2(1)=QQ1

MMz V=]

DO 6L T=2, IMM
ALL(I)=(EX(I=1)¢EX(T))mvams
CLICI}=(EX(I)+EXI I+1})®YaAMS

00 615 J=2,JM2

DC 614 1=2,1Mm

SCILE e )m(FYIJ(T 2 JI+EYIU(140-1) )exAMe
SCITEL s )= (EYTI(T 2 JI+EYI U EsJ41) ) eXAMS
CUNTINUE

BEGIN Y ITERATIUN AT LEFT PUST COLUMN
DN 660 I=IM[2,Iv

L3=LRRI1( 1)

L4aLRR2LT)

iL=1=-1

IT=1+1

INIALIZE AND CALC COEFF FOR COLUMN I
0C 650 J=L3,L4

JL=J-1

ST=3+1

41(J1=C.0

B¥i(J1=0.0

Cl(d)=n.0

H{J)=0.0

1R32=1R2(1,J)

G) TO (70157014701, 70447064,70%4 71N, 710,710.,707,710},10R
QQ1=TYCX2-C11(I}

AL(J) =0,5%5CJLIT,3)+X0Y2
Clid)==0.5%SCITLL.$)4XOY2
QRe=(SCITIL,J)=SCIL {[4J))20.54TYQIX2+TS72-Fw>
BMUISI=(EX(IT)<EXC L)) ¥YAMSL 4 TXCY24EM24EN2
H{J)==QQ4*DrEW(T,I) +U0L*CPEN{ IT,J)
IFIIRB2=2) £509622s02%
HIJI=CLIJ)*DPER{TJTI+H(Y)

GO TO 650

HISI=ALIJ)=DPER(T +JL}+H(J)

GO TO 650

QUi=Tyax2+allln
AlLJ)=0.5%SCJLIT,3)+XOY2
Cliy)=-0.5*SCIT(],J)+xXQY2
Q43(SCIT(LyJ)-SCIL(IsJ))®0.5¢TYOX2+TS73=EM2
BMI{J )= (EX () =EX( 1L }I®YAML+TXQY2+EM24EN2
H(J)=CC1*DPEW(IL,J) =004 *0PEW(T,J)
IF(IBB2-5) 65C+627,626



651

657
060

891

Ri)e

98

HIJ)=CU(J) *DPEW( T s JTI+H( )

GO TO 850

H{J) 22T ADPER o JLI+HLIY

G TO 50

QQ1l=TYOx2-C11{1I)

Cu2=TYUX2+A11(1)

AL =SCILUT +J)+TXUY2
CLiJI==SCIT(I+3)+TXCY2
QQS=SCIT(I9J)=SCIL(T4J)+FYOX2=EM2
BM1(J)=ClL(I)=ALL (T)+FXOY2+EM34EN3
HEJ)=QC2*DPEW (1L, J)~QQS*DP EW( 19U ) +QQL12UPEW(1T, J)
IF(18B2-8) 65C+635,632
IF{I882=-10) 63346504635
HIJ)=AL(J)*DPEW( T+ JL)+H(J)

GJ TD 450
HIJ1=Cl{J)*OPEWI T, STI+H{J)
CONTINUF

KlaL3el

QQ0=1,0/8M1(L3)

RIL3)=Cl(L3)=QQ

QQ2=0.0

Z(L3)=JQ®H(L3)

DN 651 K=Kl,L4
Quzle0/(=R(K=1)%A1(K})+RM1 (X))
R{K)=C1{K)*QQ

QQU2=A1(K)=QQ
Z(K)=QU*H(K)+Q02#%Z (K-1}

OPEW( [sLe)mZ(L4)

JJdJsLa=]

00 657 Ju=L3,yJJdJ

J=JJJ+L3-4J

OPEW{ L9J)mR(JIPOPEWIT I+ 1) ¢2(J)
CUNTINUE

END OF Y ITERATION FOP BASE 2
START UF X ITERATION FOR BASE 2
DO 690 J=JMI2,JM2

Li=LCCL{Y)

L2=LCcC2(J)

JL=J=1

JT=g+]

ENIALIZE AND CALC CNEFF FOR RUw
UG 675 I=L14L2

fL=1-1

1Txle]

A(11=0.0

8(1)1=0.0

Cil)=0.0

H{1)=0.0

18B2=182(1,J}

GU TO (801+8014R01+804,804,A04,810,810,810,R124810),1382
ClI)=TYOX2-CLl1(1)
Q02=SCIL(14J1)%0.54XNY2
QQ3==SCJTL 1,J) 20,5 +X0Y2
BUEI={SCIT(IoJ)=SCILUI +J) ) #0,S+TYQY24TS234EM24EN2
Q4= (EXCITI=EX(1))%YAML+T XCY2-EM?
G0 TO 805

A(I)=TYOX2+A11(1}
QU2=SCJILII +J} *Co S4XNY2

NG 3==SCIT(14J)90.5+X0Y2
BOII=(SCIT(IoJI~SCILLI ) 120 G4TYUX2+TS23+EM2+EN?
QQ&=(EX(I) =EX{IL} }*YAMG+ TXCY2-EM?

-



670
675

676

£a2

66
672

674

6542
~92
640

1)00
190l

1203

9
1195

1308
130¢
1310
1311
1335
1336
1241

929

H{II=Cu2*DPERT{ 14 JL)-0Q6*DPEW{ [ ,J ) #3303 *CPEWL ] ,0T)
S50 TA €75

All)=TYNX24A11(1)

CllI=T¥IX2=-C11(I)

QQ3=TXNY2+SCIL(T, U}

QUezTXGY2=SCIT(1,I)
BlI)=SCITU I J)=SCIL (T4 J)+FYOX24EMI+FN?
WQ5=Cl1U(I) Al 11 ) +FXUY2-EM3
H{1)=dQIsDPEWL Iy JL ) =QUS*OPFW( T+ 140042NPEW{ 1,4 T)
[F(IBB2=B) 6TL 670,675

ML =ClI)®NPEWCIT J)eH(])

CONTINUE

K2=pl+l

WJ=1.0/7H(L 1)

R{L1)=C(L) })=QC

QQ2=0.0

ZL1)=CReH(L])

DO 6745 K=K2,12
QQ=1,C/(-R{K-1)®A(K)+B(K))

R(K)=C{K}=QQ

wud2=A(K)*QQ

ZIK)BQCEH(K)+CR2%Z (K~1)

DPEw(L2yJI)=2(L2)

I11=2-1

0N 687 II=L1,111

I=111+L1=-11

DPEWCE,J)=R{I)*OPEWR{ [+1oJ)42(1}

[+ (NCUT2-NRUN2) 4&hy6664650

OUTPUT CTR JCT LUPFW VALUES

IFLJ-2) 6724672,674

JJ=l

WRITE (351336} JJ (0PEN{Iv1)yIx1,1M)
WRITE (3413361 Jo(LPER(Tsd)oIml, M)
QUTPYT N2P2 OR SHOKTING CONTACT DPEW VALUES
IF (J-JIM2) 690,692,492

WRITE (3,1336) JM2T.(NPEW([,IM2T),1=1,IM)
CUNTI NUE

TNU OF X ITERATIUN FOR RASE 2

00 1001 I=1,ImM

QQ1=0.0

DI 1000 J=2,4M2

QAl=DPEWII +J)+QQ1

BULK2 (T1=BULKZLT) 001

IF {NCJ) 1203,1203,1155

C3FS=CC

CALC AND PUNCH TNTAL TIME AND ITEWATIONS IN BASFE 2
TIM2=TIM2+2.0%[T2

RTIMZ=FREAL®TI M2

WRITE (3,1341) DT2,TIMZ,RTIN2

FORMAT (1013)

FORMAT (* *,1012)

FURMAT (213)

FORMAT (¢ *,213)

FUKRMAT (* *,21FBASF 2 ITERATION AU [ )
FURMAT (' *,13/(" *,5F14.6)}

FORMAT (' *y5H DT2=,Fl4.6913H TRTAI TIME=yE16.A 1 7TH T, TAL FFAL
LME=,E15.8)

RFTURN

END

SUBROLTINE TCALCINTIME)

DUURLF PRECISICN FIL{2014CCCL20)4VEC20)4VTI2N0)4VCI(0) VLT (20),

LA



100

LTEMPI20) G EJCT 20)0A3120)9CIVIE20),CIVTI20) 4CICL200,C3C2(200
2TEFFL22) s TON(20) o TOP(20) +BULKL(20),BULK2(20) ¢B1CHR2CH, YINY

CJMMON FLCoCCCoVELVT VEoVC T TFMOEJC o AJ2CIVCIVILCIC,CIC 2, TEFF,
1TON,TDP,BULK] +BULKZ yBI CHy B2CH DUMY, UNERI2)929) OPERI 27423 ),
2EY1J127,20)

CCHMMON G(20) 21(20)}.R1(20),01(20),TN1(23),TP2( 20},
14(20)48€(20)+C(27)+BMI20) +BML{20)sh(20)+RC20)92(20)FX (291 ,EYL(7 ),
2RB(20) 48P 120} yRINIZO),RIP(20),PC{L2)4PICL2),
3TMIL12)2RHUZ2(20),CCIT20) sCEMIR0)sCEMLI2N0)4VDRNP (2N0),

SHBN(CQ) 1 BLIW pB2WoFL Lo XNy YNL o YN2 sDIFNoDIFP oSy TAU,TAUR JUINy 12 ,CLOS ?

CCMAON FREALy CUMLoCIM2 ,CIMI4CML,CM3,ARL9ARZyCC4COLyCC29C DR GRE X,
TQUCLTISsTREIE SR 4 FR240T 0T 2, TIME, TIM24FTINELCOLD» CINCLOLNL, 300 2,
2ALPHy CLNy DLP s EE EPEFsRHO9RH2 » FLEF 4 E2Ws FIW, CFTR yCFT74C KON, TMAX,
ITMAX2 yCPZoC PPy UNIXy TGATE yEXMyEYM REMoREM] , QQQU s RRRRRR2p P 4EZN»
SE2P,EINyX1,Y11,Y21,AL,RB14RTR,CCIC,CGFS,B1(PP, B CPP,CZER! 4CZER"

COMMON  [M, JMY , JM2, TMI2,5MI20 1S9 IM2T o IMT JNTM2 JNNNe KKy KKM, 11X,
INSeoNCTZyNCJI:NVENX 3 IVKoMAX s [ICsJC o IC20JC2 ¢ JIE24 MPC 4NTM NINIT (NOUT2
SNSTPINTINOFF ¢ NSTT 9 MMAX G LVC yMFIRSINITL oNIT2oNCLCSe MCLCSoNRUNGJNPUNT,
3NB2

NTIME=0

TENCz=DT

TTrT=TMAX

TJLO=CCNL

TNEW=DNEWL IC,JC)

FIP=(ONEWN(ICs 1 1-DNEW(IC,JMT))/YNL#DNEW(IC ,IMT)

palted IF (TOLD) 1501,1501,1405
1605 PIF=TAEW/FIP

Pl=ABS((TOLD-TNEW)/TNEW)

DU 14593 LHli=l.MPC

IF (PI-PIC(LH1)) 1693,1493,1494

14993 CONTINUE
LH1=MPC
1494 TINC=TM{LHL)®TTT
1500 WRITE (3,1642) FIP.POF,PI,TINC
1501 IF (NTIME) 1505,1505,1510
150% OT=TINC

NTIME =1

TINC=DT2

TTTaTkAX2

TNLL=CCP?

TNEw=DPEW{ IC2,JC2)

QJ=(OPEX(LC2,IM2T 1-NPEW(IC2,11)/YN2

FIP=DPEW(IC2+1)+Q0-FBZHEY IJ(IC24JM2T )*DPEW(IC2,JM2T)/CIM>

6N TO 1400

1510 DT2=TINC
1f {DT-DT2) 1511,1512,1512
1511 TNTM=0T2/0T+1.0E-02

NTM2=1
NTM=ENT{TNTM}

DT2=N TM«DT

GO 7O 1516

1512 NTM=1
NT42=a1
G0 TO 1516
1513 TNTM2=DT/DT2+1.0E=-02

NTM=]

NTM2= INT(TNTM2]

UT=NTM2=DT2

1516 WRITE (3,1650) NTM,NTM2,0T,DT2
Loa2  FORMAT (' *,% FIP='yF14,64* POF='4El4.6," PlI=?,Ele,6,' TINT=?,
1814.6)
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