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1. LINTRODUCTLON

This report presents the results obtained in an investigation of
charge-coupled shift register structures. The results which should be
of use in analyzing CCD designs are computer programs which ‘are
described in Sections 3, 4, and 5. These programs allow ome to obtain
a two-dimensional electrostatic analysis of the CCD structure to
determine if the structure allows the efficient transfer of charge.
Features of significant interest are that two channel oxide thicknesses,
two levels of metallization, and variable channel doping can be accom-
modated. The program presented in Section 3 can be used to analyze
CCD input-output gates, and the program in Sectiqns 4 and 5 can be used
to analyze 2-phase structures with periodic boundary conditionms.

The remainder of the report deals with the formulation of the analysis
implemented by the programs. Factors which influence accuracy and rate

of convergence are discussed,
1.1 Structures of Interest

Figure 1.1 gives a two-dimensional diagram of a 3-phase structure
discussed by Boyle and Smithl»2 fThis structure originally was considered
as having a uniform channel oxide thickness and uniform channel doping.
Later, Walden, et. al.? considered the buried layer in which the doping
varied from the SiSiO2 interface into the substrate so that the maxi-
mum potential occurred below the interface.

Figure 1.2 illustrates a 2-phase structure reported by Krambeck,
et. al." in which shallow doping varies longitudinally along the chanmel.

Variable doping can preclude problems of charge-trapping by fast-surface
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states by forcing carriers away from the interface and also can preclude
charge trapping due to potential barriers and wells in the gap and under
electrode edges. Longitudinal variation of the doping can also give the
potential asymmetry required for unidirectionality of the charge transfer.
The benefits of these complications of the simple structure are discussed
in the references cited.

Figure (1.3) illustrates a 2-phase structure with two-levels of
metallization and multiple channel oxide thickness. In such a structure,
overlapping electrodes preclude potential barriers such as may occur in an
interelectrode gap. The multiple oxide thickness allows the required
asymmetry for 2-phase operation. An added benefit, is that overlapping
electrodes shield the channel from static charge which may accumulate on
the surface of the oxide at the air-oxide interface, thus precluding
unpredictable variations in the chamnel potential. Kosonocky and Carnes®

have discussed this type of structure.

1.2 TIdeal Mode of Operation

In this mode of operation the channel is depleted of minority
carriers except those which are gated into the input end of the channel
and transferred by the attractive potential produced by the transfer
electrodes. At the edges of the chamnel, charge is confined by a
potential barrier which arises naturally for an N-substrate device
with a thick field oxide but must be produced by an N+ channel stop
diffusion for P~ substrate devices. The surface potential under an elec-
trode is obtained from the MOS capacitor formula:

b o= v -v_ --B*Q (1.1)

S G FB COX



The substrate charge QB depends upon ws s the surface poteptial
so that equation (1.1) becomes a quadratic which is easily solved for
¢$ ,‘ Q is the. free~-charge, and in the ideal mode of operatiom, it is
gmall enough to neglect. A necessary condition for charge transfer is
that the attrgetive potential of the succeeding élegtfodg in the
direction of transfer must exceed that of the preceding. In the ideal

&
operating mode nc barriers exist in the interelectrode gap and the

necessary condition is also%;ufficient for transfer.

Equation (1.1) is also useful for estimating the amount of
charge, Q, which can be accumulated under an electrode before the
attractive potential is equal to that of the preceding electrode, i.e.,
the full well condition. The amount of charge injected into the channel
from a junction by means of a control gate can be found in a like
manner. Extension of the concept by integration allows an estimate of
trapped charge when potential barriers occur in practical structures.

In practice, potential wells and barriers may exist and preclude
complete charge transfer. Their occurrence depends upon the CCD
structural parameters such as electrode gedmetry, oxide thickness and
chanriel doping. Such phenomena must be investigated by two~dimensional
analyses. Amelio® has pointed out the utility of analyzing an assumed
ideal mode of operation. It is assumed that transfer canm occur and
that Q is sufficiently small to be negligible. Neglecting the minority
carrier concentration allows the analysis to be carried out without
simultaneous solutions of the current flow equations. The potential
distribution calculated is valid for almost a clock period and is a
sfeady—state solution provided that charge transfer keeps the channel

depleted. If the solution shows potential barriers and wells, the



results provide a means for estimating the magnitude of the free charge

which will be trapped in actual operation.

1.3 Formulation of the Two-Dimensional Electrostatic Analysis

The complexities which arise in considering a realistic model suggest
a numerical approach. An approach based on Gauss' law is chosen because
it allows the treatment of discontinuities in a straightforward manner.
There are a number of these discontinuities, including those of the
dielectric constant, of the conductivity, and those arising from surface
charge distributions. A rectangular cell structure, such as illustrated
in Figure l.4, is most convenient for formulation of a discrete problem
from a continuous one. The grid points within the cells are chosen to lie
on the lines of discontinuity.

A formulation of Gauss' law for each cell should consider a rectangu-—

lar cvlinder of unit length, so that:

s ndL= Q.. (1.2)

-
o
]
o
l_l
ol

Pl
i

J J pdxdy + J Ude (1.3
S.. L

1]
where D 1is the electric flux demsity, p is the volume charge density,
and GL is 2 line charge density which always occurs on a line parallal
with the x-axis. This formulation is consistent with a two-dimensional

analysis. The electric flux density is defined in terms of the electro-

static potential u by:

o
1l

- g7u (1.4)
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A two point finite difference formula is used to define the gradient
along each boundary on the cell in all succeeding work. Obviously,
higher order formulas could be used at the expense of increased compu-
tation time. Using a two-point formula and keeping in mind that the
cell point is chosen to lie on any line of discontinuity passing through

éhe cell, then one obtains for (1.2) evaluated on the cell:
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Cenerally determining Qij requires averaging p over the cell and
consideration of the fact that p depends in a non-linear manner on the

potential. Furthermore, which will have a specified gpatial dis

UL:
tribution, must be averaged over the line. These points are congiderad
in detail later.

Equation (1.5) is rewritten in the form given by (1.6) which is

the typical equation for a nonlinear set.

- A u -~ B

LS L2, +C ~D, . u,
"y i,j-1 i,3 11,3 i,]

i,3 i3 i+, ““Eijuisj*i
(1.6

%sae1,37 U000 BLg Bees0 g

The solution of this set of equations gives an approximation of the
potential at grid points in the field. It may be noted that for certain
schemes for finding Qij’ equation (1.6) is equivalent to the finite

difference approximation to Poisson's equation usad by Amelio®,

1.4 Survey of Difficulties in Obtaining a Solution

The major problem is in finding a scheme for solving the large
system of equations. A secondary, but also important problem is in finding
Qij Closely associated with the latter problem is chooging cell sizes
which give suitable accuracy.

Let ug assume the grid has NT = ¥ x % points. Then equation (1.6)
defines a set of N? equations. Typically this number may range from
2000 to 10,000 points. Systems of non~linear equations may be solved
by the Newton-Raphson approach’ which involves the iterative solution oif
a set of linear equations in an incremental potential éui 3 until all

2

Gui j‘s are reduced to a suitably small value. However, the resulting
¥



set of linear equations is so large typically, that an iterative scheme
must be used to sclve the linear set. Therefore, the scheme may become
prohibitively expensive if some alternate method will work. This con-
sideration led us to consider the application of the Gauss-Seidel method®

directly to the non-linear system.

The matrix equation may be written as:
@ (Al [wl = [q (1.7)

Assume for the moment that ([Q] is independent of [u] , which would
be in fact true except within the semiconductor and on conducting

boundaries which will be excluded. The Gauss-Seidel method for solving
such a system is an iterative scheme which gives the (n+1)th approxima-

tion of uI as:

(n+1) 1 It @) 1 T @ . %
up = = aIJan - aIJan +'E— (1.8)
ar1 g=1 411 J=T+1 I

where: the single subscript (I) 1s related to the double subscript

(i,i) by:

]
I

G-1IM+ 1 (1.9)
and,

NT = Mx N (1.10)

We do not have assurance that this scheme will converge for a
non-linear set. (In fact, we have had experiences where it did not
which are discussed later.)- For a linear set, the scheme can be made con—
vergent by suitable ‘choice of a relaxation parameter, w . For w < 1 ,

the method is referred to as under-relaxation and for w > 1



over-relaxation. In either case, we have:

(atl) _ ,(n) ~(atl) _ ()
ug = +~m{uI oy ] (1.11)
~ (n+1) . ' et
where u, is given by (1.8). The problem here is with convergence

and obtaining a suitably rapid rate to preclude excessive compnfing

time. There is no problem with round-off errors. (See Westlake®.)
Several factors must be considered in the choice of the grid size.

Tt can be shown that the differencing scheme used here leads to second

order accuracy, so that differencing errors are of order o(h? + w3).

The effect of changing the grid size on the differencing error could be

easily investigated experimentally. However, the effect of the grid size

in determining Qij requires some azmalytical consideration and is

treated in detail in Section Z.
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2, ONE-DIMENSIONAL MODELS OF AN MLIS STRUCTURE

The simple one-dimensional structure is useful for anailysis in
order to determine the effect of grid spacing along the y direction
in the silicon substrate on“the accuracy of numerical solutions. Very
accurate one~dimensional solutions can be obtained without excessive

computer time. TFurthermore, the physical picture is simpler, and this

aids in choosing useful models for calculating the charge density.

2,1 The Depletion-Layer Model

This model is well known and has proved to be quite useful.!
It is illustrated in Figure 2.1, which shows the charge distribution
assumed. On the silicon side of the Si-8i0, interface, the free
minority charge is assumed to be accumulated with a surface charge
density Q. Also present on ‘the oxide-side is the fixed surface stal
charge Qgg. Below the surface is a depletion layer extending to a
depth y = - y4. The surface normal field in the semiconductor Eg

and the interface potential yg are obtained from Poisson's equation.

= 4 3Na

ES + E, va (2.1)
- lgNa 2

Ys = Z2°E_7a (2.2)

The potential in the semiconductor with respect to the bulk is:

1l gN 2
vy = 3 igi(y-yd) 0<y<+yy (2.3)

Applying Gauss's law at the interface to obtain the field in the oxide:
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Dox = ESES - QSS - Q (2 D 43)
e E Q
E - 5 S - 88 _ Q (2 . !-ib )
oxX £ A £ v
ox OX ox

Integrating to cbtain the gate potential and ignoring the oxige cnarge
and the contact potential of the metal-semiconductor contact, the gate

porential ¥V, is:

£ G

ox (2.5a)

Ve = (q§§Yd Q- st) E:;'+ Vs

Qe -Q-0Q
B sS
VG = G + ws (2.5b)
ox
G, & onlsox , oxide capacitance. (2.5¢)

Equations (2.2) and (2.5) are useful for making estimates of the

performance capabilities of MOS structures.

2.2 Equilibrium Models

In a more exact solution the hole~electron concentration would be

allowed to vary continuously according to equilibrium relations:
eIV = 4p)/KT (2.6a)

nieq(lp - ¢n)/kT (2.6b)

where ¢P and ¢, are the quasi-fermi potentials for holes and electrons
and ¢ is the electrostatic potential defined to. be zero at the point
where p =n = n; in thermal equilibrium.

Unfortunately, the current flow and continuity equations must

generally be simultaneously solved in order to find ¢p and ¢n
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However, let us consider a transient situation in which a voltage is
applied to the gate and consider a time interval beginning at a time
substantially greater than the relaxatlon time but shorter than the
excess carrier lifetime. The majority carriers zre repelled from the
interface and minority carriers are attracted. Sincé equation (2.2)
should be a reasonable approximation, we may conclude that the minority
carriers are expomentially distributed in a very thin region near the
interface provided the current denmsity'is small. Thus in the substrate

at a small distance from the interface, Poisson's equation may be writte

in terms of ¢! = - U(substrate) 25
1
L %ﬁ_ - Np) (2.7)
dy2 g —a

Normalizing, ¢* by KkT/q , and y by the extrinsic deBye length

kTe/q2N we have:

a ?

d2y -u
. = 1l~ea (2.8)

Defining the normalized field by, ¥ =~§§ , we may integrate (2.8} to

obtain:

i
o
I

20+ 2(L~e ) {2.9a)

he dn
z = :
L /T (1 - e 4 )P

(2.9b)

The last term in (2.9a) is the deviation from the depletion layer
approximation. In most cases of Interest the surface potential will
satisfy u, >> 1 . Suppose u > 5 . The integral in (2.9b) can be

broken down into two parts:
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Z &= 2 + Z (2.10a)
u a
1 VZ(L + /2
‘5
w - | & (2.100)
/T - e 4 )i/2

u

Figure (2.2) shows the variation of "u with respect to Z and also
the normalized charpe density, (1 =~ e . Let‘ ug check the case
ws = 1 volt u, = 38,61 . The depletion approximation glves
Zd = 8,787 , which would correspond to AZ = 3.351 .

Numerical solutions require consideration of a finite region.
When we consider applying the preceding models in numerical analysis,
obviously there will be a significant difference between the ratio of
the charge tou surface potential if we consider interface voltages as low

as 1 voit. This ratioc, r, of the substrate charge for sn equilibrium

distribution to that for a depletion layer approximation is:

1/2
- (1 + ug) .858 (2.11)

(u)t/2

1f one were considering the effects of the surface state charge Qgq
alone in the absence of an electrode, then significant errors may
result from the depletion approximation, particularly if the resultant
potential is low. However, in this case the absolute error is also
lowered. This feature ceems to save the depletion approximation from
failure when otherwise it appears grossly in error.

The space charge density changes from 95% to 5% of its maximum value

in approximately 2.3 extrimsic deBye lengths. Therefore, we conclude
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that a space charge-potential- function model which shows a continuous
variation will be of significance in 3 numerical analysis only if the g:;;[g’.
siza, h, is less than an extrinsic de Bye length. This conclusion is
impogtgnt because it is typically expensive in terms of grid points to

maintain the grid size at this small a value along the depletion edge.

2.3 Choice of Gpid Size and Boundary

The boundary value problem for an MIS structure is most easily
formulated as one of infinite or semi-infinite extent. Practically,
substrate thicknesses are much larger than depletion depths. Since a
finite region must be considered, one must choose a suitable boundary.
The boundary should be reasonably distant from the region in which the
potential gradient varies significantly.

If economy of storage and running time on the computer is para-
mount, this choilce of a boundary should be a subject for careful investi-
gation. We have chosen the boundary on which the potential is specified
(u = 0) at a distance of twice the estimated depletion depth for first
solutions. By monitoring solutions one confirms that this indeed
removes the boundary far enough away; however, it shows that a signifi-
cant amount of the total storage for data points is seldom used.

The number of points used in the grid can be reduced if one
chooses a variable grid size. This must be done with care or significant
errors will result, In the following, we will estimate errors which may
occur due to round off or quantization of the charge in a cell assuming
only two charge density levels. Otﬁer schemes for averaging the space

charge may reduce these errors.
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We .choose the boundary at which u = 0 for a maximum surface
petential, Us(ﬁAX), at a distance ZZd(MAX} , where using a depletion

approximation:
zd(MAK) = ¥2 U$(MAX)'

We allow a total of N points to span the distance ZZd(MAX} spaced

at (21, Z,, *** zN}. Using a depletion approximation, we have:

2)

AU AZ
5 - 5.4 (2.12)
ki) Z
s d

where Zd is the depletion depth corresponding to any U_ . We

assume that the resolution will be one-half of a cell:

82 = {24 - B,/
Therefore:
U 2Z )
s n
Let us assume a uniform grid, Zn - Zn-l = ho s then:
AUS 1
—= 2 = 2.14
2 (2.14)

The percentage error decreases the further the depletion layer extends.

However, the sbsolute value of the ervor increases:

= 2
‘AUS n h0

For example, if we choose 50 points to span the grid and estimate that

the maximum error occurs at n = 25, then we obtain a percentage error of

shout 4%,
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Let us use (2.13) to -define a grid with uniform percentage error of

100a, This leads to a difference equation:

Z 4 -20Z -2, = 0 (2.15)
with a solution:
z_ = hoa" (2.16a)
¢« = a+Vl+aZ (2,16b)
@ = 142 (2.16c)

where in (2.16c¢) we require an expanding grid and note that a is small

so that a2 << a. The absolute error is:
. Emn _ an_2} )
AUS = Z], 'ho

Thus, it increases exponentially.

Now let us consider a case of interest where a maximum surface
potential of approximately 20 volts must be accommodated. Using the
uniform spacing of 50 points for Zd(MAX) = 40 , we would have
hy = 2 x 40/50 = 1.6 deBye lengths. The maximum error would be
approximately .8V at the surface with a percentage error of 4Z.

Let us now determine the exponential spacing which preservéé the
same error under the high potential surface. We choose o and N to
maintain this error to within 1 deBye length of the surface; i. e.,
ho = 1 . This would require approximately 113 points, of which 94 would
be within the depletion distance. Changing h, to 2 deBye lengths
gives 94 points of which 77 would be within the depletion region. Further

division of the grid within the first exponential step would cost even

more points.
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Any non-uniform spacing which preserves the accuracy for high
potential at lower potentials will require more points in the grid. The
grid points may be better utilized (i.e., fewer zeros stored) with the
non-uniform grid. However, there is another consideration which weighs
heavily against compromising the accuracy of solutioms for higher sur-
face potential to obtain accuracy for lower potentials.

In analyzing a CCD structure, the differences in potential along
the interface will be of great interest. It will be essential to pre-
serve accuracy in finding the potential in the high potential region;
otherwise, a relatively small percentage error in this region may lead
to a relatively larger error in the potential gradient along the surface
than the same percentage error at a region of lower potential.

The conflicting requirements for accuracy when the depletion regibn
is both deep and shallow and the need to economize the ﬁumber of grid
points led us to a compromise. The larger region of the grid is uniformly
- spaced, extending a distance of X - xq where the first run value for K
is 2. Subsequent runs may reduce K if too large a portion of the field
is unused, This uniform grid will have cell height typically between
1.5 and 3 deBye lemgths, although by some experimentation it can sometimes
be reduced to less than a deBye length without an excessive number of
points. This uniform grid is spliced into ai exponential grid extending

from the surface to a distance of Nd deBye léngths, defined by:

h o= p L (2.17a)
n 0

pel of ;zl
Z, = I b = h =9 (2.17b)
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Choosing, o =1+ a , where a 1is small, we obtain a fractional error

"a" for large n . For

which is 1 for n =1 and approaches the value
the examples which we have considered with doping between 101% and
5 x 1015, oxides from .1 to .5 U, and voltages from -1 to 20 volts, we
have observed that the depletion layer is usually at least 10 deBye
lengths from the surface. The uniform grid usually insures maximum
errors in the range of 10 « 30%. Now in oxder to make a smooth tran-
&
sition across the interface, ?i e., no large changes in coefficients of
the equatious fbr uij’ we require h, to take certain values related
to the grid size in the oxide. These values, in deBye lengths, range
from .375 (low doping) to 2 (high doping). In the former case approxi-
mately 37 points are required to extend 10 deBye lengths and obtain 10%
error bound. In the latter case, these requirements are incompatible
and the exponential grid is not used. Thus far we have used an
exponential grid which extends 2 deBye lengths.

We have discussed in detail the effect of grid size on round-off
error, assuming that binary wvalues can be assigned in each cell half.
The grid size of course affects thg solution otherwise, depending upon
the order of the differencing schemes used. We have used the previous
considerations to ald in choosing the grid scheme, and then we have
experimented with the grid size, halving and quartering it, to determine
the effect upon convergent solutions, When these solutions are in
agreement, we feel the techniques produce numerical results at least as

good as the model, and, consequently, of use in determining design

feasibility.
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Reference

A. 8. Grove, Physics--Semiconducting Devices, Chap. 9, Wiley,
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3, TWO-DIMENSIONAL ANALYSIS OF 3-ELECTRODE STRUCTURE

The 3-electrode structure is illustrated in Figure 3.1, and it could
be considered as a storage cell for a 3-phase CCD structure or as a
gating structure for a CCD or SCT (surface charge transistor). A zero
potential boundary encloses the structure to obtain a finite region
for analysis. The effect of the location of this boundary can be
determined empirically. The program given in Appendix A for analyzing
this structure is based on the Gauss-Seidel iteration procedure modified

by use of a relaxation parameter. The programmed formulas are:

{n+l) (n+1) {n) (n)
G OB i . e 2 16 e M 1 15 A e . M 95 RPN
i,j c |
i
(ntl) _ (n) ~ {ortl)
ui,j = (1 -u) ui,j + ui,j (3.2)
where:
Aj = Ej*l W/hj_1 (3.3a)
Bj = (Ej-l hj—l + e hj)/2 (3.3b)
Gj = ej W/hj {(3.3c)
Cj = Aj + 2Bj + Gj (3.3d)

The iterative procedure starts one line from the bottom boundary and one
line to the right of the left boundary. It continues to the right -along
a row, then back to the 1eft;ﬂnd ;pward. All points are considered

except those at which’ the potential is fixed. After the field is swept

through, the procedure is repeated until satisfactory convergence is
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obtained. The coefficients in (3.3) are in fact calculated from the
relative dielectric constants and Qij is divided by e, the free
space permittivity,

We have not used a variable x-grid spacing although this is simple
to accomplish. This can be done easily by modifying the subroutines
COEFF and RELAX. However, it will require the opgration‘of COEFF at
each point rather than once for each 1ine.‘ This will considerably
inerease computation time, and, in our opinion, unnecessarily so for
most purposes.

The cell charge in the substrate, Qij s is calculsated using the
subroutine AVERO. Several algorithms were evaluated and will be dis-

cussed in subsection 3.2

3.1 Grid Spacing

As mentioned above a uniform x~grid was used with various values
for w evaluated. Figure 3.2 illustrates the y-grid spacing parameters.
Spacing, through the electrodes and oxide are uniform with ratios
roughly equal to the ratioc of the dielectric constants., Above the
electrodes the spacings are exponentially increased, with the spacing
through the electrodes serving as the exponential base.

The spacing through the oxide serves as the base for the spacing
in the substrate immediately below the interface. The basic step size

is:

ho = (tox/LB)(es/eox) .

Steps are exponentially spaced for a distance of 2 or more extrinsic

deBye lengths. These exponential steps are calculated by the subroutine
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YSPAC. The objectives in choosing this spacing were two-fold. First,

it is desirable te match the coefficients Aj and Gj

on the boundary of the 5i-5i0, interface. Second, we would like to

» which are large,

increase the accuracy of computing -Qij on the depletion edge for
shgllcw depletion when it is possible to do so without compromising

the accuracy on a deep depletion edge. The spaciné below this region
is uniform because uniform spacing spans the largest distance with

the smallest maximum spacing, an obvicus but important point when
considering calculation of Qij on a deep depletion edge. The program
sets the cell size equal to a constant, Whose ﬁefault value dis 2, times
the maximum depletion depth (estimated) divided by an integer (input

data). We have used values of 25 and 50 for the integer.

3.2 Calculation of Qij

S8everal algorithms were tried for AVERD. The first one utilized
the exponential dependence on u of p , the majority cartrier approximation,
discussed in Section (2). The average potential in each quarter of a
cell was used, znd the sum of the charges &n the four quarters obtained.
The average of top and bottom halves were used similarly, and then,
finally, the average of the cell used.

There were difficulties with all these methods. First, when many
iterations are required for convergence, ij.e., starting with a poot
approximation, oscillations of the potential in the substrate occur.
Once the potential changes sign, large change in the exponential may
occur. Reductiom of the relaxation parameter damps this oscillation
but slows convergence. If the exponential is made to depend on the

negative of the potential magnitude, a new type of phenomena occcurs which
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is worse. The depletion edge continues to advance with a negative dip
in the potential (for a p-substrate) occurring. A stable solution will
finally be obtained, which is obviously useless, where all the substrate
is depleted.

The cure for the problem is to preclude the substrate potential
from taking the wrong sign. When this step is taken, we find that the
results obtained with an exponential function does not, in most cases,
warrant the increased computing time. However, as pointed out earlier
in section (2), it must make a difference when the depletion depth is
shallow compared with an extrinsic deBye length. In most cases, we have

used a simpler averaging technique involving binary walues for the top
and bottom of the cell. Whether binary or exponentiallweights are usad,
it makes little difference whether averaging is done on the right and left
sides of the cell,

When the interface is considered, then the surface state charge
st must be included as well as any charge due to shallow doping. The
shallow doping varies along the channel, and averaging on the right and

left hand sides of the cell should be done.

3.3 Convergence

In the following we shall refer to the residual, R, which is the
change in the potential at a point during an iteration. R; ds the
maximum change on the interface and Rmax is the maximum change on the
entire field. As a test caée we chose a configuration similar to

Amelios® with the following parameters:
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vy, = 0 Lg = 8 Qgs/a = 2 x 10'lem™? L, = 50
v;-sa L, = 16 N, = 5 x 10% L, = 10
Vy =16 N =1y Ly = .183u Ly = 10

L, = 10

We concluded that it would take about 240 iterations, using 193
seconds of CPU time on a UNIVAC 1106, to develop the essential features
of a solution using 8736 grid points and a zero initial estimate for the
potential, Starting with a better initial estimate the time is cut in
half. Using a coarser grid speeds the convergence 'with the penalty of
loss of resolution. Figure 3.6 shows the solution in the viecinity of
the two electrodes with higher voltages. Reduction of the y grid from
91 lines to 53 lines shows the gap potential slightly higher but
essentially the same solution with about one-half the computing time.
A reduction of the x-grid from 96 to 48 lines shows essentially the same
solution. This latter solution uses 2544 grid points and the CPU time
is 80 seconds. The maximum y grid spacing in the substrate is 0.4%u com-
pared with a deBye length of 0.183n. However, the agreement of all the
solutions under the low voltage electrode indicates that the space charge

averaging technique is adequate.

3.4 Program Features

The program allows the operator to establish a large number of the
significant parameters of a CCD structure. Geometrical features such as
oxide thickness, electrode thickness and width, and gap spacing ﬁay be
controlled. Other parameters such as st,’ substrate doping, shallow

channel doping (treated as a surface distribution), and the electrode
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voltages can be established. The number of steps through the coarser
substrate grid, the oxide, through the electrodes and in the air space
above is under the operator's control. The number of steps through
the fine substrate grid is set in the program. These parameters are
read in as input data.

The output of the program gives the estimated maximum depletion
depth, the deBye length, the y-grid values with réspect te a zero origin
at the interface, the indices of boundaries of discontinuity, the
residuals R, and Rmax » and potentials along chosen lines.

The number of iterations is fixed by the parameter ITER, and the
iteration numbers at which a printout of u is desired is fixed by the
parameter LAP. The number of lines to be skipped is fixed by the
parameter JC. These parameters are read in as data. Anyone with pro-
gramming experience can easily modify these features to suit his own
ideas of convenience. We believe that output of such a program should
be monitored to determine the nature of convergence rather than to rely
on built-in tests. Simple built-in tests would be easy to implement
but may not be reliable or more complex tests may result in unnecessary
costs of computing time.

Instructions on preparation of data cards for using the program

are given in Appendix A.

3.5 Application of the Program

The applications of the program to 3-phase structures are obvious.
For example, the potential profiles can be checked for wells and
barriers as a function of gap width and channel doping. Let us consider

the structure for which results were given in Figures 3.5 and 3.6 and
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assume a practical clockwave form for the transfer electrodes. Such a
waveform is shown in Figure 3.7 which shows a rapidly rising leading
edge and a slov trailing edge. By analyzing the potential profiles for
several voltage values on electrode 2, we can find the range in which
transfer can take place and estimate the fraction‘of a elock period for
which transfer can oceur. Profiles are shown in Figure 3.8. These
solutions are obtained using a 2448 point grid which preserves'the
essential features of the solution as was illustrated in Figure 3.6.
The solution for V, = 4 used 240 iterations, although inspection of
the output data showed that 120 iterations gave the same answer to within
0.6%. Succeeding values for V, used 30 iterations each. The dotted
curve shows the solution starting with V, = 10 and running 240 itera-—
tions. The entire set of data can be generated with 182 seconds of CPU
time. The results show that charge can be transferred during the time
V, is between about 5 and 7.5 volts.

The program is also applicable to the study of a 2-phase structure.
figure 3.9 shows the potential profile at the interface for a structure
with doping in the gap and under the left hand electrode edges such as
proposed by Krambeck et. al. (Section 1, Ref. 4)., The results show how
that doping effects an asymmetry which allows unidirectional transfer of
charge. The doping and geometric parameters were established on the
basis of one-dimensional calculations, and the program verifies that the
scheme will work., In this case, the experimental work at Bell Labs has
proven the feasibility.

The last application considered here is for studying gate action.
We give no results, since it requires modification of the program. We

plan to add the modification later to be used as an option, but a
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programmer can do it for himself. Suppose that a diffused junctiom is

to the left and under electrode 1. If the junction is forward biased,

the potential in that region is very near the substrate (about - .5 volts).
The potential can be set to zero in that-region, and the effect of varying .
the voltage V, can be studied. On the ¥ight hand side a collector
junction region can be located where a positive (for n-channel) potential
is specified, and the effect of V3 in controlling the output gate can
be studied. The techniques used in specifying the gate voltage and in
carrying out the relaxation through the electrode region are

applicable.
3.6 Determination of the Electric Field

We have not included an algorithm in the program for calculating
the electric field. 1In the case where one wishes to estimate transit
time, one must, of course, have this data. It is on this point that some
criticize the numerical solution method because simple two-point
numerical differentiation leads to large discontinuities in the field
Profile. The method for estimating the transit time must be chosen
before it is clear just what data is needed; however, for the preceding
cases only the x-component of the field at the interface will probably
be sufficient. After a solution for Ug is determined, a high-order
polynomial f£it to the potential profile will allow a smooth approxi-
mation of the field at grid points.
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4. TWO-DIMENSIONAL ANALYSIS OF A TWO-ELECTRODE STRUCTURE

The twg—electrode atructure is a natural one for studying charge
transfer in a 2—phase CCD. The program given in Appendix B applies the
methods discussed in Séction 2 to analyze the structure shown in Figure
4,1. The program has a few features which are different insofar as
the programming is concerned and allows the consideration of an oxide
with two thicknesses. Basically the program is the same as that in
Appendix A. Periodic boundary conditions are natural for studying the
inter and intra-cell transfer of charge, and these are incorporated in

the program.

4.1 Program Features

The two oxide thickness feature mentlioned above is a completely new
and distinect feature of this program compared with the 3-electrode pro-
gram. The width of the thin oxide region is controlled by the parameter
10X1l. The location of the thin oxlde region with respect to the left
hand edge of an electrode is controlled by the parameter LSPOX. The
thin and thick oxide thicknesses are TOX1 and TOX2 respectively.

In addition, the shallow doping feature is slightly different from
the 3-electrode program. In the 3-electrode program the channel charge
was lumped with QSS to form an effective.interface surface charge. In
the 2-electrode program 0SS and QS(I) are separated. The doping is
included in QS(I) and is read in as an effective suxrface charge, QP under
the pads and QG in the gaps. These numbers are positive if the ionic
charge is positive. Internal to the prograﬁ, and beginning with line 194

of the program listing after the instruction labeled 126, is an algorithm
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which determines a volume distribution coefficlent CHION(J). The algo-
rithm distributes the ions over 10 lines of the y-grid according to a
Gaussian formula with a mean of YBAR and standard deviation of SIGMA. We
realize that this is a simplistic procedure, especially if two types of

ion are involved. However, this procedure seems to obtain solutions

with essentially correct features without introducing kinks in the
potential profile due to abrupt changes in GS(I). The product QS{I)}*CHICON(J)
gives the volume space charge weight in a cell. This technique can be used
to handle buried layers where the doping is of a polarity and sufficiently
heavy to shift the maximum potential away from the interface. A trial

Tun may be required to determine whether more than 10 lines are mneeded

for the distribution. If the layer is deep compared with a deBye length,
which doesn't seem likely, then sﬁifting the desired 10 (or whatever)

lines to a location beginning below the interface may be desirable. This
can be done several ways in the program.

The doping QP starts LSPAC steps from the left hand electrode edge
(LSPAC negative places QP to the left) and extends for a width of LDOPE
steps. Making LDOPE = LP and LSPAC = 6 and QP = QG, or simply letting
QF = QG = 0 and QU equal the uniform implanted layer surface density,
allows treatment of a buried layer.

The 2 electrode formulation aliows a finer grid for the same electrode
and gap geometry, and the program has a feature which allows the relaxa-
tion procedure to bypass the lower lines in the substrate where changes
are extremely slow. As changes occur which advance the depletion layer,
the relaxation procedure then start a line lower, etc. All of these
factors allow the program to run with a higher resolution grid and shorter

time when compared with the 3-electrode program.
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4,2 Application of the Program

We have chosen an example which we believe illustrates the manner
in which two-dimensional analysis programs are useful as design aids.
Creative thinking of a semi-quantitative nature concerning CCD's will
probably rely on one-dimensional models. The two-dimensional analysis

can check the validity of the conclusions arrived at from a one-
dimensional consideration.

The structure shown in Figure 4.2 appears to have some promise for
2-phase CCD application. The two-oxide thicknesses allow an asymmetry
necessary for unidirectional transfer. The electrode voltage will pull
the surface ﬁotential higher under the thin oxide. The surface charge
in the gap region, from either QSS or uniform implantation, pulls the
surface potential high enough to péeclude a barrier in the gap. Implan-
tation through the thin oxide allows a sufficient surface charge to
maintain a high potential on the right side of the interface even when
the electrode voltage is low.

We start with the MIS equations:

_ _ 23172
d’.s = ¥V, + Y (2vavb + v ) (4.1a)
QS
Va = VG +-Ec-)-:-{- (4.1b)
QNE;S
: _ } 4.1e)
Vo = T 2 (
[ 34
Q 2
= -2
wg B 2qNE:S (4.2)

where in {4.2) it is assumed that the oxide field is zero. Now we

assume that Qg, = Qg » Qg = YQg » and Cupy = m Cgxy, . Next we define
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the parameters B = qNES/CDXZQg and a = Vg/Py . We then divide g

by wg and write expressions for the normalized potential in each

region:
v 2 2
= Sl _ 27 28° _ 28 2YR . B (1/2 \
Rl SR R 4.3
v
b T g = et 28428 - 28+ 28+ 807 (4.4)
g

Let us choose the oxide thicknesses to be 0.1M and 0.5¢ , thin enough and
thick enough for selective ion implantation. WNow with zero electrode
voltage we wish to make wNQ < waqwg so that minority carriers are
shifted always to the right hand edge. Setting o = 0 and solving for B

from (4.4) and Y from (4.3), we obtain:

+ f
Y2 (.1 L. II’Nz )

B = 2(1 - wm) (4.5)
wy,
! 28 * "I (4.6)

We choose the positive signs in equations (4.5) and (4.6) and let
¢N2 =1f2 , le = 3/4 . This gives B = 0.853 and Y = 3,066 so that

Q/q = 6.7 x 10'lem™2 , = 8.6V , and Q,/a = 2.05 x 1012em™2  with

g
a substrate doping of N_ = 3.8 x 10%6em™® andn =5 .

Figure 4.2 shows the normalized surface potential vs. the normalized
transfer electrode voltage. Choosing ng = 20V gives o = 2.33 , and
this should work well for obtaining a transfer. In Figure 4.3 the
maximum potential profile 1s shown along with the location of the maximum

potential. In the more heavily doped regions the maximum potential occurs

below the interface as is shown in Figure 4.3. This accounts in part for
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the rise of the potential above the predicted value from the omne-
dimensiocnal approximation shown in dotted lines. A gaussian distribu-
tion of the implanted charge is assumed. It is observed that a potential
barrier occurs at the‘right hand edge of the low voltage electrode for

v

el = 0. Therefore, charge would be trapped under this electrode. One

observes that the potential maximum is located deeper underneath the

low voltage electrode than under the high; therefore, the ratio of the
trapped charged to the amount which can be stored under the high wvoltage
electrode is somewhat lower than it first appears. Most of the charge
which can be stored under the high voltage electrode will be on the
right-hand side with the higher oxide capacitance. Neglecting the
differences in location of the potential meaximum the ratio of the trapped

charge to maximum stored with electrode voltages of 0 and 20V is:

2.3¢C

= oxl - o
It ¥ J.2C__ +15.2¢C = 4z
oX2 [e):4 )

Figure 4.4 shows the effect of misalignment of the electrodes with
respect to the oxide: Misalignment to the right accentuates the barrier,
and misalignment to the left introduces a well for trapping charge. The
absence of a peak in the profile at the right hand edge of the 20V elec-
trode was unexpected and caused us to do some intensive checking of the
program but we found no errors. Finally, Figure 4.5 shows the profile
for a sequence of values for ch indicating the possibilities for
charge transfer for practical clock waveforms on the tramsfer electrodes.
In conclusion, even with T 1p misalipnment the trapped charge is of a

tolerable magnitude for CCD operation..
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4.3 Possible Modifications

Some may have objections to the using the smaller increments
beneath the interface. This feature can be modified by rewriting the
subroutine YSPAC. The feature can be deactivated by removing the card
sequence; HO = 3.0#T0X1/L3 to J2 =J1 + L2 and setting J2 = Jl.

The distribution of implanted charge can be modified by allowing it
to go further into the grid, i.e., increasing the limit LIL = 10 and
dimensioning CHION( ) suitably. The function used can be changed by
defining parameters other than YBAR and SIGMA or changing their
values. The most flexible approach is to substitute a subroutine function
say FIMPL(A,B, +++,Z) for the gaussian function used. However, a

suitable function can be incorporated in the main program also.

4.4 Use of the Program

The program uses approximately 20,000 words or ¥U,0U0 BYTES of
storage. Of this 11,000 words are used for storage of the field pcints.
This can be reduced by a factor of 4 for many cases by redimensioning
the arrays for a coarser grid, The run time for 240 iterations and a
3504 point field is 240 seconds of CPU time.

The charge entered as QG, QP, AND QS will be distributed
according to the same function as the program is now written. QG will
be located in the gaps between the electrodes. QP can be placed any-
where under or to the side of an electrode. QU is uniform all across
the surface. QSS is treated as a pure surface charge uniformly
distributed.

The thin oxide region can be located as desired. The left hand

edge is specified and the width of the region specified.
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Read in data for the program is as follows:

READ(S,1) JA,JB,JC,MAXU,IRES

FORMAT (SI10)

JA: lowest line of potentials to be printed .out.

JB: highest line of potentials to be printed out.

JC: steps between lines printed out.

Internally, program adjusts JA>1 , JB<J6 , such that the line
for J=J2 (interface) is printed.

MAXU: set to integer greater than zero if the maximum
substrate potential profile is desired.

IRES: set to integer greater than zero if a printout of the
residuals after each iteration is desired.

(Recommended for a first time through until

confidence in convergence is established.)

READ(S8,2)T0X1, TOX2,TEL,W,HFAC

FORMAT (5F10.3)

TCX1l: thin oxide thickness in microns.

TOX2: thick oxide thickness in microns.

TEL: electrode thickness in microns.

W: width of grid cell in microns.

HFAC: (HFAC > 1.0) multiplies estimated depletion
depth to set zero potential boundary in substrate.
Defauit value is HFAC = 2.0.

READ (5,4)QSS,CSUB,QG,QP,QU

FORMAT (5E10. 3) -

QSS: surface state charge, cm 2 (i.e. Qss/q)
CSUB: substrate doping, cm .

QG: gap doping, cm~ 2. -2

QP: under electrode doping, cm

QU: uniform doping, em™2.

READ(5,6)V1,V2,ITER,LAP

FORMAT {2F10.3,2110)

V1: left hand electrode voltage, volts.

V2: right hand electrode voltage, volts.

ITER: total number of iterations. (Try 120-240 for start)
LAP: ptintout control, printout occurs when iteration
parameteir LOOP /LAP = Integer

READ(5,18)LP,LG,LOOPE,LSPAC,LOX1,LSPOX

LP: Pad width in units of w.

LG: gap width in units of w.

LDODE: width of underpad doping in units of w.

LSPAC: location of underpad doping from left hand
electtode edge in units of w, positive to the right.
LOX1l: width of thin oxide region in units of w.

LSPOX: spacing of thin oxide region with respect to left
hand electrode edge in units of w, positive to the right.

REPRODUCIBILITY OF THE
ORIGINAL PAGE 1S POOR



6.

READ (5,408)0M1,0M2 ,0M3 ,0M4 ,OM5

408 FORMAT (5F10.3)

These are the relaxation parameters for the 5 regions. After
early experimentation we used: (1.8,1.8,1.5,1.5,1.5).
The user may start with these and do his own experimentation.

READ(5,6) V1,V2,ITER,LAP

Repeat for as many subsequent values as required.
The solution builds on the last solution obtained.
If V1l and V2 are not changed more than 1V

ITER = 50 should suffice.

BLANK CARD. )
Computation terminates after test on a blank card.

48
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5. TWO-DIMENSIONAL ANALYSIS OF A FOUR-ELECTRODE STRUCTURE

This structure, illustrated in Figure 5.1, seems to be popular
for CCD design because it provides complete electrostatic shielding of
the channel. Originally, it was recognized as a possible solution
to the problem of electrostatic barriers which may occur in the gaps;
however, it was later recognized that shielding. precludes the buiidmgp
Sf a static surface charge which influences the interface potential in an
unpredictable manner.

Aithough we have seen no reports of operation of CCD's constructed
in silicon-on-sapphire (S0S8), we believe that this type of design is
under consideration. Imaging devices using a 4-electrode structure would
appear to be quite attractive as an aﬁplication of silicon on transparent
sapphire. S80S has not been attractive for bipolar devices because of the
relatively low life-times due to surface recombination. Apparemtly lack
of availability of thé material or economic factors have held back
application in the MOS area. We did a rough sensitivity check using the
surface state density data of Elliot and Anderson! and assuming a 2.5p sec
lifetime and that the thin silicon léyer would be depleted. For a one
micron layer, visual inspection reveals that most of the incident light
is absorbed; therefore, we conclude that after a reflection from a con-
ducting boundary essentially‘all incident radiation would be absorbed.

We obtained a sensitiﬁity’of approximately 4mw/cm? assuming a quantum
efficiency of unity. After making several conversions of units which we
hope were correct, we found that the sensitivity of a "sensitive" phot-
transistor currently available is approximately 2ms/cm?. This latter

figure no doubt includes the effects of a lens, etc., but is still useful.
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We assume that others have checked the sensitivity and found it to be
tolerable.

The program which we deseribe in this section can be used to
analyze a 4~alectrode S0S structuré. However, it can also be used to

analyze a 4-electrode CCD structure on a silicon substrate.

5.1 Program Features

The program provides for a sapphire substrate. Since the substrate
is relatively thick compared with the epitaxial silicon layer, the y-grid
gspacing in the substratg is exponential. Treating the sapphire as
infinite in extent and applying LaPlace's equation we estimate that the
field is attenuated by e—ZW at a depth equal to the width of one cell
in a periodie structure. Periodic boundary conditions are used for the
potential variation along the x-direction. Exponential y-grid spacing
would correspond roughly to equi-—potential points along an x-cut through
the grid. The substrate chaige gives risé to a "d.c¢c." field component,
the value of which dep;nds upon the thickness of the sapphire substrate
and the boundary condition of the surface. It seems probable that the
sapphire would be greater than 250p thick and that a transparent,
grounded conductor would be placed on the- surface to eliminate static
charge. With this thickness the d.c. field component would be small;
therefore, we set the field equal to ;ero at a distance of one cell
depth into the sapphire. TFor the silicon-substrate option, the boundary
conditions in the substrate are similar to the previous programs.

The analysis assumes that the silicon is deﬁleted; therefore, the
results are meaningful only if depletion can be maintained. It is of

course conceivable to have a silicon film thick emough so that depletion
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is not complete. Such & structure may be in fact required to allow
depletion for the full length of the channel, but we do not know the
answer at this time. If this is true, then the sapphire substrate
feature is superfluous; however, the program can still handle the prob-
lem. Since total absorption is possible within a thin, completely
erleted film, it seems desirable to obtain this situation if possible.
The program allows the dimensions of the electrodes, the doping, oxide
thickness, electrode -thickness and electrode voltages to be controlled.
The relative positions of the electrodes is fixed; however, this seems
to be no serious limitation. The number of iterations is controlled on
the same data card with the electrode voltages so that subsequent runs
with perturbations of the electrode voltages are possible.

Spacing is uniform in each of six regions and exponential in the
sapphire and airspace regions. The exponent will usually be smaller for
the silicon substrate, since the grid usually will span a smaller
distance., In this case, the maximum error which may occur due to round-

off of the space~charge is:

su
s

u

2 oM -1)
LI

s L2(a-1) + o 1

If one is concerned with error other than at the interface, the above
relationship is not wvalid. We feel that the grid spacing for the
silicon substrate needs further consideration, since it is definitely

compromised for simplicity and compatibility with the case for a

sapphire substrate.
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5.2 Application for the Program

Figure 5.2 shows results‘obtained in applying the program to an S0S
structure. Curves are shown for zero space charge, for zero pad volts,
and for the composite., Since the problem is linear, the two individual
source curves should add to produce the composite. It can be seen that
they do. One notes that the peaks of the potential curves for zerc volt:
are not equal as they should be. It was suspectad and confirmed that a
programming error resulted in shortening the upper left electrode and
shifting of the upper electrodes to the left. This gave complete
coverage for the center electrode but not the left hand and right hand
gaps. The error was correcteé. The resuits, however{ do not give the
asymmetry required for transferring charge undirectionally.

Figure 5.3 shows the potential profile for electrode voltages which
gilve the asymmetry required. The values required would not lead to
convenient waveform generation; however, it is not our purpose here to
propose a practical design.

Figure 5.4 shows the potential profiles obtained applying the program
to a silicon substrate. TSI, QUN, SIGMA, and YBAR are chosen to
obtain an N-layer 1 microns thick with a doping of 3 x 10}5cm °. The
P-substrate is doped with 1015¢m™ 3, The resultant profile in A would
not allow undirectional charge transfer. Some items of interest for
this curve are as follows. The residual dropped from 4.52V to 1mV in
240 iterations requiring 149 seconds CPU time. The depletion depth
occurred at y = -5.254 and h = 0.48p giving a maximum roundoff error

of approximately 10%. The field contains 4047 grid peints.
The curve labeled "B" shows sufficient asymetry to make charge

transfer to the right possible. The maximum potential occurs at a
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distance from 0 to 0.4u below the §i~510, interface. Unfortunately,
under the pad where charge would be transferred to, the maximum occurs
on the surface. However, these results are given to illustrate the

program capacilities and not to suggest a practical design.

5.3 TUse of Program

The program is aPproximately the same size and takes approximately
the same running time as the 3-electrode program discussed in Section &,
Convergence is obtained within 240 iterations to within 3% or better with
the residuals typically dropping from approximately 5 volts to 1OmV. Such
a run requires 158 seconds with 4047 grid points in the field.

The dimensions of the arrays must be checked for compatibility with
the desired number of grid points. The dimensions in the listed program
allow 100 x 100 points. The listing is given in Appendix C.

Input data cards are in the sequence given below:

DATA FORMAT

1. LP1,LG1,LP2,1.G2,1TYPE,MAXO 6110
ITYPE=0, sapphire substrate; ITYPE = 1, silicon.
MAXU=1 for printout of U otherwise MAXU=0.

2. JA,JB,JC 3110
JA: lower line printed out; JB: upperline;
JC: number of lines skipped.

3. 11,L2,L3,L4 4110
4. 15,L6,L7,L8 4110
5. TOX1,TEL1,TOX2,TEL2 4F10.3
6. TOX3,TSI,W 4F10.3
7. Q8s1,Q852,QUN,CSUB 4E10.3

QSS1: Si-Si0, interface surface state density, cm™2.
Q552; Si-Sapphire interface surface state density,cm‘z.
QUN: TUniform implanted density, em~2,
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DATA FORMAT

8. vGl, VG2,VG3,VG4,1TER,LAP 4710.3,2110
(see Section 4 for more information.)

9.  OM1,0M2,0M3,0M4,YBAR,SIGMA 6F10.3
Try omega value between 1.5 and 1.8
Subroutine DISFAC uses YBAR and SIGMA as
the usual parameters of a gaussian function in
coordinate variable y to specify implanted doping.
10.- Repeat card (8) for as many values as desired.

(Last) Blank card terminate program,

References

1. A. B. M. Elliot and J. C. Anderson, Solid State Electronics,
Vol. 15, pp. 531-545, 1972. )
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6. CONCLUSION

We have described three progfams which can be used to obtain an
electrostatic analysis of CCD structures. These programs cover a broad
variety of structures which may be of interest. When the computed pro-
files are such that uni-directional charge transfer is possible, then
such profiles may be considered to be approximately those which would
exist in a structure operating in an ideal mode with a2 small amount of
Y"signal” charge in any given cell. The profiles also serve as a base
for estimating the amount of charge corresponding to a "full well'.

Other work which we have done on CCD's during the past year includes
dynamic analysis of charge tramsport. Our work has been confined to one-
dimensional models, and we have studied the so-called "flux-corrected"
method for solving the transport equétions. We are not ready to report
on this work at this time. The emphasis which has been given to buried
layer devices and the observations which we have made from electrostatic
analyses makes it clear to us that accurate models of the transport
equation musf also be two-dimensional. If cne do;s not use two-dimensional
models, then it seems that the techniques used by Kosonoeky and Carnes
and Amelio (references in Section 1) are adequate for estimates of the
transit time. It should be noted that a two-dimensional analysis will
require at least twice as much data storage as the electrostatic
analysis. Computing time will be at least doubled and probably increased

well beyond that. However, we intend to pursue this problem further.
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APPENDICES

The following listings are of programs written in FORTRAN V.
All pfograms are approximately the same size. Program 2, Appen-
dix B, requires 20,000 words or 80,000 BYTES of storage. The field
points require approximately 11,000 words. Without changing the arrays,
all programs handle a grid of 100 x 100 points. (Appendix B program
100 x 110). Runs will require up to 240 iterations per solution with
about 4 minutes on a UNIVAC 1106, or equivalent, for one solution
using 10,000 points. Reduction df the number of field points will
reduce the run time proportionally.

To use, supply run contrel cards, with appropriate control
cards also separating the main and subprograms, and prepare data cards
describing structure according to formats given. Suggested trial
values of relaxation parameter are between 1.5 and 1.8 with 1.7 a

good value to start with.
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THREE~ELECTRODE PROGRAM

See section 3, Figure 3.1 for diagram of structure.

Data cards:

DATA FORMAT

JA,JB,JC 3110
JA: Lowest line of potential array printed.

JB: Highest line of potential array printed.

JC: Spacing between lines.

Program recompute JA and JB to obtain printout

of line J2, the 8i-5i0, interface.

TOX,TEL,W,CDEBY,CDEPL 5F10.3
Default values of CDEBY and CDEPL are 2.
See text for discussion of optimizing these values.

Program will run well on default values.

Qss,CsyUB,QG,QP 4E10.3
See listing and text for further information.

v1,v2,V3,ITER,LAP 3F10.3,2T10

Tty first runs with ITER = 240, LAP = 40.

This will give approximately 50 pages of output

data including listing. After inspection for convergence,
both ITER ‘and LAP may be reduced.

L1,L3,1L4,L5 4110
See Figure 3.1 text. For example,
Ll = J1-1 , L2 = J2-J1, ete.

LP,LG,LDOPE,LSPAC 4110
See listing and text for further information

Repeat card 5 for as many solutions as desired.

Last data card is blank to stop computation.

60
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444HML444144fV4JdglsglﬁEﬁ§RID_SEACINQ_NQRMAL.IQMIHE_IMIEREACE

000 c W ' ' PARALLEL WITH THE INTERFACE )
gco C U 1s THE ELECTROSTATIC POTENTIAL WRYT THF SUBSTRATE RBULK
0o C DU IS THE RESIDUAL )
000 c e e K e ok 3 o o s e ofe e e o s ol ok KO0 ok o o oo K s o s S e oK S o o o K ool 9K S o e e oK ok o e o o o ok ok o s ok K
000 COMMON U(100.100)pUC100)sH(100)+FO/L2,ALPHA»IMAX» JMAX+EAIEB,
008 *ArBeCrGeWe VT IpJe DUMAX
000 DIMENSION @S(100)
goo VT=0,0259
000 C ko o ok ok K ok o e 36 ok ok S ook Kok ok kRO o 3K ok o ok o oK g 3 e S o Rk o ok R R i ol R R oK R R K o
000 c READ L INE PRINTOUT CONTROL. _PARAMETERS
000 c***********************************************************************
000 READ(5¢1) JArJBrJC o
000 1 FORMAT(3I10)

. 000 c e K o K K o K g K K K KKK o ok A s K g o e ook ok S ook K ook R ok e K ok A ek ok koo ok
600 C READ DIMENSIONS OF REGION FOR ANALYSIS: MICRONS
noo c ***************ggggtyt********gy****gg;**********************
goo c e o e e a3 ks K e o ok e 3K oo s o e o s o oK K gk e o ol o o e o age Ak 3 R o e e i ek ok ook oK K ek ko
0oo C TOX=_OXIDE THICKNESS . .. —_—
000 ¢ TEL= ELLECTRODE THICKNESS
1 READ(S#2) TOX+TEL WrCDERY,CDERL
000 FORMAT (5F10.3) —
000 ¢ QSS= SURFACE STATE CHARGE,CMw2
000 c CSuB= SUBSTRATE DOPINGsCM~3
0060 C QG= GAP DOPINGCM=2/POSITIVE 1F CHARGE POSITIVE
000 ¢ GP= UNDERPAD DOPING+s ' vee ree
000 C 6 2k 3 o A e A oK S A o K e o 3 K 3 o K sk 3 ok 3K g e o ol e 386 S 8 3 o K s o K e S ok e 3 ok e ok ook ok ok Kk o sk ok
000 ' READ(S4)QSS5+CSUB» G QP
000 4 FORMAT(4E10.3) .
000 ¢ *SIGN* IS USED To PRECLUDE SPACE CHARGE INSTABILITY IN RELAXATION
000 C IN SUBSTRATE. IF 'Ur HAS WRONG SIGNr 'Ut IS SET TO ZFRO.
000 SIGN==1.0
Q00 IF(CSUB.GT.0.0) . SIGN = 1,p
0090 C *************************************************************
900 ¢ READ ELECTRODE VOL TAGES»NUMBER oF ITERATIONS»AND LOOP PRINTOUT
000 c 2054 K ke K ofe 30 o o K S o s 20 e o e 3 5K o 3K o o R sk S e e o e b S 0 3 oK e 3o ok O o e o e K ok oK o K K e e e o
Q00 _ READ(Se6) V1»V2:V3,ITER,LAP -
000 FORMAT(3F10., 3,2110)
0Q0 C *************************************************************
000 C COMPUTE CHARGE DENSITY PARAMETERS
000 c 3K A AR AKOK AR ok 3 K R KK o o oK g KKK K o ok g ook K K K e K K K o ook
000 @=1,6F=19
000 EQ=8,85E=14 . ..
000 VSS=Q*QSS/EQ*] ,E=4
000 VSUR=~Q*%CSUB/EQ*]1,F=8
000 CONz2,.,%*11.7%E0/ (Q*CSUB)
8900 C e e 2 s oK o K ol 0 e ook s 3 ok R oo sl sk e sl K g ok sk ol e 3K ok e 3K o ok 36 5 e o o o o K o oo ok ook ek
000 C ESTIMATE DEPLETION DEPTH :
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7ﬂﬂT“""““____"ETTHKTE“gUﬁfﬁtf POTENTIAL

000 c A e K o oK O KK Ko Ko ok ok K RO AR ok o K e ok ROR K K ik o K K koK o ok kR ok oK Kok ok ok
000 ABV1=ABS (V1)

000 ABV2=ABS(V2) - _

000 ABV3=ABS(V3}

000 Veevl .

060 IF(ABV2,.6T.ABV1) VG=V2

000 IF(ABV3.GT.ABV2) VG=V3 —

000 CO=3.9%8,85E=14/ (1 ,E~4%TOX)

_ 000 VASVG+QSS*Q/CO0 - —

000 VBZQ*CSUB/CO*11.7*£0/C0O

000 PSI= VA+VB=~SQRT{2.%VAXYB+VR*%*2)

000 XDS=2,.*%11.7*E0/0*PSI/CSuUB

Q0@ XD=SQRT (ABS(XDS) ) *1,.EH4

000 c ***************#*********************************************
000_ ¢ FIND THE EXTRINSIC DEBYE LENGTH

000 C AR AOR AR O AR KRR K KRR AR KA KRR R AR R R ARk Kok Kk
000 DL=oVT%x11.7%E0/Q/CSUB

000 EDL=SQRT(DL}*1,E4

000 c 3 o3 s 3 o KK o ook ook K oK e o o 3 e 3k oKk K ol s ok ok R o ok ok e ook e ok ik ok ok Kok
000 c WRITE DEPLETION DEPTH AND DEBYE LENGTH

000 C ********#***********f**********************t*****************
000 WRITE(6,300) XDrEDL

000 300 FORMAT('1v+10X,"DEPLETION DEPTH ='»F10,3,5X+'DEBYE LENGTH='»F10,3)
000 C 3 o o o e 0 K o o o e 0K o KK o e o ok 3 g ke ok o K e o o e ke R o o ok oo ok s e sk sk ok ook o
000 C *************************************************************
000 [» DETERMINE NORMAL CONTROL INDICES

000 C AND SET THE Y=GRIp SPACING

000 ¢ L1, REGION OF UNIFORM SPACING IN SEMICONDUCTOR

000 ¢ L2s? ' EXPONENTIAL ¢+ - v 1

0G0 C L3, ! ' UNIFQRM ¢ ' OXIDE

6o0 C Li, ’ o ' THRoOUGH FLECTRODES

000 C L5, ! ! EXPONENTYIAL ¢ ' IN AIRSPACE

000 C ok 33 e o K o R o ok o oK ok R o K ok R o ook o g o ok o K ok g o e AR ok o Aok ok ok ok ok Sk ok ok e ok
000 READ(S5¢302) L1/L3,LG/L5

000 302 FORMAT(4110)

coo J1=L1+1

000 Ki=ty i o

000 IF(CDEPL.LT.1.0?) CpEPL=2,

000 DO 8 J=1sK1 e

000 H{J)=CDEPL*XD/L1

000 8 CONTINUE

000 HO=3,*TOX/L3

000 IF(HO.GT,EDL) HO=gpL _ ) L

000 IF(CDEBY.LT.2.) CDEBYZ2,

000 YO“CDEBY*HO“_n““ e

000 FO=YO/HO

000 CALL YSPAC

. 000 Ja=Jdi+i2

000 K2=.)2~1 e B

000 DO 10 UJ=1.L2

00g0 =J2=JJ L e

000 H{J)YS HOXALPHAX*JJ

000 10 CONTINUE

000 T J3TJ2+L3

000 K3=J3=1 A -

Goo DO 12 J=J2/K3
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000 H(J)}=TOX/L3
000 . 012 CONTINUE . . . .. e vl e e e
000 JU=J3+L4
~.000 L KizJds=1 .. e e e e - —_— "
000 DO 14 J=J3»K4
s111] HODSTEL /LY
000 14 CONTINUE
000 JOSJEHLS . .. -
000 K5=J5=1
goo DO 16 J=J4.KS _ e e ——
000 Ju=d=-J4
000 HOJIS(TEL/LA) % (2o %)
000 16 CONTINUE
000 C *****#******************g}g}***$******3w$#******************* —
000 (o PRINT OUT THE Y-COORDINATE VALUES AND THECONTROL INDICES
000___¢ 22232333 e SRR RS SR ISRt EEL TR I RS LRI IS EF L LIRS EELE L
000 WRITE(6,17)
000 17 FORMAT(/+10Xe*THE Y-COORDINATE VAILUFES ARE:'/)
000 Y=0,
.._000 DO 125 J=J2:K5 . T
000 Y=Y+H({J}
000 WRITE(Se127) Y. . . . . R _
000 125 CONTINUE
000 Y=0,
000 DO 129 LL=1:K2
000 sJ2=\L_ . - e
g00o Y=Y=H(J)
000 WRITE (60127) Y = _ _ _ o
coo 129 CONTINUE
000 127 FORMAT(F20.6) o
000 WRITE(S6131) Jlrd2,J3rJ4+45 —
000 131 FORMAT(//»10Xe'J=VALUES ARF**,S5T10//) . o .
600 c COMPUTE JA+JB VALUES TO OBTAIN INTERFACE PRINTOUT
000 MT=(J2=JA)/JC _ _ et e el
g0 JASJ2=MT*JC
000 IF(UB«GT«J5) JB=JS
0co C *************************************************************
000 C DETERMINE LATERAL CONTROL INpIGES
000 C LP AND LG ARE THE NUMBER OF STEPS ACROSS THE PAD AND GAP.,
___000 c THEN COMPUTE THE SURFACE CHARGE DISTRIBUTION
Goo C 3 s o 3 K s ok 6 ol oI o ok s 3K ol sk 3 3 K ook e ok o ok 3K e ke ke sk ok R o 3K o g 3K o ol 0k sk ok g S s sk oK skeok ol kol ok o ok ok
000 READ(5018) LR} GLDOPE,LSPAC
0060 18 FORMAT(L4IL10)
000 _ 11=1LP+Y . e e e et et e
000 I2=T11+4LP
000 _I13zsI2+LG - e e e
000 I4=13+LP
000 IS=T4+LG
000 I16=I5+LP
000 I7=16+LP e _ L
000 IA=(I2+13)/2
000 IR=(iu+15)y/2 . . .
000 IC=I1+LSPAC "REPRODUCIBILITY OF THE
000 ID=IC+LLDOPE . ORIGINAL PAGE IS POOR
000 IE=I3+LSPAC
060 IF=IE+LDOPE =

000 I16=15+L5SPAC
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0ud ITH=1G+LOOPE

000 DO_333 I=2+17 e e e e
TotoT TRSTII=ASSHAGH (F(1yI1e DI4F (12,13, 1) +F (T4 IS  T)+F (164174 1))

géo x+QP* (F(IC, IDs IIFF(IEvIF» 1) 4F(IGo IH 1)) o

000 QS (I1)=QS(I1)=a6/2,

000 333 CONTINUE

000 Qs(I2)=@S(I12)~@6/2,

600 QS(13)=Q5(13)=-aG/2, L

000 QS{14)=QS(14)-aG/2,

000 . QS{15)=QS(15)~-@G/2,  _ _ e

600 Qs{16)=QS{I6)=QG/2,

000 QS(ICI=QS(IC)=aP/2,

000 as(ID)=@S(ID)=-aP/2,
_..06o QS{IE)=QS(IE)=QP/2,

000 QS{IF)=QS(IF}=QP/2,

000 QS(16)=aS(16)~aP/2, - - e .
000 Qs (IH)=QS(IH)}-QP/2,

000 C 3 o 3 g o e e 6 3 oK o K e o o 3 A KK o ok o e 3 e ke o ok o 6 ol o g ol ok R KK Sk s o o o ke e o oK o o e ok ok

000 C SET THE ELECTRODE POTENTIALS

poo c ***************fk*z_k*******************************************

000 DG 28 J=J3edi

000 DO 26 I=I1.16 .
- 000 ) UCIrJISVIkF(I1 12, T)+V2%F (I3 14, I} +V3I%F (15016 1)

000 26 CONTINUE

000 28 CONTINUE

000 C e ok o o A R KK e Kook KR oK ok ok K g ook Kok Kok s ok RO Ko kR ko ok ok ok ko

000 C~ SET VALUES BETWEEN ELECTRODES On AIR-OXIDE INTREFACE

000 C A ROK A Aok KK KKK ok KR R KK ook o K g ok R KRR KR ok sk Aok Kokl K o sk Kk K _

000 CJ=J3

000 DO 240 I=2,I1

000 U{Tr = ULr DI+ (T=1TF 0T, J0=-UC1, DNV /(T1-1D

000 240 CONTINVE = . o .

000 B DO 242 I=12/13

000 U(Ir D=ULTI2r )+ (T=12)% (U133, J)=1(122J) )} /(13-12)

T 000 T 2827 CONTINUE

000 DO 244 I=14:15

Qoa U(Ts N S0(TGr D+ {I-TEIF(U(15+ D) =U(IG7 D)) 7(I5-1H)

000 244 CONTINUE i o

goo ) DO 246 I=16¢17

000 UCTy IBUI6rJ) +(I=16) % (U(I7»J)~ylI6rJ))/(17=16) _

000 246 CONTINUE

000 C ok 3k e e 3 36 o ke 3 o e s e 3K ke s o ok 3 9 ook o ol ol ok 3 e ok o ok ol K o SRR o ok sk K R o s o e AR K ok K ok R

000 c INITIALIZE POTENTIAL DISTRIBUTION IN THE SEMICONDUCTOR AND

000 c OXIDE_USING THE ONE NIMENSIONAL NEPLETION LAYER ESTIMATE,

000 c VB DEFINED ABOVE

000 C AR o o ok o R Sk s ok ok A KK ok sk o o ok R ROK A e o ol R K K A K K ko oK ok ek

000 DO 406 I=2¢17 -

000 JTJ2

000 VSZU{I+J3)

000 VAA=Q*@S(¥)/CO -

000 VASVS+VAA

000 IF(1,6T.1,AND.T.1LT,I1) 6O TO 393.

000 IF(T+GT+12.AND,1.LT.1I3) GO TO 398

800 IF{1.6T.I4.AND,I.LT+I5) GO TO 398 .

000 IF(1.6T.I6,AND,I,LT«17) GO TO 398

000 - VINT= VA+VB-SQRT(2.*VA*VB+VB**2)

000 G0 ‘70 399
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000 298  VINT=Q*(QS{IV**2)/(2.*11,7*c0xCsUB)
_.000 399 CONTINUE . . . .
600 XDS=CON*VINT
_..00g¢ XD=SQRT (ARS(XNS) ). . e e e
000 Y=0,
000 400 JzJ=i
000 Y=Y4+H (J)
000 YN=1E=4*Y/XD . N R .
000 IF(YN.GE«1.) GO TO 402
__008 U(T e ) SVINT*{1 ., ~YN)**2 . e —
200 GO TO 400
0060 402  JzKp
0090 Y=0.
Q00 404 J=J+1 —— i I
000 Y=Y+H(J)
__0Qo INSY/TOX . e
000 IF(YNJ.,GE+1.) GO TO 406
0oo U(T e JISVINTHYS=VINT I YN
poo GO TO 404
D00 406 _CONTINUE __ . ... -
00Q c****************************************************************** gk
poo (o WRITE OUT THE STRUCTURE PARAMETERS
000 C sk ok ok o ook K KRR s ok KKk e 8 s o S e 3ok 3 oK o o 8 ok ok R o i 3 oK ok o o o o e ok s o ok ok ok ke
0oo ' WRITE(6,345) TOXsTELYWeVIey2ry3,l PeLGrl DOPE/LSPACIRSS» @G QP CSUB
000 345 FORMAT(/»10Xs» "TOX+TELtW="+3F10.3/10Xs*V1,V2rV3=1,3F10,3/
000 o FLO0Xe YLPr LGy L DOPE L LSPAC= 1 4110/10X"'QSSrQGe QPP CSUB= v 4E15,3/Y . . _
aoo c o oo K Kok e ke ok o oK e ke e A K ok s o o oK e e ok o K o ok g ook KR koo 3ok Kokl kol K ok ok ok ok
000 ¢ . READ RELAXATION PARAMETER VALUES . — —_ -
000 C **********************#*****************t*******************#
000 READ(5:408) OM1rOM20+0M39OMY ,OM5
0ao 408 FORMAT{5F10.3)
00Q S 5 S
600 JLo=Jd1/2
000 o NJHIz=JIR+Y e . o
000 C ***************************************************xt********
600 c START THE RELAXATION PROCEDURE STARTING AT THE LOWEST ROW
000 C AND WORKING ACROSS. TO THE RIGHT TO THE TOP ROW
000 € xkrpmiokkdokopsick rokkok f ook sk koK ook ok Kbk op ¥k ok Rk ok o ok Kok Kk Aok g ok
000 LooPZ1
000 800 CONTINUE _ _ .
000 DUMAX=0.
000 DO 40 J=JLO:K2
000 EA=11,7
000 _.. EB=11.7 | - . -
000 ASEA*W/H(J=1)
000 . B (EA*H{J=1) +EBXH(J) )/ (2. %) e . -
000 G=EB*W/H(J)
000 CZA+2,%B+6 . E@ﬁﬁBIKWRH1TY ngg%?
oco OMEGA=0M1 B IS
000 DO 3& I=2117 e @memm P‘EG* .
000 IF(U(TIrJ+1) ,EQ.0.0) G0 TO 33
000 30 TESTEABSWU(Ted=1)/¥T) . .
000 IF(TEST.GT+4) GO To 31
000 ITEST=1
0090 QIJ=VSUB*AVERO (ITEST)
000___ . ...B0o T0 32 __ . e e
000 31 QIJ=VSUB*WH{H(J)+H(J=1))/2.0
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000 32 UoLD=U{I )

000 UTIL=(AxU(I2Jd=1) +BxU(TI=1 o J)+BxU(I+1rJ)+C*U(IrJ+1)+Q1J)/C

800 UCTI . V={1.=-0OMEGA) *UOLD+OMEGA*UTIL

800 US“SIGN*U(I.J) L

000 IF(US.LT.0.0) U(IeJ)=0,0

200 DULTI)=U(TJ)=UOLD

000 GO TO 36

poo 33 IF(U(T+10J)4EQ.0.0) GO TO 34

600 GO TO 30

000 34 IF(UGI=1rJ) «EQ.0.0) 60 T0Q 38

800 36 CALL MAXOF

000 38 CONTINUE

000 40 CONTINUE

000 ok 3 ok o K K K o A e K o ko K S e ook oK e o kR ROk R ko R ok ok R ok ko R kR Rk Rk kiR K

000 RELAX THE SILICON,SILICON-DIOXIDE INTERFACE

000 _xwkokskckioRk ok Rk EORRRE KRk ok ook R ok R R R Kok R ok R KRR ok ok ko Kk ok kokok ¥
© 000 T Jz=J2

000 EA=11.7

000 EB=3.9

800 A=EAXW/H(Y=-2Y

000 B (EAXH{J=1LI+EB*H(J) )/ (2 ¢ xY)

080 _ G=ER*XW/H(J) i e

0060 CoA+2 . ¥B+06

000 OMEGA=0M2

000 DO 48 I=2¢17

000 QSA=(QS(I+1)+QS(I~1))/2, L

000 TEST=ABS(UTTyJ=13 /¥

000 IF(TEST.6T.4) GO To 42 o )

000 ITEST=3

000 QIJ=VSUB*AVERO(ITEST) *Q*QSA/EQ*1 s E=~4

000 GO TO &4

000 42 QIJ=VSUB*H{J=1)*W/2.+Q%QSA/EO*1,E=L4*Y

Q00 44 uolLo=ui{IrJ)

000 UTIL=(A*U(I»J=1)4BxU{1=1, ) +BxU(I+1rJ)+G*U(I,J+1)+QTJ)/C
000 U(TTJ)ull.-OMEGA)*UOED+0MEGA*UTIL

(s1¢14] UsS=SIGN*U(IrJ)

000 IF{US.LT.0.0) U(I,J 1=0,0

000 DUCT)I=U(TI»J}=UOLD L

000 CALL MAXOF

8600 48 CONTINUE B

000 DMAX=0,0

000 J=J2

000 DO 696 I=2,17

000 696 IF{ABS(DU(I)),GT. DMAX}DMAX”ABS(DU(I))

800 WRITE(6+697)DMAX? IM B

000 697 FORMAT(2X» DU +F5, 395Xy 11219 13) -

000 *****************************************#******************

000 ~ RELAX THE OXIDE REGION

000 4 24K o K o K o K S o K o g K 3K o o ok K s otk Ak o g R ok kR K K s R R R Kok Rk ko ok
~ 000 Jdz=da+1l

000 DO 60 J=JJeKS _

000 EA=3,.,9

000 EB=3.,9

200 AZEARW/H(J=-1)

000 B{EA*H(J=1)+EB*H(J) }/ (2oxw) _

G=ER*W/H(J)
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000 CZA+2 ¥B*6
000 OMEGA=OM3 _ - -
000 DO 58 I=2,17
000 QIJ=0,0 — ———
000 UOLDZU{ T e J)
000 UTIl=(A*U(TIrJe1 ) +R%U(TI=1, J)4BxU(I+1 o} 4+GxU(TI, J+1)+QTJ) /C
000 U(I,Jd)=(1.-0MEGA) xUOCLD+OMEGA*UTIL
_ 000 DUCI)I=U{TI,J)=UOLD _ o
000 CALL MAXOF
000 58 CONTINUE
000 60 CONTINUE
000 ¢ e o 3 ke 3 o s K e o ok o oge K e o o S S s ool ok o B g ok ok o o S K o o 0 e ot K ke o B o o ok ke o e ok ok e ok o ok
0oo C RELAX THE OXIDE~AIR-ELECTRODE INTERFACE
p0o C e o 3 o e sfe o 3K ok e 3k o s K ol o o 8 K o 3 e s o 3K g e ok sl s R e Kol g g ok K O Sk sl e ok ok ok ek R ko sk ok ok ok ok
000 JuJ3
0o EAS 30 e e
goo EB=1.0
009 AEA*W/H{J=1)
040 Bz (EAxH(J=1)+EB*H(J) )/ (2.4 %W)
goo GoEB*W/H{J) R, . e S
000 C=A+2,*B+6
0090 DO 68 1=2:17____ et e ———
g00 IF(1.GE.I1.AND,.I. LE.IZJ GO T0 6n
080 IF(I.GE+I13.ANDT.LE«I%) GO TO 68
000 IF{I.GE+IS5.AND.,I.LE-.IB) GO TO &8
060 QIY=0e.
0G0 OMEGA=OMY
000  UoLD=UlTIed)
Qoo UTILS (A*U(I,J=1)+R%U(T=1, JY4BxU(T+1 e N +6*U(T s J+1)+Q1) /C
000 u(r,d)= (1.-0MEGA)*UOLD+OMEGA*UTIL
000 ) DUlIY=U(TJ)=UoLD
000 . CALL MAXOF . . ...
000 68 CONTINUE
000 - ¢ 3 o o s oK KoK g ok o R K R ok ok K gk o e kKR e ok o K ko o ok R ok Kok ok o kol ok
000 ¢ RELAX THE ELECTRODE-AIRSPACE REGION
000 C ok o 3 o o o AR o e Kok b RO oK o ok ok sk 3K g 3 S ok o o K o s e ok ko o o ok ok o e K ok ok ok sk
000 JU=J3+1
000 DO 80 J=JJrdb4 ) o -
000 EA=L.
000 EB=1, -
GO0 A‘EA*W/H(le)
000 B (EAxH{J=1)+EB*H(J) )/ {24, %W)
000 G=EB*W/H(J)
_ooo __C=A42 . xB4G e .REPROD[KHB
600 OMEGA=0MS ILITY OF Ty
D000 . Do 78 1=2.17. . . I ORI GNALMGE r I
poo IF(I+GE«I3 AND I LE.IQ) G0 TQ 78
000 IF (I eGEIS+ANDIeLFE+16) GOo_TO 78
goo IF(TI«GE«I1.AND.I. LE-IZ} G0 TO 78
2000 QIIE0.
000 UoLD=u(Ied)
000 UTIL=(AXU(T, J_L)+B*U{_I___1v¢)_83_liﬂ_l_L_}__G_LLLI,L__U_QLD_C__—
poo U(I»J)=(1.=0MEGA) *xJOLD+OMEGA*UTIL
000 DUCTII=U(TI,J)=UQLD
000 CALL MAXOF
poo 78 _CONTINUE e

000 80 CONTINUE
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0o C ***************************************************#*********
060 ¢ RELAX THE AIR-SPACE REGION ABOVE THE ELECTRODES ]
000 C o4 3 e 3R o 3k S S e o s K o 3 o e e s o oo g o e o 3K e o o o s e 2 2 sk o R oS O o ok ok ok ok ok

000 o _J=J4+l e e am _— ——

000 DO 90 JSJJrJHKI

000 EA=1.

800 EB=1.

oof AsEA*W/H(J=1)

000 BE(EA*H (J=1)+ER*¥H(J) 1/ (2, %)

000 GzER*W/H(J) .

060 C=A+2 . ¥B+G

000 OMEGA=0MS

000 DO 88 I=2,»17

000 QIJ=0,

000 IF(U(TrJ=1) .EG.D+}) GO TO B4

600 82 CONTINUE e _
000 uoLD=U(T v )

000 UTIL=(A®U(Iod=1)+B%U{I=1, ) +BxU(I+1»J)+GC*xU(T»J+1)+QIJ)/C
noo U(TIeJ)=(1.~OMEGA) *3OLD+OMEGAXUTIL

000 DU(I)=U(I,J}=UOLD

000 CALL MAXOF

000 GO 70 88 o

000 GO TO 82

0G0 B6 IF(U(I=1+J).EQ.0.) GO TO 88

000 GO TC 82 e

poo 88 CONTINUE

000 90 CONTINUE . e i _ -
000 JLO=JLO~-1

000 IF(JLO.LT,2) JLO=2

GO0 JHIZJHI+]

_ 000 _IF(JHI.GT.KS) JHI=KS o
000 C e 3 K sk R K K o o KKK KK 3 K o oo s oK oK KA AR KKK A AR K KKK
000 C OUTPUT CONTROL AND ITERATION CONTROL FOLLOWS

000 C THIS ITERATION CTONTROL CAN BE REPLACED BY A CONDITIONAL
000 ¢ CONTROL ON EITHER DU OR DUMAX,

000 C 1 30K o e ok o o 3 a3 o K o e e A0 oo e ok ok ok o s ok K o ok K KSR oK o 2 3K R o o o K o R K Kok Ak K
000 LOOP=LOOP+Y -
000 LWRIT=LOOP/LAP
800 IF(LWRIT,EQ.KT) 6O TO 881
000 207 CONTINUE
000 IF(LOOP.LT.ITER) 60 TO 800
000 C**************************************************************#********
000 ¢ THE FOLLOWING READ MAY BE USEp FOR FINDING NEW POTENTIALS
000 C AFTER APPLYING SMALL PERTURBATIONS TO THE ELECTRODE VOLTAGES
0040 c********************fﬁ#******************************************#**x**
000 READ(S5s6) V1eV2eV3,ITERsLAP
000 IF(ITER.EQ.0} STop -
000 DO 883 J=J3rJh
0G0 DO 882 I=Itel6
000 U(I d)—Vl*F(IlpIZ.1)+V2*F(I3v14 I)+V3xF (150161 1)
__ooo ¥+(1.~F(I1% I2:1)=F(13:14, D=F(15:, 16, T})%U(TrJ)
000 882 CONTINUE
000 8835 CONTINUE .
000 LooP=1
000 KT=1 L ) L
000 GO TO 800
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00 881 CONTINUE
000 WRITE(6:212) DUMAX,IMAXsJMAX
600 212 FORMAT(30X s *DUMAX= ¢ rFl0.3,5X 2 v IMAXSV» 149 SXe VUMAX=Y 0 T)
000 DO 205 J=JAeBeJdC .
600 WRITE(6+208) J
000 208 FORMAT(10X et =913}
0oo WRITE(6:206) (U(I»Jd)r I=1,IA)
800 WRITE(6:206) (UlXI.)r I=IALIB)
000 WRITE(6206) (U(I,J)r IZIB,17)
000 206 FORMAT(10F10.,2) _
000 205 CONTINUE
000 KT=KT+1
000 GO TO 207
000 END
000 FUNCTION F(II,JJeKK)
000 Fz0,0 ~ —
000 IF(KK.GE+I1AND KK, LEeJJ) F=1,0
000 RETURN
000 END
0090 SUBROUTINE YSPAC
000 COMMON U(100'100),DU(100) H(loO):FO:LZ:ALPHA IMAXr JMAX'EAYER
000 *ArBeCoGeWoVT eI JeDUM
000 ALPHAZ=1.25
000 L2=ALOG(0.25*%F0+1.0) /ALOG (ALPHA)
000 2 F1S(ALPHA%*L.2~1.)/(ALPHA=1,)
000 TRY=ARS(F1/F0)
000 IFITRY.LT,.,1.005. AND TRy.(;T 0.995) 60 TOo 4
000 F=F1=-FO o
000 LL=L2=-1
000 F3=L2*% (ALPHA%*| L)/ (ALPHA=1,)
ono FUs{(ALPHA*%L2=1.)/ ( (ALPHA=1, ) %%x2)
000 FP=F3=F4 L
000 ALPHA=ALPHA=F/FP
000 G0 TO 2 .
000 4 CONTINUE
000 RETURN
noo END
000 SUBROUTINE AVERO(ITEST)
000 COMMON U(100+100),pU{100),H(100)»FOsL.2+ALPHA» IMAX»JMAX+EAVEB)
600 *A1BrCyGrWsVTr I JrDUMAX
000 S=0,0
800 Uiz=aBs{U{TJ)+U(I,g=1))
000 IF(U1,6T.0.0) S5=0,5%H(J=1)
000 i IF(ITEST.6T,2) GO TO &4 L
000 U2z ABS(U(Tr I+U(T , g+1 Ty
L8080 IR (U2,6Te040) SES+0eS5*H(J)
000 4 AVERO=S*W
000 RETURN
000 END
200 L SUBROUTINE MAXOF _
000 COMMON U100« 100)pDU(loo):H(loo)rFOpLZrALPHApIMAXvuMAXrEA’EBp
_ Qoo . e XA B CrGe W NT e T o e DUMAX
000 DOLDZABS (DUMAX)
000 DNEW=ABS{DU(I))
000 IF{DNEW.6T.DOLD) &GO TO 2
0G0 GO TO 4
000 2  DUMAX=DU(I)
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i) TMAX=T
000 JMAXZJ L N L

000 4

000

RETURN
END

000
000

RXQT
5

40

000
000

0.8

5.00E+14

5
«00E+11
000 0
600

10

oo

25

.0

2,0

240 120

000
000

8
1.8

1,5 1.5

000

000 REND

000 APCH*S

TEMP «.PCH

{.DECK
5=031/28-11:47 S - —-




APPENDIX B

TWO-ELECTRODE PROGRAM

See Section 4, Figure 4.1 for diagram of structure, See end
of Section 4 for description of data cards. End of listing gives

example.
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?@g‘ ﬁiﬁ?ﬁ@ﬁlﬁfﬁbﬁ%@ ------

X +DOECK Y yMINE

B&9 01/28=-11349252
000 RRUN CCD2»EE0QL7URJIMy /B0 .
060 RASG!T TEMP(F2 :
000 RELT,LIB TEMP.PCH
000 c**********************************************************************
000 c’ PROGRAM NUMBER 2%*#¥¥*PERIODIC 20UNDARY CONDITIONS*tkkkkkaikx#xk -
000 Cadkkkkkkxkpkik TWO OXIDE THICKNESSES ARE ALLOWABLE®sickkkkdkkikkkkkkokpkkk ¥
060 c skt sk ek s e o A S o e s o Kk K o ok ke K g ok ok R RO s ok kR Rk ke ok kK kKooK ok ok kb ok
000 C ELECTROSTATIC ANALYSIS OF CCD STRUCTURE
0040 o DIMENSION ARRAYSe DEFINE COMMON VARTABLES
000 c H 1S THE GRID SPACING NORMAL To THE INTERFACE
000 C ' ' ' PARALLEL wITH THE INTERFACE
000 C U IS THE ELECTROSTATIC POTENTIAL WRT THE SUBSTRATE BULK
000 C DU IS THE RESIDUAL
000 C ********************************#******#*********************
0890 COMMON U(100,110),pU{100),H{(100)¢FOsL2,ALPHA,
0co *EArEBIAIBrCrGeWr VT, STON»DROW 1 DUMAX » ABMAX»
___06o *IpJr IMAX e JMAX 2 IM2 15
000 DIMENSION QS (1007 rcHION(11) s ARRAY(100)
000 SIGMA=0.1
000 YBAR=-0.2
000 VT=0,025%
000 READ(5¢1) JA»JBrJCyMAXUy IRES
000 1 FORMAT(5I10)
000 C 3 35K o o e R A K K K o o ok o o 3000 ok X o e ok ok K e 3k s sk R ok ok g sk ok koK s K ko E ok kR ok ok Rk K
000 C READ DIMENSIONS OF REGION FOR ANALYSIS» MICRONS .
000 C **************************#**********************************
000 ¢ ToXiz THIN OXIDE THICKNESS.
000 c ToX2= THICK OXYIDE THICKNESS
000 C TEL= ELECTRODE THICKNESS
0060 READ (592) TOX1+TOX2¢/TELsWiHFAC!  HDEBY
000 2 FORMAT(6F10,3)
Noo c ********************************x*#**************************
600 C READ CHARGE DENSITY, DATA
000 C QG= GAP DOPING.POSITIVE IF SAME POLARITY AS @SS.
Q00 C QP= UNDERPAD IMPLANTED DOPING,PoSITIVE IF SAME POLARITY AS @SsS.
000 c @Ss= SURFACE STATE CHARGE )CM=2
000 ¢ QU= UNIFORM IMPLANTED LAYER DENSITYrCM=2
000 I CSUB= SUBSTRATE DOQPING,CM=3
000 READ(S+8) QSSrCSUB,QGQPrQU
000 2} FORMAT(S5E10.3)
_______ I L D T T B faaliibiad. Skttt e s ot et sbidtlirh esbick ek
000 C 1SIGN' IS USED YO PRECLUDE SPACE CHARGE INSTABILITY IN RELAXATION
000 C IN SUBSTRATE. IF 'Ur HAS WRONG SIGNe 'Ur IS SET TO ZERO.
000 SIGN==1.0 ’ -
000 JF(CSUB.GT.0.0) SIGN = 1,0
Qoo C *************************************************************
000 c *************************************************************
000 ¢ COMPUTE CHARGE DENSITY PARAMETERS
g00 C ************************************************************* )
000 Q=1,6E-19
000 EOS8.85E-14 . .
009 VSS-Q*@SS/EO*I E=4
000 VSUBR==Q*CSUB/E0*1 ,E~B
000 CON=2.*11.7E+8%E0/ (Q¥CSUB)
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00o C01=3,9E+4*E0/TOX1
000 __ ... ____._Cge= 3.9E+4*EOZIOX2 e e e e e et e e e+ et et e
000 C o o RO FA R AR K S ke ok K sk ok kAR o A K ek KKK A ok
1 040 c READ FLECTRODE VOLTAGES,NUMBER oOF ITERATIONS,AND LOOP PRINTOUT .
poo C otk ook e e K ook koK o s SR A K K ok ok o K ok ke o K 3K e ok o K R o 3 e K o koK Ok o ok
gog - READ(Se6) V1eV2rITFRILAP
60D 6 FORMAT(2F10.3,2110)
Qoo ¢ ***************************#**}******************************
000 C DETERMINE LATERAL CONTROL INDICES
000 ¢ THEN_COMPUYE THE SURFACE CHARGE _DISTRIRUTION
000 C e 3 e o o g 3 8 A K A o o oK o 6 o oK K S 3 o 3 A o o s e K KR e o o 3 S o8 e s o R K R R
000 C LP AND G ARE THE NUMBER OF STEPS ACROSS THE PAD AND GAP.
800 Ca¥ksikkkkpdksokdkxkkkk IMPORTANTILL IMPORTANTLLEL ckskokakskok deokok ek ok kb ok
000  Cx¥sdokkkxsckx LG MUST BE AN EVEN NUMBER ek oK ok e s ek ke
000 C LDOPE“ NUMBER OF STEPS ACR0OSS THE IMPLANTED REGION
goo C LSPAC = NUMBER OF STEPS DOPING STARTS FROM THE | EFT EDGE OF
00o C THE ELECTRODE:, POSITIVE IS TO THE RIGHT.
0600 ¢ LOX1= NUMBER OF STEPS ACROSS THF THIN OXIDE.
000 C LSPOX= NUMBER OF STEPS THE THIN OXIDE STARTS FROM THE LEFT EDGE
000 C OF THE ELECTRODE, _POSITIVE TO THE RIGHT,
Qo0 (0 %k ok e o 3 o e 3 Ak e R KK e 3 a0 3 00K S o K o K e ok ok sk 3 o o O o o R e o s 6 o oK A o ol OK ok ok e o o K ok
000 READ(S218)LPy LG'LDQPE'LSPA£4LDX1rLSPOX
000 18 FORMAT(6I10)
000 I1=1LG6/2+1
DGO 12211+LP
G600 I13=12+LG . e
000 I4=13+LP
000 IS=I4+LG/2 .
000 IASI1+LSPAC
000 IB=I1A+LDOPE
000 Ic={I2+13)/2
000 ID=I3+LSPAC o
000 IE=ID+LDOPE
000 IF=11+LSPOX e
aoo0 IG=IF+LOX]
___ooo IH=13+LSPOX
0G0 IK=IH+LOX1
__ooo _ IL1=zIF _ .
000 IF(I1.,6GT«IF) IL1=I1
_ 060 IR1=12 L .
000 IF(I2,6T.16) IR1=IG
000 IL2=1IH
0Q0 IF(I3,GT.IH) IL2=I3
_eoo  __  IR2=I4 S _
000 IF(I4,6T.IK) IRZ2=IK
000 DO 333 I=2.15
Ta00 RS =aG* (F({1, 11y I)+F(12713'I)+F(I4115;I))
000 *+QPx {FAIA»IB+ I)+F(IDPIEG 1) )4QU - .
000 333 CONTIMUE
D00 . 9S(1)=Q6 e e e
000 QS{IA)'QS(IA)-@P/2.
____Dbos Qs(IB)-@S(IB)-QP/Z. o
000 Q@S (ID)=QS(ID)=qQP/2,
000 QS(IEY=QS(IE)~gP/2,
000 QS(11)=QS(I1)=@6/2,
000 Qs (I2)=QS(12)=aG/2,
000 QS(I3)=QS{13)=aG/2,
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oy ST I =asTINT=aG/23
090 c ************#***#*f*f**f##*********i#*é*x**************t*t***
00T € FIND THE EXTRINSIC DEBYE LENGTH
000 C ********************************************#***************#
0G0 DL=VT=%11, F¥E0/G/CSUB
000 EDL=SQRT{(DL) *1,E4
00a C *************************************************************
000 c DETERMINE NORMAL CONTROL INDICES
000 C AND SET THE Y=6RID SPACING
004 C L1=NUMBER OF UNIFORM STEPS THROUGH SEMrCONDUCToR.
000 C t.2= ' ' EXPONENTIAL '
Do < L3= ¢ ' UNIFORM STEPS THROUGH THIN OXIDE
000 C [T ' ' ELECTRODE REGION,
00g C LS= ¥ t ExPGNgNTEAL STEPS IN THE AIRSPACE REGION.
goo C N o A A Kok o o o R R R R Ko ok gk kR ke ok o Kk KRR R Rk ke ok ok
goo READ(5+302) L1+L3,L4rL5
0go 302 FORMAT(4I10)
oon JITU141
0go 1=L1
060 HO=3,*TOX1/L3 e .
a00 IF{HO.GT.EDL} HOZEDL
D00  IF{HDEBY LT+2.) HDERY=2.0 _ o
600 YO= HDEBY*EDL
000 FO=YO/HO
o0 NI REPRODUCIBILITY OF THE
; - o+ e n SINA L D
500 K5=JB-1 —ORIGINAL- BAGE IS-POOR-
Q00 DO 10 JJ=3sLl2 . _
04Ga NENELSN)
0Go H{J)= HO*ALPHA**JJ
000 10 CONTINUE
040 J3zg24L3 o )
ao0 TK3ZJ3~1 T o o
000 DO 12 J=J2/,K3 _
0ao HOX=TOXI7L3 -
000 H(J)=HOX i
000 12 CONTINUE
200 ITOX=(TOX2-TOX1} /HOX L
060 TF(ITOX.6T.G) HI={TOX2-Tox1}/ITOX
060 JU=Jg3+1T0X_ ~ .
000 KG=J4=-1 o -
000 IF{ITOX.EQ.0) GO TO 14
000 DO 21 J=J3K4
660 HGJIZHT . et _
000 21 7 CONTINUE
000 . __ J5TgaeLs e .
000 K5=J5=1
000 14 DO 15 J=JH+K5
, 000 H{J)=TEL/L4
000 15 CONTINUE o e o
000 JEZJS+LS
___Dbos Ke=Je=1 . L
aao D0 16 J=JBIKE
000 JJ=J=JS
000 Hw)-(TEuLu)*(a **..J.J)
400 16 CONTINUE
000 C ****$*$***********x**#*#**t****t*x****************#***##*****
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000 C SET THE ELECTRODE POTENTIALS
_..boo _ ¢ e o 30 o oK o R o o ko e A KOK R  o  o g de e o oR R  al  o  R e  d g ek ok ek kkk
0090 Do 28 J=J3»J5
000_ DO .26 I=I1e 184 | . e
000 IF (ITOX.EQ.0) GO To 24
000 IF(J.GE.JL) GO TO 24
000 UL ) =VIKF(IL19vIR1v I 4+V24F (IL2,1R2) 1)
000 G0 T0_26 _
000 24 U(I,J)=VIkF{Ils 12.1)+V2*F(13.Iu.1)
000 26  CONTINUE e s
600 28 CONTINUE
G000 C 3 sk 3K o 36 ofe 3 3 e ok 2K ok o e ok e o e KOR K ok K ok ok sk o S o i ok ok ok oK e ok ok o K ok ok oK 3K ok ok e ok ok sk kol stk ok ok ok ok ok
Q00 C ESTIMATE DEPLETION DEPTH
000 c ESTIMATE SURFACE pPOTENTIAL
080 c A 3 A R o ok o ek e ok o s ok 3 ok o ok 3K 3K S o 3 ok ok S e K ok ok o 3K sl ke e R ok ok R 3K sk sk ok ek sk ok ok ok ok ok
500 _ DO 399 I=1.15 _ . _ .
000 IF(T.LT.I1.AND.I. GE .1} 6o TO 398
000 I (el T-13.AND,I.6T.1I2) 60 TO 398
000 IF({IZLE+I5+AND.I.GT«I%) GO TO 398
006 Co=CC2 e e e -
£0Q IF(I.GE+IF.AND.I. LE.IG) Co= C01
_.000  IF(1.GE.IH.AND.I.LE.IK) C0O=CO1 L
000 VA'U(I!J4)+@*(QSS+QS(I))/Co
000 _VB=Q*CSUB/CO*11.7*F0/C0
000 ULIsJ2)=VA+VB=SQRT (2. *VA*VB+VB**2)
Q6o GO _TO 399
000 398 U(T.J2)= Q*({QS(I)+OSS1**2)/(2 *11,7%E0*CSUB)
000 399 CONTINUE = _ . _ . . .
000 VINT=0.0
0G0 DO 397 I=2.I5 _ _
g0o PSI=ARS( (UL »J2)+U(I=1vy2))/2,0)
000 e _IF(PSI.GTLVINT) VINT=PSI :
000 397 CONTINUE
009 . XDSSARS(CONXVINTY _ _ ]
000 XD=SQRT{XDS}
___Nhoo C 3 K ofe 3 g e e 3 3K oo O ok A ROk e o o o o o oK g kKol ok R i ok s oK Rk o e ok o ok ook ol o ok o ke ok o o
000 C SET DEFAULT VALUE FOR HFAC
000 € kxkackgikdkkkoRkokoprsoorkonof 3ok kol ook ok g kok kol Rokok o oK ok 3OOk ok koK Rk ok K ok ok ko ok
0060 IFIHFAC.LT+1.0) HFAC=2,0
000 Do 8 J=1.K1 .. . _
o000 H{JY=HFAC*XD/L1
200 8 CONTINUE
000 C 3 s ok o 3Kk o o oK ok o ok ok K 3K K s o o ook koK e ok ok o K o s K ok oK K 3k sk ok ool Kok ook ok oK ok ok ok
_80o6___c WRITE_DEPLETION DEPTH AND DERYFE. LENGTH .
000 C ****#********************************************************
000 _ e _ WRITE(E»300) XpneEDL
000 300 FORMAT(? 11+10Xs *DEPLETION DEPTH -'rFIO 3+5Xr *DEBYE LENGTH='+F10,3)
000 C Aok K Aok R R R KOR ok kK ok o R K Kol koK kK g ook ok K KOK 3 o K Sk KOK S ke sk o ok ok ek koK ok ok ok ok
000 C PRINT OUT THE Y—-COORDINATE VALUFS AND THECONTROL INDICES
000 C . kiRl okokok ok dok K ok ok o S s R o ok ok ke K ge ok Kok kK oK o 3K sk o 3k 3 ok ok ok e 36 o ok ke 3 o o Kk ok
000 WRITE(6:601)
. 000 601 FORMAT(10X,'THE Y—COORDINATE VALUES ARE_AS FOLILOWS:'»//)
000 Y=0.
0900 DO 125 J=J2:K6
000 Y=Y+H(J)
L1410 N WRITEf6el2B) Y . L _—
0oo 125 CONTIMUE
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———— B PG OR:I.G‘iN AL"]?KGE“IS POOR- ~
LY Y=0. i -
000 Do 127 Lb=leK2 _
000" J=J2-i.L
000 y=Y-H¢(Jy . _
000 WRITE(6,1208) Y
000 126 FORMAT(F20.6)
000 IF(LL.GT+10) GO To 127
000 EXPO=(Y=YBAR) #*2/ (4 +*STIGMA**2) )
000 CHION(LL)ZEXP (=-EXPOI*¥{H{J)+H(J=1))/72.0
000 127 CONTINUE - . .
000 C ok R ook sk Kok Aok ok ok kK KoK oK b ok K ok K g sk ok KoK K e K gk K o o o ok ook ok ok o o ok K ok
noo C THE FOLLOWING GIVES THE WEIGHT OF THE IMPLANTED SURFACE CHARGE
000 ¢ WHICH IS TO BE USED AT POINTS BELOW THE INTERFACE.
000 C kdrskdokookok gk Kokl % ok o i ¥ koo KK Ko ol ook o . o stk oK K i o K e o 3 o s g o A ok e s o o o sk ok e o oK e Kook
000 SUM=0,0
__0oo 0O 128 LL=1210__
600 SUM=SUM+CHION(LL)
000 128 CONTINUE
000 DO 129 LL=1,10
000 . CHION(LL)=CHION(LL)/SUM L
000 129 CONTINUE
goo WRITE(6,131) J1eJ2yJ3rJleJSeds
000 131 FORMAT (/710X tJ=VALUES ARE:*s6110/7)
0G0 C 3 e o s 3 o 3 o KK sl o 3K o o O R oo ok ke s s g o K ool 0 K s o o R e g e ol o oK o o ke ok ok K e
000 c COMPUTE JA,JB VALUES WHICH WILL GIVE PRINTOUT OF THE INTERFACE
000 C POTENTIAL DISTRIBUTION, ~ . e _
800 ¢ FAF A A TR AR ACK R R R KAk R g AR R R K KRR AR AR kK K e
000 MT=(J2=-JA)/yC o o
000 T T JATI2-MT*JC
000 IF{JUB.GT+J5) JB=J5 )
aog C 3 e 3 ook i a0 ok o K e o e 0 R s o e o e K s e S ok 3 o K Sk ol 3K e ke 30 3 e ok s o e e s sl o K K K ok o ok ok
000 C INITIALIZE POTENTIAL DISTRIBUTION IN THE SEMICONDUCTOR AND
000 C OXIDE USING THE ONE DIMENSIONAL DEPLETION LAYER ESTIMATE.
000 ¢ o 6 ok 3 ook 3 S K o o 3K ok o o KK e e o o e K g o o ok K oK o o 3ok o e e K ok ok K o o ek
00o DO 40s I=2,15
000 IRITE=1+1
600 IF(I.EQ.IB) IRITE=]I2
000 VINT=U(I=1,J2) /8,40l J2) /2, +U(IRITErJ2)/2,
000 XDS=ABS (CON%VINT)
000 XD=SQRT{XDS)
goo Y=0.0
000 J=J2 L
000 400 J=J-1 .
000 IF(J,LE.1}) GO _TO 402 o
000 Y=Y+H (J)
__Boo YN=Y/XD . o L
000 IF(YN.GE.,1,0) 6O To 402 -
000 U(TeJI=UlTed2)%{1,0=YN)%x2
.000 GO TO 400 )
.. oo 402  Jus=J2+1 o L -
000 IF(T«GE«IL1.ANDI.LE+IR1) GO TO 404
_ Qo0 IF(1.GE«IL2.AND.I,LE.IR2) GO TO 404
aoo DO 403 J=JJrK4
000 s UGIeJ)=U(INJ2)
000 403 CONTINUE
Q00 GO TO 406 - L
Q00 404 DO 405 J=JJrK3
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000 U(IrJ)=U(Id2)
000 405 CONTINUE e eer e—m o
000 406 CONTINUE
0006 3403 3k o K ofe e o e K ok 3 e e 38 o o s 0 S ol o S e kol ke o e o g s o ke e S o ok ol o S o o 3 o o s o ol ol o ok e ook ke ke ol e e ko
000 ¢ WRITE OUT THE STRUCTURE PARAMETERS.
000 (e 3 3k ook s o e 3 o ok K ook R K o o Ko o o KR K o 3 o 3k o K g S s S s s o e o 2K 0 sl ok g ok o o ok sk Sk sk ok ol ok e KK
800 WRITE(6r345) TOX1yTOX2sTEL eWry1sV2rLP2LG2LDOPE,LSPAC,LOX1»1LSPOX»
800 *QSS QG QP CSUB e e
000 345 FORMAT(/p10Xr'(ToxlvTOxszELrw)z'.uFlo 3e/ 10X v {(V1ry2)= 'raFlo 3
oo /010X P (LP+ LG LDOPE ' LSPAC L OX1 2L SPOX)= 16160/
000 *¥r10Xr v (QSSrQGrQPeCSUBY = »4F10,3/7)
000 WRITE(6¢206) {U(Ir»J2)2I=1,1IC)
060 WRITE(6,206) (U(I»J2)rIZIC,15)
000 C 3K 3 A o 2 sfe 4 3K e 3 2 ok e s K e oo KK S oo o o o ol K ek s o o 3 3 R sie 3 e o K S R ok e B o ok o o ok ok ok o ok ke ok
000 C READ RELAXATION PARAMETER VALUES
000 [ e 3 3 o 2 e e e ok K s ok sl e 3 e sl S 3 S o S sk e o sk 3K o e ol S 3K e o ol e 9K ke ok 3K 5B 30 o ok o sk K o ke KoK ke ok ok e
600 READ(S5+408) OM1r0OM2rOM3r0OMY,0M5
jeoh] 408 FORMAT(5F10,3)
000 KT=1"
000 JLO=2 e
oo JHI=J5+1
nog C 3 2K K ok ook K ok o e ok o i K o sk 3 3% o ok K ok kol kK s sk o ok sk ok R ofe Ko K ok s o kol ok R Aok ok ok sk ok ok ok
000 C START THE RELAXATION PROCEDURE STARTINMG AT THE LOWEST ROW
800 C AND WORKING ACROSS TO THE RIGHT TO THE TOP ROW
060 C e o 3 o o o o K ok o 3 s ke e o K ok sk ok ok K 2 o K sk sk ok e g sk s sk s A ok o sfe 3K s ok 2 K o ok ok ok i ook ok ok ok ok ok
000 .OOP=1 e .
aoo0 800 CONTINUE
000 oymaxX=0,0 . .
000 ABMAX=0,0
000 DO 40 J=JLOrK2 .
000 FA=11,7
000 EB=11,7 e e
000 CALL COEFF
000 OMEGA=0OM1 . R L
000 DO 38 I=2,1I5
080 ITEST=1
oo IF(U(TeJ+1)4EQR.0.0) GO TO 33
__000 30 Li=J2=-d L
000 IF(LL.GT.10) G0 TO 32
000 QIMP=QS(I)*CHION(L] ) .
000 QIJ=VSUB*AVERQ(ITEST)I 1, E-Q*@*QTMP*WIEO
000 GO TO 35
000 32 QlJ= VSUB*AVERO(ITEST)
0900 35 CALL RELAX(GIJrOMEGA) L e
600 us= SIGN*U(I»J)
_pg9o CIF(US.T«00) U{I»J)=0,0 e
800 G0 TO 38
000 33 IF(U(141.J).EQ.,0.,0) GO TO 34
00o GO TO 30
000 38 IF(ULI=1rJ)+EQ.0. o) GO TO 38.. .
g00 38 CONTINUE
000 call MAXOFE . ___. O
000 U(LleJI=UCISJ)
000 MAXZ1000*ABMAX
000 IF(JeEQeJLOAND e MAX 6T . 0) JLOZ=U-1
.-.500 e AF(MAXEQ.0) JLO=J L. ; _ -
000 IF(JLO.LT.2) JLO=2
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goo U0 CONTINUE
000 C ok e R RO KKK R Kk ok sk Kok KRR R Kk kR KRRk ROk KRRk K
G C RELAX THE SILICON,SILICON-NIOXIDE INTERFACE
000 ___ ¢ o s AR HRR AR R RO K o K AR AR HOK e KA KR AR KK K
" Tp00 J=J2 N
000 EA=11.7 —
0G0 EB=3.9 -
Q00 cAaLL COEFF - — »
600 OMEGA=0M2
0G0 DO 48 I=2.,15
000 42  QIJ=VSUBKH(J=1)*W/2.+1 , E=4xQ*QSS*W/EO
060 CALL RELAX(QIJsOMEGA)
000 48 CONTINUE
000 CALL MAXOF e
000 U1y ISU(ISJ)
000 C***********************************&’.“ﬁ."‘j‘fi“}iﬁ*ﬂ‘******************* ¥ kok
000 C NEXT STEP GIVES PRINTOUT oF THE INTERFACE RESIOQUALS
000 c s sk o o o o ok Kk o 3 o o sk o ok o 8 SRk A o s ok 3K g o oK ok R o s R o KA e o K ok K o ksl oK ok R ok ok
600 IF(IRES.GT.0) WRITE(69697) DROW,IM
000 C ************************gff*y******************************** _
900 Cc RELAX THE OXIDE REGION
600 C *******************fifﬁ{{f;gff*********#*********************
aoo Jus=d2+1
000 DO 60 J=JdJeKi
goo EA=3.9
000 EB=3,9 ) _
0oo CALL COEFF
000 KSET=1 o
000 IF(ITOX.EQ.0) GO To 49
000 IF{J.GE«J3) KSET=0
000 49 OMEGA=OM3
000 U1, 0)=UISe)
000 QIJ=0,0
000 DO 58 I=2,15
600 IF(KGET.EQ.1) GO Top 52 ) -
aoo0 IF(I1.GE«ILL.ANDeI+LE+IR1) .60 TO 58:
000 IF(I.GE«IRL.AND.I.LE«IR2) GO TO 58
600 52 CALL RELAX{QIJ»OMEGA) .
6oo 58 CONTINUE
800 © CALL MAXOF
“Hoo 60 CONTINUE T T
000 C k3 o o 2 o 3 o 96 3 3 KK 3 ok K K KR o o e s o K g K o R KK o o ok Rl ok s B Kok ok kKK oKk F
e Y] C RELAX THE OXIDE=AIR INTERFACE
0090 C *************"_"'_‘_*_”_‘**fffff**************************************
"000 ENENT
000 £A=3.9 N
000 EB=1.0 -
0049 ,CALL COEFF.
000 Q1J=0,
Q00 Do 68 Ix=2+I5 R _
0900 IF(I.GE.I1.AND,LI.LE«I2) GO TO &8
goo OMEGA=0MY
gog CALL RELAX(QIJ,OMEGA)-
009 68 CONTINUE
000 CALL MAXOF

000

U{l, D =U(ISrdY
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c
000 C _RELAX THE ELECTRODE-AIRSPACE REGION
c

000 oAk A AR R AR AR OK R Aok kK ook R ok ok e ok koo o ek o koK ok ok ok K
...00g _ W
000 DO 80 J=JdJdreK5S
000 EA=]l.
000 EB=1,
000 CALL.COEFF . _ . .. _ ._
800 OMEGA=OMS
0ga. QIJ=0, e -
aoo DO 78 Iz=2¢15
000 IF(I+GE«T1eANDIeLELI2) GO TO 78 .
goo0 IF(I.GE.I3-AND.IQLEOIQ) GO TO 7a
...... 600 _ (CALL RELAX(QIJ OMEGA) —
800 78 CONTINUE
. .000  _ _CALL MAXOF .
000 U{1.J)=UCIS D)
009 80 CONTINUE
000 C ¥ s 3 ofe A ok 3K o oK o K e ok K o ko K 3 sl ke s ok ok K g ok ok o oo ok ok s ok o 3K K o s e ok o i Rk R o e sk ok ok ok
000 G RELAX_THE AIR=-SPACE _REGION ABOVE THE FUECTRODES
000 c ok 3k oK g o o o st 3Kk R ook 3 oSl K Ko oK e R o e 3K oK o ol o K e s Kok oK o ok ok ok o koK

000 JUsJS+1l

000 DO 90 J=JJrJHI
000 EA=1.
800 EB=1.,
000 CALL_COEFF .
0G0 OMEGA=OMS5
Goo elvy=0. _ . .
600 Do 88 1=2,15
000 CALL RELAX{(QIJ»OMEGA)
000 88 CONTINUE
000 CALL MAXOF o o o
200 90 CONTINUE
000 JHIZJUHIAL L
000 IF(JHILGT.K6) JHI=KE
000 IF (IRES.GT.0) WRITE(6r212) DUMAY e IMAX P JMAX ' JLO
000 s o 38 s 3 K o KR K ok K o KK Sl o ook K g ok ok K ARk s K o K S ko ok K sk o KoK oK KoK

OUTPUT CONTROL AND ITERATION CONTROL FOLLOWS

CONTROL ON EITHER pU OR DUMAX,

C
gl £ !
000 C THIS ITERATION CONTROL CAN BE REPLACED BY A CONDITIONAL
C
C

000 *************************************************************
000 LWRIT=LOOP/LAP
000 IF(LWRIT.EQ.KT) GO TO 881
000 207 CONTINUE e
000 LOOP=LOOP+1
000 IF (LLOOP.LEITER)_Go T0 80g . S
000 C **************#**#************************************************
000 ¢ THE FOLLOWING READ MAY BE USED FOR FINDIMG NEW POTENTIALS
000 ¢ AFTER APPLYING PERTURBATIONS T0O THE ELECTRODE VOLTAGES.
<000 € RERRrkockiorkon kool Rk iRk koo ik Rk ok KRR Kok kR Rk o
000 . READ{5¢6) V1irV2/ITERILAP
~..000 IE(1TEREQ.0). STOP
000 DO 883 J=J3¢J5
000 _ DO 882 I=Ii.I4
000 IF(JL.GE.J4) GO TO 880 -
_._ 000 . U(ToJd)SVI*F(IL12 IR+ IV +V2RE (T 2, IR2 D)+ (1 =F (11 1,IR1,])}

000 ¥=F (IL2+IR2,1))%U(T,J)



http:IF(J.GE.J4
http:IF(LWRIT.EQ.KT
http:IF(JHI.GT.K6
http:IF(IGE.I3.AND,ILE.I4
http:IF(I.GE.I1.ANDI.LE.12

80

go0o G0 TO 882
000 880 U(IeJ)=VIkF(I1012,I)+V2%F(I13r14, D+Q.=F(I1,12,1) - B
000 *=F (I3s 1G4 1) IU(Trd)
000 882 CONTINVE ... e e
000 883 CONTINUE
200 LOOP=1
0040 KT=1
000 GO TO 880 o
§0og c**********************************************************************
000 c DO._205 J=JA»JB,JC CONTROLS THE oUTPUT WRITE. PRINTOUT STARTS
0G0 C ON LINE JA AND GOEs TO LINE Jp IN STEPS OF SiZ2r JC.
000 881 CONTINUE .
0060 WRITE(6,697) DROWrIM
060 697 FORMAT(2X»'RIZ'+FS5,35Xe'I=tr13)
000 WRITE(6+212) DUMAX, IMAX»JMAXrJULO

000 212 FORMAT(30Xe! RMAX=1rF10,3,5Xr v IMAXS? s 14 s5Xs ' IMAXT? s T4s5X0 ¢t JLO=!

000 *p I4)

000 DO 205 J=JArJB,JC

000 WRITE(6,208) J

600 208 FORMAT(10Xs'Jd=t,I13) e
600 WRITE (6,206) (UlTvd)r 1=1,10)

000 WRITE(6¢206) (U(Ieg)e I=IC,15)

0G0 206 FORMAT(10F1i0.2)
000 205 CONTINUE

000 IF (MAXU.EQ.0J GO To 516

060 Do 506 I=1,15
400 AUMAX=0.0

000 LMAX=0 ) o o
600 DO 504 J=1,02

000 ABUZABS(U(Isd})

500 IF(ABU.GT.AUMAX) GO TGO 502

000 Go TO 504 o .
000 502  AUMAXZ=ABU

000 LMAX=J2=J L
600 504 CONTINUE T T

000 ) DUCT)=LMAX

§00 JM=J2~LMAX

000 ARRAY (1)=U(IrJM) o

000 506 CONTINUE

000 WRITE(6+508) o _
000 508 FORMAT(/¢10Xs*'THE NUMBER OF STEPS UMAX OCCURS BELOW SURFACE IS:'/)
000 WRITE(6:206) (DU(Y)rIZ1,1Ic)

000 WRITE(6+206) (DU(I)rI=ICsIB)

oo WRITE(6e510) =

000 510 FORMAT(/r10X,»*THE MAX POTENTTALS ARE:'/)

000 WRITE(6:206) (ARRAY(I),I=g1,1C)
000 WRITE(6¢206) (ARRAY(IV,1=1C,15)

000 516 KT=KT+1 )

000 GO TO 207

000 END e
000 FUNCTION F(ITraJrKK)

000 F=0.0 L _ o
000 IF(KK.GE.IIQAND.KKQLE'\JJ) F:l.O

800 RETURN

000 END

000 SUBROUTINE YSPAC

o0o COMMON U(lODrllO) JDU(].UO) 'H(l[](]) 'FOvLapALPHAr
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*EA'EBA1B+CrG W VT »STGN,DROW» DUMAX » ABMAX ¢

000
000 Iy Jp IMAX P JIMAX  IMp IS
000 ALPHA=1.25
000 — L2SALOG(0,25%FQ+1,0) /ALOG(AL PHA)
600 2  F1=(ALPHA*%L2=1.)/(ALPHA~1,)
0oo TRY=ABS(F1/F0)
000 IF(TRY «LT+1+005+AND«TRY.GT.0+995) GO TO 4
000 F=F1=F0O R
0090 LLzL2-1
000 F3=L.2% (ALPHA®*| L)/ (ALPHA=1.)
000 FUs (ALPHAR*L2=14)/ { (ALPHA=1, ) %%2)
000 FP=F3-F4 i
000 ALPHA=ALPHA~F /FP
000 GO_TO 2 _ e
000 4  CONTINUE .
_ 000 " RETURM__ . .. e e e o _
060 END
000 SUBROUTINE COEFF
000 COMMON U{100,110),pU(100),H(100)»E0+L2,ALPHA,
L0008  *EAYEBIALBrCrGrWIVT,SIGN DROWLDUMAX s ABMAX, —— — -
000 *TrJr IMAX P JMAX e IM2 IS
000 ATEAXW/H{J=1) e
000 T BR(EAXH(J-1Y+EBXH{ N ) /(24 %W)
000 G=EB*W/H{J)
600 C=A+2 . ¥B+5
000 RETURN L _ a
600 END
800 FUNCTION AVERO(ITEST)
000 COMMON U{100,1103spUTI00) ,n(100) rFOsL2, ALPHAY
000 *EA'EBrABreCoGrW e VT SIGNyDROW QUMAX 7 ABMAX ¢
000 *TrJr IMAX  JMAX P IMr IS5 .
000 SzD.0 L e
000 T ULEABS (UTy ) +UL Ty y=10)
000 IF(U1,6T.0,0) S=0,5%H(J=-1y
600 IF(ITEST.GT.2) GO 70 &
000 URZABS{U(TI»J)+U(Trg+1))
000 IF(U2,6T+0+0) S=S+0+5*%H(J)
000 4  AVERO= S*w___wmu___“_ e
060 RETURN
000 END , R o
~000 SUBROUTINE RELAX(QIJ*OMEGA)
000 COMMON U(100¢110),0U(100),H(100) 1FOrL2,ALPHA, .
aoan *EA'EBsArBrCoGoW VT, SIGN»DROW DUMAX s ABMAX »
000 *TrJp IMAXe JMAX P IMe IS L L
000 UoLD=U(TIJ}
000 IRITESI+1 o L
000 UTIL=(A*U(IeJ=1)+BxU(I=1,J)+BxU(IRITE» ) +G*UlI»J+1)+QTJ)/C
000 U(I,J)=(1.-OMEGA) *UOLD+OMEGA*UTIL
000 2 DULI)I=U(IsJ)=UOLD _ B _
000 RETURN
_ 000 END e L .
000 SUBROUTINE MAXOF
000 COMMON U{100¢110),pU{200) ,H(1G0) +FOIL2, ALPHA,
000 ¥EAPEBrArB2CoGrWrIVT,SIGN2DROW  DUMAX » ABMAX »
000 *Ipde IMAX e JMAX0 EMe IS5 _

000
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DROW=0.0
DO 4 I=2.15

iy
000

REBRODUCIBILITY OF THE

ABDU=ABS(DU(I))
IF(ABDU.GT.DAB) GO TO 2

000
000

000
000

GO TO &
DAB=ABDU

000
000

DROW=DU (1)
IM=1

000
000

CONTINUE
IF (DARB.GT.ABMAX) Gn_TO 6

006
000

GO TO 8
ABMAX=DAB

000
00D

DUMAX=DROW
IMAX=IM

000 JMAX=J

RETURN

000
000

END

600 8o

045 0,800 1.00

00
600 TT2,00E+11 3,80E+15 T 1L.,38E+12  GL.T0E+1L T T -
000 1.0 20, 240 120
600 16 78" 8 79 TT®TT TTQ§Q o T
000 25 4 10 10
000 1.8 1.8 " 145 1.5 1.5
000
000 REND T T T ’ ST o e e e -
_ 000 @PCH!S  TEMP.PCH e e e e
X +DECK
26-01728=11%50 T TroTTmTT mmTm e




83

APPENDIX C

FOUR~ELECTRODE PROGRAM

See Section 5, Figure 5.1 for diagram of structure. See end of
Section 5 for description of data csrds. End of listing gives

example,
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X DECK7yMINE
B&9  01/28-11149:03

000 _@RUN __ CCD2yEE0017U¢JIM, /50
000  RPASG:T  TEMP(F2
000  RELT»LIB TEMP,.PCH

nco C © iR oK o o R R R o o 36 o R X 3o K s 3 g o o K Ok o 3K o ke SR o e o KR e ok o sk koK o K ok
0040 C PROGRAM NO. 3 .
040 C ELECTROSTATIC ANALYSIS OF A CHARGE COUPLED STRUCTURE
0oo C K S K s A e 2 ok oK A o o s A ol ok K Ao o ook o K g 5 o K 6K K sk ol 3K KO ok o 36 e O ol K K o e e ok ok
Q6o cC FOUR ELECTRODE CELL
goo C ITYPE=0 : SAPPHIRE SURSTRATE
060 ¢ ITYPE 6T« ¢ SILICON SUBSTRATE
000 C 3 K e K o 3 6 o A o e s A0 sk ol o A 30 o K s S ok e g el o S 3 e 3R sk o R o e s o ke K s s e o ol ool o o e ke ok
800 C DIMENSTION ARRAYS
Qoao o ok Ak o RO R SO e RS ROR koK e ok o sk o R o K e sk OK k s ok Rk ok ok ok ook ok ok ok
300 CoMMON U(100+100) pUCL00) s {100) +A+B2C,GsWrEAPER,DROW,DUMAX, aSUB
000 *2 ABMAX r ToJr IMAX e IMAXr IMy IS
068 DIMENSION DUM{100),0IMP(10n)
000 c *****************************************************************
000 C LG61 AND LP2 M{UST BE EVEN NUMBERS.
000 C LGl AND LP1 & GAP _AND ELECTRODE WIDTH IN UNITS OF WrBOTTOM,
0co C LG2 AND LP2: ' ' * ' r TOP,
400 C *#***********t*********************************g**************;**
400 READ(S92) LP1+1G1eLPZ2¢LG2+ITYPE,MAXY
000 2 FORMATI(6I10)
000 C F A K KA KRR A KK FOK I e K ok A AR o ok o K ok Aok T AR KK o ok o
008 c L1 _THROUGH L8 : NUMBER OF STEPS VERTICALLY THROUGH EACH OF o
goo c THE REGIONS DFFINEpDON DIAGRAM oF STRUCTURE.
000 C o o e e R S o o o o o RO S OR o K g ok ok S R R ke Tk s e o oK R R K kol ok e KR ok
g0o0 READ(S»3) JArJBrJC
060 3 FORMAT(3110) o —
(i) READ{S»4) LlrLarUEpLurLg;Lﬁ,L7,L3

600 4 FORMAT(H4T10) A . .
0060 c 0ok e ok o A A KK KK S oK o o o ok o K g e ol 8 K o g 3o 3 R sk o e e o o e ok ook e ok g Rl ok
080 ¢ TOX1eTELL»TOX2»TEL2 ¢ TOX3 TSI Piie THICKNESSES OF THE OXIDEr
000 C ELECTRODE»AND SILICON REGIONS IN MICRONS.

. _boo c Fok o Fok g KA R Kok K oK K R o skokok KoKy Sk AR RRSK Kk Rk oo KRR kR K K kR KK
nco READ(S5¢6) TOX1,TEL1eTOX2sTELZ2yTOX3Ir TSI e W

_._0gg & FORMAT(4F10.3) B
00g c **************************************************#**************
500 C @551rQSS23 SURFACE STATE CHARGE AT LOWER AND UPPER INTERFACES:(M=2
000 c QUN: UNIFORM IMPLANTED ION DENSITYsCM=2,

006 ¢ CSUR: SUBSTRATE DOPINGs POSITIVE FOR P=TYPE:CM=3. .
0go C *****************************************************************
..._boo READ(E:8) Q551,8552,0UNsCSUB . —_— —_ -
Qoo 8 FORMAT(4EL0.3) -
neg c o 0 oo e K 3 g o6 e A KOK T oKk ok o K SES o o o ok K S o o K o ok o oot o ok g ok

800 C V61,VG2+VG3/VGE ¢ ELECTRODE VOLTAGES VOLTS.
000 _c__ ITER: TOTAL NQ. OF ITERATIONS FOR SOLUTION. _ .
000 ¢ LAP:T  PRINTOUT ON 1TER, NO, LOOP/LAP = INTEGER,
L Boo C **************************xxtiyt*****t**********t***t#***********
noo READ(S210) VG1,VG2:V631VG4, ITER,LAP
poo 10 FORMAT(4F10.3,2110).
Y C ok X K o RRONOK AOK ook T e A K K o o ok K gl o R K K g Kol ok T K ok A o o o o e ol ok ol o ok o o Rk
_ oo G OMN IS THE RELAXATION PARAMETER IN REGION N.
000 c YBAR AND SIGMA ARE THE PARAMETERS FOR THE IIMPLANTED DISTRISB,
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000

000 3 o s K o K g e o KK KK K Sk ek ok 3R ok 8 ok Kk e o o oo K oo ok Kk ook ok s o ok ok
000 READ(Ss11) OM1,0M2,0M3,0M4,YBAR.SIGMA
000 11 FORMAT(6F10.3)
000 EOSBeBSUE =18 o e e et
000 Q=1 . 6E6-19
000 IF(CSUBLT.0,) SIGN==1,D
00o 11z G1/2+1 e .
000 I2=11+LP1
000 I13=12+L61 e
000 I4=13+LP1 ‘
000 15=14+L.61/2
600 le=LP2/2+1
00g 17=16+l.G2 . . ..., e e -
000 I8=17+LP2
000 I9=18+LG2 . e e e e e
000 IC=(I2413)/2
000 J1=L1+3
000 Kiz=J1-1
000 JJilz=Ji+1 _ L
poo J2sJi+L2
000 Ké=sJe-y e -
000 JJ2=dz+1l OF THE
000 JIZJ2+L3 R REPRODUCIBEHY;S POOR
0go K3=J3~-1 '
000 JU3=J3+1 L
000 Jas=J3+Ly
800 Ka=J4=-1 o _ -
060 o Jdd=Jda+l
($]1]3] JHSJU+LD
000 K5=J5-1
Q00 JUS=Js+L L -~ .
000 J62J5+L6
.. 000 KézJdée=1 = . F —
poo Jub=Je+l
000 | J7=J6+L7
000 K7zJ7=-1
000 JIP=J741 _ _
goo JBZJT+L8
_ Q00 K8=J8~-1 e —
000 YSUR=I5*W
000 IF(ITYPE.EQ.0) GO T0 13
000 ABVM=10.
_._0bog ABV1=ABS(VGl) -
000 ABV2=ABS(VG2)
_..000__ ABV3=ABS(VG3)
000 ABV4=ABS(VGY)
000 IF(ABV1.GT.ABVM} ABVM=ABV}
000 IF{ABVZ2.6T.ABVM) ABVM=ABV?2
000 IF{ABV3.6T.ABVM) ABVM=ABVY = __ _ e
000 IF(ABV4.6T.ABVM) ABVM=ABVY4
000 VMAX=SIGN*ABVM = . —
000 CSI=11.7E+4*E0/TSI
0090 CO=3,9+4*EQ/(TOX1+TEL14T0X2)
8600 CTOT=CO*CSI/(CO+CSTI)
600 QTOT=(QUN+Q@5S51~1,.E=-4*CSuUBxTSIy*e .
VASVMAX+QTOT/CTOT



guo VEBSQ#CSUB*II . T*ES/(CTOT*%2)
000 _ PSIZVA+VB-SQRT (2. #VAXVB+VB#x2) L L
000 TXDS=2 . *11.7*EO*PSI/ (@¥CSUB) )
000 XD=1.E+4*SQRT{ABS(XDS)) __ e
0G0 YSUB=2 . #XD
800 13 CONTINUE
000 DO 12 J=J2:K3
000 H{J)=TOXL/LS
0oo 12  CONTINUE
_dgo DO 14 J=J3:Ks e o ;
000 H{J)=TEL1/LG
000 it CONTINUE
000 DO 16 J=J&:KS
000 H{J)=TOX2/LS e
600 16 CONTINUE
Qoo DO 18 J=JS5K6 - e e
060 H{JIZTEL2/L6
000 18 CONTINUE _
000 DO 20 J=J6#K7
000 H{JISTOX3/L7 R
000 20 CONTINUE
000 DO 22 J=J7rK8 e _
Q0o H{J)Y=0.25%H(K7) %1, 5% { J=J7)
000 22 CONTINUE .
000 . DO 25 J=JisK2
000 H(J)=TSI/L2 L
aco 26 CONTINUE
000 HSAPSTSI/L2¥12,3/13e7_ . __
gaeo ALPHA=1 .25
000 FO=YSUB/HSAP
000 26 FIi=(ALPHA**L1=1.)}/{ALPHA=1 ) e
000 TRY=ABS(F1/F0)
000 IF(TRY.LT.1.005.AND.TRY.6T,,995) 60 TO 28
000 FASF1~F0 - X
BRG] L=01-1 T T Tmm T e e e —
goo F3=L1+ALPHA®XLL / (ALPHA=1,)
600 F4=(ALPHAXFL1=1,1/( (ALPHA=1.T%%3)
000 FP=F3~Fi
600 ALPHA=ALPHA=FA/FP  ~ ——7 - N
goo 60 7026 |
000 28 CONTINUE ] T T
0go DO 30 LL=1.K1
goo J=Ji=l L
1) o HUJISHSAPHALPHA**LL e
000 30 CONTINUE
_Bo0  WRITE(6:32) L
000 32 FORMAT(/:10X»+THE *(-VALUEg ARESY/) .
a00 Y=0,0
000 D0 36 J=J2rK8
_ 000 WRITE(6e34) Y et e :
600 34 FORMAT(10X»F1p.3) T e
000 Y=Y+H(JY
000 DUM(J)ZY
000 36 CONTINUE
. beo DO 38 LL=1,L2 e e e e e
000 NENEZRE
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00" WRITE(E 35y Y~ 77
000 Y=Y=H(J) - e o -
000 DUM{J) =Y
000 .. .. . QIMP(LLISDISF(Y!YBAR!SIGMA)*{{U)+H(J=1))/2e.. . ___ . . ..
000 38 CONTINUE
000 NO 40 LL=1,L1
000 WRITE(6¢34) Y
L0080 JEJISLL e B o
000 Y=Y=H(J) ﬁm?HDD[KHBHJTy-OF{P i
S0 __pwensy o OBIGINAL PagR g pi it
600 40 CONTINUE YOR
000 - SUM=0,0
000 DO 42 LL=1,L2
000 SUM=SUM+QIMP () L) e e ;
000 42 CONTINUE
_000 DO 44 LL:1ei2 . o -
000 QIMP{LL)=QUN*QIMP(LL)/SuM
060 44 _CONTINUE _
000 DO 48 J=J1,J7
000 DO 46 I=1.15__
000 UCT o JI=VE3*(F (1016, IV+F (19,15, 1) ) +VGU*E (T7+ 18 1)
000 46 _CONTINUE . A . _
000 48 CONTINUE
000 DO 52 J=J1+KB
000 DO 50 I=1,I5
__9oo L UI e ) EVGEI*F (1112, T 4YGRxF (I3 T8 TY
000 50 CONTINUE
.00 52 __CONTINUE e
000 IF(ITYPE.GT.0) GO TO 57
000 BETA=6.28/ (15%y)
000 DO 56 J=2.K1 . -
_._boo Y=pUM{J) e
000 EXPOZEXP (BETAXY)
000 DO S4 I=1,15 i e
600 U(TrI=U(T U1 *EXPO
000 54  CONTINUE
000 56 CONTINUE
_____ 000 57 _CONTINUE e
000 WRITE(6+500)  J1¢J20J35JUy U506 ,J79J8
_opo 500 FORMAT(/#10Xe* (J1eJ2rd3edl,J5,J6sJ7+J8)=1,815)
000 WRITE(6,502) LPLyLglLP2,L G2
000 502 FORMAT(/,10Xr*(LP1,LG1,LP2,1 62)=",415/)
000 WRITE(6+504) TOX1+TELL,TOX2,TEL2+TOX3+TSI W
000 504 FORMAT(/»10Xs*(TOX1¢TEL2,TOX2,TFEL2¢TOX3»TSIrWI=?y7F6,3/)
600 WRITE(6:506) QSS1,0552,QUN»cSUB
000 506 FORMAT(/r10Xr'(@551r8SS2,QUNICSUBI="24E10.3/)
000 WRITE(6:508) VG61,VG2rVG3rvVah
000 508 FORMAT(/¢10Xe* (V61rVG2rVGI,Val) =t rUF10,3s/)
000 WRITE(6+510) ITER:LAP+YBAR,SIGMA
..800 . 510 _FORMAT(/r10Xe! (ITER'LARYBARSIGMA)S 2 2Y8p2F10, 30 /) .
000 WRITE(6,512) OM1+OM2rOM3,0MU
~-000 = 512 FORMAT(/r10Xe'(OM1,OM2,0M3,0Mu) =t 4F10,30/)
000 MSTEP=(J2=JA) /2
000 : JAZJ2-MSTEP*JC:
000 IF(JA,LT.1) JA=1
000 | IF(JB.6T.J8) JB=J8

0040 o ******************************************"*aé***************** ¥k



88

000 C RECAX THE SUBSTRATE REGION (SAPPHIRE OR SILYCON}
000 c *********************#*****************#*************************
TH00 7 T 7 T JLO=K1I~3
000 JHISJ7HY . . .
000 LOOP=1 "
goo KT=1
000 1000 CONTINUE
000 JLOSJLO~-1 o i e e ) ™
0060 JHIZJUHI+1
_ 0o _IF(JULO.LT,.2) JLO=2 . e S ——
000 IF(JHI«GT.K8) JHI=KS8
000 DUMAX=0.
goo ABMAX=0.
poa IF(ITYPE+EQ.0) @9019_999___ _ _ _ .
000 DO 700 J=JLO»J1
___ 9600 ) EA=11.7 e e B e
000 EB=11,7
800 OMEGA=OM1
000 CALL COEFF
oo DO 680 I=2,1I5 i
800 CALL AVERO
goo QIJ==1.E=8%Q*QSUBxCSUB/EQ L L
Qo0 CALL RELAX(@IJ.OMEGA)
000 UTEST=SIGN*U(I»J)
0oo IF(UTEST.LT+0.) UlTrd}z0,
000 680 CONTINUE e o
TG0 T T CALL MAXOF
800 U(l;d):pj;?igl_ ~ L )
7000 700 CONTINUE
oo Go TO 720 N
000 660 DO 70 J=JLO!K1 ) —
080 EA=12.3 ) e R
TTRO0 TTEBZ12.3
gog OMEGA=0OM1 i
""" oo T T TCALUCOEFE T T T T T )
000 QIJ=0.
000 DO 68 I=2:15
000 CALL RELAng;__QﬂgpA) i i L .
SO0 88 T CONTINUE I T
000 CALL MAXOF __ L
000 TTU(T Yy NTU(TS ) T
060 70 CONTINUE
000 C ok A o o A KK AR ok K KK K o Ao e 6 K g ok o K o s e ko ok R K kR KK K g KoK ok
000 ¢ RELAX SAPPHIRE~SILICON INTERFACE o
Qoo C ************#***#************************************************
000 . J=JY e e e e o - -
000 LL=J=J2
000 EA=12.3
000 EB=11.7
000 _ OMEGA=OM1 . . | L - e , .
000 T CaLL COEFF
000 _QId=1,l E-u*@*(@IMptLL)/a.-1 E=4xcSUBHH(J) +QSS2) *W/EQ -
000 Do 72 1I=2.15
goo CALL RELAX(QIJsOMEGA)
000 72 CONTINUE
000 CALL MAXOF e e et e e =
000 U(1,21)=UCI5,J1)
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89

000 c Ak o o 3 o ok K ok A i K o o o 30 K ok o o sk o oK s ok S o o o B o e 2 e e K K S ofe K s K 5K e o o S ok ool o K ok o
....080_ ¢ __ _RELAX THE IMPLANTED SILICON REGION.
00 [ K 3 o K s e K e 3 o o 7 K o SR R e o S o R o 3 3 ol o o 9K o KR e e e 3 g 3 A ok ke ok b o ok e ok ke ok o e e
2000 0 720 D0 .76 _J=JddleK2, | L. e
000 EA=11,7
0ao EB=11.7
000 OMEGA=0M2
SN ¢ £ 41 N ¥ }-L.2Y U R
000 QIJ=1. E-%*Q*(@IMP(LL)-l E-q*CsUB*(H(J)+H(d-1)}/2.J*W/E0
000 RO 74 1=2.15_.. . ._._.__ _.
00¢ CALL RELAX(QIJ,OMEGA)
poo 74 CONTINUE
000 CALL MAXOF
000 Ul JI=ULTIS,J2) -
g00 76 CONTIMUE
000 G ROk gk Kk K K K g ok ok o KK K o o o o K g i o o R K o o o o K K o e 3 e ke ok ok ok e ok ok o 3ok o o ke
000 C RELAX THE SILICON=SI=02 INTERFACE.
000 C e e e o o ok oK K o o o s K e e o oK K e ok o o s 3K e e sk o e ot o o s S sk o 8 Kok ke e e e o K o ol sk ok ok o o e e ke K o
000 Jzd2
_...g0¢ EASY11.7 e o+ e e e ot e o e
000 EB=3.9
-...800 OMEGA=OM2 _ e e e e
000 CALL. COEFF
000 LL=J~=J2
000 QIJ=1,E-4*@* (QIMP (LL)Y~1, E=-4xCSUn*H{J=1}/2, +GSSl)*w/EO
JBoo D0 78 I=2,15 i -
0Go CALL RELAX(QIJ'OMEGA}
000 78 CONTINUE = _ ) - _
000 CALL MAXOF
000 Ul1,J2)32U(I5rJ2})
060 WRITE(6¢320) DROW,IM
___9000_ 320 FORMAT(10Xr"RIS"rFBe3¢5Xs tIMS,T4)
000 c ****************************************************************:
._000 _¢ __RELAX THE OXIDE REGION.
000 C *#**********************************************#***************x
000 DO 90 Jd=JJ2rK7
008 EA=3.9
000 _EB=3,9 . o _
000 CALL COEFF
000 GIJ=0.,. o . L
000 OMEGA oM3
000 IF(J GE J5,AND.J.LE+JB) GO TO 84
000 DO _BO0_I=2,1I5 _ . . 3 e .
000 CaLL RELAX(QIJ» OMEGA) REPRODUCIBILITY OF THE
~-000 80 CONTINVE ____ = . . QRIGINAL.PAGEISPQOR
0060 CALL MAXOF .
000 Ul ND=UTIS D)
000 . 6O TO 90
~.800 .82 Do 84 I1=2,15 . e —
000 IF(T.GE.I1. AND.1.LE+I2) GO TO 84
=000 . IF(I.GE.I3.AND.I.LE.I%) GO _TO 84 _
000 CALL RELAX{Q1JrOMEGA)
000 84 CONTINUE . :
gco CALL MAXOF :
000 ULle DZULISeJ) | - - -
000 GO TO 90
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000 86 IL=I6+1
_..080 JIRTIO-Y - N - e _
poa DO 88 1= =1L+ IR
000 IF(I1.6E.I7.AND.I.LE.I8) 60 TO 88_ e .
000 CALL RELAX(@IJ.OMEGA)
g00 88 CONTINUE
000 caLL MAXOF »
000 U1, )=U(ISed) - i e
000 90 CONTINUE
000 C._ __ﬁif}*****}f}******************5*****#*5*****#************igfy****
000 C RELAX OXIDE=-AIR INTERFACE
0060 C *****************************************************************
000 J=J7 -
008 . __EAS3.9 . .. e e e
600 EB=1.0
000 .. BIJ=0.. - L R e
coo OMEGA-OM3
000 DO 92 I=22:15
000 CALL RELAX(QIJ,OMEGA)
880 92 CONTINUVE = o .
000 CALL MAXOF
000 U1, J7)SU(IS v J7) B
000 C ****#*#**********************************************************
000 ¢ RELAX THE AIR-SPACE REGION,
000 c 5 ok o 26 7 o o ok ok T 3o o 0 o o ok K e K g ke ok ol ok s oK o ofe 3 o o SR o ok ok K ok ok e K ok koK ok o o K ok
000 DO 96 J= 4d7vK8 _ _ o
660 7 EA=l.
000 ___EB=1. _ o _ L . L
goo QIJ=0.
000 OMEGA=0MG
000 DO 94 I=2.15
goo CALL RELAX{QIJ, OMEGAl i o o
000 94 CONTINUE
0090 CALL MAXOF L
T 000 T TUUL,HEUTS YD) - T
000 96 CONTINUE
000 IF(ITYPE.GT.0) GO TO %99
Q00 DO 97 I=1,15_ L
T 000 UlIr1Y=U(T¢2)
Ggoo 97  CONTINUE ——
000 99  CONTINUE
000 WRITE(6+330) DUMAX, IMAX,»JMAX
000 330 FORMAT(40Xv'RMAX='pF8o3-5x.'IMAx:'vIGrSXr'JMAX";Iu)
__ 000 __ LWRIT=LOOP/LAP i
0cGo IF (LWRIT.EQ.KT) GO TO 200
000 98 LOoOP=LOOP+1
000 IF(LOOP.LE.ITER) 60 TO 1000 -
000 READ(5¢10) VGl;VGB:VG3vVGurITERrLAP
g6ao IF(ITER.EQ.0) STOP
goo WRITE(6:508) VG1lsVG2rVG3,VEH L
noo WRITE(6¢510) ITER!LAPPYBAR,SIGMA
000 DO 480 J=J5rJb e
000 DO 460 I=1sI5
000 UCI»J)=VG3*(F(1rI6,I)4F(I9,I5,1))+VGU*F(Y7218s1)
000 460 CONTINUE
000 480 CONTINUE . ) _ )
000 DO 520 INCNET
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000 DO 518 I=1/1I5

000 _ 2 UlIad)= VGl*F(Il!1211}+V62*F(13114111
0090 518 CONTINUE

000 520  CONTINUE. _ " . _ . .. e e

000 GO TO 1000 .
000 200 DO 206 J=JArJBsJC
000 WRITE{(6,201) J
00O 201 FORmAT(/vIOXr'Jz'rj_{l”q_“ L — . - —
000 WRITE(6:202) (UlI,J)eIz=1r10C)
000 WRITE(60202) (UlIs D rIZIC,15)

000 202 FORMAT(10F10.3)
000 206  CONTINUE

000 KT=KT+31
000 IF(MAXU.GT.0) GO To 98 i
000 DO 212 I=1.,15
000, UMAXEOe Lol
000 DO 210 J=Jled2
000 ABU=ABS(U(TIeJ))
000 IF(ABU.GT.UMAX) GO TO 208
._000 60 .70 210, e e
000 208 UMAX=ABU ,RQDU
000 __ T @Bf@ m_‘?giﬂm,,___mg S
000 210 CONTINUE AGEIS Pogn
000 DUMET)I=U( T JMAX)
000 DU(I)=JMAX
_000_ 212 CONTINUE e
000 WRITE(6+300)
000 300 FORMAT(/¢10Xs*'THE VALUES OF JMAX ARES'y/)
000 WRITE(60202) (DU(I)rIZ1sIC)
000 WRITE(6:,202) (DUL{TI)rIZICIS)
000 WRITE(6+302) [
000 _ 302 FORMAT(/,10Xr!'THE VALUES OF UMAX_ARE:',/)
000 WRITE(6,202) (DUM(T)I=1,IC)
000 _ WRITE(6:202) (DUM(I)rI=IC,1S) e
000 GO TO 98
000 END )
600 FUNCTION F(II»JJerKK)
Q00 F=0.0 - o - _ -
000 IF(KK.GE.II.ANDKK,LEZJJ) F=1,0
000 o RETURN
000 "~ END
8090 FUNCTION DISF{ArBrC)
0600 EXPO=={{A=B)/(2.%C) ) ¥%x2
...000 _ DISF=EXP(EXPO) _ e e e e e
000 RETURN
.poo  END e e
000 SUBROUTINE COEFF
000 COMMON U(1000100),pU(100) ,H(100)sA*BrC,CrWrEA+ER+DROWDUMAX,QUB
000 e ABMAX e 10 dr IMAXr IMAX P IM) IS
000 ASEARW/H(J=1): ) .
000 B=(EA*H{J=1)+EB*H{J) )7 (2, W)
000 GSER*W/H(J) . _ _
000 C=A+2 4 *B+G
000 RETURN
000 END
_..000 . SUBROUTINE AVERO

000 COMMON U(100+,100) pDU(lOO) ,H(loo) pAtB!C;GrW'EArEBvDROWlDUMAXfQSUB
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92

Uuo *oABMAXvI?JrIMAX!JMAX'leIS
000 S=0,0 e L
000 Ul= ABS(U(I:J)+U(IpJ“13)
000 IF(UL1.6T40.0) S=0.5%H(J=1y o e
600 UZ'ABS(U(Ivd)+U(IpJ+1’) .
000 IF(U2.6T4040) S=S+0«5*H(J)
000 QSUB=S*W
_____ 000 RETURN L .
000 END
000  RFORL:SI RELAXsRELAX o _
000 COMMON U(100, 100)pDU{100)rH(lUO)tAerC;ervEAvEBrDROWrDUMAXrQSUB
000 *y ABMAX» T o Jr IMAX» JMAX» IM» 15
000 uoLDz=U(I v )
000 IRITE=I+1 )
000 IF(I.EQ.I5) IRITE=2
000 UTIL‘(A*U(I'J-ll+BtU(I~1rd)+B*U(IRITE!J)+G*U(Ind+1)+@1d)/C L
600 U(I,0)=(1.-OMEGA) *UOLD+OMEGA*UTIL
000 2 pUlIr=ull,J)=UoLD
000 RETURN
000 END e
TEe0 SUBROUTINE MAXQOF
000 COMMON U(100+100),pU{100),H(100)»A*B*C,GrWrEA/EB»DROW,DUMAX,QSUB
900 *r ABMAXr L v Jr IMAX» JMAX» IM» 15
000 DAB=0,0
000 DROW=0.0
000 DO 4 I1=2,I5 B o S
500 ABDU=ABS (DU(I))
000 IF (ABDU.GT.DAB) GO TO 2 o
T 7000 GO TO &
000 2  DAB=ABDU
000 DROW=DU(I)
800 IM=T N
TTO00 5 CONTINUE T T
000 IF(DAB.GT.ABMAX) 60 TO 6 _ .
000 GO TO 8 T
000 6  ABMAX=DAB
000 DUMAX=DROW
000 __IMAX=IM N
~poo T JMAX=J - -
000 8 RETURN L
000 END o
000 QXQT :
000 16 12 16 i2 1
000 5 806 s B
000 30 10 -5 7 5 T
000 5 5 5 s L
000 0.4 05 0.4 0,8
000 D.8 1.0 05
000 2.00E+11 4.00E+11 1,00E+15
_____ 000 5.0 _2_{?_0_0 . "_"_10-0 240 80 <
000 1.7 1.7 1.7 1.7 100.0
__._00¢ . —_—
800 REND
000  @ePCHsS  TEMP.PCH
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