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D N
4!
The purpose of this study was to develop a computer program that ;
could model thin film growth by vapor deposition. Although other com- ;;E
puter programs have been written to do the same, this one is unique in ? 3
that it incorporates several deposition parameters both new and old. ;;
Some of these include the variation of the angle of incidence about some ‘Ei
: main angle, the mobility of molecules, the doping of impurities into the
microstructure, the creation of multilayered films and the ability to cf
; vary the substrate, Like many other models this is a two-dimensional éif
: simulation. 3;?
AN
- The program is written in FORTRAN 77 and was designed to be used on “f
§ a VAX computer under a VMS operating system, ?E:
, Throughout the program development, a process which took over five i:s
months, it was neccessary to rewrite sections of the program in order to 'i
get rid of bugs and/or make improvements. Although the resulting pro- ;
. gram is fairly sophisticated in nature, it is by no means the ultimate tiﬁ
in the modeling of vapor deposition. More programs should be written
in the future to provide a better understanding of thin films and the
effect vapor deposition has on their growth, | 'u:
2 While producing the computer model and writing this thesis I was E;f
§ very fortunate to be surrounded by several kind and dedicated individ- ff;
i uals. I am deeply indebted to my faculty advisor, Major John Wharton, ;Si
3 for having faith in me and for his assistance in times of need. I also .j?
; wish to thank Dr, David Lee of the math department for his assistance in §§
] the early stages of program development. A word of thanks is also owed E:‘
5§\ to the system manager Frank Bakos for his help in answering my many ,??
. o

ii -‘::
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<o questions concerning the computer. Finally, I wish to thank my wife
Litza for her understanding on the nights I was away at the computer

room.

David J. Doryland
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Abstract

A VAX-11/785 computer was used to simulate the two~dimensional
growth of thin films produced by vapor deposition. In this model mole-
cules and impurities were represented by three different sized disks.
In order to simulate varying deposition conditions and evaporants, sev-
eral variable parameters were introduced. Among these parameters were
the variation of the deposition angle about some main angle, the mobil-
ity of the disks upon collision, the ability to introduce impurities
into the microstructure, the simulation of multilayered coatings and
the ability to introduce imperfections into the substrate.

The results obtained by this model show that disks can be used to
simulate some of the main features exhibited by vapor deposited films.
Among these features are the formation of columns and their compliance
with the "tangent rule", and the disappearance of this structure in the
case of large disk mobility. Another feature found to be exhibited in
the modeled films is that under certian conditions, impurities and sub-

strate imperfections can produce large voids and/or nodules. Other

characteristics found in the simulated films include pores which could
allow water absorption, and increased packing density for films produced

! with angle variations along with a moderate amount of disk mobility.

viii

--------------------
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AN IMPROVED MODEL OF THIN FILM GROWTH
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I. Introduction

Thin films are widely used for various scientific and industrial ap-

[ R S
3, 3, 4% %y y
L

* -1‘ .f -" {

plications, most notably in microelectronics and optics. In microelec- e
tronics, their use is predominately in the manufacturing of integrated
circuits as in the isolation of circuit elements. In optics, however, t?i
thin films have been used for a variety of purposes such as antireflec- )
tion coatings, mirrors, sun protection coatings as well as band-pass fil-
ters. The fabrication technique used in producing thin films varies but
the most commonly used technique in optics is vapor deposition, N
Since the advent of using vacuum chambers for the vapor deposition
of thin films, the process by which the mircostructure is formed has not
been completely understood. The amorphous and sometimes crystalline
thin films produced by this type of deposition are usually characterized
by voids, pores and other vacancies. However, the most dominant feature
of these films is their columnar shape. More specifically, the micro-
structure consist of an array of somewhat parallel columnar regions of
high density material surrounded by a network of material of lower den-
sity. It is also a characteristic of this microstructure that the dia-
meters of the individual columns are approximately uniform. This struc-
ture has been observed by microfractography (13,18-21,29,40,41), by
transmission electron microscopy (6,29,36-38,43,48), as well as by both

small angle electron (29,38,46), and x-ray scattering (4,34,45). Exper-
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. iments have shown that this columnar structure can also change some of ﬂﬂé

AL R

A the properties of the material when compared to those of the bulk mater- e

: ial. Some of the changes that have been noted include magnetic (19-21, !g;

ey

] 'n\.’

: 29,33,40,41,43), optical (7,8), electrical (8,22,42) and mechanical (41) }:J

h 1S

properties. Egé

.-

: In an effort to try to understand the growth patterns of the colum- v

» -
: nar structure and how this might affect the properties of the film, the

deposition process was first simulated by use of nucleation models (1,2, :i;

9,25,42). Since then researchers have used computer models to simulate
the vertical structure of thin films (3,5,10,11,15,16,24,26,28,30,31,46,
47,49). The results of these latest models confirm the fact that shadow- oA
ing plays a major role in the growth of films deposited at oblique inci-
dence. However, the columns comprising the mircrostructure produced by
the models are approximately one to two orders of magnitude too small in

diameter. Other characteristics that past models fail to properly simu-

late include the tendency of the models to produce films with low pack- ;;i;
s
ing densities, and a failure to produce films with a crystalline struc- é
ture, :;f
Objective ;?;
The objective of this research was to improve upon a previous two- gg:
dimensional computer model (47) of thin film vapor deposition; and in Fi;
doing so, incorporating into the new model parameters which could be }fi
[ W
changed at will by the user of the program. This allows the user to !Eg
then examine the simulated film and make observations concerning the EE%
effect a particular parameter has made. The first parameter to be in- ggj
troduced into the model was the variation of the angle of deposition !!?
L o e e e :
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about some main angle. Other parameters introduced into the new model
e include allowing a certain percentage of molecules to undergo more than
normal mobility, the ability to simulate the doping of impurities into
the microstructure as well as being able to modify the substrate to mo-
del imperfections. The final parameter to be put into the program was
the ability to deposit two different sized molecules and in doing so

simulate multilayered coatings.

General Approach

The approach used to accomplish the objective was to divide the

problem into three parts, First, after the problem had been defined and

L AR AR o )

goals set, a comprehensive literature search was made from available ma-
terial, In particular, any papers found containing computer simulations

of vapor deposition were especially scrutinized. The second step in sol-

ving the problem consisted of developing the computer program used to mo-
del the film growth. This included making any simplifying assumptions,
developing the mathematics and the model, as well és testing the pro-
"gram, The last step consisted of running the program and then analyz-

ing the resulting films. Throughout this last step the previously men-

tioned parameters were varied and any significant changes to the film

noted.

Sequence of Presentation

The results of this study will be presented in the five remaining
chapters and three appendices. In chapter two, some of the current know-
ledge pertaining to the new model on thin films will be reviewed. In

chapter three, the basic requirements needed to produce a computer model
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and how these are incorporated into the new model will be discussed.
Chapter four will present the new model and how it was derived including
its organization and implementation. The fifth chapter will show some
of the resulting films produced by the computer simulation as well as
the analysis of these films. A summary of conclusions and recommenda-
tions will be presented in the sixth chapter.

The final section of this thesis contains three appendices which
are provided for follow on studies. Appendix A contains several mathe-
matical derivations used in the development of the program, while Ap-
pendix B contains the actual Fortran code. The last appendix, which is
extremely important for follow on studies, contains the documentation of
the computer program, a brief explanation of how the program is organ-
ized, and a list of the variables used along with a description of their

purpose.
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e II. Summary of Knowledge

Although there are several ways of depositing thin films onto a sub-

strate, the most commonly used technique for producing optical compon-
ents is by physical vapor deposition. The reason for using this tech-
nique is that it tends to produce a more uniform coating of the sub-
strates. In most cases this process is accomplished inside a vacuum
chamber where the bulk material is either heated resistively or by an
electron beam which is directed into the material (23). Upon heating,
the vapor thus produced coats the substrates placed inside the chamber

by condensation.

Columnar Structure

As mentioned previously in chapter one, the most dominant feature
exhibited by vapor deposited films is their columnar structure, It is
important to realize, however, that not all vapor deposited films ex-
hibit this columnar structure due to the mobility of the molecules.
This process will be discussed in a future section,

Tangent Rule. Of all the parameters which affect the columnar

structure exhibited by some films, the most influential is the angle of

deposition (36,37,39,44)., In 1966 Nieuwenhuizen and Haanstra (39) in-

. eratal
- o
el o R

4 .
e

.0 .
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troduced an empirically derived expression which has become known as the

FAERE N

"tangent rule." This expression relates the angle of growth of the film

to the angle of deposition in the following manner:
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2 tan B = tan A (1)
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where B is the angle of growth of the film as measured from the sub- !!g
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strate normal, and A is the angle of deposition also measured relative
to the substrate normal. Figure 1 shows a graph of the tangent rule
for deposition angles from O to 90 degrees (49). It is true that not
all films exhibiting columnar structure follow the rule exactly, but for
the most part the tangent rule is still obeyed.

Shadowing. One of the main reasons that vapor deposited films pro-
duce a columnar structure and that most films follow the tangent rule
is due to a phenomenon called "shadowing." Put simply, shadowing is an
effect which limits the eventual placement of the incident molecules in
the microstructure due to previously deposited molecules blocking their
path. Under actual deposition conditions, a molecule's trajectory is a
straight line due to the fact that the process takes place in a vacuum,
In other words, the molecule's mean free path is very large implying
that the molecules first collision will be with the substrate or pre-
viously deposited film. If one allows disks to represent molecules, the
idea of shadowing can be understood in figure 2, If disk X represents
a previously deposited molecule, it can be thought of as a barrier which
other molecules may encounter. For instance, if disk Y had a trajectory
to the left of disk X at an angle A, the closest that it could impact
the substrate would be some distance away. In other words, previously
deposited molecules or even imperfections in the substrate shield or sha-
dow unoccupied sites, thus creating voids. If the mobility of the mole-
cules after condensation do not fill up the voids, the void structure is
maintained and grows with subsequent deposition of molecules. As im-
plied in figure 2, the larger the angle of deposition the larger the re-

sulting voids.
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(Taken from Reference 49)
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Shape of the Columnar Structure. The angle of deposition also has

an effect on the shape of the individual columns. For normal deposition
the cross sections of the columns tend to be circular. However, films
deposited at oblique incidence yield columns with cross sections that
are elliptical in shape. Contrary to what one might think, the axis of
elongation occurs in a plane perpendicular to the plane of incidence
(30), and is a direct result of shadowing. A figure exhibiting this
elongation can be seen in figure 3. As the angle of deposition in-
creases this columnar shape becomes more elliptical, and the void re-
gions between the columns become thinner along a direction parallel to
the incident plane.

Another characteristic of columnar shape that is gaining more sup-
port is that the individual columns are made up of even smaller columns,
usually referred to as dendrites (10,31). These dendrites, which may
only be a few molecules in diameter, are thought to come together in the
early stages of growth and intertwine, thus forming the relatively large
columns seen by transmission electron microscopy.

r P
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Figure 3. Columnar Elongation
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' i Density. Because the amount of voids is related to the angle of in- EE
hd cidence, the resulting density of the film is also affected. As expec- £3
ted, the density of the films decreases with an increasing angle of depo- ;:f

N sition. The density of a film can be defined in several ways, but the gs'
. most commonly referred to density is the packing density. Packing den- >
sity is usually defined as follows: i?r

2

« _Volume of the solid part of the film (2)
P Total volume of the film (solid + voids)

-
T
e ",

where p is the packing density,

e, -
S e e

[ )
PP

2 MW RN

Angle Variation. One of the many ways that people have gone about

4

affecting the packing density and producing more uniform coatings is by

LU

e L

rotating the substrates. By rotating the substrates the angle of depo-

L NN

sition is varied over time, thereby smoothing out the film and making

-, PR
¥ »‘ ‘ "..".. ¥

it more uniform. This also tends to increase the overall density of RN
.. the film. As to date, there have been few if any studies looking at the A
amount of variation as well as the speed of rotation, and how this af- £

. fects the structure of the film. .

. Mobility d
g In order to further affect the density of the films, that is trying

to produce more dense films, many people have tried to increase the mo-~

bility of the molecules as they are being deposited. There are basi-
cally two reasons why one would want to affect the mobility of the inci-
dent molecules as they are being depogited. One, as just mentioned,
would be to try to produce a film with a higher packing density. The

. reason this is desirable is that if the density of the film can approach

e NS
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that of the bulk material, the properties of the film will tend to be
more stable, especially the optical ones. The second reason for wanting
to affect the mobility of the molecules is to help cut down on the
amount of water absorption. As more water is absorbed into the mircro-
structure the properties of the film change, and in the case of optical
properties wavelength shifts can occur (31).

Substrate Temperature. It is well known that when the ratio of the
substrate temperature to that of the bulk material (the material being
deposited as a film) is extremely high, the resulting mircrostructure is
without columnar structure (16). This is due to the fact that the mobil-
ity of the molecules is large and most, if not all, of the voids are
filled. The high substrate temperature also has the effect that it in-
creases the density of the film. The problem with using substrate tem-
perature to increase the density of films is that most films are com-
posed of several layers and the high temperature would destroy the lay-
ered structure.

Ion Bombardment. The use of ions to increase the mobility of the
molecules making up the film has two primary purposes. First, ion bom-
bardment has been used to help anneal the film to the substrate. Se-
cond, the use of bombarding ions has been used to help increase the over-
all packing density of the film. In both cases, authors (32) have exper-
imented with varying current densities in hopes of producing films with
greater substrate adhesion and packing densities.,

Ultra~Violet Radiation. Another technique used to increase the mo-

bility of the molecules under deposition has been the use of UV radia-

tion (14,49)., Although this technique has not had as much success as
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ion bombardment, the packing density of films have been increased some-

what.

Nodular Defects

Although there have been attempts to try to improve the microstruc-
ture of thin films by such processes as ion bombardment and UV irradia-~
tion.‘defects within the film still arise due to growth asperities (1ll-
13,17,27,31). In thin film circles these defects are usually referred
to as nodules. Put simply, a nodule is a structure protruding from the
thin film surface in a domelike manner. A cross section of a nodule
shows that their shape is like that of an inverted cone, either parabo~ 553
lic or linear, increasing their diameter above the tip of the cone. See

figure 4 for an example of the general shape of a nodule. Micrographs

of multilayer stacks (11,13,17) show that the individual layering se-
quence is maintained within the stack even though a nodule may be pre-
sent. This evidence has led some to believe that nodules are growth de-

fects and not massive spatter particles or empty bubbles. Therefore a

I
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Figure 4. Shape of Nodule
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nodule can be thought of as a reproduction of an individual minute par-
ticulate., The problem with nodules occurring in films is basically two-
fold. First, the non-uniform structure that these nodules present af-
fect the properties of the film. Second, nodules have a tendancy to se-
parate from the film, leaving behind a hole which can also cause prob-
blems with some of the film properties.

Substrate. One cause of nodules is surface asperities. Even
though most substrates are thought to be "flat", there usually exists
some defects with the substrate. These may arise due to surface rough-
ness caused by insufficient polishing, or may even be caused by small
polishing grains left over due to the polishing process (10). Whatever
may be the cause of these small defects, there is much evidence leading
to the belief that surface asperities can and do cause the formation of
nodules.

Impurities. Another cause of nodular defects within films is due
to impurities which get trapped within the microstructure during deposi-
tion., These impurities may vary from hydrogen molecules from oil diffu-
sion pumps as well as nitrogen, oxygen or water vapor which may still re-
side in the vacuum chamber (10). Another cause of impurities may even
be large spatterings of the material being used to produce the film coat-
ing. The effect that these impurities have within the microstructure is
to provide the deposition material an asperity to grow on.

Intentional doping of impurities into films have shown a reduction
in the tensile strength. This is due to the fact that the doped impuri-
ties form grain boundaries which affect the surface energy. This in

turn influences the internal mechanical stress of the thin films (11).

12
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| Multilayers tf;j
PO O
s The use of multilayers in thin film optics is primarily due to the N
interference effects caused by layers which are a quarter of a wave- g!%

- \f-l

length in thickness. Although most of the properties caused by this phe- ;Eg

o

nomenon are known, the growth patterns and the microstructure making up Eﬁg

these layers is still not completely understood. !!g

4

By the use of electron mircrographs, the layered structured within

[N
e e 4
]

multilayered films has been seen along with a columnar microstructure

making up the individual layers (10,13,17). However, these same mircro-

graphs have shown that there are obvious discontinuities at the inter- .}Q#
faces between these layers. This effect has caused some researchers to }3;
investigate the water absorption problems caused by these discontinu- !

ities at the boundaries (31).
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The purpose of this study was to improve upon a previous computer 3{:

N
model of thin film growth by vapor deposition. In order to accomplish Ay
2,

this task several concepts as to how the model would work had to be ;i;

thought out. Some of these included how the molecules would be repre-
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sented, the movement of the molecules after collision and the final
placement of the molecules within the film. In an effort to gain an
insight on how these questions could be answered, past models in the

literature were reviewed.

Past Models
Although thin films by vapor deposition have been around for many

years, the process by which films grow is not clearly understood. There-
fore, since computers have been used increasingly in the scientific com- Ii.i
munity, people have used computers to model thin film growth (1-3,5,9- o
11,15,16,24-26,28,30,31,42,46,47,49). These models fall into two main ?if
éategories, with the first being nucleation models and the second belong- .ii
ing to a group hereafter referred to as the columnar category. Although 1
nucleation theory may be a relevant concept, this report deals with the ﬁﬁj
columnar nature of thin film growth, and therefore nucleation models ;E%

will not be discussed.

Of all the columnar growth models of interest, the most notable is
the one produced by Dirks and Leamy (S). In this model, a two-dimen-
sional simulation, both the aspects of shadowing and atomic relaxation
are discussed along with some aspects of three dimensional models.

Mobility. Whatever is used to model the actual molecules making

14
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up the film (disks are usually used in two dimensions and spheres in
three dimensions), the amount of mobility given to the "molecules" is
the most important aspect in the development of the simulation. Dirks
and Leamy showed that in order to approach the proper modeling of vapor
deposited films, the molecules (i.e. disks or spheres) must possess some
sort of limited mobility. This can be explained by looking at the two

possible extremes. In the case of no mobility, the simulated "film"

produced by Dirks and Leamy was extremely porous and showed no columnar

structure, but was rather composed of a chain-like structure. The other

Lge v SE e e o an o

extreme would be when the molecules possessed infinite mobility, meaning
that the molecules would continue to move until they found the point in

the film which possessed the lowest potential energy. This of course

et e o o o

would produce a very dense film, hexagonal closed packed in two dimen-

sions, and was not even considered by Dirks and Leamy. Therefore they
assumed a "limited mobility" which is somewhere in between the two ex-
tremes. More specifically, in the case of two dimensions the incident
disks making up the evaporant were allowed to relax into the nearest
"saddle" or "pocket" made by two disks. In the case of three dimen-
sions this pocket was composed of three spheres. The films produced by
this limited mobility were composed of columns three to five disks in
diameter. Since then other models have used this same limited mobility
in their simulations (10,11,16,24,26,28,31,46,47,49).

Defects. Other than trying to produce columnar structures within
simulated films, computer models have been used to understand how nod-
ules are formed within the mircrostructure and how this affects the

growth of the film, The most well known works concerning the modeling
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of defects have been by Karl Guenther (11,15). His models have been ,;;
able to produce nodular growths in films by both substrate imperfections :
and the doping of impurities within the microstructure., As far as sub-

strate imperfections are concerned, this has been accomplished by modify-

ing the substrates in such a way as to produce bumps and other surface

asperities. When it comes to simulating the doping of impurities into ; 4

%
the film, large spatterings of approximately three times the size of the =
simulated molecules have been used. i?a

Form Birefringence. In addition to simulating columnar structure, SRR

three dimensional models have been used to study form birefringence (26).

Put simply, films deposited at oblique incidence produce variations in
the index of refraction due to the density of the films being different

in various directions, a phenomenon caused by the columnar structure.

Assumptions

After a study of the past models had been reviewed, it was then ne-
cessary to make some simplifying assumptions in order to produce the new

model. These are provided below along with any reasons as to why the

assumptions were made: S8

1., The deposition of thin films can be represented by a two-dimen- é:a
sional computer model. Although a three-dimensional model may be more

applicable or realistic, it is still possible to learn new things from a

two-dimensional model.
2. The incident particles (atoms or molecules) making up the evaporant
were assumed to be disks of a particular diameter., Of the three differ-

ent size disks in the model, the smaller two were used to simulate the

16
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evaporant., The largest disk, being approximately eight times the size

S
W of the smallest, was used to simulate an impurity being trapped in the
mircrostructure. Although the size of the molecules may differ from one
: to the next in reality, the order of magnitudes are approximately cor-
rect for use in the model,
3. Each disk, independent of size, was assumed to travel on a straight
! line at an angle A relative to the substrate normal. It continued on
h

this trajectory until coming into contact with one of the already depos-
ited disk or the substrate., This is in good agreement with what ac~
tually happens in vapor deposition. The reason being that the deposi-
tion takes place in a vacuum plant, and there are few if any molecules
removed from their trajectory.

4, Each individual disk was assumed to be deposited serially. Al-
though the actual deposition rate of the molecules may be such that par-
allel activities take place (i.e. two molecules arriving at the sub-
strate at the same time), the probability of these two events being
close enough to affect one another is rare.

5. It was assumed that after an incident disk came into contact with
an already deposited disk, it still had a limited mobility., This mobil-
ity allowed the disks to come to rest in one of two ways. First, the
incident disk remained in contact with the first disk and then relaxed
into the nearest "pocket" until it made contact with another previously
deposited disk. Second, a set percentage of the incident particles were
given an extra mobility allowing them to move to a pocket farther away
but still maintaining contact with the first disk. The reason these

types of mobility were introduced into the model was to find the amount

17
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. of limited mobility needed to produce realistic films, as discussed in LA
:\‘ L:-h:
* the previous chapter. ol
X Further discussion of why some of these assumptions were made and Q.
p A
f how they were used in the model can be found in the following sections. L
“n

Disk Size and Shape

After reviewing the literature it became evident that the most com-

LARUER AR oy o

mon shape used to represent molecules was a sphere for three-dimensional iié
models and circles/disks for two dimensions. Even though these are rela- S

Pl g A ol of

tively simple shapes compared to molecules actually used in vapor depo-

sition, they are relatively easy to represent mathematically. It is for
this reason, and the fact that the old model used disks, that this model !

also used disks to represent the molecules.

The size of the disk used to represent the molecules in the film =
was determined by looking at the two-dimensional arrays used to hold the @’v
disks. More specifically, three arrays (each 300 wide and 200 in e
height), were used to represent the film, accounting for 60000 unit iiii
cells, The first array was used to store occupancy data of the x-y
field (i.e. whether or not a unit cell was occupied). The second and
third arrays were used to store the x coordinates and y coordinates of EE::
the disks respectively. In order to avoid the problem of two or more ;fﬁ

disks occupying a single cell, the diameter of the smallest disk was

equal to the square root of two (see figure 5)., Since the model was to
simulate multilayered coatings, a second disk of diameter equal to two
times the square root of two was used to simulate a larger molecule or

one with a greater interaction distance. Finally, in order to simulate

---------- - '.h '.h..- !" .'.-V'.n’ ~'. .
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Figure 5. Size of Smallest Disk

FOR
MULTILAYERS

e

IMPURITY

Figure 6. Comparitive Sizes of Disks
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impurities a third disk was chosen to be eight times the square root of
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two in diameter or eight times the size of the smaller disk. See figure

h ]
[},

6 for a comparative sketch of the three different disk sizes.
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Disks are represented in the computer by the radius of the individ-

ual disks and its center coordinates. Once the address of a cell has

*

been determined by truncating its coordinates, the information is stored
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in the arrays. In the occupation array a zero represents that the cell

Ty "y
LA -'. [

is unoccupied; while a one, two or eight specify the size of disk with

its center located inside the particular cell.

Contact Circles

As an incident disk approaches those that have been previously de-
posited the position of the incident disk when it first collides, as
well as its final resting position, needs to be determined. In order to
accomplish this task the idea of contact circles from the old model was
invoked. Put simply, the contact circle of an individual disk is a cir-
cle about the disk, whose radius is such that the edge of the circle pas-
ses through the center of the neighboring disk when they are in contact.
An example of two contact circles can be seen in figure 7 where the
smaller disk is in incident on the larger one. Implied is the fact that
it is possible for one disk to have more than one size contact circle
when it is surrounded by different size disks.

The idea of contact circles is first used in the model in determ-
ing the position of an incident disk after collision., As an incident
disk approaches an already deposited disk or the substrate, which is com-
posed of disks (a matter discussed in chapter 4), the position of the

disk immediately upon collision can be determined mathematically. More
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Figure 7. Contact Circles

specifically, the x and y values can be determined by finding the inter-
cept of the contact circle of the collision disk and the line simulating

the trajectory of the center of the incident disk (see figure 8). The :ﬁﬁ

COLLISION
DISK

&= INCIDENT DISK

% —————————

Figure 8. Collision Point Contact Circle




equations used to find the x and y intercepts are

¢ o =)/l -k} + (/D) + 1] - [(a-h) & G/m 122 (3)
[(1/n2) + 1]

X=Ym+a (4)

vwhere the significance of the variables as well as the derivation of the
equations can be found in appendix A.

The second place where the idea of contact circles comes into play
is determining the final resting point of the incident disk. As stated
above, the incident disk will come to rest in a "pocket" formed by the
disk in which it first makes contact, known as the collision disk, and a
neighboring or rest disk. In order to calculate the position of the cen-
ter of the disk after it comes to rest, the contact circles of the col-
lision and rest disk (whose radii are determined by the radius of the in-

cident disk and their own respectively) are used as in figure 9. By

INCIDENT

COLLISION \ 4.,lu:s1' DISK
\
DISK | CONTACT CIRCLE
CONTACT /
CIRCLE /

Figure 9. Rest Point Contact Circles
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finding the intersection of the two contact circles the rest point can
be determined. The mathematical formulas used to calculate the rest

coordinate are

Y = [-a*k +/- (a2*k% - c*b)]/c (5)

2 - e*))/e (6)

X = [-a*h +/- (a%*h

where the significance of the variables and the derivations of the eq-
uations can be found in appendix A. Because these formulas actually
specify two distinct points, the point which allows the disk to move
the least is chosen as the rest point, except in the case of added mo-

bility; a point which will be discussed in the next section.

Mobility

As stated earlier in the section concerning past models, the mobil-
ity of the disks after initial collision should be limited. In an ef-
fort to try to understand how much mobility the molecules should have
after collision, the new model allows the user to look at three differ-
ent mobilities, The first type of mobility that the disks can undergo
is no mobility at all, When disks undergo no mobility, the resting
point of the disk is determined by the collision point coordinates pre-
viously mentioned. Therefore, whenever the disk first comes into con-
tact with another disk, the deposition process for that disk is com-
plete. As shown in figure 10 the resulting film is very loosely
packed. The second type of mobility possible is what will be referred
to as normal mobility. Under normal mobility, the final resting point

of the incident disk is determined by the disk coming to rest in the

nearest pocket. As shown in figure 11, normal mobility implies that
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Figure 11. Normal Disk Mobility
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X each individual disk is in contact with at least two other disks.

h fgg The third type of mobility, which will be referred to as added or
extra mobility, was introduced as one of the parameters in the new mo-

3 del., The reason for introducing this parameter is to try to produce

i films with greater packing densities and larger individual columns. Un-

_ der extra mobility, the incident disk comes to rest in the pocket which

% allows the disks greater movement before coming to rest. As shown in
figure 12, normally the incident disk will come to rest at point A. How-

: ever, when extra mobility is introduced the incident disk will come to

. rest at point B making the column wider than before. More specifically,

g under extra mobility the incident disk still remains in contact with

] the collision disk but just rolls to the next available pocket produced

E by surrounding disks.

? Figure 12, Extra Disk Mobility
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IV. Program Implementation

In order to simulate the vapor deposition of thin films by use of a
computer, it was first necessary to decide what the program was to mo-
del. That is, what specific tasks was the program going to be asked to
do. In order to model the deposition process properly, the following
major tasks needed to be incorporated into the program. One, the pro-
gram had to be able to produce a substrate, and to simulate an actual
substrate it was essential that it be able to produce imperfections.
Two, the program needed to deposit a film onto the substrate, and in do-
ing so the deposition process needed to contain parameters that could be
changed to simulate different deposition conditions. Three, in order to
analyze the results, the program needed to have an analysis section for
calculating such variables as packing density and angle of growth by the
film. And lastly, the results of the deposition needed to be plotted,
so a fourth task of the program was to make possible the plotting of the
deposited film and substrate.

The program listed in appendix B is able to take care of the four
tasks by means of four subroutines. Each subroutine is connected to the
other by a main interface loop. The names of the four subroutines in
the program are simply the substrate, deposition, analysis and moving

subroutines.

Substrate Subroutine

The substrate subroutine is divided into five areas allowing for
the initialization, creation, storing, recalling and transferring of sub-

strates. The movement between these sections is controlled by an inter-
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face loop at the beginning of the subroutine.

In an effort to keep the user from destroying valuable information,
the subroutine uses a set of buffer arrays for manufacturing the sub-
strate. These arrays (namely xc, yc and subbuf), each of which is 300
in width and 10 in height, are used to create the substrate before be-
ing transferred to the main arrays. More specifically, the information
contained in these arrays hold information concerning the x coordinate,
y coordinate and occupation (i.e. whether or not a cell is occupied) of
the 3000 cells used to produce the substrate.

As in the previous model the substrate is composed of disks, each
of which is the square root of two in diameter. In order to produce the
substrate these disks are laid down either one on top of the other or
side by side so that each disk just comes into contact with its neigh-

bor. See figure 13 for an example of how these disks can be stacked.

Figure 13, Substrate Stacking of Disks
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Because the arrays are 300 wide and the diameter of each disk is the
square root of two, a total of 213 disks can be laid across the bottom
of the array thus producing a "flat" substrate. See figure 14 for an
example. Although this may not appear to be flat due to the shape of
the disks, it must be remembered that some optical substrates are no-
thing more than cleaved NaCl which is not "flat" on an atomic scale.

In order to produce a more complicated substrate, that is one which
contains imperfections, the remaining parts of the buffers are used.
Since the arrays are 10 high, the number of disks that can be stacked
one upon another comes to 7, implying that 1491 disks can be used to
create the substrate. The fact that there are 213 disks across the bot-
tom of the arrays is used to envision 213 columns within the substrate,
with each column having a maximum possible height of 7 disks. By spec-
ifying the height in each column it is then possible to produce sub-
strates, as seen in figures 15 through 20.

Since the program was intended to be user friendly, it is not re-
quired that the user enter the height in each column to produce a sub-
strate. In fact, after initializing the buffers and entering into the
creation part of the subroutine, a flat substrate like the one in fig-
ure 14 is automatically produced. Furthermore, if the user desires a
more complicated substrate and this substrate contains a section where
the height remains constant over several columns, the user is spared the
trouble of entering the same height over and over,

After entering the height in a particular column, the program asks
whether or not the height is to be continued and if so to what column

this should occur. An example of how the creation of a substrate may
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take place is given below with the prompts and appropriate answers.,

Do you wish to create more than just a horizontal line for the
substrate?

If yes - Enter 1
Otherwise - Hit Return

1

There are 213 columns columns across the bottom of the substrate.
Each one of these must have a height specified to it. The follow-
ing steps will help in that process.

You are in column 1
Enter height (must be 7 or less)

1
Do you wish this height (1) to continue?

If yes - Enter 1
Otherwise - Hit Return

1

To what column should this continue?
(must be 213 or less)

100

You are in column 101
Enter height (must be 7 or less)

7
Do you wish this height (5) to continue?

If yes - Enter 1
Otherwise - Hit Return

1

To what column should this continue?
(must be 213 or less)

105

You are in column 106
Enter height (must be 7 or less)

1
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. Do you wish this height (1) to continue? BANK
KN oA
i If yes - Enter 1 oy
Otherwise - Hit Return [
Qs

1 WAL

s

To what column should this continue? :$%$

(must be 213 or less) wpat

213 T

The substrate is now complete!! R

Ready for transfer to film matrices. e

A sample of the substrate just created by the above commands can be }f}

seen in figure 15. ﬂiﬂz

Once the substrate has been produced, whether it is just flat or &Q}

g7 4

some imperfection has been introduced, the user may wish to store the jk{-

values of the substrate for future use. This is accomplished by the E;:i

third section of the subroutine., The fourth section is the counter- iiﬁ

part of the previous section and allows the user to recall substrates Z;:S-

so that they do not have to be reproduced. The final section of the .fif

subroutine takes care of transferring the values of the buffer arrays o

into the main arrays used in the deposition of the film., Once this has 2;5

occurred the user may enter the deposition subroutine and prepare to de- f?::

posit the film onto the substrate. ;ﬁi

Deposition Subroutine iill

The deposition subroutine is divided into three sections, allowing Tl

for the initialization of the main arrays, the setting of the deposition .:Jé

- (_::._

variables and lastly the deposition of the film onto the substrate. As A,

N

in the substrate subroutine, movement between these sections is con- jﬂ:

ey

. trolled by an interface loop located at the beginning of the subroutine. ZJ?
» -'-.' ::'_t::
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After the initialization of the main arrays takes place, the user
of the program is then able to set the deposition variables which con-
control the deposition process. The first parameter specified by the
user is the number of disks to be deposited. In order to look at chan-
ges in the overall packing density of the film, the user should enter
more disks than desired. The reason for this is that deposition of the
film continues until either all the disks have been used or until the
arrays become full. Therefore, by specifying more disks than the arrays
can hold, the effect that other parameters have on the packing density
can be measured.

The second parameter that the user has control of is the main angle
of deposition. The angle entered by the user is the angle as measured
from the substrate normal. Therefore if zero degrees were entered, de-
position would occur at normal incidence. In order to simulate the ro-
tation of substrates, the user also has the ability to vary the angle
of incidence as well as the speed at which the variation takes place.
This is accomplished by the user entering the angle which corresponds to

the total amount of variation as in figure 21. If the main angle of

VARIATION

Figure 21,

Full Angle Variation
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incidence is at 35 degrees and the amount of variation is specified to

e e,
e, o
k . '. ..
i . L)
.

0 N
e be 10 degrees, then deposition will occur between 30 and 40 degrees. :}:
The speed at which the angle changes is determined by the size of the an- :?i;

gle increment, implying that the smaller the angle increment the slower %Eé

the angle changes over time. An example of how these variables are en- i;f

tered occurs below with the prompts and possible answers given. 55?

o

At what angle do you wish the film to be deposited? ﬁ;ﬁ

Please enter angle in degrees - Enter in real format. St 3o

Do you wish to vary the angle of incidence? 5;3

If yes ~ Enter 1 ;;5

Otherwise - Hit Return
1

How many degrees (full angle) do you wish to vary the angle?
Enter degrees in real format.

6.0

What size angle do you wish to increment the angle of incidence?
Enter degrees in real format,

.01 L

With the above answers given to the prompts, the main angle of deposi-

tion will occur at 27 degrees and will vary between 24 and 30 degrees
with the angle being changed 0,01 degrees after every disk.

The next set of parameters that the user is able to specify con- }
cerns the amount of mobility the disks have after making initial contact igé
with a previously deposited disk or the substrate. The user has the fis
choice of three different disk mobilities. First, the user may option Ei&

N

to let the disk have no mobility. This of course would produce a film

33
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with a very low packing density like that of Dirks and Leamy (5), and
does not simulate real films. Second, normal mobility may be chosen in
which the disks come to rest in a "pocket" produced by two other disks.
The final option the user may choose is allowing a predetermined percen-
tage of disks to undergo an extra mobility as discussed in chapter
three. The percentage is determined by the user entering the number of
disks to be deposited before an extra mobility iteration occurs. There-
fore if the user wishes 20 percent of the disks to undergo an extra mo-
bility, the number 5 is entered.

The fourth parameter the user enters determines whether or not a
single impurity, the size of which was discussed in chapter three, is to
be deposited within the mircrostructure. If the user does decide to im-
plant an impurity, the placement of the impurity is determined randomly
by the computer.

The last set of parameters the user has control over is the size of
the disk to be deposited, The user may decide to deposit only one size
disk, either small or large, or he may decide to create a multilayered
film., If the user decides upon creating a multilayered film, the pro-
gram then prompts the user which size disk is to be deposited first and
then the depth of the layers in terms of the film arrays.

After the deposition variables are set, the deposition of the film
onto the designed substrate may be invoked. It should be noted that the
five major parameters, number of disks, the angle of deposition, mobil-
ity of the disks, deposition of impurities and the size of disks, are
all independent of one another, Therefore, any combination of these

parameters may take place.
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Deposition of film, The deposition of the film onto the substrate
is the heart of the entire program. It is this section of the program
that all other sections were designed around. The section itself is di-
vided into three areas which are responsible for calculating collision
partners and coordinates, rest point coordinates and, when needed, the
rest point coordinates for disks which undergo an extra mobility.

Collision Coordinates. When an incident disk approaches a pre-

viously deposited disk or the substrate, it is necessary to know with
what disk it makes contact and the position of the incident disk when
this occurs. The reason for wanting to know the position of the inci-
dent disk upon collision comes about when finding the proper rest disk.

In order to accomplish this task the collision corridor method used in

the previous thesis (47) was utilized with some modifications since mul
tiple sized disks were used in the new model.

Put simply, the collision corridor method uses parallel streamers
to search the area around an incident disk trajectory for possible col-
lision partners. Each individual streamer scans until reaching a cell
not previously encountered by another streamer. Once an occupied cell
is found the y coordinate of the incident disk is calculated by the al-
gorithm in chapter three. Once each streamer has preformed its scan,
the collision partner which yields the largest incident disk y coordi-
nate is chosen as the collision disk., The x coordinate of the incident
disk is then found by using the y value just obtained.

The number of streamers necessary to define the collision corri-
dor is dependent upon two parameters, First, the spacing between the

individual streamers needs to be such that no matter what the angle of
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deposition, no unit cell can be placed between them. Second, the width
4&5 of the corridor has to be large enough that all unit cells capable of
containing collisional partners are checked. This second parameter is
therefore dependent on the size of the incident disk, as well as the
size of the previously deposited disks. As an example, the case which
calls for the least number of streamers occurs when only the smallest
disks are being deposited. In this case for a collision to occur the
center of the incident disk needs to be one disk diameter away from the
center of another disk; namely, one square root of two. The minimum

number of streamers necessary to check around the incident disk in this

AR YRR o R Rl L al d o g el L
- 1

particular example is four (as shown in figure 22). When larger disks
are deposited the number of streamers increases, as in the case when 16

streamers are used when an impurity is incident on large disks.

X
)

TRAJECTORY STREAMER UNIT CELL

Figure 22, Example of Streamers
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Rest Point Coordinates. Once a collision disk is determined and
the position of the incident disk upon collision known, the final rest-
ing place of the disk can be determined. As mentioned previously, the
user of the program has three options as far as the mobility of the
disks are concerned. With no relaxation of the disks, it is implied
that the collision coordinates of the incident disk become the rest
point coordinates, For the case of extra mobility, this subject will be
presented in the next area.

When normal relaxation of disks occurs, the final resting place is
determined by the mathematical derivation explained in chapter three.
That is, find a third disk or rest disk with which the incident disk
rolls into contact with, while still maintaining contact with the col-
lision disk, The program algorithm used to accomplish this task in-
volves using an array search around the collision disk. The rest disk
is then found by determining which disk allows the incident disk to
move the shortest distance before coming to rest. If no further relax-
ation is to occur the rest position of the incident disk is then re-
corded in the main arrays by truncating the final position coordinates.

Extra Mobility Coordinates. In order to simulate some disks under-
going more than "normal mobility", the third area in the deposition sec-
tion calculates the rest point coordinates of these disks. In essence,
this part of the section finds the rest coordinates for the incident
disks, which allows it to move to the "next" shortage distance in compar-
ision to that of normal mobility. Like normal mobility, the incident
disk is allowed to remain in contact with the collision disk.

Although the algorithm for normal mobility may be simple, the task
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of finding an alternate rest place is more difficult. Since the inci- BN

Q§; dent disk is to maintain contact with the collision disk and the rest- k§:‘
ing place for normal mobility is to be ignored, there exists only one 3

NN

other possible resting position. Due to the way the algorithm was de- :E:.

Y '\ :

rived, the second resting place may or may not correspond to the posi- ;ﬁ:‘

J tion which allows the incident disk to move the next shortest distance. !!F
As shown in figure 23 (a condition immediately after contact has been o

made), position 1 is where the incident disk would come to rest under .

the condition of normal mobility. Although positions 2 through S cor- !Ei
respond to places where the algorithm would designate as possible rest ;ii

points, these are either occupied or physically impossible due to sur- ;f‘

g

rounding disks. Position 6 on the other hand is the second of the two e

EAF

possible resting points. In order to arrive at this decision using a E;ﬂ

computer, the extra mobility routine uses a set of seven stored posi- ;51
COLLISION G

INCIDENT DISK B

DISK TS o

™ '.;j.'
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)

S

.. Figure 23, Extra Mobility Placement };?
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tions and then tests whether each is occupied or physically plausible.
Immediately after the testing of the seven different positions, an-
other test looks at the y coordinate of the extra mobility position in
comparison with the y coordinate determined for normal relaxation. If
the extra mobility position is significantly higher than that for normal
relaxation the position is considered invalid. The reason for doing
this is to ensure that the resulting film becomes more dense rather than
less dense. In the case where none of the seven positions are found to

be suitable and/or the height position test fails, the final position of

the disk is decided by default to be the position determined by normal
relaxation. The next disk, in order to make up for the failure of the
test, is then given extra mobility. This continues until a suitable
disk is found.

Periodic Boundaries. In order to save on space within the memory

of the computer, periodic boundaries were incorporated into the model.
More specifically, this condition allowed incident disks which would

normally disappear off the left side to reappear on the right and visa

versa, The result of introducing periodic boundaries can be seen in
in the next chapter where the figures give the impression that one sec-

tion of the film is being viewed.

Analysis Subroutine

After a film has been produced it is necessary to characterize its

properties. In this subroutine two properties of the simulated film are
analyzed by two separate sections, namely the packing density and angle
of growth of the film. The movement between these sections is con-~

trolled by an interface loop as in the first two subroutines.
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Packing Density Analysis. As mentioned in chapter one when the den-

sity of the film increases, the properties of the film approach those of
the bulk material. This is desirable because the optical properties of
the film become more stable., An example would be the reduction of water
absorption due to increased packing density, which in turn reduces the
amount of wavelength shift. In order to monitor the density of the
film, the first section of this subroutine is dedicated to that purpose.

Reviewing from chapter two, the packing density of the film is sim-

ply:

volume of the solid part of the film (2)
total volume of the film (solid + voids)

where p is the packing density. This implies that the value of 1.00 is

the largest value the packing density can achieve. In order to make the
program more user friendly the value of p is multiplied by 100 making it
a percentage.

In order to calculate the packing density of the film, where only

one size disk has been deposited, the number of cells which are occupied
are counted and then divided by the total number of cells. This number ZE;
is then multiplied by the area of a disk relative to a cell, and then

multiplied by 100, However, in the case where different sized disks are

used, separate counters are needed for each size disk. After calcula- ;{f

ting the individual percentages for each size disk, the percentages are
then added to obtain the total packing density. With the three differ-

ent sized disks used in the program the individual packing densities

were calculated as follows:
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psmall = (number of cells with small disk/60000)*1,570796*100 (7)
plarge = (number of cells with large disk/60000)*6.283185*100 (8)
pimpur = (number of cells with impurities/60000)*100.5309%100 (9)

where psmall, plarge and pimpur are the respective packing densities of
the three different disks.

Because films produced by vapor deposition tend to be amorphous in
nature, this implies that the packing density throughout the film may
not be uniform. In an effort to look for spatial variations within the
simulated films the density algorithm was modified. Not only is it pos-
sible to find the total packing density of the film, but spatial varia-
tions in both the horizontal and vertical directions are possible.
Therefore, the user of the program may look at individual areas within
the film, This was accomplished by simply specifying the upper and lo-
wer heights for vertical variations, and left and right boundaries for
horizontal variations. The values entered correspond to the addresses
of the unit cells of the arrays.

Angle of Growth. The angle of columnar growth by the film is re-

sponsible for many characteristics as noted in chapter one, and is depen-
dent on the deposition angle via the tangent rule in many films. In or-
der to calculate the angle of growth the algorithm used in the previous
model (47) was invoked.

This algorithm calculates the angle of growth by looking at varia-
tions in the density of the film at varying angles. In doing so, the an-

gle of growth can be found at different heights within the film, amount-

ing to vertical variations within the film.
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Moving Subroutine 2R

The moving subroutine was developed in order to store the values of ‘
the main arrays making up the film for future analysis and/or plotting. ?
This is accomplished by dividing the subroutine into four sections,
Again, as in the previous subroutines, the movement between the sections
is controlled by an interface loop.

The first two sections of the subroutine provide a somewhat inef-

T L S Y T S T T
H -
£ ‘l
- A e

ficient way of storing and retrieving values in that all values of the
main arrays, both zero and non-zero, are moved around. Although this
is not memory efficient it may prove to be useful for certain types of
graphing devices, .
The third section of the subroutine, like the first, stores the val- &,:
ues of the main arrays into files; however, in this case only the non-
zero values are stored. More specifically, this section produces two Q{
files for storing values for plotting. The first is a master file con- .
taining data on all the disks independent of size, and holds information :%
concerning the occupancy of the unit cells as well as the x and y coordi- *
nates of the individual disks. The second file, on the other hand, con-

contains similar data regarding only the larger sized disks,

The fourth section of the subroutine, somewhat like the second, ';t
reads back into the program the values stored in a file by section jé;
three. What makes this section different from the second is that only ﬁ;}
the data concerning the occupancy of the unit cells is read back. This 'ig
in turn allows for only an analysis of the film, namely density calcula- iiﬁ

-
.
.

.
. N
-

tions and determination of the angle of growth.
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fti V. Results and Analysis

As with any program, it is necessary to analyze the results and

then make conclusions based on the analysis. The purpose of this chap-

ter is to look at the resulting films and then try to analyze the films
based on the parameters under which the films were deposited. Through-
out the last stages of program development and finally during the run-
ning of the program to obtain results, approximately 35 films were
printed out and the results examined. However, to conserve on space
only 13 of the most interesting films will be discussed in this chap-
ter,

In order to provide a control upon which the films could be com-
pared, 5 films were deposited at various angles, With these films, none
of the deposition parameters were varied, therefore allowing future

films to be compared against them. Three of these films can be seen in

27 through 36), all have at least one parameter that was introduced. In
order to refresh the reader these parameters are the temporal variation
of the angle of deposition, the mobility of the disks upon collision,

the doping of impurities into the microstructure, the ability to intro-
duce imperfections into the substrate and the simulation of multilayered

coatings.

Controls
By viewing the three control films (figures 24 - 26), some of the
main characteristics exhibited by other columnar models can be seen. 1In

figure 24, a film deposited under normal incidence, columns 3 to 5 disks
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figures 24 through 26. The other films provided in this report (figures
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thick can be seen branching in both the left and right directions due

-

A

Lo
A

=l to the normal incidence. When the angle of deposition is increased
to 25 degrees as in figure 25, little if any branching takes place that

is headed toward the left. In figure 26, the film is definitely leaning

s & 8 3 K &

towards the right due to the angle of incidence being 50 degrees, It
. can also be seen that the overall density of the film is less than that
. for normal incidence, and that the spacing between the columns is sig-
nificantly larger than that for either normal incidence or at 25 de-
grees, Comparisons of the overall densities of the films show that

the largest density occurs for the film deposited at normal incidence,
- and that this density decreases for increasing angles of deposition.

- The amount of decrease from normal incidence to 50 degrees is approx-
. imately 10 percent. The angle of growth by the control films is in

-, very good agreement with what the tangent rule predicts. For example,

at 50 degrees the angle of growth by the film was found to be approx-

i imately 29 degrees, where the tangent rule predicts 30.7 degrees.
All of the above results correspond very well to results that other iii
. models have produced. Therefore, it can be assumed that the new model
is not predicting anything radical and that other results presented in %

this chapter should be considered as reliable, =

Angle Variations

Films produced with angle variations showed no consistently repro-

ducible results. However, there were some characteristics that could be
gleaned from the resulting films. First of all, films produced with an-
gle variations were able to produce columns that were on the average a

little wider than those with no variations, but the spacing between the
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Control Film at 25 Degrees

Figure 25,
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columns increased, which resulted in decreased density. The most inter-
esting results came when angle variations were carried out with a reason-
able amount of extra mobility on the part of the disks. As shown in fig-
ure 27, a multilayered film with disk mobility occurring on 5 percent of
the disks, the dendrites formed are wider than normal but the columnar
structure is fairly random., When this mobility is brought together with
angle variation as in figure 28, large columns are formed from smaller
dendrites which begins to model actual films, In this figure, 9 percent
of the disks have undergone mobility and are deposited with 5 degrees of

angle variation.

Mobility

One interesting result obtained during this research occurred when
extra mobility was given to a percentage of the incident disks (figures
27,28,29,30,31). As noted above, larger columns were formed when the ex-
tra mobility of disks were introduced with angle variations. However,
this alone was not the only significant result,

As the percentage of disks undergoing extra mobility was increased,
three distinct phenomenon were found to exist, First, the packing den-
sity of the films was increased (figure 29). Although this comes as no
surprise, the amount of increase for films deposited at oblique inci-
dence was fairly substantial when compared to films deposited at normal
incidence. In figure 30, a film deposited at 40 degrees with 20,1 per-
cent mobility, the total density was found to be 68,1 percent. When
this is compared to the control at 50 degrees (figure 25) with a packing
density of 56.3 percent this corresponds to a 11.8 percent increase.

The film in figure 31 (deposited at normal incidence), with a mobility
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Small Disks Film at Normal Incidence with 21,67 Mobility

and an Impurity in the Lower Right Hand Corner

Figure 31,
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iﬂb of 21.6 percent, only showed a 0.8 percent increase in the packing den-
density, compared to the control deposited at the same angle of deposi-
tion. This would seem to imply that mobility has little, if any, ef-

fect for films deposited at normal incidence, as far as increasing pack-

ing density is concerned.

The second phenomenon that occurred as a result of disk mobility

s N P SV &7 T WENE V.. N T N W WMWY & - oy

was the disappearance of a visible columnar structure. In figures 27,28

and 29 where the mobility of disks was kept between 5 and 10 percent, a
visible columnar structure is still maintained. However, when the mobil-
ity of the disks is increased to around 20 percent and greater as in

figures 30 and 31, the columnar structure starts to break down and event-

MDA 2o e Bl g

ually goes away. This disappearance is in agreement with what Nakahara

had found for films with large structural relaxation, such as in copper

I
E

and permalloy films (35).

The third phenomenon found in films deposited with mobility was
that the films possessed a more uniform packing density throughout the
thickness of the film., A density analysis of the control film at normal
incidence showed that the density of the film tends to decrease the far-

ther away one gets from the substrate., When the same analysis was done

on the film in figure 31, the packing density did not exhibit a consis-
tent drop and the density near the top of the film was significantly

greater than that for no mobility. This was found to be true for all

e T - L,

SN

films deposited with extra mobility. Although no major study has been
made concerning the uniformity of density throughout the thickness of a

film, the results would confirm or deny that shadowing plays a role in

T WWPRENE ALY D)

density variations of a film, if they exist.
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Nodular Defects

As stated earlier in chapter three, there are basically two differ- -
ent ways that people have tried to produce nodular defects in the film; -
namely, through the use of substrate imperfections and the doping of im-

purities into the microstructure. Throughout the course of this re- P

search both of these methods were tried, the results of which varied. }’

Substrate Imperfections. As can be seen back in figures 15-20, the ;S?
substrate subroutine had the ability to produce almost any number of sub- };'
strates., Some of these were used in the deposition of films, namely gg;

i those in figures 27,29,30,32 and 33. Although no nodules were formed ég%

as a result of the imperfections, some were able to produce an amor-
phous clump of disks in the immediate vicinity around the imperfection.
This can be seen in figures 29,30 and 33. The reason for the amorphous
nature of the film around the substrate imperfections can only be attri-
buted to the irregularity of the imperfections themselves. As to why
the substrates were not able to produce nodules, it seems to be due to
the fact that the imperfections tend to be too small in comparison to
the size of the disks used.

Impurities. The use of impurities to produce nodules was by far

more effective than using substrate imperfections, As can be seen in

figures 30 and 31 (especially in figure 30), distinct nodules can be
seen within the mircostructure. Other attempts to produce nodules by
the use of impurities can be seen in figures 27,28,29,32,33 and 34.

Although these did not produce nodules, they did produce an amorphous

structure immediately in their vicinity, which can be attributed to the

irregularity of the structure, just as in the case of the substrate im-

-
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Small Disks Film at Normal Incidence with an

Figure 34,

Impurity in the Upper Right Hand Corner
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perfections. Another characteristic common to the film growth around
the impurities is the fact that the nodule or amorphous structure grows
in a direction parallel with the angle of deposition. For example, in
figure 30 the nodule at the top of the film grew at an angle of 40 de-
grees, which happens to be the angle of deposition for that film. One
last characteristic which is common among some of the doped films is
that the growth of the film immediately above the impurity extends above
the top of the film, This can be seen in figures 30,31 and 34,

It would appear then that impurities can be used to create nodules
and nodular effects such as the production of an amorphous structure.
It is also implied that one reason for the creation of nodules in films
is due to shadowing, since no physical parameters such as electrostatic

charge are dealt with in the model.

Multilayers

Perhaps the most interesting results obtained during this research
occurred when two different size disks were used to simulate multilay-
ered films (figures 27,28,32,33,35,36). In the films produced when the
smaller disks were deposited first, as in figures 27 and 35, there did
not appear to be any outstanding features to note, The reason for this
is that the boundaries between the layers appeared to be continuous in
nature., However, when the larger disks were deposited first, two dis-
tinct features were noticed., First, some of the smaller disks from the
top layer were able to penetrate through openings in the top of the
lower layer, which made for a discontinuous boundary. This is espe-
cially evident in figures 32 and 36. Even though one would expect this

to occur, one reason for choosing different sized disks was not neces-
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sarily to simulate molecules of different size, but to simulate mole-
cules which possessed different interaction distances. The second fea-

ture exhibited by the films when the larger disks were deposited first,

was that this tended to produce pores in the microstructure which could bé?
allow for water absorption (see figures 27,28,32). As stated in chapter W

two, one of the problems with vapor deposited films is that they are sub- .
Jject to water absorption. Therefore, these films would tend to imply
that the mechanical properties of film growth, like shadowing, are one

reason why water absorption occurs,

Other Characteristics ii;

One result obtained from the research, that was not expected, was ‘j?
the fact that the density of the modeled film immediately above the sub- Eﬁ
strate was significantly greater than the average density of the film. ;;
More specifically, the packing density of the area three to four unit .;f
cells above the substrate was found to be 25 to 30 percent greater than Zgéi
any other region in the film. The main reason that the density of the Ei;
film near the substrate is so much greater, is most likely due to the QQ:
fact that the shadowing effect of the film is negligible during the _}:
early stages of growth, Then as the columns in the film become larger, Ei
shadowing starts to play a more important role in the growth of the i;?
film, until the time when the film is high enough above the substrate Si}
that the density begins to approach that of the average. 2

62
RS .\:.'..',\. NN, . e y B S .
e e e o e e T e RO




B

aAe L aa

P rALESY

i

PO

VI. Conclusion and Recommendations

Conclusion

Based on the results obtained in chapter five, it is evident that
the objectives of the research were met.. That is, the ability to pro-
duce a computer simulation of thin film growth with variable parameters
was accomplished.

Deposition Angle. It was shown during this thesis that the angle

of deposition plays an important role in the growth of a film. Not only
do the width of the individual columns making up the mircostructure de-
crease with increasing angle, but the packing density of the film de-
creases as well. The variation of the angle of incidence also played a
role in determining the resulting structure. For relatively small angle
variations (less than 10 degrees) the density of the film went up, but
for larger angle variations the density went down producing a rather a-
morphous microstructure,

Mobility. By varying the percentage of disks undergoing extra mo-
bilities, three results were obtained. First, the larger the percentage
of disks undergoing extra mobility, the greater the packing density of
the film, Second, for films with a relatively large amount of disk
mobility, the columnar structure all but disappeared; a result which is
in agreement with experimental work. Third, films deposited with disks
undergoing extra mobility possessed a more uniform packing density.

Impurities. Although there were very few nodules formed by the do-
ping of impurities, there were two interesting results., First, the film

deposited immediately around the impurity was extremely more amorphous
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SN than other sections of the film which contained no impurities. Second, s

Ao Fve
the angle of the nodule and/or amorphous growth was parallel with the 'f’
angle of deposition, .

Substrates. Out of the many substrates produced by the model none
of them produced nodules of any great size, if at all. One reason for AX
this may be due to the fact that the highest imperfection able to be #43
created was only seven disks high., However, the imperfections in the
substrate did create an unusually amorphous structure about them, some-
what like the impurities, which could have resulted in nodules had the
film thickness not been so great,

Multilayers. The multilayered films produced by this computer sim- ?:“

ulation were the most interesting of all the films produced. It is ap-

A
)
RPN

parent by looking at the films that the boundary layer between the dif-

ferent sized disks appeared to be discontinuous in nature, an outcome

which is in complete agreement with experimental results, This was iﬁi
\::\
especially true of the cases in which the large disks were deposited "i:

L

first, for this allowed the smaller disks to slip through holes left
by the larger ones, Other things of interest found in the multilayered

films were large cracks or pores which could account for water absorp-

tion, and some nodule growth due to the discontinuity of the boundary
layer.

Other Characteristics. It was found that the density of the film
within a few unit cells of the substrate was significantly higher than
the average packing density (25 to 30 percent). This is thought to oc-
cur as a result of shadowing playing a minor role in the early stages of

growth,
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Ending Remarks. Although more two-dimensional computer models
using disk mechanics may be developed in the future, the results ob-
tained should not be significantly different from those presented in
this thesis. Three-dimensional models, on the other hand, may provide
information about form birefringence and other properties that can-
not be studied in two dimensions. However, for the most part compu-
ter simulated growth using disk mechanics can only give so much infor-
mation. Not until the time when physical properties such as electrical
charge and chemical bounding are routinely used to construct the model,

will computer simulations tell people more about thin film growth.

Recommendations

In order to improve upon this new model of thin film growth there
are several things which can be done. First, if computer space will al-
low, a simulation in three dimensions using disk mechanics is probably
the next logical step. Upon the completion of modeling a three dimen-
sional film, the introduction of physical parameters into the model will
ultimately make the model more useful and realistic. Some of the para-
meters which could be introduced are the use of chemical bonds in order
to produce films with a crystalline structure, the variation of the sub-
temperature to allow for different molecule energies, as well as using

electrical charge on individual molecules to determine the microstruc-

ture.
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Appendix A
Mathematical Derivations used to Construct Program

This appendix is divided into two sections. Its purpose is to show
the mathematical derivations used to develop the code in appendix B.
The first section gives the mathematical derivations needed to find the
incident disk coordinates after a collision has occurred. The equations
for the final position of the incident disk are derived in the second

section.

Incident Disk Coordinates After Collision
The equation of the trajectory taken by the center of the incident
disk is a line. Rewriting the slope intercept form of a line by solving

for x has the form:
X=(1/m)*Y + a (10)
where
m = slope of the line

a = X intercept

The equation of a contact circle discussed in chapter two can be

writen in the form:
s (X -0+ (Y - k)2 (11)

where

-
~
>
~

N ]

h = X coordinate of the center of the contact circle
k = Y coordinate of the center of the contact circle
r = radius of the contact circle

. l-,
[}

In order to solve for the value of y, the value of x in the first
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equation is substituted for x in the second equation giving the follow-

ing:
r? = [(¥/m) +a ~h)% + [Y-k]? (12)

Expanding the squares and putting the equation into quadratic form

gives:
[(1/m2) + 1]%Y% + 2%[(a - h)/(m - K)]*Y + (a - h)2 + k% = £2 = 0 (13)

Solving the above equation for y gives:

1/2 (3)

ya={{(a-h)/m] -k} + (e (/md) + 1] - [(a = ) + (k/m)]?)
[(1/n?) + 1]

The square root is added, and not subtracted since the collision
occurs at the larger y value. In order to solve for the value of x, the
value of y is simply put back into the equation of the trajectory. Be-
cause the angle of incidence is measured from the substrate normal the
value of [(1/m2) + 1] is actually the secant squared of the incident an-
gle, and is represented by sc2ang in the program. The value of [(a-h) +

(k/m)]2 is represented by g and the value of [(a-h)/m - k] by f.

Incident Disk Rest Point Coordinates

Given the equations of the collision and rest disk contact circles

respectively as

2 2

r12ax? ey (14)

r22 = (X - 0)% 4 (Y - k)2 (15)

rl is the radius of the collision disk contact circle, r2 the radius of



2,4, 2
0

v
\ -

A Al

the rest disk contact circle, h the x seperation between the two disks

<gn
Is‘I ‘l..
XA
O
-

and k the y seperation betweenthe two disks.

% T

It is important to note that the equations above are written for D
circles which have been translated to the origin. Solving for x in o

equation 14 gives: el

. g%i
: X = +/- (r12 - Y3172 (16) g

Substituting this value for x into equation 15 gives: i?j

r22 = [(r1% - ¥HY2 _ 412 4 (1 - 02 (17)

After expanding the squares and cancelling values, the equation

looks like the following:

2 2 2

r22 = 112 4 0% - 2m(r12 - Y52 4 k2 2y (18)

Through algerbraic manipulation this can be transformed into the

- the following quadratic equation:

(k% + 0¥)*1? 4 2aky + (a2 - n%*r1?) = 0 (19)

where a = (r22 - r12 - h2 - kz)/2. Solving this quadratic equation

yields the two possible values of y namely
2,2
Y = [-a*k +/- (a“*k” -~ c*b)]/c (5)

where b = (a2 - hz*rlz) and ¢ = (k2 + h2). The two values of x can be

solved for in a likewise manner yielding the following equation:

X = [-a*h +/- (a®*h? - c*b)]/c (6)
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Appendix B -
Fortran Program Code 3
.:: X
&
The following pages of this appendix contain the Fortran code used is:
f
to model thin film growth by vapor deposition. More specifically the -Ef
K,
program code is composed of Fortran 77 and contains a fortran statement E}?
using IMSL (International Mathematical and Statistical Libraries), a ;i;
library of subroutines used for statistical purposes. In this program i;‘
the IMSL statement (ggubfs) is used as a random number generator for
evenly distributing the simulated evaporate over the substrate.
Questions concerning the use of particular variables within the pro- =3
gram can be addressed by referring to appendix C, which contains a list jgﬁ
.:_:
of the variables along with a brief discription of their purpose. o
=
NG
l-‘;o
i
R
=
R
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c
. c
?{} c 'THIN FILM GROWTH SIMULATQR - AN IMPROVED MODEL!
= c VERSION - 2
c WRITTEN 8Y DAVIO J. DORYLAND
c 30 SEP 85
c
c
c LIKE ITS PREOECESSOR, THE PURPOSE JF THIS PROGRAM IS TQ SIMULATE
c THE VAPOR DEPQOSITION QF THIN FILMS. THE PROGRAM ITSELF IS OI-
c VIDED INTC & MAJOR AREAS WITH EACH CONTAINING A BRIEF CESCRIP-
c TION OF ITS FUNCTION. THE REASON BEMINC THIS IS THAT IT PRQOVIDES
c NGT ONLY AN EASIER WAY TQO CE3UG THE PROGRAM BUT IT ALSQ HELPS OR=-
c GANIZEZ IT. TRIS PROGRAM IS WRITTSN IN FORTRAN 77 AND REQUIRES a
c WCRKING KNOWLEDGE OF IMSL AND S (FGR PUTURE PLOTTING). IT 4WAS DE-
c SIGNED TO RUN ON A VAX/VMS COMPUTER.
c
o
c AR RERIRERAX SR AR SRR AR BRI AR AIARSIRD
(o ] =
C %* MAIN PROGRAM START-UP %
c = AND INTEREACEZ LOQP %
c ] *
c RRARERRAXRRRARRE SRR RXREEXXIREXIR XL ABRARZIER
c
c
c THE PURPQOSE QOF THIS SECTION IS TO OECLARE AND INITIALIZE THE MAIN
c VARIABLES USED THROUGHQUT THE PROGRAM. IT ALSO INCLUCES A SIGN
c ON MESSAGE, A HMELP MESSAGE, THE READING OF THE DATE ANT THE MAIN
c INTERFACE LOOP.
c
c
¢ Zunuxx3xex VARIABLE OECLARATION AXiekxixax
c
REAL DATE, XCOCRO(300,200), YCOCRD(C300,200)
INTEGER FILM(300,200), IVAR
c
c
c. s3uageea2R SIGN ON 222333338
c
WRITE (6,0C10)

0010 FORMAT (10C2X/)y15X,'THIN FILM GROWTH SIMULATQR - AN IMPRQVED MOODE
CL'/ 432Xy "VERSION = 2'/,33Xy"333z3s3323"'/,25X,*WRITTEN 8Y DAVID J.
COORYLAND'"/933X,'30 SEP 85'/,2C2X/) 419X, *THIN BILM RESEARCH - A GRE
CAT waY OF LIFE'/,7(2X/))

C
c
o wasxanaaxs REACING OF THE QATE sussauldzaxn
c
WRITE (5,0015)
0015 FORMAT (1X,'ENTER CATE AND TIME (MMDOHRMM)')
READ (5+0016) CaTeE:
0016 FJIRMAT (F8.0)
c
c
(o ERABABILEE WELP MESSAGE susaszssvas
c
WRITE (5,0017)
9017 FORMAT (13C1xX/),10%,*'TQ OPERATE TMIS PROGRAM, ANSWER THE JUESTIONS
C ASKED BY LSING'/,19X,'THE KEYPAQ LCCATZD CN THE QIGHT SIJE OF THI
70
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5

- J
L J
R |
e CS TERMINAL. AT THE'/,10X,'CONCLUSION OF ZACH NUMBERED SECTION, PR o
o CESS THE CARRIAGE RETURN'/,10X,'KEY TO CONTINUE WITH THE PROGRAM. e
CIN ORDER TC EXIT THE PROGRAM'/,10X,'AT ANY TIME, PRESS CONTROL C ¢ N
CCTRL/C). TO ENTER THE PROGRAM,'/,10X,'PRESS THE CARRIAGE RETURN,' [
Cy7CLIX/)) ne.
READ (5,50021) ]
¢ T
¢ -4
c REuxpHuxxs MAIN INTERFACE LOOP Hxsiuiuuxx ol
[ .

0019 WRITE (5,0020) !Eq
0020 FORMAT (15(2X/)529X,"'MAIN INTSRFACE LOOP'///,20X, 'ENTER APPROPRIAT T
CE NUMBER TO CONTINUE'/,2C2X/),26X,'1 - SUBSTRATE SUBROUTINE'/,26X, NS

C'2 - DEPOSITION SUBROUTINE'/,26X,'3 - ANALYSIS SUBROUTINE'/,26X,'4 s

A

5
'
5 T

C - MOVING SUBROUTINE'/,26Xs'CTRL/C - EXIT TO OPEZRATING SYSTEM'/,&¢(
€2x73))

s

-

c
0031 READ (5,0021) IVAR
0021 FORMAT (I1)

c

Lt e o

IF (IVAR .EQ. 1) THEN
CALL SUB(FILM,XCOORC,YCOORO,HEIGHT)
GO0TS 0019
ELSE IF (IVAR +EQ. 2) THEN
CALL CEPOCFILM,XCOORD,YCOORD,HEIGHT,DATE)
GO0TO 0019
- ELSE IF (IVAR JEQ. 3) THEN
- CALL ANALCFILM,XCOORO,YCOORE)
: G3TJ 0019
ELSE IF (IVAR .EQ. 4) THEN
CALL MCVE(FILM,XCOORD,YCOORD)
60TQ 0019
ENCIF
WRITE (6,0030)
3030 FJRMAT (20X,'INCORRECT RESPONSE QUMMY!! = TRY AGAIN'///)

5070 0031
c
END
o
o
c AUREFREEAXARXARAIBEXRAXIRIRIRRES
o x x
C % SUBSTRATE SUBROUTINE H]
c & x
C AEADIRBAY AR I I AXAAXXNTARXASSRIRZEX
C
C THIS SUBROULTINE CONSIST QF S5 AREAS: THAT IS THE INITIALIZINGs PRO-
C DUCING, STCRING, TRANSFERING ANC RECALLING OF SU3SSTRATES. EACH
c SECTICN CONTAINS A 3RIEF OESCRIPTION QF ITS PURPOSE ANC/QR ITS aP-
c PRCACM,
c .
SUSROUTINE SU8 (FILMXCOORD,YCOQROWHEIGHT)
C
c LCCAL VARIABLES
C
AL XC2LD, HGT, XPOS, YCCLD, HEIGHMT, YC(300,10), XCC300,10)
REAL XCOCRC(200,20C),» YC2ORD(300,200)
INT:GER SURAUF(300,10), COLy XCOL, ANS, IVAR, FILM(300,209), YHGT
o
C RN
23
71 o~
[ vl
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AN c aRpkxuakRy SUBSTRATE INTERFACE LOOP Xddusedrduusk

0040 WRITE (86,0041
0041 FORMAT (15(2X/)y25X%X,"SUBSTRATE INTERFACE LOOP'///,20X,'ENTER APPRO
CPRIATE NUMEER TO CONTINUE'/,2(2X/)426Xy'1 - INITIALIZE SUBSTRATE'/
Cs26X9'2 =~ CREATS SUBSTRATE'/,26Xy'3 -~ STCRE SUBSTRATE'/,26X,'4 = R
CECALL SUBSTRATE'/,26Xy'5 ~ MOVE SUBSTRATE (TO FILM MATRIX)'/426X,*
€9 - EXIT TC MAIN INTERFACE LOOP'/,26X,'CTRL/C = EXIT TO OPERATING
CSYSTEM*/,5(02X/))
C
0049 READ (5,0050) IVAR
0050 FORMAT (Il
c

GRS K.T I 4 S LM ¥ S S LSS o Emmy, -

IF CIVAR .EQ. 1) THEN
GOTO 0060 :

. ELSE IF (IVAR .EQ. 2) THEN

' GOTG 0C70

'l ELSE IF C(IVAR .EQ. 3) THEN
60TGC 0080

ELSE IF CIVAR .EQ. 4) THEN
G3TC 0090

ELSE IF CIVAR .EQ. 5) THEN

_ GOTO 0100

ii ELSE IF (IVAR .EQ. 9) THEN

&

3

L .

RETURN
ENDIF
WRITE (6,0051) . N

0051 FORMAT (21X,'YCU BLEW IT SLOCKHEAD!! = TRY AGAIN'///) -

sl ., LAdR

GATI 0049 :
h c l--
¢ -
. c RRRExExxux SUBSTRATE INITIALIZATION ZEdwufmad l
" c N
:j C THIS PART QF THE SUBROUTINE INITIALIZES SUBBUF, XC, YC TO ZERO SO THAT ~
- C A NEW SUBSTRATE CAN BE CREATED. UPON CENTESRING THIS SECTION THE INTIAL-~
; C IZATION DOES NCT AFFECT THE FILM MATRICZS (FILM,XCOGRD,YCOCRD).
- c

0060 WRITE (46,0064
0064 FCORMAT (10X,'UPON ENTERING YOU MAY LOSS TME CONTENTS OF THE SUBRQOU

CTINE BUFFERI'/,10X,'00 YOU WISH TO SAVE THE DLD CONTENTS?'//,11X,"
CIF YES = ENTER 1'/9)11X,*'QTHERWISE = HIT RETURN'//)

S s S L

READ (5,0050) IVAR .
IF (IvAR «8Q3. 1) THEN s“

G073 0080 i
ENDIF

00 0061 X = 1,300,1
20 0062 ¥ = 1,10,1
SUBSUF(X,Y) = 0
XC(KoY) 2 0-9
YCCX,Y) = 0,0
0062 CoNTINUE
0061 CONTINUE :
¢ "
WRITE €6,0063) )
9063 FORMAT(10X,'ALL VALUES OF THME SUBRCUTINE BUFFZR HAVE BEEN SET TQ 2
CERO'//)
PRINT 2, HIT RETURN!
e READ €5,0050)
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LN GQTO 0040
gy c .
c
i c RxxxRuuxss SUBSTRATE CREATION Hxasdmiriisk
c
t C THIS PART OF THE SUBROUTINE ALLOWS THE PROGRAMMER TO CREATE A SUBSTRATE.
\ C THE FIRSY STEP IS TO LAY OOWN A SINGLE LAYER OF QISKe. AFTER THE SINGLE
b C LAYER MAS BEEN LAYED DOWN, THEN THIS PART OF THE SUBROUTINE MELPS IN CREAT-
N C ING THE REMAINCER OF THE SUBSTRATE. THIS IS DONE 8Y NOTING THAT EACH
C DISK IS THE SQUARE ROOT OF TWO IN OIAMETER AND THAT THESE CAN BE STACKED
C ONE UPON ANOTHER.
¥ c

0070 WRITE (640072)

0072 FORMAT (C10X,'JUST A REMINDER. UPON ENTERING INTO THIS PARY OF THE
C*'/410X,'SUSROUTINE YOU MAY BE OESTROYING A PREVIQUS SUBSTRATE.'/,1
COX,'00 YOQU WISH TO SAVE THE OLO SUBSTRATE?'//,11X,'IF YES - ENTER
C 1'/911X,'CTHERWISE - HIT RETURN'//)

2
O

READ (5,0050) IVAR
IF (IVAR .EQ. 1) THEN

s
et

Rl

o 3070 0080

- ENDIF
c
C CREATES A HORIZONTAL SUBSTRATE WITH NO DEFECTS
c

XC{1ls1) = 1.0

YC(1,1) = 1.0

SUS3UF(1,1) = 1

XCCLD = 1,0

0071 IF (XCOLD .LT.-300) THEN

XCCLD = XCOLD + 1,4142136
X = AINT(XCOLD)
XC{Xs1) = XCOLD
YC(Xyl) = 1.0
SUBBUF(Xy1) =

) GOTC 0071
s ENCIF

F NEIGHT = 1.0
. c

WRITE (6,0073>

0073 FOQMAT (SX,'00 YOU WISH TO CREATE MQRE THAN JUST A HORIZONTAL LINE
C FOR THE SUBSTRATE?'//4,11Xs'IF YES = ENTER 1'/,11X,'CTHERWISE - NI
CT RETURN'//)

READ (5,0050) IVAR

IF (IVAR .EQ. 1) THEN
GOTQ Q074

ELSE
GQTO 0040

ENCIF

i PR TR A e
!m AR
. vy N A

.-

c
0074 WRITE (6,1073)
1073 FORMAT (10X,'THERE ARE 213 CCLUMNS ACRCSS THE BCTTCM JF THE SUBSTR
CATE.'/,10X,'EACH ONE OF THESE MUST MAVE A MWEIGnT SPECIFIED TO IT.!
C/ 10X, *THE FOLLGOWING STEPS wILL HELP I[N THAT PRJCESS.'/s/)

PASCIRT L

<
oA
(9]

'R

CoL = 0

. MEIGHT =2 0

! 1074 IF (COL .EQ. 213) THEN
. G3T0 Q079

i 73
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i
o
a
l.
o g&c
-_"‘- » » "
ELSE N
X/
COL = COL + 1 6
WRITE (5,0075) CCL A
0075 FCRMAT C10X,'YQU ARE IN COLUMN',I4/,10X,'ENTER HEIGHT (MUST BE N
+ 7 OR LESS)'//) NN,
o s
1080 READ (5,0050) YMGT o3
IF CYHGT .EQ. 1) THEN g
GOTO 0076 nevg
ELSE IF CYHGT .GT. T) THEN e,
WRITE (6,1075) e
1075 FGRMAT (10X, *HEIGHT TAQO HIGH - TRY AGAINI'//) A
E GOTO 1080 Tl
ELSE o
o R
C CREATES THE HMEIGHT SPECIFIED FOR AN INDIVICUAL COLUMN AR
¢ !E_
YCCLD = 1.0 o
XPCS = 1.0 + (COL - 1)31.4142136 ot
! X = AINT(XPOS) o
: HGT = YHGT - 1 SON
i 00 0077 I = 1,HGT,1 ]
YCOLD = YCOLD + l.e142126 y
IF (YCOLD +GT. HEIGHT) THEN
HEIGHT = YCOLD
ENDIF
Y = AINTCYCOLD)
k XCCX,Y) = XPOS
YCCXsY) = YCOLD
SUBSUFCX,Y) = 1
0077 CINTINUE
c
0076 WRITE (6,0078) YHGT
0078 FORMAT C10X,'0Q0 YOU WISH TMIS HEIGHT (',I1,%') TO CONTINUE?
C'//7s11X4"IF YES = ENTER 1°'/411X,'0OTHERWISE ~ MIT RETURN'//)
c
READ (5,0050) ANS
IF (ANS .EQ. 1) THEN
A WRITE €64+1070)
: 1070 FORMAT (10X,'TO0 WHAT COLUMN SHOULD THIS CONTINUE?'/,1
' C8X,'CMUST BE 213 QR LESS)'//)
: 1077 READ (S5,1050) XCOL
1050 FORMAT (I3)
l IF CXCOL .GT. 213) THEN
b WRITE (6,1078)
f 1078 FORMAT (10X,'COLUMN NUMBER TOO LARGE ~ TRY AGAIN'//)
GOTD 1077
’ ENDLF
: c
C FILLS IN THE SU3STRATE MATRICES TO THE COLLMN SPECIFIEC WITH THME LAST

C ENTERED HEIGHT.
c
COL = CCL + 1
IF (YHGT .8Q. 1) GOTO 12379
00 1071 I = COLsX%CCL,1
XP3S 2 1.0 ¢ (I - 1)21.4162136
X = AINT(XPO3)
YCOLD = 1.0
90 1072 J = 1,HGT,]
YCCLD = YCOLOD + 1,4142136
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ey Y = AINTCYCCLD) ony

XCCXsY) = XPOS NS
YCCXsY) = YCOLD e

SUB3UF(X,Y) = 1

2

1072 CONTINUE J:$
1071 CONTINUE ¢
1079 COL = XCCL A%

GOTO 1074 !
ELSE
GaTC 1074
ENOIF
ENDIF
ENDIF
¢

0073 WRITE (6+1075)
1076 FORMAT (10X,'THE SUBSTRATE IS NOW COMPLETE!!'/,10X,*READY FOR TRAN
CSFER TO FILM MATRICES.'///)
PRINT %,! HIT RETURN'
READ (5,0050)
G070 0040

supsdaxsa SUBSTRATE STORAGE Rampkikis
THIS PART COF THE SUBROUTINE ALLOWS ONE TO TEMPCRARILY STORE THE CONTENTS

OF SUBBUF, XC AND YC IN THE FILE CALLED FQRO11.0AT. IT DOES NCT OSSTROY . X
CONTENTS OF THESE MATRICES, 8UT MERELY COPIES THEM FOR FUTURE REFERENCE. .

‘st
P
.

ACOONOOO00

AR
PR

1

0080 WRITE (6,0081) N,

3081 FORMAT (10X, *UPON ENTERING THIS PART QF THE SUBROUTINE, THE SUBROU
CTINE'/,10X,*8BUFFER WILL 8E STORED IN A FILE CALLED FOROL11.CAT.'/»1
COX,*IS THIS YQUR DESIRE?'//411Xy'IF YES = ENTER 1'/,11X,*OTHERWISE
C = HIT RETURN'//)

READ (5,0050) TvaAR
IF (IVAR .EQ. 1) THMEN
PRINT 2,' !
PRINT =%, 'WORKING' i
GOTJ 0088 R
ELSE g
G370 0040 .l
ENCIF

LA AL St

PV

0088 OPEN (UNIT = 11,FILE = 'FORO11.CAT',STATUS = 'NEW')

00 0082 X = 1,300,1
800 0083 v = 1,10,1
WRITE (11,008¢) SUBBUFR(X,Y), XC(XsY)y YC(X,Y)
0084 FORMAT (1XoI243X,F8.6,3X,F8,4)
0033 CONTINUE
0082 CONTINUE
(9

LT Y RN

CLCSE CUNIT = 10)
C
WRITEZ (65,0085%3
0084 FORMAT (10X,'TME VALUES OF THE SUSRQOUTINE SUFFER MAVE NOW BESEN'/,1

AR AL R L9

i COX,'C3PIEC INTQ THE FILE FQRO11.0AaT'//)

I PRINT u,° nIT RETURN®
S 2649 (5,0050)

P GATY 0042
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aunndsak SUBSTRATE RECALLING #8u3xxxis

TAIS PART OF THE SUBROUTINE ALLOWS ONE TO ACCESS AND RECALL THE CON-
TENTS OF A FILE CALLED TAKE.DAT. IN DCING SO, THE VALUES OF A PRE~-

VICUSLY DEVELOPZD SUBSTRATE WILL BE ENTERED INTO THE MATRICES SUBBUF,
XC AND YC.

OO

0090 WRITE (46,0091

0091 FORMAT (10X,*JUST A REMINOER. UPON ENTERING THIS FART QF THE SUBR
COUTINE®'/,10X,'THE CURRENT VALUES QJF THE SUBROUTINE BUFFER MAY BE
COST.'/,10X,*'THE REASON FOR THIS IS THAT NEW VALUES FROM TAKE.DAT
CILL BE REAC IN.'/,10X,°0D0 YOU WISH TO SAVE THE CURRENT VALUES OF
CHE SUFFER?'//,11X,'1IF YES = ENTER 1'/,11X, 'OTHERWISE TO CONTINUE
C HIT RETURN'//)

N

LT T e T . . - L. . MR
S PSR PR A UL IO 2L e e S e g e e R e e e e e e S
e e PO AT W A e e . - VT et Y FEEE TN E A S R A
b VYN Y .‘.il'-n.‘..ah.“l.:..-.;.;.Ikl'_l‘ﬁ.-;'.m;?.e_.f..eLf_.;:.;l‘_.g,:.p.:f.g_:m;;‘_iif.A.'J\.A BRI, Ve otV Ui e D% DN WIS JUAS YRS 2 D 3 % S

c
READ (5,0050) IVAR
IF (IVAR .EQ. 1) THEN
6070 0080
ENDIF
PRINT %, 'WORXING'
c
OPEN CUNIT = 11,FILE = 'TAKELDAT',STATUS = 'CLD')
REWIND (UNIT = 11)
c
00 0095 X = 1,300,1
20 0096 ¥ = 1,10,1
READ (11,0097) SUBSUFC(X,Y)y XCC(X,Y)y YCCX,sY)
0097 FORMAT C1X3I1203XyFB8eb93XyF8.4)
0096 CONTINUE
00355 CONTINUE
C
CLOSE CUNIT = 11)
C
HEIGHT = 10
C

WRITE (5,0098)
2098 FORMAT (10X,°'THE NEW VALUES OF THE SUBROUTINE BUFFER HAVE NOW BEEN
C'/410X,"READ IN FROM THE FILE TAKE.QAT'//)
PRINT %,
READ (5,0050)
GOTO 0040

HIT RETURN'

BxEuaxxxyx SUSSTRATE MOVING 22xxuxABAXR

THIS PART OF THE SUBROUTINE COPISS THE CURRENT VALUES OF 5UBBUF, XC ANC
YC INTQC THE MATRICES FILM, XCOCRD AND YCOORD RESPECTIVELY. THE REASON
FOR THIS, IS SC THAT THE OEPOSITION PRCCESS CAN 3E INVCKED wITH A SuB-
STRATE IN PLACE.

s s XaXNaNsEaXe Na o

0100 WRITE (46,0101)

0131 FORMAT (10X,'UPON ENTERING THIS PART OF THE SU3ROQUTINE THE CURRENT
C VALUES'/,10X,'0F THE SUSROUTINE BUFFER WILL 32 CQPIED INTO THE FIl
CLM MATRICES.'/410X,*IS THIS YOUR CESIRE?'//411X,"'IF YES = ENTER 1
C'7+,11X,"OTHERWISE - HWIT RETURN'//)

READ (5,0050) IvaAR

IF (IVAR LEQ. 1) TKEN
GOT0 o102
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0105
0104
c

0106

ELSE
GOTO Q040
ENOIF

00 0104 X = 1,300,1
0Q 0105 Y = 1,10,1
XCOORDCX,Y) = XC(X,yY)
YCOCROCX,Y) = YC(X,Y)
FPILM(X,Y) = SUBBUF(X,Y)
CONTINUE
CONTINUE

WRITE (6,0106)

FORMAT (10X, *'THE SUBROUTINE VALUES HAVE BEEN TRANSFERED'//)
WRITE (6,0107)

0107 FORMAT (10X,'D0 YOU WISH TO RETURN TO THE MAIN INTERFACE LQOP?'//,

c

QOO0 O0OONnOO0

(s XaXal

(g Na Mg Xy

CliX,'IF YES = ENTER 1'/411X,'0OTHERWISE - HIT RETURN'//)

READ (5,0050) IVAR

IF (IVAR EQ. 1) THEN
RETURN

ELSE
GOTGC 0040

ENOIF

END

ARRBUBRFRXLRL SRR REXLRRIRPRB R 4uxNR

= %
* DEPOSITION SUBROUTINE %
% x

FREFFRAXTIRT XXX XXX XXX FRRXEXEX

THIS SUBROUTINE CONSIST QJF 3 AREAS: THAT IS THE INITIALIZING OF
THE FIL# MATRICES, THE SETTING OF ThE DEPOSITION YARIABLES AND
THE OEPOSITION GF THE FILM ON A SUBSTRATE., EACH SECTION CONTAINS
A BRIEF DESCRIPTION CF ITS PURPOSEZ AND/OR ITS APPRCACH.

SUBROUTINE DEPQCFILM,XCOOQRD,YCOQROyHEIGHT,CATE)
LOCAL VARIABLES

REAL OJATE

QEAL ANGJANGVAR,RANGsOLDANG,ANGINC,HEIGHT yRANNUM,YTEST,Y3NC(E)
REAL XCJIORC(300,200),YCI0RDC3I00,200) 9 HoKyAySH4CoRINCLE) 4 XINC(E)
DOU3LE PRECISION DSEED,RESTY,RESTX,R1,R2,CRESTX

DOUSLE PRECISION TEST1,TEST2,TESTI,TEST4,TESTY,DRESTY

INTEGER FILM(300,200),IVARyNOOSK ,BNCVAR\HGTLAY,LAYERySIZELBNCCTR
INTEGER YSUB,YFILM,NOEP,DEPCTR,XCCLLsYCOLL,HCTR,IMPX,3CTR

aaaxdaxxas DEPCSITION INTERFACE LIOP ugxiansasnd

0110 WRITE (46,0111)

0111 PORMAT (15(2X/),248X,'OEPOSITION INTERFACZ LOOQP'///,20X,*ENTER APPR
CIPRIATE NUMIER TO CONTINUE'/,42(2X/)425Xs*1 ~ INITIALIZE FILM MATREI
CX'/7,25%X,%'2 - SET QEPOSITION VARIASLES*/,25X,'3 ~ DEPOSITION QF FIL
CM?'/,25%X,'9 - EXIT TO MAIN INTERFRACE LICP'/,2S5X,'CTRL/C - EXIT TO 3

CPERATING SYSTEM'/,4(2X/))
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0114 READ (5,0115) IVAR
0115 PORMAT (I1)

IF (IVAR .EQ. 1) THEN
GQ70 0120

ELSE IF CIVAR .EQ. 2) THEN
GOTO 0130

ELSE IF (IVAR .EQ. 3) THEN
" 6GQTGC 0160

ELSE IF (IVAR .EQ. 9) THEN
RETURN

ENDIF

WRITE (5,0116)

0116 FOIRMAT (23X,'WRONG SCREWBALL!! = TRY AGAIN'/s//)
GOTO 0114

Shxpxkiskx DEPOSITION INITIALIZATION 2sxiiudiix

C THIS PART OF THE SUBROUTINE INITIALIZES ALL THE VALUES OF FILM, XCOORD
C AND YCOORD - FROM Y = 11 TO Y = 200 - TG ZERO. THIS IS DONE TO ENSURE
C THAT ANY PREVIOUS OEPOSITION TRIALS ARE CLEARED QUT.
C
0120 WRITE (6,0121)
0121 FORMAT (10X, 'UPON ENTERING THIS SSCTION, ALL VALUES OF THE FILM MA
CTRICES'/,10X,*WILL BE DESTROYED. 1IN GOROER TOQO SAVE THESE VALUES YO
CU MUST'/,10X,'EXIT THIS SUBROUTINE,'/,10X,'00 YOU WISH TO SAVE THE
CSE VALUES?'//411X,'1F YES = ENTER 1%/,11X,'OTHERWISE - MIT RETURN!'
c7n)

READ ($,0115) IVAR

IF (IVAR .EQ. 1) THEN
RETURN

ENDIF

PRINT =, 'WCRKING'

SAhqetr e Y

"I

D0 0125 X = 1,300,121
D0 0126 Y = 11,200,1

FILM(X,yY) = 0
XCCORD(XyY) = 0.0
YCQORDC(X,Y) = 0.0

0126 CONTINUE

0125 CONTINUE

c

CTERTOS

WRITE (6,0127)
0127 PORMATL2C1X/) 410Xy *THE VALUES CF THE FILM MATRICES MAVE BEEN SET T
CO IERC.'/,10X,'0EPCSITION VARIABLES ARE REAQY TO BE SETI*'//)

— v
[ R

. PRINT 3, RIT RETURN'
L READ (5,0119)

. 6373 0110 .

~

axaaauss READING OF DEPOSITION VARIAZLES =a3uixiuun

a

THIS PART OF THE SU3ROUTINE REACS IN SUCHM VARIASLE A3: THE NUMBER QF
OISKS TO BE DEPOSITED, THE ANGLE JF INCIOJZNCE, ANY VARIATICN IN THE
ANGLE CF INCIODENCE, WHMETHMER CR NOT SCUNCING WILL JCCUR, WHETHER AN M-
PURITY IS TG BE DJEPASITZD AND Tme SIZE OF THE TISKS T 3& USED IN CON-
JUNCTICN WITH THE DEPTM QOF THZ LAYERS, THIS IS ACCCMPLISHMEC BY ASXING

OO0 0OOO0O0



N C A NUMBER OF QUESTICNS.
" {af (o

0130 WRITE (6,40131)

0131 FORMAT (C10X,'3SEFORE GQING FARTHER, IT IS ASSUMED THAT A SUBSTRATE
y CHAS'/,10X,'BEEN PRCOUCED OR RECALLED AND THEN TRANSFEREC TQO THE FI
CLM'/,10Xy*MATRICES. IT IS ALSO ASSUMEC THAT THE TCP PQORTION OF TH
) CE*/,10X, 'FILM MATRICES HAVE BEEN INITIALIZED.'/s10X,'IS THIS CORRE
CCT2/7+11X,'IF YES = ENTER 1'/911X,'OTHERWISE ~ MIT RETURN'//)

READ (5,0115) IVAR
IF (IVAR .€Q. 1) THEN
GOTQ 0132
ELSE
RETURN
ENDIF
¢
C INITIALIZATION OF QUESTION YARIABLES
c
0132 NQDSK = 0
OLCANG = 0
ANGVAR = 0
ANGINC = 0
BNCVAR = 0
: NQOMOB = 0
IMPUR = 0
LAYER = 0
HGTLAY = 0
$IZge = 1

«0
-0

[ S

c
C QUESTION PERTAINING TO THE NUMBER OF OISK
c

0133 WRITE (6,0134)
0134 FORMAT(10X,'HOW MANY OISKS 0Q YOU WISH DEPQSITED?'/,10X,*ENTER VAL
CUE IN INTEGER FORMAT.'//)
READ *,NOCSK
- WRITE (6,0135) NODSK
X 0135 FORMAT (2C1X/)910X»I5,* DISK WILL SE ODEPOSITED, UNLESS FILM MATRIC
CES BECOME FULL'//)
- c
C QUESTIONS PERTAINING TQ THE ANGLE QF DEPISITION
c

WRITE (640138)
3136 FORMAT (10X,*AT WHAT ANGLE D0 YQU WISH THE FILM TOC BE DEPQSITED?'/

. Cr10X,*PLEASE ENTER ANGLE IN DEGREES =~ ENTER IN REAL FORMAT.'//)
REAC =,3LCANG

WRITE (6,0137)
0137 FORMAT (10X,'0D0 YOU WISH TO VARY THE ANGLE OF INCICENCE?'//.11X,'I
CA YES = ENTER 1'/411X,'OTHERWISE - HIT RETURN'//)
o

READ (5,0115) IvaR

IF (IVAR .£Q. 1) THEN
GO0TO 0133

LSéE

S
mn

GCTO 0141
NCIF

]
m

C
0133 WRITE (6+0139)
0135 FORMAT (19X, 'HCW MANY DEGREES (CFULL ANGLE) 00 YOU WISH TO VARY Twg
C ANGLE?'/,10X,'ENTER DEGRZES IN REAL FQRMAT,.'//)

1L
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READ =%, ANGVAR
WRITE (6,0140)
0140 FORMAT (2C1X/),10X,*WHAT SIZE ANGLEZ DO YOU WISH TO INCREMENT THE A
CNGLE OF INCIOENCE?'/,10X,'ENTER IN REAL FORMAT.'//)
READ *,ANGINC

C QUESTIONS PERTAINING TO THE MOBILITY OF THE DISKS

¢

0141 WRITE (6,0142)
0162 FORMAT (2(1X/),10X,°00 YOU WISH ANYTHING QTHER THAN NORMAL MOBILIT

c

c

CY?2'//7411Xy 1P YES = ENTER 1°'/511X,'"OTHERWISE = HIT RETURN'//)

READ (5+0115) IVAR

IF (IVAR .EQ. 1) THEN
G370 1143

ELSE
G0T0 0155

ENCIF

1143 WRITE (56,y1144)
1144 FORMAT (10X,'IF YOU WISH NO MOBILITY - ENTER 1'/,10X,'IF YOU WISH

C

CEXTRA MOBILITY -~ ENTER 2°'//)

1145 READ (5,0115) IVAR

c

IF (IvarR .EQ. 1) THEN
NOMOB8 = )
GOTO0 0155

ELSE IF (IVAR LEQ. 2) THEN
GOTO 0143

ELSE
PRINT%,'TRY AGAIN'
GOTQ 1145

ENCIF

0143 WRITE (6,0144)

0144 FORMAT (10X, 'ENTER TME NUMSER OF QOISKS TQ BE DEPOSITED 3EFORE AN E

c

CXTRA'/.IOX"HOBILITY ITERATION TAKES PLACE =~ ENTER IN INTEGER FORM
CAT.'//)
READ *,BNCVAR

C QUESTION PERTAINING TO WHETHER CR NOT AN IMPURITY SHOULO BE DEPOSITED.

c

c

c

0155 WRITE (5401548)
0156 FORMAT (2(¢1X/),20X,'00 YOU WISH AN IMPURITY TO BE CEPISITED?'//,11

CXy*'IS YES - ENTER 1'/,11X,'0THERWISE - MIT RETURN'//)

READ (540115) IVaRr
IF (IVAR .EQ. 1) THEN

IMPUR =}
ELSE

GOTO 0146
ENCIE

C QUESTIONS PERTAIMING TG THE SIIZE QJF DISK DEPQSITED

c

o

0146 WRITE (45,0147)
0le? FORMAT (2C1X/)410X,4'00 YOU WISH TO USE TWO DIFFERSENT SI2E CISK?2'//

CollXs*'IF YES = ENTER 1'/411X,'OTHERWISE - WIT RETURN'//)

REA0D (5,0115) Ivar
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IF (IVAR .EQ. 1) THEN gﬁ
&

1

P
o LAYER = 1
GOTO 0148
ELSE i
GOTO 1150 2
ENOIF Y
c e
0148 WRITE (6,1149) 3
1149 FORMAT (C10X,°'DQ YOU WISH THE LARGE OISK TO B8E OEPOSITED FIRST2'//,
Cl1X,*IF YES = ENTER 1'/,11X,'OTHERWISE = HIT RETURN'//)
READ (5,0115) IVAR
IF (IVAR .EQ. 1) THEN
SIZE = 2
ENDIF
¢
WRITE (6,0149)
0149 FORMAT (10X, 'HOW MANY ROWS HIGH (IN TERMS OF FILM MATRIX) DO YOU W 3
CISH'/,10X,"THE LAYERS TC BE? - ENTER IN INTEGER FORMAT.'//) k)
READ #,HGTLAY N
¢ 5%
C PRINTING OUT QUESTION VARIABLES e
c L
1150 WRITE €6,0150) o
0150 FORMAT (12¢2X/))
PRINT #,'THE NUMBER OF DISX TO BE DEPOSITED =',NGDSK
PRINT %,'THE ANGLE OF DEPOSITICON WILL 8E =',CLDANG,'DEGREES!
o
IF CANGVAR .EQ. 0.0) THEN
PRINT #,"NC ANGLE VARIATION WILL TAKE PLACE.'
E
PRINT #,°THE AMQUNT OF ANGLE VARIATION 3',ANGVAR,'DEGREES.'
PRINT #,°*THE ANGLE INCREMENT =',ANGINC,'DEGREES." R
ENDIF R
¢ e
IF (NOMOB .EQ. 1) THEN A
FRINT#,'0ZPOSITION WILL GCCUR WITH NGO RELAXATION.' o
ELSE oY
IF C(3NCVAR .EQ. 0) THEN
PRINT %,'0EPQSITION WILL OCCUR WITH NORMAL RELAXATION.® ;sq
ELSE Y
PRINT #,'AN EXTRA MOSILITY WILL 3E GIVEN AFTER EVERY',3NCVAR o
Cy' ITERATICNS.® el
ENOIF _,
ENOIF il
c %
IF CIMPUR .EQ. 0) THEN —
PRINT 2,'NC IMPURITY WILL 89E DEPISITED.® e
ELSE L
PRINT %,'0ONZ IMPURITY wWwILL 8E OEPOSITEC RANOOMLY.' o
. ENCIF a
] c .
z IF CLAYER .EJ. 0) THEN
v PRINT 2,'ONLY CNZ SIl& DISK WILL B8E& DEPOSITED.!
'j ELSE
3 IF (SIS .EQ. 1) THEN
» PRINT a,'TWwC OIPFERENT SIZE OISK WILL SE DEPOSITED - THE FI
i €CaST BEING SMALL'
ELSE
7 PRINT =,'TWC DIFFERENT SI2ZE OISK wILL SE DECOSITED - THE FI
ALY CI5T 3EING LARGE®
.
i 81
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3 ENODLF
PRINT #,'THE DEPTH OF EACH LAYER WILL B& °',HGTLAY
ENDIF

a
Y
»

c
C LAST CHECK BEFCRE CEPOSITION
¢

' WRITE (6,0151)
b 0151 FORMAT (2C1X/),10X,'00 YOU WISHN TG CHANGE ANY JF THE ABCVE VARIASL
CES?'//7411Xy'IF YES = ENTER 1'/y11X,*OTHERWISE = HIT RETURN'//)

c
READ (5,0115) IVAR
: IF (IVAR .EQ. 1) THEN
‘ GOTo 0132
ENDIF
c

WRITE (64+0153)
0153 FORMAT (10X, 'DEPOSITION VARIABLES HAVE NOW BEEN S‘T.'/pIOX,'OEPOSI
CTION IS REAOY TO OCCURIt'//)
PRINT %,° HIT RETURN!
READ (5,0115)
6070 0110

dnxasinsx DEPOSITION OF BILM #xdfinikiix

THIS PART OF THE SUBROLTINE IS THE HEARY OF THE ENTIRE PROGRAM, ITS
PURPOSE IS TO CEPOSIT THE ®"FILM™ ONTQ THE FABRICATED "“SUBSTRATEM,

ALL NECCESSARY VARIABLES TO RUN THIS SECTION, SHOULD HAVE BEEN READ IN
8Y EARLIER SUBROUTINES OR SECTIONS. FCR MCRE INFORMATION ON HOW THIS
PART OF THE SUBROQUTINE WORKS CONSULT THE THESIS - AN IMPROVED MQGEL OF
THIN FILM GROWTH (AFIT - SCHOOL OF ENGINZSRINGD.

(e XX ke XaXaXaEaXa NN al

0160 WRITE (6,0161)

0161 FQRMAT (10X,*HAVE ALL THE ODEPOSITION VARIABLES BESN READ IN AND'/,
Cl0Xy*THE FILM MATRICES INITIALIZED?'//411X,*IF YES = ENTER 1'/,11X
Cr'OTHERWISE - HIT RETURN'//)

MBS ROl MR R A e aats it Raan S S ol ul o ail e o Ty Sahl Y

c
READ (5,0115) IVAR
I CIVAR .EQ. 1) THEN
GOTO 0162
ELSE
GOTO 0110
ENOIF
¢
C BEGINNING OF DEPOSITION
c
. 0162 WRITE (6,0163)
\ 0163 FQRMAT (22X,'DZPOSITION PRCCESS HAS NOW 3EGUNI!'///)
: ¢
; C SETTING OF THE SESD FOR RANJDOM NUMSZR GENERATION.
¢
! DSEED = 123457.C0°
. DSEEC = (DSEED%(DATE/1000.0))
¢
C INITIALIZATION CF OEPGSITION VARIABLES
¢
3NCCTR = 0
3CTR = 0
. IMPSET 3 0
g HGTIMP = @

82
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OO0

DETE

RAND

ANGL

0175

SIS

SET = ¢

HOSIZ2E = SIl&

YCK = 0

IMPHGT = 0

IMPX = 0

YHGT = AINT(HEIGHT) + 3
YFILM = AINTCHEIGHT)
ANGMAX = OLDANG + ANGVAR/2
ANGMIN = QLDANG = ANGVAR/2
ANG = OLDANG

NO = 0

P =1

HCTR = &

RMINATION OF WHEN IMPURITY WILL BE DEPCSITED

IF (IMPUR .EQ. 1) THEN
RANNUM = GGUBFS(DSEED)
RANDY = (RANNUM % 179) + YHGY
HGTIMP = AINT(RANDY)
HGTIMP = 10
ENDIF

uxuxCOLLISION POINT DETERMINATIONZNkk%
GM X DETERMINATION

30 0170 DEPCTR = 1,NOOSK,1
IF (YRGT .GT. 199) GOTC 0201
RANNUM = GGUSFS(DSEED)
RANDX = (RANNUM % 300) + 1

€ DIRECTION CHANGE SECTION

IF CARGVAR .EQ. 0.0) THEN
G3TO 0175 -
ELSE
ANG = ANG + PRANGINC
IF (ANG .GT. ANGMAX) THEN
P s -1
ANG = ANGMAX - ANGINC
ELSE IFf (ANG .LT. ANGMIN) THEN
P =1
ANG = ANGMIN + ANGINC
ENDIF
ENOIF
RANG 3 ANG/57.2957751
CCSANG = COS(CRANG)
TANANG = TaNCRANG)
SCZANG = TANANGa®2 + 1

AND COUNTER MOOIFICATION FCR IMPURITIES

IF (IMPUR .EQ. 1) THEN
IF (S5ET .EQ. 1) THEN
SIZE = MDSIZE
GOTO 0177
ENDIF
If (YCK .EQ. 9) THEN
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e IF CYHGT ,GE. HGTIMP) THEN R
Ny YCK = L
IMPSET = 1 ]
SET = 1 2
HDSIZE = SIZE o
SIZE = 8 N
CTR = 15 ERU
GOaTC 0180 '
5
ENDIF .
ENDIF -
c o)
C DETERMINATION GF SCAN COUNTER il
c pot
0177 IF (IMPSET .EC. 0) THEN e
IF (LAYER .EQ. 0) THEN IOt
CTR = 3
GO0TO 0180 b
ELSE
CTR = & i
GaTo 0179 N
ENCIF
ELSE
IF CLAYER .EQ. 0) THEN
CTR = 1‘ >
GOTO 0180 ]
ELSE o
CTR = 15 ]
GOTO 0179 e
ENOIF o]
ENDIF d
¢ fa
C SIZE CHANGING SECTION FOR OIFFERENT SIZE DISK R
c '.a"-i
0179 IF (CCYHGT=-1) - YRILM) .GE. HGTLAY) THEN -
YEILM = YHGT
IF C(SIZE .EQ. 1) THEN
SIIE = 2
ELSE IF (SIZE .EQ. 2) THEN
SIZE = 1
ENCIF
; HMOSIZE = SIZE
v ENDIF
c
; 0130 Y2 = 0
: X2 = 0
s OYINT = 0
s SYINT = 0
'.'; XCCLL s 0
m YcotL = 0
8 a2 = 0,0 .
- 00 0181 STRCTR = 0,CTR,1
N ¢
f C DETERMINATION CF X INTERCEPT
: c
- IF (I¥PSET .EQC. 1) THEN
0 XINCT = RANCX + (6.363961/CCSANG)
A ELSE
NS XINCT = RANDX + (7.0710673/CCSANG)
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oy ENCIF &
: ELSE %
XINCT = RANDX + (SIZE % 1.4142136)/COSANG -
ENDIF %
DETERMINATION OF STREAMER INTERCEPT =
L]
SINCT = RANDX + .942809416 % (STRCTR/COSANG) ;J
t
XPOS = YHGT * TANANG + SINCT - 1 X

0XP0Ss = XPOS
CotL = 0

v

e ety
KRR ' LR
RERE -['.‘-'- a2’ s r

%
C BEGINNING OF STREAMER SEARCH
c
D0 0190 Y = YKGT,1,~1
XPOS = Y % TANANG + (SINCT - 1)
ISHFT =2 (CAINT(XPOS/301)) % 3200)
NEWX = AINT(XPOS - ISHFT)
CLDX = AINT(OXPQOS =~ ISHFT)
CC 0195 X = CLOXs1,-1
IF (FILM(X,Y) .NE. 0) THEN
IF (X +EQe OXINT).AND.CY <EQ. OYINT)) GOTO 0194
NXINCT = XINCT = ISHFT
G = (NXI%CT-XCOORD(X,Y))#(TANANG # YCQORD(X,yY))

¥
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C
C COLLISION CIRCLE RADIUS DETERMINATION

c
IF C(FILMCX,Y) .EQ. 1) THEN
IF (SIZE .EQ. 1) THEN o
RAD2 = 2 E
ELSE IF (SIZE .EQ. 2) THEN X
. RAC2 = 4.5 o
: ELSE IF (SIZE .EQ. 8) THEN .
. RAD2 = 40.5 o
Ny ENDIF e
i ELSE IF C(FILMCX,Y) .EQ. 2) THEN o
IF (SIZE .EQ. 1) THEN [ |
" RAD2 = 4.5
- ELSE IF (SIZE .EQ. 2) THEN it
v RAC2 = 8 .
. ELSE IF (SIZE .EQ. 8) THEN e
- RAD2 = 50 -
i ENDIF -
v ELSE IF (FILM(X,Y) .EQ. 3) THEN ("3
: IF (SIZE .5Q. 1) THEN
RAD2 = 40,5
ELSE IF (SIZE .EQ. 2) THEN ;
: RAC2 = 50 o
y ENOIF -
[ . (ENDIF !
. C TESTING SQR POSSI3LE CCLLISION PARTNER NS
. d >
- TEST1 = (RAD2 = SC2ANG = G8%2) ;?
; IF C(TESTL .LT. 0.0) THEN o
. GCTO 0194 t
) ELSE i
. F 3 YCCCRC(X,Y) = TANANGBCNXINCT-XC3QROCX,Y)) -
IS YI = (F o SGRTCTESTL1))/SC2ANG -
. =
i 85 .
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e OXINT = X
et OYINT = Y
IF (YI .GT. Y2) THEN
Y2 = Y1
A2 = NXINCT
XCCLL = X
YCCLL = Y
ENDIF
coLL = 1
ENDIF
ENDIF
0194 IF (X .EQ. NEWX) GOTO 0196
0195 CONTINUE
0196 CXPOS = XPOS
IF (COLL .EQ. 1) GOYO 0181
0190 CONTINUE
0181 CONTINUE
¢
C DETERMINATION GF X COLLSION POSITION
o
X2 3 Y2 % TANANG + A2
o
C TEST FOR NQ MDEBILITY
¢
IF (NOMCS .EQ. 1) THEN
RESTX = X2
RESTY 3 Y2
GOTo 0221
ENDIF
c
¢ #xx%uREST PCINT DETERMINATION#:uHas
¢
¢
0205 SHORT = 10000
MIN = 0
MAX = (
o
C INTIALIZATION FOR MOBILITY ROUTINE
- c
o
. IF C3NCVAR .NE. 0) THEN
- 00 0207 B8 = 1,6,1
- RBNCCB) = 10000
. XBNC(8) = 0.0
- YENC(B) = 0.0
!E 0207 CONTINUE
' ENCIF
t" ¢
S C DETSRMINATION CF THE SIZE OF THE ARRAY SEARCH
e C
b IF CIMPSET .EQ. 0) THEN
i IF CLAYER .E48. 0) THEN
x~ MIN = =3
L MAX 3 3
- GCT2 0210
e ELSE
-.: WIDTH = FILM{XCOLL,YCCLL) + SIZE
o IF (AIOTH .EG. 2) THEN
MIN 3 =6
— MAX = &
T e ELSZ IF (WIOTH .EG. 3) THEN
I.~ -‘.‘f.'
'S

(Y]
2.0
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ﬁ}} MIN = =5
MAX = §
ELSE IF (WIDTH .EQ. 4) THEN
MIN = -6
MAX = §
ENDIF
ENDIF
ELSE
If CLAYER .EQ. 0) THEN
MIN = -8
MAX = 8
GQTo 0210
ELSE
WIDTH = FILM(XCOLL,YCOLL) + SIZE
IF (WIDTH EQ. 2) THEN
MIN = -8
MAX = 8
ELSE IF (WIDTH .EC. 3) THEN
MIN = -10
MAX = 10
ELSE If (WIOTH .EC. &) THEN
MIN 3 =10
MAX = 10
ELSE IF (WIDTH .EC. 9) THEN
MIN = -9
MAX = 9
ELSE IF (WIODTH .EQ. 10) THEN
MIN = ~-10
MAX = 10
ENDIF
ENOQIF
ENDIF

SEGINNING CF SEARCH ARCUND COLLISION PARTNER

OO0

0210 00 0220 J = MINyMAX,1
Yy =0
Y = J & YCOLL
IF (CY LT, 1) 0R. €Y .GT. YHGT)) GCTO 0220
00 0230 I = MIN,MAX,!
X s 0
X = 1 + XCOLL
SHFT = 0
IF (X LT« 1) THEN
X = X + 300
SHFT = 1
ELSE IP (X .GT. 300) TrEN
X = X - 300
SHET = 300
ENOIF

c .
C INITIALIZATION OF REST POINT VARIASLES
c

2Y) <NE. 0) THEN

B A NI Tt NS o et - o .
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H = 0,0
K = 0,0
TEST2 = 0.0
RINC = 0.0

c

C SETTING OF REST CIRCLE RADII

c

IF (SIZE .EQ. 1) THEN
RINC = .T707106781

ELSE IF (SIZE .EQ. 2) THEN
RINC = 1,6414213562

ELSE IF (SIZE .EQ. 8) THEN
RINC = 5.6568542

ENDIF
c
C OETERMINATION OF REST POINT VARIASLES
(d
R1 = (FILMCXCOLL,YCOLL) = .707106781) + RINC
2 = (FILMCXsY) % .707106781) ¢ RINC
¢
IF C(SHFT .E3. 0) THEN
H = XCOORDCX,Y) ~ XCOORDCXCCLL,YCOLL)
ELSE IF (SMFT .EQ. 1) THEN
M = XCOORDCX,Y) ~ 300.0 - XCOOROCXCCLL,YCOLL)
ELSE IF C(SHFT .EQ. 300) THEN
M = XCOORD(X,Y) + 300.0 - XCOOROCXCCLL,YCOLL)
ENOIF
¢
K = YCCOROCX,Y) = YCOOROCXCOLL,YCCLL)
A = (R23R2 = R15R1 = M3H = K&K)/2
B = AxA - (MEH)B(RI%R1)
C = (K2K + HEN)
IF (C .EQ. 0.0) GOTQ 0230
TEST2 = (ARAZKIK = (C%8))
c
C TESTING FOR POSSIBLE REST PARTNERS
c
IF (TESTZ .LT. 0.0) THEN
GOT3S 0230
c
C DETERMINATION OF POSSIBLE REST POINTS
c
ELSE
00 0250 L = =1,1,2
Y1 s (-CA3K) + L3SQRTCTEST2))/C
CO 0250 M s ~1,1,2
D = A4 - (K32X)SB(R12R1)
- TEST3 = (MaMuA8A - (C2D))
- IF CTESTI .LT. 0.0) G0TO 0250
o X1 = (-(Ha2A) + MaSQRTC(TESTII)/C
- TESTG = (L(X1 - M)$32 & (Y1 = K)a=2)
a TCL = ABS(TEST4 - R2SR2)
5 1F (TCL .LT. .005) THEN
5 XOIST = X1 ¢ XCCORCCXCOLL,YCOLL) = X2
2 YOIST = Y1 + YCOSRCCXCALL,YCOLL) = Y2
NS R = (XCIST232 o YDIST®22)
' c
ﬁ C STORING OF VALUES ®CR MOBILITY ROUTINE
d
<A 1F (8NCVAR  NE. 0) THEN
X
- 88
A
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) DC 0255 BNC = 1,641

k” IF (R .LT. RBNCCBNC)) THEN

IF (3NC .EQ. 6) GQTO 0257
BNC1 = BNC ¢+ 1

D0 0256 81 = 5,3NCl,~-1
R3NC(B1) = RONC(R1-1)
XBNC(31) s Xx3NC(B1-1)
YanC(B1) = YBNC(B1-1)
0256 CONTINLE
0257 RANC(3NC) = R

XBNC(BNC) = X1+XCOCRDCXCOLL,YCCLL)D
YBNCCBNC) = Y1+YCOCRO(XCOLL,YCOLL)
GOTQ3 0258
ELSE
GOTQ 0255
ENCIF
0255 CONTINUE
ENDIF
c
C TEMPORARY STORAGE OF REST POINT VALUES
C
0258 IF (R «LT. SHORT) THEN
TSHORT = SHORT
SHORT = R
TRESTX = 0.0
TRESTY = 0.0
TRESTX = RESTX
TRESTY = RESTY
RESTX = 0.0
RESTY = Q.0
TESTY = 0.0
TESTY = Y1 + YCOOROCXCOLL,YCOLL)
IF (TESTY .LT. 2.0) GOTO 0260
RESTY = vl + YCCORDCXCOLL,YCOLL)
RESTX = x1 + XCCORD(XCOLL,YCCLL)
o
C MOVEMENT OF DISK IF NOT WITHIN BOUNCARIES
%
IF C(RESTX .GE. 301.0) THEN
RESTX = RESTX = 300.0
ELSE IF (RESTX LT, 1.0) THEN
RESTX = RESTX + 300.0
ENDIF

c

C TESTING OF POSITION FOR OCCUPATION
c

TPX3 = DINT(RESTX) N
TPY3 = JINTCRESTY) -
IF (RILMCTPXI,TPYI) . NE. 0) THEN
IR (TRESTX .NE. 0.0) THEN
SMIRT = TSHORT e
RESTX = TRESTX
RESTY s TRESTY
ENDLR
ENOLER
ORESTX = R3STX
CRESTY = RESTY

[k R A

IR

-
.

ENQIF

ON SLSE

o
o
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}\k GaTO0 0260
ANy ENDIF
0260 CONTINUE
0250 CONTINUE
END1F
ENDIF
0230 CONTINUE
0220 CONTINUE
c
C ERBAXXIRARIRREIABBVEARERRAERIABBB AR EAXIREEIIREILEIRAXRBEF XXX NEGRRK
c
¢ EXTRA MOBILITY ROUTINE
¢
c PRINTw:,*
c PRINTS,'RX RY',RESTX,RESTY
IF (3NCVAR .EQ. 0) THEN
GaTo 0221
ELSE
¢
C TEST TO MAKE SURE THE FILM IS HIGH ENOUGH
c
Y3 = DINTCRESTY)
IF (SIZE .EQ. 1) THEN
IF CY3 JLE. Cl+HEIGHT)) GATO 0221
ELSE IF (SIZE .EQ. 2) THEN
IF (Y3 JLE. C2+HEIGHT)) GOTO 0221
ELSE IF (SIZE .EQ. 8) THEN
IF (Y3 JLE. (4+MEIGHT)) GOTO 0221
ENOLF
c
BNCCTR = BNCCTR + 1
¢ PRINT®,BNCCTR
IF Ca8NCCTR .GE. BNCVAR) THEN
DC 0235 B = 1,6,1
c
IF (XBNCCB) «GT. 300.0) THEN
X3NC(B) = XSNC(B) = 300.0
ELSE IF (X3NCCB) «LT. 1.0) TMEN
X3NCC3) = X3NCCB) + 300.0
ENOLF
c
€ INTIAL CHECK FCR REDUNDANCY
d
b IF CCXSNCCB).NE.ORESTX).AND.CYSNC(B).NE.CRESTY)) THEN
! IF CCXONCCB)oNE<O.C) ANDCYBNC(B).N2.0.0)) THEN
TXBNC = AINTCX3NCCS))
L TYBNC = AINT(Y3INC(E))
P ¢ IF (FILMCTXONC,TYANC) .EC. 0) TMEN
; C SEGINNIMNG OF OISTANCE AREA CHMECK
¢ .
| CO 0236 JJ = MIN,MAX,1
" Y3CK = JJ o TYBNC
:' 00 0237 Il = MIN,MAX,]
. XSCK = II « TXBNC
- B3MET = 0
. c
; IF (X3CK .GT. 300) THMEN
) X3CK = X8CK - 300
S 3SHFT = 300
: 90
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ELSE IF (X3CK .LT. 1) THEN
XBCK = X8CK + 300
BSHFT =

ENOIF

a“y

IF (FILM(XBCK,YBCK) JNE. 0) THEN

YBOIST = YCOCRO(X8CK,Y3CK) = Y3INC(3)
IF (BSHFT .EC. 0) THEN

XB80IST = XCOORD(XBCK,Y3aCK) - XBNC(3)
ELSE IF (3SHFT .EQ. 300) THEN

X30IST = XxCOORDO(CX8CK,Y3CK)+300-X8NC(8)
ELSE IF (3SHPFT .EQ. 1) ThEN

X30IST = XCCORC{XBCK,Y2CK>-300-XBNC(B)
ENDIF
TESTS = (XBDIST432 + YSDISTxw2)

c
C OETERMINING THE TOLERANCE OISTANCSE
o
IF (FILMCIX3CK,YB8CK) +EQ. 1) THEN
I7 (SIZE +EQG. 1) THEN
8TCL = 1.98
ELSE IF (SIZE .EQ. 2) THEN
BTOL = 4.45
ELSE IF (SIZE .EQ. 8) THEN
BTCL = 40.4
ENOIF
ELSE IF (FILMCX3CK,YBCK) .EQ. 2) TMEN
IF (SIZE .E€Q. 1) THEN
BTCL = 4.45
ELSE IF (SIZE .EQ. 2) THEN
8TCL = 7.9
ELSE IF (SIZE .SQ. B) THEN
BTCL 3 49.0
ENOIF
ELSE IF (FILM(XBCK,Y3CK) +EQ. 3) THEN
IF (SIlE .EQ. 1) THEN
BTCL = 40.4
ELSE IF (SIIE .EQ. 2) THEN
STCL = 43.0
ENQIFR
ENDOIF
c
C TESTING FQR DISTANCE TCLEZRANCE
o

IF (TESTS .LT. 3TCL) GOATO 0235
ENCIEF
0237 CONTINUE
02138 CONTINUE
RESTX = XB8NC(3?)
RESTY = YSNC(D®)
YTEST = ORESTY + .3
IF (RESTY .GT. YT&ST) GOTQ 0235
ENCCTR = 0
8CTR = 3CTR + 1
GO0Td 0219
ENOIEF
ENOIF
ENDIF
02138 CINTINUE
SO GITO 0219

L)
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ENOIF
ENDIF
c
C LAST CHECK AND OEFAULT STRUCTURE
C

0218 IF (RESTY .LT. 1.0) THEN
8CTR = 8CTR ~ 1
0219 RESTX = DRESTX
RESTY = DRESTY
BNCCTR = (BNCVAR = 1)
ENDIF
PRINTZ,'RX RY*,RESTX,RESTY

[aNaNaNyl

0221 X3 = DINTCRESTX)
Y3 = DINT(RESTY)

c

C TESTING FOR OVERWRITES

c
IF (FILMC(X3,Y3) .NE. 0) THEN

HCTR = HCTR + 1

ENDIF

c

C FIXING OF OISK POSITION

c
XCOORD(X3,Y3) = RESTX
YCOORD(X3,Y3) = RESTY
FILM(X3,Y3) = SIE

o

C SETTING OF THME STARTING HEIGMT FOR NEXT DISK
C
IF (YCK .EQ. 1) THEN
YCK = 0
TYMGT = YHGT = (Y3 + §)
If CTYHGT .GT. 0) THEN
YHGT = YWGT
ELSE
YHGT = Y3 ¢ 9
ENOCIF
ELSE
IF (Y3 .GE. YHGT) THEN
YHGT =2 Y3 + 3

ENOIF
ENOLF
C
C INCREMENTING TrME DOISK COUNTER
C
NO =2 NO + 1
If (NO .EQJ. 509) THEN
WRITE (6,0200) DEPCTR
0200 FORMAT (28X,IS5,* QOISKS DEPOSITED')
NC = O
SNDIF
c
C RESETTING QOF PARAMETERS IN THE CASE OF IMPLRITIES
c

IF (IMPSET .EQ3. 1) THEN
IF (YMGT .GT. (MGTIMP+SQ)) THEN
I¥PSET =2 O
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ENDIF }Jg
ENOIF o
¢ o5
C FINDING THE PQOSITION OF IMPURITY E_J
c oA
IF (SIZ€ .EQ. 8) THEN ﬁf
IMPHGT = Y3 o
IMPX = X3 ]
ENDIF
c
C MESSAGE CENTER FQR ENO OF DEPQOSITION
c

0170 CONTINUE
0201 WRITE (6,0202) (DEPCTR = 1)

0202 FORMAT (2(1X/)915Xy*0EPOSITION COMPLETED WITH *,IS5,° OISKS DEPOSIT
CEDI//7/)
C

WRITE (6,0225) HCTR

0225 FORMAT (23X, *'THERE WERE 'pI2,* CGVERLAPPING OISKS'//)

c
IF (3NCVAR .NE. 0) THEN

WRITE (6,0229) BCTR

0229 FORMAT (13X,I5,* DISKS WERE GIVEN AN EXTRA MOBILITY'//)
ENDIF

c

IF (IMPHGT .EQ. 0) THEN
6QT3 0224
ELSE
WRITE (6,0227) IMPHGT
Q227 FORMAT (22X,'THE Y HEIGHT OF THE IMPURITY IS *,13)
WRITE (6,0228) IMPX
0228 FORMAT (21X,'THE X PCSITION OF THE IMPURITY IS ',13//)
ENDIF
c

0226 WRITE (5,0222)

0222 PORMAT(9X,'OEPOSITION VARIASLES ARE READY TO 8E ANALYZEC AND/CR ST
COREC.'7/)

PRINT =a,°* HIT RETURN' -

. READ (5,0115) 7
K RETURN oo
V. c o,
b -
. ENO N
P‘ L)
-4 ¢ ~

[« IR
P ¢ w
; c ARVAABVIXAAIXXAIALIIIXIISFSAANAD
' c = %
" c s ANALYSIS SUSROUTINE »
fa C ATVEEIZEEEIIXXIXIIIIZIIABRIAIEINRRY
] ¢ .
i c THIS SUBROUTINE CONSIST QOF 2 AREAS: THAT IS THME CALCULATING OJF TME
o c OSNSITY QF THE FILM MATRICES ANC TME QETERMINATION J3F THME ANGLE QF
;: c TME OEPOSITED FAILM, EACM SECTION CONTAINS A 3RIEF DESCRIPTION OF
-, C ITS PURPCSE ANC/IR (TS ApPRCACH.
- ¢
- SUBRCUTINE ANALCFILM,XCOORC,YCOGRO)

c
- . C LOCAL VARIABLES
- N -_:,» C
;
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.

7| ) SR

.
’
Iy

N
C;f REAL XCOORC(300,200),YCOORDC300,200),RSMLON,RLRGON,TOTDEN,CORRC90) er
‘ REAL LOCCEN)LLRGONoLSMLONySLNDEN,LLNDEN,CCRFAC)ISHFT,XPOS,0XPOS s;:
REAL ANG,RANG,TANANGs TUNDEN,LARGEL1 LARGEZ)LARGE3,AVGANG .

INTEGER FILM(300,200),IVARySMLCTRZLRGCTRyTATCTR,SONCTR,LONCTR
INTEGER LOCCTR,30THGT,TOPHGT,SUB,CELCTR)LOKCTR)SOKCTR,MAXCNT,A oA
INTEGER TEST,ANGLE]1,ANGLE2,ANGLE3,DENCK,LEFT,RIGHT N

aRBRauuyx ANALYSIS INTERPACE LOCP siikidmisn

(s NaNaNgl

06400 WRITE (46,0401

0401 FORMAT (19C2X/)427X,*ANALYSIS INTERFACE LOCP'///,20X,'ENTER APPRQOP
CRIATED NUMBER TO CONTINUE'/,2C2X/)925Xy'1 = CALCULATION OJF DENSITY
C*/925X4%2 = CALCULATION OF ANGLE'/425X,*9 - EXIT TC MAIN INTERFACE
C LGOP®/425X,'CTRL/C - EXIT TO OPERATING SYSTEM'/,4(2X/))

LRI T AR A AT AT A N Y

X
R

~ 4
d

S
€
.
D

LR
. ety

DL

i

c
0405 READ (5,0406) IVAR
0436 FORMAT (1I1)

o

v

IF (IVAR .EQ. 1) THEN
GOTQ 0410
ELSE IF (IVAR .EQ. 2) THEN
6JT0 0430
ELSE IF C(IVAR .EQ. 9) THEN
RETURN
ENOIF
WRITE (6404072
0407 FORMAT(25X,*SORRY CHARLIE!! = TRY AGAIM'///)
GATQ 0405

e BN 4
- PR I

2

(AN Tk e B
el -

.

aeendsxx® CALCULATION OF OENSITY zidsxxissx

— %
.

THIS PART QOF THE SUBROUTINE IS LSED TO CALCULATE THE DENSITY JF THE O€-
POSITEC FILM. THIS IS ACCOMPLISHED 3Y SCANNING THE ENTIRE FILM MATRIX
ANC CHECXING FCR OCCUPATION BY EITHER SMALL,LARGE QR IMPURITY DISKS.
APTER COUNTING THE NUMBER OF OISK THE AREA TAKEN UP 3Y THE QISK IS COM-
PARED TQ THE TCTAL POSSIBLE AREA THMUS CREATING THE PACKING CENSITY., A
LOCAL OENSITY IS ALSO CALCULATED TG STUDY THE AFFECTS CF CHANGING CER-
TIAN PARAMETERS.

3

Y YS

OO0 ONO0n

0610 WRITE (6,0411)

0611 FJIRMAT (10X,*IT IS ASSUMED UPUN ENTERING THIS SECTION JF THE SU3RD
CUTINE THAT'/,10X,°'Y0U WISH TO FIND THE CENSITY OF THE CLURRENT FILM
C MATRICES<'/510X,'IS THIS CCRRECT?'//,11X,'IF YES -« ENTER 1'/,11X,
C'GTHERWISE - HIT RETURN'//)

R

< [
. READ (5,0406) IvaR
- IF CIVAR .EQ. 1) THEN
: ANGCK = 0
i GOTQ 0612
- ELSE
M GaTQ 0400
' ENDIF
by S
'y 0412 WRITE (6,0413)
e D413 FORMAT (10X,°IF YOU WISH TO LJOK AT VARIATIONS IN Y = ENTER 1'/,10
. CX,'IF YOU wWISH TO LIOK AT VARIATIONS IN X = ENTER 2'/,10X,'If YQU
CR CWISr TC LOCK AT VARIATIONS IN 3CTW X ANO Y - ENTER 3'//)
A SN o
:
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e READ (5,0690) DENCK
PORMAT (I1)

Y
by
o
&
o
o

IF (DENCK .EQ. 1) THEN
GATO 0415

ELSE IF (DENCK .EQ. 2) THEN
GOTO 0480

ELSE IF (DENCX .EQ. 3) THEN
GOTO 0415

ELSE
PRINT%, *TRY AGAIN'
GOTO 0412

ENOIF

c
0415 WRITE (6,0616)
0416 FORMAT (10X,*'IN ORCZR TO CHECK FOR VERTICAL VARIATIONS IN DENSITY
CTwWO HEIGHTS*/,10X,°*NEEC TO BEZ SPECIFIEC. PLEASE ENTER THE Y VALUE
CS IN INTEGER FORMAT.'//)
o
0434 PRINTH,*ENTER BOTTOM HEIGHT!
0418 READ (5,0417) BOTHGT
0417 FORMAT (I3)
IF (30THGT .LT. 1) THEN
PRINTZ,! 80TTOM HEIGHT TOO LOW - TRY AGAIN®
GOTQ 0418
ENDIF
PRINTx,'ENTER TOP HEIGHT®
0419 READ (5,0427) TOPHGT
IF (TOPHGT .GT. 200) THEN
PRINT#H,! - TOP HEIGHT TOO HIGH - TRY AGAIN'
GATO 0419

ENDIF
PRINTH, !

IF (CANGCK +EQs 1).0R.COENCK +EC. 1)) THEN
LEFT = }
RIGHT = 300
PRINT#9"WORKING®
GATC 0433
ENCIF

c

0480 WRITE (6,0431)

0481 FCRMAT(10X,'IN CRDER TO CHECK FOR MQRIZONTAL VARIATIONS IN DENSITY
C TwO WIOTHS'/,10X,*'NEED YO B9E SPECIFIEC. PLEASE ENTER THME X VALUE
CS IN INTEGER FGRMAT.'//)

PRINTS,*ENTER LEFT BOUNDARY?®
0482 READ (5,0617) LEET
I# CLEFT «LT. 1) THEN

IRl o
LA T Ce

n PRINTS, ! LEFT BOUNCARY TOO FAR LEFT - TRY aGAIN'
i 3070 06482

- ENCIF

. PRINT#,*ZNTER RIGHT BOUNCARY!

. 0682 WLAD (S,0617) RIGHT

. IF (RIGHT .GT. 300) THMEN

j: PRINT=:, ! RIGHT BCUNDARY TQO FAR RIGHMT = TRY AGAIN'
. GOTO 0483

I ENCIF

g ]

.o 1= (DENCK .EJ. 2) THEN

’ 95
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o,
e
t s
}
S TGPHGT = 200 oy
e 30THGT = 1 Ve
ENOLIF o
C .
PRINT%:," ¢ ,g
PRINT#, ' WORKING'® .
C ;..:
C INTIALIZATION CF ODENSITY VARIABLES Q?‘
C )
0433 TOTCTR = 0 o
LRGCTR = 0 3
SMLCTR = 0 X
IMPCTR = 0 O
IDNCTR = 0 N
SONCTR = 0 -~
LONCTR = 0 e
LOCCTR = 0 .
c 3
C COUNTING OF DISK FGR DENSITY CALCULATICNS S
¢ RO
DO 0420 Y = 1,200,1 o
00 0421 X = 1,300,1 B
IF (FILMCX,Y) o2G. 1) THEN o
SMLCTR = SMLCTR + 1 i
ELSE I (FILM(X,Y) EQ. 2) THEN -
LRGCTR = LRGCTR + 1 By
ELSE IF (FILM(X,Y) .EQ. 8) THEN !
IMPCTR = IMPCTR + 1 I
ENOIF S
IF CCY +GE. 30THGT).AND.CY oLE. TOPHGT)) THEN e
IF (CX oGEe LEFTI.ANC.C(X oLE. RIGHT)) THEN oy
IF (FILMCX,Y) JEQ. 1) THEN .
SCNCTR a SCONCTR + 1 S
ELSE IF C(FILMCX,Y) .EJ. 2) THEN “d
LCNCTR =2 LONCTR + 1 sy
ELSE IF CFILMCX,Y) .EQ. 8) THEN Ky
ICNCTR = IONCTR + 1 .
ENOIF "
LOCCTR = LAQCCTR + 1 -
ENOIF 0
ENDIF -‘_{':
0421 CONTINUE BONy
0420 CONTINUE B
c _.} )
C FINOING THE TOTAL NUMBER QJF QJISK N
c o
TOTCTR = SNMLCTR + LRGCTR + IMPCTR :‘;.
IF CANGCK LEQ. 1) GGCTO 0429 S
c N
€ OUTPUT FQR TME NUMBER CF DISK e
c RN
WRITE (6§,0622) SMLCTR .
0422 FORMAT (10X,°'THME NUMSER QF SMALL OISKS OEPCSITEC = ',1I5) ENE
WRITE (6,0423) LRGCTR N
0623 FIRMAT (10X, *THE NLMBER OF LARGE OISKS OEPCSITED = ',IS) -
WRITS (6,1423) IMPCTR e
1423 FORMAT (10X,'THE NLM3ER DF IMPURITIES = *,11) Oy
WRITE (6,0424) TOTCTR A
0424 FORMAT (10X,°*THE TOTAL NUMBSER COF DISK DEPOSITED 2 ',1I5) ]
SR ¢ e
96 oy
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! C CALCULATIONS OF THE DENSITIES peR
c Dés
0429 RSMLON CSMLCTR*1.5707963%100)/50000 o
RLRGON = (LRGCTR%6.2831353%100)/60000
RIMPON = (IMPCTR2100.53096%100)/50000 N
TOTOEN = RSMLON + LRGON + RIMPON o
LSMLON = (SONCTR%1.732050808%100)/LOCCTR R
LLRGON = (LONCTR#6.2931853%100)/L0CCTR :
LIMPON = (IONCTR%100.53096%100)/L0CCTR N
LOCOEN = LSMLON ¢ LLRGON + LIMPCN

IF CANGCK .EQ. 1) GOTO 06435 Ve
PRINT,? ¢ "

QUTPUT OF THE CENSITIES o

OO0 (2] (g}
\

WRITE €6,0625) RSMLON ‘
0425 FGRMAT C10X,°SPACE OCCUPIED BY SMALL DISK = *,F5.2,'%') .
WRITE €5,0426) RLRGON e
0426 FORMAT (10X, 'SPACE OCCUPIED BY LARGE OISK = *,F5.,2,'%") N
WRITE (€6,1426) RIMPON :
1426 FORMAT (10X,'SPACE OCCUPIEC BY IMPURITIES = ',F5.2,'%*) .
WRITE (5,0427) TOTCEN -
0427 FORMAT (10X,'THE TGTAL PACKING CENSITY = ',FS5.2,'%') .
PRINT,* ¢ o
WRITE (6,0628) LOCCEN B
0423 FORMAT (10X, 'THE LCCAL PACKING CENSITY = *,F6.2,'%'//) o
WRITE €6,0604) -
0406 FORMAT C10X,°*OENSITY CALCULATIONS ARE COMPLETE'//) i
PRINT#," HIT RETURNS®
‘ READ (5,04C6)
G3TO 0400

r
o o

’ [
ll."..

LN ]

pxxasanxy CALCULATION OF ANGLE #=dxiixisd

AL
L}

4

THIS PART OF THE SUBROUTINE IS USED TO CALCULATE THME ANGLE CF THE FILM
GRCWTH., THIS IS ACCOMPLISHED 8Y SCANNING TYHE OEPOSITEC FILM AT ANGLES
RANGING FROM 1 T2 80 JEGREES. AFTER THIS THE LARGEST "CORRELATION® FaC-
TIR I3 CHOSEN AS THE ANGLE OF FILM GROWTHM, ThE IDEA HERE IS THAT A
LARGE "CORRELATION® WILL OCCURR WHMEN THE VARYING ANGLE EQUALS THE ANGLE
QF FILM GROWTM., IT HAS 3EEN FOUND QUT THRCUGH TRIAL AND ERROR THAT THE L
38ST RESULTS ARE O3ITAINED WHEN THME SEPSRATION BETWEEN THE TWO MEIGHT LE- wod
VELS ARE BETWEEN 10 ANC 20.

vl
|

AOOOOOOOO OO0

06430 WRITE (65,0631)
0431 FORMAT (10x,*IN THIS PART OF THE SUBRJQUTINE THE ANGLE QF THE FILM
COROWTH'/,10X,*wILL BE CALCULATED USING A SCANNING TECHNIQUE.'/,10X

Cr*'IS THMIS YOJUR CESIRE?'//,11X,*'IF YES = ENTER 1'/,11X,'OTHERWISE -
C HWIT RETURN'//)

(g
LR -'-,;‘.’
v

READ ($5,0e06) IVAR

IF (IVAR .€2. 1) TMEN
ANGCK = 1
GOTC 0659

ELSE
$3T0 0400

ENDIF

.

o
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‘~}' 0459 WRITE (5,90460)
0460 FORMAT (10X, 'IN QROER TO SPEEQ UP THE ANGLE CALCULATIONS TWO HEIGH
CT LEVELS NEED'/,10X,'T0 B8E SPECIFIED. PLEASEZ ENTER THE Y VALUES I
CN INTEGER FCRMAT.'//)

.
A

EJ'.' ”

y
~

)

GOTO 0434

2
X,

,-.
P
(O )
Py Pl
I AR N A

BEGINNING OF ANGLE ANALYSIS

»
l,
“.

o0 O

X7

O,

=

0435 MAXCNT = 299+TOPNGT-80THGT
DO 0437 € = 0,89,1
CORR(C)Y = 0.0
0437 CONTINUE

s,
)

c .
C BEGINNING OF INDIVICUAL ANGLE CHECKS R
¢
DO 0438 A = 1,80,1 .

ANG = FLOAT(A) !&-
WRITE (6,06455) A e
0455 FORMAT (23X, 'ANALYZING FILM ANGLE AT *,12,' DEGREES®) R
RANG = ANG/(57.2957751) oA
TANANG = TANCRANG) S
CRSTRM = 0.0 S
00 0439 SUB = 1,300,1 =
c ’ ] .E
C INTIALIZATION OF ANGLE ANALYSIS VARIABLES ONC
c e
SOKCTR = 0 o

LOKCTR = 0

I0KCTR = 0

CELCTR = 0
SLNDEN = 0,0 o
LLNDEN = 3.0 A
ILNOEN = 0.0 o
TLNDEN 2 Ooo :-.':.‘
XPOS = (TANANG # TCPHGT) + Sus =3
3xP0S = XPOS o
| c ]
L C START QF THE ARRAY SEARCH e
v c e
v 00 0440 Y = TOPHGT,1,-1 -
g XPOS = (TANANG = Y) + SUB S
v ISHFT = CCAINT(XPOS/301)) # 300) R
! NEWX = AINT(XPOS = ISHFT) il
JL0X = AINT(OXPOS - ISHFT) ")
I S 064l X 3 OLOX,1,=1 e

r o
b, C CIUNTING 3F THE DISKS :
. C ~‘
r ~
3 IF (PFILM(X,Y) .NE. 0) THEN R
] IF, CFILMCX,Y) JEQ. 1) THEN N
» SCKCTR = SOKCTR + 1 |3
N ELSE IF (FILM(X,Y) .ET. 2) THEN e
2 LOXCTR = LCKCTR + 1 O
} ELSE IF (FILM(X,Y) .EQ. 8) THEN N
. IOKCTR = IDKCTR + 1} Y
i ENDIF :.:_::
ENDIF Sa

.' ¢ "
X2 3 X ¢ e
) %8 =

Nt e

..u(. L, .-.-.4..1'_ ,",'_.~‘." .’_.’..“ RIS FCIRPCIRNE N .“.'- - - COR I

~ - . o s
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Ol CE S LT AR 2% gt LY

.‘-'.. IF (XZ «GTe 3Q0) THEN
N X2 = X2 - 300
ENDIF
c

IF (PILM(X2,Y) 4NE. 0) THEN
IF (FILM(X2,Y) .EQ. 1) THEN
SOKCTR = SOKCTR + 1
ELSE IF (FILM(X2,Y) .EQ. 2) THEN
LCKCTR = LOKCTR + 1
ELSE IF (FILM(X2,Y) .EQ. 8) THEN
IDKCTR = ICKCTR + }
ENDIF
ENDIF
CELCTR = CELCTR + 2

IF (CELCTR .GZE. MAXCNT) GOTO 0442
IF (X +EQ. NEWX) GOTO 0443
044l CONTINUE
0463 OXPOS = XPOS
IF (Y LS. 30THGTY GOTQ 0442
0440 CONTINUE
C
C CALCULATION OF THE LINE DENSITIES
c
0642 SLNDEN
LLNOEN
ILNDEN
TLNDEN

A,

S

LR
e

EAR A

-
.
0

rr
’.' 'lt v,

C(SCKCTR%1,.5707963)/CELCTR)
((LCKCTR=%6.2831853)/CELCTR)
(CIDKCTR%100.53096)>/CELCTR)
SUNCEN + LLNOEN + ILNDEN

X

IF (TLNOEN .LS. CLOCOEN/100)) THEN

CCRFAC = (CCLCCOEN/100) ~ TLNCEN)/Z/CLOCDEN/100))%%2
ELSE

CCRFAC = ((TLNDEN - (LCCOEN/100))7C1=-CLOCCEN/100)))%%x2
ENOIF

CRSTRM = CRSTRM ¢ CQORFAC
0439 CONTINUE
c
C OSTERMINING THE CORRELATION NUMBER
c
CORR(CA) = CRSTRM/300
0638 CONTINUE

c

" € FINDING TME THREE LARGEST CORRSLATICN NUM3ERS
C

- ANGLEY = 0

e ANGLE2 = ¢

o ANGLE3 = 0

o LARGEL = 0.0

S LARGE2 = 0.0

o] LARGE3 = 0.0 :

! D3 0470 TEST = 1,30,1

o IF (CORR(TEST) .5T. LARGEL) THMEN

~ ANGLE3 = ANGLE?2

ﬂ ANGLE2 = ANGLEL

. ANGLELl = TEST

» LARGE3 = LARGE2

i LARGE2 = LARGE]L

= LARGEL = CORR(CTEST)

b ELSE IF (CGRRCTEST) .GT., LARGEZ2) THEN

>N
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ANGLE2
TEST
LARGE2
CORR(TEST)

Y ANGLE3
(&' ANGLE2

LARGE3
LARGE2
GOTO 0470

ELSE IF (CORR(CTEST) .GT. LARGE3) THEN
ANGLE3 = TEST
LARGE3 = CORR(TEST)

ENDIF

0470 CONTINUE
C
C CALCULATION OF THE AVERAGE OF THE TGP THREE VALUES
c

AVGANG = FLOAT(CANGLEL + ANGLE2 ¢ ANGLE3)/3)
c
C QUTPUT OF THE ANGLE ANALYSIS
c

PRINTxy *

PRINT#:y®

WRITE (6,0451) ANGLE1,ANGLE2,ANGLE]
0451 FORMAT (13X,*THME TOP THREE CORRELATED ANGLES IN DECENOING ORDER AR
CE'/,T730,12,8X,12,8%X,12/)
WRITE (6,0453) AVGANG
0453 FORMAT (18X,'THE AVERAGE CORRELATED ANGLE IS 'y,Fé.1," DEGREES'//)
WRITE (6,0452)
06452 FORMAT (20X,°THE FILM ANGLE CALCULATIONS ARE COMPLETE'//)
PRINT:,? RIT RETURN'
READ (5,0406)
GOTO Q400
END

ARV BRAI AR AR AR E XD EBRLAXR B R LRRR XL
% s
% MOVING SUBSRCUTINE %
% &
FIRXAAXEXIF XXV EREBIXBRBG IR XX AR XY

THIS SUBRQUTINE IS OIVIDED INTC 3 SECTIONS. THME FIRST 2 SECTIONS
MQVE TME OEPOSITED FILM TO A FILE FOR STORAGE AND 8ACK AGAIN. THE
LAST SECTICN HELPS IN PREPARING THME DEPOSITED FILM FOR PLOTTING.
EACH SECTICN CONTAINS A BRIZF CESCRIPTION QF ITS PURPGSE ANDJ/OR
ITS APPROACH.

SUBROUTINE MOVE (FILM,XCJORC,YCOORD)

L3CalL VARIABLES

[a N aNal X aNatataiaxalaNaXaXaXaXaKalal

REAL XCOORC(300,200),YCOORD(300,200),XCI0R,YCQAOR
INTZGER FILM(300,200)IVAR,FIL,CTRHRECCTR

220 ea339% MOVING INTERFACE LOCP suz3axsaan

[a Na NN al

0300 WRITE (6,0201)
0301 FIRMAT (18C2X/)42TXy*MOVING INTZQFACE LOOP'///7420X*ENTER APPRQPR!
CATE NUMSER T CONTINUE'/,2(2X/)423Xs*1 = STORE FILM MATRICES'/,25X
Co'2 = RECALL FPILM MATRICES'/,425%,'3 -~ STORE FILM BCR PLCTTING'/,25
D18 CXy%4 = RECALL PLITTING VALUES®'/,25X,°'3 = EXIT TG MAIN INTERFACE LO

100
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......

*a COPY/,25%4'CTRL/C - EXIT TO CPERATING SYSTEM'/,5(2X/)) :$:
-y ) ok
A ¢

0305 READ (5,0306)> IvaRr
0306 FORMAT (I1)

IF (IVAR .£Q. 1) THEN
GOTJ 0310

ELSE IF (IVAR .EQ. 2) THEN
GITG 0330

ELSE IF (IVAR .EQ. 3) THEWN
GOTC 0350

ELSS IF (IVAR .EQ. 4) THEN
6070 0380

ELSE IF (IVAR .EQ. 9) THEN
RETURN

ENOIF

WRITE (6,0308)

0308 FORMAT(21X,'YOU MESSED UPI! = TRY AGAIN'///)

GOTD 0305 e
ssssuansax STORING OF FILM MATRICES stssustsss o

poe

THIS PART OF THE SUBROUTINE STORES THE VALUE OF FILM, XCOORD, YCOORD x

INTQ THE OATA FILE FORO12.0AT. THIS IS DONE SC THAT FINISHED FILMS
CAN BE STORED FOR FUTURE REFERENCE AND RECALLEC FOR ANALYZING IF DE-
SIRED. THIS METHOD OF STGRAGE IS SCMEWHMAT INEFFICIENT IN THAT UN- e
OCCUPIED STORAGE CELLS ARE ALSC REAC INTQ THE FILE. THIS METHOD OF hO
STORAGE SHOULD ONLY BE USEZEC WHEN THE QPSRATOR MAS ALOT OF SPACE IN .
HIS DIRECTORY.

CCOOOOOOMNDOOON0D

0310 WRITE (6,0311)

0311 FORMAT (10X,'IN THIS PART QOF THE SUBROUTINE THE CURRENT VALUES QF
CTHE FILM'/,10X,"MATRICES WILL BE STORED IN A FILE CALLEC FOR012.DA
CT FGR PFUTURE'/,10Xs*REFERENCE.'/,10X,'IS TRIS YQU CESIRE?2'//411X,"
CIF YES = ENTER 1'/,11X,'OTHERWISE = HIT RETURN'//)

READ (5,0306) IVAR

IF (IVAR .EQ. 1) THEN
PRINTH,"

: PRINTS, 'WORKING®

. GOTQ 031§

ELSE
GAaTC 0300

ENCIF

0315 JPEN CUNIT = 12, FILE = 'FORO12.CAT', STATUS = 'NEW')

00 0320 Y = 1,200,!
90 0325 X = 1,300,1
WRITE (12,0326) PILM(X,Y)4XCOOROCX,7),YCOQROCX,Y)

9326 FAIMAT C1X9I243XyFB.443X458.4)

0325 CAINTINUE

0322 CONTINUE
c

CLCSE (CUNIT = 12)
c
WRITE (6,0327)
0327 FORMATC10X,*THE VALUSS JF THE FILM MATRICZS MAVE NCw BEEN COPIED'/
CelOX,*INTO THE BILS FORQ12.0A4T.'//)
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PRINT,! HIT RETURN'
READ (5,0306)
GOTJ 0300

Sudgaidnxx RECALLING OF FILM MATRICES H3sxiiauissl

THIS PART QOF THE SUBROUTINE RECALLS THE VALUES OF THE FILE FOR013.0AT
SO THAT THEY MAY BE ANALYZED ANO/OR REAQIED FOR PLOTTING. THE VALUES
READ IN ARE PLACSD IN THE MATRICS FILM, XCOORD, YCOORO. 1IN DOING SO

THE VALUES STORED BY THE PREVIOUS SECTION ARE READ IN, THEREFORE THE

VALUES NEED TO OF BEEN COPIED INTD A FILE CALLED FOR013.DAT.

s Xz XaRskaXaKaXaNaNal

0330 WRITE (6,0331)

0331 FORMAT (C10X,'JUST A REMINDER. UPON ENTERING INTO THIS PART OF THE
CSUBROUTINE®*/,10X,*THE CURRENT VALUES OF THE FILM MATRICES WILL BE
CLOST. THE REBA~-'/,10X,*'SON FOR THIS IS THAT THE NEW VALUES FROM TH
CE FILE FORO13.0AT'/,10X,"WILL BE READ IN.'/,10X,*0C YOU WISH TO SA
CVE THE CURRENT VALLES OF THE FILM MATRICES?'//,11X,'1IF YES - ENTER
C 1'/511Xs'CTHERWISE = HIT RETURN'//)

o
READ (5,0306) IVAR
IF C(IVAR .EQ. 1) THEN
GOTO 0310
ENOIF
PRINT%, *WORKING'
c
GPEN CUNIT = 13,FILE = 'FORO13.0AT',STATUS = 'QLO')
REWIND (UNIT = 13)
C

DO 0335 Y = 1,200,1
00 0326 X = 1,300,1
READ (1240337) FILM(XsY)sXCOORD(XsY)oYCOORO(X,Y)
0337 FORMAT (1X9I1293XyFBo4y93X,F8.4)
0338 CONTINUE
0335 CONTINUE
c
CLOSE CUNIT = 13D
C
WRITE (6,0240)
0340 FORMAT (10X, 'TME NEW VALUES OFf THE FILM MATRICES MAVE NOW BEEN'/,1
COX,*READ IN FORM THE FILE FORQ13.04T.'//)
PRINT==, HIT RETURN'
READ (5,0306)
6070 0300

axassxgenx STORING OF FILM FOR PLOTTING 222232233

THIS PART QOF THME SUIROUTINS STORES THE NON-ZERC VALUES OF THME MATRICES
FILM, XCOCRD, ANO YCOCRD INTO TwE FILES FORQOQ7.0AT AND FCRO14.0AT FOR
FUTURE PLOTTING. THIS IS ACCOMPLISHED BY CHECKING EACH ADORESS QF THE
TWO DIMENSIONAL AREAS FOR OCCUPATION AND TMEN TRANSFERING ONLY TMOSE
STCRAGE CELLS THMAT MAVE NONE ZERO INFORMATION.

OOO0OOOOO000

0350 WRITE (46,0331)

0351 FORMATCL10X,'WARNING! UPON ENTEQING INTO THIS PART OF TME SUBROUTI
CNE THE®'/ 410X, CURRENT VALUES JF THME FILM MATRICES wILL B8E COPIED I
CNTG THE'/,10X,'FILES FOROQ7.0AT ANC FQROl4.DAT. IN OJING SO, THE
CAQCRESS OF'/,10Xxy*THE INDIVIDUAL POINTS WILL 8SE LOST SC THMAT NO AN
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: {;;- CALYSIS CAN BE'/,10X,*SVALUATED DIRECTLY.'/,10X,'IS THIS YOUR DESIR s
i CE?2'//»11Xs*'IF YES ~ ENTER 1°/,11X,'0OTHERWISE = HIT RETURN'//) Esg
¢

READ (5,0306) IVAR
( IF (IVAR .EQ. 1) THEN E!H
q PRINT#, 'WORKING' 1
) GOTD 03SS

ELSE

GOTO 0300

ENDIF _

c o
0355 OPEN CUNIT = 7,FILE = *FOROOT.OAT',STATUS = 'NEW') R

! OPEN CUNIT = 14,FILE = *FOR0O14.0AT",STATUS = *NEW') o
c s
: DO 0357 Y = 1,200,1 F
0C 0358 X = 1,300,1 oY

IF CFILM(X,Y) .NE. 0) THEN
WRITE (7,0359) FILMC(X,Y)o4XCOORDCX,Y)s YCOORDCX,Y)
0359 FORMAT C(1X9I243XyFBebyo3XN,FB8.4)
IF CFILMC(X,Y) .EQ. 2) THEN
WRITE (1440356) FILM(XsY)yXCOORDCX,Y),YCOORDCX,Y) R
0356 FORMAT (1X31233XsFB8eby)3X4FB.4) o

a3

¢ . -
e
+

ENDIF -

ELSE P

GCTO 0358 -

ENDIF R

0358 CONTINUE T

0357 CONTINUE

CLGSE CUNIT = 14)
CLOSE CUNIT = 7)

c
WRITE (6,0360)
0360 FORMAT (10Xx,'THE VALUES QF THE RILM MATRICES MAVE BEEN COPIED TO'/

Cy10X,'THE FILES CALLED FOROOT.0AT AND FORO14.DAT.'//,10X,'PLOTTING
C OF THE FILM MATRICES CAN NOQW OCCURt'//)

PRINT%,' MIT RETURN'
READ (5,0306)

G0T0 0300

asansaanas RECALLING OF FILM FOR ANALYZING H3asssyses

THIS LAST PART QF THE SUSRODUTINE TAKES THE VALUES FILM, XCCDRD, YCODDRD
FRCM THE FILE FOR00B.0AT SO THMAT THEY CAN BE ANALYZED. THIS IS ACCCOM-
PLISHEC BY LOCKING AT THE VvALUES OF XCOORO ANDO YCQORD AND TRUNCATING THE
VALUES. AFTER TRUNCATION THE FILM MATRIX IS THEN GIVEN THME PROPER VALUES.
THIS SECTION IS THE COUNTZRPART OF THE PREVIOUS SECTION IMPLYING THAT THE
VALUES MUST 8E CJPIE€D INTO A FILE FOROQ3.DAT SEFORE ATTEMPTING TQ READ
FRCM THE FILE,

OOCOOOOOOOOO0O0

0380 WRITE (6,0231)

0381 FORMAT (13X,'CAUTICNI UPON ENTERIING INTO THIS SECTION OF THE SUBRO
CUTINS, THME®'/,10X, 'CURRENT VALUSES QOF FOROCB.CAT WILL 8E RSA0 INTO T
CHE FILM MATRICES'/4y10X+"DESTRCYING THE CLD VALUES.'/4+10X,'MAVE THE
C FILM MATRICES QEEN INITIALIZED TQ ZERC?'//,11X,"IF YES = ENTER 1°
C/s21X,"OTHERWISE =~ MIT RETURN'//)

2
]

:
a3
)
t
'3

- v

o N .
o

- READ (5,03C6) IVAR
R IF (IVAR .EQ. 1) TMEN

T o' e
«a e w
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GOTO 0382 >
503 ELSE .
GOTO 0386 0

ENDIF

-

P4
L

~7?
ad

03846 WRITE (6,0389)
0389 FORMAT (10X,'00 YOU WISH TO INITIALIZE THE FILM MATRICES?'//,11X,"
CIF YES - ENTER 1'/,11Xy"OTHERWISE - HIT RETURN'//)
¢

READ (5,0306) IVAR
IF (IVAR .EQ. 1) THEN
PRINTZ,*WORKING®
GOTO 0357
ELSE
PRINT&,* ¢
G0TQ 0382
ENDIF
c
0397 00 0398 X = 1,300,1
DO 0399 Y = 1,200,1
FILMC(X,Y) =2 0
0399 CONTINUE
0338 CONTINUE
c

0382 WRITE (6,0283)

0383 FORMAT (10X, *IN OROER TO COMPLETE THIS PART OF THE SUBROUTINE ONE
CMUST KNOW®/,10X,*THE NUMBER OF RECCRDS IN TME FILEZ TO BE READ. IF
€ YCU KNOW THE'/,10X,*'CORRECT NUMSER ENTER THAT BELOW. IF NOT, EXI
CT THE PROGRAM AND'/,10X,'FIND QUTII - USE CTRL/C'//)

PRINT%,'ENTER THE NUMBER OF RECORDS'
REAQ (5,0385) NUMREC
0335 FORMAT (IS)

c
PRINTZ,* ¢ :
PRINT=®, *WORKING®
o
CPEN (UNIT = 8,FILE = *FOROO08.CAT*,STATUS s 'CLD*)
REWIND (UNIT = 8)
c

RECCTR = ¢
00 0390 CTR = 1,NUMREC,]
3 READ (8,0391) FIL, XCOOR, YCQOR
0391 FORMAT (1X,1293X,F8.6,3XyF8.4)
X = AINT(XCQOR)
Y = AINTCYCOOR)
FILM(X,¥Y) = FIL
RECCTR = RECCTR + 2

RICAngh . 1

N I CRECCTR .EQ. 1000) THEN
. WRITE (6,0388) CTR
i 0338 FIRMAT (28X,I5,' RECCROS READ IN')
L RECCTR = 0
; ENDIF
; 0390 CONTINUE
” [
. CLOSE CUNIT = 15)
d
i PRIVTa,? ¢
L WRITE (6,3295) (CTQ=-1)
EEERE 0396 EORMAT (21%,'A TATAL GF ',15,' RECCROS WERE READ IN'//)
i 104
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O 0395 FORMAT (10X,'THE NEW VALUES OF THE FILM MATRICES HMAVE SEZEN READ IN
C FROM THE'/,10X,'FILE FCROO8.DAT AND ARE READY TO BE ANALYLED.'Z/)
PRINT%,* HIT RETURN?
READ (5,0306)
RETURN
C
END
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(Eﬁ% Appendix C
Program Documentation

The purpose of this appendix is to provide some documentation of
the program listed in appendix B. This is accomplished by listing the
variables used in the program and giving a short description of their

purpose.

Introduction

This program is the second in a series of programs written by stu-
dents attending the Air Force Institute of Technology located at Wright
Patterson AFB, Ohio. The purpose of this program, like its predecessor,
is to simulate the vapor deposition of thin films, It is written in For-
tran 77 and contains a statement using IMSL (International Mathematical
and Statistical Libraries), a library of intrinsic functions used for
statistical purposes. It was designed to run on a VAX/VMS computer sys-
tem,

The program is organized into five main sections which includes the
the main start-up and four subroutines. The main start-up consist of a
help message in order to get the user aquainted with the program and an
interface loop. The substrate subroutine allows the user to intialize,

-; create, store, recall and move substrates. The deposition subroutine is

used to initialize the main arrays, read in deposition parameters and de-
posit the film onto the substrate. The analysis subroutine, provides

the user the ability to check the density of the film and the angle of
growth without having to print out the film. The moving subroutine

allows the user to store and recall films for plotting and analysis.
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Variable Listing
The following is a listing of the variables used in the program

listed in appendix B along with a short description of their purpose., A
qualifier on the end of the description, tells in what subroutine of the
program the variable was used. The listing is in alphabetical order.

A - A variable derived in appendix A used to find the rest point
of the incident disk., - depo

ANDVAR - The number of degrees (full angle) that the angle of in-
cidence should vary about the main angle of deposition. - depo

ANG - The main angle of deposition measured from the subsrate nor-
mal. - depo,anal

ANGCK - This variable is used to help in the angle analysis of the
film, especially in the density check. ~ anal

ANGINC - The amount of angle to be incremented or decremented from
the old angle of deposition. - depo

ANGLE1,2,3 - Three variables used to hold the angles corresponding
to the largest correlation numbers. - anal

ANGMAX - A variable which contains the largest angle, the angle of
incidence can have when angle variation takes place. - depo

ANGMIN - A variable which contains the smallest angle, the angle of
incidence can have when angle variation takes place. - depo

AVGANG - The average of the angles with the three largest correla-
tion factors used in finding the angle of growth by the film. - anal

A2 - The x intercept of the trajectory for the center of the inci-
dent disk. -~ depo

B - A variable derived in appendix A used to find the rest point of
an incident disk. - depo

BNCCTR -~ A counting variable used to monitor if an extra mobility
is to occur., - depo

BNCVAR - The number specifying (indirectly) the percentage of disks
to undergo an extra mobility., - depo

BOTHGT - Specifies the bottom height to be checked in the density
and angle analysis routines. - anal




A
'.'
-

o

~
LNy
e BSHFT - This variable used in the mobility routine helps maintain ?{:
Vot the periodic nature of the film and is like the other shift variables,.- g}ﬁ
depo Nt
BTOL - This variable is just like TOL but is used in the mobility N
routine. - depo e
'::\.
C - A variable derived in appendix A used to find the rest point of QH:\
an incident disk. - depo bt
CELCTIR - Counts the number of cells during a streamer check in the S?“
the angle analysis routine. - anal rﬁk:
COLL - A variable used to keep track of whether or not a collision iiiﬁ
has occured during checking of the collision corridor by the streamers. oL

- depo !"

CORFAC - The correlation number of an individual streamer used to o
find the angle of growth by the film. - anal oS

CORR - An array used to hold the correlation numbers for finding 555:
the angle of growth by the film, - anal 3

COSANG - The cosine of RANG. - depo DN

CRSTRM - The summation of CORFAC across the bottom of the sub- i§§7
strate., - anal ol
CIR - The variable used to specify the number of streamers in the ;fﬁg

scanning routine, - depo
D - A variable defined from the variables A, K and Rl. - depo }1if

DATE - The date and time entered are used to modify the seed of the
random number generator in the deposition subroutine, -~ depo

DENCK - Used to signal that the density algorithm is to be used., -
anal

DEPCIR - The main deposition counter which keeps track of how many
disks are deposited, - depo

DRESTX - This default variable stores the value of RESTX and is
used in case a test is failed in the mobility routine. -~ depo

DRESTY - The counter part of DRESTX but stores the value of RESTY.-
depo

DSEED - The seed numbers used to determine the random numbers in
deposition, - depo

- F - A variable used to find the y coordinate of the collision point
- and is derived in appendix A. - depo.

108




L
1Y
)
i
hI

R A

A ST

FIL - A counterpart to FILM used to read back in the film for anal-
ysis. - move

FIIM - A 300 by 200 array used to keep track of whether a cell is
occupied by a disk. If its value is zero the cell is unoccupied. - sub,
depo,anal,move

G - A variable used to find the y coordinate of the collision point
and is derived in appendix A, - depo

H - A variable defined in appendix A and is used to find the rest
point of the incident disk. - depo

HCTR - This counting variable keeps track of how many overlapping
disks occur during the deposition process. - depo

HDSIZE - This variable holds the last used value of SIZE when an
impurity is deposited. - depo

HEIGHT - A variable used to store the largest height of the sub-
strate. - sub,depo

HGT - A variable read in during the creation of the substrate., Its
value gives the height or the number of disks to be placed in a column. ~
sub

HGTIMP - A number determined randomly. If the value of YHGT equals
or is greater than this value an impurity is deposited if this is de-
sired. ~ depo

HGTLAY - Its value specifies the height of each layer in terms of
the spatial arrays. - depo

IDKCTR - Counts the number of impurities in a streamer search to
find the angle of growth by the film. - anal

IDNCTR - Counts the number of impurities in the local density var-
iation check. - anal

ILNDEN - The line density of streamer for impurities in checking
for angle of growth by the film, - anal

IMPCTR - Counts the total number of impurities in the film. - anal

IMPHGT - This variable stores the truncated value of the y posi-
tion of the impurity after it is deposited. - depo

IMPSET - If equal to one an impurity is about to be or has been

deposited into the film, Its value may change to zero if the impurity
is covered. - depo
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e IMPUR - If this has the value of one then an impurity will be de- e
LAl posited randomly into the mircrostructure., - depo Q%:
IMPX - This variable stores the truncated value of the x position !!E
of the impurity after it is deposited. - depo O
O
] ISHFT - The truncated value of XPOS used to help maintain periodic -Ef_
boundaries. - depo b}t
1 R
IVAR ~ This interface variable used throughout the program is re- X
sponsible for reading in answers to questions asked by the program. - e
sub,depo,anal,move -
K - A variable defined in appendix A and is used to find the rest ff?;
point of the incident disk. - depo ié
LARGE1,2,3 - Three values which store the largest correlation num- ?f%
bers for finding the angle of growth by the film. - anal .
LAYER - If this has the value of one then a multiple layered film ;if
will be produced. - depo L
o
LDNCTR - Counts the number of large disks in the local density var- ﬁt;
iation check. - anal :{:r
LDKCTR - A counter of large disks in the streamer search for find- K
ing the angle of growth by the film., -~ anal -
LEFT - The default boundary condition on the left side for vertical
variations, - anal
: LIMPDN - The impurity packing density in the local area check - L
anal .
LLNDEN - The line density of the large disks during a streamer jf?
search to find the angle of growth by the film, - anal -
LLRGDN - The large packing density in the local area check. - anal &;ﬁ
LOCCTR - Counts the number of cells in the local density variation .
check. - anal .
LOCDEN - The total local packing density. - anal 'fﬁi
LRGCIR - Counts the total number of large disks in the film. - anal :;
5 LSMLDN - The small packing density in the local area check. - anal Z;?;
2 MAX - The value of this variable determines how far to the right :i?
5 and up, the area search is to take place around the collision disk R
looking for possible rest disk. - depo 2
r '::- .-' .
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MIN - The value of this variable determines how far to the left
and down, the area search is to take place around the collision disk
looking for possible rest disk. - depo

ND - A counting variable used to keep track of the number of disks
that have been deposited. - depo

NEWX - The truncated value of XPOS minus ISHFT and is used to de-
termine to what address the search is to take place along an individ-
al row during the scanning routine. - depo

NODSK - The number of disk to be deposited in the deposition of the
film if the spatial arrays do not become full. - depo

NOMOB - A variable used in determining the mobility of the disk.
If equal to one no mobility will occur. - depo

NUMREC ~ The number of records to be read back in for analysis. -
move

NXINT - The value of XINT minus ISHFT and is used to account for
the perodic nature of the film., - depo

OLDANG - The main angle of deposition measured from the substrate
normal. - depo

OLDX - The truncated value of OXPOS minus ISHFT and is used to de-
termine from what address the search began along an individual row dur-
ing the scanning routine. - depo

OXINT - A variable used to minimize the calculations made. It con-
tains the truncated x position of the last streamer intercept. - depo

OXPOS - This variable contains the last new value of XPOS for an
individual row during the scanning by a streamer., - depo

OYINT - A variable used to minimize the calculations made. It con-~
tains the truncated y position of the last streamer intercept. - depo

P - This variable has the value of 1 or -1 and is used in incre-
menting or decrementing the angle of incidence. - depo

R - This variable gives the distance squared that a disk has to
move before coming to rest. - depo

RAD2 -~ The radius of the collision disk contact circle squared and
is used to find the y coordinate of the collision point. - depo

RANDX - The random number between 1 and 301 used to deposit the
disks evenly across the substrate., Its value is the x intercept of
3 the left most streamer., - depo
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s RANG - The angle of deposition in radians, - depo
R RANDY - The random number between 1 and 180 produced in order to de-~
cide where the impurity is to be deposited in the mircrostructure, -
depo
‘
3 RANNUM - The randum number between O and 1 produced by the IMSL
: subroutine named ggubfs. - depo
RBNC - An array seven in length and is used like SHORT to keep
- track of how far a disk has to move before coming to rest. It is used
v in the mobility routine. - depo

RECCTR - A counting variable used to keep track of how many records
N are read back in for analysis. - move

RESTX - The x coordinate of the final position of an incident disk.
- depo

RESTY - The y coordinate of the final position of an incident disk,
- depo

RIGHT - The default boundary on the right side used for vertical
variation checks. - anal

RIMPDN - The total packing density due to impurities. - anal

RINC - The incremental radius used to calculate the values of Rl
and R2 and is determined by the size of the incident disk. - depo

RLRGDN - The total packing density due to large disks. - anal
RSMLDN - The total packing density due to small disks. -~ anal

Rl - The radius of the collision disk contact circle and is used in
finding the rest point of the incident disk. ~ depo

R2 - The radius of a possible rest disk contact circle and is used
in finding the rest point of the incident disk. - depo

SC2ANG - The secant squared of RANG. -~ depo

SDKCTR - Counts the number of small disks in the streamer search
for finding the angle of growth by the film. ~ anal

SDNCTR - Counts the number of small disks in the local density var-
iation check. - anal

SET - If equal to one an impurity is about to be or has been de-
posited. - depo

.
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SHFT - A variable like ISHFT used to keep the film periodic but is
used in the rest point determination. - depo

SHORT - A variable used to keep track of how far an incident disk
has to move before coming to rest. The smaller the value the shorter
the distance. - depo

SINCT - The x intercept of the current streamer, - depo

SIZE - This variable contains information pertaining to the dia-
meter of the disk in question. If equal to one the diameter equals the
square root of two, if equal to two the diameter is two times the square
root of two, it equal to eight the diameter equals eight times the
square root of two. - depo,anal,move

SLNDEN - The line density due to the small disks and is used in
finding the angle of growth by the film. - anal

SMLCIR - Counts the total number of small disks in the film. - anal

STRCTR - A variable which contains the current value of incrementa-
tion of the number of streamers used to search the collision corridor.
depo

SUBBUF - A 300 by 10 array used to store the occupancy data of the
substrate in its development before being transfered to FILM, - sub

TANANG - The tangent of RANG. - depo

TESTY - A variable used to make sure the disk is not below the film
array. - depo

TEST1 - A variable used for a number of test. This is used to make
sure a collision is possible between two disks. - depo

TEST2 - A variable like TEST1. This is used to make sure the two
contact circles do indeed intercept one another. - depo

TEST3 - A variable almost exactly like TEST2 but this one uses the
x values to check for intersection between the circles. - depo

TEST4 - A variable used in conjuction with TOL to make sure that
the values of X1 and Y1 go together. - depo

TLNDEN - The total line density of the streamer used to find the
angle of growth by the film., - anal

TOL - A variable used in conjunctin with TEST4 to make sure that
the values of X1 and Y1 go together. - depo

TOPHGT - This is used to specify the top height in the density and
angle analysis routines, - anal




TOTCTR - Counts the total number of disks in the film. - anal

TOTDEN - The total packing density of the film. - anal

TPX3 - The truncated value of RESTX, it is used to check for prior
occupancy by another disk., - depo

TPY3 - The truncated value of RESTY, it is used to check for prior
occupancy by another disk. - depo

TRESTX - A temporary storage place used to store the last value
of RESTX, -~ depo

TRESTY - A temporary storage place used to store the last value
of RESTY. - depo

TSHORT - A temporary storage place used to store the last value
of SHORT, - depo

TXBNC - The truncated value of XBNC and is used to check for oc-
cupancy in the mobility routine. - depo

B TYBNC - The truncated value of YBNC and is used to check for oc-
: cupancy in the mobility routine, - depo

WIDTH - A variable used to determine the values of MIN and MAX., -
depo

XBNC - An array seven in length and stores possible x values of
rest points for the mobility routine. - depo

XBCK - This is used in the area search of the mobility routine, -
depo

XC - A 300 by 10 array used to store the y coordinates of the disks
in the development of the substrate before being transfered to YCOORD. -
sub

XCOL - Its value gives the current column that the substrate sub-
routine is working on in the creation of a substrate. - sub

XCOLD - A variable used to store the old values of XC in the manu-
facturing of the substrate., - sub

XCOLL -~ The integer value which contains the x address of the col-

v lision disk. - depo o
. & :.:
N XCOOR - A counterpart of XCOORD used for reading back in films for }:}
3 analysis. - move o0

XCOORD - A 300 by 200 array used to store the x coordinates of the
disks., - sub,depo,anal,move

............ CaeTu ot

I e e N R R A I SN T

. -~ o ERE - .
LW

% : L O E. S S LR W IVIC EIE TR TR, Wl V!

~
WA

="



/

*

4

5

IDIST - A variable used in conjunction with YDIST to find how far a
disk has to move before coming to rest. - depo

XINCT - This variable contains the x intercept of the center of the
incident disks trajectory. - depo

XPOS - The address of the cell used to start the search of the col-
lision corridor. - depo

X1 - A variable used to calculate the two possible x values of the
rest point. - depo

X2 - The x position of the incident disk immediately upon collision
with the collision disk. - depo

YBCK - A variable used in the area search of the mobility routine. -
depo

YBNC - An array seven in length and stores possible y values of E:f
rest points for the mobility rountine. - depo ;ii'
Q‘-‘ \

YC - A 300 by 10 array used to store the y coordinates of the disks 7
in the development of the substrate before being transferred to XCOORD. - 2l
YCOLD - A variable used to store the old values of YC in the manu- giﬁﬁ

facturing of a substrate, - sub

YCK - A variable used to recalculate the variable YGHT when an im-
purity is deposited. - depo
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YCOLL - The integer value which contains the y address of the col-
lision disk. - depo

YCOOR - The counterpart of YCOORD used to read back in the film for P
analysis. - move e

YCOORD - A 300 by 200 array used to store the y coordinates of the t&:-
disks. - sub,depo,anal,move i

YDIST - A variable used in conjunction with XDIST to find out how
far a disk has to move before coming to rest. - depo

YFIIM - A variable used to store the largest height of the sub- :jgﬁ
strate in conjuntion with determing the thickness of the multilayers. - e

depo E

YHGT - This variable stores the y starting point for the scanning
routine for depositing the film, - depo

YI - A variable used to calculate the new possible y coordinate of iﬁi
the collision point, - depo




YTEST - A variable used in the mobility routine to make sure that
the film does not become less dense. - depo

p}o:¢

LA

Yl - A variable used to calculate the two possible y values of the
rest point. -~ depo

Y2 - The y position of the incident disk immediately upon collision
with the collision disk,

Y3 - The truncated value of RESTY and is used to make sure that mo-
bility is possible near the substrate., - depo
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. substrate.
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compliance with the “tangent rule"i and the disappearance of this
structure in the case of large disk mobility. Another feature found

, to be exhibited in the modeled films is that under certian conditions,

l impurities and substrate imperfections can produce large voids and/or
nodules. Other characteristics found in the simulated films include

pores which could allow water absorption, and increased packing den- fij
sity for films produced with angle variations along with a moderate
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