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A-BSTRACT

In order to determine the physical properties of
amorphous semiconductor materials it is reguired to ob-
tain thin film layers by high vacuum evaporation tech-
nigue. Physical properties of such films are known to be
strongly influenced by the rate of deposition.,

This project therefore involves the construction
of a thickness monitor and rate controller which monitors
the thicness of thin film layers continuously during the
evaporation process and keeps the evaporation rate cons+t-
ant at any desired value. | '

The change of thickness of the thin film layer is
observed by monitoring the change in the oscillation fre-
aquency of a quarts crystal situated by the side of the
thin film deposit.

All regquired functions are gendrated digitally.
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Amorf Yariiletkenlerin fiziksel 6zelliklerinin
incelenmesi amaci ile yuksek vakumda buharlagtirma yoén-
temi ile ince filimler olugturmak gerekmektedir. Bu
filimlerin fimiksel ozelllklerwnwn birikme h1z1ndan
giddetle eﬁkllendlvl b111nmekted1r.

Dolayisi ile bu proje ince film tabakalarinin ka-
linligini buharlagma iglemi sirasinda slirekli olarak:
monitor eden ve buharlagma higini istenen herhangi bir
deferde sabit tutan bir kalinlik monitoru ve hiz kont-
rol devresinin yapilma51n1 igerir,

Tzlenen ince film kalinlifinin deZigimi, filmin
yaninda yer alan bir kuartz kristalin titregim frekansi-

nin de§i$imi yoluyla algilanmaktadar.

Ttim fonksiyonlar sayisal olarak uretilmektedir,
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PART A
' VACUUM: EVAPORATION. TECHNIQUE

1. INTRODUCTION

—

The first evaporated thin films were probably the
aeposits which Faraday obtained in 1857 when he exploded
me tal wires in'an inert atmosphere., Further experimentation
in the ninteenth century was stimulated by interest in the
optical phenomena associated with thin layers of matlerials
and by investigations of the kinetics and diffusion of
gases, The possibility of depositing thin metal films in &
vacuum by Joule heating of platinum wires was discovered
in 1887 by Nahworld and a year later zdapted by Kundt for
the purpose of measuring refractive indices of metal filmss
In‘the falloving decades, evaporated thin films have found
industrial usage for an increasing number of purposess |
Examples are antireflection coatings, front-surface mirrors,
interferance filters, sunglasses, decorative coatings on
plastics and textiles, in the manufacture of cathode ray
-~ tubes and most recently in electronic circuits. -

Although commonly reffered to as a single process,
the deposition of thin films by vacuum evaporation consists:
~of several disjinguishable’steps:

i) Transition of a condensed phase, which may be solid
- or liquid, into the gaseous state.

ii) Vapor traversing the space between the evaﬁoration
source and the substrate at reduced gas pressure.
. iii) Condensation of the vapor upon arrival on the
substrates. ‘

Accordingly, the theory of vacuum evaporation includes



the thérmodynamics of phase transitions from which the equi-
librium vapor pressure of materials can be derived, a@s well
as the kinetic theory of gases which provides models of the
atomistic processes.

Further investigations of the somdimes complex events
occuring in the exchange of single molecules between'a con-—-
densed phase and its vapor led to the theory of evaporation,
‘a specialized extension of the Kinetic theory. From this basis
the distribution of deposits on surfaces surrounding a vapor
source can be derived, '

Experimentally, vacuum evaporation and its applications
have benefited from various disciplines which have contributed
toward solutions of practical problems. These pértain to the
construction of suitable vapor sources, the development of
special techniques for the evaporation of alloys, compounds,
and mixtures, and to guestions of process control and auto—
mation. ‘



IT. THE CONSTRUCTION AND USE OF VAPOR SOURCES

The evaporation of materidls in a vgcuum: system requires
a vapour source to support the evaporant and %o supply the
heat of vaporization while maintaining the charge at a
temperature sufficiently high to produce the deslred vapor
pressure. The rates utilized for film dEEBSlt ion may vary-
from less than I.+o more than 1000 % per second, and the
vaporization temperatures of any particular element differ
accordingly; Rough estimates of source operating temperatures
are commonly based on the assumption that vapor'pressures of
10~2 torr must be established to produce useful film con-
densation rates. For most materials of practical interest,

these temperature fall into the range from lOOO‘to 2000 °c.

To avoid the contamination of the deposit, +the support
material itself must have negligible vapor and dissociation
pressures at the operating temperature. Suitable materials
are refractory metals and oxides. Further selection within
these categories is made by considering the possibilities of
alloying and chemical reactions between the support and eva- é
porant materials, Alloying is often accompanied by drastic
lowering of the melting point and hence may lead to rapid
desfruction-of the source, Chemical reactions ihvolving com-
pounds tend to produce volatile contaminants such as lowerr
oxides which are incorporated into the film. Additional
factors iﬁfluencing.the choice of support materials are their
availability in the desired shape (wire,sheet,crucible) and
their amenability to different modes of heating. The former
determines the amount of evaporant which the source can hold
(capacity), while the latter affects the complexity of the



source structure and the external power supply. Awtémpts ‘o
reconcile these demands have led to numerous source designs
(1.). Specialized sources of rather complex constructions
are nearly always required to evaporate quantities in excess
of a few grams, | |

Principal types of evaporation sources ares:

a) Wire and Metal foil sources.
b) Sublimation Sources.
¢) Crucible Sources.

its materials ares:

- Refractory metals.
- Refractory oxides,
- Boron nitride.
- Carbon.
d) Electron-bombardment Heated Sources.
its types ares

| - Work-accelerated Electron Guns.
- Self-accelerated Electron Guns.
- Bent-beam Blectron Guns.

- The simplest vapor sources are resistance-heated wires
and metal foils of various types; as shown in Fig.l.. They are
éommercially available in a variety of sizes and shapes at
sufficiently low prices to be discarded after one experiment
if necessary. Materials of construction are the refractory
metals which have high melting points; and low vapor pres-
sures., Most commonly used are tungsten, molybdenum and tantal-

um, ' -

The sources shown in Fig.la and b are commonly made
from 0.02 to 0.06 in diameter tungsten wire. Their utility
is limited to evaporants which can be affixed to the: source,



typically in the form of wire, Upon melting, the evaporant
must wet the filament and be held-by its surface tension.
Spreading of the molten evaporant across the wire is desire-
able to increase the evaporation surface and thermal con—
tact., Multistrand filaments where the evaporant is added as
one of the fibers is a suitable technique,

Multistrand filaments are generally preferred because
they offer a gféater surface area than single filaments.,

Wire baskets as shown in Fig,Ic are used to evaporate
pellets or chips of dielectrics or metals which either subli-
mate or do not wet the wire material upon melting.

Metal foils as shown in Fig.ld,e,f have capacities of
a few grams and are the most universal ty@es of sources for
small evaporant quantities, They are fabricated from 0,005~
0.015 in thick sheets of tungsten, molibdenum or tantalum.
They have reduced widths in the center,to concentrate the
heating in the area of evaporant. N

Electrical connections to wire and foil sources are
made by attaching their ends to heavy copper or stainless=
steel clamps. The lat ter are usually part of massive metal
bars connected rlgldly to a pair of electrical feedthroughs.
Since the electrical resistance of wire and foil sources are
small, low voltage power supplies rated 1 to 3 KW are re-
quired. Typical arrangements consists of a step down trans-
former, 220 to 20 volts. The secondary current may be as
low as 20 A& for some of the wire sources, or as high as S00A:
for some foil: sources, Whenever the current exceeds 100A,
the feedthroughs are water cooled.



Fig.l

Wire aﬁd metal foil sources
A) Hairpin Source |

B) Wire Helix

C) Wire Basket

D) Dimpled Foil

E) Dimpled foil with alumina coating

F) Canoe type

1L



III. THICKNESS DISTRIBUTION Oé-EVAPORATED FILMS:

Since most pfactical applications require a certain .
film thickness, the substrate area which can be covered uni- ]
formly is a significant figure of merit for vapor sources.

The distribution of deposits can be derived as follows:

An isothermal enclosure with an infinitesimally small
opennlng dA bounded by vanlshlngly thin walls is shown
schematlcally in PFig. 2.

ha

F1ge2

Effusion from an
I'd ; . .
é%z' ' igothermal enclosure

7 ¢ through a small orifice,
4 & \

It is assumed to have N molecules which have a
Maxvellian speed distribution. Most of these molecules will
~impinge on the enclosure walls and be reflected without
causing a net change in the total speed distribution. Gon- |
sidering first molecules of only one particular speed ¢,
their total number in the enclosure is 4N -H¢(02)dc. Within
a time dt, only those molecules can reach dAe and leave in
the direction which are in the slanted prism. Thus the
fraction of molecules within striking distance of the open-
ing is c.dt.cos?.dﬁé/VK The number of molecules actually



crossing the opening is further feduced because their speeds
¢ within the slanted prism are randomly distributed in all
directions. Hence only +the fracfion dw/4 is actually
moving toward dA%. Multiplication of ch_with the volume
fraction and the angular fraction yields the number of mole-
cules having a Speed ¢ and leaving in the direction s

4 % =
d_'NévC(?)-'

¥ o c.9(c?).dc.dh .dt.cos 2.2 (eq.L)

Integrafion over all speeds ¢ gives the total number
of molecules per angle increment dw, whereby

®
//' c@(cz) de= ¢ ' (eqe.2)
0

and therefore

3w _ 1N = o, aw | =
a .I\T‘e(._‘i’)_,‘L ’.c.dAé.dt.cos‘?.TT (eq.})

<

The small increment of mass carried by these molecules is

a3 (@ )=m.ad N, (@) O (ea.d)
let T=m.%. (N/¥).G  one obtains ‘ (eq.5)
d3.Mé(‘P)= P.dAé;dt.cos?-%g ' | (eq.6)
Me-:/t /Ar'.dAe.d‘b o | (eq..7)»

. e
dMé‘(‘(’ )= M .cos ¢ 'QT'I'VI ' (eq.8)

According to this cosine law, emission of maf%erial

N



-from a small evaporating area does not occur uniformly in
all directions but favors directions approximately normal
to the emitting surface where cos ¢ has its maximum values.
The amount of material which condenses on an opposing
surface also depends on the position of the receiving surface
with regard to the emission source. As shown in Fig.3, the
material contained in an evaporant beam of solid angle dw
covers an area which increases with distance as well as with
the angle bf incidence 8+ The element of the receiving sur-
face which corresponds to dw is dkr=T2.dw/cose. Therefore
the mass deposited per unit area is

an ((? y @)“. M
gt————-::—9-.‘cos¢(’.cose" (eqs9)
da, Tr2

D;j
I
819}
L]
)

Surface element dA%
receving devnosit from
a small arsa source

dAe.

If a point evaporation source is admitted, the mass
evaporation rate will be uniform in all directions, and
the mass contained in a narrow beam of solid angle dw will
be * ' '
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=T, aa_.at. 2% L . (eq.10)
AT |

~

Since )[ /'T‘.dAé.dt is the total evaporatéd mass My
t/A

am = m_ 2L (eq.11)
&'y ;

For a receiving element dAr, within the solid angle
dw, the dependence on source distance and beam direction is
the same as for a small surface source, dAr=-r2.dw/éoseg and

therefore the amount of deposit received from a point source
is ‘

dM‘ Mé

———-—~—~200se (8g.12)
dAr iMr ‘

The receiving element of uniform deposit is thus a
sphere with the point source in the center so that cos6=1

and r=®§j.

These above exXpressions represent: the idealized be-
haviour. In practice however, it is found that the emission
patterns of many useful sources deviate from the idealized
behaviour. The causes of such modified emission patterns are
collisions of evaporated molecules'among each other and with
the walls constituting vart of the source. The mathematical
formulation of modified emission laws has often been attempt-
ed but is difficult, and the resulting expressions apply only
to effusion cells with well-defined orifices,

Normally, the substrates are planar and parallel +to
the plane of the emitting surface. The mass received at a
point on the substrate defined in terms of r,?, 0 is given



by equations 9 and 12. To convert maés into film thic kness
d, one may visualize the small mass er occupying a volume
of dAr.d. If ¢ is the density of -the film material, then

d-"-""_'];' . .‘_a-_l\l'I_r (eq.13)

¢ dAr

For a plane-parallel receiver at a distance h from
the source, the angle of incidence © equals the emission
angle ¥, cosb=cos®=h/r.

< = 0 = o=y dhr

Fig.4

Evaporation onto
“ ]

a plane pazrallel
receiver, -

The evaporation distance r for surface element dAf
varies with the distance L from the center of the substrate
area accOrd%ng %o r2= h2+ 62. Substituting these relations
into egs. 9,12,13 we get%t

For small area source: d= 5 e 55 (eq.14)
T¢ b (1+(8/n)%)

E&e ( )

For the point source: - d= — eq.l5

| 41en? (1+(e/n)2)3/2 |

!

Iince both sources have infinitesimally small evapora-



tion areas dA,, the evaporated mass M_, and hence d, too,
are differential guantities. Without assuming that egs. 9
-and 12 also apply for small but finite areas, the emission
characteristics of the two source types may be defined in
terms of the ratio d/do, where d_ is the center thickness
at l=o. This leads to

For small ares source: %—=~[1+(%)2]_2 (eg.16)
)
For the point source: %—=:[l+(%92]~3/2 (eq.17)

0



Iv. DE?CSITION MONITORING AND CONTROL

The objective in vacuum evaporation is nearly always
to obtain films to certain specifications. If the latter
pertain to film properties which are primarily extensive
such as thickness or sheet resistance it is sufficient to
determine when the accumulated deposit has reached the de-
sired value so that the process can be terminated. However
intensive film properties such as density, resistivity,
stress or crystallinity devpend on the rates at which evapo-
rant and vresidual g2.3 molecules arrive at the substrate.
Tt is therefore often necessary to maintain specified eva-
voration rates., The sensing devices which allow measure-
ments during the evaporation process are referred to as
either thickness or rate monitors. They exploit different
physical effects to determine the density of the evaporant
stream, the mass of the deposit, or a thickness—dependent
film property.

Traditionally, monitoring devices have been const-

1¢

ructed by individual investigations to suit their nartlcular

ourprose. Several types of monitors have become commercially
available during the last few years. Reviews of thickness
and rate<monitors have been given by Steckelmacher(2) and
Behrndt(3).

a) Monitoring of the vapor stream.

There are two methods of measuring the density of the

evanorant strddm.

- Tonization-Gauge rate monitors: The vapor molecules
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are ionized by collisions with electrons, and the

ions are collected.

- Particle-impinghent rate monitors:z It is based
on measuring the dynamic force which impinging
particles exert on a.surface.

b) Monitoring of the deposited mass,

Mass sensing devices may be used for all evaporant
materials, TheyIOperate either by determining the weight of
the deposit, or by detecting the change in oscillating
frequency of a small quartz crystal on which the evaporant
condenses,

i) Microbalances: Instruments suitable for the
gravimetric determination of small quantities
of mass. Their design may be based on different
principles such as the elongation of a thin
gquartz-fiber helix, the torsion of a wire, or
the deflexion of a pivot mounted beam(4).

ii) Crystal oscillators:: The use of crystal oscillaw-
tors to determine small quantities of deposited
matter was first explored by Sauerbrey(5-6) and
Lostis(7). The +transducers required to monitor
film thickness are of relatively simple construc-
tion and about as sensitive as microbalances while
practically unaffected by mechanical shocks and
external vibrations.

Theréfore.crystal oscillators have recieved much
interest dﬁring the last years and are currently the most
widely used means for moniforing film depositions. The
crystal oscillator monitor utilizes the piezo-electric pro-
perties of quartz. A thin crystal wafer is contacted on
its two surfaces and made part of an oscillator cireuit,



The ac field induces thiéhess—shear oscillations in the

crystal whose resonance frequency is inversely proportional
to the wafer thickness dq, .

f=- —.b-- e (eq.18)

d
2 q

where Cf‘ is the propagation velocity of the elastic wave
in the direction of thickness. The major surfaces of the
wafer are antinodal.

An important consideration in preparing the quartz
wafer is the temperature dependence of the:resonance fre-
quency. The temperature coefficient of freguency (IGF) of
quartz is related to the elastic constants. It has positive
and negative terms whose magnitudes depend on the direction
of the vibration with respect to the natural crystal axes.
Since frequency changes résulting from temperature fluctua-
tions. affected the accuracy of mass determinations, the
quartz crystals are cut in an orientation where the TCF
terms compensate each other. The orientation is designed as
an AT cut and is used in all thickness monitors. The tempe-—
rature dependence'of the TCF for a number of AT crystals of
slightly different orientation has been measured by Phelps
(8). Fig.5 shows the function for a cut made at 35°20'. The
TCF reaches zero at about 30°C:and remains smaller than
i5.10—6/deg in a temperature interval of about +30°C,
Changes,in the cutting angle of only 10' shift the tempe-
rature of zero TCF by as much as 50°C and also narrow the
interval of small TICF values.

7 The cutting angles generally preferred are between
35010' and 35Q20'. The resonance frequencies for thickness-—
shear mode oscillations of AT crystals'are given by

- N | | (eq.19)

20
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where N& l.67x106Hz mm,

N

- W

~ 3o -

T 2

:;\ ° T?lg.ﬁ

= lo .

<

r o

g e Freouency chanse vs.,

o

W ’?' ' tamnerature for an
~JO - .
o e A A e AT crystal cut at

-bo -4 -20 © o Ho 6o  Bo w0 120 . 35020'

Tem\;grg "D“L (o C“

If a small W™ is added to either one or both sides
of the wafey it may be assumed that the original crystal
surfaces remain antinodes of vibration. Hence the deposit
affects the resonance freaguency only through its mass where-
as material specific properties such as density or elastic
constants are inconsequential. The effect of mass loading
6n the freauency may be derived by differentiating eq.l9
with respect to dq and substituting the added increment of
quartz AdQ by an identical mass &M of foreign matter and
different +thickness df(G). An alternative derivation was
given by Stockbridge(3) who applied perturbation analysis
to a resonating plate and obtained_essentially the same
relation:

. 1 A . .
cp T AW KRAW (eq.20)
W, A g dl A |
2a “m %% “nm

where Q is the density oquuartz(Z 65gr/cm3) K=1 is a
eonstant which depends on the distribution of deposit over
the monitor area-A. The latter should be the total surface
area of the wafer. However, if the electrodes applied to the
wafer, cover only part of the crystal surface, as is often
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the case, then Am is to be taken as the electrode area. It
has been shown that oscillations outside the electrode area

are negligible and deposits there contribute only 1% to the
- frequency change Af (6).

The proportionality factor in eq.20 is called the
mass determination sensitivity of the crystal.

£ N 2 ‘
Ce= = = — Hz cm®/gr. (eq.21)
N-Qq Qad

As shown in Fig.6 the thinner crystals with the high-

er resonance frequencies give larger frequency changes per -
deposited mass per unit area.

10 T T T T r——

Fig.6 J

Resonance frequencﬁ
and mass—determin&—ﬁ
tion zensitivity oﬂ
AT crystals ns func
tion of wafer thick
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MASS DETERMINATION SENSITIVITY Gy (Hz per10"8gem %)
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QUARTZ THICKNESS {mm)

y

Hence, in the interest of sensitivity, the crystal
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wafdrs should be made as thin as their fragility permits.
There is however, another limitation. The relationship -
between Af and AM ceases to be linear if the thickness of
the deposited mass is no longer small compared with the
wafer thickness. Estimates as to how far linearity may be
assumed without committing significant errors vary from
Afmax=0.5% (3) to 5% (2) of the initial frequency fqe v
Althoug the maximum permissible freauency change is larger
for the thinner crystals, the mass Which causes this Afma

is greater for the less sensitive(thicker) crystals, as
shown in Fig.7. B

X

. 20
{1.8
n
E —
= by
= 40 116 %
o o
£ -2 A
a L4 < Fig.'?
z -5407&f% 2 Jlaximum Treocusncy
5 110 9 chenge and mass
e henge 2na mass
(] (23 .
3 0l log & loading for AT
ul = 5
i - crvstals as func=<. -
= =5-10"3¢ . 406 > ..
2 Bfmax °o ! = tiop of wafer
== N D, DO PPN > )
% 10 404 3 thickness,
= ' .
H 10.2,

HER I 1 ) 0 : _
02z 04 06 ‘08 10 12 14 16 18
" ' QUARTZ THICKNESS (mm)

Crystals of about 0.3 mm thickness with initial fre-
quencies of 5 to 6 MHz are generally considered to offer the
best compromise between high sensitivity -and high mass load-
ing capacity.

The mass frequency equation 20 has repeatedly been
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verified by control experiments with microbalances. Eschbach
and Kruidhof (10) obtained an experimental value of Ce which
agreed within 0.4% with the valué derived from the material
parameters of auartz. It is therefore not necessary to
calibrate monitor wafers empirically, but the temperature

of the crystal should be taken into account. Empirical values
of f for S5MHz crystals range from 50 to 100 KHz, which

is equlvalent to deposits of 1 to 2 mg/cm2 (10,11,12).
corresponding maximum thickness

“r 8
d= AWM 10 2

] Ap

(eq.22)

varies from 5000 to 50.000 % depending on the denéity. of
the film material.

The crystals used in deposition monitors are either
circular or aguare platelets of typically 13-14 mm size.
They are mounted in holders which prevent them from shifting
position, yet allow easy removal and replacement. '

Although AT cut wafers have the smallest possible tem-
perature coefficient of frequency, it is still necessary to
protect the crystal against temperature changes due to ra-
diation from the source and heat of condensation. Therefore.
the crystal housing is usually water cooled and forms a ra-
diation shield which surrounds the entire crystal except
for the deposition area. The heat received by this necessa-
rily exposed area still causes temperature increases of

“several degrees with ensuring frequency changes of 10 +o
100 Hz.(11,12,13); which are equivalent to mass 6ﬁanges of

10~7 o 1076 gr/cmz. The effect can be minimized by using
a small entrance aperture but is not negligible when making
precision measurements,



Classically, the instrumentation required to operaf;
a monitor consists basically of an oscillator and a suitable
frequency meter., The common practice is to use a reference
oscillator, with 2 fixed frequency and to generate a diffe-
rence Prequency. The latter is mixed again with the signal
from a variable freacuency generator as shown in Fig.8. The
advantage of this arrangement is that it permits operation
in the most sensitive frequency range regardless of the film
thickness accumulated on the crystal. The output signal is

in the audio-frequency range and - drives the counter cir-
cuit,.

oMz
ol
hb:scﬂlalw
15t At gg and 2nd ¢ Pulse
miver | Soc-tee mixer O-150 K2 . S[:"" ing 3
 kH? Liming
‘ , : 4
6.5 ﬂH;_ \Varfab le ' ' Tre?ugw},
bk "} C Soo~KkHE Sift meter
oscillalor | oxillalor ‘ (0.0)

Fig.8 Block diagram’of a typical film thickness
~moni tor,

In practice, the accuracy of cryétal oscillator mo-
nitor is determined by the stability of the oscillator

i TNIVERSITESI KOTUPHANES
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circuit. If a frequency change of 1Hz in a S5MHz oscillator
can be detected the correspordlng sensitivity is about

2 .10 gr/cm .

Ordinarily, the stability of classical circuits is
only of the order of 10 to 100 Hz/h. Thus the practical

mass detection limit is 10~ to 10~ gr/cm2(14)

Fig.9 Quartz Crystal with AT cut wafer

26
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PART B

THE DIGITAL APPROACH

1. INTRODUCTION

In crystal thickness monitors and rate controllers,
a quartz crystai forms a part of the resonant circuit of a
crystal controlled oscillator. The change in freouency of
this oscillator due to the deposition on the crystal is
usually measured by measuring the change in the frequency
between this oscillator, and a second, reference oscillator.
The change in beat freauency is detected quantitatively and
manipulated to display the deposit thickness directly. But
two difficulties are experienced with this type of monitor.

Since the difference between two oscillators is the
quantity measured, the reference oscillator must be stable
enough to introduce negligible error in the difference mea-
surement. As the difference frequency is usually small
compared to the oscillator freguency, this places strict
requirements on the oscillator stability. Furthermore, it
is deslirable to set the output of the monitor to "zero" at
the start of a deposition; and this is often done by adjust-
ing the reference oscillator frequency. As the crystal os-

_ cillator frequency becomés progresi#ely'less with successive
vapor depositions, this frequency maching becomes increasing-
ly difficult to achieve by simple means, while'maintaining
reference oscillator stability.

In the system prOpoéed, a reference oscillator was
eliminated by the use of a resettable fréquency Memory.
Elaborate beating and filtering methods were avoided by a
straightforward digital subtraction of frequencies. No fur-



ther calibration or manipulation was necessary to read the
change in frequency. The integrated circuits uséd in the
monitor and rate controller were -commonly available in the
market. The freauency of the gquartz crystal oscillator
could be ready at any time, and hence the freaguency could
be followed as successive films were deposited. Furthermore
the system being completely digital, the rate control unit
can be operated in connection to a2 microprocessor for more
sophisticated control.systems, as well as it can function
independently.

30
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IT. SYSTEM PRESENTATION

~

The blok diagram of the orovnosed system is given in
Fig.l . It mainly consists of. two parts:
- deposition monitoring
- evaporation rate control

Deposition monitoring is based on the idea of measur-
ing the actual frequency of the monitoring oscillator direct-
ly with a digital frequency meter'and then subtracting it - -
from the initial frequency in order to get the frequency dif-
ference, to determine the thickness of the deposited material.
. The final value is then displayed up to seven digits. This
process ia renewed at every two seconds.

Evaporation rate control is based on taking the differ-
ence of two consecutive samples of change in frequency within
1, 10, 100 or 1000 seconds and then subtracting it from the
required value or the set value. The error signal thus gene-
rated will then be used +to trigger the triac which controls
the rate of the evaporator source, The phase locked loop andl
voltage controlled oscillatfor is added to the triggering cirs-
cuit in order to provide coheremt operation of the triac with
the mains.
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I, DEPOSITION MONITORING

The deposition is monitored via the change in frequ;
ency on an externall oscillator (variable frequency oscillator),
The data obtained is a seven digit frequency difference,

The block diagram of deposition monitoring system is.
given in Fig.2.

The system consists of two parts.

A- Up/Down frequency counter
-B> Variable frequency oscillator
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A - UP/DOWN FREQUENCY COUNTER

The frequency counter is the.main part of the system.

The deposited mass is monitored through this counter., It
consists of four units., Counter, control, time base and dis-

play units.

Time base provides the reference timing for the func-
tioning  of 21l units. The control unit generates the neces -
sary signals to the counter. The actual frequency or the
change in frequency is then displayed to outside world in
seven digit form via the display unit.

The circuit is as shown below:

Youitoc's  Oscillatef

{
Coutrol Dwik

SE— .
— i

Covwree,

Co n*fol
éidue‘s
1 Display

Time. BDase

Fig.2



i- Counter Unit:
This unit is based on two integrated circuit chips

74192, presettable BCD decade up/down counter and 7475 four
bit transparent latch used as temporary registerss 74192
being a four bit BCD up/down counter contains four master/
slave flip-flops with internal gating and steering logic to
vrovide asynchronous Master Reset and Parallel Load, and
Synchronous Count up and Count down operations.,

As shown in the Fig.3 thn outputs of the 74192 are
tonnected to data inputs of 1° 7475 groupe.

The 7475 when énabled the information present_aﬁtité
data inputs is transferred to its outputs and the information
vresent is stored in the latch when the ensble signal is re-
moved. The outout of the 15% group of 7475 is fed both to the
nd group of 7475 and the 7448's the decoder
driver chips of the display unit. The an 7475 group func-
tions‘és a memory unit, containing the same information du-
ring the hole evaporation process while the 18% 7475 group

data inputs of a 2

renews its information at each step of counting i.e. 2 secs.
Referring to Fig.4 the functioning of this unit is
as follows. During the one second gZating interval, output of -
the variable frequency oscillator is fed to Count Up pin of
the 74192 to count the actual frequency. At the end of this
interval the control unit sends a signal enabllng*lSt and
then the 2" 7475 lateh groups. Accordingly, the counted
frequency is fed to display drivers to be displayed on 7
digits, and is stored in the second group of latches. Then
the Master reset pulse clears the content of the counter
while the displayed information remains as it is. Just one
second after the end of counting, a. new sequence of count-—
ing starts. If the evaporation process have not occured,
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not occured, i.e. the frequency of the external oscillator
did not change, the counter will count for the same number
of times and consequently the display will show the same
information. This process renewing the information in the
an group of latches provides calibrating of the monitor.
 Before starting the evaporation, the counter-should be taken
- in count down mode. This is done by pressing the "actual
freoguency-decrease in fregquency" button. The 74192 will now
function in count down mode. The initial frequency counted
and stored in 2nd group of 7475's during count up or calib-
rate models now transferred to 74192 by signaling its
Parallel Load pin. The data present at the output of the 2nd
group of latches is now transferred to the outputs of +the
counter chips and it will count now downwards during the same
interval of 1 sec. If the external oscillator frequency did
not changed, i.e. no deposition occured, the final display -
will be zero. If deposition occurred, due to the decrease in
freaguency of the oscillator circuit, the counter will count
less than the initial calibrating frequency, and the differ-
ence will remain in the counter at the end of counting inter-
‘val, thus that data will be displayed. In count down mode the
2nd group of latches are never enabled, so that the initial
frequency is kept in the memory +ill the end of the evapora-
tion vmrocess,in order to be used, parallel loading the 74192
at every 2 seconds. Once the count down mode is activated it
procesds till the end of the evaporation, displaying at every
2 seconds the difference between the initial and the actual
frequency. ‘

UP COUNT MODE POWAN COUNT MoDE
— 1o — 1 |
n [ X] ' n £}

I | =
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ii— Control Unit:

; This unit is based on 7473 Dual JK flip-flop,
74123 Dual Monostable Multivibrator and 7400 quad nand gate
chips to provide the control signals, namely: Count Up,
Count Down, Parallel Load, Clear, Enable Latch for the
counter unit,'The circuit is shown in Fig. 5.

The first flip+¥lop works in toggle mode. The 1
sec clock input produces precisely alsquare pulse of 2 secs
period, The 1 second long 1 level interval counting opera—~
tion is performed by the counters., According to the switch
position the Q and § outputs of the second flip-flop are
nanded with the oscillator and with the output of the 15%
flip~-flop produce count up or count down pulses., The circuit
is so arranged that while one count is counting the other
is in high logic.

The falling edge of the square pulse produced by the
st
1

flip~flop triggers a chain of monostable multivibrator.
Just at the end of up counting both group--of latches are e- ;

nabled and the counters are then cleared by the clegr pulse.

If the unit is in count down mode, only the first enable and f
parallel load signals are produced. / |

The resistor and capacitor values for the monostable
multivibrators are so chosen that the timing pulses obey to
the specifications of the chips. ’
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iii- Time Base

This unit is the reference point of the counter. I%
consists of a crystal controlled astable multivibrator and a
chain of BCD counters. |

As shown in the Fig. 6 the N1 and N2 nand gates
form the astable multivibrator, the frequency of which is
controlled by the 100 MHz Quartz Crystal. This_oscillator
circuit has to be very stable and accurate because all the
measuremants that we have made were based on its frequency.
The other two nand gates N3 and N4 are used to amplify and .
shape the oscillator output to a clear scuare wave, This
square wave of frequency equal to the one of the quartz, i.e.
1.0 MHz, is then divided by 10 several times in order to/get
100 XKHz, 10 KHz, 1 ¥Hz, 100 Hz, 10 Hz and finally 1 Hz.

7490, the 4 bit ripple type decade counter is best
suited for this dividing process. It has two sections pro-
viding divide by two and divide by 5 functions. To obtain
divide by 10, the divide by 2 output is externa}ly connec—
ted to divide by 5 input. | |
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iv- Display unit

This unit is based on the 7448 BCD to seven-segment
decoder driver. It accepts four bit 3CD input and produces
appropriate outputs for selection of segments in a seven-seg-
“ment matrix displmy used for representing the decimal number
"Q-9", The seven outputs a,b,c,d,e,f,g of the decoder select
the corresponding ;egments in the matrix as shown below:

Fige 7

The connection diagram is shown below.
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B - VARTABLE FREQUENCY OSCTLLATOR —~

The monitoring crystal forms the heart of this oscil-
lator. The evaporated material deposited on the crystal,
causes a shift in its frequency thus,of the oscillator.

Physically the monitor oscillator should be as com—
pact as possible in order to be installed into the vacuim
chamber. : 3

The electronic circuit of the variable freguency
oscillator is just like the oscillator circuit of the time
base circuit. The frequency of the astable multivibrator is
controlled by the quartz cryétal.

The circuit is shown below.
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1IV. EVAPORATION RATE CONTROL -

Once evaporation is started, gzenerally it is required
to have a constant amount of material evaporated and deposit—
ed during constant intervals of time. Therefore it is worthy
to monitor the changes in decrease of the frequency.’This
decrease of the frequency in a certain amount of time inter-
val can be desired to have some different levels for differ-
ent evaporant material and also for different experimental
purposes. A set value input is then needed to provide to ‘the

system the required level,

The evaporation rate controller consists basically of
a "change in the rate of the frequency change" detector and'
a suitably varying evaporator's supply unit.

The system is designed in such a way that, the evapo-
ration rate can be controlled for O up to 255 Hz decrease of
frequency within 1-10-100 or 1000 second intervals, fhe
system can be locked at any value between 0-255 Hz per time
interval, and continues the process from there on.

0-255 Hz data is inputed to the system in binary form
eithef by schitches or by interfacing to a microprocessor,
programmed accordingly. The time interval is selec?ed from a
group of push-botton on the panel of the system.

i



A - FREQUENCY’ CHANGE DETECTOR
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This detector used for.rate control of the evapo-
rator consists mainly of four units. Counter, control, error

display and Arithmetic Logic Unit,

The counter unit counts the difference in frequ-
ency for the selected time interval. Arithmetic Logic Uhit
takes the difference between this actual value and the requ-
ired value generating an error signsl. This error is diSplay~
ed in eight bit binary form. A1l timing and control signals
for the proper functionimg of this frequency change detector
is generated by the control unit.

Moni For's Oscillater
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Fig.10
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i~ Counter, control, time base unit -
This unit is based on the counting operation of the
74169 four bit presettable modulo 16, binary up/down counter,
7473 dual JK flip-flop, 74121 monostable multivibrator and
7475 four bit transparent latch were used in collaboration
with 74169 for time interval select, generation of control

signals and temporary memory purposes resnectlvely. The cir-
cuit is shown in Fig. 12, -

The functionning of this unit can be exnlalned as
fallows referring to the timimg diagram. '

time 5e£¢_;t__r 1 f 1 | ~ | | [ | [ ‘ J ]

st Plip Plop count up cour Ydlown ccuntvp |
2ed flip flep [ L T

enable Qa“ch . l l

poré“c’ load

Pig.1l = Timing
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The 10 Hz signal received from the main time base is
divided into 5 to get a 2 Hz signal, This furthermore is di-
vided three times into 10 inorder .to get 0.2, 0,02, 0,002 H=z
signals, The required value is fed +to the clock input of one
of the JK flip-flops by selecting the necessary switch, This
flip-flop functioning in toggle mode provides the coynt e-
nable (CET) signal for the 74169. The second flip-flop cas-
cades to the first,vsimilarly provides count up/count down.
signal (U/D). The rising edge of the CET while U/D is Tow
i,e. the down counting terminated tfiggers the first mono-
stable multivibrator, 74121 producing a pulse in order +o
enable the latches, T475's that will store the data (the dif-
ference in frequency_for the selected time interval) fempo-‘
rarily.

The falling edge of this pulse, then triggers the se-
cond. multivibrator, which producés the parallel load pulse
for the 74169. This pulse permits the counter to *take in the
data oresent to its déta pins., As all data pins are connected |
to ground 0.0.0.0 is inputted. This clears the contents of
the counter and makes it ready for the next: counting opers-
tion. ' : a ’ |
The terminal count pin (TC) of the least significant
counter is cormected to count enable (CEP) pin of the next
significant counter. All binary counting is done on eight
bit. In fact the individual count up and count down process-—
es may require up to 225= 10 MHz, 25 bits because the count-: -
ing frequency is in order of MHz but since we need the diff-
erence in frequency and this value is of the order of 0~255
H2; 8 bit counting of least significant digits were enocugh
for our purposes. ' |
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ii~ Arithmetic Logic Unit and Brror display
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This unit is based on the 74181 ALU chip. Although
this powerfull chip can do 16 arithmetic and 16 logic opera-
tions, it is used only for subtracting purposes.The required

" rgte of change of frequehcy " yvalue is inputted to side A
.of ALU and the counted " actual rate of change of frequency"
value is inputted to side By

Selecting the
function by connecting
and M, function select

chip in order to produce A minus B
low, high, high, low, low to S3Sésiso
and mode select inputs, respectively,

we get the desired difference. This value actually is the
deviation of the actual rate from the reguired rate. This
eight bit error signal will +then be used in the feedback

loop of the rate controller, as well as it can be seen in

binary form on the error display.

The connection of the ALU to outside world =2nd %o

the counter is shown below.
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B - PROPORTIONAL OR MICROPROCESSOR COMPATIBLE
RATE CONTROL UNIT

The provortional or miéroprocessor compatible
rate control unit is the feedback path of the evaporator.
Either the error signal or the set value signal is fed to
the comparator which decides the phase angle of the con— .
ducting part of the triac,

In proportional control mode the magni tude of
the error directly drives the conduction angle. If the de-
vice is operating in external control or microprocessor \
control mode, the conduction angle is decided by the 8 bit
digital set value input. If all bits are zero the evapora-
tor will receive full current. If all bits are one the eva-
@orator w'ont receive any current. If an accordingly prog-
rammed microprocessor of 8 bit output port could be comnec-
ted to the set value input perfect control on vpower could
be obtained. |
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i- Phase Lock Loop(PLL) and vCo

The  PLL consists of a phase comparator, a voltage

controlled oscillator and a low pass filter, all arranged as
showvm in Pig.1l6

o< A
1 + teQuency in

m

Phase Loop
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ror
volld
34 out,%a

Fig,16

In operation, the VCO oscillates at a freouency deter-
minsd by an external RC network. This frequency is apvplied to
one input of the vhase comparztor. An external signal apnlied
to the second input of the phase comwnarator causes i+t *to ge-
‘nerate an error voltage Ef, whose magnitude is provportional
to the difference between the external source and VCO fre-

f

auencies,

» The low pass loop filter smooths the pulsaiing. error
voltage into a dc level which is then applied to the control
inout of the VCO. The VCO resvonds to the error voltage by
mounting‘its frequency of oscillation toward that of the in-
put signal. This capture process continues until the VCO
freguency equals the input freauency. When this occurs, the
PLL is said to be locked or vhase is locked to the input
signal.

‘Then *r2 PLL is locked to +the input frequency, the VCO
automatically tracks any changes in the input frequency that
fall within a window called the lock range. The lock range is
always greater than the capture range. The band frequencies
over which the PLL can hunt for and capture an incoming sigmal.



Although}ﬁhe loop filter is essential for proper ope-
ration of the PLL, its time constant limits the sveed with

which the system can track
It also limits the capture
filter helps vnrevent noise
loop operation. The éharge

changes in the input freguency.
range. On the other hand the loop
voltage from adversly affecting
stored in the loop filter's capa-

citor helps the aquick recapture of a signal temporarily lost
because of noise spike or other transients.

Let Gin be the vhase angle of the input signal,
- and ‘ '

a7

veo be the phase angle of the VCO output.

)
The phase of the VCO output being proportional to the
error voltage with a proportionality constant kvco’ '

- (eq.1l )

The phase comparator itself producing an error voltage \
F N - {

B

pronortional to the difference in phase with-a proportion-

d
ality constent kpc’
- -0 ea.
By= kpc°(gin gvco) , | (ea.2 ) |
Hence Oyeo ) _ Koo ¥perF(s) (eae3 ) |
Oin(s) s+ kvco.kpc.F(s)

F(s) being the loop filter's transfer function for

the simple\RC, By o__AAAA__:IT_o E; network.
R C.
' 1
P ‘ LP

——
- -

- B
F(s)=

1

L+sTy

=

£ (eq.4 )
By R |
.G 1

where Ti= R ,
1 lpp e o |



Therefore ' Ovco(s) _ kvco'd kpc/t
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v(eq. 5)

1
: - 2
Oin(s) s“+s/ Ty+ kvco'kpc/ Ty
hence the damping factor
1 1/2 ,
g =% ( ) (ea. 6)
kV"O'l.{pC'-Cl
and the ﬁatural 'frequencies
k. k. 1/2 |
W = ( veo ' foe ) (eqs7 )

From these ecuations we can see that large time cons-
tants reduce the damping factor and decrease the stanility.

If the loop filisx is improved by adding a damping

resistor Ed O NN g0

- R
R““LP C?LP
T “LP
_ Ef s(‘Cl + ‘62)
ﬁ(s) = e— 'G‘-
Eg 1+s8 %

ovco(s) kvco.kné(Cl+'C2).(’l+sC2)

1+ k K. o G

O‘in(s) 2y veo'Tpc® 72 Vst kvco'k'gc "
| (T, + Ty) (Ty+ Ty)
¢ Evco¥pe (E
kvco'kpc -Cl+ ‘62
o Koo Foe 1%
w_ = ( )
o C,+ C:

(eq.8)

(ea.9 )

(eq. 10y

(eq. 11)
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Nominal values for RlLP’ RZLP and CLP the elements of
the LP filters are around 470K, 47K and O.1 F respectively.,

On the other hand the center frequency of the VGO is
determined by the capaeitor and one or two resistors., TIf
only Rlvco is used, the VCO freguency can be varied from OHz
to a maximum frequency given by

f = (ea.12)

max Rl (Gl + 32pF)

veco veco

Resistor R2vco is included when it is desirable +to
move the minimum frequency above OHz. The minimum frequency

resultlnﬁ from the inclusion of this offset re51stor R2 co

is given by . : o

| 1
f . = (erl3)
min _ -
B2, 0o (CL_ + 32pF)
When szco is used the maximum VCO frequency is found
by adding fmin to fmax of previous eguation.

The output frecuency of the VCO is requested to be
25600 Hz in ordef +to drive the counter-dividing circuit. If
50 Hz signal is taken in as input %o PLL, the 9 bit counter
dividing 25600 Hz to 2°= 512 will produce a 50 Hz signal
tha% will be in phase with the input signal. '
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In a2ddition the input signal, i.e. 50 HZz. mains supply
is fed to PLL through a comparator LM741 which detects the
zero crossings of the mains-sine wave and produce a square
wave- as shown in Fig.18.
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ii- Counter unit
As the main purpose of using PLL is to keep contfol
over the phase even if the mains frequency changes the idea
will be able to find its true value only when the 512 steps
of the counter falls exactly within one period of the mains

supply.

14040, 12 bit counter is used in order to produce
the 512 steps. The VCO output providing 25600 HZ. whén the
mains frequency is 50 Hz., drives the count input of the
counter., As within one period of the mains there falls 512
steps, the resolution .i.e, the minimum interval that can be.

differentiated from another is of an angle of 0.7°.

=30 _0,7° per step.
512

If a resolution dlfferant than O, 7 per step is reoqu-
1red the VCO center frequency can be adjusted accordlngly.
256 or 1024 steps within one period will require 12800 or
51200 Hz. respectively yielding a resolution of 1.4° or 0.35°

per step.

;‘ - 255 ey 155

Figl.l9

If the 25600 Hz clock signal was not received from the
VCO' in connection with PLL but from another constant source,
the variation in the mains frequency will produce some dis-—
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orders as shown in the Fig,20,

i 255 58

Fig.20

~
I

We can explain this process as fallowss:

, Assuming that the mains frequency has falled to 45 Hz
the duration of the half cycle will be now 11l.1 msec., while
it was exactly 10.1 msec. for 50 Hz. Por this 1.1l msec extra
time interval the counter still will continue to cdunt and
will go out of its range of 256 units per half cycle. To
correct this, the count pulses to the counter input should
have now a frequency of 23040 Hz instead of 25600 Hz, so that
the latter can count only 256 steps within the new period.

The MC14040, 12 bit counter unit is shown in Fig.2l.
The unused Qg’ QlO’ Qll outputs are left open.
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iii- The comparator

The error signsl obtained from the arithmetic logic
unit by taking the difference of the actual " rate of change
in frequency" and the required value forms one of the inputs
to the comparator. The other input to the comparator is pro-
vided through the phase locked loop and eight bit counter.
The control action is directly proportional to the error
signal.

The comparator chip is the MC14585., Two of them is
used in order to get eight bit of data comparison. The output
of the comparator being in less than, equal, greater than
form, the edqual or greater than output is used. This signal
is fed to SCR triggering circuit. ' ‘

As seen in Fig.22 an output pulse is obtained from the
comparator for each half cycle of the main supply. The delay j
of this pulse is directly related to the error signal,
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iv— SCR trigger unit

The power that will be fed to the evaporator is
controlled by this unit, The comparator output signal de-
termines the triggering instant of the triac.

As shown in Fig.23 below the comparator output
provides sufficient current to the opto coupler. The photo
transistor within the opto coupler will in turn cause the
darlington transistor point to turn off, so th 18t very little
current flows through the bridge circuit. In effect the
bridge circuit no longer forms a "shori" between points A&
B, so that voltage bétween these points can rise above the
zener voltage determined by D5 and D6. Depending on the
vhase of the mains-voltage,‘one,of.ihese diodes will be for-
wared biased. The triac now will receive gate current, so it
turns on switching on the load. If the LED in the opto coup-
ler is not driven, the photo transistor will turn off. As
the voltage between points A and B rises after a zero cros-
sing of the mains, T1 will now turn on. This limits the
voltage to two diode drops, two base emitter drops and sa-
turation voltage of Tl; 3 volts in all, Therefore the zeners
can nat conduct, the load is switched off.

Loap

Fig.23 Triac trigger unit
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MANUFACTURER:

Ancillary units

Remote crystal holder, parforated optic
transmission shields, DDS digital dial set

point

‘Rate controller
prograimmer

Airco Temescal , Balzers Edwards High Vacuum | Kronos
Model no. . DTM-321 QSG201 . FTM2 - FTM2D QM 300 series
Mode! number of crystal SHO-321 QsK 211, 181, 221, 113, 114 ’ FTT4,5,6
Range .
Total frequency shift 1 MH2z 0-30 kHz
Number of ranges 2 . 6 . 10 4 3
Frequency shift to produce : calibrated in A, 100,
FSD for each 300, 1000, 3000, 10 000
Sensitivity: frequency shift per for densities 1 to 10 g/cm?
. g loading '
Stability: frequency shift per hour 5 Hz
Accuracy 0-05% . 1 2% FSD +0-1% of full scale plus
_ - resolution
Qutput indication Digital Meter Digital Analogue or digita!
Output signal 10 mV to recorder 0-5V 0-5V A:0-5V
‘ D: Butfered 5 V four digit
. parallel 8421 BCO code
“Ancillary units UHYV crystal holder,
additional oscillator,
; process terminator, source
currant stabilizer
MANUFACTURER: Sloan Ultek Varian
Modal no. 200 DTM-4 DDM 985-7001, to 985-7013 988-0900
Model number of crystal Monoprobe 985-7150, 985-7151, 988-0907
985-7152
Range .
Total frequency shift 0-100 kHz 1 mHz 0-300 kHz
Number of ranges 3 5 3 6
Frequency shift-to produce Calibrated in k& 10 1,3, 10, 30, 100, 300 kHz
~FsD for each . 100, 1000 ,
Sensitivity: frequency shift per 20Hz "
ug loading ) )
Stability: frequency shift per hour ' 8Hz - 1% 10-5
Accuracy ’ £2% FS 0-01% 12% .
Output indication Digital Digital Linear
Output signal Recorder 0-5 v Recorder 0-4-5 V 0-10vV

100 mn
\

Note: 1A = 01 1 kA
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2.2.12 Rate meters

MANUFACTURER: Airco Temescal Balzers Edwards High Vacuum | Electrotech

Model no. DPC-333 QRG 201A Deposition ratemaster P1401 ’
Associated thickness monitor DTM321 QSG-201 FTM2, FTM2D P1001

model number .

Ranges 3; 0-0-3, 0-1, 0-3%/s

Output signals 0-10V 10 mV-100 mV of sélected thickness 0-10V

Ancillary units

PCM 341 Multi-material

recorder connections

down to 0-005A/s .

A

Programmable power supply -

programmer P2101 for evaporation source

P
MANUFACTURER: Kronos . . ‘Sloan Ultek
Model no. R1100 R0O200 DRC - DDM -
Associated thickness monitor QM300 or ADS200 ‘QM300 or ADS200 DTM4 - '
model number ’ . o \ :
Ranges 3, 0-20, 0-200, 0-2000, Als 3, 0-20, 0-200, 0-2000 Als 10-300.Hz/s
Output signals Analogue 0-5 V Analogue 0-5 V 0-9 V recorder
Ancillary units :

MANUFACTURER: V'_arian
Model no. 985.7014 . 988-0901
Associated thickness monitor 988-0900

model number
Ranges
Output signals

Ancillary units

985-7001 to 985-7009, 985-7011

0-0001, 0-1, 1, 10% FSD
0--10V

Programmer

18 ranges, 10,000 Hz/s Lo

0--9V, 0-~100 mV "

Deposition controller, signal'amplifier

. 7"
b
j
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Note: 1 & = 0-1 nm; t kA = 100 nm = 0-1 um.
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