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ABSTRACT 

A thin film thickness monitor has been designed and 

constructed ba sed on the "ma ss loading" effect of a resonant 

quartz crystal. A 6.o Yiliz Y-cu t crystal, having a theoretical 

"ma ss determination sensitivity" of 8.15 x 107 Hz. - cm2/ gm , 

serves as the sensor element. This sensitivity ca n be close

ly approached in practice if the entire active area of the 

quartz pla te is exposed to the evaporant stream. However , due 

to source, substrate and crys tal geometry the "effective" sen

sitivity of t he monitor is only o.433 of the above value. 

Both f ilm thickness and deposition rate c an ue mea

sured by the monitor in terms of equivalent frequency changes . 

The actual thic kness and r a tes depend upon t he density of t h e 

evaporant. In the ca se of silver (density 10.5 gm/cm3), the 

moni tor measures average thicknesses from severa.l R to 1.36 

microns in one single deposition. Each crystal can be used 

to monitor a total of 4.5 microns of silver before repl a cement . 

Deposition r a tes for silver can be measured from as low as 

O.l lVsec. to 1360 ~/sec. 

By combining the thickness monitor with apparatus for 

controlled evaporation, a system was set up which can control 

film thickne ss to within 2% and deposition rate to within 5%. 

(111) 
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SCOPE OF CONTENTS: 


In t h is t hesis the theory, design and performance 

of a n i nstrument using a resonating quartz crystal to mea

sure the thickness and deposition rate of in vacuo deposited 

f ilms is described. The relationship between the chane:e in 

f requency of the quartz crystal and the deposi'ted film thic k

ne s s is d erived. The sensitivity of the crystal, as well as 

t h e eff ect of the source evapora tion chara cteristic a nd the 

source, s ub strate a nd crystal geometry are investigated. The 

des i gn of t he electronic circuitry of the instrument is des

cribed in some deta il. The integration of this instrument 

with appropria te control equipment to set up a system for 

controlled rate and thickness is then described and the per

fo r rnance of this system experimentally evaluated. 
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CHAPTER 1 


1.1 Introduction 

It has been well established that the f ormation a nd 

s tructure of in vacuu~ de posited thin films are very much 

deperide nt on the deposition parameters . Since t i.1 e forma tion 

a nd resulting structure of the films determine to a large 

e x tent the physical properties they will possess, these 

properties will t hen largely be determined by the same de

position pararneter E. It is therefore importan t t hat as many 

of these parameters a s possible be under close control during 

t he deposition if vacuum deposited thin films are to be made 

reproducible in every respect. 

The i mportant parameters which largely determine t h e 

f or mation and structure of a thin film and hence its proper

ties are as follows: 

--nature and part ial pressure of the residual ga ses 

of the atmosphere in which films are deposited 

--surfa ce conditions and nature of substrate 

--substrate tempera ture 

--rate of deposition and hence rate of evaporation 

--final film thickness. 

All the above parameters, with the excep tion of rate 

of deposition and film thic kness , are independent of the pro

ce ss of laying down t he film a nd can be selected or adjusted 

1 
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as desired p rior to evap ora ti on. However, t he bes t c on

trol over the r a t e of dep osition and fina l film t hickness 

is obtained by monitorin8 t hese parameters durine deposi

tion. Conse quently, a sy s tem which permits a simultaneous · 

measurement of rate of depo s ition and t h ickness is a neces

s ity if thin fil ms with reproducib le characteri s tics a re to 

be made. 

The effect of t h e deposition parameters on the growth 

a nd s tructure of thin fi lms has been well investigated a nd 

1 2d e scribed. ' In particular, the rate of dep osition of 

ma terial on the substra te and the substra te tempera ture com

b ine to have a p ronounced effect on thin film structure. 

At low deposition r a tes, initial film formation or 

nucleation is low, and condensed mobile atoms have a lonf 

me an free time before reaching a l a ttice site. This results 

i n l a r e e d iameter crys tallites with definite preference for 

t h o se crystalloc r aphic orientations representing the lowes t 

f re e ene r gy. The film a ppears ' roue h and granular. Increased 

d epos i tion rates result in a decrease in average crys tallite 

s ize until at high r ates mobile condensed atoms become buried 

before rea ching appropriate l a ttice sites resulting in com

pletely amorphous but smooth films. 

Substrate temperature is importan t since it affects 

the surface mobility of condensed atoms. In general the size 

o f the crystal lites increase s and the number of defects de

cre a ses as the surfa ce mobility of condensed atoms increase s 
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with temperature. 

Knowledge of the thickness of a film is desire-

able since the r esis t ance of a given film, for example, is 

dependent on t he cross-sectiona l a r ea . Additiona l a f fe cts . 

in resistance occurs when the film thic kness become s com

parable wi th the mean free path of the conduction electrons. 

FUrthermore, very thin films consist of small isolated is

l and s of condensed material and consequently may be elec

trically discontinuous. 

From a practical viewpoint, knowledge of film thick

nes s is essential in the production of tnin fil m r es istors 

and capa citors for micro-e+ectronic circuits where cornpo

nent values a re determined by physical siz.e a nd by s heet 

resis tivity and dielectric thickness respectively. 

1.2 Me thods of Measuring Thin Film Rate and Thic kness 

Since t he rate of deposition a nd final film thick

ne ss are desirable properties to know about a deposited 

f i lm , a number of methods for meas~ring t h em have been 

devised. 

Optical method s of measuring thin film thicknes s 

a r e a mong the most common. Either a multiple beam inter
3

ferome ter can be used for direct measurement, or thickness 

can be o btained from measurements of the reflectance or 

transmittance properties of the film using a modulated 
4 

lie:ht beam photome.ter. The latter are especially useful 
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for producin5 t h in fil m optica l f i lters. 

Me chanic a l meth od s for n:.easuring fil m thic kn e s s in-

elude the use of some form of microbalance used eith er in

s i de or outside the vacuum apparatus. Average thickne ss of 

the film is calculated by dividing the total mass of t h e film 

by area of deposition a nd density. Corrections, however, 

have to be made for differences between thin film and bulk 

density. 

Meth ods t hat measure t h e rate of deposition provide 

a n a dvanta ce, since in addition to rate, film thickness can 

pe o btained by a suitable integration technique. Mechanical-

l y a measure of deposition rate can be obtained t y measuring 

t he impact on a light metal vane exposed to a portion of the 
5 

e vaporant stream. Rate of evaporant flow and hence deposi

t ion can also be measured by ionizing a portion of the evapo

r ant vapour stream. The r e sul t ine ion current is a measure 
6,7 

of the evaporation rate. 

A completely different method of measuring film thick-

n e ss and ra~e deposition is achiev~d by using a resonating 
8,9 

qua rtz _crystal vibrating in a particular mode. When the 

v i brating surface of the quartz crystal is exposed to the 

v a pour stream, and the material allowed to condense t h e fre

qu ency of resonance decreases linearly with the a mount of 

ma ss deposit s d on the crystal surface. The rate of change 

of frequency (Hz./sec.) provides a measure of the rate of 

deposition. The total change in frequency (Hz.) provides 
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a mEa.sure of t he mass deposited from which film t hickness 

ca n be o L~ tained . 

Since the quartz crystal me thod me a s ures de posited 

ma ss , perhaps a mo re appropria te measure of t ne de posited 
2

film would be its surface dens ity ( gm./c m. ). Indeed this 

is a rr.ore meaningful term when very th in fil ms, consist ing 

of isolating islands a r e deposited. However, t he change in 

r esonant frequency c a n a l s o be c a libra ted in t er ms of thick

ness (angstroms) by comparison with thickness measurements 

made on the film, for example, by a multiple-beam inter

ferome ter. 

The qua rtz crystal "mass loadinE technique" of mea

suring deposition r a te and film thickness, althouEh less 

direct t han some of t he other methods ind ica ted above, has 

a number of definite advantages. Firstly, it ·combines high 

s ensitivity with oper a tional simplicity as compared to, say, 

in vacuo microbalances. Secondly, it provides s ignal s of 

both film thic kne ss and depos ition rate and hence c an be used 

for t he automatic control of these parameters. Finally, it 

has also found application in other area s of study as,for 

example, in studies of surface contamination in vacuum sys
10,11

te rns or gas sorption by evaporated films. 
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1.3 Scope of Thesis 

The purp ose of this thesis is to describe the 

developme nt of a thin film t hickness and deposition r a te 

monitor based on the mass loading effect of a re s onating 

quartz crystal. This mon itor is to be used to prepa re con

trolled . r a te and thickness deposited thin films ma de ln. 

y a cuo using r e sistance heated sourc e s. 

Since t he quartz crystal is the heart of t h e moni

tor the parameters which de termi ne the sensitivity and a c

curacy of this sensor are discussed. The rela t ionship a nd 

l inearity be t ween d e p osited ma ss and resultant _frequency 

chang e a re presen ted. In addition the effect of the t ype 

of evapora nt source, as well as the ge ome try of source, sub

s t r a te a nd c rys t al p ositions a re a lso discu s sed. 

The complete electronic system for measur ing the 

change and r a t e of change of · fre quency wa s designed and con

structed. Aspects of this design a nd the electronic circuitry 

a re discussed in some detail. 

To get meaningful results, the completed monitor was 

f irst calibr a ted to provide a ccurate me~ surements of chang e 

and r a te of chang e of t he resonant frequency of the quartz 

crystal. A series of depo sitions with silver were then made 

to calibrate these frequency measurements in terms of Ang

strom and Angs trom/sec. respectively. 

Finally the monitor was integr a ted with appropriate 

control circuitry to comp l ete a system for controlled rate 
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and t h ic kn e ss deposition. Some e xa mples of controlled 

d e p o s it i on s ob tained with this system are s h own a nd dis

cussed . 



CHAPTER 2 

Theory of Quartz Crystal Sensor 

2 .1 Introduction 

The heart of the thin film rate and thickne ss 

monitor to b e descri bed is t h e resonatine quarti crystal 

s ensor. Since t h e freque ncy c h ange of the sensor d ue to 

ma s s loading is l a r gely determined by the properties of t h e 

c rystal, some understanding of t h e s e properties is required 

to ob tain optimum performance. The purpose of this chapter 

then is to discuss the basic operation of the quartz crystal 

sensor, as well as the sensitivity of this operation to the 

parameters of the quartz crystal and the ambient conditions. 

2 . 2 Some properties of Crystalline Quartz , Plates 

The material from which the resonating crystal is 

cut is crystalline silicon dioxide. The idealized appearance 

o f such a quartz crystal is shown in Figure 2.1 below. In 

t h i s figure, the z or optical axis is an axis of threefold 

symmetry i.e. any property measured at a particular point has 

t h e same value at a point + 120 degrees about the z axis. 

Furthermore, quartz has an anisotropic structure; therefore, 

its physical properties are functions of the direction in 

8 
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wh ich t he se properties are considered. 

The most important c h ara cteristic of quartz, however, 

i s i t s piezoelectric property. Because of this property, 

a n ele ctric field applied perpendicular to a plate of quartz 

cause s it to underg o mechanical deformation. The deformation 

in turn gives rise to an electric potential. In this manner 

t h e quartz plate can be made to vibrate mec hanically at a 

frequency which is a function of the physical properties of 

t h e quartz as well as the g eometrical dimensions. 

Depending on the shape of the quartz plate, kind of 

cut, and manner of ex~itation, a number of modes of vibra

12tion are possible. The vibrational mode of crystals used 

as mass or thickness sensors e mploy the thicl{ness shear mode 

of oscillation. This is shown dia Eramatically in Figure 2.2. 

I n t h is mode of oscillation the crystal faces slide in 

pa rallel but opposite directions, forming a node in the centre 

p l ane and antinodes on the surface.· To. prevent the presence 

of unwanted modes of vibration the crystal plates are cut to 

s p ecific dimensions. Dimensional ratios can be ob tained for 

wh ich only the main mode exists for a large frequency range 

on either side of 
. . 13 

the main fre quency. 

The ang les of cut of particular interest in the pre

s e nt application are the special Y-cuts which make various 

a ngles with respect to the z axis as shown in Figure 2.3. 

The various cuts aim at obtaining desired properties for the 
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Idealized Appearance of Natural Quartz Crysta l. 
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Shea r Thickness Mode of Oscillation of Quartz Crystal . 
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resonating c rystals . A zero t empera ture c oefficient of 

fr equency a nd thickness shea r mode of oscilla t i on a r e the 

present requirement s . The AT cu t with an angl e of 35° 15 1 

with re spect to t he z ax is and the BT cut of angle -49° de

grees have these propert ies . 

The effect of temperature for AT and BT cuts is sh ovm 

by t he curve s in Figure 2.4. AT cut curves follow a general

ly cubic law while BT cuts follow a generally parabolic l aw . 

Since the AT cut h a s a zero tempera ture coeffi cient of fre

quency over the r ange -5 to +55 degrees centigrade, it is the 

mos t frequ ently used crysta l cut for mass , or thicknes s moni

taring purposes . 

2. 3 	 Natural Frequency of Resonance of Quartz Plate 

For a quartz crystal of either AT or BT cut resona

t ing in a t h ickness shear mode the frequency of resonance 

byl2
i s g i ven 

Eqn . 2.1 

wh ere n is the harmonic order, d the thickness of quartz 

pl a te, c the shear elastic stiffness constant, and Pq the 

d ensity of quartz. Calling 

! {C = N 
2 ~ P:i 

t h en f = -N . 	 Eqn. 2.2 
d 
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Figure 2.3 
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Figure 2.4 Temperature coefficien t of frequency of Y-cut 
qua rtz crystals. 
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For an AT cut crysta l N=l670 KHz/mm, whereas for a BT cut 

crysta l N=2500 KHz/mm . 

2 .4 Theory of Ma ss Loading of Resonant Crystal 

As shown in Figure 2.2, a quartz plate oscil la ting in 

the thickness shear mode forms antinodes at its surfa ces. It 
8

has been found by Sauerbrey that when a small amount of mas s 

is deposited on either of t h ese antinoda·l surfaces the frequency 

of v ibr a tion of the crystal is d ecreased. Since the mater~al 

is d e posited on the antinodal surfaces, it will effect the 

frequency insofar as it ha s inertial mass. Provided the amount 

of mass added is small compared to the mass of th e crysta l the 

r e sulta nt ch ang e in frequency is independent of t he elastic 

c onstant of the added material . 

The rela tionship between decrease in frequency of the 

r esonating cry stal and added mass can best be derived by using 
14 

p erturbation analysis. 

If the inertia or the elastic stiffness of a mechanical

+Yvibrating system are chane ed by a small amount, the resonant 

f r e quency f 0, n is perturbed according to 

(:l. + ~Cnn/Cn)f 2 = f 2 Eqn. 2.3n o,n ( 1 + .6ann;an) 

where fn is the perturbed frequency, f is the unperturbedo,n 

f requency, and C and a are coeff icients in quadratic expan

15
sion for the potential and kinetic energ ies of the system. 
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If the added ma ss i s s mall compared to the total 

ma ss of the crystal and if it is added to an antinode of 

vibration , then we ca n assun:e it stores kine tic enere:y 

only . Hence t h e potential term e.cnn= o. Substituting 

in equa tion 2 . 3, then 

Eqn. 2.4 

When adding perturbing mass to a r e sonant plate t he co-· 

efficients in equation 2.4 becomes 

2
an• '.',;1-t u A ann = ~to-( u ( d 

2 
)
2 

) dAdV, 

where <5'" i s the mass added per unit area , d the thickness of 

vibra ting quartz plate, U the velocity of plate at any point , 

V the volume of pla te in motion, A the area of plate in 

motion , and Pq t he density of t he quartz. 

The above integrals cannot be evaluated, for the 

foll owing reasons : 

--the perturbing ma ss may not be added uniformly 

over the antinodal surface 

--a rea over which mass is added may not coincide 

with A, the active area of the crystal 

--the variation of displacement throughout the 

volume of the crystal is not known. 

To account for the above portions of the integrals t hat 
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canno t be p e rformed three c onstants k1 , k2 , k3 are i ntroduced . 

Thus Equation 2 .4 be c ome s 

f 2 2 1n f n ,o 
1- lqm k2k32 ' Eqn . 2.5 

A Pqd 

where m i s t h e tota l mass a dded to the crysta l. If t he c r y stal 

i s to oper a te in the funda mental mode n-o and hence t h e change 

in frequ ency is 

f 0KmA f _ ( f - fo) ~  • Eqn. 2.6
dpqA 

Since i n e qua tion 2.6 k1,k2, and k3 are not individually known 

they have been rep laced by one con stant K. Substituting 

e qua t ion 2.2 for d in the above e quation the final result 

is obtained, namely 

2 
6f. - f o Km Eqn. 2.7- . 

N· Pq A 

Equa tion 2.7 ind icate s t be rela tionsh i p between the 

d ecrea s e in fr e quency a nd t h e ma s s added to the crystal sur

f a c e. The term r§K is known as t h e "ma ss determina tion sen-
P N 8 

s i tiv ity11 in the ~iterature. The a ggrega te f a ctor K is 

un i ty or near uni ty when th e a dded ma ss is di s tri buted uni
8,14

f orrnly ove r t he e n tire a ctive area o f t h e crysta l. 
. r2 

0 ' 
With K taken as unity t h e f a ctor Cf ~N is defined 

Pq 
a s t he t h eoretical sensitivity. It c a n be calcula ted from 
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the crystal parameters since f 0, Pq and N are known. Now 

from equation 2.8 Cr is proportional to the square of the 

resonating frequency. Hence quartz crystals with higher re

sonant frequencies can measure smaller amounts of mass. To 

illustrate this a number of values of Cr for AT-cut crystals 

of different f 
0 

are shown in the table below. (The density 

of quartz is taken to be 2.65 g/cm3.) 

TABLE 1 

Mass.Determination Sensitivity for various Resonant Frequencies 

fo, MHz Cr, Hz-cm2/e;m Am, gm/cm2 At, i,4\f:l Hz) 

1 2.26 x 106 4.42 x lo-7 4.42 

6 8.15 x 107 1.23 x io-8 1.23 

10 2.26 x io8 4.42 x io-9 o.442 

In the present application of the quartz crystal sen

sor the desired pa·rameter to be measured is film thickness. 

This can be obtained from Equation 2.7 by using the relation-
m 

ship A = Pmt where m is the added mass, A the area of deposi

t ion, Pm the density of the material and the average film 

t h1ckness. Then 

Np \6fl 
t= q = Eqn. 2.82 


f o K Pm 


Column 4 in Table 1 gives the equivalent thickness in Ang

stroms of a deposited film for a change of frequency of l Hz 

a nd a unity density material for several values of f • 
0 
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2.5 Li nearity Between Mass and Frequency Change 

The re lationship between ma ss deposited on the quartz 

crysta l and change in resonant frequency of the crys tal is. 

not linea r . This is due to t he fact t ha t t he ma ss determi

nation sensitivity of Cr is p roportional to r
0 
2. Now with con

tinued dep osition on the crystal , its resonant fre quency de

creases and hence Cr decreases . Th erefore, for e qual incre

ments in r e sonant frequency, increasing increments of mass 

must be added. When measuring film thickness ,films of in

creas ing thickness are obta ined for equal and consecut i ve in

crement s of frequency change . 

It may be desirable to know the error in a film thick

ne ss due to this non-line arity. However , a more useful result 

i s to calculate the total change i~ resonant fre quency per

missible for a certain s pecified error in f il~ t h ic kness, 

say 1%. In order to find t hi s permissible c han e e in fre

quency Cf in Equation 2.8 is al lowed to become a variable, 

·a nd 	 integration with respect to f carr i ed out. If the ini

tial and final frequencies are and f 2 then the correspondingf 1 

f i lm thickness is 

t: K'A'f Eqn. 2.9 r 
f 2 f1 

Th e ideal thickness predicted by Equation 2.8 is 

K'A'f 
t r= 

f ~ 

The fractional error between tr and tr is given by 

tr-tr
€ :---.-

tr 	 Eqn. 2.10 
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Since both D.f = f 0 -f2 and A' f·f1-f2 are small 

c ompared to f 0, then 

E = (2-k) D.f Eqn . 2.11 
f o 

6.'fI n Equation 2 .11 k= and has the r ange 0 < k ~ 1 since 
6f 

t he chane;e in frequency b..1 f due to a deposition cannot be 

greater t han the total in resonant fr equency. 

Re•.vriting Equation 2.11 the permissible chanee in 

r esonant frequency of t he quartz crystal from f 0 for a speci

f ied error is given by 

Af = Eqn. 2.12 
(2-k) 

Equation 2.12 sta tes that for a 1% deviation in film thickness 

and k << 1 the permissible value of Af is' 1/2% of f • If k ~ 1 
0 

then the permissible D.f if 1% of f 0. Table 2 below shows the 

permissible cnange in resonant frequency for a 1% deviation of 

film thickness and k L..< 1 for a number of frequencies. 

TABLE 2 

Permissible Frequency and Thickness Chane:es for a 1% Error 
2 

f o Hz. f p Hz. gm/cm t · Rp 

1.0 x io6 
5.0 x 103 2.23 x lo-3 2.23 x io5 

6.o x 106 3.0 x 104 3.63 x io-4 3. 63 x io4 

1.0 x 107 5.0 x 104 2.23 x lo-4 2.23 x 104 . 
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From Table 1 it is s e e n t ha t t he sensitivity o f a 

crysta l to film thickness increases as the square of the 

resonant frequency. However, Tab le 2 shows that t he total 

p ermissible thickness (for a given error) that c an be 

mea sured by the crys tal decrea ses with frequency. Conse

quently , a compromise must be made between sensitivity and 

crystal life. This will depend largely on the application. 

Of course, the crystal c an be used beyond the per

mi ssible t% limit of by sacrificing accuracy in filmf 0 

t h ickness. The other alternative is to calibr a te t he chanee 

in frequ ency of t he crysta l in terms of film thickness over 

the entire useful r ange. 

Eve n if larr er errors i n mea suring film thickness 

we re tolerable or calibra t ion is employed, the crys tal c an 

n o t be used indefinitely. There will come a p oint when t he 

l oadin3 of t h e crys t al will be sufficiently l a r g e to r e duce 

t he a mplitude of o scillation beyond the me a surable level 

or the oscillations may stop comple tely. When this occurs 

a new crystal is re quired or t he deposit can be removed and 

the cleaned c rystal used again. 

2.6 Factors Affecting the Stability of t h e Resonant Frequency 

During a deposition the frequency of the oscillating 

crystal can be affected by a number of other factors besides 

condensing matter. These chang es in frequency result in an 

error in the frequency chane:e due to added mass. Some of 
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the c irnnges can be corrected for while others can not . 

The significance of this error is to introduce an error 

in t he ma ss per a rea r a tio or aver.?,ge filn; thic kness mea

surement . Furthermore , they impose a l imit on t he accura cy 

with which t he chane;e in frequency can be mea sured by the 

as sociated electronic circuitry. Some of t he se sour c e s of 

crystal fre quency instabil ity are due to t he physical pro

perti e s of t he quartz crys t al , while others a re due to t he 

e lectronic measur ing c ircuits. 

One of t he largest errors is due to temper a ture changes 

of the quartz crystal during deposition since t he frequency is 

temperature dependent as ind icated in section 2.2 above. For

tunately , t his effect can be · reduced by choosing a crys t a l 

cut havine t he s malles t tempera ture coefficient of frequency 

(TCF) over the range of temper a ture which t h e crystal i s like

ly to experience. As indicated in the above section, the 

best crys t a l cut for measuring thin film thickne ss is the 

AT cu t with angle of 35° 15 
I 

since it has a zero TC F over the 

range -5° to 55°c. 

Since the crystal must be exposed to a hot evaporant 

beam in order to measure mass , some heating is unavoidabl e . 

The amount of radiant heating fro m the source can be reduc ed 

h owever, by appropriate heat shielding to permit only a wide 

enough beam sufficient for measuring purposes. If, however, 

very small fre quency change s are to be measured accurately, 

t hen a water or oil cooled crystal holder can be employed.9,l6 

/ 
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Alternatively , by monitorine t he cha nf e in t empera ture of 

the crysta l correct i ons due to heating can be made . 

A fre quency tran sient a l s o oc curs when the crys tal 

is subjected to sudden t emperature chane:e s .9 The transient 

is caused by a rela xa tion of an interfacial stress between 
17

the vapour'plated electrodes and the quartz surface. 

One me t h od of reducing t his transient is to use parallel · 
18

field e xcitation. There is however, no permanent chan~e 

in fre quency due to t his effect after cooling the crys t al 

to its orie i nal tempera ture. 

The crystal mounting can also affect the resonant 

f requency insofa r as the leads attached to the electrodes 

can t ake part in the vibration. However, crystals oscillating 

in t he t h ic kne ss shear mode are designed , to have lit t le or 

no vibration at the edges. He nce edge mounting has little 

ef f ect on eithe r crystal act i vity or frequency. 

Variations in gas pressure also affect crysta l 

frequency. Typically the larf est cha nge occurs during 

evacuation of the vacuum chamber. During evaporation at 
6

hi gh vacuum {lo- torr) pressure variations of several 

or de rs have neglig ible effect on fre quency and can t here

fo r e . be neglected. 17 

It is also possible that the more the resona nt 

fre quency due to de posited matter on the crystal deviates 

fro m its orig inal frequency, oscillations in other than 

the shear mode may become possible or even preferable. 



22 

Whe n t h is occurs the fre --; uency may jump ap;Jrec iably or 

oscil l a tions may c ea se completely . The crystal may os

ci l ~ a te ae:ain however when the thickne s s shear mode again 
19 

bec omes the preferable mode . 

The frequency of the crystal is also a f fected by 

parame ter changes in the oscillator circuit as well as the 
9 

a ffiplitude of the oscilla tor drive level. Below 5 M.Hz. 

instability due to amplitude is negligible compared to 

phase changes. Phase instability arises from .variations 

in any component in the oscillator feedback loop. One 

p ossi c le source is the parallel capacitance of the crystal 

h older and conductor leads which shunt t he crystal. 

2 .7 Importance of source, Substrate and Crystal Geometry 
on Thickness Ivieasurements 

When the substrate upo n which the t h in film is to 

be deposited is not the same distance from the source as 

the monitoring crystal, then t h e thickness deposited on 

the substrate is not t he · sa me as t h e thickness on the 

crystal. This difference is also affected by the type of 

evaporant source, since the source determines the spatial 

distribution of the evapora ting atoms or molecules. Both 

of these factors must be taken into account to relate the 

thickness, as measured by the cr; stal, to the actual film 

t h ickness on the substrate. 

One of the most common sources used in vacuum eva

porations is the dimpled foil boat. Evaporation from this 



23 

source occurs from t he small dimple on the upp er side of 
20 

the foll. I t has been shown by Knudsen that fo r this 

source, the amount of ma ss evaporated in a c e rtain direct

tion per second is a function of the cosine of the emission 

anf le ¢. ¢ is t h e ang le between the direction under con

slderation and the normal to t he source surface as shown 

in Figure 2.5. 

Suppose m g rams of a material have been evap orated 

from a surface source. Followin g the cosine law, the 

.amount of material dm evapora ted from this source through 

a solid angle d w is 

dm !!! cos¢ dw Eqn. 2.13 
1t 

The monitoring crystal i s located at a di stance r cm. from 

t he source and inclined a t an angle e to the incident vapour 

s tream. If t he area of condensa tion for the crystal is 

dSx, then t h e ?Olid a ngle subtended by this area is 

dto = cosg dSx Eqn. 2.14 
r2 

Th e amount of material deposited on the crystal is t h ere-

f ore 

dm - __..!!!. cos¢ cosg dSx Eqn. 2.15 
~ ~ 

I f t he density of the deposited mater ial ls p gm /cm2 

t h en dm = pdSxtx, where tx is the average t h ic kne s s of the 

f i lm on the crystal. Substituting for dm in Equation 2.15 
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quartz crys tal 

substra te 
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r 
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Figure 2.5 


Source, substrate and crystal geometry 
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then 

t 
x = 

m 
T(p 

cos ¢ cos 
r2 

e Eqn. 2.16 

By similar argument the thickness of a film on a 

substrate h cm directly above and parallel to the source is 

t 
s 

m 1 
= np h2 Eqn. 2.17 

Consequently, the relationship between measured thickness 

a nd substrate film thickness is 

Eqn . 2 . 18h
2 

cos ¢ cos Q 

Equation 2 . 18 holds true only for a directed surface source. 

For a point source, radiating uniformly in all directions 

cos ¢ and cos e are both zero and Equation 2 . 18 reduces to 

Eqn. 2 . 19 

For tungsten conical basket sources or emission through 

apertures, the s patial distribution of evaporated atoms 
21is best found e mpirically . 

2.8 Uniformity of Film Thickpess over Substrate Surface 

The thickness of a film evaporated on a plane 

pa rallel substra te from a simple source , such as a d~mpled 

f o il., is not uniform . This is due to the combined effect 

of spatial distribution of atoms being some function of 

the emission angle and the angle between the substrate 
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no r ma l and t he evapora nt stre3m . 

For t he dimpled foil El' ource for which Knudsen's 

c os i ne l a w holds, it can be shovm that t 8 , the t h iclrness 

of t he f ilm anywhere ,on the s ubstrate, is related to tso• 

the t h ickne ss of t h e fil m at a point directly above t he 

s ource, by 

ta 1 Eqn. 2.20 
tao - (.1-t- ( s/h )2 ]a. 

I n t his equa tion h is t h e source to substra te distance 

a nd ~ the horizontal distance from any point on the sub

s tra te to t h e centre point of the substrate loc a ted di

rectly a bove the source. 

Equation 2.20 indicates t hat lines of constant 

f ilm t hi ckne ss are concentric c i rcles centred on the 

su bstra te centre. Also film thickness decreases from 

t h e cen tre of the substrate to the per·iphery. In order 

to e et nea rly uniform thin f il rr. s over the entire sub

s tra te surfa ce, the ratio a/h must be made s mal l com-

par ed to unity . If s/h cannot be made sufficiently small, 
22

t hen more elaborate sources must be employed. 



CHAPTER 3 

Design, De s cription, and Construction of Thin Film Monitoring 
Apf~ara tus and Control System. 

3.1 Introduction 

In the last chapter the basic characteristics of a 

quartz crystal thickness to fr e quency transducer were dis

cussed. However, in order to take full advantage of these 

fe a ture s, instrumentation to measure the change and rate of 

c han ge of frequency easily and accurately is re quired. In 

this chapter one approach to this problem is outlined. A 

general outline of the proposed thickness monitor is first 

e lven a nd .then the circuitry discussed in detail. The 

construction of a prototype instrument is described. This 

instrument provides the signals for a complete c ontrolled 

thin film de p osition system. 

3.2 Design Objectives for Thickne ss Monitor 

The thickness a nd rate monitor is to be used for 

Eeneral deposition studies of thin film electronic d evices. 

This application requires an instrument which gives good 

accura cy in the thickness measurements without de manding 

strin~ent operating conditions or great skill on the part 

27 
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of t he opera tor . An i 11s trun~en t designed a round a. quartz 

crystal sensor fulfills thes e requirements well. In add i

tion , it is sens it ive on ly to the mass of the evapora ted 

material; t h erefore, t he deposition of a wide variety of 

ma terials can be monitored. 

The selection of the fundamental resonant frequency 

of t he quartz crystal involve s a compromise between two 

des irable features. In practice, it would be advan

tageous to corr.ti ne hi gh crystal sensitivity with longes t 

possible crystal life. Howe ver, as s h own in Table 1 page 16, 

s ensitivity increa ses as the square of the r e sonant frequency, 

while on t h e other hand crystal life for a given percen t 

e rror decreases linearly with increasing fre quency. Thia 

is shown in Table 2 page 18. For the present application, 

a resonant fre quency comb ining " medium" sensitivity with 

l onees t possible crystal lifetime seems t h e best compro

mls e . 

Although quartz crystals op erating in the r ange from 

one to four.teen me gah ertz have been used for thin film rr..ea
8 

s u r ement appl ications, fi ve to six me5ahertz p rovides a 

be t ter compromise between sensitivity and useful cry stal 
23 

li f e. Since six megahertz AT-cut crystals were rea dily 

available from a local supplier, t h is fr equency was there

fore chosen. A six me eahertz crystal has a thickness of 

0.28 cm; t h erefore, it is also more easily handled during 

moun ting and cleaning procedures. 
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The electronic circuitry of the thic knt- ss monitor 

must pe r f orm a num ~er of functions. Most important, it 

must n:easur e ac curately the c hanr::e s in crystal frequency 

due to de position. Since t hese changes are r e latively 

s ma ll, it is convenient to compare the monitor fre quency 

with a reference frequency to obtain a more mana f eable in

termedia t e frequency ( I.F. ). A stable variable oscillator 

ca n then be us ed to beat a e·a i nst the first I. F. to drive 

a counter circuit directly. The advantage of such a system 

is t hat when it is used with a multi -ran eed pulse-analog 

c ounter, it ca n always be set back to its mos t sensitive 
24. 

r a nge. To obtain versatility the thickness rronitor coun

t er should have both meter and chart recorder readout fa

c ilitie s. In addition, it should also provide analog 

outputs for both thickne s s and rate depositon · control. Final-

l y while performing thes e functions the instrument should be 

ru r:: ged and reasonably simple to t1se. 

3 .3 outline of Proposed Thickness Monitor 

The outline of the proposed film thickness monitor 

based on the previous considerations is shown in block dia

gram form in figure 3.1. The monitoring crystal has an 

i nitial resonant frequency of six megahertz . The signal 

from this crystal is mixed with a reference fre quency of 

6.5 rnee;ahertz to provide a first I.F. of 0.5 megahertz 

having an increasing frequency with de positon characteristic. 
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TI1 i s signa l i s mixed with a sienal fr om t he v a riab l e occ ll

l a t or t unabl e over t he antic ipa t ed r an ee of t he f i r s t I . F . 

f r equency . TI1 is p r ov id e s a sec ond I . F . alD o ha v ine a n in

c 1·easine frequ e ncy with de p os it ion characte ri s tic. The 

v a riabl e o s c illator is tune d t o t he f i r s t I. F . ~t t he beg in

nine: of a typ ica l dep os it i on . Th u s t he sec ond I.F. is initial

ly zero and incre a se s with de p osition providing a signa l 

p ropor ti ona l to t h e t h ic kne ss of t he dep osit on t he mon i

t or i n E· c r y stal . 

Afte r fil tering and a mplif i c a tion, t h e s e c on d I. F . 

i s app li ed to a Schmitt tr ige:e r, which s quare s up t he wav e 

f o rm to provid e shar p lea ding ede e s f or t he di ff eren tia ting 

cir cuit t ha t follows . The voltage s p ilrns from t h e output of 

t h i s circuit tri2re r a mono s t a ble multivi br a tor wh ich p r o

v i de s c o nstan t are a p ul ses fo r a n i n t e f r a tin e circuit. Analog 

r e a dout i s p rov ided by a d i r ect current millia mrneter c a l i 

br~ted in h ertz. By di f f erentia ting the analog t h ickne ss 

signal by a simple RC opera tion a l t ype differentiator, a sig

n a l prop or t i onal to t he r a t e of c h a ng e of fre quency is ob t a in

e d and mea sured by a rn icroammeter. As indic a ted in the dia

g r a m DC voltages p roportional to thickness and rate of depo

s it ion a re a vailable for controlled evaporation. 

3.4 Details of · the Quartz Crystal Sensor Head 

The quartz crystal is the heart of the thickne ss 
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and rate monitor ; it is ffiount e d insid e t he vacuum coa tine 

chamber and e xposed to a portion of the evaporant streo. m. 

The shape of t he a ctua l cry s t a l c an be e ithe r 

square or round. The square crysta l s us ed were 12.7 mm 

to the side ; the round ones have approximately a similar 

diameter . Gold e l e ctrodes a re evaporated on both fl a t su r

fa c es . Contact to t h ese is made by spring clips wh ich are 

soldered to t wo rigid mounting p ins. These also serve as 

electrical conductors to supp ort the crystal. The se details 

a re shown in Fif ure 3.2 below. 

/ 

--- Sprine: Clip 

0.635 cm Dia. Apertur e 
Gold Electrode 
( o. 5 c rn Dia . ) 

Cover 

--- Mounting Pins 

( a ) Quartz Crystal Se n sor (b) Crystal cover 

Figure 3.2 

De tails of Quartz Crystal Mounting and Metal Cover. 
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A me t a l cov e r with a 0.25 inche s (.635 cm) a perture 

is pla c e d over t h e mounted crys tal a nd spot soldered to the 

ba se. With the cover in position the 0.25 in. dia. hole is 

centered directly over the gold electrode . Since the aperture 

is slightly larger than the diameter of the gold electrode, 

the a ctive a rea of the crystal is adequately covered. The 

use of the metal cover assures t hat always the s ame area of 

t h e crystal is covered durine deposition . Critical crystal 

a l i gnment now become s unnecessary since the diameter of the 

e v a pora nt stre ~m imping ing on the metal cover is larger than 

t h e 0.25 inches. The covered crystal is inserted into a 

h older wh ich is surrounded by radiation shields for protec 

tion a Eai nst e xcessive heating. The evaporan t stream rea c h es 

t h e quartz crystals through a series of h oles in this shield

ing . Consequently, total shielding is not possible. The 

sh ielding however, helps to assure that frequency changes of 

the crystal due to temperature are now small compared to 

ch anges due to deposited ma t ter. 

Connection between the crystal pins and the oscillator 

a re made by heavy guage co pper wire . As a result the resis

t a nce between crystal and oscillator is kept small. Also 

t he rig idity of the wire prevents changes in the parallel 

c a pacitance across the crystal. Both of these factors help 

improve oscillator frequency stability. 
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3. 5 Pract i c a l Des i r n Considera tions of t h e Os ci lla tors 

As shown in t h e bl oc k diagram Figu r e 3 .1 , t h e 

monitor e mploys thr ee osc i l la t ors to o u t ain a sig nal fr equenc y 

outpu t with an increa s inE fre quenc y with mass d e position 

characteristic. To desig n t h ese osc illa t ors, gene r alized 

. d 25,26,27
t wo por t network t he ory wa s e mpl oye • From t h is 

·ana l ysis t he c ondition for o scillat i ons a nd t h e r e sonating 

f re quenc y c an be ob t a ined . Th is a nalysis assume s l i n ear 

opera tion even t h ough s e l f -sustained oscillation indica t es 

n onl ine a r ope r a tion. Con sequently, preliminary design cal

cula t i on s p rov ide only approx i ma te values and final design 

pa rame t e r s a r e ob t a i ned by experime n t a l adjustments. 

The t wo i mporta n t considera tions in designing t h e 

t h r ee osc illat ors i s to ob tain adequate signal amp litude 

a nd g ood fr e que ncy stability ~ The la t ter is es s ent i al if 

the e r r or i n measuring t h e fre quency cha ng e of t h e monitor 

c rys t a l i s t o be kept to a minimu m. Th e situation i s a g3r a 

va t ed by t h e f a ct t ha t s mall diff erences bet~e en rela tively 

l a r g e numbers are being me a sure d. Since both the moni tor 

a nd r e ference os cillators p os s e s s t h e stability . assoc iated 

wi t h qua rt z crysta ls, t h e ma in s ource of frequency drift 

will be d ue to t h e v a riable osc i l lator. Therefore, extra 

steps ne ed to be taken to assure the stability of this 

o s c i l lator. 

In a ny oscillator, changes in fre quency are caused 

by c hane:e s in the parameters of either t h e active or the 
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pa s s ive de vic e s. Changes in the former c a use a c ha nge in the 

phas e s h ift of the amplifier portion of t h e oscilla tor. In 

eith er ca s e t he f e edback network h a s to provide an equal and 

opposite phase shift to keep the total phase shift of the 

oscillator loop e qual to zero. This is achieved by a change 

in the fre quency of the oscillator. Optimum frequency sta

bility is obtained when the ph ase shift chaEges in the ampli

fier are a minimum and the phase shift of the feedback net

work with respect to frequency is a maximum. 

A number of steps were taken to achieve fre quency 

s tability. The internal parameters of a transistor stage, 

f or example, are depend~nt on its quiescent operating point , 

which in turn is a function of temperature and supply voltage. 

Therefore, the operating point must be held fixed by proper 

b ias desi gn and stabilized supply voltages. Transistor para

meter chanEeS due to load \vere minimized by the use of emitter 

f ollower buff e r sta ge s . The use of low input and output ad-

mi ttances in the feedback network reduces the influence of the 

input and output admittances of t h e transistor on fre quency. 

Finally, circuit arrangements as , for example, the Clapp os

cillator ~an be employed to achieve an improved stability 
28 

characteristic. The stability problem, most difficult to 

cor rect, . arises from the changing of all parameters due to 

dev ice afing. Since short term stability is the prime concern 

in this application, the effect of device aging on fre quency 

stability c a n be completely neg l ected. 
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3 . 6 	 De t a.i l cd Dlscus s lon of T':onito r Circ u i try Osclllo. t or s 
and Intermediate Frequencie s 

The schematic diaf-ram of t he c ompl ete t hin film 

thickn e ss a nd de p os i tion ra t~ monitor are giv en in Figures 

3.3a a nd 3 . 3b. Throuf hout the f ol lowing d iscussion frequen t 

referenc e will be ma de t o t hese diagr ams when discu s s i n g 

device s or c i rcuit f unct i ons. Th e valu e s of t h e comp onents 

a r e spec if ied in Ap pendix 1. 

I n Figure 3.3a both the monitor a nd r e ference o scil

la t or s are ba sic a lly transistorized Colpitts o s cillators with 

the quar t z crys t a ls providing t he feedback. Th e crystals in 

this c irc ui t opera te in the parallel resonant mode a nd a r e 

electrically e quiva lent to an inductance. Design simplicity 

is a chiev ed b y using untun ed collector circuits for transis

t o rs and Ts. This is desirable in the case of the monitorT1 

os c i ll a tor s ince t h e fre quency decreases with continued depo

s i ti on . Since t h e r e s pective fre quencies are close to e:ether, 

the dev i ce values are e s sentially iden tical with t h e exception 

o f t he f eedba c k circuits. In t he monitor o s cillator capaci

t ors and are chosen to provid e strong excitation to susc1 c2 

tain suf ficient amplitude of oscillation during t h e useful 

c rys t a l lifetime. On the other hand c12 and 0 14 of the re

f e r ence os cilla tor are ch osen to p rovide low distortion and 

i ncrea sed frequency stability. 

Loading on both oscillator stages is reduced to a 

minimu~ by em~ ttor follower stages acting as buffers. In 
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t he mon itor oscillator a second e mitte r follower sta f e , 

tra nsistor T3 , is us e d to drive the 10 f eet of 50 oh m co

a x ial cable, wh ich tra n smits t h e signal to the main monitor 

u n it. The c a b le i's termina ted by a match ed resi s tive loa d 

t o r educe signal distortion. The v a riable oscillator is re

quire d to p rovide a zero bea t fr e quency for the f irst I.F. 

Conse quently, it is tuneable ove r the rang e from 0.5 to 

0.7 ~-!.Hz. To achieve the desired fre quency stab ility and 

tuning circuit simplicity, it wa s decided to employ a tran

28 

s i storized Clapp osc i llator. Re ferrin[f to Fi gur~ 3.3a, 

i nducta nce in series with t h e parallel combination ofL3 

C26' 027 1 C2s d e termines . t h e fre quency of osci l lation. c26 

s e ts t h e u pp e r fre quency limit while facilitat e s thec27 

ma in, a nd c2s the fine tuning . To enhance frequency stabili

ty c23 a nd c2s should be of t h e order of 0.002 to 0.005 

29 
rn icrofarads . In t h e pre sent desie n C25 wa s reduc ed to the 

lo wer value of 330 p icofarads since th i s g a ve a more uniform 

ou tput over the tuning rang e. To enhance fre qu ency stability, 

the supp ly voltag e is stabilized by zener diode Z1, and the 

loadine buffered by transistor stages T10 and T11• 

Intermediate Frequencies 

The monitor signal from the coaxial cable is a mplified 

b y tra nsistors T4 and T5 • The output from the latter toe ether 

with t h e r e ference signal are coupled into the base of T6 

throue-h sine:le tuned tra nsformers TRl and TR3. T6 is biased 
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in t he non-l inear region. A difference freque ncy c a n be 

extracted from this circuit because of the n on-linearity be

twe en t he emitter-collector current and t h e base- e mitter v ol

tae e . In a ddition the circuit c an provide gains of 20 to 25 

30db u nder op timum condition s. The first I. F. is selected by 

the tuned output of tra n s former TR2 . The primary of this 

tra n s former has a low loa ded Q to provide the relatively 

'oroad bandwidth o f 0.2 MHz. on a c e ntre fre quency of 0.6 MH z. 

The low Q is ob tained by inserting r e sistors R 57 and R 58 

a cross t he p r imary and secondary coils of TR2. 

To obtain the fre quency to drive the pulse-analog 

c ounte r , the f i r st intermedio. te frequency is mixed with t he 

s i Enal from the va ria ble o s cil la tor by transistor T12• The 

v a riable o s cillator signal is coupled to 'the e mi tter of T12 

t h rough transistors T10, T11 and C30. Resistor R33 provides 

a mplitude control over the signal i nj e cted into the emitter 

~f T12 to adjust t he input level for best conve rsion conduct

anc e. 

The s e lection of t he final di f ference fre quency is 

a chieved by a sixth order low pass Chebyshev filter consist-

i ng of L4, L5 , L6, C331 c34 and c35 • The cutoff frequency of 

this filter is approx i ma tely 150 kHz. Design of this filter 

31 
wa s simplified by using filter design tables. Proper per

f o rmance of the filter requi re s that it be driven by a voltage 

s ource and be terminated by proper input and output impedances. 

Resistor R4l provides the 1000 ohms input impedance, since the 

http:intermedio.te


39 


output i mpedance of T13 is s mall. Similarly sinc e t he 

trans i s tor T14 ha s a high input impedance, the output 

i mpedance of 2000 ohms is provided by t he para llel comb i

na t i on of bia sing Re sis tors R43 a nd R42· 

The combina tion of transistors T14 and T15 forms a 

two stage a mplifier with a lower 3db point of several tens of 

cycles achieved by a large emitter bypass capacitor c • This
36

amplifier boosts the signal to drive the pulse circuit of the 

counter section. Typical output varies from 3 to 5 volts 

peak to peak depending on the signal from the monitor oscil

l a tor. 

In order to minimize interference between high fre

quency sta~es, all circuits are decoupled from the positive 

supply voltage. In addition feedthrougll capacitors, for 

example, c and c reduce the 6. and 6 . 5 MHz signals on
19 39 

t his line . Sensitivity of the circuits due to temperature were 

minimized by exclusive use of NPN silicon transistors and 

proper DC .bias design. 

3 .7 Pulse Analog Frequency Counter 

The frequency of the signal from the arnplication stage 

T14 and T is sufficiently low enough to drive the analog15 
counter directly. As shown in Figure 3.3b this signal drives 

a Schmitt trig[er composed of transistors T1 6 and T17· The 

s quare wave output from this staee is differentiated by an 

RC circuit to obtain trigf er pulses for the monostable multi
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vibra tor tho. t follows. The monos table composed of transis

tors T18 a nd T19 provides pulse s of consta nt dura t ion each 

time it is tr iggered. Ey switching in different tlme con

stants different pulse durations a re possible to accomodate 

aifferent r ange s on one analog r eadout device. Four time c oh

sto.nts are used to provide four frequency ranges . Pul se dura

tion is va riable by using potentiometers for R64 to R67· The 

RC networks are switched into circuit by switch SW 1 which , 

therefore, b ecomes the frequency range selector for the coun

ter. 

Pulse to analog conversion is a chieved by current 

chEtrgine: capa citor 049 through transistors T20 and switchT21 

ing in parallel. With no output from the monostable the two 

transistors are off and 0 is c harEed to the supply voltage.49 
When T20 and T21 are pulsed on,the capacitor discharees through 

t he transistors for the duration they are on. For a given pulse 

d uration , the voltage on the capacitor reaches some direct 

c urrent equilibrium value when the aver2ge cha rging and dis-

char 6 ing r a tes are equa l. The a verage char g ing current is 

therefore directly proportional to the frequency and is measur

ed by meter M1 • Since M h a s a one milliampere d.c. move1 
• 

ment, different frequency r ange s are covered by changing the 

duration that T20 a nd are on. This, as explained, isT21 :· 

d one by the monostable multivibrator; the greater the frequency 

r a nge to be cove red , the shorter the time duration. Using this 

t e chnique M1 covers t he freque ncy r anges of lKHz, 5KHz, lOKHz 
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a nd 50KHz. Ra ng e s witching , a.s indic a ted, is by switch SW 1. 

The total re sistance of meter M and resistors R13 a1 

a nd R73bi s Hdjusted to 5000 ohms. Thus for full scale de

f l e ction of the me ter the volta e-e drop across t h is resis t ance 

i s 5 volts. This voltaEe is availa ble at the rear of the 

moni tor for t hickness control purposes. The voltaee across 

R bis also ma de available for recorder attachment . For full
73

scale deflection of M1 the output across Rr
3

b1s 10 millivolts. 

· 3.8 The 	Rate Circuit 

For a zero to full sc a le deflection of meter M the1 

v olta g e on the capa citor cha nges line a rly from 15 to 10 volts 

i rre e a rdless of the freQuency rane e b e ing covered. Conse

quently, the voltag e on the capacitor c has a n egative ramp
49 


function characteristic with dep osition . By differentiating 


this voltage, a si gnal proportional to r a te of cha ng e of fre


quency and hence r a te of dep osition c a n be obta i ned. 


The s i mp l e st wa y to perform this operat i on is by u s e 


of an RC op era tional differentiator circuit. In Fif ure 3. 3b 


t h e ba sic opera tional differentiator consists of a Philbrick 


t r a nsistorized operational a mplifier 1 Model PP85AU ) comb ined 


. wi th c51 and ~4· c has a value of 10 microfarads and Rr4a

51 

a value of 1.0 meg ohms g iving an RC time constant of 10 seconds.· 

This means that for a ramp voltae e input with slope -0.50 volts/ 

sec. the differentiator output is 5 volts. 

To stabilize the di f ferentiator and reduce its ·sus
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c epti bility to noi s e R74bis ~-. d d ed in series \·Jith a ndc51 
32 , 33 

in pa ·allel with R74a . The diode-resistanc e ne tworkc52 

in para lle l with t he fe edba ck r esi s tor 174 alimi ts th e output 

of th e diffe rerttia tor to -0.l to 5 .5 volts to prevent t he 

a E1pl i f ier from being driven heavily into sa tura tlon when sub

j ected to sudden input voltage transients . 

The output of the dif fer entiator is ind ica ted by 

r a temete r M2 , which has a 100 rn icroampere full scale move

ment. Res i stor R76 and a re t wo ca libr a tion re sistors enR77 

a bling M to cover two r a te ranges. The second range is ten
2 

t ime s more sensi t ive than the other. This second r ange en-

a cl es more accura te readi nr s of low rates of depos ition. 

z eroing of M is achieved by R79 and Rao which adjust the2 
off- set cur rent of the opera tional amplifier . Capacitor c54 
i s p l a c ed across M to s mooth out s mal l fluctuations and faci2 

l i tate easier read ing of t he ·me t er • .For purposes of deposition 

c ontrol, the full output voltafe of the differentiator is 

avai l a ble at the rea r plug-in-terminal. 

3.9 Power Supp ly 

The power supply for the monitor is shown in Fi gure 3.3b. 

Two regul a t ed voltages a re available, 15 and -15 volts. Un

regulated positive and negative voltages are obtained by 

using a full wave bridge rectifier across a tr.ans for rner with 

a grounded centre tap. The 15vline supplies all oscil l ators 

and pulse circuits. Since this line must be well regulated 
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~o obta in g ood frequ e ncy stability and maintain calibra

tion in the a na lor- counter, a seri e s voltage r egula tor with 

a zener r e ference is used. Line regulation is for+ 15% of 

the a.c. s upp ly voltage. For t h e -15 volt supply ade qua t e 

regulat i on is obtained by using a zener shunt regulator . c
55 

a cross the output of the supply helps to decrease the high 

f re quency output impedance of the supply. The total power 

ccnsun~ption including the power supply is 2.5 watts . 

3 .10 Construction 

The complete film thickness monitor , with t h e excep 

t i on of the monitor oscillator is contained in a 16i "xl2"x7" 

a luminum frame as shown in Figure 3.4. All electronic com

p onents are mounted on five separate "vector boards" by means 

of 11 push throuf h 11 terminals. The circuit boards are edge 

mounted in a rack and connections between boards are by printed 

c ircuit edge connectors, thereby facilitating easy removal for 

i nspection and repair. Both the frequency and the rate meter 

a re mounted on the front panel to5ether with the range switches 

and meter zeroing controls. Plug in terminals for connecting 

the monitor oscillator unit, chart recorder, and thickness a nd 

rate controller are mounted on the rear panel . 

Figure 3.5 shows the covered monitor together with t h e 

6.5 MHz monitoring oscillator. The aluminum box housing the 

oscillator is attached directly to a vacuum fe.edthroug,h , which 

contains the insulated conductors by means of which the monitor



Figure 3.5 


Front Panel View of Film Thickness Monitor 


Together with Monitor Oscillator and Connecting Cables 
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i ng crystal located in t he vacuum chamber is connected to 

t h e osc illator c i rcu i t. The osc i lla tor is mount ed di r ectly 

t elow the ba se plate of t he va cuum chambe r by mea ns of thi s 

f eed t h rough . Such an arrangement permi ts the shortest leads 

be tween t h e mon i toring crystal and t he external mounted os

c il l a tor c ircuit. Adequate sh ielding is also provided since 

bot h t h e f eedthrough a nd box are grounded. The p ower for t h e 

oscilla tor is supplied from the main unit via ten feet of 

twin-lead shi e lded conductor. The high fre quency s i gnal from 

t h e monitor oscillator is fed to the main unit through 10 feet 

of 50 ohm sh i e lded coaxial cable. 

3. 11 Complete System for Controlled Deposition 

With t h e D.C. voltages proportional to deposition 

t h i ckne ss and ra te available from the monitor, the unit c an 

be used, togethe r with t he appropriate control equipment, to 

c ontrol t he depositi on during a n evapora ti on cycle. 

A compl e te evaporat i on control s ystem wa s set up by 

c ombin ing t he a bove monitoring unit with some commercially 

a vai l a bl e appara tus. This consisted of a n Edwards Hie:h Vacuum 

Au tomatic Controller (Model 1, Code No. D 16701) tof ether with 

a 4.5 KVA Silicon Controlled Rec t ifier stack (Edwards Hi gh 

Va cuum Code No. D 16704). The sys tem is opera ted with an 

Edwar d s 19E va cuum evaporat i on unit. The complete system 

i s sh own in Fi gure 3.6. Since deta ils of this control sy stem 

have been given in the literature 34 ,35 and operation of the 
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c ontrolle r ade qua t e ly d escribe d in t he a ccompanying manual, 

( Reference M 11 656/5) only a very brief description of the 

e ssential opera tion is g iven here . 

Figure 3.7 s h ows t he above control apparatus in block 

dia 5 ram f orm. A typ ical evaporation beg ins with t h e degas 

timer se t to control the silicon controlled rectifier (SCR) 

power supply. Under this control the SCR supply appli e s· an 

increa sing current to the evaporation source boa t and contents, 

h e .:i ting t h em slowly up to the degassing temperature a nd then 

h olding t h is temperature until degassing is comp lete . The 

r a te of rise of the initial degassinE current, the dega s s ing 

current, and the total degassing time can be varied to accomodate 

various sources and materials . At the end of the total de

gassing time, the system automatically awitches over to the 

evapora tion rate controller. At the s a me time the substrate 

sh utt e r is opened . In the evaporation r 2 te controller, an 

output sie nal from the r a te monitor is compared with a re

fe rence rate and the a mplified error signal fed to the SCR 

supply. Th e max imum current. of the rate controller is vari

able a nd must be used to obtain evaporation rate stability. 

Stability is a problem because of the unpredictable thermal 

d e lays due to different evaporation sources and materials. 

A second feedback loop exists which stabilizes the 

e vaporation source against a.c . line voltag e fluctuations. 

I n addition the source current stabilizer can be used alone 

t o drive the SCR supply. With this mode of control, reason
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ably constant r ate s of eva poration can be obt ained wi th a 
. 36 

number of materials eva porated from resis tance heated sources . 

Two additional modifications were included in t he 

system shown in Fi gure 3.7 to provide e;reater v er satili ty 

and ease of oper a tion. The firEt is t ha t manual varioo con

trol for the source current wa s retained in case of SCR supply 

failure . The switching over from one to the other is achieved 

by two sets of contactors operated sequentially by a rotary 

switch. This arrangemen t protects the SCR supply since the 

drivinr: circuit should be turned on one second before the load 

is switched in. Secondly, the system contains two shutters . 

The source shutter, operated ma nually can completely shut off 

the evaporant str.ea m. The substra te shutter, on the other 

hand , completely covers only the substrate, leavine the sensor 

crystal exposed to t he evaporant stream when the source shut

ter is open. The substra te shutter can be operated manually 

or automatically by a signal from the proce s s terminator. The 

advantage of this a r r angement is that it permits a deposition 

r a te to be set and allowed to stabilize prior to exposing the 

substra te. 



CHAPTER 4 

Procedure 	for Thickness Calibration of Monitor and 


Rate Controlled Evaporations 


4.1 Introduction 

The monitor as described in the last chapter mea sures 

t he film t hickness and t he rate of deposition indirectly in 

terms of frequency changes. To be more meaningful, thes e 
i 

r eadinES in hertz and he rtz/second, must be converted to an

stroms and angstroms/second. As pointed out in the second 

ch ap ter, the required conversion factors can be calculated pro

v ided a number of imp ortant parame t ers of the particular eva

p oration system are t ak en into account. However, an experi

me ntal calibration may sometime s prove easier to p erforffi be-

c a use of uncertainties in the s y stem. In this chapter the 

e xperimental procedure used to cali brate the system both in 

t e rms of fre yuency units and thickness units is described. 

The results can then be used to verify the theoretical cal

culations. 

4 . 2 Frequency Calibration of Frequency Counter 

The fre quency counter, meter M1 , covers four frequency 

r a nges: 1 KHz, 5 KHz, 10 KHz, and 50 KHz. Switch sw1 selects 

48 



49 

the app r opriate r anEe by sw itching one of four t ime cons t a nts 

into the monostable mult i v ibra tor. I n order to u s e t he me ter 

e a ch r ange must f i r s t be ind ivid ua lly cal ibrated. Th i s c a.11

br o t ion involves ad j u s t in~ t h e average D.C. current t h rough 

M1 to e xactly one mil l iampere (the .full scale deflection cur

rent), as t he multiv i br a tor i s sw itch ed at the fre quencies of 

1 , 5, 10, and 50 k iloh ertz r espectively. 

From a p r a ctical stand p o int, t he followi ng cal i br a tion 

p r ocedure wa s found to g i ve t h e best results: 

Firs t, t h e posit i ve supply volta g e i s c h ec ked and a d

j u s t ed to exactly 15 volt s d e. Next, t h e variab le f re qu e ncy 

o s c i lla tor is adjusted to ob tain a second I.F. of 10 KH z. 

Th is f reque ncy i s accura tely me asured by monitoring t he input 

t o t he Schmitt trigger with a dig i tal frequency counter (Hewlett 

Pa ckard Type 3734A). Range switch SWl is t h en s et to the 10 

KHz r a nge and resistors R66 and R69 simultaneous ly ad justed 

until M s h ows a full scale defle c tion. R6 6 ad j usts t he pulse1 

d uration, wh ile R69 is a d j uste d s o t hat t h e re quire d pulse du

ration is s mal l compared to the time i nte rval (10-4 second s) 

be twe e n pulses . Once R69 h a s be e n set fo~ t h is r a ng e it is 

n o t a d justed further f or t h e oth ers, since t h is would offs e t 

t he calib r a tion of 10 KHz rang e. In a similar manner, with 

t h e exception of further adjustment to R69 , the 1, 5, a nd 50 

KHz ranges are calibrated by adjusting R67• R65• R64• respective

ly. 

The fre quency counter is now calibrated in hertz to 
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measure the frequency changes of the monitor c rystal . The 

a bove caliLr ati on shoul d be checked period ically to as Gure 

a ccurate frequency mea surements. 

4 .3 Frequency Calibration of the Rate Meter 

The output of t h e differentiator of t he r ate circuit 

i s - RC ~, where RC is the time cons tant , 
dv 

and at: the t ime rate 

of change of the input v oltage. The values of R and C have 

been selected to give a time constan t of 10. The error in 

t he time constant c an be corrected for b y adju s ting the rate 

c al i br ation resis tors f7 6 and f7?· 
The maximum output of t he differentiator is 5 .0 volts, 

corresponding to a r amp voltae e input of -0.5 volts per second. 

~2 has a full s cale deflection current of 100 microamperes . 

Thus , to calib rate t h is r ate range R76 is adjusted so t ha t the 

internal resistance of M2 combined in series with R76 is equal 

t o 50 Kohrns. For voltage inputs less than -0.05 volts per 

second the rateme ter is switched in series with R77 and t he to

t a l series resistance adj u s t ed to 5 Kohms . This latte r r ange 

is ten times more sensitive and permits more accurate measure-

me nts of low de position r a tes . 

The a bove calibration of the dep o s i tion r ate me ter M2 

was then checked during a typ ic a l dep osition. This can be 

d one by two dif ~erent and quite accurate procedures. In the 

f i r st me thod the reading on is compared with t he change inM2 

f r equency for 10 second intervals as measured by a die ital 
' 

c ounter (Hewlett Pac kard 3734A) co nnected · as before to the 

}\llcMASTER UNIVERSITY UBRAR'i 
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inp ut of the Schmitt trigger . The c ounter provid es a measure 

o f t he de position r a t e in Hz/second averag ed ove r 10 second 

intervals . The sec ond me thod involves attachine:, a c har t re

c order a nd plotting the cha r1e;e in f re quency with time . The 

s lope of t hi s curve is equal to the r a te of deposition . Fi

nal adJustment s to R76 and R17 ba sed on the a bove c omparisons 

complete the ratemeter c a libr ations . 

It is important to r ealize t ha t the t hickness moni tor 

a s c a librated a bove provides a measure of the thickne ss of the 

d e p osited film indirectly in terms of an e quivalent fre quency 

c hange, measured in hertz, of the sensor crystal. Similarly, 

the rate of deposit ion is given in equivalent hertz/second. 

Furthermore, it is importan t to realize t ha t t h e read

ing on the ratemeter M is depend e n t up on t he fr equency r a ng e 
2 

t o which M1 has been switched. This is illustrated in Table 3 

be low. The table s h ows t he maximum r a tes measurable by the 

~wo ranges of the rate meter for each thicknes s range. 

TABLE 3 

Frequency Range and Corresp onding Rate Rane:e s 

Thickness Maximum Measurable Rate 

Rang e xl.O Range xO.l Range 

KHZ Hz/sec. Hz/sec. 

1 100 10 

5 500 50 

10 ' 1,000 100 
' 

50 5,000 500 
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To f acilita t e r ead ing of t he r a te of chane e of fre

quency , me ters M2 a nd M1 have correspondinE scale n:arkinf s . 

The rate of dep osition can t hus be o bta ined at a glance by 

keeping the ma ximum rates per range in mind . Otherwis e the 

f ollowing formula can be used: 

l··:i_e_t_e_r_ d_e_f_l_e_c_t_i_· _o_n___ x frequency r ance x Hz . Eqn. 4.1Ra te = - _ _ 
Full scale deflection 10 sec. 

To o btain the rate reading whe n using t he xO.l r anse 

the fre quency r ange in the above f or mula is divided by 100 

ins tead of 10. 

4.4 Thickne ss Cali br a t ion of .Monitor in Ane stroms 

The procedure for thickness calibration of t he monitor 

c onsisted of the deposition of a series of thin films on se

para te substrates and carefully recording t he result i ng fre

quency change of t h e monitor crystal . The thickne s se s of the 

deposited films were t hen mea sured direc~ly and correlated to 

t h e n:easured fr equency chang·e s . Two me thods f or determining 

t h e thickness of t he de posited f ilm can be. used. The thick

n e ss of the film were found by ca reful weighing with a micro-

ba lance. Or, they were mea sured optica lly by means of a rnul

t i ple beam interferometer. 

Silver films were u s ed for t h e thickness c alibr a tion. 

Si lver was ch osen .because it wa s readily available and is a lso 

e a si],.y evaporated from a molybdenum source . Its density of 

10.5 gm/cm3 is relatively high and hence the frequency change 
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is l a r Ee permitting a more accurate measurement. Freshly 

deposited silver also does not oxidize readily; hence, it is 

unnecessary to make an immediate thic k ne ss determination. 

Final ly, the high r e flectivity of silver films makes them 

ideally suited for interferometric thickness determinations. 

Microbalance Weigh ing 

vlhen using the . weighin g technique, clea n glass sub

s trates were a ccurately weighed before and after deposition 

t o determine the weiEht of the film . Assuming bulk density 

then the average t hic kness of the film would be calculated from 

t =p:A 
where m is the mass of the deposited f i lm Pm the density of 

the film and A the area of the dep osition. One of the draw

backs to this me thod is that the assumption of bulk density 

is not valid for thin films and , furthermore, the a ctual den

sity 1s not easily determined. In addi tion while making actual 

c a libr a tion dep ositions, it wa s found that the glass substrate 

would tend to chip during mounting and demounting , thereby 

c h anging the weight of the su bstrate. This r esulted in a larg e 

e r r or in the weight of the deposited film. On account of the 

a b ove difficulties, it wa s decided to abandon this approach in 

f a vour of determining the film thickness optically. 

Mu ltiple-Beam Interferometer 

To measure the thickness of a thin film optically with 
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a n interfs ro r.1e ter a well defined step i n the f 1lm is r e quired . 

A na rrow channel is sometime s helpful wh e n the e; l ass surface 

i s n o t v e r y f lat. To avoid corre c tinr for t nc differe nce of 

r e fl ectivity be t ween t he film a nd the subs tra te, a second 

op aque fil m is deposited over t he step . A s mal l comparator 

plate is t h en p l a ced over t he step in the film . Thi s a rrange

men t is s h own in Figure 4.1. Whe n a collimated beam o f wh ite 

li f h t is shone onto the film t h rough the comparator p late, 

f ringes are f o r med by interferenqe between the t wo metalized 

g lass p l a te s . 

Th e s e fri nges can be viewed by means of an interference 

microscope situated above the comparator p late and a constan t 

d e viation wavelength s p ectrometer. When the microscope is lo

c a t e d a b ove the channel in t h e thin film the fringes appea r as 

s h own in Fie:ure 4 .2. Th.e steps in th i s d iagr am are associated 

wi th the steps of t h e channel in the film. 

If d and d1 are the distances between the top a nd 

bottom of the channel and the co mparator plate as ind icated ' in 

Figure 4.1 then it can be shown t ha t the thickness of the de

p osited film is 

Equation 4.2 

In t h e equation n is the order of the interference and is a 

wh ole number. It is found from the relation 

n = Equation 4.3 
rAl -A.2 
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Compa r ator Pl a t e 

5% 
Trans I.C i s s i on Fi1111---c:::::;::======:::;::::::::l 

Opaque Reflecting 
Fil m 

Glass Substrate 

Figure 4.1 

Film Sample 	Prepa r a tion for Thickness Measurement wi th 
Multiple Beam Interferometer 

Interference 
Red End of Spectrum/~inge s Blue End of Spectrum 

Di sc ontinu i t y 
due t o 
Film Step 

n 

Figure 4.2 

Fringe Pa ttern Observed in Multiple Beam Interferometer 
,. 
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Nov.· A.1 , A 2 are t he wavel cneth s of two ad.)acent fri nr es as 

s n own in Fi[ure 4.2 and A A2 .is t he heie-h t of t he step in 

tne frin ~:e. Nume ric a l values for ~ 1, 'A 2and A A 2 in a n[

s tro rns are r ead from t h e wavel eng th drum of the spectrome t e r. 

I n order to min i mize t he e r ror due to phas e changes a t r efl ec

tion, th e order n should be chosen to lie between 4 to 8. 

At n. 8 t his error is 0.5% whereas at n. 4 it is 3%. 

In the t h icknt:: ss mea surements made , a Thin Film Measur

ing Interference Microscope (Hilger Watts N 130) wa s used in 

conjunction with a Constan t Deviation Wavelength Spectrometer 

(Hilger Watts D9003) . The accuracy of these instruments is 

quoted by t h e manufacturer to be :t: 25 ane: s t r oms . 

4 .5 Sample Preparations for Thickness Calibration 

The Ed \,·ards 19E vacuum evaporation unit with which the 

thickne ss monitor is to be used , contains a r otating micro

c ircuit jig. This jig can hold six substrates a nd six masks 

and evapora te from six separa te sources . Since the jig can be 

manipula ted from outside the vacuum chamber , films c an be eva

porated on all the substra tes through a sequence of ma·ska 

without brea king the vacuum. 

To prepare f or thickness calibration a set of six glass 

s ubs tra tes we re cleaned by firs t s crubbing with detergent , then 

boiling in ~qua reg ia for fifte en minu tes . After rinsing with 

d i stilled water , t he substr ates wer e allowed t o dry . The sub

s t rate s were then mount ed into holder s and inserted into the 
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rota ting jie . Two me t al mask s we r e require d to evapo r a te 


films suitable for the interferome tric thickness determina


ti on . The patterns are shown in Figure 4.3; the a ctual masks 


were handcut f r om t hin br ass shim stock . 


With the masks , substrates, and silver chare;e in plac e, 

a cl ean quartz crysta l was p laced into t he holder and t he mo

n itor turne d on. The vacuum chamber was then sealed and pump

ing down p roc edure initia ted. 

Durin3 the p u mp ¢!.own the monitor wa s on to allow the 


oscillator time to stabili ze. \fnen the p ressure had r eached 


3xl0-5 torr t he evaporat ions were begun . 


First, a film of silver was evaporated on the subs trate 

throue:h mask No. 1. Wi th t his mas k a lx0.5 inch film with a 

7 mi l wide c hanne l down the centre was produced . The resulting 

frequency change of the monitor crystal was carefully recorded . 

Ma sk No. · 2 was then rotated into posit i on and a second silver 

film was de posited over the first . Aga in the fre quency change 

o f t he monitor crysta l wa s c arefully recorded. This second 

f i lm wa s made sufficiently thick to allow enouEh ligh t to be 

r eflected from the bottom of the channel to get .a g ood pre sen

t a tion of the interference frin r es in the spectrometer teles

cope . 

Two sets of six thin silver films of increas i n[ thic k

. ness were _deposited as descri bed above . It was decided to ge t 

an a ccurate measurement of frequency chan~es as possible; there

fore , the monitor crystal frequency chan~es •were directly 
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7 mi l wi re 

0 

0 0 

0 

Ma sk No. 1 
(Actual size) 

0 0 

0 

0 

0 0 

Ma sk No . 2 
(Actual Size) 

Fi£ure 4.3 

Metal Masks Used for Evapor a tion of Silver Calibra tion 
Film. 
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mea sured with a dig ital fre qu e ncy counter. In add ition to 

record ing the frequency chang es due to the deposited silver 

fi l ms , the cumulative fre quency chan2e of the moni tor crysta l 

wa s also recorded . 

The thickness of each deposited silver film 1·ra s me a 

sured with a multiple-bea m interferometer . The results were 

then used to plot a calibration curve for the monitor. Calcu

lations ba sed on this d a ta were also made to verify the results 

ob tained in chapter t wo. These results are pre sen ted in the 

next section. 

4.6 Controlled Evaporations of Thin Films 

The basic operation of t h e system for controlled eva

poration of thin films has be €n descriLed in section 3.11. The 

ins t ructions for us i n 13 the Edwards automatic rate controller 

(Model l Code No . Dl670l) are outlined in the operations manua l 

( Mll65615) which is suppli ed with the un,i t, hence, no detailed 

p rocedure will be e iven here. Proper operation of the system 

requires a basic understanding of how the system functions and 

experience f ained from work ing with the system . The optimum 

setting of the maximum de Ea ssing current and time, for example, 

VQries with material and eva~ora tion source , consequently, no 

fast rules can be g iven . However, once an acceptable evap ora

tion cycle has been worked out, it can be used a r ain and a gain 

with repeata ole results. 

In the evaluation of the controlled evaporation system, 
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the ma in crite~ion wa s to be its ability to ma intain cons t ant 

evaporation r a t es a nd de~osition thickness . To thi s end a 

numbe r of ma t e rials u sed for th in f ilm s tudies or th:i.n film 

ele ctronic devices were evaporated with and without r~ te con

trol. Chart recording s of the fre quency change s (thickness) 

were made and traces of t h ese a re sh own in the nex t section. 

I n one series of tests an artificial voltag e fluctuation was 

i ntroduced and t h e evapora tion r a te recorded with and with out 

r a te control. 

The Edwards control unit is also capable of p roviding 

f ilm thickness control. The evapora t i on is terminated when the 

preset thickne ss has been reached. The calibr a tion of the 

thickness control potentiometer is described in the operating 

i ns tructions {Mll656/5) a nd is not g iven here. The stability 

of the thickness control is quoted by the manufacturer to be 

±2% ' of the f requency meter setting . This value was accepted 

per se and no tests performed to verify .it . 



CHAPTER 5 

Pe rformance of the Thin Film Thic kness Monitor as an Instrument 

f or Me a suring and Controlline Deposition from a Resistance 

Heated source 

5 .1 Introduction 

In this chapter the performance of the thickness monitor 

will be evaluated on the basis of the results obtained from the 

t ests described in the previous section. The calibra tion data 

obtained from t h ese tests is presented to be used with the moni

t or when making thin film measureme n ts. 

5 .2 Cali br a tion Data 

After the calibra t i on of the frequency counter, meter 

M2, the linearity of each rang e wo. s measured. The de. ta is shown 

t abula ted in Table 4 for e a ch fre quency range . The left hand 

c olumn e ives the meter settin~ , while the adj a cent f our columns 

give the corresponding frequency on e a ch rang e as ~easured by a 

d i g ital counter. The results in Table 4 indicate that the 

a c curacy of the frequency counter is approximately 1% of the 

full scale deflection over each freque ncy range. This accuracy 

i s quite repeatable after h a ving carefully performed the cali

bration as outlined in section 4.2. The b E·st results were o b

61 
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t a ined by c a l i b r a ting i% hif h at ful l s c a l e defl e c tion . Sinc e 

s mall change s in comp onent valu e occur with time, t he c a l i b r a 

t i on of M should be che c k ed p eriodic a lly a nd adjustments ma de
2 

i f nec essary. 

TABLE 4 

Linearity of the Ra nges of Fre qu ency Meter M1 

Me t e r 
Reading Fre quency Ranges 

1 KHz. 5 KHz. 10 KHz. 50 KHz . 

0.1 91 439 	 896 4,680 

0.2 191 946 	 1,892 9 ,560 

0. 3 290 1,449 	 2,891 14,728 

0.4 	 394 1,968 3,907 20,145 

.5 494 2,472 4,931 24,923 

.6 598 2,996 5,996 30,067 

.7 698 3,498 7,005 35,035 

.8 804 4,038 8,062 40,450 

.9 908 4,551 9,087 45,874 

1.0 1,014 5,078 10,139 51,198 
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5.3 Data for Thic knes s C al i br~ tion o f Monitor 

The correlation be t ween t he frequ ency chane;e of t he 

mo n i tor crys t al und t he thic kne ss of the film dep osited on 

the substrate h a s been obta i~ed experimentally. The proc edure 

t o o b tain this d~ ta has been outlined in section 4.3. Table 5 

be low shows the fre quency chane es of t he monitor int: crysta l 

together with the film thickne ss for 12 silver films. The 

film t h icknesses as shown in the table represent t he average 

of three values measured in the middle and near each end of the 

na rrow channel as shovm in Figure 4 . 3. Th e thickness of the 

s ubstrate fil m is a maximum at the centre and decreases r adi

a lly as indicated by equation 2 . 20 . Thus an·av erae e value is 

more representativ e of the film thickne ss at any arbitrary 

po int; mo reover , errors in the interferome t er measurements are 

averae:ed out . 

TABLE 5 

Ca libration Data for Thickne ss Monitor Relating Substrate Film 

Thickne ss t o Frequency Change of the Monitor Crysta l 

0 

F i lm No . A f rrz . ts 
0 
A ct 

gm
-3c m 

A 
Hz . 

1 
2 
3 
4 
5 

3,157 
7 , 126 

12,020 
15,393 
20,211 

957 
2150 
3380 
4250 
5570 

3 . 18 
3.17 
2 . 95 
2. 90 
2 . 89 

6 
7 

25,673 
2,014 

6790 
563 

2.77 
2 . 92 

8 4,322 1095 2 . 68 
9 

10 
7,271 

10' 2:-.: 5 
1895 
2560 

2 . 74 
2. 73 

11 
12 

15 , 209 
17, 600 

3670 
4670 

2. 53 
2 . 79 
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Heat Shield 

O. 635cm Aperture 

h=l4.2c 

Substrate 
5cm 

10. 2cm 

Small area directed 

Monitor Crystal 

r= 21. Ocm 

Cos (/J = 0.945 

surface source 

Figure 5. 1 

Source, Substrate and Monitor Geometry in Vacuum Chamber of 
Edwards High Vacuum 19E Evaportation Unit. 
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By usin~ the d a ta in the second two columns of Table 5 

a c a libr a tion consta nt c a n be cla cula t ed by us inE equa tion 2.8. 

Repl a cing Cr by Ct in e qua t ion 2.8 a nd rewriting , the n 

0 
EID A 

Equation 5.1I cm3 Hz . 

I 
I The f a ctor Ct could be defined a s the "thickne ss de

termina tion sensitivity". From the data in the t able the mean 

Ct for t h e 6.o MHz crystal monitor is 2.85±0.05 g m A/cm3 Hz . 

Th is value h a s been calcµl a ted b y . using the dens i ty of silver 

a s be ing 10.5 gm/cm3 and is valid only for the evapora tion 

source a nd g eometry shown in Fi eure 5.1. 

A cumulative p lot of the d a ta ha s also be e n ma de and 

i s sh own in Figure 5.2. The g r aph in this figure s h ows the 

c ontinuous fre quency c hange of the monitor c rystal as the twelve 

f i l ms of Table 5 were deposited . Corrections ha ve been inserted 

i n t h is p lot for additiona l fre quencies and t h ickne ss chan~es 

d u e to t h e thin silver overlay films required for interfere-

me tric thic k n e ss mea s urements . The plot ind i cates t ha t t h e 

AT 6.o f.'.!Hz monitor crystal can be employed up to a total fre

qu e ncy chang e of at l ea st 150 KHz bef ore replace.ment. Th is 

i s e quiva lent to depositing 42,00 0 Angstro~s of silver on the 

su bstra te. 

The e xperimentally determined me a n value of Ct for 

s i lver c a n be used to c a librate the monitor crysta l for use 

wi th other materials . If the density of the material is known, 

t hen substituting for p in Equation 5.1 the substrate thick
m 

http:2.85�0.05


67 

ness t s for any fre quency c hanEe A f c a n be calcula t ed . In 

Tab l e 6 the film t hi c kness equivalent to a Af of 1,000 Hz has 

0een t abulated for a nu mbe r of common materials . Aeain r esults 

in the t a ble are v a lid only if the material i s evapora ted from 

a directed s mall a r ea source and the substra te and crystal geo

me try of Figure 5.1 a re used. If othe r cond itions prevail then 

corrections must be made to t h e d a ta in Table 6; otherwise , there 

may be significant differences betwe e n th-e actual and the indi

cated measurement~. 

TABLE 6 

F ilm Thickne s s correspond ing to 1000 Hz for Source, Substrate 

a nd Monitor Geometry of Figure 5. 1 

Ma terial Density Film Thickness Deposition Rate 
gm/sec for A f = 1000 Hz for lOHz/sec

l A /sec 

Aluminum 2. 67 1070 10.7 

Silver 10.5 272 2.72 

Gold 19.3 148 1.48 

Bismuth 9.67 295 2.95 

Lead 11.0 260 2.60 

Cadmium Sulphide 4.82 592 5.92 

S i licon Monoxide 2.20 1290 12.9 

S i licon Nitride 3.44 830 8.30 

5.4 	Calibration Da ta For Ratemeter 

The calibration of the r a temeter is essentially com

p lete when the a d j ustme n ts outlined in secti on 4 .3 have been 
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1r.~de . Consequently it is only necessary at th is point to con

vert t he r a te of cnanee of frequency in Hz/sec. to A/ sec . In 

column 4 of Table 6 the r a t e s of deposition equivalent to lOHz/ 

sec. have been t abul a ted for a number of rr.aterials. This da ta 

is based on t he experimental calibr ation made for t he system 

with silver. 

In section 4.3 it wa s also indic a ted t ha t the reading 

of t i.1e r a temeter is dependent upon the frequency ranee of M1 • 

The maximum r a tes for e ach r a r.e: e in terms of f r equency a re shO\\n 

i n Table 3. However, the actual dep osition r ates in A/sec. a re 

also, a s shown in Table 6, a func tion of material density. The 

max i mum deposition rates me asurable by the monitor for ea ch 

t hickness ranges for silver a re shown in Table 7. Thi s t able 

gi ves a good indi cation of t h e wide range of rates t ha t are 

measurable . 

TABLE 7 

11aximum Deposit i on Rates for Silver Measurable by t he 

Ratemeter 

Frequency Range Rate A/sec. 
1.0 Range 0.1 Range 

l KHz 27 .2 2.72 

5KHz 136 13.6 

lOKHz 272 27.2 

50KHz 1360 136 

One of the important t hine s to note in Table 7 is the 

consider abl e overlapping of deposition r a tes resulting from t he 
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use of t wo r a te r anges . This i s a definite advantaee when 

i t is desira ble to deposit a relatively thick film a t low de

pos it ion r a t es . Such a situo.tion rni f ht arise when deposit ine; 

such semiconductor materials as , for example , c admium sulph ide 

f or thin film active devic es . 

5 .5 Comparison bet~een Calcula ted and Experimental Calibr a ti on 

Constants 

In the Edwa rds 19E vacuum chamber the monitor cry s t a l 

i s fur t her away from the evaporat ion source t han t he substra te. 

Furthermore, the surface norma l of the crystal makes an a ngle ¢ 

with the s urface norma l of the source as shown in Figure 5.1. 

Due to these t wo factors .t he thickness on the crystal is less 

t han the filffi deposited on the substrate. 

The actual th i c kne ss rela tionship between the two films 

is given by Equation 2.18, namely, 

ts h2
• • Eqn. 2.18 

tx ·r 2 c?s ¢ cos g 

Substituting the numerical values of Figure 5 . 1 in the above 

e quation then 
tx = o. 433 ts. 

Thus the fiim deposited on the crystal -has slightly less t han 

half the thic kness of t he film deposited on the substrate. 

It also follows from this .result that the mass/area 

r a tio of the crystal film to the substra te film is also 0.433. 

Therefore, less mass is deposited on the crystal and the sen
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si tivity of t he monitor crys tal has been effectively ha lved . 

On the other hand , because t he mass load ing of t h e c r ystal ha s 

·u12 en a pproximately halved, t he film thic kness measurable by 

the crystal ha s been effectively doubled. 

In chapte r t wo the expression Cf = f 0 
2

K , c a lled the 
pqN 

11 m:., s s determination sensi tivi ty"w.:::i. s derived . Now Cr pro_v i de s 

a meas ure of the frequency c hange t hat a quartz crysta l under

goes when a unit mass of material is uniformly de posited over 

- its actlve area. If the entire active area of the crystal is 

cov ered Cr reaches its theoretical maximum and the constant K 

is unity . The calior a tion data for silver and t h e data from 

? igure 5.1 can be used to calculate the experimenta l sensitivi

ty. 

Correcting for the geometry and cosine effect of the 

s mall area directed surface source the experimental mass de

termination sensitivity for the quartz crystal is 

8 + .14xlO7 Hz cm2 
.12 - • 

gm 

From Table 1, the t heoretical value of Cr for a 6.o MHz At cut 

crystal is 7 Hz cm2
8.15xl0 

gm 

Thus K, the ratio of the measured sensitivity to the theoreti

c a l sensitivity has a value of o . .996 :t.02. 

This value of K verifies that within the experimental error the 

a rea of deposition, which is 0.25 inches in diair.eter, is suffi

ciently large to cover the active area of the crystal. Further
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more , it ind ica tes t hat t he max imum t h eoretic al sensitivity 

c a n inde e d be r eac hed in pra ctic e . 

The most i mpo rtant cons e quence t ha t follows fro m the 

nea r u n ity v a lue of K, however, is that t he experimental c a li

bra t i on p rocedure as p erformed with silver is not n e cess a ry . 

Th e re quired c a l ibra t ion constan ts c an be c al c ulated by tak

ing into a ccount the source evaporation chara cteristics , the 

source crystal and substrate e:eo1netry' and a ssuring that de

position on t he crys t a l cove rs the entire active area . 

Although t here i s good a g reement between the expe:i;-i

.mental a nd theoretic a l d a ta, it must be remembered t hat it is 

on ly valid for the chang e of 150 KH z. of t he resonant f r e quency 

of the quartz. This is approximately 2.5% of f 0 • Wi t hin this 

fre quency c hange, thickness mea surements based on a t heoret ical 

or an experimental calibr a tion c a n be a ccepte d with a high c on

fidence level. It 1~ not recom~ended that t h e crystal be used 

b e y ond t h is r a n ge as t he mass loading effect may dev ia te con

siderably fro m linear behaviour. Fur t he r more, a sta E, e o f er

r a tic b ehav i our including cessation of oscilla tions may occur 

a t some p oint beyond t h is c hange . Such behaviour would be un

desirable during a critica l deposition. 

~~en discussing the nonlinearity of the ma ss loadine 

e ffect of the quartz crys tal in chapter t wo, it was shown that 

there is a 1% deviation in f i lm t hic kness for every 0 . 5% change 

in the resona nt fre quency. This deviation was snown to be a 

result of the decreasing sensitivity ·with decreas ing frequency. 
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This effe ct wou l d manife s t i t self a s a s ma ll but c ontinuous 

i n c rea s e in t he s lope of t he cumula t i ve t hic kn e ss versus fre~ 

que n c y plot of Fle u re 5.2. 

For a c h ange in f r equenc y of 155 KHz., t h e deviat i on 

should be a ppr oximately 5%. Al l owinf f or e xpe r ime ntal e r ro r 

in t he d a t a , t he r es u l t s i n Fig ure 5.1 do n ot sh ow s uch a c h anEe. 

Th ere i s in fact a n ind ic a t i on of an increase in t he sensitivity 

a s indic a ted by a sliEht decrease in the slope of t h e a ctual 

exp er iment a l curve. 

Th e r ea son for t hi s discrepancy rr.ay be partial ly at

t ributed to t he fact that with increasing th i c kness, t h e d epo

s ited f i l m be g ins to store s ufficient poten tia l energy to a f f ect 

t h e sensitivi ty. Thus the as s umption A Cnn•O us ed in deriving 

equa tion 2.8 no longer holds. If it is assumed t hat the film 

d oes s tore p otential enerey, t h en it can be shown t h at the 

crys tal s e nsitivity will not decrease as r a pidly as p r e d i c ted 

by equa tion 2.12. Howeve r, since it is difficult to calcula te 

.6 Cnn, t h e ma gnitud e of t hi s decrease on cry s t a l sens i tivi ty 

c a nno t b e r eadi ly es tima ted . 

Par t o f the appar ent i n crea s e in crys tal sensi t ivity 

ind ic a ted in Figure 5 . 2 rr.ay al s o be due to increa sing fre qu e ncy 

c h ane es c aused by c rys t al hea t ing . Since t h e d a t a c ons is t e d of 

t wo se t s of fil ms of increasint t hic kne s s , the cry stal experi

enc ed i ncre a sed h e a t i n e wi t h e a ch succ e s s ive fi lm. T.o correct 

fo r t h i s the c hange in fre quency of the monitoring c r y s t a l wa s 

me a s ured only a fter the crystal h ad cooled down as indic a ted by 
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a stabiliza t i on of its r e sona tinc fr equency. Provided t he 

crystal cool ed do wn to it s f or me r t empera ture , t hen Af should 

be due e n tire ly to t h e dep o s ited ma ss on its s urfa ce. Howev e r, 

t 'rn r e a re ind ic a tions t i1a t this may take longer than would nor

rr:a lly be expe cted, and corrections for temp era ture would have 

to be made . 

5.6 Fre quency I nstabilities in the Thicknes~ Monitor 

Fre qu e ncy drifts of the monitor oscilla tors , together 

with fre quency chanc es d ue to crystal heating are basically the 

prime sources of error in a thickne ss measurement. 

In the case of crystal hea t i ng two effects occur. 

There is a negatiye transient of several tens of Hz . wh en the 

shutter is op ened and positive transient when the shutter is 

closed . Figure 5. 3 illustra tes this behaviour. No material 

wa s de p osited on the crystal while the rec ording wa s made. 

After the initia l negative excursion the frequency of the 

crystal rises exponen tically to a value above its initial fre

quency. The difference between the initial frequency and the 

new equilibrium frequency is due to heatin[ . The positive 

e x cursion behaves similarly . Th e crystal will stabilize to 

its orig inal frequenc y in time . In Figure 5. 3 a part of t h e 

permanent ch ange is pro bably due to frequenc y drifts in the 

oscillators . 

Frequency drifting in the three o s c illators , especial

ly the varia ble oscillator , is the o ther prime source of error. 
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As outlined in chapte r t hree a n u mber of step s were t aken to 

reduce t his drift to a minimum. However, it is d ifficult to 

avoid t his c omple tely without goinf to e l abora t e circuit de

sie·n. In orde r to determine t h e overall stabillty of the os

cilla t or a nu muer of t ests Kere run l a sting several h ours. 

The re s ults of t wo of such tests a r e shown in Figure 5 .4. 

curve 1 in Figure 5.4 show s the comb ined d r ift in frequency 

of all t h ree osc i lla tors from t h e time the monitor was first 

switched on. Curve 2, on the othe r h and, shows a simi l a r 

trace a fter a 24 hour warm up period. 

The monitor wa s d es i gned primarily for . the dep osition 

of thin films . The thiclcn e ss range of such films extend up 

to several thousand Ang stroms. A t ypical deposition of s uch 

a film may t ake approximately five minutes . The d a ta in Curve 1 

indicates t ha t to get a frequency drift of 10 Hz./5mins. or less , 

the monitor re quires a warm - up period of at lea st 30 minutes. 

Curve 2 shows t ha t for longer warm-up pepiods t h e fre quency 

d rift may g o as low as 10 Hz./hour. The se drift r a tes are suf

ficiently small compared to t h e frequency . chang e t hat their ef

fect onAf may be n eglected except perhaps in c ases involving 

relatively t hick fi lms and low deposition rates. 

5.7 Performance of Controlled Deposition System 

The contro l led deposition system descri bed in section 3.11 

is to b e used for preparing thin film passive and active elec

t r onic devices. Films deposited for such devices must posses 
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specific electron ic p r opert ie s e . f . s hee t r e si s t a nc e , tempe

ra ture c oeffici e nt of r es i s t anc e , diel e ctric coe f f icien t ,mo

bil i ty e tc. As i ndic a ted a t the beg i nning o f t h i s t hes i s , 

f ilm t hi c kness and r a t e of deposi t ion a re t wo o f t he mos t 

cri t i c a l par ame t er s f or con troll ing fil m structure a nd h ence, 

e l e c troni c p r operti e s. ConBequently , t he evaluat ion of t he 

c ont r ol led depo s ition syste m must be ba sed on h ow well a nd how 

reproducib le the s y stem can control thickne ss and deposit i on 

r a te. 

Constant r a te evap oration from a resistance hea ted 

s ource requires t~a t t h e power input be · c onstant . Most op en 

loop re ~ is tance heated sourc e s use a variac typ e control to ad

jus t t h e h eating current. Th is is essentially a volta ge source 

and ma i ntains a fix e d voltage across the source fil ame n t. The 

curre nt is determined by t h e resistance of the source. How

ever, during the course of an evap oration the resista nce of the 

source may vary quite widely with resulting cha n ges in source 

current a nd h ence, power input. Also fluctuations in the sup

ply voltage may occur altering the output voltag e of the 

variac. In either case the chang e in power input changes the 

source temp e rature and hence, the evaporation rate. 

Resistance hea ted sources generally consist of dimpled 

foil boats of molybdenum or tantalum and tungsten s p irals. 

During a typical evapora ti on the resistance of t h ese s ources 

is changed bec a use of wetting by t h e evaporant. Silver or g old, 

for exampl e , when evaporated from molybdenum has a tend ency to 
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wet the boat . Sinc e t hey have a much h i (!her c onductivity 

thi s wetting reduc es the boa t r esis t ance. If heating is by 

a yoltage sourc e , the current increase s a nd t he r a te of e v a 

p ora tion goe s up with t he resultant increase in tempera ture . 

This problem is even more age ravated in the case of tungsten 

spiral sou rces; here the · metal flows along and may we t the 

enti r e spiral. 

Slag formation on the surfa ce of t h e evaporant due to 

impurities may a lso alter t he evap oration rate in t ha t it p re

vents t he evaporant atoms from leaving the surfa ce of the liquid 

rr.etal. In t his c ase even with a constant current source the 

evapora tion rate c annot be held constan t. 

The controlled evap oration system outline d in section 

3.11 overcome s mos t of t h ese difficulties becau s e it monitors 

the ra te of evaporation . A feed bac k loop adjusts the power 

to t h e source to compen sa te for any chan ges t hat would tend to 

al ter t he evapor ation r a te from its set v alue. 

To illustra te the dea ree of rate c ontrol possible , a 

s eries of four depositon runs were made with silver evaporated 

f rom a 5/8 inch wide molybdenum foil boat. The deposit i on r a tes 

chosen were 2 , 5, 25 and 50 Hz./sec.; this correspond s to ra tes 
0 

of 0.55, 1.35, 6.75 a nd 1 3 .5 A /s e c. respectively. Tra ces of 

t he thic kness-time p lots for t hese runs are shown in Figures 

5. 5 and Figures 5.6; they wer e plotted by chart recorder at

t a ched to t h e film thickness moni tor. In each c a se t h e s l ope 

of t h e curve gives t he deposition r a te. From the linearity 
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of t hese t r uc e s i t i s ev iden t t ha t excellen t r n t e c on trol can 

be o bt a i ned wi t h t h e fe e dba c k s y stem. Monitorine t he r a te of 

chance of fre quenc y V; ith · a dig ital counter ind ic a t e d t ha.t t h e 

ra te var ied by l e ss t han 5% in each of the t1"a ces. Th is vari

a t i on u s ua l l y occurre d i n terms of a slow drift s prea d over 

t he tota l d ep c s ition time. 

In order to compare the evap ora tion of a system u s ing 

r a te c on trol with a simple voltage . source vari a c t ype con trol, 

a seri e s of evapora t i ons were m.:.;.d e with various ma teria ls e. g . 

silver, a luminum, bismuth, SiO a nd CdS . To di scount t he fac

tor of source matefial de p letion affecting depo s iton r a te, all 

c ontrolled rate evapora tions were made after the evapora tions 

whi ch were ma de with variac control. Figure 5.7 s h ows two 

t r a ces of evap orations made with bismuth using variac control 

(Curvel) a nd rate control (Curve2). In Curve 1 the r a te v a ried 

any where from o.6 R/sec . to 5. 5 R/sec., while in Curv e 2 t h e 

r a te rema ine d consta nt at 4.7 ~/sec. Bismuth is a particular

l y s ens it i ve i nd icator and s mall current fluctua tion s c a use 

r e la tive ly l a rge evapora tion r a tes. However, the con stan t 

s l ope of t h e Curve 1 indicate s t ha t with r a te control constant 

e vapora tion r a tes are a ssured. 

Figure 5. 8 shows two evap orations of silicon monoxide, 

a dielectric material that can be evapora~ed fro m a resistive 

h ea ted source. As . before Curve 1 is the uncontrolled evapo

r a tion a nd Curve 2 the evaporation with r a te con trol. Again 

dep osition monitoring and rate control assured constan t rate 
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e vapora tions. Similar control was achie ved wi t h c a d mium 

s ulph ide evaporations. In t his c ase low constant deposi

tion r a t e s a re des irable to assure t ha t t he stoichiome try 

of the deposited film is the s ame as material in the crucible. 

One source of frequent evaporation r ate c hange s are 

f luctua tions in the line. voltag e . A simple varia c voltaEe

source control cannot compens a te f or fluctuations excep t by 

manual readjustment . The advanta~e of rate control in such 

a c as e is s h own in Figure 5.9. Curve 1 shows the change in 

e vapora tion of a variac controlled source with a -5%devia

tion in the supply voltage. The rate chane:ed from 1.8 Ji/sec . 

to as low as 0.34 ~/sec . With rate control a similar devia

t ion had little affect on the system the rate staying constant 
0 

a t approximately 2.0 A/sec. 
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CHAPTER 6 


6.1 Conclusions and Rec ommend~ ti ons 

In this t hesis the t heory , desien and p erformance 

of an instrumen t for mea suring and c ontrolling the th i ck

nes s and . d eposition r a te of th.in films e vapora t ed from re

sistance heated sourc es has be e n descri bed and di s c ussed . 

The princ ~ple of operation of t his film thic kness monitor 

is based on a resonatine;: quartz cry s t a l sensor . Th~ moni

tor e s sentially measures mass in terms of equiva lent fre 

quency changes . Henc e t here may be some d oubt about its 

u s e when the thin film parameter of interes t may be some 

e lectric al , optical or oth er ~hysi c a l property . In prac

t i ce, however, this is not really a limitation since the 

chan :.es in fre quency may b e c alibra ted in terms of any p ro

perty tha t may be of i n teres t. 

The quartz crystal monitor off ers a number of ad

v a nta [ es over other types. Since it is sensitive only to 

~a ss , it c an be used to monitor the deposition of all types 

of evaporated material, metals, semiconductors or insulators . 

Fu rthermore, it combines the-high sensitivity of the quartz 

c rystal with the p r ecision of frequency mea surements. Hence 

the measurement of extreme ly thin films or low deposition 

r a t es c an be achieved with relative ease. Finally, the 

86 
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frequency signa ls c an b e c onvert ed into analog control sig

nals for controlling t he evapora t i on to achi ev e c ons t ant p re

set depos ition r a t es . 

In t he film t h ickness monitor t £1 ere are t hree sourc es 

whi ch can introduce err ors in t he ~e asurement of A f. These 

are d r ifting of t h e oscillator frequencies , non- linearity in 

the pulse- a ·na log fre quency counter, and h e a ting of t h e qua rtz 

crys tal. 

In designing the oscillators, steps were taken to 

stabilize . the frequenc ies . As indic a t e d b y the cu r ves in Fig

ure 5.4, t he frequency stability may be as low as 10 Hz per 

h our or less after sufficien t warm- up time . Since most typica l 

d epositions are of much shorter durat i on , the effect of fre

quency drifting can be nee lected . 

Measure ments made on the nonlinear ity of the pulse

analog counter , g iven in Table 2 , indicate tha t even f or the 

sj_mple circuit empl oyed the accuracy over e a ch range is with

in 2% of fu l l s c a le deflection and can be inc rea sed to 1% by 

c a reful calibrat ion . The results from such a simple circuit 

are due to seper a te ca libr a tion of each frequenc y r ange . The 

performance of this coun ter althou£h adequate for the . present 

use s of . the monitor, would be improved by _employing an opera 

tional t ype integra ting c ircuit . 

It is believed that the b i ggest single source of error 

in the n;e a sure men t of A f is due to heating of t he quartz crys

ta l . This prob lem has no s imple solution since the crystal 
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mus t be exp osed to t he r a d i an t heatin g of the s ource &nd 

the evai)or ant stre am . The ze ro t emperature coefficient of 

frequency of the Y-cut crys tals over the r ange f rom -5 to 

55°c seems to be inade qua t e . It was initia lly felt t ha t 

fr equenc y changes due to crys t al hea tinf c ould be eliminated 

by l e tting the crys tal cool to its orig inal tempera ture. 

Hov;ever, th i s technique, although useful, is a g g r a v a ted by 

t he frequency transient which occurs when the sh utter is 

closed , and wh ich take s an unknown time to die out . 

Although the c a l ibr a tion de p osit. i ons with s ilver in

dicate that the er r or due to heatin E is small and c an be ne

[ lected for rr o s t microcircuit depositions, more critica l ap

plic a tion may require crystal cooling . Alternatively the 

c r y stal tempe r a ture could be rn on 2tored by a thermocouple and 

corrections ma de for frequency c hanges causes by heating . 

In designing and ali gning the IF and mixer stages 

s ome difficulties were experienced with instabilities and band

wi d th. The output. of the second mixer, for example, re quir es 

a bandwidth of 150 KHz and a c entre frequency of 575 KHz. It 

is felt t ha t better performance could be obtaine d by using' RC 

bandpass n e tworks to a ch ieve the neces 10 a ry filtering . These 

c a n readily be desig ned with the help of appropriate filter de

sign t ables . 

The experimen t a l calibration of the moni tor crystal 

with silver was carri~d out for essentia lly two rea sons. First, 

the results determined the thickness calibration factor for the 
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source, crysta l and subs tra te g eome try of Figure 5.1. It 

is i mportant to realize t hat t his c al ibra tion is app l icable 

only to a small area directed surface e vap oration source to

5ether with the above configuration . If any of the dimensions 

a re changed including the source then the sys tem must be re

calibr a ted. 

Sec.ondly , the depositions indicate tha t within the 

experimental error t h e t heoreti9 a l " ma ss determina tion sensi

tivity", Cf, was essentially realized. This means t hat for 

the particular quartz crystal s used , the a ctive, r esonating 

area is equal to or less than 0.635 cm (0.25 in.) in diame

ter . This is an important result, since it means t hat the 

thickness calibr a tion °factor c ould have been c alculated from 

a knowledge of the system ge ome try without a lon f and tedious 

experiment o.. l c alibration. FUrth ermore changes in the evap o

ration source and system geometry can be made to optimize a 

particular deposition and the new calibra t ion factors readily 

c alculated. 

In the introduction to this t he sis it was indicated 

that the rate of deposition and fil m thic kness are two of the 

most critical paraffieters for d~termining t he propertie s of a 

vacuum evaporated film . Furthermore , in the evapora t ion of 

certain films r a te control is essential. The evap oration of 

CdS for thin film a ct ive devic es , for example, requires de

pos i tion r a tes of 1 ~sec. or less to avoid gettinf cadmium 

enr i ched fil ms . Tn e evap orations made with Ag, Bi, SiO, CdS 
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etc. , some of which are shown in sec ti on 5. 7, indicate that 

the quctrtz crystal rnoni tor together with the controlled eva

porati on system described in section 3.11 can indeed achieve 

the se low constant evaporation rates. 

It is felt that a controlled rate evaporation system 

is Qn essential requirement for any serious investieation of 

in vacuo deposited films for thin film micro-circuit appli

cation or otherwise. It permits, for example, investifations 

of r Euctive evaporation, wqere the erowth of a chemical com

pound is controlled by evaporating at constant rates in a gas 

atmosphere. Moreover, by including another monitor in the 

system to control a second evaporation source, compounds can 

be prepa red without the use of flash evaporation techniques. 

The apparatus assembled for the present ~ork is to be used for 

inveo tications in some of these areas. 



APPENDIX 1 


List of Component Values of Thickness Monitor 
of Figures 3a and 3b 

Resistors Ohms 

Rl 47K R32 lOK 
R2 56K R33 3K Pot . 
R3 4. 7K R34 560 
R4 33K R35 33K 
R5 47K R36 4.7K 
R6 lOK R37 lK 
R7 470 R38 470 
R8 50 R39 2. 2K 
R9 47K R40 2. 2K 
RlO 56K R41 lK 
Rll lOK R42 2.7K 
Rl2 lK R43 7 . 8K 
Rl3 2.2K R44 3. 3K 
Rl4 56K R45 l.OK 
Rl5 4.7K R46 470 
Rl6 470 R47 lOK Po t . 
Rl7 2.2K R48 270 
Rl8 47K R49 270 
Rl9 56K R50 220 
R20 56K R51 4 . 7K 
R21 56K R52 l . 5K 
R22 2 . 2K R53 2. 2K 
R23 2. 2K R54 3.3K 
R2L~ 6 . 8K R55 3.3K 
R25 2.2K R56· 6.8K 
R26 l.8K R57 15K 
R27 100 R58 8. 2K 
R28 3. 3K R59 l . OK 
R29 15K R60 lOK 
R30 30K R61 lOOK 
R31 29K R62 l.OK 

R63 lOK 
R64 25K Pot . 
R65 25K Pot . 
R66 25K Pot . 
R67 25K Pot . 
R68 lOK 
R69 lOK Pot . 
R70 4.7K 
R71 4 . 7K 
R72 lOK 
R73a 10 
R73b 5K Pot . 
R74a l . OM 
R74b lOK 
R75 2. 2K 
R76 50K Pot . 
R77 5K Pot . 
R78 220 
R79 50K Po t . 
R80 22M 
R81 lOK 
R82 lOK 
R83 34K 
R84 750K 
R85 2.2K 
R86 lK Pot. 
R87 2. 2K 
R88 lOK 
R89 2 . 2K 
R90 490 
R91 lOOK 
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Capacitor s 

All Va lues i n Microfar ads Unless Noted Ot herwi se 

Cl 
C2 

100 
· 430 

pf . 
pf . 

C20 
C21 

10 
68 

pf . 
pf . 

C39 
C40 

. 05 
220 

C3 
c4 
C5 

. 01 

. 001 

. 01 

C22 
C23 
C24 

10 
320 

. 05 

pf . 
pf . 

C41 
042 
C43 

0. 1 
. 01 
.001 

c6 
C7 
cs 
C9 
ClO 
Cll 

50 
.01 
. 01 
.022 
. 01 
.001 

C25 
C26 
C27 
C28 
C29 
C30 

•005 
50 pf . 
0-300pf . 
0-20 pf. 

.01 

.01 

c44 
C45 
c46 
C47 
C48 
C49 

220 
. 01 
. 002 
.001 

220 
50 

pf • 

pf. 

Cl2 
Cl3 

100 pf . 
. 022 

C31 
C32 

.01 
10 

C50 
C51 

. 001 
10.0 

Cl4 
Cl 5 
Cl6 
Cl7 

680 
50 

100 
10 

pf. C33 
. C34 

C35 
036 

1530 
1750 
1280 

800 

pf • 
pf . 
pf. 

C52 
053 
C54 
C55 

0.1 
.05 

1000 
100 

018 50 C37 100 056 100 
Cl9 0.1 038 10 C57 500 

058 500 

I nduc t ances 

Ll 14 . 8 - 31 mi cr o H. L4 1 .08 mH 
L2 14 . 8 31 micro H. L5 2 .08 mH 
L3 14. 8 - 31 micro H. L6 2.07 mH 

TR 1 , TR 2 , Mod i fied 4 .7 MHz IF Tran sformer 
TR 3 Mod i fied 455 KH z I F Tr ans former 

TR 4 , 	 115 V. A.O. Primar y. Power, Transformer 
36 V Secondary 

SWl Double Pole- 4 Posi t ion , Two Deck Rota ry Switch 
SW2 Double Pole-3 Posi t ion , Si ngle Deck Rotary Switch 
SW3 DPS T On-Off Toggl e Switch 

M DC Mill i a mme t e r lmA f. s . d ., 100 divisions1 

M2 DC Mi croamme t e r 100 micro A f .s.d., 100 divisions 
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Transistors 

All Transistors NPN Silicon (G. E. Plastic Coated) 

2N3860 Tl 
2N3859 T6, Tl2 
'2N3856A T4, T5, T7, T8, T9 
2N3854A T2, T3 
2N3605 Tl6, Tl7 , Tl8, Tl9 
2N3414 T20, T21 
2N3393 T22,. T23 
2N3392 Tl5 
2N2924 TlO, Tll, Tl3, Tl4 
TR02C PNP Power T24 

Diodes 

Dl I N4009 
D2, D3 1601 G.E. Dual Diode 
D4 , D5 I N 482 
D6, D7, D8, D9 I N2070 Rect. 0.5 Amps P.I.V. 400 Volts 

Zl I N961 10 Volts 
Z2 OAZ204 6.8 Volts 
Z3 IN965B 15 Volts 
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