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ABSTRACT

In this thesis, thin film deposition  and thickness measurement
techniques are described. The transmission coefficient of a

thin metallic film located in the cross—section of a rectangular
waveguide operating in the TEIO modg‘is determined analytically
and experimentally. Taken into account is the size effect on

the conductivity of the thin film. The transmission coefficient
measurenent at 10 Gilz used a microwave bridge and values were
obtained for sil?er films with the thicknesses ranging from

Q B . .
10C-1000 A. Results were in good agreement with those predicted

theoretically,
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CHAPTER T

Although the physies of thin films has a long history,

‘its theoretical hasis is still far from being completely established,

3]

0ften theoretical and experimental results dis

4 £

=

problem of in
1

wave through thin metallic films. It was ¥Xaplan who in

rgree, On

a

particular

erest is the transmission of an electromagnetic

forward a theoretical formula for the transmission coefficient
N ’

the ratio of the transmit d to the incident wave amplitude)
v pL1;

/

taking into account the size effect. Later, in 1964, iorolev

2 ' ] : - :
and Gridnev  performed an experiment to determiné this coefficient

. _ .
for silver film of thicknésses of 20-200 A using a ncrowave

{frecuency and reported that the values were much less +hon

theoretical ones calculate:r

foia

on the hasis of the formmla

given

o

N : 3
by Haplan. Ne explanations were offered, In 1987 ieck and Lump

performed a similar experiment using a coa Aval line technigue

h] X

and found no such discrepancies. Kaplan later pointed

mistakes in Horelev and CGridnev's experim

[
s}
w .
o

\1)

there nte

. . . 5 .
results., In reply, Xorolev and Gridnev™ adnitted to some

out

o

o

al

of ‘these

mistakes, but insisted that these mistakes did not invalidate

the reported disagrecment between the expevimenial and
curves. Thus the question is still unsetiled.
This investigotion is an atitempt 1o settle the qu

as to whether such a discrepancy does exist by nevformine a

e
(5

heoretical

similar elvﬂzicht. The experiments were performed in $wo

1

stages in order %o check the result r more.rigerously, Tirst,




the film conductiviiy,d”,is exanmined at various thicknesses, d.

smission coefficient is mecasured asainst
film conductance ner sguare (Gﬁ) whloh can he deternined
'experimentally.wiibout knowing the thickness andg specific

conductivity of a miven film.

For a good conducting medium the ﬁransmissiun Coéfficient
is negligibly s“ull at mjcro#ave regu e“cies évcn_whén the
material thickness is much less than the skin depth3~e;g. for
silver, the transmission coefficient is less than -40 db when

1
L

‘the film thickness is 100 & which is 1/100 of the skin depth.

Such a c1aractp1 istic is attrihuted to the high reflection

“coefficient at the éurfacé due to ﬁhc impedance miswmateh,

This property is widely used in miér‘xane mirrors, for shiglding

purpéses, for satellite comﬁunication, and in microélecﬁronics.
In chanter Y1 the film forming téchniéue is discussed,

as well as the ¢

The weighing method used to determine film vhickness is -

described,

In chapter III a theoretical aﬁalysis‘determining the’
transmission, refleeﬂicn, ani ahsérption coefficients is given
and the size effect on the conductivity of thin metallic filns
is discussed,

Chapter IV CO\MRI;D a description othhé four prohe

technique used to measure thin film condy cb1v10,. The tra nsx’ssion

coefficient measurcoment technigque is descrihed, and included
, .
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The degrec of contamination of the silver film by the

3

tungsten filament has been determined by leavens u ing a
radioactive tracey method .and it does not exceed a few parils
per million under besl conditions. These impurities, however,

may not affeci the resistivity of the metal film at roon

- o PR IR 384 - . ) .
tenperainre siganificantly., » .

In the deposition of thin films by the evaporation
method, it is necessary to maintain a vacuum such +that

mean free path of the volatized atoms is largse

the source to substvate distance. The valuc of ihe mean f=eo

patlr of a'silver atom is 450 cm when the residual gas is oXy g
wit razanre i (-r) tpeld . 5 +1 ot
with pressure of 106 torr>, At this pressure the evaporated
atoms malke neglegihly few collisions with the resicdual )
melecules and hence form a

On the basis of kinetic theory of zases the nuwbher of

unit time under rressure, P, and ahsolute temperature, T, .
is given by -
1
VN O A WL I R
N = p/(2am)7, (2.1)

mozecule._Por oxygen at 190 torr and at roonm Uowwerabvlo tup

6




-3

o
silver atons larcer
2,2 Structure of
It has boen showu by
a thin filn dencositsd onto
form of either a monolayer
state
from ~
metal itself then an agplomeration is formed due to iis lower

than that from

s¢ven
-

sanpa El 3 Ty Tim~ mm g 3 Ty e "
hence the film has an agglomerste surface.

The tempevature of the substrate is clésely related

«

to the structure of the film since—it affects the mohility of

y kg e A R Y PR - A
the deposited atoms. According to a model propcsed by

[t . .
Jones . the surfnce of the subsirate, @s a censcauence of




other hand, the substrate is
many defecits are frozen inte the
hit the substrate and lose their

and ‘he found that the silve
method were alwost continuo
2,3 Thin Filn Hesistivity

oIt is

theoretical valus., T!

cgranular structure of the f
by emrleving a fast evapora

a low residual

maintaining

resistivity of f me

main

when

~ 7
that required fer evaporation, free motion of the atom
:
occurs on the surface:at a towheratl far below that ncedad
to evaporate the atod from the Fﬁrﬁ? ., As a rggul%,‘the atom
of a high melting peint metal has a 1 nobility vhefcns_that
of a.low melting paxét metal A%S a highey wmobili by,
. If the fempeovatnrs of the substrate is incronsoed the

condenscd atoms gain Lic,ener;y.'Their moiility 1; increasoed

structure of the £ilm becounes more agglomerate. On the

rtained at a very low
11lm structure bc,,ub the atoms

ve gticikly,

e

using i tron microscope
B Py
prepared hi 4 fast evavoration
prey v oa fao r2poratior
their film thickness re ached

vion

t./\.

tuctiny electron. A discusgion
ber 111, tenéraliy, the ekperiment
thin fili is higher than its |
can bhe atiributed to the

chnigue, 73 “/sec, and

This phenomena

o




suhstantially fron the ticoretical value, It is neccesary

‘ . ‘
se¢ av room temperature for deposited atonms

to~allow a2 time

‘to arrange thenselves into a nroper civstal sirucﬁure. Tﬁe

conditions, the mensured values of resis

to the

values, as is shown in

.8
thicknesses above 100 A, Ti

) cQuatiohs prgéented in‘chapter IV-tor the case of diffusive
scattering alt the film bhoundaries using a wmenn frce‘pdth,
Ao of 570 A. The results are in.reasonsble agreement with
_thnse’given hy Reyanolds and S{ilwelllg.as i$ shown in TFigux -

TS ey U 2 3
Werghlng Vetnod

- .

Filwm thickness, &, may be express:d in i mass,

an, deposited in given arca, S, thus:

where p is the specific gravify of the waterial to be eva

P~

faad

oo
2

, however,. difficuli te de

Tywr 1 ~ 3 Y ~ T
by Clepg and Crock
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evaporated (75 Afsec) silver filn deposi

1

In their experiment the £3lm thickness wa

w
)—J:
s
I
o
-
~
(o]
C-L
o
)
=
I
+
[£V)
2

‘with o tersion balance, with a sensitivity of 0.5 x 10 ﬁm/Cm“
. N . g . (<) o=

‘

installed  inside & vacuum chambher and then later checlked with

methods of determining film thickness were in agy Lméﬁt within ;

a fow pérc at for the film thickness down to 120 A, ’
The fiim.thicégeés in our expeviment i3 det;rmined by

neasuring quartz crystal ﬁiérobalaﬁce

which ig riﬁg section,

Quartz Crystal ﬁicyobalance

The quartz crystal microbhalance is arranged as shown

in Figure 2,1, When the film is deposited on Liie substrate
1 N

some of the film is deposited 01 the quartz erysthl sur

he geometry of the substrate

b

source are fixed. . - -

G3
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e
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Iy

The mass, am, denosited on a

guartz crystal is ohtained by monidtoring

[
(-1.
o
(4
()
o
»
=
-
3
Jod
[
u

3 - 84 s w1 £ M AR n
relation bheotween an and af 1s given by Saucrbrey as.tellow:

where ¢ is the provertionality constant and is given
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13

01vculi was huilt inside a 2,5 cm dianetor by 3

container and mounted under the crystal holder. The snace _

bet een electronic components 11 container was filled

f:..

 enoYv resin to zra rent, possible dezassinge,

v N o R

Since only two terminals are available to conneét the
oscillator unit
.1 ™y T - b 3 b - H s .
the R.F, output 4s superin 26 ent the 2.0, power supply line

by\coxﬁLnlcﬁ a

is shown in ‘Tigure 2.3, Al o b emitt fellower circuit

serves as a bullfer stage, the stray capacitance hetween emitter

and bhase cause slight counling’

In order to eliminate a wnossible uiismatceh at the electrénic

counter innpub, the terminal is matched by add
an aiditional 5C ohm carbon resister, The c.xr*cnerihclc impedance

r
!

thre isclation iransy

o Srer anc

of the ceaxial line connecting

An outpul of 300 mvx(r.m. L) with an 2,2
¢ across the 50 ohm terminatien. A 12 volis D.C. supnply
was used with the .. output monitored hy a Iewlett Packard

52451 clectronic counter; The frequency drifi duc +o the cirveuit

itself is appreximabely 0,1 heviz per 10 so

Calihration of Cuartz Crvsial ce
Altuough a theoretical calibration {tle relatinanshin




e O T S A S o kN I T oo
depqs}beu on sunsvrave;.is Teasible, {here are several difficuliies

¥(l3 Determination of EheAéxact area and location of

7 \ . - i 3. I3} s
{1l A mica substrate, ths of whieh iz
) 15 . -
5 v 3 am ; R N P 3 : 5
1.5 x 3 e, is weighed & chientical microhalance
v e
(accuracy of +2 x 10 ony .
F o\ m . > e R . . b v, e
(25 ne change of crystael frequency is measured while *
the £ilm is depesited on the subsirate,
(3) The mass, am, deposited on the substirate is determined
by reweiohino nd substractine + i+ -
Y oreweirgning and suosiracoing it frem the value
N s . \
ohtained in (1),
The constant, ¢, is given hy . - S . .
¢ =an/{1.5 x'3 x of), .
The average value of ¢ for the arrancement shown in 2,1
is B .b}"
-5
c = 2,3 x.1¢ hertz).
The results eobiained for the constant, ¢, aye 20
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CMICHOWAYVYE PROPRITISS OF

T L33 e Yoy A 4 h ) 1T e 3 e - Y . )
I this chapler fthe trausmission, reflecetion, and -

1 S AL AT .3 N A e I . ; - .
Sabdsorpiion coeiiicients of a thin metaliic film located in the

S e N N 3 4
cress seovional alar wavesuide and onerating

in the TEjn mode is analytically detewvmined using the impedance method,

v

The conductivity of a thin metallic film is cpnsidered in order

to relate the

3.1 Yaves in-a Conducting Medium

.
319 s FUPE R : my X
wiar w ne g in TH, , moede,

16

rri '

or a rectang

as shown in Pigure 3.1,

transverse wave impedance, 7

15

riven by Plonsey and Collin as follow:
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where a is the.waveguide width and &, », and 4’ are.permittivity
perneability, aad anguler frequency respectively.
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Fig. 3.1 Rectangular waveguede with metallic film



©3

(o

o~
.n,_A
[

et

&

& 3y

FR,

.
L

_—— 1
N8 Lany,

<.
<

~

&

The propn

(&

€
N
=
&
v
v

¥ [
» -
[ [AnD
Seer R
-
. -~
o~
S5
=5
NG
O~
Iy
.
3
L]
N
el
W
pt
L.
QT
3
i
AN}
~~
(o]
~—.
e
T~ —
1 il
< o]
=i e
s s
271
3
Jid -
.
o]

weting

i

Con

- .
atT microw

frequencies

ave

Py

fad

[a5]
pg

>71.

2
=

5%

oy
/

]
v

o

[an]



ad
¢ = . (3.10)

3.2 Thin Pilm Transnission, Reflection,

1

and i then ithe fol!

. ;(1 1 - . Lo -
wid 2l crosscotion AA!

of Fignre 3,2,

i<t (2.112)

B = - Z.H, ‘ o {31

o= 2 o _ (3.11¢)
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- N 7\ LRl &
and H <~ (H. +H = Z .
’ L ( i r/ t/ i-
{ A i 3 ) N g g 4
From (3.11) and {3,12) the transmission coeflicient,V,
reflection coefficient, R, at AL’ can be expressed as follow
- ,1‘ . . l . . » . , . . (
Pl SIS T e s e e e Fl : . . )
{7 s, . ‘
YTIO0 T T
2, = 7.,
R o= e -‘.:.l;(.‘.)'_ (
'. . 7 2 *
d [l 4 -
10 i
' N
The impedonce 2. at AA!? may. be oblained by transforming
i v » a
e ‘ ' ' . aeq 16
the load impedance LlC at BB' through the metoal film .
Thus

! = R ' - ' .

(8513} dinto (3.1}) and {3.1%} one obtaing

22, 0(%, /2" .} coshi?' ~d 4 sinhy'.
102710 1 1G 10

R (

’ {: 4
made from (3,1if

~
[

P o1
for a good

3.

- o

oY
<)

1

b

15

enduciny, we have

19
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a \ .
From (3.20), (5.21), ang (3.23; we see that the transmis

u
s
o
o]

reflection, and abscrpitien coefficients are a function of the

metal conductivity. For s bulk metal, G is independent of the

geometry and ihe size of material. Yor a thin £ilm, however,
Lo - 1.
AR TR T = b PR C L e o s
1 thiexness, Haplan® gives the following

“where Sb'is the mean free path of a electror

and 5.4% These curves are oblnined from {3.20), , . and
D 1S 11 H : 1 i . r v a £ 2 2
(3,@3);Jblﬂg the following values of v, and, Y .
.
. 3
- 17 ) . . A 3 1
i’ o A0 ‘.mo/m \\O in A
. - AT .
Silver 6,132 x 1¢ 3270

. i
P . 4 7 210
Gold 4,237 w10 414
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CHAPTER IV

PR

51 I.lulun-

Although the transmission ceefficient, T, can be measured

directly against film thickness, d, the exwaxluonts were

rigorously. Tirst, film conduclivity is exemincd for various
film thicgneases, nd secondly, the {ransmission cocfficient
is asure 1 versus its conductance per square,

The four prohe technique to measure the film conductiv Fity

and microwave bridge for transmission coefficient measurement

are described in this chapter.

fiaY
L]

bt
-

Thin Film Conductivity leasurement

3 1 £ -
einllic film is

Generally the conductivity of a thin m
determined by measuring current and voltage across o strin

of the film. Since the vesistivity of the conducting £ilm is

film may cause a censiderable error. To eliminate ihis ervor,
the Fell's four probe resistivity measuring device was used.
[ M L : V ' 1 1 r 3 17 L1
This technique has been analysed by Valdes to measure the
conductivity of bulk semiconductor gsermanum and is modified
here to deal with a ithin metallic film,
Four Probe Teclhinicue

In the four vrobe technique four collinear, zqually spacd

‘probes’are piaced on the sample surface as is s




o
Ut

. The ecuryent flowin

\"l»h a milliz and the potential difference hebween the
inner probes, B and T, is measured with a potenlioncter.

V = & win/n .
v g in{e/b), {4.3)
where g is the cha and £ 7is the
vil & RO RS S0
‘nermi LV' tv of th ¢ are tie distauce
¢f the probes B and C from probe A, The charg
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figure 4.3, The resulils ohtained are given in helow,
T an v 3 —
Lo 220 28‘\) 340 GC)C’ 640 1.;0;:‘
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voltaze
i < ivRX f (2581 't [ X5 ! €y 2 a P,
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The currents used were such thal they were nst too hish
to produce &n appreciable héating affect and net too low to

aifeet the sensi
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4.2 Transmissicn Cocefficient lMezsurehent
The Llaﬂsmfssiea cefficient of an unkaown object

inside is generally

det

termined by either

a substitution or a microwave bridge methsd{ In the subsiitutien
method, the output level is kept constant ai the doteclior with
and w:thguﬁ the ’quaw, obiject in the civeuit by idfusfing a
calibrated standarﬁ aftienuvator whiech is cennactedvin serics

with the un ’ﬂoxu ohject, In this invest;gatisn.the bridee me%hodh
WaS used‘anf it can be explained by referying to Figure 4.4, '
The reference path, which is composed of a standard attenuatbon
and phase shifter, p?evides‘an'adjusgablﬁ level in the range from
 0~108 db, fower is split heblween Lthe relevence péih and th

slgn;l sath containing the unknown object. Tha refsfﬂﬂcc pﬁth

is adjusted forltho samne magnitude as the signal path but 180
dezrees out of '5as with it. The swaming of the two siznals
resulté;in a2 null reading at the detector, Yhien fhe unlncwn
object is removed from the signal path, the attenuator in the
reference path must be adjusted again to give a null reading

methods,

¢ film)

’

1.
Al

insertion of

the The d

centained in the followin

settings of attenuator. o

hridge is scc

o
o

a

scription of

titenuation due to the

e bDetween the initial
{ ftopr film inse o IR
{atier iam inservion)

rad

the wmicrowave
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A
e

Description of Microwave Bridge

The X-band waveguide bridge systems is shown in ¥
A reflex klystron (X~13) serves as the signal source with a

phasc locking freguency gynchronizer to maintain a constant

7.

fréquency. The isolaiign property between lI-plane arms of the
power splitting mapic T is utilized to divide the microwdve
power coming from the i-plane T junction into the siraal and
reference patlis without coupling them, The sicnal path consists
of a pfOCL ion rotary attenuator, a fcrrite.isolatar, a film
-iugozﬁiﬁn device,and ferrite isolator. The reference patﬁ .

t

0
[¢2]

consi of a level set attenuator, a precision reiary attenuator,

a preeisien robary phase shifter, and ferrite isolator. .The
two patlis are connected at the H-plane junction of a detecting

magic 1. If sisnal and reference paths bave +iie sane magnitude

but opposite phase, the stum of their power is dissipated in

n

i

the matehed load of the B-plane T Junction

)
Pedy

L
thie detecting

™

magic T, while the output of the Ii-plane T junction will he

3

zero. [n order to detect the null acecuratels avsuper—he,LLOJ"qe

e
N

A4

3

?‘ZC

e

detecting system is emvloved. The detector consisis oif a syn

local oscillator, a halanced waveguide mixer, and’a 30 ihz

receiver, Althouzh the detecting magic T is deo
2 o =

isolatien hetween !-planc arms, there is, however, a sli
coupling (18.%_db)( This coupling prodnces a standing wave bhetween

T. As a resuli, the

the unkunwn object and the detecting mosxiec
standing wave may cause a wrong balance condition., In order

to provide furtber isolation between signal and reference naths,
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phase contrsl system of the local oscilliator synehronizer
since th

ha . 1
caserved

r oof the Jocal escillator

discriminatoy

and inerecaned

output. A noitel filter was insortd
and the reflector of the local oscillator to reject the 30 Nz

infterfering compo

Crres by aode R
network, A two scechi

- Tramd Mmoo ee
wWas pariced neuwvecn
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Fig. 4.7 Low pass filter for the local oscillator:
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w2 bhirough the synchrenizing

lecal 0?ci113h0§ chiainel caused - serious interference. The
cetween an ii-plane T junction and an
B-plane T junciion of & magic T was usilized Le prevent the
12 GHz_loakage, A fér;ite isolator ahd‘a 30 db conxial pod

. PN S Pyt Ty e U . H :
were used o ITuritiior reduce the undaesired gou

1 orryes £ L -
signal of the was maintained at as small
rex ¥ oo sa ot iy vrs o i
a level as possible with 2 coaxial semnler for Turther isolati
e hig! Lsolot]
I P . e o e . . ; - .
The overall supnression was approximately 140 4b. The frecueney

drift in the source Mlystron was o

Pomed
Q
o0
o
ot
o]
w
(&
Jod s
b
Y
o
]
Lt
&
w3
=,

10 and Lhe fréquency_drift hetween the

“the source negligible.

im Inserltion Devwice

It was found necessary to develop a technigue

i I S i e i 4 ) s
he film inte the waveguide withoutb disturbing the wmechanical

e vyt e RETE S N o er A ey 3 -
CRe nriare, TR1sS was BLQCQE)L)iv").%‘,-'v in ovder to

preserve the accurate initial balance condition.

ting switeh (nwlatd Danlrawd it Caan s '
shorting switch {(iewlett Packard iiodel £~938) was used as &

2. .0 metal slidorp

nannea e
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CHAPTER ¥
DISCUSSION AND bL“*&Y\ OF RESULTS

The results of film attenuvation versus £ilm thickness

are given in Figure 5.1. The curve shows that the measu ed

r

values ¢f frem the theoretical values by

wl the thicker filwms (oreater
[ e

at most 1 db. Ii %
' I s\ T 3 H 1 2 a1 & PR S |
than 500 A} all have a slightly higher attenuation than +hat
predicted theovetically. We may attribute +his to tihe imverfect
contact 6f the film with the wavesuide wall,

The Lra mittance formula as given by {aplan, .equaticn

. N : 3

(3.20), is valid for frequencies less than 10” Gilz. The experimental

results of this thesis verify the formula ai ile nicrowvave frequency
. 5 . Do :
or 10 Giiz, Week and Luomp rfcmneﬁ an experinent in the freguency

o

¢
range 50 Kz 1o 1 &liz using film thicknesses 0f_1€00 A and 4300 A,

Their results were in good agreement with theory.
v ‘ .
An attempt was made to produce a Tilm of less than 190 A,
However, the results were not cousistant and t

be due to the granilar film structure. It is difficult te obtain

ol
ta
oot
[¢]
o)
o
o
jaind
e
@]
ot
>
3
o
U
Ui

experi ﬂe.tal atienvation values for films i

LY

range, An attenuatio us conductance per sauare curve was

]
4
*S
U)

found however to agree with the theoretical one as is gshoewn in
Figure 4.6,
The four.probe technique of measuring corductiviiy was .

compared with the conventional method (deter@inea'by measuring
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: ¢
and the experimental results agreed reasonably well with the

theory.

The transmission coefficient measurement o¢f a thin mctallic
film accurately determines the conductance per square of a given
thin conducting material..This neasurement'caa be made over a
- wide frequency range and eliminates the need for positioning

eiectrodes.

fxperiments were also performed using gold films. The .
gold films were prepared using the same evaporation technique
as ‘that for silver, but the cqnductancé per square was weasured
by the strip method and the thickness determined by a chemical
weighing method. The results are‘summafised in Figure 5.2
and as can be seen the difference between the theoretical
and experimentalhcurves is considerabie. This is very prohablé
due to the existence of discontinuitjes in the structure of

_ L ' 18
the gold film as had been reported by many authors™ , The strip

method of measuring the conductance, which actwally measurcs

the conductance of the whole strip rathexr than ithe local conductance

in a small region, al&o limits the accuracy of results.,
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