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I. ABSTRACT 

The reflection and transmission coefficients of metal films are functions 

of film thickness* An investigation is carried out to determine (a) whether 

a measurement of the coefficients at microwave frequencies can be expected to 

yield accurate values of the thickness; (b) whether films of known thickness 

can be useful as waveguide components. The analysis shows that at thicknesses 

greater than --lOA» for metal films on glass substrates, the reflection 

coefficient is not a sufficiently sensitive thickness indicator, and the 

transmission coefficient is too small to permit accurate measurements* At 

thicknesses less than 1QA the electrical parameters are unknown, and such 

small dimensions are not accurately reproducible. 
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II. INTRODUCTION 

The Engineering Experiment Station of the Georgia Institute of 

Technology has been engaged for a number of years in a study of the 

physical properties of thin metal films. In any such study one of the 

parameters of particular interest is the film thickness. For the thin 

(100A - 10,000a) evaporated or sputtered films which are frequently used 

in these researches the thickness measurement presents a number of problems. 

Two methods of thickness determination are in use at present. In the first 

the weight of the metal deposited on a substrate is determined by means of 

a microbalance, and certain assumptions are made about the manner in which 

the metal is distributed; in the second method one1 of the cownon inter¬ 

ferometric techniques is used. 

The first method suffers from some obvious deficiencies. A film is 

usually deposited on a glass microscope slide, the weight of which is many 

times that of the film. This severely limits the precision of the deter¬ 

mination. The assumptions that the constitution of the film is uniform and 

that its density is the same as that for the metal in bulk represent depar¬ 

tures from reality. 

The interferometric method is more direct and is free from the afore¬ 

mentioned objections. Unfortunately, however, it results in the permanent 

alteration of the film, requiring as it does that a channel be cut in the 

film and the whole be overlaid with a highly reflecting coating. 

A precise, non-destructive method of measuring film thickness is 

greatly to be desired. It occurred to the author that the effects which 

a metal film would have on the microwaves in a waveguide might be sufficiently 

dependent on the film thickness to afford such a method. If the film were 

placed transverse to the axis of the guide the incident radiation would be 

partially reflected, partially absorbed and partially transmitted. Also 

the phases of the waves would be modified by the film. If these effects 

should turn out to be sufficiently dependent on film thickness then not 

only would the research achieve its goal of thickness measurement, but also 

would demonstrate the utility of metal films of known thickness as wave¬ 
guide components. 
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With the above considerations as an incentive the necessary calculations 

were made to determine the magnitude of the effects. It was quickly apparent 

that» for metal films at least» the method could be applicable only if they 

were of such extreme thinness (< 1QA) that (a) their electromagnetic parameters 

are for the most part unknown» (b) they are not of current research interest» 

(c) they could not be reproduced with sufficient precision to make them useful 

waveguide components. In view of the negative nature of the findings no exper¬ 

imental work was conducted. In this report the calculations are presented 

and general expressions are derived for the reflection and transmission coef¬ 

ficients (including phase) for a film on a substrate of finite thickness (the 
dual-layer-film problem). 
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III. GENERAL THEORETICAL CONSIDERATIONS 

It» theory of the Propegation of electronic «re, m Mt<!rill Mdu 

. 71 ^Sent,d ^ ^ plaCM - 0»^ « outil* eül b. gi,» tttf. 
ficient to establish the notation and the nomenclature. 

On the assumption that all of the field quantities involved 8Uple 

rmonic functions of the time, and that the free-charge density is „ro 

ZTT: r11'3 ^ étions may be combined to 
yield the following one dimensional wave equation* 

( BJ 

2>x 
2 * k2( B.) . (1) 

^ i sT Íh 7617 8PeCial CaSe °f a WVe Pr0pagated 10 -directions with its electric vector polarized in the x y plane. The subscript ... de- 

note, the feet that only the epatUl conponent, of the electric field arc 

be log con, dered, the tine factor, having been divided ont, an! Z 

TZnTo Ü t'n0teS PartiCUlar SpatU1 i. the propa- 
the n M^n 15 r'Ut'd t0 the '»"^tivlty, o, the penalttlvlt, €, 
the permeability, P, and the angular frequency, », „ follow,, 

i,2 s 2 
(2) 

« «.T™ --- •• «* - 

k « « ♦ j ß 
(3) 

It follows from (2) and (3) that 

& “ ♦ ¿/(u2 62) - i))72 
(W 
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<*> f/2^[ 1 ♦ a2/(“2 ^2) ♦ l) 
1/2 

(5) 

There are two limiting cases of particular interest# The first pertains 

when ¿A*2 (2 ) is much larger than unity. This case includes all reasonably 

good conductors for all frequencies up to some very high limiting value# For 

this case 

e - ß - ^ a n/2 . (6) 

The second case is that for which a2/(»2 Ç2) is much less than unity and 

includes most dielectrics at frequencies greater than some limiting value 

which is on the order of 10^/sec. For this case 

« - (<*/2) ^pTT , (7) 

and 

ß • . (8) 

In any case» the solution of the wave equation (1) is 

(V ■ Em ^ ♦ En e*k3t ' (9) y 

*here \ and En are constants. Now, since E - (Es) e^*, and k • « ♦ j ß» 

Equation (9) becomes 

Ey-V^*J(“t'flX)*Ene*#X«jK + ,il) • (K» 

The first term on the right hand side of (10) represents a wave with a phase 

constant ß, attenuated by the constant a» traveling in the positive x-direction. 

The second term differs from the first only in its amplitude» E , and direction 

of propagation, which is in the negative ydirection. 
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The magnetic field, associated with the wave may be deduced from 

Maxwell's equations. It is related to the electric field, E , in a manner 

determined by the four parameters o, €, H and w. it is convenient to repre¬ 

sent the quantity E^/H^, the "impédance" of the medium, by the symbol 5» The 

unit of $ is readily seen to be the ohm. A simple analysis shows that the 

impedance of any medium is given by 

Ç a) (ß ♦ j a)j(a2 ♦ ß2) , (11) 

When an electromagnetic wave impinges on an interface separating two 

media, some of the energy is reflected and the remainder ir» transmitted. In 

general, a phase change occurs also. To compute the amplitude of the reflected 

and transmitted waves one must know, in addition to the impedances of the 

media, both the angle of incidence and the state of polarization of the inci¬ 

dent wave. A particularly simple state of affairs exists when the wave is 

incident in a direction normal to the interface, because then its state of 

polarization is immaterial. This is the situation envisioned in the present 

research where the film was to have been placed nomal to the axis of the 

waveguide. For this case the following relations hold: 

rjk-^k-VA*** V > (12) 

‘jk " 2 Vt?k * V ’ (13) 

where rJk represents the ratio of the amplitude of the reflected wave to 

that of the incident wave when incidence occurs from medium j onto the inter¬ 

face separating j from k, anu where tjk is the transmitted amplitude ratio. 

These quantities will be referred to as the reflection and transmission 

coefficient respectively. They are, in general, complex quantitites and 

therefore contain the information concerning the amount of phase shift at 

reflection and transmission. 
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IV. REFLECTION FROM, AND TRANSMISSION THROUGH, A SINGLE FIUÍ 

Consider the film of thickness d of medium m which separates two semi- m 
infinite media A and n (Figure l). If a wave of electromagnetic radiation 

is incident from medium jfconto the /-m interface both reflection and trans¬ 

mission take place. The transmitted wave is divided at the m-n interface, 

the reflected portion being divided again at the nri interface, and so on ad 

infinitum. The result is that the wave in medium JL which is reflected from 

the film is the sunmation of an infinite number of components, and the same 

can be said of the resultant wave transmitted through the film in medium n. 

The multiple reflections which occur in a film are utilised in certain 

types of optical equipment such as the Fabry-Perot interferometer and the 

Lummer-Gehrke interferometer^ to give large values of spectral resolution, 

consequently the basic theory of the interference of muítiple-reflected 

beams is well known and has been presented in a number of places of which 

the cited references^ are representative. It may be shown* that if the 

incident wave has unit amplitude the amplitudes of the resultant reflected 

wave, Rgm, and the resultant transmitted wave, T. , are given by: 

d _ _ A jKm mx. ran 
R£mn rHm *- 

1 rmi rmn e 

^ím Snl rmn e 
(111) 

(15) 
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V. THB WAIrUHR FIW 

In practice the films with which one has to deal are frequently so thin 

that they must be backed by a substrate for mechanical support. This is in¬ 

variably the case for evaporated and sputtered films which are built up from 

zero thickness by deposition. The microscope slide is a conmonly used sub¬ 

strate for deposited metal films. 

The problem of reflection from, and transmission througi, a film then 

is complicated by the presence of a substrate, for one has actually to deal 

with a dual-layer film comprising deposited film and substrate. 

In Figure 1 all of the transmitted waves and all of the reflected waves 

except "a" may be regarded as having been produced by the first ray (of ampli¬ 

tude t¿ ) transmitted by the ¿-m interface. Let us define a "reduced 

reflection-coefficient," and a "reduced transmission-coefficient," 

l£mn, as follows* 

(16) 

(17) 

Figure 2 shows, in a schematic form, the various reflections and refractions 

taking place in a dual-film of media 1 and 2, thickness d^ and dg, respec¬ 

tively, immersed in medium 0. In practice medium 0 is air, medium 1 the 

deposited film, and medium 2 the substrate. 

The incident wave of unit amplitude, labeled 1, is partially reflected 

(tq^) and partially transmitted (^). The transmitted portion gives rise 

to an infinite number of waves, of summed amplitude t^ back into 

medium 0, and another infinite set, of summed amplitude tQ1 Y012» through 

to medium 2. The first of these sets has escaped the film. The second, on 

the other hand, because of the multiple reflections in medium 2, gives rise 

to a set of waves of summed amplitude tQ^ Y^q which has escaped as a 

-11' 
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Médium JL 

Medium m 

Medium n 

lab 

TIT 
Zl\ i 

m 

c 
d 
/b 

y 
▼ 

y 
Z 

Figure 1. Schematic Representation of Multiple Reflections in a Film. 

The arrows represent the direction of propagation of wares of infinite 

extent in space and time. They are offset in the diagram merely to make the 

representation more convenient. The arrow labeled 1 represents the incident 

wave. The total reflected amplitude is obtained from the infinite sum 

% mn a+b+ced* 

and the total transmitted amplitude, T, from 

Tjtm •u ♦T ♦ " ♦ * ♦ 

also an infinite sum. 
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1 

Medium 1 

Medium 2 

N/ 

t01 T012 T120 t01 J012 T120 

Medium 0 

Figure 2. Schematic Representation of Reflection and Refraction 

by a Dual-Layer Film* 

Each arrow except 1, r^, and t^ represents the resultant of an infinite 

number of waves* Each slanting arrow generates the two which follow it to the 

right* The total reflected wave is the resultant of all the vertical arrows 

emerging from the 0-1 interface; the total transmitted wave is the resultant 

of all the vertical arrows emerging from the 2-0 interface. 
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part of the total trannitted vare, and a set of suawd aapUtode 

Si r012 *120 ^1°11 18 1x1 »«dina 1. This procesa Is continued ad 

"d re8ult8 8 <*o«bly infinite set of both reflected and trans¬ 
mitted waves. The indicated srunatlons yield 

"mío ■ roi * ‘ai **2* 'ai hio Jno (1 ♦ hzo hio * W W ♦ • • •) 

(18) 

Ioi2° ‘ *01 r012 ri20 (1 * ^20 ^10 * *120* W *•••). (») 

The infinite eu in the ebore equetlone Is finite. Ut it be represented be 
7.. * 

1 ' Hio *210 * 

^0120 * r01 * ‘d (I012 * Tai2 ^20 T210 *> * (Q) 

and 

T0120 ' *01 T012 ^20 1 • (22) 

Kqutlons (21) end (22) «re general expreaslona for the uplltudee of the 
wra. reflected and trane^tted bjr a dual-l^er fil. l»r^ m . ^ 

*».«u udlu of infinite extut if the Incident nre ha. unit „.plltnd. 
and Is Incident nornal to the fll*. 

The values of R^q *0120 ^81,8 o^lcolhted for a dual-layar fll* 
consisting of alum« d.poaited on . glaee tíoro«ope .lide. Th. eücola- 

Wr8 out tor four different thlcknes... of Uuia». i ÍTr 
quency of 101 cycles per second «as aasuaed. The glue me considered to 
tar, aero conductirity. a dial.ctrlc con.tut of 5, uri to be 1.2 « thick, 

e calculated values of R0120 and T^jg are given in Table X. The valu 
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used for was 376.6 ohns* lhe taped ince of free space* In a waveguide 

application^ a somewhat different value, depending on the ratio of wave* 

length to guide dimension» would be used. 

TABL3 I 

Reflection and Transmission Coefficients from a Dual-Layer 711a 

Consisting of a Thickness d^ of Aluminum (Conductivity 3.5li x 107 

ohm ^ m on a Glass Plate of Thickness 1.2 ran» Zero Conductivity» 

and Dielectric Constant 5j Frequency • 10^ Cycles/Second. 

d^ (Angstroms) 

0 

5 

10 

100 

1000 

0210 

-0.93li/-0.382 

-0.973/-0.178 

-0.9998/-0.015 

--1 

0120 

0.195/1.18 

0.121A.33 

0.011 A.55 

~0 

* 
(Magnitude/Phase Angle in Radians) 
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VI. CONCLUSIONS 

The few computations carried out for Table I show that for aluminum 

films 100A or more thick the reflection coefficient is so large and changing 

so slowly with thickness that it cannot be used as a sensitive thickness 

indicator. Films thinner than 100A are not of much interest since they can¬ 

not be reproduced accurately and certainly for values of thickness less thar 

10A, where ^120 begins t0 vary appreciably with d^, the electrical properties 

of the film are unknown and cannot be assumed to be those of the metal in 

bulk. The transmission coefficient is a somewhat more sensitive indicator 

of the film thickness; but at a thickness of only 10QA the transmitted power 

is 1*0 db below the incident; making the method unattractive at best. 

The situation would be improved if either the frequency of the wave or 

the conductivity of the film were decreased. The frequency cannot be made 

much less than 1010 cp..., however; without getting below the range of fre¬ 

quencies carried by available waveguides. On the other hand» the conduc¬ 

tivity of many materials is much less than that of aluminum; and a thin film 

of semi-conductor» if such were available» could serve the purpose of intro¬ 

ducing a desired amount of attenuation and phase shift. Rough calculations 

show that materials with conductivities in the ranpe of 10 - 10U ohm a A 

could be advantageously used in the form of deposited films of several hun¬ 

dreds of angstroms thickness to produce measurable attenuation and phase 

shift. 

After this investigation was completed the attention of the author was 
6 7 8 

called to some papers by E. A. Lewis and J. P. Casey ’ * » who show that a 

metal grid is superior to a metal film as a waveguide component. 

J. E. Bojrd; Assibiate Director 
Engineering Experiment Station 

Respectfully submitted» 

Vernon Crawford 
Project Director 
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