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AN OPTICAL THOD FOR. DETERMINING TI THICK11ESS 

0F THIN LTALLIC FILMS 

INTRODUCTION 

In electron microscopy there is a technique in the 

preparation of specimens for viewing called shadowcasting. 

This technique gives improved contras b and consists of a 

vacuum evaporation of a thin coating of metal on the speci- 

men at a kno angle. 

METAL ATOMS 

-- FROM SOURCE 
f 

PARTICLE 

/nMuuw MrtrL& 
FIG.I 

In Figure 1 metal atoms from the source travel in 

straight lines and coat the entire surface except that 

portion which is in the shadow area behind the particle. 

In the electron microscope the thin metallic coating is 

more opaque to the electron beam than the shadow area. As 

a result, bright shadowstt are formed adjacent to the image 

of the particle. 

By using the shadowcasting technique, it is pos- 

sible to determine the height and structure of the top of 
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the particle. Very sharp shadows are possible if the metal 

is evaporated at a pressure such that the mean free path of 

the metal atoms is several times longer than the distance 

from the evaporation source to the specimen. The pressure 

at which the evaporation is carried out is i05 mm of Hg 

for which the mean free path is about 80 cm and the distance 

from the source to specimen is usually about 20 cm. 

If it is desired to make accurate determinations of 

the size of particles, it is necessary to lmow as accurately 

as possible the thickness of the metallic film that has 

been evaporated on the specimen. The usual thickness of 

the evaporated film is 10 to 50 A depending on the metal 

used. The four metals in common use for shadoweasting are 

chromiwn, platinum, palladium,and uranium. 

The purpose of this work is to develop an optical 

means of determining the thickness of the evaporated film 

that will be relatively simple, easy to use, sufficiently 

accurate, and may be utilized by persons with little back- 

ground in physics. 

The usual method of determining the thickness of 

the evaporated film is to calculate the amount of metal 

needed for a desired thickness, attach this amount of metal 

to the filament and completely evaporate it. This method 

is cumbersome, and in many instances accurate enough scales 

are not available. Also this method is prone to errors in 
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weighing caused by lint and grease from the fingers, and an 

error may be introduced by the metal to be evaporated 

alloying with the filament wire or some of the metal 

falling off the filament during evaporation. 



THEORY 

In Figure 2 a beam of monochromatic polarized light 
of intensity I in air (index of refraction n1) is incident 
at an angle 9 on a thin metal film (index of refraction n2) 

on glass (index of refraction fl4). At the air-metal film 
surface I is partially reflectod at an angle e1 and par- 
tially refracted at an angle 82. At the metal film-glass 
surface the refracted beam is partially reflected at an 

angle 
2 

and partially refracted at an angle The 

reflected portion is further reflected and refracted at 
successive boundary surfaces, absorption being considered 

in the metal. 13 is the sum of aU beams that enter the 

air from the metal film at the angle e. 14 is the siam of 

all beams entering the glass from the metal film, and these 
are absorbed in an anti-reflection coating on the lower 

glass surface which has approximately the sgme index of 

refr 

II 

FIG. 2 
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DIELECTRIC 
(GLASS) 

ANTI REFLECTION 

COATING 



5 

The incident beam I may be polarized so that its 

electric vector makes an angle of 450 to the plane of 

incidence, in which case the components parallel and per- 

pendicular to the plane of incidence are equal. The 

reflected intensity 13 dIffers for the two directions. 

Let = reflected intensity parallel to the incident 
plane 

I reflected intensity perpendicular to the 
incident plane 

Fry (2, p.20) developed a set of formulas which can be 

used to correlate the thickness of a conducting film on a 

dielectric to the ratio of /i . His results may be 

written in the form 

(K1 - K2) (K2 + K4) X2 + (K1 4 K2) (K2 -K) 2 

K2) 
2 

4 K4) X2 
l - K2) (K2 - K4) 

i... (Ç - Ç) (Ç + K) X2 + (Ç f Ç) (Ç -K) 
(K + K) (K 4 K) X2 + (ici -K) (K -K) 

where 
I ..in1-in1k1 

K1 
1 c 

Ç 2 '2 - in2k2 

u2 o 

K :h14 - in4k4 
u4 c 

X 0iqC2d 

K =u1c1 C 
i n1 - in1k1 

T, C u202 
"2 - in2k2 

K -uc C 

44n4-in4k4 

d thickness of the metallic film 

q2 (n2 - in2k2) 

.,:t = wave length of source (5893 A) 



cl = COZ 

C2 COZ e2 

C4 COZ 94 

e velocity of light 

u1 magnetic permeability of air 

u2 magnetic permeability of metal 

u4 = magnetic permeability of glass 

n1 index of refraction of air 

index of refraction of metal 

n4 index of refraction of glass 

k1 absorption index of air 

k2 = absorption index of metal 

k4 = absorption index of glass 

The values used in the computation were: 

air u11 n1l k10 
glass u4 i n4 1.52 k4 - O 

gold u2 i n2 0.37 k2 7.62 

aluminum u2 1 n2 1,44 k2 = 3.69 

Theoretical curves of for aluminum and gold are given 

in Figure 3 using the values given. 
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Experimentally, the thickness of the film on which 

the readings were taken was determined by the formula 

d M 
4 rrr2.f 

where d thickness of the metallic film 

M mass of the evaporated metal determined by 
weighing the filament before and after 
evaporation 

r distance of glass slide from filament 

density of metal 

The values of the density used were 2.7 ¡cc for aluminum, 

19.3 vn/cc for gold and 7.1 gm/cc for chromium. 

In using this formula one assumes that the number of 

atoms leaving the source is equal in all directions. The 

validity of this assumption was checked and is discussed in 

the section on results. It was also assumed that the 

density of the bulk metal and the density of the metallic 

film wore the same. This will be discussed in the conclu- 

sion. 

The fïlaments which were of the V type and had the 

metal to be evaporated melted in the vertex of the V were 

weighed with an accuracy of 5 x 106 grams at each weighing. 

The maximum error in thickness due to an error in weighing 

would then be 0.2 A for aluminum, 0.04 A for gold and 0.08A 

for chromium. In the evaporation process the eight slides 

were placed at a distance of 25, 23, 21, 19, 17, 15, 14, and 

13 cm from the source. 



The apparatus used for reflected intensity measure- 

ments consisted of a G.E. 100-watt sodium vapor lamp source, 

polarizing nicol, analyzing nicol, photo-multiplier tube on 

which the potential on each dinode was individually stabi- 

lized by voltage regulator tubes in the power supply and a 

L&N wall galvanometer. A 1000-watt constant voltage trans- 

former supplied the voltage for the sodium vapor lamp and 

the photo-multiplier tube power supply. The nicols were 

mounted on a spectrometer which was modified, as in Figure 

4, for the insertion of the standard 1 x 3 inch microscope 

slides which were used in the metal evaporation. The 

entire experimental arrangement can be seen in Figure 5. 



FIG. 4 



FIG.5 1-I 
l-J 
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The optical system was arranged as in Figure 6. 

The polarizing nicol was set at a 45° angle to the plane of 

incidence, thus making the magnitude of the perpendicular 

and parallel intensities of the light incident on the 

Microscope slide equal. By tui'ning the ana1yzin nicol to 

let the reflected perpendicular and parallel intensities 

pass through to the photo multiplier tube the relative 

maiitudes are determined from galvanometer readings. One 

advantage of this type of arrangement is that no elaborate 

apparatus is necessary to assure the long time stability of 

the intensity of the source. It need only remain stable 

during the two successive readings which can be obtained in 

a few seconds and checked by further readings. 

The analyzing nicol was equipped with a scale for 

reading in degrees. Its orientation was established by 

removing the polarizing nicol and reflecting the light from 

the source at 570, which is near the polarizing angle for 

the glass slides. The polarizing angle was determined by 

measuring the index of refraction of the glass with an Abbe 

refractometer. The value obtained was 1.52. The analyzing 

nicol was then adjusted until a minimum was reached on the 

galvanometer and was then in position to pass vibrations 

parallel to the plane of incidence. 

The polarizing nicol was equipped with a separately 

adjustable brass ring with an etched line every 45°. Its 

orientation was established by removing the glass slide and 
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moving the spectrometer arm so the 1iit source, polarizing 

nicol, and analyzing nicol were on the saine axis. With the 

analyaing nicol adju$ted as above the polarizing nicol was 

rotated to obtain a minimuni galvanometer reading. The 

polarizing nicol was then in position to pass vibrations 

perpendicular to the plane of incidence. The brass ring 

was then adjusted, without rotating the nicol, to an 

orientation mark on the holder and fastened to the nicol. 

The polarizing nicol was then rotated 450 to the operating 

position. The resulting parallel and perpondïcular inten- 

sities were checked to see if they were equal. If a small 

difference was found, it was eliminated by adjusting the 

polarizer. 

To make the method as sensitive as possible, it was 

necessary to find the optimum angle of operation. This was 

done by taking a series of readings of the ratio of the 

parallel and perpendicular intensities at different angles 

of incidence for several different thicknesses of gold 

film. The results of these readings are found in Figure 7. 

The maximum change of iLL- as the thickness of the gold filin 
'J- 

was increased is close to 500. This was determined from 

the curves by measuring with dividers to find the angle 

where there was a maximum vertical separation between the 

curves. It was determined in a similar manner that 500 was 

the most sensitive angle for aluminum and chromium, so this 

angle was used as the angle of incidence for all readings. 
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GLASS MICROSOOP SLIflS TUNG2T FILAMFNT WITH 

FIG. E 

The apparatus used in the evaporation process was 

arranged as in Figure 8. When the evaporation occurred, 

the components were enclosed in an evacuated bell jar. The 

pressure in the bell jar was iO inn of Hg when the evapo- 

ration was started and the evaporation rate was controlled 

so the pressure did not go above 3 x 1O inn of Hg. The 

evaporation process usually took about two minutes. 

Before being used the slides were cleaned in 

boiling chronic sulfuric cleaning solution and rinsed 
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thoroughly with tap water followed by distilled water. 

They were then dried with a clean, lint-free cloth. 

The filaments were of the "y" type in which the 

metal to be evaporated had previously been melted down into 

the vertex. A typical filament is shown in Figure 9. The 

current through the tungsten wire was then increased slowly 

unti], the temperature at which the metal evaporates was 

reached. The maximum current through the filament was from 

10 to 25 amp, depending upon the metal to be evaporated. 

I TUNGSTEN WIRE 

H y2» / (.025") 

1/2" METAL TO 

BE EVARORATED 

FIG. 9 

After the metal had been hung in the vertex, melted 
and a small amount of evaporation had occurred, the f ila- 

- ment was weighed. After evaporation the filament was 

weighed again and the amount of metal evaporated was calcu- 

lated. In all evaporations eight slides on which the metal 

was evaporated were used at various distances from the 
source. A typical set of data is given for ari evaporation 

of chromium. 



mass of filament before evaporation 239.590 mg 

mass of filament after evaporation 233.175 mg 

mass of metal evaporated = 6.415 mg 

d M - 6.415 x 1O 
47x' - 4 (7.1)r2 

cm 

d 715 X 
r2 

cm 

Distance of Thickness 
Slide Slide from of Cr on Galvanometer Galvanometer I 
No. Filament(cni)Slide (A) Reading for Reading for - 

r d Il Ij., 

clear 0.75 34.2 
glass 0.75 33.9 0.023 

0.80 34.4 
1 25 11.5 1.2 39.3 

* 1.1 39.9 0.030 
1.15 40.5 

2 23 13.5 1.2 42.6' 
1.3 42.9 0.030 
1.3 43.2 

3 21 16.2 1.6 45.0 
1.5 45.3 0.035 
J_.6 45.3 

4 19 19.8 1.8 47.1 
1.7 46.8 0.037 
1.75 47.1 

5 17 24.7 2.1 48.9 
2.1 47.7 0.043 
2.1 47.7 

6 15 31.7 2.2 49.2 
2.3 49.2 0.046 
2.2 48.9 

7 14 36.5 3.6 55.7 
3.6 55.7 0.065 
3.6 55.7 

8 13 42.3 4.5 62.4 
4.8 62.1 0.075 
4.7 62.1 

The filaments were handled as carefully as possible 

to minimize the errors in weighing caused by lint, grease 
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from the fingers and pieces of the metal to be evaporated 

from chipping off between weighings. The filaments were 

always very carefully handled with chamois finger stalls 

and kopt in petri dishes in a closed chamber with CaSO4 

crystals when not being used in the evaporation process or 

being weighed. 

After the metal had been evaporated the back of the 

slides were coated with a mixture of lampblack and balsam 

in xylol. The index of refraction of this mixture was 

measured with an Abbe refractometer and was found to be 

1.62. This value is quite close to the index of refraction 

of glass and succeeded in reducing the second surface 

reflection until it was negligible. 
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RESULTS 

The metals used in this work were aluminum, gold, 

and chromium. Experimental curves were obtained for all 

three and are shown in Figure 10, 11, and 12. As can be 

seen from Figure 11 the slope of the curve for gold is 

such that accurate determinations of thickness could be 

made in the range in which we are interested. The curve 

for aluminum, Figure 10, would be applicable for thick- 

nosses greater than 20 A,but for thinner films the method 

is of dubious value. This method is of little value in 

the determination of chromium film thicknesses since the 

slope of the curve is small and hence the method is not 

sufficiently sensitive in the entire region of interest. 

The assumption that an equal number of metal atoms 

leave the source in all directions upon evaporation was 

checked by placing several slides in various positions 

around the source and at the same distance from it. It 

was found that the only directions where there were devia- 

tions from this assumption were those in which the wire of 

the filament was between the metal to be evaporated and the 

glass slide. Consider a very thin wedge with a vortex angle 

of 90° whose plane of synimetry coincides with the plane of 

the tungsten filement wire. If this wedge were originally 

at a 45° angle with the bisector of the filament V, with 

the vertex of the wedge coinciding with the vertex of the V, 
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and was rotated to an angle of 315° with this bisector, 

the directions in the resulting volume are those in which 

there is a deviation from the assumption. In these direc- 

tions there is an average of 14% less metal atoms leaving 

the source. Since these directions constitute 3/16 of all 

the directions, the error in the thickness computations 

caused by this devIation would be less than 3%. 
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C ONC LUS IONS 

In Figui'es 10 and 11 there are large discrepancies 

between the experimental and the theoretical results in the 

region in which we are interested. This may be due in part 

to the fact that the assumption was made that n and k were 

constants in the theoretical calculations. Clegg (1, 

pp.777-781) found that this is not the case and that the 

values of n and k were functions of the thickness of the 

thin metallic films. For a 10 A gold film he gives the 

values of 2.3 for n and 1.7 for k. The values of bulk 

gold are 0.37 for n and 7.62 for k for 5893 A. Using 

Clegg's values for n and k a theoretical valuo for a 10 A 

gold film of 0.1$ is obtained for !IL for an incident 
'J- 

angle of 500. Using the values for bulk gold a theoretical 

value of 0.18 is obtained. The value obtained experiment- 

ally for at 500 for a 10 A gold film is 0.09. Using 
I-L. 

Clegg's values for n end k there is stiIl.a discrepancy 

between the theoretical and experimental values, but the 

difference is smaller than that obtained with bulk gold 

values for n and k. 

The agreement between experimental and theoretical 

results is better for opaque films end good for plain glass. 

For plain glass a value of 0.023 is obtained experimentally 

and a value of 0.025 theoretically. Por opaque gold films 

a value of 0.79 is obtained theoretically and a value of 



0.70 experimentally. For opaque aluminum films a value of 

0.73 is obtained theoretically and a value of 0.63 experi- 

mentally. This would tend to show that the values of n 

and k used are close to the correct values for the bulk 

metals, but these same values are not the correct ones for 

very thin films. 

Clegg (1, p.780) also concluded that the density of 

the thin films is different from that of the bulk metal due 

to the globular nature of the film structure. Sennett and 

Scott (3, p.208) have shown by use of the electron micro- 

scope that thin metallic films have a globular structure. 

Clegg (1, p.780) found that it was necessary to assume a 

film metal in order for 

his experimental and theoretical results to agree. If this 

assumption were used in this work, the theoretical and 

experimental results would agree even less, since the slope 

of the experimental curves would be smaller. 

It was thought that perhaps an error might be caused 

by impurities from the filament in the metallic film. A 

spectrographic analysis was performed on some evaporated 

gold films and it was found that, if there were any 

impurities from the tungsten filament, they would have to 

be less than 100 parts per million. It is doubtful if this 

amount would have much effect on the results of this work. 
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It is hoped that this work can be continued to 

include platinum, palladium,and urenium to determine if 

this method is applicable to these metals which are also 

commonly used in shadowcasting. 
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