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I. Introduction 

Many properties of matter in the solid state depend 

very much on surface structure and surface conditions. 

These properties are numerous, such as photoelectric 

emission, contact potential, etc. Any measurement of 

these properties which is expected to lead to accurate, 

and reproducible results, should be made with an initially 

fresh and clean·surface, and without any contamination or 

change in the surface during the process of measurement. 

These requirements are very difficult to fulfill. One of 

the best solutions to the problem is the use of thin films. 

Thin films are commonly made in a vacuum by vapor deposition 

or by cathode sputt~ring on pure and clean substrates. 

After deposition they can be studied immediately without 

exposure to air or any contaminating medium. By means of 

thin films, both conditions seem to be satisfied. However, 

a vacuum is an ideal state. How high the vacuum must be has 

not been carefully studied. 

From previous work done in this laboratory and else-

where, it has been found that the optical properties of 

metal films are susceptible to residual gas or vapor. 

Nearly all the information available on optical properties 

resulted from films deposited in high vacua of from lo-5 to 

io-6 torr. So, specifically, we wish to examine whether a 
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high vacuum is adequate for denositing metal films for the 

study of optical properties, without changes due to residual 

gas molecules. 

Contamination of a thin film may take place during two 

stages: the va,or phase and the solid phase. Vapor con-

tamination occurs when the evaporated molecules collide with 

the residual gas molecules. The higher the vacuum, the 

longer the mean free path; thus, the probability of collision 

is lessened. According to 0. S. Heavens(l), a silver mole-

cule at a residual oxygen pressure of 10-5 torr has a mean 

free path of about 450 cm, which is much greater than the 

distance between the evaporating source and the substrate in 

an ordinary system. Even though the mean free paths of 

other vapor molecules in gasses at low pressure are generally 

unknown, it may be reasonable to assume that they are of the 

same order of magnitude. Then, under high vccuum, the effect 

of residual gas on vapor molecules on flight can be neglected. 

However, from the shadows cast by evaporated molecules, some 

degree of scattering can be seen if the pressure prior to 

evaporation is about 10-5 torr. This is probably due to the 

temnorary rise of pressure caused by the increase in temper-

ature and outgassing. A higher vacuum is therefore desirable 

for avoiding contamination in the vapor phase. 

The second stage of contamination takes place after the 

film has been formed on the substrate. From the kinetic 
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theory of gases we know that the number of gas molecules 

bombarding a surface of unit area in a unit time, N, is 

given by N: p where p is the pressure, ----
/211 mkT 

m is the mass of the impinging molecules, k is the 

Boltzmann's constant, and T is the absolute temperature. 

For oxygen at a pressure of lo-5 torr and temperature of 
0 15 20 C, N is 3.61 X 10 . • Ass'UIIling that an oxygen molecule 

occupies an area of 2.8 A2 (I), it takes only a matter of 

seconds for residual oxygen to form a monomolecular layer. 

This· is much too short a time and high vacuum is therefore 

inadequate. A pressure of io-8 torr or lower can extend 

this period to over an hour, providing enough time to make 

careful measurements of optical quantities. 

The object of this thesis ·was threefold: (a) to build 

a vacuum system by which thin films could be made under 

ultra high vacua (UHV) i. e. io-8 torr or better, (b) to de-

termine three optical constants, transmissivity, reflectiv-

1ty and absorptivity, under the same vacuum condition and 

then in air, (c) to make a comparative study with the result 

obtained previously (2, 3) under high vacua (HV). If this 

could be done, the information thus acquired could be very 

imnortant, and might.extend knowledge of the nature of 

contamination. 
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II. Review of Literature 

The theory of optical constants of thin films was 

developed as early as 1894 by Drude {4). It was extended 

to cover non-homogeneous and multiple-layer films by Fry(5), 

Rouard (6), Hadley and Dennison (7), Schroder (8), and 

Vesicek (9). The experimental determination of optical 

constants by using evaporated films was first reported by 

O'Bryan (10) in 1935. 

Tousey {11), Simon (12), Hass (13) and many others 

determined optical constants carefully over the range of 

wavelengths from infrared to vacuum ultraviolet (up to 

1000 A). Others emphasized the factors that affected the 

optical properties of thin films, such as thickness of films, 

temperature of substrate, aging in air, angle of incidence of 

the evaporated molecular beam, etc. Cheo (2) and Sherman (3) 
worked on the effects resulting from exposure to air and to 

various gases. But all previous investigations were made 

with films deposited in ordinary high vacua of pressure not 

lower than io-6 torr, including ·the very recent work of 

Canfield and Hass (14). 

The first investigation made on films deposited in 

ultra high vacua was reported in 1963 by Ben.~ett, Silver, 

and Ashley (15). They determined the infrared reflectivity 

of aluminum opaque films. The reflectivity and emissivity 

of gold and silver with the wavelength range .5 - 32 u, 
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were determined by Bennett and Ashley {16) in 1965. 

These were the only works done under ultra high vacuum that 

could be found 1n the current literature. 
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III. The Investigation 

A. Descr1~t1on of Apnaratus 

The apparatus designed and built for this project 

consisted of three major parts: the evaporating system, 

the optical system, and the measuring system. A brief de-

scription of the entire system follows: 

l. The Evaporating System 

This system was composed of two pumps, a vacuum 

chamber, and a removable baking unit. Fig. 2 is a schematic 

diagram of the system. 

(A) The Pumps. Two Varian pumps were used in series. The 

fore pump was a VacSorb which was followed by a Vacion pump. 

The VacSorb pump has.no moving parts and utilizes a stain-

less steei vessel containing pellets of a processed mixture 

of oxides of aluminum and silicon. The mixture of oxides, 

called a molecular sieve, is porous and can adsorb a large 

amount of gas when chilled to liquid nitrogen temperature. 

The absorbed gas is released when 1t warms up. The process 

can be repeated almost indefinitely. The pumping action 

starts as soon as the molecular sieve is chilled and for 

the release of gas, a removable rubber stopper is-provided 

to allow easy manual operation. The pumping rate may 

decrease from water accumulated in it following repeated 

use and baking is required for removal. 
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Figure 1. General View of Apparatus . 
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Figure 3. Evaporation Chamber _ with Tank Removed 
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The ultimate vacuum of a VacSorb pump is about 20 

microns. Before th~s limit is approached, however, the 

pumping operation is switched to the Vacion pump and 

the VacSorb pump is valved off. The major components of 

the Vacion pump are a power supply, a permanent magnet, 

and a pumping compartment which is placed between the 

pole pieces of a permanent magnet. The pumping compart-

ment containes an anode grid work sandwiched between two 

titanium cathode plates. Electrons tending to flow to the 

anode are forced into a helical path by the magnetic field 

and thus ionize many of the gas molecules. The positively 

charged gas ions then sputter the titanium cathodes as 

they bombard them. The sputtered titanium molecules de-

pos1 t on the anode, and form chemically stable compounds with 

active gas molecules such as oxygen and nitrogen. Chem-

ically inert gases are also removed, though less effic-

iently, probably by ion burial in the cathode and entrap-

ment on the anode. Because each free electron can produce 

many electrons along the long effective path, pumping action 

may be maintained down to very low press~res in the nano-

t6rr region or lower. 

The pumping rate is virtually a linear function of the 

number of electron-molecule collisions. Consequently, the 

pumping current varies linearly with gas density. 
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The microammeter in the nower supply, therefore, is cali-

bra~ed to measure the absolute pressure. Both of these 

pumps are noiseless in operation, compact in size, and 

free of any oil or grease vapor. 

(B) The Vacuum Chamber. The vacuum chamber consisted of 

a nickel-plated brass base plate and a copper cylindrical 

tank. The tank was a cylinder eleven and one half inches 

high and si~ and one half inches in diameter with a flange 

at the bottom for bolting to the base plate with a 1 conflat 1 

copper gasket in between to form a bakable vacuum-tight 

joint. The tank wa.s equipped with two view ports through 

which a light beam could be transmitted with no noticeable 

distortion. The electric lead-throughs and the pumping 

line entered through .the base plate. 

Inside the tank, a heavy copper tripod was mounted on 

the base with provisions for adjustments. The tripod was 

designed to hold the substrate at a horizontal position to 

receive the evaporated molecular beam at normal incidence 

from the filament underneath. It could be swung to a 

vertical position by an external magnet for optical meas-

urements. The rotation was facilitated by a small permanent 

magnet mounted on the substrate holder. The same small 

magnet served also as an anchoring device to secure the sub-

strate during measurements. 
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(C) The £3akin,g Uni!-_. To obtain an ultra high vacuum in 

a reasonably short time, the system was baked. A baking 

unit W'.1.s built in the shape of a cylinder large enough to 

enclose the entire vacuum chamber without disturbing the 

optical system around it. The be.se of the unit consisted 

of an asbestos board upon which four heating elements were 

mounted. The wall and the top were a double we.lled 

structure of, aluminum sheets with fiber glass in between. 

Two thermocouples were strategically located to register 

the temperature. The chamber could be baked at any temper-

ature from room temperature up to 450° C. The rate of 

temperature change was controlled manually. The whole 

unit could be removed or put b~ck in minutes without dis-

turbing the remainder of the sys~em. 

2. The Ontical Syste~ 

The optical system used in this experiment WG.s prac-

tically the same as that used previously. A Hanovia mer-

cury arc (No. 4053), an A. C. arc emitting a strong line 

spectrum, was used exclusively. With a General Electric 

constant voltage transformer, its light output became rea-

sonably steady within fifteen to twenty minutes after the 

arc was started. However, the best stability was realized 

when the lamp wa.s thermally in equilibrium after one or 

two hours, depending upon room conditions. All measurements 

were made under conditions of thermal equilibrium. 
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Convergent light from the mercury source passed through 

the first diaphragm, was rendered parallel by the collimating 

lens, and filtered by an interference filter producing mono-

chromatic light of wavelength 4358 A. This was one of the 

wavelengths used in the previous experiment. For comparison, 

this wavelength \·Te.s used consistently. The amount of light 

admitted in the incident beam was regulated by the second 

diaphragm so that the photocurrents would be at the proper . 
levels. A prism beam splitter was employed to separate the 

reflected beam from the incident beam and guide it to its 

phototube. · 

3. The Measur1I!£ Svstem 

Since the method of measuring the optical properties 

used previously for a high vacuum was still applicable to 

the ultra high vacuum, t~e measuring system remained useful. 

It consisted of two photomultiplier tubes, a voltage-regu-

lated power supply, and an indicator. However, the orig-

inal indicator, a Leeds and Northrup recorder, was no longer 

available. A Rubicon portable gal va.nometer and a universal 

shunt were substituted. This combination had better sensit-

ivity and a larger range, but required much more time to take 

readings. This eliminated the possibility of using more than 

one wavelength for the experiment. 
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For equal light response, two new 1P21 phototubes were 

used. A new power supply was built with essentially the 

same circuit, but included improved components and a new 

feature. With an added jack and plug, the external meter 

could be inserted and the internal meter cut off, saving 

some time for every reading taken. 

B. Experimental Procedure. 

1. Preliminari Steps 

Before·the experiment was actually started, the follow-

ing four preliminary steps were taken: 

(A) Calibration of the Galvanometer and its Universal Shunt 

The Rubicon portable galvanometer available (Serial 

No. 80408) has current sensitivity of 0.048 uamp/~m, a re-

sistance of 390 ohms, and a period of 2.18 sec. The associ-

ated universal shunt was made by Leeds & Northrup (Serial 

No. 166480). Since these would be used together, the com-

bined current sensitivity was determined with a L. & N. Type 

K-2 potentiometer. For this calibration:, the galvanometer 

with the universal shunt was connected in series with a 

L. & N. standard resistance of 1000 ohms (Serial No. 182113), 

a variable high resistance, and a dry cell. The potential 

difference across the standard resistance was measured by 

the potentiometer. With this value, and the standard 

resistance, the current could be obtained. The corresponding 
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shunt ratio and galvanometer reading were taken. From 

these quantities, the current sensitivity of the gal-

vanometer with a given shunt ratio was calculated. 

(B) Test of the Mercury Arc. 

A constant intensity light source was essential to 

the experiment. The source was tested with the measuring 

system. A typical curve showing the intensity variation 

with time measured during daylight hours is given in 

Graph l. It increased rapidly in the first ten minutes 

after the arc was started. Then it fell off somewhat 

gradually and became steady in an hour and a half or two. 

There were some fluctuations, however, always present in 

a random fashion. The fluctuations were attributed to the 

line voltage, even t~ough a constant voltage transformer 

was used, because the curve obtained late at night.was 

much smoother. For this reason, all the measurements were 

made at midnight or later. 

(C) Alignment of the Optical Svstem. 

The arrangement of the optical sys~em with respect to 

the vacuum chamber is shown in Fig. 4. The image of the 

mercury arc was focused by the condensing lens on-the open-

ing of the first adjustable diaphragm which was placed at 

the principal focus of the collimating lens. The emerging 
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beam was then parallel. After passinF, through an inter-

ference filter having maximum transmission at 4358 A, the 

beam was practically monochromatic because the half width 

of ·the transmitted band was about 50 A. The beam passed 

through the sec~nd adjustable diaphragm, which was used to 

regulate its size. It then passed on through a double 

prism beam splitter which was so adjusted that it admitted 

the beam into the front view port and caused it to be in-

cident normally at the substrate, over which a thin film 

would be deposited later, and reflected totally the re-

flected portion of the beam from the substrate to the photo-

multiplier tube I. The transmitted portion passed on 

through the back view port and to photomultiplier tube 

No. II. 

The alignment was very critical in the entire experi-

ment. Optimum positions of the various elements were lo-

cated approximately by direct viewin~ with the filter swung 

out of the way. The final adjustment was accurately made 

by securing a maximum photo-current in each tube. 

(D) Comparison of the Photomultiplier Tubes. 

Two photomultiplier tubes were employed: one was for 

measuring the incident and the transmitted light, while·. the 

other was for measuring the reflected light. Even though 

they were of the ea.me type, 1P2l, they were operated by the 
. . 

same power supply, and each had the same voltage divider. 
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circuit built with the compo~ents of the same high quality ' 

(l % tolerance), the photo-currents still might be diff-

erent for the same incident light. It was necessary to 

determine the ratio of the photo-currents for intensities 

within the limi~ of linearity, with the photomult1pl1ers 

mounted as they would be operated. 

2. The Experiment 

Cleanliness is the key to depositing a good thin film. 

This is particularly true for an ultra high vacuum. Before 

assembly, every part of the vacuum system and every item 

that should stay inside the system, were cleaned thoroushly 

with various solutions and liquids: acids, sodium hydroxide, 

detergent, acetone, alcohol and distilled water as des-

' oribed by Sherman (3). For regular routine runs, once the 

system was assembled and operated satisfactorily, only those 

parts which had been touched needed further cleaning. The 

copper gasket, however, not only required cleaning but also 

annealing in order to provide adequate sealing. 

For a routine run, after the mercu~y 11·ght had been 

properly warmed up, the tank was placed in position but not 

tightened. The intensity of the incident beam, I 0 was 

measured. With the tank removed, a substrate, 3.2 cm in 

diameter and 4 mm in thickness, was mounted in a vertical 

position (Fig. 8.). The filament, a conical basket of tungsten 
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wire, was charged with the metal desired. Then the chamber 

was cl,osed but again not tightened. Two more initial read-

ings were taken: Igt• the intensity of the beam transmitted 

through the substrate, and Igr' the intensity of the re-

flected beam from the surface of the glass substrate. 

The chamber was opened again for setting the substrate 

in a horizontal position (Fig. 7). Then it was sealed by 

tightening the twenty bolts around the flange, one by one, 

a little at a time and in an orderly fashion, to avoid any 

possible buckling of the gasket. With the system closed, 

pumping was· started by pouring liquid air into the stainless 

dewar flask around the'VacSorb pump. When the pressure 

came down to 20 microns or leas, the filament and its con-

tents were heated to a dull red for outgassing. The baking 

unit was then put around the chamber, and the temperature 

was raised slowly to 200° C. After baking the chamber for 

about ten hours, the pumping operation was switched from 

the VacSorb pump to the Vacion pump. Only half an hour was 

usually requi~ed to reach the desired ultra high vacuum. 

When the pressure reached io-~ torr or lower and re-

mained steady, the filament current was turned on. It was 

adjusted to such a level that the evaporation could be com-

pleted in 5 to 25 seconds depending upon the thickness of 

the film. A small right angle prism was mounted on the top 

of the substrata holder (Fig. 7) so that by looking through· 

the rear view port one could observe the film as it was 



- 26 -

Figure 7. Substrate Holder with Substrate 

Normal to Molecular Beam 

Figure 8~ Substrate Holder with Substrate 

Normal to Incident Light 
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'being deposited. 

'As soon as the evaporation was completed, the sub-

strate was turned with a magnet from outside, and measure-

ments were·started immediately. Usually readings of the 

photo-currents ~ere taken intermittently for about half an 

hour while the film was kept in the UHV. Readings were 

taken more regularly and frequently within another half 

hour as the system was open to air • . 
3. Calculations and Results. 

The primary o'bjeot1ve of this project was to study 

the optical properties of metallic films deposited in UHV. 

The optical system and the method of measurement were practic-

ally the same as that of the previous experiment conducted 'by 
' 

Sherman (3). Consequently the calculations were made in the 

same fashion using the following formulas: 

T = It I Igt 

R ; (Ir - T2I ) / I gr o 
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T - transm1ss1vity of the metallic film -
R - reflectivity of the same film -
A : absorptivity of the same film 

Io : intensity of the incident light 

It - intensity of the light transmitted through 

the metallio film 

I - intensity of the light reflected from the r 
same f 1lm 

Igt = intensity of the light transmitted through 

the glass substrate alone 

Igr : intensity of the light reflected from the 

substrate. 

There was a minor modification in the optical system: 

the beam splitter was arranged ~in a different manner so that 

the first-surface mirror was eliminated. This did·affect 

the working formula of the reflectivity of the sample film 

R, and that of the substrate R8 , but it changed only the 

constant C involved (3, 49): 

C : (l - ~) RP 

instead Of R -1 • . lll Since the details of oalculations were 

given in the previous work, the present results are pre-

sented in the graphio form, Graph 2 - Graph 15. 
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4. Errors in Measurements 

The accuracy of this investigation is rather diffi-

cult to estimate for two reasons: first, the replication 

of the films involved was virtually impossible because 

there has been no simple direct way to control the thickness 

in UHV, second, to make a large number of samples was not 

feasible because of the time required. Each sample re-

quired at least twelve hours of preparation, pumping, baking, 

cooling, and examination. Therefore, no attempt was made to 

examine a large number of samples so that the results could 

be statistically analyzed. However, several sources of error 

should be mentioned. 

The reflectivity of copper films remained constant in 

UHV for an hour or more. After the sudden drop due to ex -

posure to air, it would again remain practically constant 

for a long time. During each of these two periods of time, 

a series of readings was taken. They showed some random 

fluctuations whose standard deviation was not over 1.5 %. 
Some of these fluctuations were attributed to the line volt-

age because both reflectivity and transmissivity varied in 

the same manner. Some were attributed to the measuring de-

vice whose standard deviation was determined to be about · 

.a %. 
One factor which would affect the results was leakage 

in the vacuum· system. Even though the optimum pressure of 
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10-9 torr could not be achieved for every run, no meaaure-
-8 ments were made above 5 x 10 torr. This pressure diff-

erence should not change the initial values which were most 

important. 
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IV. Discussion of Results 

A. The Change in Optical Properties due to the Exposure 

of Films from UHV to Air at Atmospheric Pressure. 

The curves shown in Graph 2 through Graph 7 exhibit 

the variation of reflectivity, transmissivity and absorp-

tivity with t~me, as copper and silver films were exposed 

to the atmosphere. All the films were kent in UHV for at 

least thirty minutes under constant observation on their 

optical behavior which did not change appreciably. When 

the air was admitted into the chamber, sharp changes took 

place immediately. After that, a gradual change followed, 

but the process was very slow and not measured. On all the 

curves, for the sake of simplicity, the first waiting per-

iod of approximately.thirty minutes was not shown. 

l. Copper. 

The initial abrupt change in the optical properties of 

copper thin films was completed in a time interval of three 

or four minutes. Reflectivity decreased; transmiss1v1ty and 

absorptivity increased.without exception .. The amount of· 

change in reflectivity showed a distinctive regularity as 

listed in Table 2. There seemed to have been two-steps of 

equal drops: for films of reflectivity less than approxi-

mately 30%, the reduction was about 2.5%, and for films of 

reflectivity more than 30%, the reduction was about twice as 

much. The increase in transm1ss1v1ty or absorptivity was 
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Sample 
HV Number Metal R T A 

2 22.5 "' 42.0 % 35.5 ' 
3 28.0 43.0 29.0 

Copper 
5 38.7 20.3 41.0 
6 48.0 17.0 35.0 

2 17.0 56.0· 27.0 

3 • 28.0 38.0 34.0 
Silver 

1 57.0 23.0 20.0 

13 73.0 10.5 . 16.5 

Sample 
UHV Number Metal · R T A 

11 12.3 63.6 24.1 
: 

13 13.6 ·. 62.2 24.2 

15 18.2 37.1 44.7 
Copper . 

14 30.3 34.9 •. .. 34.8 

17 46.8. 8.4 44.8 
16 52.9 4.4 42.7 

5 11.7 77.3. 11.0 
.. 

24 43.5 34.3 22.2 
10 Silver 56.2 28.9 .14.9 

' 

9 64.5 17.2 18.3 

23 77.5 2.9 19.6 

Table 1. Initial Values Q! Optica.l Constants 2!. Thin 

Metallic Films !n HX, ~ UHV 
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generally consistent but less regular. No correlation 

could be establis~ed. 

Sample 

11 

13 
15 
14 

17 
16 

COPPER SILVER 

No. R ~R Sample No. R AR 

12.3 " :..2. 7 % 5 11.7 % -2.2 " 
13.6 " -2.2 % 24 43.5 " -2.2 '/o 
18.2 % -2.7 '/o 10 56.2 % -1.3 " 
30.3 " -4.8 % 9 64.5 '/o -2.9 " 
46.8 " -4.9 % 23 77.5" -4.5 " 

52.9 " -5.8 '/o 

Table 2 Change of Reflectivi~I due to Exposure 

from UHV 1Q. Air !l Atmosnheric Pressure 

2. Silver. 

From Table 2, one can see that the initial abrupt de-

crease of reflectivity of silver was fairly uniform and in-

dependent of thiclaless, if the films wer.e thin with a re-

flectivity of approximately 65 '/o. One th1ok film having a 

reflectivity of 78 % showed a drop ot 4.5 %. In spite of . 
. the regular initial change, the reflectivity vs. time curves 

of silver show more fluctuation than the corresponding curves 

of copper. 
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In general, the transmission of silver films was in-

creased by the exposure to air, but the increase was very 

small for thin films. The absorption of silver films 

changed in a complex fashion. From Graph.6 one can see 

that among the five runs, three moved upward, one down-

ward, and one merely fluctuated. 

B. The Effects on Optical Properties by Residual Pressure 

during Evaporation. 

In making a comparative study on the optical properties 

of films deposited under different residual pressures, the 

.most logical parameter upon which the study can be based is 

probably·the thickness of the films. Unfortunately, no sat-

isfactory method has been developed for measuring film thick-

ness in vacua. In tbis study we decided to use reflectivity 

as a reference because it is purely a surface property. 

With the present data on UHV and the data available.from the 

previous experiment on HV, two sets of curves have been 

plotted: T - R and A - R curves, and T/R - R and A/R - R 

curves, Graph 8 through Graph 15. In each case the dotted 

line represents the results of the previous experiment at HV 

while the solid line represents that of the present .experi-

ment at UHV. 

By observing the curves one can see two striking features: 

first, a general agreement in the shape of the solid and the 

dotted lines prevails in every case. This indicates the· 
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validity of the measurements. Second, most of the curves 

exhibit a vertical displacement between the HV and the UHV 

curves. These observations are summarized in Table 3 • 

. 
Curve Copper Silver 

T - R .under above 
' 

A - R above under 

T/R - R slightly under above 
I 

A/R - R slightly above under 

Table 3 • The Vertical Position of the UHV Curves . - - - - .......... ...__ .......... 

Relative to ~ Corresponding HV Curves 

This table indicates that copper and silver films are con-

tradistinctively different. An interpretation is attempted 

as follows: 

From all the observations made, including the previous 

HV studies, the reflectivity of both· copper and silver films 

invariably decreased when they were exposed to any gas. On 

the other hand, the reflectivity of any metal film increased 

w1th thickness. Thus,· for films of the·same value of re-

flectivity, one which was deposited in HV had to be thicker 

than one deposited in UHV. Thus, a thicker copper film trans-

mitted the 4358 A blue light more readily than a thinner one. 

This suggested that ~he thicker film had its surface layer 

oxidized to oup~ous ox+de. In this case the remaining o~pper 
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film was really much thinner than before the oxidation 

took place. Cuprous oxide in bulk is reddish brown by 

reflection. It is reasonable to believe that in the form 

or·a thin film it has better transmission for blue light 

than does metallic copper. Therefore, the T - R curve of 

HV should be above that of UHV. Since A t T + R = l, the 

A - R curve should exhibit the opposite effect. 

In the case of silver films, the T - R curve of HV is 

under that of UHV. This indicates that a thicker film re-

mained thicker even while being bombarded continuously by 

the residual air molecules. This fact suggested that the 

reduction of reflectivity was caused by adsorption, not by 

oxidation. 

During the process of evaporation in HV when a copper 

film was being built up, particularly if the evaporation 

rate was low, both the increase of reflectivity and the de-

crease of transmiss1v1ty were slower.than that in UHV be-
cause of oxidation. The ratio T/R thus would be about the 

same. So the T/R ourves of two different pressures are very 

close indeed. On the other hand, chemi~orpt1on(3) affects 

reflectivity more than transm1ssivity. It is reasonable to 

expect that the T/R - R curve of UHV would stay much higher 

than that of HV, particularly for thinner films. 

C. The Surface Structures and the Surface Activities. 

If the reasoning given 1n the preceding discussion is 

correct, we can say that both copper and ·silver .films in air 
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have a layered surface structure. The chief surface prooess 

which took place at the t1me of exposure was oxidation for 

copper and chemisorption for silver. The surface structure 

of ·these two metals can be represented by the following 

schemes in Fig •. 9, Fig. 10, and Fig. 11. The schematic dia-

grams are over simplified (17, 18). Air does not consist 

of oxygen alone, but it is the more active constituent. 

In both cases nitrogen could play a S1f$?1if1cant part in the 

surface activities, particularly the silver. 
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02 02 
Cu - 0 - Cu Cu - 0 - Cu Cu - 0 - Cu 

Cu Cu Cu Cu Cu Cu 

Cu Cu Cu Cu Cu Cu 

Fig. 9. Thin Cooner Film with ~ Single Layer 2f. Oxide 

02 02 
Cu -·o -Cu Cu - 0 - Cu Cu - 0 - Cu 

Cu· Cu - 0 - Cu Cu - 0 - Cu Cu 

Cu Cu Cu Cu Cu Cu 

Fig. lO. Co:1212er Film~-~ Double Lai er 2f. Oxide 

02 02 

0 0 0 

Ag Ag Ag Ag Ag Ag 

Ag Ag Ag Ag Ag ~g 

Ag Ag Ag Ag Ag Ag 

Fig. 11. Silver E.11m ~ ~ Layer of Chem1sorbed Oxygen 
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The Change Of Absorptivity Of 
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The Variation Of T/R With R For Copper 
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V. Conclusion 

The investigation of the optical properties of thin 

metallic films evaporated in ultra high vacua, 10-a torr 

or better, revealed the following information: 

l. The optical properties of thin copper films evap-

orated in UHV were stable within the vacuum system for at 

least an hour~ Silver films showed some slow change. 

2. Upon· exposure to air at atmospheric pressure, all 

three properties, reflectivity, transmissivity, and absorp-

tivity, change abruptly. 

3. The reflectivity or copper and silver films de-

creased in steps. Further study is needed.· 

4. The transmissivity or both metals generally in-

creased, but no regular pattern: could be established. 

5. The change of absorptivity was fluctuating and 

most irregular. 

By a comparative study between the data of the present 

experiment at UHV and the data obtained previously at HV, 

the following conclusions were drawn: 

l·. The difference between copper films evaporated 1n 

UHV and in HV was primarily due to oxidation. 

2. Oxidation on copper films occurred in layers. 

3. The difference between silver films evaporated 1n 
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UHV and in HV was chiefly due to chemisorption of re-

sidual gas. 

4. Chem1sorpt1on on silver ooourred in a uniform 

layer regardless ot film thickness. There was some 1n-

d1oat1on of deeper penetration into silver but it re-

quired further study. 
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VI. Summary 

Copper and silver films of various thicknesses were 

de~osited at a rapid rate, from tour to twenty-five seconds, 

on glass substrates in ultra high vacua at pressures ot 10-8 . 

torr or lower. Their optical properties, reflectivity, 

transmissiv1ty and absorptivity, were determined in vacua 

and in air by direct measurement using photomultiplier tubes. 

All the measurements were made at nearly normal incidence 

with a monochromatic light beam of wavelength 4358 A. 

It was. found that the reflectivity of films of both 

copper and silver decreased as they were exposed to air. 

The change took place in equal steps. Under the same cir-

cumstances, tr8.nsm1ssivity increased but in a less regular 

way. Absorption changed in a most irregular fashion; no 

pattern could be established. 

From this study of optical properties, the layer form-
, 

ation on fresh, clean surfaces or copper and silver caused 

by the air molecules was quite evident. In the case of 

copper, there may be one or two layers d~pending on the 

thickness of the film. They are formed primarily by cuprous 

oxide. In the case of silver the layer was attributed to 
,· 

chemisorption. Even though there was some indication that 

more than.one' layer was formed, ·the evidence was not 

conclusive. 
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Abstract 

Copper and silver films of various thicknesses were 

deposited at a rapid rate, from four to twenty-five seconds, 

on glass substrates in ultra high vaoua ~t pressures of io-8 
torr or lower. Their optical properties, reflectivity, 

transmissivity and absorptivity, were determined in vacua 

and in air by direct measurement using photomultiplier tubes. 

All the measurements were made at nearly normal incidence 

with a monochromatic light beam of wavelength 4358 A. 

It was found that the reflectivity of films of both 

copper and silver decreased as they were exposed to air. 

The change took place in equal steps. Under the same o1r-

oumstances, transm1ssiv1ty increased but in a leas regular 

. way. Absorption ch~ged in a most irregular fashion; no 

pattern could be established. 

From this study of optical properties, the layer form-

ation on fresh, clean surfaces of copper and silver caused 

by the air molecules was quite evident. In the case of 

copper, there may be one or two layers depending on the 

thickness of the film. They are formed 'primari~y by cuprous 

oxide. In the oase of silver the layer was attribut~d to 

ohemisorption. Even though there was some indication that 

more than one layer was formed, the evidence was not 

conolue1ve. 
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