
ELECTRICAL CONDUCTION AND CRYSTALLIZATION PHENOMENA 

IN THIN LEAD FILMS 

AT TEMPERATURES BETWEEN 14°K AND 500°K 

Thesis by 

Edgar L. Arrni 

In Partial Fulfillment of the Requirements for the 

Degree of Doctor of Philosophy 

California Institute of Technology 

Pasadena, California 

1941 



A b s t r a c t 

This thesis presents a description of the design 

of and the results obtained with an apparatus constructed for 

producing thin metal films, by the method of evaporation in high 

vacuum, and to study the electrical behavior of such films at 

various temperatures. 

Experimental investigations were carried out in a 

temperature range from 14°R to 500°K. Electric resistances 

were measured with adequate accuracy betvreen 102 and 1015 ohms. 

Evaporation rates against furnace temperatures were determined 

by weighing of deposits and were found to be in good agreement 

with specific predictions of Kinetic Theory. 

Formation and destruction of electric conductivity 

were analyzed in their dependence upon temperature, time and 

vacuum conditions. Part of the experiments were carried out at 

temperatures lovr enough to prevent crystallization, thus permit

ting to study the undisturbed process of the building up of 

metallic conduction. Formulas are suggested to describe the 

behavior of the films investigated. 
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r. Introduction. 

The literature on the subject of thin metal films, 

numbers a few hundred and among these several excellent surveys of 

the field containing quite complete bibliographies; attention in 
(20,11) 

this regard may be dravm to the papers of Reinders and Hamburger, 
(21) (17) (1) (8) 

Richter, Lange, .Anderson, and Foster • The author of this 

thesis does not intend to present a discussion of similar scope; 

only a few essential facts will be sketched briefly before he enters 

upon the description of his experimental work. 

The measurement of electric resistance offersa singu

larly sensitive tool for the registration of structural alterations 

in a film; indeed, changes of resistivity by a factor 1012 within a 

few minutes are observed - ~ "magnificationtt of an order rarely found 

in any field. On the other hand, the interpretation of the experimen

tal results is rather involved, due to the indirect approach of the 

method, the extreme difficulty of standardizing experimental condi

tions of the occurring high complexity and therefore, unfortunately, 

the contradictory character of experimental data found in the 

literature. 

Thin films can be produced easily by electrolysis or 

chemical processes, however more direct methods of depositing are 

preferred. Cathode sputtering has played a very important role in 



this field, most earlier workers having used this method. But 

with the progress of high vacuum technique, evaporation has become 

almost standard, the reason being that thin films are quite sensi

tive to even traces of gases , (see the systematic investigation by 

(12) (13) (18) 
Johnson and Starkey, also Kirchner, Lovell ), so that 

evaporation in extreme vacuum seems to be the only method furnishing 

reasonably uncontaminated films. 

Thickness determinations of deposited filrns are not 

very satisfactory; since optical etc. methods fail at the small dimen

sions involved (down to 1 i and less), it is usual to weigh the films 

or to determine their mass by semi-microchemical methods. The thick

ness is then calculated from mass and area of the deposit, assuming 

the density of the metal in a film to be the same as in bulk. That 

this assumption however is hardly justified, since films display a 

porous structure, is shown for thin films by Reinders and Hamburger 

and for thicker films by Beeck, Smith and Wheeler(
5
). 

(20) 

Numerous are the investigations on the structure of 

films by X-rays and electron diffraction. While these methods give 

very accurate results, the application of such high-energy bee.ms 

affects and alters the object investig~ted, in particular causing 

crystallization and favoring growth of already existing crystallites 

(28) (29,30) 
in the film exposed - see Trillat and Oketani, Was and Tol, 

(5) 
Kramer . 
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While there is agreement about the general character 

of the resistance-thickness curve, controversies are still raging 

on all further details. It seems that, with the development of the 

technique of extremely high vacua and the use of low temperatures 

(see Lovell~lS) Appleyard~ 34) Bristow( 6)) , the "critical thickness," 

at which conductivity sets in, is being pushed back to values of less 

than monomolecular dimensions. However, substrata and specific 

properties of the metals chosen for depositing play roles yet to be 

clarified. 

The subject of temperature effects is specially contro

versial. While it would be tempting to embrace the ideas of Zahn and 

K (31,14,15,16) h l . f It It ramer, w o postu ate the existance o amorphous metal 

modifications with well determined transforrr..ation temperatures 

e'Umwandlungstemperaturen), their experimental evidence, up to now, 

does not seem to be quite conclusive enough to prompt acceptance of 

these ideas. (See also Suhrm.ann and Barth~
23

'
24

) Berndt~ 25 ) 

(26) 
Trunmann • 

It is the endeavor of the author of this thesis to 

contribute towards a clearer understanding of the mechanism of 

fonna.tion and destruction of conductivity in thin metal films. The 

investigation was carried out over a range of temperatures from 

500°K dm,m to 14°K (solid hydrogen). Lead was chosen as deposit 

metal for its relatively large vapor pressure at not-too-high tem

peratures and because, OV'Ting to its great specific mass and large 
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atomic dil.~ensions, its mobility and hence its rate of crystal

lization could be expected to be slowed dOV'm to negligibility at 

temperatures well ~rithin reach of this investigation, thus 

allowing to study the formation of metallic conduction ,rithout 

the masking effects of crystallization. It is intended, later on, 

to extend this research to other metals. 



II. Description of Apparatus. 

1. General. 

In order to avoid, as much as possible, effects of 

gases present during deposition of the film, the method of evapo

rating in high vacuum was chosen. The lead_,held in a crucible, 

was heated by e.n electric furnace to the desired temperature of 

evaporation. The metal atoms evaporated were collected on a glass 

plate at controlled temperatures. A shielding system cut out stray 

evaporation. The thickness of films deposited was determined by 

weighing. The method of measuring the electrical resistance was 

essentially the one described by Townsend~Z?) compensating leakage 

across the fiLm by an opposite potential and using a sensitive 

electrometer as null instrument. 

Since liquid hydrogen had to be used extensively in 

some of the experiments, certain special precautions were necessary 

to eliminate the danger of hazards from handling that substance and 

influenced in a large degree the design of the whole apparatus. 

Part of the equipment and apparatus is that used 

(~) (8 ) . 
previously by Anderson and Foster for their work on the pro-

cess of electric conduction and the author wishes to express his 

indebtedness to them. 
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2. Vacuum Apparatus and Manometers. 

Pump~and_ Traps: A rota·ting oil pump (Hyvac, BL 

80361C) was used as roughing pump, being capable by itself to 

-2 reach a vacuum of 10 mm Hg or better. As high vacuum outfit, 

two mercury pmnps were used in series. On the forevacuu.~ side 

connections were made of glass and rubber hose, shellac coated; 

on the highvacuum. side only glass and copper tubing was used, 

connections here were sealed with Picein wax. Wide bore cocks 

were used on the highvacuum side. A large glass balloon was in

cluded in the forevacuu:m side to increase the capacity of the 

system. Several stop cocks were inserted to separate the different 

parts of the system and to admit gases when needed. A vessel con

taining P2o5 was installed in the forevacuum to protect the 

rotating pump against contamination with water. 

T'wo traps were provided, cooled with liquid air, 

one (for quart flask) immediately after the mercUl"'J pumps and a 

second one (for pint flask) directly below the main vacuum 

chamber. The liquid air for these traps had to be refilled about 

every 12 to 14 hours; continuous runs of a week and longer could 

therefore easily be carried out. 

Vacuum Chamber: The main vacuum chamber had cylindri

cal shape, was 7 cm wide and 47 cm long, with a widening in the 

furnace region to about 9 cm. It possessed a large ground joint at 

each end and in its upper half was equipped with four small ground 
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joints. for copper plugs, to which were attached the wires for 

electrical and temperature readings. Of the two large ground 

joints of the main vacuum chamber, the lower (glass.-glass,, 6 cm 

diameter) was sealed with Picein wa;x, whereas for the upper 

(glass:-metal, 7 cm diameter), after much experimenting and some 

damage due to sticking, a mixture of Airco Hyvac Stopcock Lubri

cant with graphite flakes was adopted and proved to be very 

satisfactory. The lower ground joint was cooled by a continuous 

stream of compressed air while the furnace was in use, thus pre

venting the Picein wax from warming up. Airco Hyvac Stopcock 

Lubricant was used on stopcocks in the forevacuum part, Apie~on 

Grease Lin the highvacuum section (only here, because of its 

high price). 

Manometer~, 9-en~!a~: Four types of manometers were 

used, for overlapping ranges: A si.rnple U tube filled with mercury 

( 400 to l mm Hg) was located in the forevacuum system, a McLeod 

-1 -6 
manometer (10 to 10 rmn Hg), was installed in the highvacuum 

system between the mercury pumps and the stopcock of the main 

vacuum chamber, while the vacuum chamber proper was equipped with 

-2 
an electrical discharge gauge (5 to 10 mm Hg), operated by a 

6 volt battery and an ordinary Ford coil, and an ionization gauge 

( -2 -7 10 to 10 nun Hg). This multiplicity of vacuum measuring 

devices, located at different spots in the vacuum system, was not 

only very useful for precisely determining vapor pressures over 

a wide range, but was also extremely handy for occasional leak 
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hunts, since it pennitted to test separately the different parts of 

the system. Vfuile the U tube and the electrical discharge gauge 

need no detailed description, some additional infonna.tion will be 

given on the two other gauges. 

McLeod Manometer: The McLeod manometer, with ordinary 

-1 -6 quadratic scale from 10 to 10 mm Hg pressure, was connected to 

the vacuum system by wide copper tubing and could be separated from 

it by a wide bore cock. The glass hall had a volume of 215 cc, the 

capillaries a diameter of 1 mm. The mercury was pushed up by compres

sed air (available at a pressure of 50 lbs.); to regulate air pressure, 

a quarter inch needle valve was installed; only a sma.11 part of the air 

stream was used to lift the mercury column, most of it was let out by 

a bypass hole after traversing the valve. Though this arrangement was 

satisfactory by itself, a considerably finer adjustment was possible 

after installing a worm gear (ratio 1:20) on the needle valve. 

Ionization Gauge: The set-up of the ionization gauge 

was essentially the one described by Simon(
22

) as method 11B11 , with 

a Western Electric 101 J tube (experiments with other types of radio 

tubes were less successful). The emission current was easily con

trolled by adjusting the heating current, kept usually around 0.4 A 

(D.c. amrneter BL 8731). The heating current was furnished by a 6 

volt battery, g ·rid and plate current by a set of 5 Burgess radio 11B11 

batteries. The emission current was measured by a Rawson double pivot 

"Multimeter" (BL 8245) with adjustable range. To read the ionizai;ion 

current, a Leeds & Northrup galvanometer (BL 80198) was installed 
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(16 ohms resistance, sensitivity 10.8 mm/tV, 50 ohms damping 

resistance used). The distance of the sea.le was so adjusted that, 

with an emission current of 0.50 mA, the reading in rrnn gave direct

ly the pressure in 10-6 mm Hg (see graph). For higher sensitivity, 

a Leeds & Northrup .Ayrton shunt (BL 8675) wa.s provided, cutting down 

the sensitivity by powers of 10, thus pe:nnitting direct readings in 

10-
5

, 10-4 , etc., mm Hg. Calibration of the ionization gauge was 

10- 2 to 10-4 
carried out age.inst a ]foLeod manometer in the region of 

mm Hg (using a liquid air trap to condense mercury vapors) and extra

polated to lower pressures, since, as Simon( 22 ) and others have 

shown, pressure and ionization current are perfectly proportional at 

these pressures. 

3 . Furnace, Shield and Shutter , 

Furnace: The furnace was constructed along the lines 

• ( 9 ) • ·t . t of the one described by Goetz, however, since J. ·was not in ended 

to go up to very high temperatures, soapstone was used instead of 

magnesium oxide. The soapstone block was turned in a lathe and then 

baked for 40 hours in an electric oven at 1100°c. The inside of the 

inner piece was bored conically so as to receive the conically shaped 

crucible and had a small circular hole through the bottom for passage 

of the thermocouple wires; the outside of it was grooved to receive 

35 turns of {/=20 Nicrome vnre. The outer piece ha.d cylindrical shape 

and fitted tightly over the inner part after the wire had been 
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applied. Shrinkage during the outbaking process amounted to 

approximately 1%• T\vo nickel bands around top and bottom of the 

furnace insured both mechanical stability and electrical contact 

with two heavy copper wire electrodes. The crucible itself was 

turned from cast iron, with slightly conical walls and a few 

threads at the top; a rod provided with matching threads was used 

to insert the crucible into or take it out of the furnace. 

Ther.mocouple: Through the hole in the bottom of the 

furnace,«copper-constantan thermocouple was inserted into the lower 

part of the crucible, protected by a small iron tube. In spite of 

this seemingly good location, almost in the center of the furnace, 

the indicatiomof the thermocouple were several percent low (in the 

working range of around 400 to 600°c) and had to be corrected for 

that amount. The thermocouple had been calibrated beforehand, at 

the boiling point of water and the melting points of tin, lead and 

aluminum. The millivoltmeter connected for the temperature readings 

was a Siemens & Halske precision instrument (courtesy Dr. A. Goetz). 

Shield and Furnace Shutter: In order to limit the 

spreading of the molecular bearn and thus avoid stray deposits of 

metal, a shielding tube (made of a 35 mm glass tube, 10 cm long), 

was fastened to the top of the furnace; it was so designed in its 

dimensions as to permit the molecular beam to cover amply all the 

area desired to be exposed to it, without using the penumbra region. 

Cutting out of the penumbra by inserting a stop with a small 
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opening at the "focus" was not considered desirable, because this 

would have caused 11 ima.ging 11 of the emitting surface onto the film 

with all possible inhomogeneities of the former. The shielding 

tube had a shutter at its top, consisting of a circular nickel lid 

turning on hinges at one side, with a small counterweight of soft 

iron. By the aid of an electromagnet, this shutter was very easily 

opened and closed from the outside. 

Temperature Control: A 15 ohm slide wire rheostat 

(BL 8748), together with a set of Polarcub heater resistors and a 

Vfeston A.c. ammeter (BL 80156) permitted a precise adjustment of 

the furnace current over a wide range. However, lack of constancy 

in the voltage of the current supply was quite disturbing ; despite 

constant watch of ammeter and thermocouple millivoltmeter and read

justment of the furnace current, the accuracy of deposit rates 

reported is likely to be affected by this source of errors. 

4. Fibn Support and its Temperature Control. 

Film Suppor~.: All films were deposited on circular 

micro cover glasses (Braun Corp. "Diamond Brand 11 , 22 mm dirun., 

0.2 rnm thick), which had been subjected to a thorough cleaning in 

acid, distilled water and solvents before being inserted in the 

apparatus. In order to insure low-resistance contact with the 

electrodes, platinized areas were prepared between and over which 

the film was deposited; strips of thin tin foil, folded several 

times, were interposed between platinum layer and electrodes and 
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12. 

the latter then screwed on, under gentle pressure , "Liquid Lustre 

for China11 (Chapman-Bailey, Los Angeles) was found very satisfac

tory to obtain well platinized surfaces and was applied in several 

coats. Outbaking was done for several hours in a small electric 

oven at a temperature of about 400°c . 

Shutter: In order to keep any particles from reaching 

the film support (a precaution important especially during the out

gassing processh a shutter mechanism was placed immediately in front 

of the cover glass. It consisted mainly of a sort of small sled 

hanging on copper bars and carrying pieces of soft iron at both ends; 

upon application of an electromagnet from outside in one direction it 

would cover up entirely the glass plate, in the other direction it 

2 would give free a rectangular area, about 1.3 x 1.4 cm between the 

electrodes. 

Thermal Contact: While for room and higher temperature 

investigations mechanical contact of the glass plate with the well 

leveled backing was considered sufficient, special precautions were 

taken for low-temperature runs to insure good thermal contact with 

the cooling reservoir. A 1 mm thick plate of cast iron, of approx

imately the same thermal expansion coefficient as the glass used, was 

soldered to the bottom of the copper reservoir and covered with a 

fine solder film. The cover glass was platinized on its entire back 

(in the same way as the conducting strips on the -front were prepared) 

and then electrolytically copper-plated. Between the so treated cover 



glass and the iron plate, a thin sheet of soldering metal was laid 

(it had been prepared by dropping liquid solder on a glass plate). 

After completing assemblage of the whole apparatus and having 

attained good vacuum, a high-frequency induction furnace was employed 

to raise the temperature up to around 250 to 300°c, thus soldering 

the cover glass to the backing. 

High Frequency Induction Furnace: A coil of copper 

tubing wound around the outside of the vacuum chamber constituted 

the high-frequency induction furnace just mentioned, which was opera

ted by a water-cooled double mercury spark gap. Since the latter had 

to work under strea.ining hydrogen, a simple mechanism was devised, the 

''bubble-indicator," which showed whether hydrogen was flowing and 

blocked amnittance to atmospheric air in case of breakdown in the 

hydrogen supply. Before each run, the lines were flushed with hydro

gen until a whistle at the exhaust gave the "hydrogen sound." The 

spark gap, together with some coils and condensers, was wired to the 

secondary of a G.E. 230/16500 volt 10 KVA transformer (EE 7). Inten

sity control was effectuated by a large variable water-resistance in 

the primary, in connection with ammeter (BL 8145) and voltmeter 

(BL 8052). 

Electrodt:s and Thermocouple: The first set of elec

trodes employed consisted of tvvo similarly shaped elastic copper 

pieces holding the glass plate from both sides. One of the electrodes 

rested on a little copper block making direct contact with the cooling 
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reservoir, the other was fastened to a glass bridge and thus well 

insulated. This glass piece was shaped to the desired dimensions 

by hand grinding, and received several holes with the aid of a 

high speed drill . In order to create more symmetrical conditions 

for heat equilibrium, it was however found advisable to replace the 

uninsulated copper electrode by a less heat conductive material and 

therefore German silver was used instead, leaving out the copper 

block support entirely. From the insulated electrode, a copper wire 

led to one of the four copper plugs in the wall of the vacuum chamber. 

A copper-constantan thermocouple was located in the bottom of the 

cooling reservoir, its copper wire hard soldered to the inside of the 

copper tank and passing through the Gennan silver filling tubes, its 

constanta.n wire also connected to one of the copper plugs; two of 

these were t herefore in constant use leaving the other two available 

for additional thennocouples, etc . 

!empe_!~ture Control Outfit: Temperature control was 

effectuated by keeping a reservoir at constant temperature and having 

heat or cold tra.nsmi tted to the film in the way described further 

below. The reservoir vras built of 211 copper tubing with copper bottom 

and top plates; all se~s were hard soldered. Gennan silver tubing , 

bece.use of its small thermal conduction, was used for ce.rrying the 

cooling or heating substance to the tank . A 2-tube system was used; 

a 1/811 diameter inner tube for the cooling liquids (liquid air, 

liquid hydrogen) and a 1/2 11 outer tube for the return of the cold gas; 

for heat ing, steam was admitted through the outer tube and the inner 
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tube was used as water return. Copper gauze was placed inside the 

tank to avoid splashing of the cooling liquids during the filling. 

Wnen heating to higher temperatures was desired, the high frequency 

furnace described above was applied; about 15 minutes' heating was 

required to raise the temperature of the copper tank from room tempe

rature to 25o 0 c. 

To reduce the a.mount of heat radiation received by the 

film from the furna.ce, the distance furnace-film support was chosen 

rather large (16 cm); to avoid heat influx by conduction,the length 

of poorly conducting German silver tubing 11 insulating 11 the copper 

tank was e.lso made large (13 cm)~ This entailed a quite elongated 

shape of the vacuum chamber, but the adia.basy thus attained was re

markably good; with a filling of liquid air, the reservoir remained 

at constant temperature for several hours. 

Flow-Metera As it was found desirable to determine 

quantitatively evaporation rates of liquid air and liquid hydrogen in 

the cooling tank, a "flow-meter" with three ranges was constructed, 

similar to the one described by Goetz,(lO) but of slightly different 

dimensions. Two capillaries were of equal length (90 cm), but of 

different diameters (1 and 2 mm); the third range, for high evapora

tion speeds, had a 2 mm capillary, 12 cm long. As a rough calcula

tion had revealed that turbulence phenomena were to be expected at 

least in the fastest range, an exact calibration was undertaken with 

both air and hydrogen. The hydrogen data were obtained by having 

the gas stream from a garometer through the flow-meter, at different 
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speeds, and reading volume lost against time elapsed. To calibrate 

for air, liquid air was placed in containers of various heat insu

lation qualities (thermos flask, thermos flask without silvering, 

metal can completely covered by vrnol, metal can partly embedded in 

wool, etc.), and the gas evaporated directed through the flow meter; 

the a.mount evaporated was determined directly by the loss of weight 

of the container, kept on a balance during the measurements. 

As may be anticipated from the formula for Reynolds' 

number R = usd/1 (u velocity, s specific mass, d diameter of tube, 

1J viscosity), turbulence effects are much more pronounced in the 

air curves than in the hydrogen curves; the specific mass of air 

being 14.5 times larger than that of hydrogen, the viscosity however 

larger only by a factor 2, the critical Reynolds number will be 

reached by an air stream at speeds about 1/7 that of hydrogen under 

othervrise equal conditions. Indeed, while the hydrogen curve III 

is just slightly bent upvtards, the corresponding air curve shows, 

for higher speeds, an increase of pressure by almost a factor 2 over 

that to be expected under laminar flow conditions. 

Vacuum Chamber and Temperature Control: As mentioned 

before, the vacuum chamber was closed at its upper end by a large 

metal ground joint (brass, 7 cm diameter, slope of walls 6°), pro

vided with water circulation to keep the sealing stopcock grease 

near room temperature. It had been planned originally to use a 

3-tube assembly to carry the cooling liquid a.cross this large metal 
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plug, thus assuring highest efficiency, since the two inner tubes 

would have carried liquid and gas in the two directions while the 

outer tube would have served to insulate by a vacuum space, thus 

eliminating e.11 contact of the 11cold 11 with the metal plug. In 

order however to simplify the construction and judging that strict

est economy in the use of liquid hydrogen was not essential, since 

its supply was assured at this Institute, a 2-tube assembly finally 

was executed. Thus, the ·bNo German silver tubes coming from the 

copper tank passed through the plug, the inner tube German silver 

all the way up, the outer brazed to the wall of the metal plug. A 

short distance above the metal plug, an outlet was soldered to the 

outer tube; finally, at the top of the apparatus and insulated by a 

length of 12 cm German silver tubing, ca.me the opening of the inner 

tubing, so constructed that it fitted the evacuated siphons used at 

this Institute for tra.nsvasating cold liquids. The connection to 

the siphon could be made vacuum-tight, thus permitting to lower the 

vapor pressure over the cooling liquid by the use of a high speed 

rote.ting pump; with this method, temperatures down to 14°K (solid 

hydrogen) were reached. 

As the metal plug with its attachments had a con

siderable weight which it was considered dangerous to let act contin

ually on the glass apparatus, a counter-v,eight was installed, with 

a steel wire running over pulleys, to hold the plug weightless in 

its place. 
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Using liquid hydrogen entailed the adoption of 

special precautions to eliminate danger of explosion. The major 

part of the apparatus was built into one of the "stations" des-

(10) 
cribed by Goetz, with sloping roof and powerful ventilation. 

Switches, heaters, all sources of sparks, flames, etc., were rele

gated to the outside of this "station"; in fact, no unpleasant 

experience whatsoever, up to now, has sprung from the use of liquid 

hydrogen. 

5. Electrical Measuring Apparatus . 

The apparatus employed to measure the electric resistance 
(8) 

of the metal films was the sa.~e as that described by Foster, with 

only minor alterations. A potential V' charged a condenser (capac

itance C) by leakage across the film; by applying an opposite poten

tial V (moving slide wire resistances by hand as the leakage went on), 

this charge was compensated and a sensitive string electrometer (BL 

9345) kept at zero. By Foster's derivation, the resistance of the 

film is R = tV 1 (1 - t/2T) / CV, which in most cases simplifies to 

t time read on a stop watch (BL 2316) 

V compensating potential read on a Weston D.c. voltmeter 
(BL 8128), adjusted by slide wire resistances (BL 8531, 8279) 

V' potential across film, read on a Weston A.C. voltmeter 
(BL 8953) adjusted by a slide wire resistance (BL 8363) 

C capacitance of condenser (see below) 

T time constant of condenser (see below). 
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Replacement of one of the condensers used by Foster and recalibra

tion of the whole set of six condensers by the ca.sea.de method was 

found advisable. 

Number of 
condenser 

Co 

Cl 

C2 

C3 

C4 

C5 

Capacitance to electro
meter, farads 

2.3 x 10-11 

1.95 X 10-10 

1.65 X 10-9 

2.0 X 10-8 

1.9 X 10-7 

2.1 X 10-6 

Time constant, 
seconds 

260 

570 

2300 

1400 

3100 

12000 

For the measurement of lower resistances, not feasible 

with this leakage method, a simple circuit was added, consisting of 

a 1.6 volt dry-cell and a sensitive milliammeter (Rawson Multimeter 

BL 8245, the same as that used for measure:rrent of the emission 

current of the ionization gauge) in series ~~th the film. 
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III- Experimental Procedures. 

l. Manipulation of Apparatus. 

To obtain good vacuum conditions, the apparatus was 

assembled and pumping started usually the day before depositing 

was to take place. All lead deposits from the preceding run were 

removed with dilute nitric acid; traces of grease, Picein, etc., 

dissolved in carbon tetrachloride and alcohol before assemblage was 

started; after soldering of the wire connections was done, all 

traces of soldering paste were carefully cleaned off. Outgassing of 

metal parts and soldering of the glass plate (see under "Thermal 

Contact") with the high frequency induction furnace was begun only 

after a reasonably good vacuum had been established. At the same 

time, the furnace was raised to a temperature somewhat higher than 

to be attained during the depositing process. 

Depositing was started, i.e. the furnace shutter was 

opened, after the furnace had been allowed sufficient time to reach 

the desired equilibrium temperature. Potential at the electrometer 

and across the glass plates was switched on at least one hour before 

the deposit vras to begin, to be sure that electrical equilibrium was 

reached when depositing was actually started. 

During the run, temperatures of furnace and copper 

tank were closely watched and kept at the values wanted. Vacuum was 

checked periodically on ionization gauge and McLeod manometer. Water 
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circulation in the metal plug at the upper end of the vacuum 

chamber and air stream around the Picein seal at the lower end 

were kept going continually. Liquid air around the traps in the 

pumping line was maintained at a high level. Electric resistance 

was measured and recorded at short intervals during the entire 

length of the run and continually during periods of rapid change. 

2. Rate of Depos ~t. 

Deposit rates for various furnace temperatures were de

termined experimentally, using the same set-up as for resistance 

measurement runs except that the cover glass had not received any 

platinizing treatment. The weight of the film was determined as the 

difference between the weights of the cover glass before and after 

depositing had taken place. For a check, the cover glass was 

weighed again after the deposit had been removed by dilute nitric 

acid. All the weighings were done on a Sartorius precision micro

balance (courtesy Dr. A• Goetz), adjusted to a sensitivity of 1 x 10-5 

ydiv. Dividing the mass of material deposited by its area and the 

exposure time gave directly the deposit rate (on the graph in 

1 -2. 1) g cm min- . 

Kinetic theory derives the follffi'nng formula for the 

vapor pressur~valid i f dS ~< mean free path of the effusing mole

cules: 
l 

p = (dW/dt)(2n1ARTf3 (760) / dC d'O cos@ (l.0132 x 10
6

) 
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p vapor pressure(in nun Hg) M molecular weight 

dN/dt number of moles per second ,effusing from an opening of 
area dS cm2 into a solid angle db> , at an angle t9 
with the nonnal to dS 

R gas constant per mole T absolute temperature 

Substituting values from the geometry of the apparatus 

d <.J = (area of film) /16.02, cos 0 ;::::; 1 , 

also M = 207 and p from the formula for the vapor pressure of Pb 

given in the International Critical Tables (Vol. III, p. 207), 

log10 p = -52.23 A/T + B, where A= 188.5 and B = 7.82, we are able 

to draw the curve of deposit rates against furnace temperatures as 

given in graph IX. Hmvever, plotting the actually measured deposit 

rates in this graph will not furnish points on the theoretical curve, 

as we may expect some reevaporation to take place from the glass 

shield, when the latter assumes in its lower part temperatures near 

to that of the furnace. It was, therefore, necessary to determine 

this increase in the deposit rate by ma.king deposits also without 

the shielding , After this correction factor is applied (1.32 in the 

average), the experimental points fit t he t heoretical curve very well 

indeed. 

Whenever in the following , thicknesses are given in 

in.gstroms, they have been obtained from the deposit rates of graph I X, 

multiplied by the time of exposure and divided simply by the density 

of lead in bulk (11.3). Though as mentioned before, this cannot by 

any means be called a quantitative determination of thickness, it 

will give a fair indication of its order of magnitude. 



IV. Electrical Measurements ~and their Interpretation. · 

1. Uninterrupted Deposits, "Critical Thickness." 

a. High temperature deposits. 

Curve I on graph X may be regarded as typical for room 

temperature deposits. At the start of the deposit, the resistance 

measured (of the order of 1014 ohms) is that of the glass plate; 

then, after the heat influx by radiation from the furnace has 

acted for several minutes, we observe a small drop in the back

ground resistance, due to higher conductivity of the glass plate 

at a slightly raised temperature. No effect of the lead deposited 

on the resis·cance is measured until the film reaches a considerable 

(average) thickness; in our case, after about 80 minutes (corres

ponding to a thickness of 160 i), the first signs of film conduc

tivity are observed, then however, the resistance falls very 

rapidly with each new layer of lead atoms added; after 120 minutes 

total deposit time (240 i), the resistance measured is only 

1 x 10+5 ohms and is still falling. 

This pattern of behavior of film resistance versus 

deposit time is quite general and perfectly reproducible; in all 

cases a 11 critical thiclrness11 is observed and then a rapid drop of 

resistance. It should however be noticed that the value of this 

11 critical thiclrness 11 is highly dependent upon vacuum conditions 

prevalent during the depositing process. Film I on graph Xwas 

-5 deposited under a gas pres-sure of the order of 10 mm Hg; 
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higher vacua tend to lower the "critical thickness", whereas 

poorer vacuum conditions make much heavier deposits necessary to 

obtain conductivitJr. On a film deposited under about 5 x 10-5 mm Hg, 

conductivity was observed only after a thickness of 1000 i was 

reached; a film. produced under still poorer vacuum displayed no con

ductivity at all up to a thickness of 6500 i (where the depositing 

was stopped). It seems that this dependence upon the quality of the 

vacuum has not always received quite the attention it deserves; 

"critical thicknesses" reported in the literature might, in some 

instances, represent not so much a property of the films investig~ted 

but an indication of the vacuurn conditions in the apparatus. 

Curve II on graph X represents a deposit made under 

similar conditions as I, here however the copper tank was cooled by 

liquid air , Nevertheless only a temperature of about -5o 0 c can 

safely be claimed to have been maintaLned during the deposit, since 

the method of insuring good thennal contact with the cooling reser

voir (discussed in II, 4) had not yet been developed when this film 

was produced. Considering that some wandering in the film towards 

the cold electrode has ta.ken place, we see that this film has an 

effective average thickness of about the same magnitude as film I 

and is displaying a much similar behavior . 

b. Low temperature deposits. 

An entirely diffe r ent behavior is shown by the group of 

curves III. These deposits were made at low temperatures, with ve r y 



good thermal contact of cooling reservoir to film. We see here 

that conductivity sets in after as small a thiclal.ess is reached 

as 8i. Raising the temperature annihilates the conductivity of 

these films (as shown in detail in IV, 3b), which effect permit

ted to deposit all five films of this group on top of each other; 

before each exposure all traces of conductivity were destroyed by 

warming up to room temperature. 

We see that the presence of non-conductive rerrmants of 

previous deposits does not essentially affect the establishment of 

new conductive layers, except that with increasing thiclmess more 

atoms are needed to obtain the same conductivity. Thus the deposit 

times, until conductivity sets in, for consecutive runs are 4, 5, 

8, 10 and 12 minutes. Only the first three of these were made at 

the temperature of liquid hydrogen (20°K), the fourth at solid air 

(65°K), the fifth at liquid air (90°K). It is not astonishing that 

this variety in the background temperatures during deposition 

should be of little effect; we must remember indeed that during the 

exposure the film is subjected to the heat radiation of the furnace 

as well as to the direct energy transfer of the impinging lead 

atoms, which leave the furnace with a temperature of more than 500°C. 

Thus we should expect, in spite of good heat transfer conditions in 

the backing, that the actual film temperature during depositing may 

be around -150°C for these films, with little difference whether 

liquid air or liquid hydrogen is in the cooling tank. After 
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closing the shutter, however, the film rapidly assumes the tem

perature of its backing and then, as shown further below, its 

behavior is not the same at liquid hydrogen and liquid air 

temperatures. 

2. Interrupted D~posits and Air Admission. 

Graph XI exhibits the resistance curves of two films 

produced under similar conditions as those in graph X, here how-

ever the exposure was interrupted during the process of conductivity 

fonoo.tion. Film I, deposited at room temperature, clearly demon

strates that, after the beam is cut off, the resistance of the filn1 

climbs up (dotted curves) and tends to join the value of the back

ground resistance if left to itself for a sufficiently long time; 

we also notice that the loss of conductivity will be the more rapid 

the lower a level of conductivity had been reached when the deposit 

was interrupted. Film II, deposited with liquid air cooling (and 

mediocre thermal contact), displays a different pattern of behavior: 

vThen thermal equilibrium is reached (some minutes after closing the 

shutter), the resistance first decreases, then reaches a minimum, 

and finally goes up in a we.y similar to I, though somewhat slower. 

Graph XII illustrates the effects of air admitted to 

the film under various pressures. In the first part of curve I, 
-5 

the film is left to itself in high vacuum (1 x 10 w1ll Hg); only 

a slight increase in resistivity is noted. At A, some dry air is 
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let into the vacuum chamber, to a pressure of 0.5 nnn Hg; imme

diately the resistance of the film shoots up (by a factor 10
4 

in 

5 minutes) and reaches the level of the background, i.e. all con

ductivity of the film is entirely destroyed. Film II, starting 

from a lower resistance level, is practically stationary in high 

vacuum, shows a slow incree.se of resistance under O. 1 mm Hg air 

2 pressure and a jump upwards by a factor 10 in a few minutes, when 

air under atmospheric pressure is admitted, without however losing 

its conductivity as completely as film I. 

Attention may be drawn to the branch .Af3 of curve II in 

graph XI , where at A a small runount of air is adrnitted (to a pres

-3 sure of 1 x 10 mm Hg), while the depositing process is still 

going: For a short time the resistance falls back until the pumps 

have reestablished normal vacuwn conditions, then the resistance 

curve resumes its dov'!mward move, though first at a slower pace than 

before the disturbance had taken place. 

It is interesting to compare the foregoing behavior to 

that of a "non-conductive" lead film of 65001t thickness. Heating 

this film up from 20°C to 220°c results in a perfectly reversible 

5 
decree.se of resistance by a factor 10 , due entirely to the increase 

of conductivity of the glass -substratum and following the law 

R = Ro exp(y/KT) or log R =a+ b/T, i.e. a straight line, when 

log R is plotted against 1/T. Admission of air into the vacuum 

chamber, while this film is kept at 100°c by a flow of steam through 
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the copper tank, also shows an entirely reversible effect, 

namely a decrease of resistance by a factor ca 5 (from 2.1 x 

12 11 11 10 in vacuo to 4.5 x 10 at 1 mm Hg and 3.7 x 10 at 

25 mm Hg). 

3. Temperature Effects. 

Graph Y..III should be considered as a continuation of 

graph X; it shows in detail the behavior of group III of that 

graph after the beam is shut off. We see that when therm.al equilib-

rium is reached after a few minute s , a decrease in resistivity can 

be observed in all cases, following the pattern of en as;ynptotic 

decrease towards final values. Apparently it does not make much 

difference whether cooling is done by liquid or solid hydrogen, 

however, change-over to solid or liquid air results in a definite 

increase in the 11 rate of reaction11 and in establishment of a lower 

final resistivity. This final value of resistivity is reached the 

more rapidly the higher the temperature applied to these films - up 

to a specific temperature, in our case about 100°K, above which 

destruction of conductivity sets in as described further below. It 

might be possible to explain this process of continued fonnation of 

conductivity after the supply of new metal atoms has been cut off, 

by assuming a transformation of "amorphous" metal atoms into the 

11metallic 11 state (possibly in line with Kre..mer 1 s ideas) or by some 
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other mechanism capable to a ccount for the increase of the number 

of current carriers. It is likely that any such process is acti

vated by higher temperature and it stops when the supply of trans

formable units is exhausted. Sunnising that the process follows 

the pattern of a monomolecular reaction, we may venture the follow

ing derivation: 

Calling R the resistance of the film at the time con

sidered and Rr the final resistance when all atoms capable to do so 

under the circumst ances (temperature, history and present conditions 

of film, etc.) have changed over to the 11 conducti ve modification," 

it seems reasonable to assume that the rs.te of decrease of resistance 

(-dR/dt) is proportional to (R - R, ), . i.e . 

where Kr is the "reaction constant. 11 Integrating and setting R = Ro 

at t = 0, or 

which, when plotted in a semi-logarithmic 

representation, should be a straight line, K, determining its slope 

and log (Ro - R,) its starting point at t = o. 

On graph XIV the two curves I and II of graph XIII a.re 

plotted with t as abscissa and 

9 
chosen 5 x 10 for I and 1.3 x 

log (R - R,) as ordinate (Rrbeing 

10 10 for II). We notice that while 

for the first 15 to 20 minutes the curves follow the law derived, 

later on the resistance values measured a.re higher than calculated 

from our simple formula, meaning that the transformation actually 

progresses at a somewhat slower pace. To correct for t his defect, 
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we can write ts instead of t, where s :f" 1, 

log (R - R,) = log (R
0 

- Rr) - K,ts. 

thus log (R - R,) = 

Plotting our two curves with a value s = 3/2 (i .e. 

reducing in our diagram the time scale by an exponent 2/3), fur

nishes indeed well behaved straight lines; it needs further 

investigation however, to decide whether this value of the exponent 

has any deeper significance. It also is yet to be determined which 

law governs the establishment of the values Kr and Rr• Qualitatively 

it may be said (see graph XIII) that K, increases rapidly with the 

temperature, mee.ning that for higher temperature the process will be 

very fast and R,- be reached almost instantaneously. Furthennore, 

both K,- and R, are linked in an, up to now, only vaguely explained 

way to initial resistance, thickness and previous treatment of the 

film. 

b . Destruction of conductivity. 

Curves I to III on graph YJf show the effect of raised 

temperature on a group of films deposited at low temperature. They 

all exhibit the same, very definite pattern of behavior: Rapid, 

irreversible increase of resistance towards a final value which is 

the higher, the higher the temperature applied; at about -loo0 c 

the last traces of conductivity are quickly destroyE:;d. Looking for 

a mechanism that might adequately explain this highly temperature 

dependent decay of conductivity, we should consider that while at 
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the temperatures discussed in the preceding chapter (solid hydro

gen to liquid air), mobility of the lead atoms on the glass plate 

is greatly reduced, this is not true here any more. Thus we 

might now expect the lead atoms to use their higher mobility to 

leave the random positions in which they were 11frozen 11 during the 

low temperature deposit and tend to form thermodynamically more 
(7) 

stable clusters or crystallites. As Esterm.a.nn has shovm, atoms 

are indeed capable to move over quite considerable distances; we 

should therefore expect that already at relatively low temperatures 

their mobility would be large enough to break up a conductive layer 

into small agglomerations. 

\'fe rna.y derive a mathematical formulation for the decay 

of conductivity in analogy to the one for the decrease of resistivity 

in the last chapter. Calling G = 1/R the conductance at the time 

considered and Gr the 11final 11 conductance at that temperature, we 

may assume that the rate of decrease ( -dG/dt) is proportional to 

(G - Gr). hence -dG = K;(G - G-r)dt, with K}- as "reaction constant." 

Setting G = G = l/R0 at t = 0, 
0 

(G 

or giving a straight line, 

with log (G0 - Gr) at t = 0 and the sl9pe KJ-· As seen on graphs 

XVI and XVII this lav,r indeed is closely followed in the curves inves

tigated. (For curve I on both graphs see further below.) We may 

finally render the formula more flexible by attaching ans~ 1 as 

exponent tot, in the same way as in the last chapter, so that 
s 

log (G - G,) = log (G
0 

- G,) -K,!t • 
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Vfuile the formula derived, with an exponents= 1 or 

possibly s = 3/2, fits well the experimental data as shOV'm by 

the almost straight lines in graphs XVI and XVII, both curves I 

take exception to this rule. Now, these curves I represent the 

destruction of conductivity by admission of air to films deposited 

at room temperature - an entirely different phenomenon, though 

externally similar in its final effects upon the resistance of a 

film. Vfe may safely assume that adsorption and even chemical 

action take place in these films upon raising of the gas pressure 

and we cannot expect our formula to hold in the same way as for the 

crystallization process for which it was devised; indeed, values 

of s of the order of 10 are required to transform these curves into 

approximately straight lines. 

Returning to graph XV, curve III exhibits the life-

story of a film from the time the shutter vro.s closed through 

ve.rious warming and cooling experiences to the final annihilation 

of the conductivity by heat. It also gives by comparison with IV 

and V, a good illustration of the connection of R, with the"equilib

rium temperature", the temperature at which the process of formation 

of conductivity has already stopped and the destruction has not yet 

set in (i. e. K' = 0), the observed rule being that the "equilibrium 
T 

temperature" is the higher the lower the value of Rr. 



It may be mentioned in this connection that film II 

in graph X, which is stationary as long as kept at liquid air 

temperature, suddenly drops in its resistance by a factor 105 

when warm~d up to 225°K; this is another illustration, in this case 

for auheavy''film, of the temperature dependence of both the 

''equilibrium temperature" and Rr. As shown below, the value of R,

however is not only affected by the initial conditions of conduc

tivity formation of the film, gases present in the vacuum chamber, 

temperature of background, etc., but also by the electric potential 

applied to measure the film's resistance. 

4. Effect of Electric Currents . 

.A;s mentioned in III. 1., the electric potential across 

the glass plate (usually of the order of 40 volts) was switched on 

at least an hour before the deposit was started and maintained for 

the entire length of the measurements. This implies that all films 

actually were grown under the penna.nent influence of an electric 

potential, and when conductivity had set in were traversed by 

electric currents which locally might have reached quite consider

able densities. It has not been possible, up to now, to isolate 

the action of these currents; we should not anticipate however that 

their effects a.re entirely negligible. Curve V on graph XJ/ shov,rs 

that for an extreme case, by passing a current of 5 mA, the resist-

4 a.nee of a film has been made to drop by a factor 10 and the 
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11equilibritm1 temperature" to rise from 180°K to 220°K; we may 

expect that some action will be exerted also by the minute 

currents traversing films of very high resistivity - it might 

very well be possible that these currents even play a.n essential 

role in the process of conductivity formation . 
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v. Conclusions from Experimental Vfork. 

~'hile part of the phenomena reported need more exten

ded investigation before definite new quantitative conclusions 

can be drawn, a few facts stand out cleqrly enough to be enumerated 
, 

here, partly confirming and extending results of others vrnrkers in 

this field and partly opening up new aspects. 

Results of studies on Pb films, deposited at low 

temperatures, led to the assumption that two entirely different 

processes are acting in such films, one causing formation, the other 

destruction of conductivity. 

A group of investigations dealt with films deposited 

at temperatures sufficiently low to inhibit crystallization. At 

average thicknesses of ca 8 i, detectable conductivity was ob

served to set in for these films. After the molecular beam had 

been shut off, the conductivity continued to increas~. by factors 

102 to 103 t~~ards specific final values and at rates increasing 

with temperature . .An irreversible transfonnation of deposited 

"amorphous" molecules into the "metallic modification" may explain 

s 
this phenomenon. The formula log (R -R,-) = log (R

0 
- R,) -Kr t 

(Rr"final" value of resistance, K, "reaction constant, 11 
s ::>::; 3/2), 

tentatively derived, is found to fit well the experimental data. 
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Above a specific temperature (ca 100°K for this last 

group of films), a decrease pf conductivity was observed, at 

rates rapidly rising with higher temperatures. It may be assumed 

that with increasing temperatures the mobility of Pb a.toms becomes 

sufficient to account for agglomeration into crystallites ( 11 recrys

tallization") and thus destruction of possibly existing conductive 

formations (chains, networks, layers). A formula. is suggested, 

fitting the measured values. 

Films of higher initial conductivity were found to 

change at higher temperatures from the process of formation of 

conductivity to that of its destruction; a. qua.nti tati ve coru1ection 

however between the values of Rr, Kr and the initial conductivity 

could not yet be established. 

The behavior of fiL~s under air at different pressures 

was studied and the decrease of conductivity occurring was found to 

be of a different type t han that observed under the influence of 

temperature (crystallization). Absorption and/or chemical action 

(oxidation) are assumed to be responsible for this type of 

phenomena. 

Decrease of resistivity was observed when an electric 

current was passed through a film in analogy to the effect of 

raising the temperature within t he region below the 11 crit ical 11 

temperature. 
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Finally, "critical thicknesses" were found to be 

highly sensitive to vacuum conditions and criticism is expressed 

with regard to the significance of some of the "critical thick

nesses 11 reported in the literature. 
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