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4. Introduction. The work of other investigators:

I. Thin films in peneral:
Experiments have been made for many ysars® on the properties

of thin metallic layers. Hanburgar‘) (1921), Schulize s) (1933),
Anderson ) (1933) and Andrade 2) (1936) give extensive summaries of
results up to the times indicated. These results, and those of
aubsaqmnt workers, have been characterized by pronounced lack of
guantitative agreement, although ceriain phenomena are found
gualitatively by most observers.

It is nearly slways found, disregarding minor details, that
the conductivity phencmens of metals are volume phenomena, since when
in & thin layer they are quite different from those of the same me$al
when in massive pleces. The Hall effect (Mackeown s) does not find the
deviations obtained by Riede o) and others), and the thermoelectric
coefficients (Eolmes W)) have been observed to show unexpected
variations for thin layers of metal., IExtensive work has been done on
the optical awomalies exhibited by thin films (Bauer 22) , Fukuroi 12 13) ,
Hass “). Kirchner “), Ornstein 3s) , Rouard “), end Schultze a) give
eopious references), and of late the question of crystal structure
under thin layer conditions has recelved direct trentment at the hands
of many investigators using optical and electron-optical methods.
{Beferences 2, 4, 14, 49, 17--30.) GCaution is required in the
interpretation, however; Was “’}, for example, shows that the
disturbance Yo the film caused by exposing it to electron rays cammot
be neglected, since changes in configurstion are sometimes started
prematurely by supplying this much energy. The most-measured properiy,

®See for example Kundt (Ann. 3. Phve. 27 5O 18R4) .
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of thin films, however, has been the electirical conductivity. Since
this thesis deals with investigation of elecirical conductivity, the
literature on this detail will be treated more specifiecally;

II. Detailed consideration of electrical conductivity:

There are several gualitative featurss common %o the resulis
of most workers:

(1) The (specific) conductivity observed for the metel in thin films
depends strongly on the thickness, the value for the thimmest films
being much less then that for the massive metal.

Anderson 1) finds that the measured resistivity of his
evaporated silver layers increases by a factor of sbout 100 in the
range from sero to 300 atomic layers, then falls rapidly toward the bulk
value, some 103 below, as the thickness is increased.

Braunbek 33/ , and Vollmer and Estermann sa) , using evaporated
mereury films; Fokuroi i#: 13) , using cadmium and zinc as well;
Hamburger %° 23° 24) , using silver, antimony nickel, platinum, and
tungsten; Krautkrsemer s8) , using silver and gold; Lovell 33’3"'”’“),
using rubldium, potassium, and caesium; Mitchell a7) , using silver;
Riedmiller “), using nickel; and Vas 39) , using gold, all find that
thin evaporated metel films have specific resistance much higher than
the bulk metal. The warious invesiigators differ as to the size of
fhis effect, Lovell observing (under very clean conditions) only a
factor of 10 batween a 40 Angstrom £ilm and the bulk metal, snd the
others larger factors, although the preliminary inerease noted by
Anderson does mot ssem %o be recorded anywhere else.

Hany investigalors used films obtained by cathode sputtering
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{Hotably Andrade 2) , Dembinsks 19), Bramsfurth Y , Féry a2 , King “),
Joliot ‘*3), Kramer “’“), and Perucea a748) ) and obtain similar
results, complicated by the effect of foreign atoms necessarily present
dus to the poor wvacuum required for the sputiering process.

The chemical methed of depositing metal films from a

solution containing its ions (see, for example, Waid 3”). Stone 5°)) is
now no longer used for conductiviiy experimenis, dus to the contaminations
wh}.eh this method provides in abundance.

{2} There exists a critical thickmess, in the meighborhood of which the
change in conductivity with thickness is very rapid.

Bxperiment (See Anderson a) for summary to 1933) shows that as

& £ilm is first beling deposited the observed conductivity is low, some-
times completely undstectable. {(Although Lovell 24) observes some
conductivity even with fewer atoms present than would be required teo
form a complste monolayer.) Thenm, as the thickness increases, conduction
appears quite suddenly. The critical thickness for this to occur is
always small, different observers finding velues ranging from about 50
Angatﬁms (Ersutkraemer “)) to several thousand (Braunbek az)).
although most workers agree with Lovell 34) that £ilms 10%* or more
Angstroms thick approsch the mormel metal very closely in specific
propertiss.

(3) A thin film when first laid down is usually unstsble, and
irreversible changes occur with changing temperature, with time, with
passage of heavy current, and with the addition and remowval of foreign
atoms.

The sharpest temperature changes are reporied by Kramer '“),
who finds that films sputtered at low temperatures exhibit a sudden
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irreversible decrease in resisiance as they pass through a ceriain
characteristic temperature as they are warmed uwp. Other workers
(Foxurod 337, Mitchell ”), and Subrmann and Barth 5#) £1nd sinilar
changes which appear somewhal more gradually, allowing numerous
neasuremsnts to be made as the resistance falls. Hawburger 33'),
Subrmenn and Berth 52 and others find thet the resistance of s given
film behaves in a reversible fashion below 2 maximm temperature to
which the film has previcusly been raised, but if the tempersture is
increased beyomd this maxiwum, irreversibility occurs omce more, with
changes now reversible under the mew mavimum. Lovell ss) reports, on
the other hend, that his rubidium films condensed at 70° Absolute are
stable and exhibit no hysteresis all the way uwp to 90° Absolute,
providing sufficient care is taken with the cleaning and outgassing of
the f£ilm backing.

Host workers who have examined the point agree that the
resistance of a film changes with time, but the sign of the change is
not the same for some authors as for others. Anderson Y gives extensive
dete showing that the resistivity of s filw increases with tiwme,
epproaching stable valuss greater by factors as large as 10 about
40 minutes after deposit, although he obtained 2 decrease by relaxing
bis preceutions to exclude foreign atoms. That experimenters using good
vacua (Wright s3) . and Lovell ss) gor example) obtain an increase, and
workers,e.g. Bartlett 5}“) using the sputter process, with its
comparatively low vacuum, obiain the decrease lends the welght of more
evidence to Anderson’s explanation. ILovell and Wright both f£ing,
however, that careful ocutgassing of the backing reduces this aging
effect, in some cases eliminating it entirely. Brauvesfurth s2) .



and Perucecs as) have found complex anomslies due %o adnitting verilouvs
gases o their sputtersd films. Vand ”), however, finds a decrease
with time for his svaporated films of silver and gold, together with
fluctuations in resistence on admitting eir to the apparatus.
Hitchell a7) also finds & decrease with time.

(4) The observed properties depend strongly on the condition of the
supporting surface on which the film is laid.

'Here may be recorded the additiomal results of Ditchburan ss)
end of Was 3 Ditekburn finds that a background of copper can be
made mmiform only by hesting strongly in vacuo immedistely before use.
Wne shows that the eritical thickuess of his gold filme is increased
from about 50 Angstroms to azbout 100 Angstroms on heating the hacke
gréund to drive off gzses adsorbed. Anderson and Was have compared
films condensed on varicus substances a8 backing, and find lgeaaura'ble
differences between the properties of otherwise identical f£ilms.

111, Theories proposed in the past to account for these chservations:

(1) Ton~conducting layer theory:

Perucca as) advences the ides that 2 metal surface is
naturally of zero conduetivity due to interactien of conduction
electrons with the potentiazl barrisr at the surface. This explanation
does not seenm to be smcecepited by other workers, and sgeinst it zust be
set the experimental results of Lovell ss) and of Hemburger 2s) vhich
show direetly that = film ore atomic layer thick, or even less, does
econduet electricity.

{2) Altered free slectron-path theory:

On the assumption of a continuous film of uvniform thickness,



J. J. Thomson and, more recently, Fuchs s7) have caleulated the effect
on observed conductivity of the shortening of the mean free path for
conduction elsctrons due %o collislons with the bounding surface of &
thin film. Puchs has sxiended the simple treatmwent of Thomson %o
include the statistical distribution of mean free paths, the Fermi-
Dirae statistics, and the proporition between electrone reflected in
specular and diffuse fashion from the surface. 3By proper thickmess
&apen&anﬁe ¢f this last proportion, be is able to secure agresement with
experimental data. Physically, this process means taking proper sccoumt
of the degree of roughness of the surface, that is, departing slightly
from the primery assumption of a plane parallel film. (It may be
remorked here that Foersterling ss) decides, from results of optical
experiments, that the assumption of a homogensous isotropie
geometrically ideal film is contrary to the facts.) The reflection
correction must be made empirically in Fuchs® theory,and this limits
its significance,but it appears that there is value in the

fundamental ldea that conduction is low because the conduction slectrons
have a thickness-~limited opportunity to move fresly. Thise theory
provides no simple mechanism for the change of resistance with time.
{3} Gramular structurs theory:

A glightly different approach to the thickness-dependent
interference with conduction electrons has been proposed by Swann ss)
and adopied by many other investigators since. This theory starts with
the fact that atons when first deposited on a solid surface from a
finely divided smﬁe are distributed in completely random fashion. 4s
soon as an atom is deposited on the surface, however, its thermal
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motion (see Frenkel 59}) becomes ons of sliding over the surface.

{ Andrade 2) , Essig 31), Finch 2a) , and Vas a0) give fairly direct
experimental evidence that such an effect actuslly oceurs.) Since
the temperature is below the melting point of the bulk metal, the
attractive foreces between the atoms are imporitant, and stoms which
come close to each other tend %o cling together. This process
results in the formation of many nuclel, or centers of coagunlation,
so that the entire film becomes changed from the random distribution
to the more steble confizuration of many small patches (the decrsase
in potential energy furnishing the entropy required by thermodynamiecs).
This result gives a film which is anything but wiform in thickness,
and allows the observed $ime variations %o be deseribed in terms of
surface mobility of the condensed atoms. Anderson 1) has carried out
this extension slong the following linss: Sinee these patches are
distinet from each other unless there be more thanm a certaln critleal
amount of metal present, elecirons will have a difficult time crossing
thé #paces between, and high observed resistance will occur. A4s time
passes, and more and more atoms ars removed from circulation by
striking a pateh and staying there, the resistance of the film will
incresse still further, and for the thinmest films will soon become
compareble with the resistance of the backegromnd, and therefore
undetectable. On the other hand, once the patches become hig enough
g0 that many of them touch, conduetion should become much sariey,

and vesistance as observed oxhibit a rapid drop. Thermsl effects
can be obtained by 2 little more extension of these idesas:

Temperature incresses, by increasing the agitstion of the molecules
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might, under ceritain circumsisnces, establish contact between
patches that could not reack each other when cold, and molecular
cohesion will tend to conserve such contacts once made.

0f the three theories here presented, this gramular
structure theory seems the most promising, and has received the most
support from experiments.

IV, Experimental methods of previous and contemporary investigators:

The problem that must be solved in msking conductivity
experiments with thin metalliic films is a threefold one. A film must
be produced under conditions as simple as possible and so that the
average thickness is knowm, good electrical and thermal contact must
be established between the film and the measuring instruments, and the
resistance must be messursed rapldly by methods which are adaptable to
& wide rangs of valuess. The methods which have been employed in the
past to do these things are discussed:

_S_]_.?_ Of the three methods of producing thin films outlined under &, II,(1)
that of condensation from metal wepor in high vacumm seems %o glve least
chance for contamination, although it possesses the disadvaniage that

the medal atoms are moving rapidly when they strikes the backing, whers
best conditions would be sxpected if they had the smallest excess

energy. p_ossi.‘ble. Andrade seems o be the latest worker to use sputiersd
films for extensive investigations, and claims his films when first

1aid down exhibit no inhomogenieties wisible under uliramicroscope
examinatlion, though a pateh structure appeared later on heating.

1% seems best, however, to have the fewest foreizn atoms possible, i.e.

to use high vacua, and evaporate the films. With present-day techanigue,
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even the less volatile metals may be evaporated from tungsien
filaments (Hass ”), Was 39’“}), platimm (Dembinska w),

Anderson l‘)). tantalum (Bauer u)), or directly from wires of the
metal concernmed (Risdmiller "‘)) and in the case of more easily
vaporized metals it is possible to use a more easlly controlled
resistance furnace (Prinmgsheim and Pohl ea) , Goetz 80), Lovell 35)).
Careful cleaning of the backing and surrounding apparatus is
necessary if foreign atoms are to be effectively eliminated. Bauer 1").
Rieds a4l , Beeching a7) , &nd Anderson 2 employed various versiomns of
the scrub-sff in nitric acid method recommended by the Burean of
Standards ea) and others. Lovell 34) and Was as) outgassed their
backings for meny hours at high tempersture in vacue. No one seems
yet to have used the electronic clean-up method of Strong sa) in
conductivity investigations. Anderson 1) deposited some of his
films on a freshly ecleaved calcite surface.

{2) Various methods have been proposed for measuring the thickmess
of deposited layers. Actuzlly, all that can be measured is the
average thickness over a considerable area. Optlecal methods of
measuring thickness (Brueck 16) » Rouvard “)) are doubiful simce thin
films axhibit, as has been noted above, imperfectly understood
optical anomalies. Mayer es) and Lovell 24) measure the density of
atoms in the beam to the backing plate, using the lonization from a
hot tungsten wire placed in the beam as an indicator. Anderson *),
Féry a2) , Was 39), and Riedmiller 2e) measured the deposit rate by
welghing & thick film deposited at known setting of the apparatus,
then assuming the rate was the same throughout. Methods which give
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the number of atoms per unit area can be used to obtaln the thick-

ness only if it be assumed that the demnsity of thin layers is

related i.n 2 known fashion to that of the normal metal. Nearly all
workers point out in assuming normsl density for thin films that it

is really an assumption, which future experiments may or may not
disprove.

{3) Care is required to insure that the film makes good slectrical

and thermal contact with the surroundings where desired. Barly

methods of clamping electrodes on the film (Stone 5"}) are not
satisfactory, and it has become almost universal practice to lay down
condueting areas on the background to which contact can be made, and
deposit the thin film on top so that it bridges an otherwise bare gap.
Pras, intimate molecular contact occurs over a considerable area.

The materials used to obtain these predeposited contacts have been
either o previous deposit of the same metal as investigated (Anderson 2 "
Riedmiller *‘), King 4‘8)) , or of platinum (Fuluroi 12) , Houlleviguse es) .
Suhrmen and Barth 5'3)) or of graphite (Ilovell as')), gold (Péry "3)), or
silver (Mltchell ”)). Phe question of proper thermal contact between
the £ilm and the material used %o cool it and measure its temperature
has not received much attention in the litersture. Lovell, for example,
messures the vapor pressure of the liguid oxygen poured behind the film
backing, but does not differentiate clearly between this temperature and
that of his film. Fukurol finds, howsver, by comparing readings of
several thermocouples, that his temperaturs gradients are all small
between film and cooling fluid.

{4) Several methods of measuring the resistance of films have been



used. Soms workers (e.g. Barilett 55), Hitchell "“), Pukurel "3})
have used the Wheatsione bridge, though Hitchell uses a galvanometer
directly for the m@er- resistances, Anderson Y used an electrometer
eircuit of variable capacity and measured the charging rate.

Deubner &7) measured his resistances with slternating current, using
an amplifier and a vibration galvanometer. The more recent eleciron
tube D.C, amplifier circuits do not seem to have been much employed
in this fiold.

¥. Conclusions from previous work:

The time dependence of resistance of a thin metal film, $o0-
gether with the small-particle structurs observed with the microscope
(Andrade ”’, Kramer as) ) under certain conditions, and the micro-
erystal structure given (Finch “), Kirehner ss) , Was "‘°)) by slectron
diffraction experiments on such films, makes it very probable that the
patch-structure plsture of the conduetion process in thin layers oub-
lined in A, IIX, (3) contains much truth. Disagresment in resulis
between experiments of apparently comparable validity, particulariy as
to the sign of the 3ime waristion of resistonce, makes 1t imperative
that wore light be shed on this phenomenon and on the other special
features of thin~filn conductivity before detaliled theoriss can be
constiructed which take quantitative sccount of ths differences
between different metaols.

il.



B. The experiments veporied inm this thesis:

I. rpose of the investigation:

The results described here were obtained, using apparatus
adapted from that of Anderson, in an attempt o make somewhat
elearer the picture of the conduction mschanism in thin metallie
filus, with particular emphasis on the aging process and its
temperature-dependent aspects.

II. Experimental methods employed:
To obtain trustworthy results, the apparatus was arranged

o fulfill the following conditions: (Details will be given below, but
in this paragraph is included under each requirement a brief state~
ment of the means employed to meet it.)
1) The film mist be produced with the smallest possible contamination,
and small excess enerzy.
The thin layers of lead were deposited from vapor in
high vacuunm on carefully cleansd glass surfaces held
at various jemperatures. Lead was chosen because of
its appreciable vapor pressure at nod-too-high
temporatures, and deposit rates were kept slow so as
to avold extra kinetic motion in the film as far as
possible. Careful cleaning of the entire apparatus
preceded each run, and 21l metzl paris were thorough-
1y ountgsssed with an induction furnsce.
(2) The thickmess of the film must be lmown as accurstely as possible.
Care was taken that the lead eveporate at unifora rate

throughout each experiment, and the raote was measured



{3) The best

(4) Reliable

be measured,

28 a fuoction of the temperature of the evaporating
furnace by weighing several extra-beavy films with a
miorobalance. A magnetically operated shutier gawve
precise control over evaporation timas.

thermal contact mst be obtained with the cooling fluid,
It will be seen from Plates 3 and 4 that the cooling
fluid is contained in a2 quartz-bottomed chamber, and the
film bocking (=& microscope slide cover glass) is platin-
ized and cavefully scldered into place,

electrical contact mmst be mainteined with the film So

Platinized contact areas were provided (Plate 4) so that
the £ilm bridged the gap between them, and the electrie
leads were soldered to these platinized places. Flatine
izing was dons by painting platimom chine paint where
desired (See Plate 54) and baking for some hours.

{B) The resistance of the f1lm must be measured rapidly oven as it

varies over large ranges.

The resistance of the filme was measured in the vacuum
by applying & potential, and observing the rate at which
the resulting current ascross a film charged condensers of
various sizes. Part of the measurements were done using
Anderson’s ») method (Plate 6), and part were done using
an adaption of Towmsend's 7o) method (Plate 7). The
advantages of the latter ave thet it meintaineg congtant
potential across the film, and it localizes leake and
capacitences so that move complete corvections for strsy
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effects can be made. As in Anderson’s work, conden—
sers were callbrated against o standard eylindrical
condenser of known dimensions.
1t was found advisable to attach‘ & thermocouple a% the
point indicated in Plate 3 to obtain a rough idea of the
temperature of the film backing at variouns times.

I1I. Detalled description of the apparatus and its use:

The assembled apparatus is shown in Plate 1, and is adapted
from that of Anderson 2) using some of his glass parts. The vacuum
system has been somewhat improved, however, by using two mercury
diffusion pumps instead of ome, and two liguid air t'mps in series
(only one shown here). An ionization gauge (an ordinary 201-A slectron
tube, grid potential + 157 1/2 volts, plate potential « 22 1/2 volts)
was installed as shown, connected by a long tube to the spot where
the pressure of the sysiem seemed likely to be highest, il.e. dirsctly
under the evaporation furnace. This gauge was not very precisely calibe
rated, but a claim of at worst 107® millimeters of mercury is believed
conservative for the pressures obtaining during all the experiments.
Further confirmation of the high vacua maintained is given by Plate 84,
which is a photomicrograph (dark field illuminstion) of the edge of a
typical fila deposited under normal conditions. The width of the
penumbra observed is that caleculated from the geometry of the apparatus,
assuming straight-line paths of lead atoms from furnace to deposit plate.
Scattering is seen to be negligible, hence collisions between lead

atoms and remeining air molecules must be unimportent.



All glass and metal peris were thoroughly cleansd befors
each run, using the following procedure:

The glass parts were scrubbed with dilute nitiic acid,
rinsed thoroughly in distilled water and dried in sir. This removed
residual lead. Any stray bits of vecuum wax were removed by a
thorough scrubbing with carbon tetrachloride. Hetal paris received
the same treatment, and in addition were systematically outgassed st
red heat with an induction furmace.

The cover glass that was to resceive the deposited lead was
subjected to a particularly thorough cleaning., It had previcusly been
platinized as required for contacts, and was scrubbed briskly with a
cotton swab in concentrated nitric acid (as recommended by the Bureau
of Standards “’) until the distilled rinse water did not run off
into drops, but clung evenly as a thin £film all over the surface.

Then the glass was rinsed seversl more times in distilled water, dried
in alr, and prompitly inserted in the apparatus. As added protection
to the film backing, an suxiliary shutter (Plate 3) was placed over
the sperture to the final stop, and removed only after ouilgassing the
rest of the apparatus, the iron porition responding to a magnet outbside.

Ho part of the glass or metal that would ultimately be inside
the high vacunm was touched directly with the hands in reassembling.
Contamination from sealing compound (Picein or Apieson W) was aveided
by keeping the wax only on the outer portion of otherwise clean
ground joints, and isolated from the mein vacuum chambsr by long
capillary tubes at the wire seal-ins (Plate 5B).

Hetal parts were made of molybdemum as far as possibdle,
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since this metal has a low vapor pressure at high temperatures, and
does not lose its elasticity on heating below 1200°C. Outgassing
was conducted in s;gurﬁ of about one minute heating followed by
several minmutes pause for the pumps to clean out the dislodged atoms,
antil the ionization geuge showed practiecally no inecreass in pressure
due to heating metal parts bright red for a minute.

{2) Bvaporatiom:

The furnace used is the one deseribed by Goetz “’), the
chief addition being the wrought-iron lining %o hold the lead. This
was necessary, since melted lead in the bare Mgl erucible gripped the
sides so firmly that the erucible was nearly destroyed when the metal
shrank on cooling. It will be observed from Plate 2 that the thermo-
couple Jjunction used to messure the temperaturs of the lead is very
close to the center of the furnace, with hot metsl in nearly all
directions from it. Hence the temperature as read must be typiecal of
the furnace. The shields surrounding the crucible prevent the lead
from condensing on the ocuter walls of the wvacuum chamber, to be later
re-svaporated onto the film backing. For the few hours exposures
employed, lead re-svaporating from these shields and condensing on the
thermocouple wires did not cause serious short circult, but it was
nscessary %o clean off the stray lead before each run to avoid troudble
of this sort.

Above the furnace (Plate 2) are placed stops so as %o
collimate the beam of lead atoms (that is, to trap any which are not
going in the right direction). The shutter shown is turned on 1its

pivot by a magnet from outside the vacuwum, opening and closing the



route to the deposit ares as desired. The entire stop and shield
system is earthed, and so is ome terminal for the hester curremt to
the furnace. This reduces electric field changss inside the vacvum
chanber to the point where conductivity measurements can be made while
the film is being deposited, without the 60 cycls alternating current
used to heat the furnace disturbing the sensitive electrometer of the
megsuring ecircult.

Various evaporation rates for the furnace were determined by
direct experiment, weighing the total amount of lead deposited on an
unplatinized cover glass in a kmown length of time (about ten hours),
the furnace temperature being kept constant throughout that time. The
resulting curve of mass deposited per unit area per unit time against
reading of the millivolimeter attached Yo the copper-constantan thermo-
coupls attached to the furnsce iz shown in Graph 1. As will be seen
from the sample date of Table 1, the accuracy obtained in welighing the
actual film is not high, since efching off the lead and weighing the
backing plate slone glves another weight almost as dbig as that of plate
and film together, hence the accuracy of the difference suffers. Also,
it appeared from comparing tharmoconpie readings with vaines of heating
current that the thermocouple might not be absolutely relisble in its
response, though neither error is so large as to invalidate the curve.
The chief source of thermocouple error is probably slight shifts in
its position from run to run, although the furnace is constructed %o
make small changes in this position unimportant.

17.
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{3) The film:

Plate 3 shows the support for the film backing, with the
$wo supporting hooks insulated from each other so they set as current
leads to determine the conductivity as well as supporting the cover
glass while it is being soldered. Cooling fluid can be poured in at
the top, and circulates in close juxitaposition to the deposited film
itself. To control the melting of solder used to fasten the backing
down, a thermocoupls was attached at the point indicated.

Proper elecirical and thermal contact between the deposited
film and its surroundings was obitained by using solder. Before insert-
ing the film support into the vacuum chamber, carefully cleansd strips
of solder were placed under the contact hooks, and under the cover glass
itself. A previously tinned brass plate inserted as shown helped the
solder to spread evenly over the platinized back of the cover glass when
heated (Plate 4). Then, while outgassing the apparatus, the induction
furnace was moved so that the temperature of the cover glass and brass
backing plate remained a few degrees above the melting point of solder
for several mimmtes. In this way, 21l crevices wers filled, and
dependable contact astablished both with the cooled quaritz chamber and
with the current leads. Sometimes there were a few small bubbles under
the cover glass, but these seldom covered more than a small fraction of
the total area cooled. The film backing was not hested except as noted
here.

In using the apparatus, after the cleaning, loading, and out-
gassing procedure described above, the furnace would be brought to the

desired temperature, {using two rheostats in parallel to control the
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current precisely) and held there for at least an hour with the shutter
closed. After that, the shutter would be opened for & known length of
tinme, thus depositing s kmown amount of lead on the backing. Conductivity
measurements were made from time to time while the film was growing, and
afterwards as well if growth was interrupted to study aging effectis.

{4) Blectrieal measurements:

The electrometer was calibrated by conneeting in parsllel
with a voltmeter and applying various potentials. Elecirometer-indicated
potentisls required in the calibration of the suxiliary condensers (see
below) were obiained by direct -.msuramant for the point desirved, instead
of taking the result from the ealibration chart.

Some of the earlier measurements were made using eircuit Ne. 1
(Plate 6). This is essentially the circuit used by Anderson, and the
experimental srrangement represents for the most part minor rearrangs—
ment of apperatus designed by him. The potential across the £ilm sends
& current onte the electrometer, and by measuring the time hetween
indicated potentials the resistance of the film c¢an be caleulsted using
the ordinary exponentisl law of cherging s condenser through a resistance.
Serious charge leskspge was svoided by insulating the electromster system
with amber, hard rubber, or lucite at points of support. Calibration
of the various auxiliary condensers will be taken up with cirenit ¥o. 2,
but for this case we need the capacitance of the elsctroscope system to
ground. This gquantity wes found by comparing the charging rate when
the electrometer alone was in the cireult with that when C; was also
in, using & typical film when at the right thickuess for the purpose.
The seccuracy of thiz calibration is not high, but the resulis obtained



from this basls are consistent, and attempis to improve the accuracy
by other means brought doubts concerning stray capacitances to ground
or the elsctrostatic shielding (e.g. that of the contact hooks).

Only the first readings were taken with circuit Fo 1, however. This
egircuit assumes that Ohm's law holds for the film, since the potential
across the film varies several volts as the condenser chargss up, and
the exponmential variation in voltage with time (assumed in réeducing
the deta) is a result of the strict proportionality between current and
potential difference. Since some of Anderson’s work cast doubt on the
validity of Olm’s law for thin filme, a circult was sought which would
allow current %o be measured ai consbant potenilal drop. Thus, if
megsursments be conducted rapidly enough so that the curreant would not
have tims to change appreciably due to other causes (time, or increasing
thickness of the film), each measurement will be valid, even if curremt
is not sirictly proportional to potentisl drop. If the change from one
potential drop to another be made convenient, the experimental check of
this proportion bvecomes simple and precise.

Many of the room temperature data and all the ligquid air
temperature data were taken using eircuit No. 2, dus fundamentally to
Townsend "°). I will be seen from Plate 7 that, as the potential of
the film is raised by allowing charge to leak on through the film, it
can be lowered by reducing the potential of the other side of the
condenser bauk, using contact L in the potentiometer shown. Thus, as
more and more charge lagks on, the potential of the electrometer ean
be maintained at zers by manual adjustment of the 15-volt potentiometer.
Henece, leakage of charge from the electirometer system becomes negligible
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except as it may occur across the condenser bank. Furihermors, the
capacitance of the electromster system disappears from the equations
used o measure film resistance, affecting only the sensitivity of the
eircuit. Tims there is no longer need to worry about siray capacitances.

The theory of this circuit is simple, but will be given here
to illustrate the correction for leakege across the auxiliary condsnser.
(It has been noted above that this is the only place where ths slecirometer
systen is influenced by a conductor of «iifferent potential, except
across the film, and the leakage across the film is being measured.)

Let the capacitance of the entire slectrometer system be
C e o ground .,

Let the capacitance of the elecirometer system to conductor
(1) , (Plate 7) ve Clb . (This can be varied by comnecting in more
auxiliary condensers.)

Lot the auxiliary condenser have leaksge resistance R, and
let this resistance obey Ohm®s law.

Let the time of measurement be shori enough so that current
to be msasured will depend only on the potential drop across the film.

Then: Q = charge on electrometer system = Ce % -+ C;/, M
and if C‘e be maintained at zero potential, Q =8 C;b |/,
The rate of increase of this chargs is the film current _Z;_ "

less the current leaking away across the auxiliary condenser. That is:

L dl_dVi_ Ir | £
C,dt dt ~ Elf"/‘ kl-/ab hence M;'IFR(eRC"S__I)sm Irwillbe



practically consiant. (This is the only approximation so far.} If
now we call — RC), =T = the time constant of the auxilisry
condenser, then if 7 is large emough in comparison with our short time
of observation, we may write:
];r = _ﬁ i Qb l/‘
/f (eF-1) ¢ (1-%

In 211 but a few cases, % will be so small that even the correction

term can be neglected.

The only changes necessary to adapt the Anderson apparatus
o this ecircult were to insulate the condenser bank from ground on
both sides, set up the potentiometer rheostats (which need not dbe
calibrated), and construct another auxiliary condenser having very
largs resistance and capacitance of the order of magnitude of the
electrometer system (Plate 5C). The electromster is now used only as
a null indicator.

In using this circuli, one comnscis the film to the electro~
meter, releases the grounding key, allows the film to lesk charges onto
the insulated electrometer sysiem for a kmown length of time, moving
the potentiometer contact sway from zero just fast enough to ksep the
slectromster reading zere, cuts off the film at a measured instant,
adjusts the electirometer accurately to zero, and reads the resulting
I/ . The manipulation is but slightly more complicated then that
of circuit ¥o. 1, and the error much less. Leakage corrections can
be applied more easily, stray capacitances do not matter, and =
constant potential drop is maintained scross the film., 3By the use of
the 45-volt potentiometer (Plate 7) this potential cam be varied, and



rssista.née measured for variocus potentisl drops, thus checking
Ohm's law.
(8) Calibration of condsmsers:

The electrometer system is so shielded (Plate 7) that its
two parts act like separate condensers connected. That is, the
capacitance of (a) to (1) in the diagram can be neglected, due to the
groonded shield between. Thus, if we keep the total charge on the
sleetmter system zero, we will always have Qb= charge on (b)
part of electrometer system =— Qg=— Ca %' whers % is the
potential indicated oy the electrometer, and Cy is the capacitance
to ground (i.e. to the shielding) of the {a) part of the system.

But Q[,"‘ Cb%"‘ C;bl/, as befors, hence C‘,,,l{:—(C‘wCZ)

Let us connsct CJ = capacitance of the standard condenser
/
in parallel with Cd and adjust the potentiomster to V, so that
the same potential lé on the elsciromeier obtains. Hence we have!:

C,b'//’=“/cq +G+C})Vaor C',b:- —?S'/d
vi'—-Vv

This method _Qalibrates ong auriliary condenser against the
standerd, but is not comvenient 12 |Cpp|>> |G|, etnce tnen V'
differs so little from |/ that measurement is difficult and imaccurate.
The other condensers were calibrated against the kmown auxiliary in
cascade fashion ;9,3 follows:

Let the total charge on the electrometer system be Q ’
as obtained by putiing a potential V, on the corductor (1) and
grounding the electrometer, with only the krown quross the gep
between (b) and (1). Fow, with the electrometer insulated, we

\4
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connsct the originally uncharged Qb in parallel with the Ob , and
adjust the spplied potentisl to |/ to tring the electrometer back %o
gere. In doing these things, we have

Q= Cb‘/l‘(;b‘*(:b)%,htmne Qb

Thus we calibrate the condensers in ovder, each against the last, The
results are shown in Table 2, each valus given being the resull of

a% least ten capacitance readings. The calibration ef Co against C,.
is the result of 60 trials, but the spread is such as to make the
probable error 2f. A further check is available mear the other end of
the cascade: The best auxiliary condenser (No. 4) is marked 0.2 pfd. by,
its maker (Carpentier, Paris), while the walue obtained by the indirect
method described here is 0.201 pfd. 1f carried out to three decimal
places. The agreement with the sxperimental value is encouraging, but
soms of the apparent accuracy must be called good fortune.

Leaknge rates and time constants were determined by keeping the
electrometer system, charged, at zero potential, measuring at various
times the value of l/, required %o do this. The results are included in
Table 2. Since observation times were kept unaer 20 seconds for the most

part, only the readings taken with C; have appreciable leaksge corrections.




C: Besults and thelr significance ¢
I, General?

The films used for the data recorded here were selected from those
actually msde by the method described as the films whiech exhibited
uniforn mirror-like sppearance under careful visual inspection. It was
found that, smong other thiags, the slighiest trace of grease vapor,
even of slightly warm Apiezon ¥, inside the vacuum chamber itself gave
rise to films of uneven thickness and non-metallic sppearance. All such
films were discardsd for use in caleulating results. On the other hand,
essentially all the readings taken with films 1% was decided to use are
found on the graphsi in order to inclunde the dozen that do not sppeaw,
i% would have been necessary %o draw some of the curves on a smaller scale.

Thickness of the films was obtained by dividing the mass of lead
per sguare centimeter (kmown from the evaporation rete of the furnmace,
Graph 1 ) by the density of bulk lead (11.3 gms. per cc. ). & brief
discussion of this assumpiion will be found above, on page 10.

The strucbure 2ssumed by these lead f£ilms when allowed ime to
come to equilibrium was photographed with the uliramieroscope. Plate 84
has already been referred to as a photograph of the edge of a film talen
by this method. Plate 88 is such a photograph, tsken from the centrasl
region of a typical lead film deposited by this apparatus at somewhat
higher magnification than BA. The gralny structure is very obwvious, and
is typleal of the appearance of these films under ultramieroscopic
exanination.
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The conductivity plotted is the quantity 0°= 7B wd
where /¢ is the mesasursd resistance of the film (ratic of polential drop
to current),
[ is the length of the film between electrodes,
W is the width of the film,
and d is the thickmness determined as above.

This guantity will certainly give the conductivity in mhos per centimeter
cubs of a thick plece of metal, but it 1s by no means obvious that the
expression means much more than it actunlly seys for a thin layer. The valuss
of [ and W were measured for each film, but were maintained very
nearly 1.0 centimsters sach by the construction of the spperatus. Alse,
care was talken that the sides of the film be as nearly =s possible
perpendicular te the elesctrode edges, but no correction was applied if
the resulting film was out by a few degrees, since 1% is easily shown
that the eorrection factor %o be applied for 2 parallelogram filw vhose
corner angle is o is somswhere between sin®and cse & For angles neay 90°,
both these funciions have values very nearly waity.

Cutting off the potential from the film for a time was observed to
bhave negligible effect on subseguent obsemti§ns; passing current
through the film seemed to increase ;ts resistance slightly for a time,
but if the film was allowed to rest a few minutes without current {with
or without being electrically charged), it seemed &5 recover.

1I. Preliminary observations:

The results glven by eight preliminary rums of the apparatus are

shown in Graph 2. The films were obtained by exposing the water-cooled



backing continuously to the beam of lead atoms, measuring the
conductivity from time to time. The speed of deposit was kept as nearly
constant as possible during each rmm, but different speeds were used
for different rums; the rate of deposit in Angsiroms inerease of
thickness per minute is attachsd to each curve on the graphs.

It will be observed that the conductivity of the thinner films
decreases slightly with thickness, a result that is in harmony with the
preliminary increase in resistivity noted by Anderson (page 2 ), although
it must be smphasized that this change with thickness really means that
the measured resistance of the film is not decreasing as fast as the
thickness is growing. In most cases, the film exhibits detectable
ernduction after a short time of deposit, and then the resistance remains
almost constant for a considerable number of Angstroms increase in
thickness.

Soon, however, there comes a point (depending more, apparently,
on the conditions obtaining for the individual film than on the
controlled veriables, e.g. speed of deposit] as will be seen heve and
later, correlation between deposii speed and film properties is very
slight ) where the conductivity begins to rise rapidly toward the bulk
value sbout 10%® higher, It will further be observed that these points
are in the neighborhood of 150 Angstroms for most of the films, there
being thres at sbout 100 Angstroms, and two at about 200 Angsiroms.

It will also be seen that for several of the films the curve
begins to have an inflection point, as though conductivity bvegan to come



with & rush. then slowed down a bit later. This effect is nol very
prominent on these curves, but will be more so on those %o come later.

III. Pilms condensed at room rature:

After these first few films deseribed above were deposited and
measured, a more rigorous cuigassing technique was adopted, with
corresponding improvement in the vacuum oblaimed iin the apparatus, hence
it was felt that the films obiained under these new conditions gave
sufficiently more relisble resulis to Jjustify their being discussed
separately., The resulis on five more runs of the apparatus are pletted
on Graph 3.

It will be observed here that the thickmess where a film bagins
the swift rise toward the bulk value of conductivity is more mearly the
same for the differemt speclirans measured than was the case for the
f£ilms described under II, being about 80 Angstroms for four of the films,
and only a 1ittle over 100 for the other oms. Furthermore, the inflection
point is more prominent in these data, showing dsfinitely that the
conductivity of the films deposited under these conditions starts its
rapid rise, then slows down a 1little, but 1s still inersasing very
rapidly when its value becomes too large to be measured on the spparatus
in i%s present form.

It is particularly interesting to notice how far the conductivity
of a film decreases with time when the beam is cut off, and the film
left 3o iiself. Two of these curves show how the conductivity decreases
by more tham an order of magnitude under these circumsiances. (Stable
lower values were approached after about half an hour). Vhen the lead is
turned on again, it is seen that the rises toward bulk wvalue is particularly

rapld, untlil the curve becomes practically a continuation of ths former
portion.



These effects were tested mors thoroughly by the subsequent
experiments depicted in Graphs 4 and 5. Graphs 4a and Bz are the results
obtained from itwo runs of ithe apparatus under the same high vacwum con~
ditions as the other films discussed in this section, the difference
being that deposit was interrupted at regular intervals, and the film
allowed %o come to eguilibrium afier each partial deposit. The curves
of conductivity against time while this approach to equilibrium process
was occurring are given in Graphs 4b and 5b. The symbol B is attached
%o the curves at the points where the conductiviiy becomes so low that
the conduction of the film was lost in that of the background. It will
ve seen that the condunctivity of the thimmer films rises rapidly %o s
value in the neighborhood of 10™% mho &nm:'l , then decresses slightly as
the thickness increases until ths film is cut off from ﬂm lead beam,
then swiftly falls back to become indistinguishable from the background.
On the next exposurs, the same process is repeated almost 2s on & fresh
background, and so on wntil the total average thickmess is several
hundred Angsiroms. Then the rises become higher and the falls not quite
so low.

Graph 5b exhibits a wery interesting feature that will be seen
again in the data to be discussed below. The curves obtained using 20
volts across the film tc measure its conductivity lie always below or
coincident with the curves obtained by using 40 volts across the same
film. The thick f£ilm does not show this separation within the error of
the experiment, but the thinmner ones guite definitely disobey Ohn’s law,
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in that as the applied potential is halved the current is reduced by
a factor slightly larger than 2. This resuli is in qualitative agreement
with & result gilven by Andsrsan*) , although the effect observed here is
not as large as the one he records, and sesne %o depend less oa the
previous woliage history of the film. An attempt will be made in
paragraph VII of this ssction %o assign reasons for these modes of
behavior in terms of accepled ideas as %o the physieal state of metals
in thin films.
IV. Films condensed on liguid-air-cocled background:

A significant mumber of experiments woers made while cooling the

background with i:lcfud air. 4 thermocouple was atiached at varions places
on the film backing itself =and on the bdrass underplate (See Plates 3 and 4)
in an attempt %o decids what relation existed between the temperature

of the liguld alr and the temperaturs of the film itself. FNo more defi-
nite conclusion was reached than that temperature differences as high

as 50°C. could exist between the film and the fluld, and this difference
inersased when the film was exposed %o thermal radiastion from the
evaporating furnace. Therefore, the evaporation was conducted in spurts
of a few minutes each, with the shutter closed in beiween intervals of
deposit,long enough so that the film approached sgquilibrium, both
thernally as indicated by the thermocouple and in configuration as
indicated when the conductivity settled down boward s constant valuve.
Thermal contact between the thermocoupls and the glass surface holding

the film was rather uncertain, bul it is belleved from the readings
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obhained that the methods described above maintained the film tempera-
ture below -100°C. throughout each ligquid-air-cooled ran.

The results obtained in five runs with the apparatus with liguid
gir cooling are plotted om Graphs 6,7,8, and 9. These plots have been
made 28 nearly self-explamatory as possible: With esach curve is included
the rate of deposit, with the aging curves the average thicksess of each
film measured, snd the curves taken with 20 volis potential drep across
the film m clearly distinguished from those taken with 40 volis
wherever such distinction exists.

The most striking difference between these curves and the similar
ones (Graphs 4 end 5 ) obtained for the higher temperatures is that in
the present case the phenomena of rapld ineresse of conductivity with
thickness toward the bulk valus, and of rapld decay with time into the
backgroond conduction, seem to occur much soomsr, and in more intense
fashion. The points where comductivity begins to increase rapidly ars
in every case in the neighberhood of 30 Aangstroms average thickness.
However, when the beam is cut off, the conductivity falls again to low
values, Graph 9a being a particularly good example of the high peaks spd
low valleys obtalined. FPor some of these films, however, it will be noted
that, while the first increase of conductivity still begins very early,
later the film seems nearly stable as it is laid down (e.g. Graph 62 or 8a).
Depariures from Ohm’s law ave seen to be less striking for the most pari.
The slope of the aging curve of filu conductivity ( 2 guantity proportional
to the fractional rate of change of conduetivity with time, sinee these

curves are plotted on semilog coordinates) will be observed to become



less sieep with increasing thickness. This point will be brought out

more plainly in Graph 10 {same page as Graph 1 ), which is & direct plot
of the initial rate of decrease in log G with time against the thickmess
for the various films for which & significant number of such date exist.

V. Bates of time-decrsase in conduetivity

g1l

Graph 10 is, a= nobed sbove, & plot of the negative rumerical
slope of the imitial part of the aglng curve against the thickness of
the film being sged. It will be seen that this initial slope (proportional
%o -a_’_ 30’2‘!' ) becomes smaller for the cold backing with increasing thick-
ness of £ilm, and reference to any b-graph will show that this rate of
decrease of log O decrsases with the $ime. The maxzims observed in the
curves for room~temperature backing on Graph 10 are gquite smazing, though
caution whispers that two data are herdly enough %o use as & basis for
& new theory, These maxims might, of course, be due o insufficient aging
of previous layers, that is, the lead be spplisd to an undercoating
not yet fully in equilibrium.Hovever that this Yunderaging” phenomenon
should happen preferentially at high temperatures would be amazing alse,
since presumably the equilibrium state should be approached more rapid-
ly at higher temperatures. The total time of aging was about 30 minutes
for all these films. For the liguid alr temperature data, 1% is seen
that, for 100 Angstroms, say, the films deposited more rapidly tend %o
have a higher rate of initial decay in condmetivity, This tendency is
so slight, however, that i% could not be regarded if it were not the
result %o be expected on the basis ¢f the plcture to be presented in

paragraph VI1.



VI: Conclusions from the sbove observations:

Apparently, with these experiments as with many others in the
fisld, the guantitative resulis depend in such measure on seemingly
minor details of experimental techalgqus that, until more standardized
methods sre worked cul, 1t is of doubtful validity to look much desper
into the actual mumerical results than thely orders of magnitude. It
seems, however, thai the trends exhibited in these date are gqualitative~
ly true, and the resulis therefore not without application %o the
problen at hend,

In addition to the gemeral statements about electrical conductivity
undey which the results of other experimenters were classified in A, II,
( i.e. thickness depsndence of conductivity, critical thickness for
rapid changes, instability leading to irreversible changss with time and
temperature, and the imporiance of deposit conditions) the resulis described
here allow the following more specific statements %o be made, itrue under
the conditions obiaining for the experiments:

(1) Deposited metal films ulitimately exhibit & non-uniform, or

grainy siructure under ultramicroscopie examinstion.

(2) The critical thickmess for rapid chenge of conduetivity o

& continmwously deposited lead film is smaller for lower itemperature

of deposit. After this thickness is reachsd, the incresase is at

first very rapld, then less rapid.

(3) Pilms deposited at room temperature show = slight decreass

in conductivity with thiclmess when this is lsss than the eritieal

thickness of (2).



(4} The conductivity of these films decreases with time after the
film 4w dsposited, the fractional rate of decrease being more
rapid for the thimmer films, though there is indlestion of &
maximom in this rate for intermediate thickness at higher temper-
atures.

(5) The total change of conductivity with time is larger in soms
cases for smaller applied potential wused %o measure the conductivity,

and is larger in most cases for lover tempsratures.

The besring of these ldeas on the process of electriecal conduction

in thin metallic films will now be examined.

VII. litative mechanism of thin-film conductivity:

On the basis of the experimental facts guolsd and obtaimed in the
sbove sections of this thesis, the following picture of atomic behavier
giving rise %o the observed conductivity phenomena can be drawn:

The freshly deposited film will consist of atoms condensed from
the vapor, dispersed at random on a cooled solid backing surface. In
view of the large energy changes available if the atoms become adsorbed
on the backing plate or move close to each other ana form groups, the
random configuration cannot be expected to be am eguilibrium one. It
is kmown, however, that only s very few atoms of the metal (compared to
the muwber available in a few minutes deposit with the lead beams used)
are sufficient to neulralize the Van der ¥aals adsorptive forces,
particularly if other atoms (e.g. material not removed by the outgassing
process) have been adsorbed first. Hemce the next possibility for = move

stable configuration is that of forming groups of atoms, the added



stability being due %o reduction of free surface and %o latilice formation.
The equilibrium state actuzlly observed in these experiments is thus the
one %o be expecied on this picture, since the presumably flxed first few
layers are inaccessible to accurate observation with this apparatus, snd
therefore the stoms which can be observed are these coming 2 1ittle later.
These will appear mobile,snd draw apart into many smsll grouwps. This
process resulis in the formatlion of areas unoccupied by observable atoms,
unless the totel number of atoms available is sufficient to fill these
areas with move groups. The rate at which this aggregstion will take
place will depend on the mobility of the atoms on the surface; the
equilibrivm configurstion will be approached more rapidly if the atoms ave
more mobile.

Since this approach to squilibrinm has heen going on all the time
deposit was taking place, the degree of imstsbility existing st the instant
of stopping the deposit will depend on the relative rates® of deposit and
aggregation, being presumebly greater for faster deposit.

Two mechanisms of conduction mway be considered zs possible Jor the
thin layers under these conditions: sither slsctronic or ionic conmduction.
On this picture of growp formstion, elther mechenism will give a

®The rate of deposit can be controlled with satisfying accuracy by the
methods described above, but adequate standardization of the deposit
surface to give really reproducible values of the rate of asggregation
was apparently not sssured by the methods used here. It may be that
success in this direction lles along the line of rigorously outgnssing
the deposit surface as dome by Lovell, although it is umcertain how
much such heroic heat treatment will injure the structure of the surface
itself while driving off sdsorbed atonms.



conductivity decrease with time: A conduction slectron is able to leap
small gaps, but when the film drsws up imio closely packed groups the
path of a conduction eleciron becomes interrupted by 2 smaller mamber of
larger gape, snd these inhibit conductivity. On the other hand, any
electrolytic condnction which eceurs will doubtless be motion of lonized
“free® atoms, sinece the temperature is far enough below the melding
point so that any atom which joins one of the groups is unlikely to
escape from the strong forces binding it there. That is, only unmcombined
atoms will have appreciable mobility, and as the number of such atoms
decreases the conduciiviiy decrsases.

The ionic mechanism gives, on this picture, complete absence of
conduction when the atons are all conmbined. Many of the thicker films
included iIn these experiments have shown conduction when the resistance
became practically consfant, and therefore equilidrium conditions had
supposedly been reached, and all theufms“atoms had given up their
fresdom in exchange for stability, This residual conduction indicates
that & substantial pard, at least, of the conduction iz electronie. On
the electron picture, when no mors current is carried by the film itself
{i.6. resistance is that of the backing plate), it means that aggregation
has pulled the film into separsted pleces so thoroughly that the different
pleces have lost all connection with each other.

That room~temperature films ( See Graphs 4 and 5 ) do not become
as conducting at the start as do those deposited at lower temperature
(Graphs 6,7,8, and 9), although both kinds fall rapidly back $o



the conduction of the background, may mean that the extent of imstability
in the high-temperature film is less than that in the low-temperaturs
£ilm, due to the presumably more complete ageregation that occurred

while the high-temperaturs film was being deposited.

The resulss of Andernen’-} support his assertion that the rate at
which atoms disappear inte the centers of aggregation is roughly pro-
pertional to the number of atoms as yet uncombined. It is reasonable to
suppose, then, that when deposit is first started on 2 plate contalning
ne uncombined atoms { i.e. 21l previous layers have been allowed to come
to equilibrium )}, the average spuce between atoms will decresse very
rapidly at first, until enough uncombined atoms are present so that the
rate of aggregation becomes comparsble with the rate of deposit. This
viewpoint is consistent with the repid initial rise in conductivity
noted on Graphs 4,5,8, and 9 particularly, Vhen the state is reached
where new atoms are being supplied as fast as they disappear into the
growing isolated patches, conduetivity should become semsibly comstant
and the degree of dispersion existing vhen the supply is cut off will
be measured by the total decrsase in conductivity occurring afier this
as the film approaches equilibrium. Measurements of this sort oz a
propérly, standardized background should give much information sbout the
rate of sggregation of the stoms in 2 newly deposited ‘thin film, although
the changing size of the patches of metal complicates the picture.
Consideration, however, of Graphs 4, 5, and 9, shows that under proper

conditions, even for many layers of fully aged lead, new deposits behave



almost exactly as on s fresh background. FProm this it follows that the
pateches cover only = very small portion of the backing at such timss.

The more sudden appearance of conduction (i.e. smaller critical
thickness ) for cold films than for room-temperature films (C, IV )
would be attributed on this plcture to the smsller degree of rearrangement
occurring while the cold film is being deposited. The smaller conductivity
plotted for increesing thickness of the thinnest films has been discussed
sbove as being due meinly to the imcrease of the thickmess ( d in the
formula for O° in parsgraph €,I.), the resistance remsining essentially
2t the same high velue while the thickness increases.

When the patches of metal on the backing become large enough so
that appreciable forces ave éxertad by the edges of one group on those
of other groups in the neighborhood, these surface forces will temd to
close the gops between the patches. Thus we should have s sudden ineresse
in the equilibrium conductivity. It seems reasomable to suppose that the
first few occurrences of this sort will cresate a very few paths of easy
condnction ( ¥through highways® , so to speak) across the £ilm, and that
subsequent increases in conduectivity come from forming o more and more
dense network of such paths. Yhen thié process begins, the higher
conductivity obitained,efter 2ll the free zatoms have completed sggregation,
would be taken on the basis of the mechenism considered here as an in-

dication of the degree to which the patches are connected.



Whether such a path as is considered sbove is a conducting path
or not wovld be expected to depend somewhat on the energy available to
push the electrons across the gaps. Hence, when the film is aging,
some paths may very well become, due to slowly widening gaps, non-
conducting for 20 wolts applied potentlal before this happens for 40
volts applied. This is tha sign of the deviation found from Ohm’s law.
A& conduction mechanism of this kind requires the existence of a voltage
threshold. The apperatus described does no%, however, permdit the accurate
determinstion of conductivity in the reglon of contact potentlals that
would be necessary to investigate this expected threshold.




D. Summagz

The apparatus of ‘nderson has been improved and altered so as %o
allow experiments with lead films. Thin layers of lead were deposited
under clean conditions very carefully achieved; the rate of condsnsation
on glass surfaces was veried, and the surfaces were held at room temper-
ature with circulating water, or below ‘--1€I)O°G. with liquid air. The electric
conductivity of these films was measured, and the following correlatiouns
between results and experimental conditions obtained:

The e¢ritical thickness at which the low-gonductivity film begins
to increase its conduction rapidly, approaching the conductivity of the
bulk metal a factor of 10*? away, is found %o be abou 60 Angstroms for
roon temperaturs, and about 30 Angstroms for ligquid-air-cooled films, if
obtained by continuous evaporation.

If the deposit is interrupted (i.e. the film isolated from external
influences ), the conductivity of the metal laysr falls rapidly toward
zero, for the thinner films becoming undetectable very soon due to its being
masked by the conduction of the backing plate of glass.

The rate at which this decrease starts was found to be greater for
thinner films as a rule, and the total range coversed by the decrease was
almost always greater for low temperature films.

These conductivity-time curves gave lower conductivity for 20 volts
measuring potential than for 40 volts used to measure the conduectivity,
for all eases where the two could be distingulshed.

The observed effects were fitted into the following picture of the

conduction process in thin metal films: The time changss observed in
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resistance are dus %o structure changes in the film, such that its
tendency to draw into small patches removes the mobile atoms from
eirculation, and opens gaps which obstruct the conduction electrons.
The effects of temperature and time on this sggregation process have
been discussed, with regard to the stability of the groups, and the
possibilities of ionic and electronic conduction. The smaller stomie
mobility expected at low temperatures has been shown to give the type
of resulis actually found.

The deficiency in guantitative reproducibility is ascribed to
lack of sufficiently good control of the physical surface conditions
on the plate where the film is condensed.
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Table 1, Sample weighing of calibration film

bate of cbservation Feb, 4, 1839

Time of deposit 480 minutes
Thermocouple reading ' 11.70 divisions
Area of film 1.83 sq. ems.
Sensitivity of mierobalance . 7710 ° ems/aiv.

Weight of £ilm and cover glass 0.217798 gms.
0.217804
0.217805
0.217804
0.217813
C, 217809
Average 0.2T?806gms.

Helght of cover glass (lead etched off) 0,217759 gms.
0.237758
0.2177958
0.217771
0217755
0,217755

Average 0.217759 granms

~5
Weight of £ilm 4,7 »10 grams.

Grams per scuare ecentimeter per minute 6.4 10 2



Table 2. Condenser capacitances and time constants

Condenser Capacitance to electro- Time constant,
nunber meter, pfd seconds
g, —2.3%10"° 2040
C, ~2.16 x10 3300
c, —1.81 x1077 8600
c, —1.55 10 2 220
B — 2.01%10 4300
By —2.16 9540



Table 3. Appavatus mumbers

Rheostats

A.C.Ammeters

A.C.Volimeter

D.CVolbmeters

D.G.Millivoltmeter
D.C.Milliameter
Hyvac pump
Electromster

BLST71O
BLE712
BIBB31
BISS6
BL 8379

BIBE01
BI8145

BL2052

BLBYS3
BL2114

BIS018
BISO361C
BL9345
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