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This paper describes the patterns obtained by disintegration of
the cathode in the discharge of eleectricity in a high vecuum., By
sputtering through apertures of different size and shape and through
glass and metal cylinders, a set of patterns wes obtained that suggested
a wave effect associnted with the motion of the particles. For a definite
value of the voltage, it was found that the ratio between the height end
diameter of a cylinder influenced the character of the deposit formed
inside, For values of this ratio greater than wnity, no deposit is
allowed to form on the inside of the cylinder,

The wave length that would produce these efi'ects was found to be
mich longer than that given by the wave-mechanics, From considerations
of the character of the deposits it was shown that most of the particles
must carry & charge,.

Apparatus for the measurement of the Hall effect in thin films
is described and results are given for films of bismuth, An attempt

was made to measure the effect in antimony but the work was not come
pleted,




A STUDY OF PATTERNS IN
SPUTTERED FIIMS

by

RAYMOND ELLICKSON

A THESIS
submitted to the

OREGON STATE AGRICULTURAL COLLEGE

in partial fulfillment of
the requirements for the
degree of
MASTER OF ARTS

June 1936



APPROVEDs

Redacted for privacy

Professor of Physicse
In Charge of Hajor

Redacted for privacy

o N——y
Chairman of School Graduate Comd ttee

Redacted for privacy

- e -

- e J e -
Chalrman of College Graduate Council




ACENOWLEDGUENT

The author wishes to express his thanks to his meny friends
who have assisted him in this work; to Dr. W. Weniger and to Dr.
W. P. Boynton for their helpful suggestions end thoughtful criticisms;
to Mr. Harold Thomas and to Mr, William Miller for help in construc-
tion of some of the apperatus; to Mr, Wilson Bump for his help in
casting the plates; to Mr, Kenneth Eldrédge for making the photo=
graphs; and to Dr. H, L, Jones for his hearty cooperation and undying

interest in the preparation of this paper,







TABLE OF CONTENTS

IntroductioNesccecesssscosscsccscsscscsssessscncccse
Experimental Workse.ecsosscosecsssccerssccsscssssse
Sputtering Chamber Detailessssssccccscsssccscconces
FIEUPE. 15 25 svsnnnsesisnesesassssseesondasesessesos

Figure 3’ 4..-.0.o.ooooocooooooo.c-co-no-oocoaooooo

Figure 5, 6.‘.!.0'0'00..'0.0000-....'-0.....'.0.0.-.

ELpUraE o E8lG 10 e s $0n e s sas boesis s es s it sateses
Discussion of Experimental ResultSesscccsacscocecses
ConclusionSssessscsessescssossssesssessssssesssssocne
AddenduMe seessesssessssocnsessesscsssssssssssncssess

Bibliogr&phy-.o.....coonOo.coolDoool-oooitto'lo.c.‘

Page

15
20
21

24




1

Lo

T A

H

YT T,
D"’l"‘““?‘ It H,
L N I Y § B

N TNTTII




A STUDY OF PATTERNS IN SPUTTERED FILMS

INTRODUCTION

One of the most interesting of the phenomena observed in the
discharge of electricity through pgases is the disintegration of the
cathode, commonly called sputtering, In spite of the fact that the
phenomenon was observed by Plfieker as far back as 1858, end that much
use has been made of it for the production of thin films of metal, an
explanation of the actual prscess by which the metal is deposited has
not been discovered, Results reported by different observers are
contradictory and none of the theories advenced has been generally
accepted, Since the effect varies with voltage, pressure, composi-
tion and shape of the cathode, distance between anode and cathode,
position of the plate to be sputtered, and character of the residual
ges in the chamber, it is not surprising that the results of different
observers do not agree,

Sputtering occurs with either alternmating or direct current;
when alternating current is used, the anode snd cathode form a point
to plane rectifier. Different values of voltage from a few hundred
to several thousand may be used, but it is usually difficult to get

eny discharge with the lower voltages when the pressure is less than

ten mierons,
The amount of disintegration varies with the kind of gas in
the sputtering chember, increasing with increasing atomioc weight of

the gas. Sputtering is not confined to metals but has been found to



2

occur with such substances as rocksalt, glass, mica, quartz and car=-
bon. However, some substances sputter much more easily than others,
Among. the metals easy to sputter are cadmium, lead, antimony, gold,
bismuth, tin, copper and platinum while those hard to sputter include
zinc, aluminum and magnesium., The difficulty is probably due to the
thin layer of oxide which is known to form easily on them,

If one makes a colum of 9” s the work necessary to extract
an atom from pieces of different metals, and if one also arranges
the metals in the order of ease of sputtering, the two columns are
found to agree roughly.(ls) In some of the older observations it
was apparently found that the disintegration varied with voltage
acocording to the relation

D=¢C (V-Vo)
where V is the energy of the positive ions and Vo the critical volt-
age, 300-400 volts, below which the cathode failed to disintegrate.
However, it was later found that if the plate was carefully degassed
there was no eritical voltage below which disintegration feiled %o
occur. It has been shown that the amount of disintegration varies
linearly with time(z)but no consistent results have been published
for the variation of the amount with discharge current, In a recent

paper(lo)

Ingersoll and Sordahl have shovm that the rate of disinte=-
gration increases with increasing temperature of the cathode.,
At first it was believed thet the particles were rather

large, containing hundreds or perhaps thousands of atoms, However,

the latest evidence shows that the great majority of the particles




are not deflected by a magnetic field and that a wniform layer of
metal only a few atoms thick can be deposited., It is known that
some elements form volatile compounds with the gases present in the
chamber so that some disintegration undoubtedly tekes place in this
manner,

As previously mentioned, no theory as to the actual process
by which disintegration occurs has been generally accepted. Von
Hippel supposes that the positive ions strike the cathode and that
the impact raises the temperature enough to volatilize the metal.
Another supposition is that the impact of a positive ion knocks
out an atom or atoms from the cathode just as a stone dropped into
a mud puddle will throw drops of mud and water in the air. Another
theory states that the absorbed gases in the metal expand end throw
bits of metal in all directions, More will be said about the rela-
tive merits of these theories after the discussion of the experi=-

mental part of this investigation,
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EXPERTMENTAL WORK

A diagrem of the sputtering chamber is shown on page 5, The
chamber itself is mande of pyrex glass and is provided with a carefully
ground steel 1lid, The flat cathode, made of rolled or cast sheet
of the metal to be sputtered, is supported by a glass cylinder five
inches high cut from e gallon jug. Cathodes were mede of bismuth,
antimony, lead and tellurium, The pointed aluminum anode projects
through the bottom of the glass chamber, A 12,000 volt neon sign
transformer usually supplied the field, but was occasionally ;e-
placed by a 25,000 volt Thordarson transformer, The plate to be
sputtered vms placed on a glass about 5 cm below the cathode,

The chamber was evacuated with a Hyvec oil pump which brought
the pressure down to as low as one-tenth micron, FPhosphorus anhydride

was used to collect any water vapor present, A McLeod gauge, read-

able to one~tenth micron, was used to measure the pressure. The sys-

tem included a mercury vepor pump, but this was not generally used
since most of the sputtering was done at pressures of from five to
thirty mierons. The best deposits were obtained when the vacuum
was such that the plate to be sputtered was at the edge of the
Crookes dark space,

It is well known that so-called flare spots (Fig., 1, 2, &, 4,
5, 6, 8) are sometimes formed near the corners of rectangular sput=-
tered films, It is significant that the film is not merely thinner

on these spots but actually absent on some specimens, The existence

Lo
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Fig.l- Sputtering through cylinders at
6000 volts. Upper left corner, cylind-
er on pegs.

Fig.3- Sputtering through cylinders at
14000 volts. Note the exaggerated flares.




' Fig.3- Sputtering through cylinders at
35000 volts.

Fig.4- Two cogncentric cylinders.



Fig.5- Metal strips one inch wide.

P

Fig.6~ Same strips as fig.5 with ends
set together.



Fig.7- Sputtering through a large aper-
ture at 14000 volts.

Fig.8~ Examples of center spot and ring.

Fig.9- Small aper- Fig.10- Metal aper-
ture at 14000 volts. ture at 14000 volte




of these spots has never been satisfactorily explained.

If one sets a hollow cylinder on the plate to be sputtered,
a pattern is obtained that bears some resemblance to a diffraction
pattern, as illustrated in Figures 1, 2, 3, 8, If the ratio of the
height to the external diameter is very close to unity a single spot
of metal about one millimeter in diamefer appears in the center and
the rest of the plate inside the cylindér receives no deposit. If
the ratio is greater than unity, no deposit of any sort is formed,
while if it is less than unity the metal deposits on the plate in-
side of the cylinder, (Fig. 1, 2, 3, 8) This deposit is not wniform
but consists of a central bare spot surrounded by rings of wvarying
width., The same pattern is obtained irrespective of whether the
cylinders are made of metal or of glass, The outside of a glass cyl-
inder becomes coated with metal and if the ratio of height to diam=-
eter is less than one, the inside wall of the cylinder is coated
likewise, However, for the taller cylinderé, the inside does not
become coated except for a ring three or four millimeters in width
at the upper end, the outside becoming coated as before. If set
on pins so that the cylinder clears the plate by two or three milli-
meters (Fig, 1) the ratio of height to diemeter must be doubled
before the deposit fails to appear on the plate underneath, The
shorter cylinders on pins give much the same pattern as when directly
on the plate except that the bare spot in theAcenter is two or three
times as large.

As may be seen in Fig, 1, 2, 3 the presence of a conductor




11

near the corner of the plate has a marked effect on the size and
shape of the flare spots produced.

Two concentric cylinders (Fig. 4) two centimeters high
allow the deposit to form between them if not closer together than
two or three millimeters, but there is a thin concentric circle
midway between them that receives no deposit. The bare spot and
surrounding rings appear in the center of the inner cylinder as‘
before., Surrounding the central bright spot one can see three rings
not more than a millimeter apart and the deposit from there on out
is more uniform. In other words, the rings are more pronounced close
to the center of the pattern.

The critical ratio between height and diameter involved the
external and not the internal diameter, A glass cylinder whose
ratio of height to internmal diasmeter waes 3:1 was surrounded by a
metal cylinder of the same height and of such thickness that the
ratio of the height to the extermal dismeter was unity. The metal
deposited on the plate inside the glass cylinder proving that the
external diameter is the one involved.

All of the patterns described thus far were produced with
8 difference of potential of 14,000 volts between anode end cathode,
When reduced to 6,000 volts, it was found that the central bright
spot was not so well defined as before and no evidence of any rings
could be noticed, At 25,000 volts the ratio of height to diameter
could be increased to 3:2 before no deposit was formed on the plate

inside of a cylinder,
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Some additional petterns were obtained by interposing a glass
plate with a hole in it between the cathode and the plate to be sput-
tered, The distance between anode and cathode was sbout fifteen
centimeters, The glass plate with the aperture was supported about
fifteen millimeters below the cathode and the plate to be sputtered
about twenty millimeters below that. With a difference of potential
of 14,000 volts and a circular aperture from two to five centimeters
in diameter, a spot was formed on the lower plate very nearly the
size and shape of the aperture. (Fig. 7, 9) With a difference of
potential of 6,000 volts the spot formed was about the same shape
as the aperture but about twice the size, With an aperture less
than one centimeter in diameter, it was difficult to get eny appreci-
able amount of deposit on the plate; there was a bare spot directly
under the hole with a ring of metal surrounding it.

When a metal plate with an aperture was used the bare spot
in the center wes much larger, (Fig. 10) over half the size of the
aperture, and rings of metal appeared around that, Sputtering through
slits formed by laying glass plates with their edges four or five
millimeters apart on a stand twenty millimeters above the plate, the
plate becomes completely coated, but with alternate thick snd thin

strips, the thin strips being directly under the slits. A single

slit one centimeter wide made from two glass plates yielded a pate-
tern consisting of & thin strip of metal one=half centimeter in
width directly under the opening and a heavier deposit on either

side. The edge of the thin strip wes well defined,
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Using a slit cut in a metal plate the same result was ob=-
tained as with the single glass slit except that the deposit wams
even 1ighter directly under the opening,

A metal strip bent in the shape of a rectangle ten centi=-
meters long, four oentimeter; wide and two end one~half centimeters
high did not disturb the deposit in the least, the metal coming down
evenly all over except, of course, where the metal touched the plate,
Leaving the ends of this box open and bringing the sides closer
together, the metal deposited evenly on the inside except for a
single line midway between the plates which received no deposit,
(Fige 5) Bringing the ends togethe} to form a wedge seemed to dis=-
turb the field immensely and a very uneven deposit resulted, (Fig. 6)

It was noticed that after the switech had been closed for a
short time, from a few seconds to a minute or more, a peculiar dis-
charge occurred in the chamber and apparently followed down the sidgs,
The milliameter in the circuit showed that the current changed direc=
tion with the appearance of this intermittent discharge, flowing from
plane to point instead of from point to plane. The nagnitude of the
current was not changed appreciably, being from four to twelve milli-
amperes in either direction, depending on the pressure., The current
reversed sooner when new glass or metal was in the chamber, indicat-
ing that the effect was due to adsorbed and absorbed gases.

Although a similer phenomenon is said to occur in X-ray and kenotron

tubes that have not been properly outgassed, a satisfactory explana=-

tion has not been given, All patterns were made with the current



14

flowing in one direction so that no complications should arise due
to this effect, It is hoped that we may get the use of a kenotron
in the near future to test the results from sputtering with direct

1

current at the higher voltage.
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DISCUSSION OF THE EXPERIMENTAL RESULTS

It is evident that the direction of the electric field has
some effect on the distribution of the deposited metal, This is
indicated by:

(1) the fact that it is the ratio of the height to the outside
and not the inside diameter of a cylinder that determines
the character of the deposit; a tall charged cylinder approx-
imates a charged hollow conductor, within which there is no
charge,

(2) The difference between the deposit through apertures in
metal and in glass; the field will diverge more rapidly
under the metal. On the other hand, there is no conceiwvable
distribution of field intensity that will account for the
formation of rings in the deposit., The rings suggest wave
effects,

The idea that wave phenomena may be associated with the mo-
tion of material particles is of course not new., The work of De
Broglie, Heisenberg and Schrodinger in wave-mechanies, Davisson and

| Germer on the diffraction of electrons, Ksterman and Stern on dif=-
fraction with hydrogen and helium atoms, Ellet and his students with
metallic atoms, and meny other experimenters have shown beyond &
doubt that wave characteristics are associated with moving particles,
All of this work has involved the reflection and consequent diffrac-

tion of particles from the face of some crystal, Due to the extremely

short wave lengths associated with the particles, ordinary diffraction
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effects through small apertures have been very difficult to obtain
and only first order spectra have been observed in such experiments,

According to De Broglie(n)the wave length associated with
a particle should be given by the equation

%
nv

where h 1is Planck!s constant, m the mass of the particle in grems,
v the velocity in centimeters per second and the wave length in
centimeters, The wave length associated with the larger particles
should be of the same order of magnitude as that associated with the
electron, the smaller velocity compensating for the greater mass,

Baum(l)has made the most accurate measurements on the veloc=
ity of sputtered particles, giving 57,000 cm per second for sput-
tered silver, This is about the same as the velocity of silver atoms
freed by evaporation, 54,000 cm per second., The melting point of
entimony is 630.5° C. as compared to 960.5° C. for silver, One
should expect the velocity to be somewhat less for sputtered part=-
icles of antimony than for silver, if there is a correlation between
velocity of sputtered particles and velocity of evaporated atoms,
but they should be of the same order of magnitude, That such a corre=-
letion probably exists is shown by the incresse in rate of sputtering
with increasing temperature of the cathode.(ll)

If we assume the velocity to be proportional to the absolute
temperature of the boiling point of the metal, we get a walue of

43,000 cm per second for sputtered antimony. If we further gssume

that the sputtered particles are atoms, of which we know the mass,
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we may substitue in De Broglie's equation and get a value for the

wave length which should be associated with them,

27 -10
1 h _  6.6x10 i 2 Te6 % 10 cm
BV 2.0x 10 °°x 4.3 x 10

The rings produced by wave lengths of this size through apertures
such as were used in these experiments would not be visible to the
naked eye and the appearance of the rings during these experiments
cannot be accounted for on this basis, By measuring the distance
between rings and taking into account the diameter of the apertures
used, it was found that the wave length should be of the order of
0.005 ems If we substitute this value in De Broglie's equation,

assuming the particles to be atoms, and solve for v we get

= 646 x 10-27

2.0 x 10°°% x Bxlo™>

v = = 6,6 x 10-5 cm/sec

LD
nA
which is far too smll,
It is highly possible that the velocity of meny of the part-
icles is much less than that given by Baum.(l) It is a well estab-
lished fact that a deposit often appears on the side of the plate

away from the cathode,(ll)

indicating that many of the particles

move in & slow cloud rather than with great velocities., This idea

is substantiated by the fact that the particles will not enter a
cylinder for any great distance. If their velocities were very great,
the inertie of the particles should be sufficient to carry them through

any such obstruction and on down to the plate. If they are uncharged
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atoms, what retarding force is there that keeps them from going on
through the cylinder to the plate?

If the cylinder is set on pins so that it clears the plate
by a few millimeters the particles are able to get through to the
plate, the cylinder being too tall to let them through otherwise,
This suggests that the particles already present in the cylinder,
moving in a slow cloud, build up & sort of pressure and keep others
from coming in, This should decrease the deposit but should not keep
it out all together. The particles descend only & very shorf distance
into the longer cylinders, less than the diameter, The charge on the
ceylinder does not repel them because they deposit on the outside wall
and also on the plate right next to it. Agein the eppearance of rings
is not accounted for, |

If one sets a rectangular plate about ten centimeters from
the cathode, about two-thirds of the distance to the anode, the
flare spots are much smaller than when the plate is sputtered up
closer., If one then takes the same plate and brings it up near the
cathode and sputters it again, the flare spots become much larger,
indicating that the plate itself acts as a cathode and becomes dis-
integrated partially. This would hardly account for the patterns
obtained by other means,

Experimental work is still being done on the problem and it
is hoped that the collection of more patterns will result in a clue
to a plausible explanation. Arrapgements have been made for the use

of & transformer delivering voltages from 25,000 to 75,000. Since



most of the patterns are most pronounced using 14,000 volts rather
than 6,000, it is conceivable that the use of higher voltages will
yield some interesting results. No pattern plain enough to allow
accurate measurement of wave length has been produced and some
method of doing this is necessary to permit of quantitetive work

on the subject.
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CONCLUSIONS

The experimental work on this subject has not progressed far

enough to permit of really definite conclusions, The facts that

have thus far been established are:

1.

2.

Se

4,

5.

6o

The particles have some sort of wave motion associsted
with them,

Some of the particles are charged electrically.

The particles move with small velocities,

The wave length associated with them is much longer
than that given by De Brogliet's equation,

The presence of a conductor influences the distribution
of the particles,

If close enough to the cathode, the metal on the plate

Yo be sputtered is itself disintegrated,

Before drawing definite conclusions as to the fraction of

particles that are charged, it will be necessary to build an appar=

atus so that sputtering can be done in an intense magnetic field,
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ADDENDUM

The apparatus used by H, L. Jones last year for measurements
of the Hall effect in thin films of bismuth was awvailable and an at-
tempt was made to measure the Hall effect in some of the films pre-
pared this year., The electromotive force produced between two points
initially on an equipotential line, due to the application of a mag-
netic field in the surface of the film but at right angles to the
direction of the initial current, is known as the Hall electromotive
force., The effect is greater in bismuth than in any other metal with
the excepﬁion of tellurium; hence bismuth was used first in order to
perfect the technique of meking the measurements, With the apparatus
available, it was possible to adjust the contacts unitil the differ-
ence of potential between two points near opposite edges of the film
was less than ten microvolts., B batteries were used for the primery
current and & magnet capable of producing a field of about 3,500
gauss was available. The galvanometer used to messure the Hall cur-
rent had a sensitivity of 1.4 x 10"9 amperes per millimeter,

Values of the Hall coefficient as determined are given below,

checking reasonably well with the results obtained by Hargitt(7) and

by Jones(ls).
Thickness Hall coef.
2,1 x 107 0.43
5.5 x 10 ° 0438

An attempt was made then to measure the Hall coefficient in
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films of entimony, using the same apparatus, It was found that the
resistivity of thin films of antimony increases to as much as 100,000
times the value for the bulk metal, the resistance of the films run-
ning from 4 x 105 to 3 x 107 ohms, The magnitude of the Hall electro-

motive force is given by the equation

E . I

where R is the Hell coefficient, H the field strength in gauss, I the
primary current in abamperes, t the thickness of the film in centi=-
meters and E the electromotive force in abvolts. As may be seen from
the equation, the Hall electromotive force is directly proportional
to the primary current whiech is in turn inversely proportional to the
resistance of the film, Due to the high resistivity of the films,
the primary current was very small, only a few microamperes for the
thinmmer films, so that as a consequence the Hall electromotive force
was very small, of the order of a microvolt or so., The resistance
across the film between the adjustable contacts was in series with
the galvanometer and the large value of this resistance, several
thousand ohms, did not allow currents to flow that were large enough
to be measured by the galvanometer. It was computed that the Hall
current should be of the order of 10'11 amperes, & hundred times
smaller than the sensitivity of the available galvanometer, A direct
current amplifier using an FP-54 tube(4)’(17) was built that was

capable of messuring currents of the order of 10~1% amperes,
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Unfortunately, time did not permit any actual measurements

on antimony or telluriwm, but it is hoped that this work may be

£

continued, Tellurium has & very high Hall coefficient, 500, bukt
since its resistivity is 5,000 times that of antimony, it should

P

give Hall currents of the same order of magznitude.
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