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are used to heat the substrate by radiation rather than
by convection or conduction by contact during the
cathode sputtering. The heating wires are equally
spaced from one another and are disposed in an area
aligned with and extending beyond the area occupied
by the substrate to insure a uniform blanket of radiant
heat at the substrate,

This arrangement using radiant heat is superior to the
prior art heat transfer by conduction by contact when
an attempt is made to coat glass substrates whose
length is more than 6 inches and whose width is more
than 6 inches. This superiority from using radiant heat
rather than conduction by contact with an anode to
control temperature makes it possible to control the
substrate temperature independently of the anode tem-
perature, thus bringing better control to the coating op-
eration.

In coating very large sheets, the cathode target has
been made of an elongated construction having one di-
mension longer than one dimension of a substrate and
providing means for reciprocating the cathode along an
axis with a displacement greater than the other dimen-
sion of the substrate. U.S. Pat. No. 3,414,503 to Brich-
ard shows such a device for coating substrates sup-
_ported in a vertical plane. This patented apparatus is so
arranged that it is impossible to heat a substrate inde-
pendently of the heat it develops incidental to the sput-
tering process. )

Apparatus conforming to one embodiment for per-
forming the present invention has a series of vertically
adjustable supports arranged in two sets of intersecting
rows that provide spaced points of support for one or
more flat or curved substrates as the case may be. The
bottom. substreate surface is supported on spaced
points having minimum heat exchange relation at the
points of support. Hence, the radiant heating means
disposed to one side of the supported substrate or sub-
strates is able to provide a uniform heating pattern over
the entire bottom surface of the substrate so that it now
becomes possible to maintain the substrate tempera-
ture approximately uniform even when a cathode is re-
ciprocated in facing relation to the opposite surface of
the substrate, since a sufficient portion of the heat
input to the substrates treated to contol the substrate
temperature radiates from the exposed heating means
and only a minor portion of the heat input results from
the sputtering between the moving cathode and the
upper surface of the substrate, particularly during the
early stages of the process before the substrate attains
an equilibrium temperature range.

The metal to be deposited by cathode sputtering may
be any metal known to have cathode sputtering proper-
ties. However, excellent results are obtained using met-
als from the group having atomic numbers from 48 to
51 and mixtures thereof, particularly mixtures of met-
als having atomic numbers that differ by one. Superior
properties result from films produced by sputtering
from a cathode having a target surface composed of a
mixture of indium and tin containing between | and
20% by weight of tin and the balance indium. The ap-
paratus of this invention may also be effectively em-
ployed to produce metallic films of metals such as chro-
mium as well as of the metals preferred for the produc-
tion of metal oxide films.

The maximum temperature to which the substrate or
substrates are subjected during sputtering depends on
the size and nature of the substrate. For example,
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thicker glass sheets as thick as % inch may be heated
to as high as 800°F, without distortion, whereus shicets
as thin as 0.007 inch maintain good optical shape with-
out distortion at 600°F. for time sufficient to produce
highly transparent, highly electroconductive films.
Chemically tempered glass sheets are heated only to a
maximum temperature of approximately 500°F. during
cathode sputtering to avoid any deleterious effects on
the temper imposed chemically. These temperatures
are below those required for forming transparent elec-
troconductive films by pyrolysis of a metal salt compo-
sition.

The atmosphere in which cathode sputtering takes
place is preferably at a pressure less than 107! torr. The
atmosphere is carefully controlled by introducing a me-
tered amount of oxygen and inert gas (preferably ar-
gon) to replace the gas removed by a vacuum pump.

The electroconductivity of the film is monitored as
the film forms and the substrate is heated by an inde-
pendent heater to within a few degrees of a predeter-
mined temperature, preferably above S500°F. The
coated article is retained in the sputtering atmosphere
after sputtering is stopped and cooled before exposure
to air. In case where the value of electrical resistivity is
not important, this cooling can be minimal. However,
in case the final resistance desired is a minimum, it is
desirable to evacuate the sputtering atmosphere and
cool the coated article to below the initial cathode
sputtering temperature and, even more preferably, to
below 300°F., before removing the article from the at-
mosphere and exposing the coated article to air. Post-
heating treatment needed in prior art techniques to ob-
tain a lower resistance for the film so formed or to im-
prove its luminous transmittance may be dispensed
with provided the substrate temperature is controlled
as taught by the present invention.

According to a more sophisticated dperation, the
partial pressure of oxygen in the low pressure atmo-
sphere of the sputtering chamber is initially relatively
high as the cathode sputtering begins and is reduced as
the temperature of the substrate is increased during the
cathode sputtering process performed simultaneously
with independent heating.

This sophisticated version of the present invention
involves initially providing an excess of oxygen over the
partial pressure needed to balance the amount of metal
being sputtered during the initial phase of cathode
sputtering after the substrate temperature reaches a
minimum of 400°F. due to the application of heat from
an cxternal heat source. As the temperature of the sub-
strate increaseés above the initial temperature at which
cathode sputtering begins, the partial pressure of oxy-
gen is reduced in the mixture added to replace the
gases that are evacuated. The aforsaid technique devel-
ops a clear film that does not require post-heating in air
as is necessary with earlier techniques in which only a
trace of oxygen is used during the sputtering in the low
pressure atmosphere. Furthermore, the conductivity of
the resulting coatings as well as the transparency are
superior to those resulting from prior art techniques in-
volving the initial application of cathode sputtering in
an atmosphere that has an excess of oxygen followed by
post heating in a reducing atmosphere.

A still further improvement provided by the present
invention that results in a more uniform deposition of
coating is the use of a scanning cathode that recipro-
cates in uniformly spaced relation to the glass surface
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APPARATUS FOR COATING GLASS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a continuation of application Ser. No.
241,543, filed Apr. 6, 1972 which isa continuation-in-
part of application Ser. No. 60,002 filed July 31, 1970.
These carlier applications are now abandoned. This ap-
plication is also related to applicants’ copending appli-
cation entitled **Glass Coated with an Oxide of a Metal
Having an Atomic Number of From 48 to 51" and filed
on cven date herewith.

BACKGROUND OF THE INVENTION

This invention relates to COATING GLASS and ‘par-
ticularly relates to transparent, electroconductive arti-
cles produced by depositing a transparent conductive
film of a metal or metal oxide, preferably selected from
the group of clements having an atomic number from
48'to 51 and mixtures thereof, on a transparent ce-
ramic base using a vacuum process, such-as vacuum

‘evaporation or cathode ‘sputtering, preferably the lat-
ter. In particular, this invention relates to apparatus for
producing such coated articles.

Prior to the present invention, others have attempted
to apply conductive coatings by the vaccum evapora-
tion of various metal oxides such as indium oxide.
These techniques were developed as a lower tempera-
ture coating operation to replace the prior art pyrolixa-
tion processes in which it was necessary to heat the sub-
‘strate to a temperature at which it softens and distorts,
and/or loses a temper previously imposed either ther-
mally or chemically at these elevated temperatures.

In a pure oxygen atmosphere, vacuum evaporation
must be done very slowly to insure that the metal com-
bines with oxygen and to minimize decomposition
which occurs. The films produced often have to be
heated subsequently to the vacuum evaporation pro-
‘cess to improve their electroconductivity.

- Cathode sputtering has also been used to form oxide
films of the aforesaid metals, particularly indium oxide
films.- Some: of these previous methods of producing
sputtered indium oxide films rely on the oxidation of
the cathode and the sputtering of this oxide to produce
the film. The rate of sputtering is limited by the rate of
oxidation of the cathode. The cathode temperature
cannot be raised to increase the rate of oxidation be-
cause indium melts at the very low temperature of
about 315°F. Others have tried to increase the rate of
cathode:oxidation by using pure oxygen as a sputtering
gas. This is inefficient because oxygen gives a low sput-
tering yield and because the stoichiometry of the fin-
ished film is difficult to control. Others have used se-
quential treatments in oxygen and argon, the former to
oxidize the cathode and the latter to transfer the oxide
from the cathode to the substrate. A multiple step pro-
cess is inconvenient, time consuming, cxpensive and
cach added step increases the likelihood of losing con-
trol of the process.

Still-another method of obtaining indium oxide films
is described in U.S. Pat. No. 2,825,687 to Preston. In
this patent, indium or other metal oxide is sputtered or
the metal is sputtered in an atmosphere containing only
a trace of oxygen to produce.a colored or opaque film,
and the film is subsequently heated in air to develop a
permanent conductivity and improve film transmission.
Again this process is inconvenient, time consuming and
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results in a high resistance film with ‘inferior optical
properties.

In an attempt to improve the optical transmission co-
efficient as well as the electroconductivity of the result-

‘ing film, it has been proposed in application Ser. No.

709,135 of Frank H. Gillery and Jean P. Pressau. filed
February 28, 1968 to cathode sputter in a low pressure
atmosphere containing sufficient oxygen to assure.the
formation of a colorless film having-adequ:ite ‘optical
properties but - insufficient electroconductivity, and
then to heat the coated article in an oxygen-deficient
atmosphere for sufficient time to increase-the clectro-
conductivity and to discontinue the heating before the
film develops a color. This technique produces films
having a better combination of optical and electrical
properties than those of the hitherto prior art. How-
ever, this process involves either evacuation of oxygen
from-the low pressure atmosphere for the post-heating
step or removal of the coated article to an cvacuated
environment for the post-heating step. Either alterna-
tive is time consuming. -

Cathode sputtering causes.a substrate to be heated
However, such heating is hard to regulate and non-
uniform coating results. U.S. Pat. No. 3,369,989 to

‘Kay, ct al. discloses apparatus for controlling the tem-

perature of a substrate by providing substrate mounting
means in the form of a hollow anode enclosing heating
and cooling clements. The upper surface of the anode
supports the substrate in surface to surface contact
therewith and is alleged to be capable of controlling the
substrate temperature at 300°C. with 1°C. throughout
the extent of a small substrate. This patent-implies that
the substrate must be maintained at a constant temper-
ature throughout the cathode sputtering operation. The
time needed to heat the substrate to an cquilibrium
temperature before starting cathode sputtering in-
creases the time necessary for a complete coating oper-
ation. In addition, if the substrate is glass, whose length
and width are more than 6 inches, it is impossible to
maintain the uniformity of contact needed to provide
conductivity of sufficient uniformity (less than 20%
variation in local conductivity throughout the sub-
strate ) to satisfy present commercial requirements.

SUMMARY OF THE INVENTION

It has now been discovered that it is not necessary to
maintain the substrate at a constant temperature
throughout the cathode sputtering operation provided
the substrate is heated to a minimum temperature to
about 400°F. before starting the cathode sputtering and
the substrate temperature varies between 400°F. and a
temperature below “which the substrate becomes dis-
torted or detrimentally affected during sputtering and
the substrate is cooled to below the temperature at
which cathode sputtering is started ‘before removing
the substrate from the low pressure atmosphere used
for cathode sputtering. Frequently, the low pressure at-
mosphere is evacuated during the cooling that follows
cathode sputtering,.

According to a sophisticated version of the present
invention, cathode sputtering is conducted in a low
pressure atmosphere of oxygen and an inert gas, prefer-
ably argon, in which the oxygen content of the mixture
is controlled within limits determined by the tempera-
ture developed in the substrate during the cathode
sputtering operation. Exposed electroconductive heat-
ing wires coupled electrically to a low voltage source
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to be coated during the cathode sputtering operation.
The reciprocation of the cathode with respect to the
sheet causes'cach incrément of the glass sheet that is
sputtered as the cathode reciprocates in spaced rela-
tion to the substrate to be coated in small increments.
This provides greater overall uniformity of coating for
the substrate than a cathode sputtering operation using
a large cdthode of substantially the same size as the
large glass sheet to be coated (for example, in excess
of 6 inches for each dimension), because plasma ema-
nating from a large cathode tends to concentrate in the
central portion of the cathode and this concentration
results in a similar concentration of coating on the sub-
strate surface.

Another factor in promoting more uniformity of
coating is the use of a frame of glass or other material
surrounding the article to be coated. This avoids edge
cffects. C .

There are many parameters that determine the film
forming rate and the nature of the film formed. The
present invention has made possible the selection of the
more important parameters that determine certain film
characteristics during the cathode sputtering operation
to-obtain suitable repeatability of optical and electrical
characteristics from :article to article. In other words,
the present invention provides a technique wherein a

“glass.sheet is inserted into a vacuum coating chamber
for coating and its processing is completed to form.a
coated article having the requisite optical and electro-

“conductive characteristics before the article is removed
from the 'vacuum coating chamber.

"The present invention uses as its environment an ap-
paratus having a predetermined size of vacuum cham-
ber, voltage source, target composition and size, and
target to substrate spacing, and, in cases where large
glass sheets (whose length and width exceed 12 inches)
are coated, means to reciprocate the target relative to
the substrate at a certain speed of reciprocation. While
these parameters can be changed and can differ from
pattern to pattern, once these parameters are estab-

“lished. the temperature of the substrate and the partial
pressure of oxygen in the low pressure atmosphere are
keptin balarice to obtain optimum quality films. Gener-
ally, the electroconductlvny of a film produced’ at'a
hlgh substrate temperature during cathode sputtering is
more permanent than that of a film produced at a lower
substrate temperature, but a practical maximum tem-
perature is one that is below the deformation tempera-
ture of the substrate. The composition of metal used for
the cathode, particularly in the case of indiumtin cath-
odes, for example, the ratio of tin to indium, is a factor
in the electroconductivity of the film formed. Films
from pure indium cathodes are less electroconductive
than those produced using a small proportion of tin and
have less stable electroconductivities. Typically, in-
dium cathodes having 1% to 20% by weight of tin yield
highly conductive films.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings that form part of this description,

FIG. 1 is a perspective view of apparatus of the pres-
ent invention with substrate and electrode support
structure shown outside the vacuum chamber;

FIG. 2 is a partly schematic side section of the appa-
ratus of FIG. 1, showing the support structure in the
‘vacuum chamber, and :

15

20

25

30

35

40

45

50

55

60

65

6

'FIG. 3'is a partly schematiic end view.corresponding
to the side view of FIG. 2;

FIG. 4 is a schematic representation of the apparatus
of this invention showing the relationship of the means
for controlling -process conditions in the sputtering
chamber.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

- The following experiments to coat 4 inch square sub-
strates of soda-lime-silica glass disclose more precisely
the effect of the various parameters on the conductiv-
ity, its durability of conductmty film’ formmg rate and
other factors.

"For all the experiments using glass: sheets as: sub-
strates, the glass is cleaned with :a mixture of 50% n-
propanol in water. If the glass has a surface stain or
other surface defect, mild blocking with cerium oxide
is advised. Otherwise, the cleaning with the water-n-
propanol mixture is sufficient.

After cleaning, the glass is placed in position in the
chamber and the pumpdown is started. This continues
until the pressure reaches 10~ torr or below.’Argon gas
is admitted to ‘the chamber to maintain ‘this pressuré
and flush the system for several minutes.

" When the system has been purged of the greater part
of its residual gas, a mixture of argon and oxygen (0.5
to 15% oxygen) is admitted while still pumping until
the pressure is between 5.and.50 millitorr. To conserve
gas, the pumping speed is decredsed durmg coating by
an adjustable baffle.’

"A gradually increasing voltuge is slowly applied from
a high voltage source (preferably 5000 volts D.C. or
more) to the cathode and a glow dlschdrge starts.
Rapid application of high voltage ofteén causes arcing
and the possibibility of damage to the power supply. -

During pumpdown and voltage application; ‘the ‘sub-
strate is being raised in temperature by clectrical resis-
tanice wire heaters disposed in parallel relation! for ex-
ample, at 1 inch spacing and 2 inches from'the opposite
surface of the substrate from that coated. According to
the present invention, coating is not begun until the
substrate is heated to a temperature of 400°F. -

During coating, the resistance of the deposited film
is monitored continually. The oxygen concentration is
varied to maintain a controlled rate of resistance de-
crease. If this is not done, the presence of too much ox-
ygen can cause too slow a rate of decrease of resistance
or even an increase in resistance. Too little oxygen can
produce an opaque metallic film.

The amount of oxygen required in the gas mixture

-varies with many other system parameters as follows:

I. The amount of residual oxygen in the system.

2. The amount of water vapor in the system. The
water vapor decomposes under the influence of the
glow discharge. The hydrogen ions carry current in the
system but are ineffective in sputtering because of their
low mass. The oxygen ions produced by dissociation of
water molecules in the system cause oxidation of the
film. Even if the system is pumped or flushed with
argon for many hours before coating, the glow dischrge
can still release absorbed water vapor from the surfaces
in.the system.

3. The temperature of the substrate, which controls
the rate of reaction of indium or other metal with oxy-
gen and also the metal-oxygen equilibrium.
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4. The rate of deposition. To a certain cxtent the rate
of arrival of indium on the substrate has to be balanced
against the rate of bombardment by oxygen.

The ionized guas atoms, in this case argon and oxygen
ions, are attracted to the cathode by the applied poten-
tial. An cxchange of momentum takes place as the ions
penetrate the target. Atoms of the target material are
cjected and also electrons. Both travel away from the
cathode, the charged electrons gaining energy because
of the electric. field. At some point (the limit of the
cathode dark space) the electrons have gained suffi-
cient energy to ionize additional gas atoms and the pro-
cess is repeated. The metal continue and are eventually
deposited onto the substrate.

The momentum exchange process taking place at the
cathode is most effective with heavy ions such as argon.
Argon is chosen for most sputtering processes because
of its low cost and high mass. Xenon and krypton would
produce more cfficient sputtering but are cxpensive for
general use.

The oxygen is present to produce metal oxide rather
than metal films. The metal oxide films are transparent
whereas-the metal films are not. In this particular sys-
tem the oxidation appears to take place on the sub-
strate, since it is greatly affected by substrate tempera-
ture. Under different conditions, oxidation of the cath-
ode and oxide sputtering may take place at a slower
sputtering rate not desired for commercial operations.

EXAMPLE 1

ln a first series of cxperlments coating glass sheets 4
inches square using a cathode of 94.4% indium and
5.6% tin by weight, a cathode-substrate distance of 2
inches, a total gas pressure of 20 millitorr, a substrate
temperature. of 610°F. provided in part by heating wires
energized at 25 volts A.C. during cathode sputtering
for 15 minutes at a voltage of 2000 volts and a glow dis-
charge current of 180 milliamperes, in argon atmo-
spheres containing different oxygen concentrations,
the fqllow,mg results occur:

OXYGEN CON- FILM RESISTANCE RESISTIVITY
CENTRATION.: THICKNESS OHMS/- OHM - CMS.
(A) " SQUARE
6.3% 1410 150 1.96 X 10°*
3.2% 1700 92 1.55 X 107#
1.6% 2260 56 1.12 X 10~#
1.35% 2700 36 0.921 X 107#
1.01% 3400 29 0.985 x 104

0.7% Metallic Indium Film

Within the limits of measurement, the above results
show the following:
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1. The sputtering rate is greater at lower oxygen con- ~~

centrations

2. The specific resistivity generally decreases at lower
oxygen concentrations.

3. The lower limit of oxygen concentration suitable
for cathode sputtering is reached when metallic indium
rather than indium oxide is produced.

EXAMPLE 11

The following samples are coated under conditions
similar to those used in Example I except that the sub-
strate temperature and oxygen concentration is varied
to produce the following results.

60

8
SUBSTRATE OXYGEN RESISTIVITY
TEMPERA.- CONCENTRA- - (OHMS/SQUARE)

TURE TION

400°F, 1.0% 93
610°F. 1.0% 29
800°F. 1.0% 17
400°F. 1.35% 758
610°F, 1.35% 36
BOO°F, 1.35% 19
400°F; 1.6% 176
610°F. 1.6% - 56
8OO°F. 1.6% 14
400°F. 3.2% 910
400°F. 3.2% 670
610°F. 3.2% 92
800°F. 3.2% 50
400°F, 6.3% 590
610°F. 6.3% 150
800°F, 6.3% 121

The above example indicates that the temperature of
the substrate while the film is being deposited is impor-
tant. The higher temperatures give the best results but
in this work the highest temperature investigated was
800°F. since much higher temperatures than this will
affect the soda-lime glass substrates used as samples. At
temperatures lower than 400°F., the oxygen pressure
required to produce conductive films becomes so criti-
cal that metallic indium films are often inadvertently
produced. At the lower temperatures also the rate of
reaction of indium atoms with oxygen atoms on the
substrate becomes controlling and the rate of deposi-
tion of indium may have to be decreased.

Further cxperiments were preformed using cathodes
of different compositions and maintaining the substrate
at the indicated substrate temperature for each experi-
ment. The controls and results obtained are enumer-
ated in Examples III, IV and V for different cathodes.

EXAMPLE Il

Using a cathode composed of 9% tin and 91% indium
by weight, a cathode to substrate distance of 2 inches,
a total gas pressure of 23 millitorr, maintaining a sub-
strate temperature at 550°F, a voltage of 3000 volts and
a current of 555 milliamperes during 8 minutes of cath-
ode sputtering produced the following film thicknesses
having the resistance per unit square recorded in the
following table for various samples coating in argon-
oxygen mixtures having the recorded oxygen concen-
tration added by volume.

RESULTS FROM 9% TIN - 91% INDIUM CATHODE

Oxygen Film Thickness  OHMS Per
Concentration Angstroms Square Remarks

10% 1098 100 Clear film
9% 1298 110 "

- 8% 1310 110 "
7% 1069 110 "
6% 1472 80 "
5% 1619 65 "
4% 1855 65 "
3% 1R85 50 "
2% 2356 25 "
1% 25 Cloudy film
1% 50 Gray film
1% 60 Cloudy film
1% 20 "

EXAMPLE IV

A setup similar to Example 1l was used except that
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the cathode was pure indium, the total gas pressure was
29 millitorr, the substrate temperature was 600°F, the

cathode to substrate distance was 2 inches and a volt-l

age of 3000 volts was impressed for 10 minutes to pro-
duce a current of 500 milliamperes during cathode
sputtering under various concentrations of oxygen.

RESULTS FROM PURE INDIUM CATHODE

OXYGEN FILM OHMS PER
THICKNESS

CONCENTRA-  ANGSTROMS  SQUARE  REMARKS
TION
6.3% 1280 550 Clear film
3.2% 1640 330 "
1.6% 1799 350 "
1.4% 1650 280 "
1.0% 2067 350 "

EXAMPLE V

The following experiments were performed using a
cathode composed of 7.5% antimony and 92.5% tin by
weight at a cathode substrate distance of 2 inches, a
voltage of 3000 volts impressing a current of 600 milli-
amperes for 15 minutes in various argon-oxygen sys-
tems containing different oxygen concentration at a
pressure of 33 millitorr. The results are recorded be-
low:

RESULTS FROM 7.5% ANTIMONY -92.5% TIN CATHODE

OXYGEN OHMS PER
CONCENTRA- SQUARE REMARKS
TION
10% 700 Clear film
5% 250 Clear film
2% 100 Clear {ilm

The concentration of tin in the indium cathode may
range from 1 to 20% and has an optimum at around 10
—15%. If no tin is added, the lowest resistance films
cannot be made even though fairly high conductivity
can be obtained from oxygen variances produced by
low oxygen pressure. The films so made with pure in-
dium cathodes are prone to change resistance on heat-
ing at temperatures above about 150°F., whereas films
produced from'indium cathodes containing 10% tin
have stabel electrical conductivity even when heated to
300°F. :

For instance, a film made by sputtering a 10% tin-
90% indium cathode at 3000 volts, 250 milliamperes in
'a 3:2% oxygen, 96.8% argon 19 millitorr system and
600°F . substrate temperature has a resistance of 90

'ohms per square when freshly made: This changes to 85
ohms per square as it is cooled and exposed to air at
300°F.

A film made by sputtering a pure indium cathode at
3000 volts, 215 milliamperes in an oxygen-argon mix-
ture containing 3.2% oxygen at 22 millitorr and 600°F.
substrate temperature has a resistance of 14,000 ohms
per square when freshly made and the resistance in-
creases to 280,000 ohms per square when it is exposed
to air at 300°F. ‘

A film made by sputtering a pure indium cathode at
3000 volts, 235 milliamperes in an oxygen-argon mix-
ture containing 1.6% oxygen at 24 millitorr and 600°F.
substrate temperature has a resistance of 80 ohms per
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square when freshly made but this increases to 150
ohms per square when it is exposed to air at 300°F.

EXAMPLE VI

The following experiments are performed using cs-
sentially the same equipment as before at 3000 volts,
2 inches cathode to substrate spacing and 600°F. sub-
strate temperature, a cathode composition of 5.6% tin,
94.4% indium, a current of 180 milliamperes and a
pressure of 20 millitorr. Experiments were perfornied
at various oxygen concentrations.  Resistivities were
measured after 15 minutes of cathode sputtering for
each oxygen concentration tested. A first sample devel-
oped a film having a resistivity of 280 ohms per square
after cathode sputtering under such conditions in a sys-
tem containing 6.3% oxygen. After cooling in vacuum,
the resistivity of the film dropped to 130 ohms per
square. Further exposure to air raised the resistivity to
150 ohms per square. A second sample cathode sput-
tered in a system containing 3.2% oxygen under other-
wise identical conditions developed a film having a re-
sistivity of 75 ohms per square. This was reduced to 40
ohms persquare by 5 minutes at 700°F. in argon at 0.05
millitorr. A third sample cathode sputtered inn a 1%
oxygen system developed a film having a resistivity of
23 ohms per square, which became 26 ohms per square
after cooling in a vacuum and remained 26 chms per
square after further exposure to air.

EXAMPLE VII

Using a fixed cathode 5 inches square of 5.6% tin and
the balance indium spaced 1.4 inches from a 4 inch
square sample of polished plate glass in center to center
alignment, cathode sputtering for 60 minutes in an at-
mosphere at 37 millitorr pressure containing 24% hy-
drogen, 11% oxygen and 65% argon by volume at a
voltage of 3,500 volts D.C. and 750 milliamperes cur-
rent for 60 minutes developed a sample temperature of
600°F. A film having an estimated thickness of 6,000
Angstroms, a resistivity of 3 to 4 ohms per square and
a transmission of about 72% resulted. No attempt was
made to control the substrate temperature.

The above experiment involved the use of hydrogen.
In view of the danger involved in handling hydrogen,
cfforts were directed to developing another technique
to produce highly transparent, highly electroconduc-
tive metal oxide films by cathode sputtering in the ab-
sence of hydrogen.

Smaller substrates have more uniform films when so
treated and larger substrates less uniform films when so
treated. Accordingly, apparatus containing a scanning
cathode modified from that disclosed in U.S. Pat. No.
3,414,503 to Brichard and containing heating and cool-
ing clements positioned to control the substrate tem-
perature during a vacuum coating operation was devel-
oped to coat substrates having minimum dimensions of
about 6 inches on each side. The apparatus is described
below. ’

The resistance of a film. after deposition can be
changed according to how it is treated. The film after
deposition is close to equilibrium with the atmosphere
at the temperature involved. If the film is exposed to
more oxidizing conditions, it tends to increase in resis-
tance; if it is exposed to more reducing conditions it
tends to decrease in resistance. The rate of change is
dependent on the film temperature, and with the stabil-
ity of the film as discussed before.
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Thus, it is unwise to allow- air to come into contact
with the film at temperatures above 300°F. On the
other hand, if a lower resistance is desired, the film can
beneficially be cooled from its operating temperature
in high vacuum (say below 107 torr).

Prior to the present discovery of the benefits of heat-
ing the substrate to a controlled temperature  abéve
400°F. during the cathode sputtering operation, the
cathode sputtering operation in low pressure atmio-
spheres was difficult to control and it was only occa-
sionally that coated glass samples having adéequate opti-
cal properties and electroconductive properties were
produced. Of about two hundred experiments per-
formed wherein the sputtering was started at whatever
substrate temperature cxisted in the vacuum chamber,
the resistances obtained were considerably higher and
optical transparencies lower than those obtained with
the temperature controlled substrate operation- sug-
gested by the present invention, even though the exper-
iments were performed with small articles that, in ret-
rospect, are casier to coat uniformly than larger arti-
cles. Furthermore, many experimental samples formed
metallic films and those that were electroconductive
had resistances that varied by as'much as more than
100:1 ratio from one locality to-another.

An illustrative example of apparatus suitable for per-
forming the present invention will be described in order
‘to facilitate the ability of one skilled in the art to pro-
. duce transparent clectroconductive articles having su-
perior optical and electroconductive properties, partic-
ularly those having dimensions of it least 6 inches.

DETAILED DESCRIPTION OF APPARATUS

. Referring to.the drawings, a typical ‘apparatus.for

" cathode sputtering comprises a horizontally disposed
chamber 10 arranged in the form of a horizontally ‘ori-
ented cylinder'72 inches long and 66 inches in diameter
having hinges 11 on which a door 12 is pivoted opén.
.- Clamps 13 (FIG. 3) are provided to lock the door 12,
_ Another end door 14 is closed at its other end. Exhaust
openings 16 are connected to a-vacuum manifold (net
shown). An additional gas supply opening 18 receives
a miixed gas supply line 20. The latter extends from a
T'conriection 22 between gas feed lines 24 and 26 com-
municating with sources of argon and oxygen (not
- shown), respectively. The feed lines 24 and 26 are
valved to control inward flow of the respective gases at
. a metered rate of flow for each gas. The chamber 10 is

supported.in spaced relation above the ground on verti- .

cal posts 28.

A lower pair of parallel tmcl\s 30 extend horizontally
the length of the cylindrical chamber 10 to receive a
" héater supporting carriage 32. An upper pair of parallel

... tracks 33 is also provided for purposes to be described

_later. The heater supporting carriage 32 has rollers 34
that ride on the tracks 30 from a position within the cy-
lindrical chamber 10-to a lower set of tracks 36 sup-
ported on a loading table 38 disposed outside the
_chamber 10. The loading table 38 is provided with piv-
oted casters 39 to facilitate placing the loading table 38
in alignment with the cylindrical chambeér 10 both be-
fore and after a cathode sputtering operation.

The heater supporting carriage 32 is provided with an
anode plate 40 that supports a water cooling system 41
on its lower surface and a series of spacers 42 of electri-
cal insulating 'material that support a bus bar 44 in
spaced, electrically insuliated  relation to”said anode
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plate on its upper surface. A grounded bar 46 extends
parallel to bus bar 44. The bus bars 44 and 46 are %
inch by 2 inch in cross section and 6 feet long and are
interconnected at cach inch of length by one of a series
of parallel heating wires 48, :

The wires occupy an area aligned with and extending
beyond the edges of the substrate. Pivots 50 are con-
nected at one end to the grounded bus bar 46 and at
their other end to a grounded expansion spring 52. The
spring loading keeps the heating wires straight and par-
allel as they become heated during the application of
voltage across the bus bars.

Aninsulated power line 54 connects the bus bar 44
to a source of A.C. voltage (not shown) outside the
chamber 10 through an insulated terminal 55. This
source is preferably no more-than 50 volts and the heat-
ing wires are nichrome type § wire (17 gauge) and are
approximately 3 feet long.

The anode plate supports a series of posts 56 ar-
ranged in checkerboard arrangement to support one or
more glass sheets during a cathode sputtering opera-
tion. The posts 56 are off-set with respect to the paths
traversed by the parallel heatmg wires 48 and are of
such size that the glass is spaced about 2 inches from
the plane occupied by the heating wires 48. A thermal
sensing device 49 pcers through an aperture in anode
plate 40 and is focused on the substrate to record its
temperature.

The posts 56 and the anode 40 are both vertically ad- .
justable in any manner well known in the art, such as
by-adjustment nuts and externally threaded shafts: The
posts 56 are provnded with rounded or pomted heads
57 to prov1de minimum areas of contact while support-
ing the substrate G. The posts may be adjusted verti-
cally to support flat or curved glass. The spacing be-
tween adjacent post may be from 1 to'6 inches depend-
ing on the size of substrate tredted and the temperature
of treatment.

The loading table 38 is provided with'an outer and
upper pair of tracks 58 that extend horizontdlly later-
ally beyond and above the plane occupied by the first
set of tracks 36 in position to form extensions of tracks
33 within the vacuum chamber 10. These outer tracks
58 support an upper carriage 60 which comprises a
frame larger and higher than the heater supporting car-
riage 32 and enable one to transfer the upper carriage
60 into and out of the chamber 10.

The upper carriage 60 supports a set of brackets 62
at each longitudinal end thereof. A shaft 63 having
sprockets 64 and 65 fixed thereto interconnects the
aligned brackets of each set and a chain 66 or 68 is en-
trained about cach pair of sprockets 64 or 65, respec-
tively. One of the shafts 63 is connected to a reversing
drive motor (not shown) located outside the chamber
10. Chain 66 is connected to a lug 70 connected to
wheels 72 that ride on a rail 74. The lug 70 is connected

. to one side of a transverse bar member 76. A similar lug
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78 is connected to chain 68. The other end of the trans-
verse bar member 76 is connected to wheels 79 that
ride on a rail 80 parallel to rail 74.-Actuation of the re-
versing drive motor causes the transversé bar member
76 to reciprocate transverse to its length.

The transverse bar member 76 is attached in insu-
lated relatiion to a cathode 77. The latter has a coating
of metal (for example 5% tin and the rest indium) on
its bottom surface. A cathode connection 82 is con-
nected to the transverse cathode 77. A flexible insu-
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lated wire 83 interconnects the cathode connection 82
to a coupling (not shown) adapted for connection to
the cathode of a high D.C. voltage power source (not
shown) to supply power for sputtering located outside
the chamber 10. A pair of water connectors 90 are con-
nected to cooling pipes 91 supported between the bar
member 76 and the cathode 77 to cool the latter when
necessary. Flexible water lines 92 of clectrically. insu-
lated material, such as plastic, interconnect the con-
nectors 90 to a water source through a feed through 94
carried at the bottom of the chamber 10. Other suitable
water and electrical connectors are mounted in the wall
of the chamber 10 in a similar manner. For example,
another flexible water line 92 feeds water to the water
cooling system 41 for the anode 40.

When the reversing drive motor is actuated, the cath-
ode 77 scans the glass substrate G supported at the top
of the checkerboard array of posts 56. -

The carriages 32 and 60 are removable from the
chamber 10 for loading and unloading glass sheets (in-
cluding framing sheets that abut the edges of the sub-
strate to avoid edge effects) and for any maintenance
needed. The electrical connectors are very carefully
insulated and are sufficiently long to allow for move-
ment of the cathode 77 and the carriages 32 and 60.
The connectors can be attached to exterior water
sources at various additional feed throughs. Suitable
packing seals are provided to maintain a good seal for
the chamber 10 at each feed through. These connec-
tors and seals are available commercially and form no

-part of the present invention.

The apparatus is provided with sensing and control
devices to monitor and control processing conditions in
accordance with the preferred methods of carrying out
this invention. The temperature of the substrate is mea-
sured before, during and after sputtering by a plurality
of thermocouples, 101, preferably chromel-alumel
‘thermocouples, which are placed between the posts,
56, and positioned so that the bead of each thermo-
couple is in contact with the underside of the substrate.
The signal leads, 102, of the thermocouples are
brought out through the chamber wall by means of a
sealed feed through. The thermocouples may be con-
nected in parallel to provide a signal corresponding to
the average substrate temperature or may be separately
maintained and connected to conventional indicators,
recorders-or ‘controllers, 103. One to ten thermocou-
ples will typically be employed.

The thermocouple signal upon which control is based
is directed to a'conventional temperature indicator, re-
corder, controller, 103, by wire conductors. The tem-
perature controller, 103, is connected to a variable
auto transformer, 104, on the primary of a conven-
tional low voltage transformer, 105, which has its sec-
ondary connected to bus bar, 44, by means of power-
line, 54. Alternatively, the control loop may be de-
signed for manual control with no conventional indica-
tor, recorder, controller provided but rather with the
control thermocouple signal directed to a conventional
indicator, recorder. In this instance an operator con-
trols the temperature by manual adjustment of the vari-
able auto transformer, 104, responsive to the observed
recorded temperature.

The temperature of the substrate may also be moni-
tored by an externally positioned thermal sensing de-
vice, 49, such as a radiation pyrometer. A pyrometer,
for example an Ircon radiamatic pyrometer, may be po-

15

20

25

30

35

45

55

60

65

14

sitioned outside the chamber and aimed through a win-
dow, 17, in the chamber wall and through an opening,
43, in the anode plate, 40, at the substrate, with the de-
vice focused at the substrate. The window, 17, will
preferably be constructed of a high infrared transmit-
tance material, such as calcium fluoride, and the py-
rometer will be calibrated to compensate for any infra-
red absorption by the window. The pyrometer signal
leads may be connected to a conventional indicator,
recorder, controller and powerstat as described before,
providing an alternate means of temperature control
responsive to a detected substrate temperature. Also,
the pyrometer or thermocouples may be connected
through an indicator, recorder, controller to valve op-
erators, 106, operating the position of the valves on
lines 24 and 26, or these valves may be operated manu-
ally responsive to indicated or recorded temperatures.
The means for controlling oxygen and argon in flow
comprises valves on the lines 24 and 26. Preferably mi-
crometer calibrated needle orifice valves will be em-
ployed — these are characterized ‘in the art as “‘con-
trolled leak valves™. In the practice of this invention de-
scribed here “*Vactronic’™ valves have been used in
combination with Brooks rotometers. The inflow of ox-
ygen and argon may be controlled by manual adjust-
ment of these valves responsive to the indicated or re-
corded substrate temperature provided by the means
described above, or a conventional controller may be
employed in combination with a stepping niotor, pneu-
matic actuator or the like to-act as a valv‘e"o‘perator,
106, adjusting the valve positions. ’ ‘
The preferred means for monitoring the conductivity
or resistance of the films during sputtering comprises a
monitor plate, 110, connected by means of electrical
leads, 113, to an externally positioned indicator, re-
corder or controller, 114, preferably a conventional
ohmmeter. The monitor plate, 110, is preferably a 4
inch-by-4 inch glass plate having ceramic silver bus
bars, 111 and 112, on opposite sides of one major sur-
face. An clectrical lead is connected to each bus bar,
and these leads, 113, are connected to an ochmmeter,
such as Simpson Model 260 or the like. The monitor
plate, 110, is placed adjacent 4 workpiece or, substrate,
G, to be sputter coated and is sputter coated simulta-
neously with the workpiece. The- resistance is noted
during sputtering, and the valves on lines 24 and 26 are
adjusted responsive thereto. This adjustment may be
manual, or the indicating meter employed may be a
conventional indicator, recorder, controller, 114, con-
nected to a valve operator, 1185, as described above.
While each particular operation and cach particular
apparatus has different minimum oxygen partial pres-
sures required to produce a clear film at each substrate
temperature, the following parameters were cstab-
lished for a glass sheet 2 feet by 3 feet. The parameters
include an atmosphere of 20 millitorr, a cathode to sub-
strate spacing of 2 inches, 3,000 volts D.C., a cathode
6 inches wide and 40 inches long, a scanning path 36
inches long over the sample, a 2 inch frame of glass sur-
rounding the sample and reciprocating the cathode in
a direction transverse to its length at a speed to provide
a complete cycle in 20 seconds. The following mini-
mum partial pressures of oxygen are estimated at the
following substrate temperatures to produce a clear,
metal oxide film of low resistance: 20% or 4 millitorr
at 300°F., 9% or 2 millitorr at 400°F., 5% or 1 millitorr
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at 500°F., 4% at 600°F., and 3% at 700°F, (or below |
millitorr at above 500°F.)
In a typical operation using an initial oxygen partial
pressure of about 10% when the substrate temperature
-is 400°F. at the onset of the cathode sputtering, and re-
ducing the rate of oxygen flow as the substrate temper-
ature increases while maintaining the argon flow con-
stant and while evacuating with a vacuum pump rated
at 1,300 cu, ft. per minute produces a film having a re-
sistance of 2 ohms per square and 76% total luminous
transmission coefficient as measured by a Gardner
Hazemeter after one hour of such treatment. Such high
transmission and high conductivity combination is not
possible with prior art techniques.

EXAMPLE VIII

Ten samples of % inch thick twin ground plate glass
were cathode sputtered using the illustrated apparatus
at a 1.5 inches cathode to substrate spacing with a cath-
ode 6 inches wide and 40 inches long having a sputter-
ing surface composed of 10% tin and and 90% indium,
for 75 minutes at a D.C. voltage of. 3,200 volts with

_heating wires initially energized at 24 volts (350 am-
peres) for 10 minutes, followed by 5 minutes at 20 volts
(250 amperes) followed by 12 volts (150 amperes) for
2 minutes, then no voltage for the remainder of the
cathode sputtering. The cathode was reciprocated at an
average.linear speed of about 18 feet per minute and
.the atmosphere. of the coating chamber was 4.46% oxy-
_gen.and the balance argon maintained at a pressure of
about 30 millitorr. The chamber was evacuated after
75 minutes of sputtering and the coated substrates were
cooled to about 250°F. in the cvacuated atmosphere
before their removal. The coated samples had a trans-
mission coefficient of 76% though a thickness of about
7,000 Angstroms and a resistivity of 2 ohms per square.
- The term ohms per square has been used herein-
above to describe the conductivity of the film formed
by the novel process of this invention. Although spe-
cific resistivity is usually utilized to describe or com-
‘pare the conductivity of materials, it is inappropriate
for describing the conductivity of very thin films be-
_cause of the difficulty of measuring the thickness of the
film.
* Specific resistance is the resistance between opposite
faces of a cubic centimeter of material and is expressed
by the cquation

where p is the specific resistance, R is the resistance of
the conductor, A4 is the cross-sectional area of the con-
ductor, and L is the length of the conductor. For a thin
film, this cxpression becomes

wherein W and L are the surface dimensions and ¢ is the
film thickness. For a square area of surface, W and L
are equal and p = R X t or R (resistance for a square
area of surface) = p/t. Thus, the conductivities of vari-
ous types of films having approximately equivalent
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thickness may be directly compared by comparing re-
sistance per square, .

While the examples ecnumerated above concentrate
on cathodes having indium coatings and indium-tin al-
loys as coatings, it is understood that other metals and
alloys from the group of clements of atomic numbers
48 to 51 may be used, for example, tin cathodes con-
taining up to 15% antimony produce films having bet-
ter than 70% luminous. transmittance and about 100
ohms per square and cadmium cathodes containing up
to 20% indium produce films having better than 60 %
luminous transmittance and about 1,000 ohms per
square in resistivity.

The samples produced by cathode sputtering in an
atmosphere in which the heating clements provided a
controlled uniform temperature pattern throughout the
area of the substrate had electrical conductivities that
did not vary by more than 20% from the most conduc-
tive to the least conductive areas. Very rarely are films
produced that lack the requisite transparency (over
70%) and clectroconductive properties including uni-
formity of electroconductivity as well as low electrical
resistivity (below 10 ohms per square) for substrates
having at least 6 inch lengths and 6 inch widths. By
comparison, earlier cfforts to coat glass substrates with-
out uniform heating thereof by heating means indepen-
dent of the heat induced by sputtering resulted in coat-
ings whose electroconductivities varied by a factor as
high as 10 to 1 from protion to portion of the coated
substrate even when scanning-the cathode.

Another obvious improvement brought about by the
present invention is seen from comparisons of electro-
conductive and optical properties of films produced by
cathode sputtering with those produced by spraying a
metal salt composition on a substrate heated to pyroliz-
ing temperature. For example, an article having 10
ohms resistance between oppositely disposed bus bars
for an indium oxide coating has a transmission coeffici-
ent of only 68% when produced by spraying and 85%
for the same composition produced by cathode sputter-
ing using the temperature control criteria described
above. In addition, articles with cathode sputtered films
have significantly less distortion than those produced
by heating to a temperature sufficient for pyrolysis fol-
lowed by spraying.

The apparatus aspect of the present invention makes
it possible to irradiate the substrate simultaneously with
the cathode sputtering operation. This hitherto unob-
tained result is made possible by limiting the voltage
applied to the spaced heating elements in the form of
the resistance wires 48 to a maximum of 50 volts. This
voltage, particularly it if is a A.C. voltage, is insufficient
to cause arcing between the heating wires and
grounded clements within the chamber. The heating
clements are spaced from or insulated from grounded
elements.

Irradiating with heat produced by clectrically ener-
gized heating wires cnables the present apparatus to
uniformly heat substrates that do not have optically flat
surfaces. Prior art temperature controllers for the sub-
strate which supported the substrate by contact were
limited for efficient use with substrates having optically
flat surfaces.

- While the description of working embodiments has
been provided forillustrative purposes, it is understood

“that variations thereof may be made with out departing
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from the spirit of the invention as defined in the
claimed subject matter that follow,

I claim:

1. An apparatus for applying a uniform, transparent,
metalcontaining, electronconductive coating to a sub-
strate comprising:

a. means for providing a low pressure atmosphere not
exceeding 10! torr and containing a mixture of ox-
ygen and an inert gas;

b. means for supporting a substrate within said low
pressure atmosphere by supporting said substrate
at a plurality of support points permitting substan-
tially all of the surfaces of said substrate free from
contact by said supporting means;

¢. means comprising a cathode and an anode for
sputtering said coating onto said substrate while its
temperature is elevated substantially, said cathode
sputtering means having its cathode spaced from
and in facing relation to said supporting means; and

d. means for radiantly heating said substrate to a sub-
stantially elevated temperature and for maintaining

. such elevated substrate temperature during cath-
ode sputtering, said radiant heating means being
spaced from and in facing relation to said support-
ing means such that said support means is disposed
between said cahode and said radiant heating
means, and said radiant heating means comprising
means for radiating heat toward substantially all
the area embraced by said supporting means.

2. The apparatus according to claim 1 wherein said
radiant heating means ‘comprises electric resistance
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heating means for operating at voltages substantially
lower than a voltage sufficient to operate u sputtering
cathode.

3. The apparatus according to claim 2 wherein said

radiant heating means is coupled to an alternating cur-
rent power source for providing a voltage across said
radiant heating means of less than about 50 volts,
" 4. The apparatus according to claim 2 wherein said
cathode is coupled to a direct current power source for
providing a voltage between said cathode and said
anode of at least about 1,000 volts.

5. The apparatus according to claim 1 wherein said

_radiant heating means is provided with means for con-

trolling the voltage thereto responsive to the tempera-
ture of said substrate, and said apparatus further com-
prises a plurality of temperature detecting means in op-
erative communication with the area of said supporting
means for detecting the temperature of said substrate
supported thereby at a plurality of corresponding sites
with said plurality of temperature detecting means
being connected in parallel for providing an average
substrate temperature to said controlling means.

6. Apparatus according to claim 1, wherein said cath-
ode has a sputtering surface that is clongated having a
length greater than one dimension of a substrate receiv-
ing portion of said substrate supporting means; said ap-
paratus further comprising means for reciprocating
said cathode in a direction transverse to its length with
said sputtering surface facing said substrate supporting
means.

* * * * *



