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(57) ABSTRACT 

A multilayer antire?ection coating for a temperature sensi 
tive substrate such as plastic. One layer is a DC reactively 
sputtered metal oxide Which may be deposited quickly and 
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Without imparting a large amount of heat to the substrate. 44 Claims, 2 Drawing Sheets 
Another layer has a refractive index lower than the substrate. 
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ANTIREFLECTION COATING FOR A 
TEMPERATURE SENSITIVE SUBSTRATE 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to multilayer 
antire?ection coatings for substrates, and more particularly 
to multilayer antire?ection coatings deposited on 
temperature-sensitive substrates by DC reactive sputtering. 

The simplest antire?ection coating is a single layer of a 
transparent material having a refractive index less than that 
of a substrate on Which it is disposed. The optical thickness 
of such a layer may be about one-quarter Wavelength at a 
Wavelength of about 520 nanometers (nm), i.e., at about the 
middle of the visible spectrum. The visible spectrum extends 
from a Wavelength of about 420 nm to a Wavelength of about 
680 nm. A single layer coating produces a minimum re?ec 
tion value at the Wavelength at Which the layer’s optical 
thickness is one-quarter of the Wavelength. At all other 
Wavelengths the re?ection is higher than the minimum but 
less than the re?ection of an uncoated substrate. An uncoated 
glass surface having a refractive index of about 1.52 re?ects 
about 4.3 percent of the normally-incident light. 

Multilayer antire?ection coatings are made by depositing 
tWo or more layers of transparent dielectric materials on a 
substrate. At least one layer has a refractive index higher 
than the refractive index of the substrate. The layer systems 
usually include at least three layers and are designed to 
reduce re?ection at all Wavelengths in the visible spectrum. 
Multilayer antire?ection coatings may yield re?ection val 
ues of less than 0.25 percent over the visible spectrum. 

Most multilayer antire?ection coatings are derived from a 
basic three layer system. The ?rst or outermost layer of this 
system has a refractive index loWer than that of the substrate 
and an optical thickness of about one-quarter Wavelength at 
a Wavelength of about 520 nm. The second or middle layer 
has a refractive index higher than that of the substrate and an 
optical thickness of about one-half Wavelength at a Wave 
length of about 520 nm. The third layer, i.e. the layer 
deposited on the substrate, has a refractive index greater than 
that of the substrate but less than that of the second layer. 
The optical thickness of the third layer is also about one 
quarter Wavelength at a Wavelength of about 520 nm. This 
basic design Was ?rst described in the paper by Lockhart and 
King, “Three Layered Re?ection Reducing Coatings”, J. 
Opt. Soc. Am., Vol. 37, pp. 6894694 (1947). 
A disadvantage of the basic three layer system is that the 

refractive indices of the layers must have speci?c values in 
order to produce optimum performance. The selection and 
control of the refractive index of the third layer is particu 
larly important. Deviation from speci?c refractive index 
values can not be compensated for by varying the thickness 
of the layers. 

Various modi?cations of the Lockhart and King system 
have been made to overcome there disadvantages. For 
example, the layer system has been modi?ed by forming at 
least one layer from mixtures of tWo materials having 
refractive indices higher and loWer than the desired value for 
the layer. The refractive index of one or more layers has also 
been simulated by using groups of thinner layers having 
about the same total optical thickness as the desired layer, 
but including layers having refractive index values higher 
and loWer than the desired value. 
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2 
Other modi?cations have included varying the refractive 

index of one or more of the layers as a function of thickness, 
i.e., having the refractive index of a layer inhomogeneous in 
the thickness direction. This approach is described in US. 
Pat. No. 3,960,441. Another modi?cation is the use of an 
additional layer between the basic three layer system and the 
substrate. This additional layer may have an optical thick 
ness of about one-half Wavelength, i.e., about half the 
thickness of the basic system, and a refractive index less 
than that of the substrate. This modi?cation is disclosed in 
US. Pat. No. 3,781,090. 
The layer systems discussed above are generally depos 

ited by thermal evaporation. In thermal evaporation, the time 
required to deposit the layers may be only a relatively small 
fraction of the total production time. The production time 
may be determined by such factors as pump doWn time for 
the coating chamber, the time required to heat substrates to 
process temperatures, and the time required to cool sub 
strates after coating. The number of layers in the coating, the 
thickness of the layers, and the layer materials may not have 
a signi?cant in?uence on production time and thus cost. 

DC reactive sputtering is the process most often used for 
large area commercial coating applications. Metal oxide 
layers, for example, are deposited by sputtering the appro 
priate metal in an atmosphere including oxygen. In the 
reactive sputtering process, the articles to be coated are 
passed through a series of in-line vacuum chambers, each 
including sputtering sources, i.e., sputtering cathodes. The 
chambers are isolated from one another by vacuum locks. 
Such a system may be referred to as an in-line system or 
simply a glass coater. 

The time taken to deposit the layers is determined mainly 
by the number of layers and the sputtering rate of the 
materials. The use of a glass coater to deposit multilayer 
antire?ection coatings can signi?cantly reduce their cost, 
extending their range of application. Such coatings may be 
used on picture frame glass, for a display case, and as 
thermal control coatings for architectural and automobile 
glaZings. 
Many of the materials used in thermal evaporation 

processes, particularly ?uorides and sul?des, are not easily 
sputtered. Conversely, a feW materials, such as Zinc oxide 
(ZnO), commonly used in the architectural glass sputtering 
systems are rarely, if ever used, in thermal evaporation 
processes. The sputtering rate of different materials may 
vary by a factor of greater than twenty. The choice of 
materials, therefore, can have a signi?cant in?uence on the 
deposition time and fabrication cost. In an in-line sputtering 
system With multiple chambers, each chamber may be set up 
to deposit one speci?c material. As such, the number of 
layers that can be deposited is determined by the number of 
chambers. A coating designed for sputter deposition should 
therefore be as simple as possible. It should also be made, if 
possible, from materials Which have a high sputtering rate. 
A simple improvement on the Lockhart and King system, 

Which may be suitable for in-line sputtering, is described in 
US. Pat. No. 3,432,225, the entire disclosure of Which is 
hereby incorporated by reference. This system, called the 
Rock system, includes four layers. The ?rst or outermost 
layer has a refractive index loWer than that of the substrate 
and an optical thickness of about one-quarter Wavelength at 
a Wavelength of about 520 nm. The second or middle layer 
has a refractive index higher than that of the substrate and an 
optical thickness of about one-half to six-tenths of a Wave 
length at a Wavelength of about 520 nm. The third layer has 
an optical thickness of about one-tenth of a Wavelength at a 
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Wavelength of 520 nm and a refractive index less than that 
of the second layer. The fourth layer has an optical thickness 
of about one-tenth of a Wavelength and a refractive index 
greater than the second layer and the substrate. The third 
layer may be the same material as the ?rst layer, and the 
fourth layer may be the same material as the second layer. 

The Rock system may be used With different combina 
tions of materials. Differences in refractive indices may be 
compensated for by different layer thicknesses. Speci?cally, 
for a selected set of materials, the layer thicknesses of the 
Rock system may be adjusted to provide optimum perfor 
mance. Speci?c refractive index values for the layers are not 
required. If a higher refractive index material Were used for 
the outer layer, then the refractive index of the second layer 
Would also need to be higher to produce the loWest re?ec 
tivity. HoWever, in order to obtain the loWest re?ection 
values, the refractive index of the ?rst and third layers 
should be less than about 1.5, and the refractive index of the 
second and fourth layers should be greater than about 2.2. A 
Rock system suitable for sputtering may use silicon dioxide 
(SiO2) With a refractive index of about 1.46 at 520 nm for 
the ?rst and third layers, and titanium dioxide (TiO2) With a 
refractive index of about 2.35 at 520 nm for the second and 
fourth layers. 
Magnesium ?uoride (MgFl) can be used to form the outer 

and third layers. Magnesium ?uoride may be deposited by 
sputtering but requires a reactive atmosphere including 
?uorine or hydrogen ?uoride. 

The Rock system is simple as it has only four layers. 
HoWever, since it requires a relatively high refractive index 
material, such as titanium dioxide, a, high sputtering rate is 
difficult to obtain. Typically, the deposition rate for titanium 
dioxide reactively sputtered from titanium is only one 
quarter that of silicon dioxide reactively sputtered from 
silicon. For a Rock system using titanium dioxide and 
silicon dioxide, the deposition of titanium oxide Would take 
about four times longer than the deposition of silicon 
dioxide. 

The Rock system may require approximately equal thick 
nesses of titanium dioxide and silicon dioxide. Silicon 
dioxide may be sputtered four times faster than titanium 
dioxide. In order to operate at optimum speed, a glass coater 
may require four times as many sputtering cathodes for 
titanium dioxide as for silicon dioxide. HoWever, the coater 
may not have enough chambers to accommodate all of these 
titanium dioxide cathodes. Thus, the deposition rate for the 
silicon dioxide Will have to be reduced to “keep pace” With 
the deposition rate of the titanium dioxide. This reduces 
output and increases production costs. 

It is Widely believed that materials Which can be deposited 
at high rates by DC reactive sputtering have relatively loW 
refractive indices. Deposition rate comparisons may be 
slightly inconsistent from source to source. The type of 
machine and cathode used may also in?uence the results. 
The folloWing approximate rate comparisons serve to illus 
trate the generalization. The refractive index values cited are 
the approximate values at a Wavelength of about 520 nm. 
Titanium dioxide has a refractive index of about 2.35, and 
tantalum oxide (Ta2O5) has a refractive index of about 2.25. 
Tantalum oxide may be deposited at about tWice the rate of 
titanium dioxide. Zirconium oxide (ZrO2) has a refractive 
index of about 2.15 and may be deposited at about tWice the 
rate of titanium dioxide. Tin oxide has a refractive index of 
about 2.0 and may be deposited about ten times the rate of 
titanium dioxide. And Zinc oxide has a refractive index of 
about 1.90 and may be deposited about ?fteen times the rate 
of titanium dioxide. 
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4 
A layer of a material such as Zinc oxide or tin oxide in an 

antire?ection coating may be included to cause the coating 
to be electrically conductive. Zinc oxide may be made 
conductive by doping it With aluminum, and tin oxide may 
be made conductive by doping it With antimony. The refrac 
tive index of the doped materials remains about 2.0. Other 
transparent conductive materials having a refractive index of 
about 2.0 include Cadmium Tin Oxide (Cadmium Stannate) 
and Indium Tin Oxide (ITO). 
A problem of using high index materials in a Rock-type 

antire?ection coating is that such materials are relatively 
sloW to deposit and impart a large quantity of heat to the 
substrate being coated. Although DC reactively sputtered 
materials such as titanium dioxide, niobium pentoxide, or 
tantalum pentoxide, or similar materials have an indices of 
refraction higher than 2.2, these materials impart so much 
heat to the substrate that only substrates having a high 
melting point, such as glass, are suitable. A large amount of 
heat is transferred to the substrate because the deposition 
process is sloWer and therefore there is more time for heat 
to be transferred, and because the materials are harder and 
may only be sputtered at higher temperatures. As a result, it 
is di?icult to deposit antire?ection coatings on temperature 
sensitive substrates such as plastic. A temperature sensitive 
substrate may be said to be a substrate Which has a melting 
point or ignition point loWer than the softening point of 
glass. A glass that is commonly used in anti-re?ective 
coatings is soda lime ?oat glass, Which has a softening point 
of about 620 degrees centigrade. 

Accordingly, an object of the present invention is to 
provide an antire?ection coating for a temperature sensitive 
substrate, such as plastic. 
Another object of the present invention is to provide an 

antire?ection coating for economical, high volume produc 
tion in an in-line reactive sputtering apparatus. 
A further object of the present invention is to provide an 

antire?ection coating utiliZing materials Which may be 
quickly sputtered in order to reduce the amount of heat 
transferred to the substrate. 

Yet another object of the present invention is to provide an 
antire?ection coating Wherein at least one of the layers is tin 
oxide, indium oxide, Zinc oxide, tin-doped indium oxide, 
bismuth-tin oxide, Zinc-tin oxide or antimony-doped tin 
oxide. 

Additional objects and advantages of the invention Will be 
set forth in the description Which folloWs, and in part Will be 
obvious from the description, or may be learned by practice 
of the invention. The objects and advantages of the invention 
may be realiZed and obtained by means of the instrumen 
talities and combinations particularly point out in the claims. 

SUMMARY OF THE INVENTION 

The present invention is directed to an antire?ection 
coating for a temperature sensitive substrate. The antire?ec 
tion coating includes tWo or more layers substantially trans 
parent to visible light. One of the layers is a DC reactively 
sputtered metal oxide Which may be deposited quickly and 
Without imparting a large amount of heat to the substrate. 
Suitable metal oxides include tin oxide, indium oxide, Zinc 
oxide, tin-doped indium oxide, antimony-doped tin oxide, 
bismuth-tin oxide, and Zinc-tin oxide. Another layer has a 
refractive index loWer than the substrate. 
The antire?ection coating may have four layers desig 

nated the ?rst, second, third and fourth layers in consecutive 
numerical order beginning With the layer furthest from the 
substrate. The ?rst layer has a refractive index loWer than the 



US RE39,215 E 
5 

substrate, and has an optical thickness of about one quarter 
A0. The second layer has a refractive index higher than the 
substrate and has an optical thickness betWeen about one 
quarter and one-third of A0. The third layer has a refractive 
index less than the second layer, and the fourth layer has a 
refractive index greater than the third layer. Combined, the 
third and fourth layers have a total optical thickness of less 
than one quarter A0. The K0, the design Wavelength, is 
betWeen about 480 nm and 560 nm. At least one of the 
second and fourth layers, and preferably both layers, is 
composed of a metal oxide layer such as tin oxide, indium 
oxide, Zinc oxide, tin-doped indium oxide, antimony-doped 
tin oxide, bismuth-tin oxide, and Zinc-tin oxide. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying draWings, Which are incorporated in, 
and constitute a part of the speci?cation, schematically 
illustrate a preferred embodiment of the present invention, 
and together With the general description given above, and 
the detailed description of the preferred embodiment given 
beloW, serve to explain the principles of the invention. 

FIG. 1 schematically illustrates a four layer antire?ection 
coating on a temperature sensitive substrate. 

FIG. 2 is a graphical representation illustrating computed 
re?ection values as a function of Wavelength for a substrate 
lacking an antire?ection coating, a substrate With a four 
layer antire?ection coating using titanium oxide, and a 
substrate With a four layer antire?ection coating in accor 
dance With the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention is directed to multilayer antire?ec 
tion coatings incorporating at least one DC reactively sput 
tered metal oxide layer. The metal oxide layer must be quick 
to deposit so that only a small amount of heat is transferred 
to the underlying substrate. Soft metals usually have fast 
metal oxide deposition rates. By a fast deposition rate it is 
meant that the layer may be disposed at least ?ve times faster 
than titanium dioxide and possibly up to tWenty or ?fty times 
faster. In addition, the metal oxide layers must be substan 
tially transparent to visible light. Suitable metals include tin, 
indium, Zinc, tin-doped indium, antimony-doped tin, 
bismuth-tin, and Zinc-tin. Yet another requirement for the 
metal oxide layer is that it have a reasonably high refractive 
index. Although a refractive index higher than 2.2, such as 
titanium dioxide, is not available because such materials are 
too sloW to deposit, a suitable metal oxide layer Will have a 
refractive index betWeen 1.95 and 2.2. 

An antire?ection coating according to the present inven 
tion may have tWo or more layers Which are substantially 
transparent to visible light. An outer layer should be a 
dielectric material, such as silicon dioxide, With an index of 
refraction loWer than the substrate. An inner layer should be 
a metal oxide With a reasonably high refractive index and 
Which may be deposited quickly and Without imparting a 
large amount of heat to the substrate. 

A temperature sensitive substrate such as plastic may be 
covered With this antire?ection coating because of the small 
amount of heat transferred to the substrate. The coating may 
cover plastic surfaces such as polycarbonate, acrylic, 
polystyrene, polyethylene, and CR 39. In general, plastics 
have indices of refraction ranging from 1.43 to about 1.62. 

As shoWn in FIG. 1, the present invention may be in the 
form of a Rock-type antire?ection coating. The coating 10 
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6 
may be formed on a plastic substrate 15. The refractive index 
of substrate index may be about 1.5 at a Wavelength of about 
5 10 nm. 

The four layer coating of the present invention includes 
layers 20, 22, 24, and 26. Layers 20, 22, 24, and 26 may be 
described both in terms of their optical thicknesses and their 
physical thickness. The optical thickness is a mathematical 
product of a layer’s physical thickness and its refractive 
index. The optical thickness is described as a fraction of a 
design Wavelength k0. In the present invention, k0 may be 
some Wavelength in the range from about 480 nm to 560 nm, 
corresponding approximately to the middle of the visible 
spectrum. The selection of the speci?c design Wavelength 
k0, Would depend on the range of Wavelengths over Which 
the coating must be effective. Preferably, k0 is about 510 to 
520 nm. 

The ?rst, or outermost layer 20, has a loW refractive 
index, preferably loWer than that of the substrate 15. The 
optical thickness of layer 20 is about one-quarter Wavelength 
at the design Wavelength A0. The second layer 22 has a 
refractive index higher than that of the substrate. The second 
layer 22 has an optical thickness betWeen about one-quarter 
and one-third Wavelength at the design Wavelength L0. This 
may be contrasted With the traditional Rock-type optical 
coating utiliZing titanium oxide in Which the second layer is 
one-half Wavelength or even more. The third layer 24 has a 
refractive index less than that of the second layer, and it may 
be equal to the refractive index of the ?rst layer. The third 
layer 24 has an optical thickness of about one-tenth Wave 
length or less at the design Wavelength A0. The fourth, or 
innermost layer 26, adjacent to the substrate, has a refractive 
index greater than that of the substrate. The refractive index 
of the fourth layer 26 may be equal to the refractive index 
of the second layer 22. Fourth layer 26 may have an optical 
thickness of about one-tenth Wavelength at the design Wave 
length A0. The total optical thicknesses of layers 24 and 26 
is generally less than about one-quarter Wavelength at the 
design Wavelength k0, and, more preferably, is about one 
sixth Wavelength. The refractive indices of layers 20 and 22 
must have a speci?c relationship to yield the loWest re?ec 
tion across the visible spectrum. The ?rst and third layers 
may have refractive indices betWeen about 1.2 and 1.5, and 
the second and fourth layers may have refractive indices 
betWeen about 1.9 and 2.2. 

In DC reactively sputtered coatings, the preferred material 
for layers 20 and 24 is silicon dioxide. This material is 
preferred because it is durable and is readily deposited by 
DC reactive sputtering. Silicon dioxide has a refractive 
index of about 1.46 at a Wavelength of about 520 nm. 

Layers 22 and 26 are DC reactively sputtered metal oxide 
layers. One of the layers 22 or 26 is a metal oxide layer 
Which may be quickly deposited, such as tin oxide, indium 
oxide, Zinc oxide, tin-doped indium oxide, antimony-doped 
tin oxide, bismuth-tin oxide and Zinc-tin oxide. In order to 
reduce the amount of heat that reaches the substrate, it is 
preferable that the thicker layer, second layer 22, be from 
this group. It is more preferable, hoWever, that both the 
second layer 22 and the fourth layer 26 be from this group 
of metal oxides. 
The metal oxide layers may be conductive or non 

conductive. It is preferred that tin oxide be used for a 
non-conductive metal oxide layer. It is preferred that tin 
doped indium be used for a conductive metal oxide layer. 
The present invention has been described in terms of a 

relative refractive index sequence and an optical thickness 
range. The exact physical and optical thickness of the layers 
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Will depend on the materials used, and the performance 
desired. In addition, different methods of deposition for a 
selected layer may produce different refractive index values. 
The human eye is more sensitive to some Wavelengths of 

visible light than other Wavelengths. One Way to measure the 
effectiveness of a antire?ection coating is to compare the 
luminosity of the coatings. Luminosity is an integration of 
the re?ectance of the coating over the visible Wavelengths, 
Weighted by the responsiveness of the human eye. 

FIG. 2 shoWs the computed re?ection performance for 
three different systems. The re?ectivity of a plain glass or 
plastic substrate Without any antire?ective coating is given 
by curve 30. In a glass or plastic substrate having a index of 
refraction of about 1.5, the re?ectance Will be about 4.3 
percent across the entire visible spectrum. Although both 
glass and plastic have slightly higher re?ectivity at the blue 
end of the spectrum, the re?ectivity may be approximated 
With a single value, as shoWn by curve 30. The luminosity 
of an uncoated substrate is about 4.3 percent. 

Curve 33 shoWs the re?ectance as a function of Wave 
length for a glass substrate having a four layer antire?ection 
coating constructed according to Rock, as discussed beloW 
With reference to Table 1, and using titanium oxide layers. 
Curve 36 shoWs the re?ectance as a function of Wavelength 
of a plastic substrate having a four layer coating constructed 
according to the present invention, and utiliZing a tin oxide 
layer that may be sWiftly deposited. 

In the example of Table 1, the material forming layers 20 
and 24 is silicon dioxide having a refractive index of about 
1.46, and the material forming layers 22 and 26 is titanium 
dioxide, having a refractive index of about 2.35. The lumi 
nosity of the four layer coating utiliZing tWo titanium 
dioxide layers is approximately 0.10 percent. This is a 
forty-fold improvement in luminosity over a glass substrate 
lacking an anti-re?ection coating. 

TABLE 1 

Refractive Optical 
Index at Thickness Thickness 

Material 550 mm (mm) A0 = 550 nm 

air 1.0 
1 SiO2 1.48 88.97 0.239 
2 TiO2 2.38 105.78 0.459 
3 SiO2 1.48 30.89 0.083 
4 TiO2 2.38 12.31 0.053 

substrate 1.52 

TWo speci?c examples of a coating 10 constructed 
according to the present invention are described beloW With 
reference to Tables 2 and 3. Curve 36 in FIG. 2 is the 
computed performance of the embodiment of Table 2. The 
computed performance of the embodiment of Table 3 is 
virtually identical to the performance of the embodiment of 
Table 2 shoWn by curve 36, and therefore is not shoWn. 

In the embodiment of Table 2, the ?rst layer and the third 
layer 24 are silicon dioxide (SiOZ), and the second layer 22 
and fourth layer 26 are tin oxide (SnOZ). The silicon dioxide 
layers have a refractive index of about 1.48 and the tin oxide 
layers have a refractive index of about 2.13 at a reference 
Wavelength A0 of 510 nm. The ?rst layer is 94.16 nm thick, 
the second layer is 76.35 nm thick, the third layer is 31.87 
nm thick and the fourth layer is 20.29 nm thick. This coating 
has a computed luminosity of about 0.19 percent. This is 
about a tWenty-fold improvement in luminosity over a 
plastic substrate lacking an antire?ection coating, and com 
pares favorably With the coating of Table 1. 
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TABLE 2 

Refractive Optical 
Index at Thickness Thickness 

Material 550 um (um) L0 = 550 nm 

air 1.0 
1 SiO2 1.48 94.16 0.253 
2 SnO2 2.00 76.35 0.278 
3 SiO2 1.48 31.87 0.086 
4 SnO2 2.00 20.29 0.074 

substrate 1.52 

In the embodiment of Table 3, silicon dioxide is used for 
the ?rst layer 20 and the third layer 24, and tin oxide is used 
for the second layer 22 and the fourth layer 26. The silicon 
dioxide layer has a refractive index of about 1.48 at the 
reference Wavelength A0 of 550 nm. The tin oxide layer has 
a refractive index of about 2.0 at the reference Wavelength 
of 550 nm. The ?rst layer is 92.22 nm thick, the second layer 
is 78.13 nm thick, the third layer is 32.21 nm thick and the 
fourth layer is 18.64 nm thick. This embodiment has a 
computed luminosity of approximately 0.22 percent, Which 
is about the same as the embodiment of Table 2. 

TABLE 3 

Refractive Optical 
Index at Thickness 

Material 510 nm Thickness L0 = 510 nm 

air 1 .0 
1 SiO2 1.48 92.22 0.268 
2 SnO2 2.13 78.13 0.302 
3 SiO2 1.48 32.21 0.094 
4 SnO2 2.13 18.64 0.072 

substrate 1.52 

A conductive coating for a temperature sensitive substrate 
may be constructed by replacing one or both tin oxide layers 
With tin-doped indium oxide layers. In the embodiment of 
Table 4, silicon dioxide is used for the ?rst layer 20 and the 
third layer 24, tin-doped indium oxide is used for the second 
layer 22, and tin oxide is used for the fourth layer 26. This 
embodiment has a computed luminosity of approximately 
0.20 percent. 

TABLE 4 

Refractive Optical 
Index at Thickness 

Material 550 nm Thickness L0 = 550 nm 

air 1.0 
1 SiO2 1.48 92.02 0.248 
2 ITO 2.04 76.11 0.282 
3 SiO2 1.48 28.35 0.076 
4 SnO2 2.00 22.83 0.083 

substrate 1.52 

A nonconductive coating for a plastic substrate having a 
loW index of refraction may be constructed in accord With 
this invention. In the embodiment of Table 5, the substrate 
15 is acrylic plastic With an index of refraction of 1.475. 
Silicon dioxide is used for the ?rst layer 20 and the third 
layer 24, and tin oxide is used for the second layer 22 and 
the fourth layer 26. This embodiment has a computed 
luminosity of approximately 0.18 percent. 
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TABLE 5 

Refractive Optical 
Index at Thickness 

Material 550 nm Thickness A0 = 550 nrn 

air 1.0 
1 SiO2 1.48 93.54 0.252 
2 SnO2 2.00 76.35 0.278 
3 SiO2 1.48 35.10 0.094 
4 SnO2 2.00 19.13 0.070 

substrate 1.47 

The deposition rates of the metal oxides used in the 
coatings of the present invention are very high, about ?ve to 
?fty times higher than titanium dioxide, and may equal or 
exceed the sputtering speed of silicon dioxide. Thus, the 
coating of the present invention may be deposited in an 
in-line device where the substrate moves at a constant high 
linespeed. This greatly reduces production costs because of 
higher production speeds. 

For example, a coating with silicon dioxide and tin oxide 
layers, such as the coating of Table 2, may be deposited by 
DC reactive sputtering in an argon and oxygen atmosphere 
on a 42 inch by 50 inch substrate at a linespeed of 80 inches 
per minute. The in-line machine may have one tin cathode 
running at approximately 8 KW each, two silicon cathodes 
running at approximately 15 KW each, two tin cathodes 
running at approximately 10 KW each, and ?nally six silicon 
cathodes running at approximately 15 KW each. 

Deposition of the metal oxide layers of the present 
invention uses only about two percent of the input power 
that would be required by titanium oxide layers running at 
the same linespeed. For example, to deposit a coating with 
silicon dioxide and titanium dioxide layers, such as the 
antire?ection coating of Table 1, at a linespeed of 80 inches 
per minute, the in-line coater would need at least seven 
titanium cathodes running at 150 KW each. Therefore, a 
coating constructed according to the present invention will 
impart only about two percent as much heat to the substrate 
a coating using titanium dioxide. In addition, a coating 
constructed according to the present invention can be depos 
ited at reasonable input power at high linespeed. 

The present invention has been described in terms of 
preferred embodiments. The invention, however, is not 
limited to the embodiments depicted and described. Rather, 
the scope of the invention is de?ned by the appended claims. 
What is claimed is: 
1. A coated article comprising: 
a temperature-sensitive substrate having a melting point 

lower than glass; 
an anti-re?ection coating including a plurality of layers 

[substantially] transparent to visible light, at least [one] 
two of said layers being a [DC] reactively sputtered 
high refractive index material layer having a refractive 
index higher than said substrate and between approxi 
mately 1.9 and 2.2 and selected from the group con 
sisting of tin oxide, indium oxide, Zinc oxide, tin-doped 
indium oxide, antimony-doped tin oxide, tin-bismuth 
oxide, and tin-Zinc oxide, and at least one other layer 
being a low refractive index material layer having a 
refractive index lower than said substrate, wherein said 
high refractive index material layer farthest from said 
substrate having an optical thickness of about one 
quarter to one-third wavelength at a wavelength 
between 480 and 560 nanometers. 

2. The article of claim 1 wherein said substrate is plastic. 
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3. The article of claim 1 wherein said other layer is 

[substantially] silicon dioxide. 
4. The article of claim 3 wherein said [DC] reactively 

sputtered material is tin oxide. 
5. The article of claim 3 wherein said [DC] reactively 

sputtered material is tin-doped indium oxide. 
[6. The article of claim 1 wherein said DC reactively 

sputtered material has a refractive index between 1.9 and 
2.2. ] 

7. The article of claim 1 wherein said plurality of layers 
includes four layers designated the ?rst, second, third, and 
fourth layers in consecutive numerical order beginning with 
the layer farthest from the substrate, 

said ?rst layer composed of silicon dioxide and having a 
refractive index lower than said substrate and having an 
optical thickness of about one-quarter wavelength at a 
wavelength between 480 and 560 nanometers, 

said second layer having a refractive index higher than 
said substrate and between approximately 1.9 and 2.2 
and having an optical thickness between about one 
quarter and one-third of a wavelength at a wavelength 
between 480 and 560 nanometers and comprising one 
of said two layers, 

said third layer having a refractive index lower than said 
second layer and comprising said one other layer, 

said fourth layer having a refractive index greater than 
said third layer and comprising the other of said two 
layers, 

said third and fourth layers having a total optical thickness 
less than one-quarter wavelength at a wavelength 
between 480 and 560 nanometers, and 

[at least one of] said second and fourth layers being said 
selected sputtered material. 

8. A process for making a coated article, comprising the 
steps of: 

providing a temperature-sensitive [surface] substrate hav 
ing a melting point lower than glass and a surface for 
receiving an anti-re?ection coating; [and] 

[disposing] depositing an anti-re?ection coating including 
a plurality of layers substantially transparent to visible 
light on said surface, said disposing step including the 
steps of [DC reactively] sputtering [a] at least two 
layers of high refractive index material selected from 
the group consisting of tin oxide, indium oxide, Zinc 
oxide, tin-doped indium oxide, antimony-doped tin 
oxide, tin-bismuth oxide, and tin-Zinc oxide, and hav 
ing an index of refraction between approximately 1.9 
and 2.2 wherein the layer of high refractive index 
material farthest from the substrate has an optical 
thickness of about one-quarter to one-third wavelength 
at a wavelength from 480 to 560 nanometers; and 

depositing at least one [other] layer of a low refractive 
index material having a refractive index [di?‘erent 
from] lower than said [DC reactively sputtered] high 
refractive index material wherein one of said low 
refractive index material layers is deposited between 
said high refractive index material layers. 

9. An anti-re?ection coating for a substrate, comprising: 
four layers substantially transparent to visible light and 

designated the ?rst, second, third, and fourth layers in 
consecutive numerical order beginning with the layer 
farthest from the substrate; 

said ?rst layer [substantially] composed of silicon dioxide 
having a refractive index lower than said substrate, an 
optical thickness of about one-quarter wavelength at a 
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Wavelength between 480 and 560 nanometers, and a 
physical thickness of about 94.2 nanometers; 

said second layer [substantially] composed of [DC reac 
tively sputtered] tin oxide having a refractive index 
higher than said substrate, an optical thickness betWeen 
about one-quarter and one-third of a Wavelength at a 
Wavelength betWeen 480 and 560 nanometers, and a 
physical thickness of about 76.4 nanometers; 

said third layer [substantially] composed of silicon diox 
ide having a refractive index loWer than said second 
layer and a physical thickness of about 31.9 nanom 
eters; 

said fourth layer [substantially] composed of [DC reac 
tively sputtered] tin oxide having a refractive index 
greater than said third layer and a physical thickness of 
about 20.3 nanometers; and 

said third and fourth layers having a total optical thickness 
less than one-quarter Wavelength at a Wavelength 
betWeen 480 and 560 nanometers. 

10. An anti-re?ection coating for a substrate, comprising: 
four layers [substantially] transparent to visible light and 

designated the ?rst, second, third, and fourth layers in 
consecutive numerical order beginning With the layer 
farthest from the substrate; 

said ?rst layer [substantially] composed of silicon dioxide 
having a refractive index loWer than said substrate, an 
optical thickness of about one-quarter Wavelength at a 
Wavelength betWeen 480 and 560 nanometers, and a 
physical thickness of about 92.2 nanometers; 

said second layer [substantially] composed of [DC reac 
tively sputtered] tin oxide having a refractive index 
higher than said substrate, an optical thickness betWeen 
[about] one-quarter and one-third of a Wavelength at a 
Wavelength betWeen 480 and 560 nanometers, and a 
physical thickness of about 78.1 nanometers; 

said third layer [substantially] composed of silicon diox 
ide having a refractive index loWer than said second 
layer and a physical thickness of about 32.2 nanom 
eters; 

said fourth layer [substantially] composed of [DC reac 
tively sputtered] tin oxide having a refractive index 
greater than said third layer and a physical thickness of 
about 18.6 nanometers; and 

said third and fourth layers having a total optical thickness 
less than one-quarter Wavelength at a Wavelength 
betWeen 480 and 560 nanometers. 

1]. The article ofclaim 1 wherein said sputtered material 
is a DC reactively sputtered material. 

12. The article of claim 1] wherein said substrate is 
plastic. 

13. The article of claim 12 wherein said DC reactively 
sputtered material is tin oxide. 

14. The article of claim 12 wherein said DC reactively 
sputtered material is tin-doped indium oxide. 

15. The article of claim 1] wherein said other layer is 
substantially silicon dioxide. 

16. The article ofclaim 1] wherein saidplurality oflayers 
includes four layers designated the first, second, third and 
fourth layers in consecutive numerical order beginning with 
the layer farthest from the substrate, 

said?rst layer composed ofsilicon dioxide with a refrac 
tive index lower than said substrate and having an 
optical thickness of about one-quarter wavelength at a 
wavelength between 480 and 560 nanometers, 

said second layer having a refractive index higher than 
said substrate and between approximately 1.9 and 2.2 
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and having an optical thickness between about one 
quarter and one-third of a wavelength at a wavelength 
between 480 and 560 nanometers and comprising one 
of said two layers, 

said third layer having a refractive index lower than said 
second layer and comprising said one other layer, 

said fourth layer having a refractive index greater than 
said third layer and comprising the other ofsaid two 
layers, said third and fourth layers having a total 
optical thickness less than one-quarter wavelength at a 
wavelength between 480 and 560 nanometers, and said 
second and fourth layers being said selected sputtered 
material. 

1 7. The article ofclaim 1 wherein the low refractive index 
material farthest from said substrate has an optical thick 
ness of about one-quarter wavelength at a wavelength from 
480 to 560 nanometers. 

18. The process of claim 8 wherein the step of sputtering 
is DC reactively sputtering. 

19. The process of claim 8 wherein the act of depositing 
at least one other anti-re?ection coating layer comprises 
depositing the layer between the at least two layers. 

20. The process of claim 8 wherein the low refractive 
index material farthest from said substrate is deposited at an 
optical thickness of about one-quarter wavelength at a 
wavelength from 480 to 560 nanometers. 

2]. The coating ofclaim 9 wherein the tin-oxide ofsaid 
second layer is reactively sputtered and the tin oxide of said 
fourth layer is reactively sputtered. 

22. The coating ofclaim 2] wherein said tin oxide ofsaid 
second layer is DC reactively sputtered and said tin oxide of 
said fourth layer is DC reactively sputtered. 

23. The coating ofclaim 9 wherein the tin oxide ofsaid 
second layer is sputtered and the tin oxide of said fourth 
layer is sputtered. 

24. The coating ofclaim 10 wherein the tin oxide ofsaid 
second layer is reactively sputtered and the tin oxide of said 
fourth layer is reactively sputtered. 

25. The coating ofclaim 24 wherein the tin oxide ofsaid 
second layer is DC reactively sputtered and the tin oxide of 
said fourth layer is DC reactively sputtered. 

26. The coating ofclaim 10 wherein the tin oxide ofsaid 
second layer is sputtered and the tin oxide of said fourth 
layer is sputtered. 

27. An article comprising: 
(a) a temperature-sensitive substrate having a melting 
point lower than glass; and 

(b) an anti-re?ective coating comprising a plurality of 
layers transparent to visible light beginning with the 
first layer being farthest from said substrate, wherein: 
(Z) a first layer and a third layer are composed of 

silicon dioxide; and 
(2) a second layer and a fourth layer have refractive 

indices between approximately 1.9 and 2.2 and are 
each composed of and selected from the group 
consisting of tin oxide, indium oxide, Zinc oxide, 
tin-doped indium oxide, antimony-doped tin oxide, 
tin-bismuth oxide, and tin-Zinc oxide, wherein said 
second layer has an optical thickness ofabout one 
quarter to one-third wavelength at a wavelength 
from 480 to 560 nanometers. 

28. The article of claim 27 wherein the temperature 
sensitive substrate is plastic. 

29. The article ofclaim 27 wherein said?rst layer has an 
optical thickness of about one-quarter wavelength at a 
wavelength from 480 to 560 nanometers. 

30. An article comprising: 
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(a) a temperature-sensitive substrate having a melting 
point lower than glass; and 

(b) an anti-re?ection coating comprising a plurality of 
layers transparent to visible light, wherein: 
(1) a first layer and a third layer are composed of 

silicon dioxide and 
(2) a second layer and af‘ourth layer have refractive 

indices between approximately 1.9 and 2.2, and 
wherein the second andf‘ourth layers are each com 
posed of and selected from the group consisting of tin 
oxide, indium oxide, Zinc oxide, tin-doped indium 
oxide, antimony-doped tin oxide, tin-bismuth oxide, 
and the tin-Zinc oxide, wherein the second layer has 
a thickness of between approximately 77.11 and 
78.13 nm. 

31. An article comprising: 
(a) a temperature-sensitive substrate having a melting 
point lower than glass; and 

(b) an anti-re?ection coating comprising a plurality of 
layers transparent to visible light, wherein: 
(1) a first layer and a third layer are composed of 

silicon dioxide; and 
(2) a second layer and af‘ourth layer have refractive 

indices between approximately 1.9 and 2.2, and 
wherein the second and fourth layers are each com 
posed of and selected from the group consisting of tin 
oxide, indium oxide, Zinc oxide, tin-doped indium 
oxide, antimony-doped indium oxide, tin-bismuth 
oxide, and tin-Zinc oxide, wherein the fourth layer 
has a thickness of between approximately 18. 64 and 
22.83 nm. 

32. A methodf‘orproviding an anti-re?ection coating to a 
plastic substrate, wherein the coating comprises a first, 
second, third and fourth layer in consecutive numerical 
order, each layer being transparent to visible light, with the 
first layer being farthest from the substrate, comprising: 

depositing the fourth layer by reactive sputtering, wherein 
the fourth layer is composed of tin-doped indium oxide 
having an index of refraction between approximately 
1.9 and 2. 2; 

depositing the third layer on thef‘ourth layer by reactive 
sputtering, wherein the third layer is composed of 
silicon dioxide; 

depositing the second layer on the third layer by reactive 
sputtering at an optical thickness of about one-quarter 
to one-third wavelength at a wavelength from 480 to 
560 nanometers, wherein the second layer is substan 
tially composed of tin-doped indium oxide having an 
index of‘refraction between approximately 1.9 and 2.2; 
and 

depositing the first layer on the second layer by reactively 
sputtering, wherein the first layer is substantially com 
posed of silicon dioxide. 

33. The method of‘claim 32 wherein said?rst layer has an 
optical thickness of about one-quarter wavelength at a 
wavelength from 480 to 560 nanometers. 

34. An anti-re?ection coating for a plastic substrate 
comprising: 

(1) a first layer composed of silicon dioxide; 
(2) a conductive second layer, closer to the substrate than 

the first layer, composed of tin-doped indium oxide 
having an index of refraction between approximately 
1.9 and 2.2 and an optical thickness of about one 
quarter to one-third wavelength at a wavelength from 
480 to 560 nanometers; 

(3) a third layer, closer to the substrate than the second 
layer, composed of‘silicon dioxide; and 

5 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
(4) a conductive f‘ourth layer, closer to the substrate than 

the third layer, composed of tin-doped indium oxide 
having an index of refraction between approximately 
1.9 and 2. 2, 

wherein the first, second, third and fourth layers are 
transparent to visible light. 

35. The coating of‘claim 34 wherein said?rst layer has an 
optical thickness of about one-quarter wavelength at a 
wavelength from 480 to 560 nanometers. 

36. A methodf‘orproviding an anti-re?ection coating to a 
plastic substrate, wherein the coating comprises a first, 
second, third and fourth layer in consecutive numerical 
order with the first layer being farthest from the substrate, 
wherein each layer is transparent to visible light, compris 
ing: 

depositing the first and third layers by reactive sputtering, 
wherein the first layer is composed of silicon dioxide; 
and 

depositing the second and fourth layers by reactively 
sputtering, wherein the second and fourth layers have 
an index of refraction between approximately 1.9 and 
2.2, are composed of and selected from the group 
consisting of tin oxide, indium oxide, Zinc oxide, tin 
doped indium oxide, antimony-doped tin oxide, tin 
bismuth oxide, and tin-Zinc oxide and wherein said 
second layer is applied at an optical thickness of‘about 
one-quarter to one-third wavelength at a wavelength 
from 480 to 460 nanometers. 

37. The method of‘claim 36, wherein the act of‘depositing 
the second and fourth layers comprises depositing the 
second layer such that the layer is between approximately 
76.11 and 76.35 nm and depositing thef‘ourth layer such that 
the layer is between approximately 18.64 and 22.83 nm. 

38. The method of‘claim 36, wherein the act of‘depositing 
the first silicon dioxide layer comprises depositing the layer 
such that the layer is between approximately 92.02 and 
94.16 nm. 

39. The method of‘claim 36 wherein said?rst layer has an 
optical thickness of about one-quarter wavelength at a 
wavelength from 480 to 560 nanometers. 

40. An anti-re?ection coating for a plastic substrate 
comprising: 

a plastic substrate and a coating wherein said coating 
includes, 

four layers transparent to visible light designated the first, 
second, third and fourth layers in consecutive numeri 
cal order beginning with the layer farthest from the 
substrate, said first and third layers comprised of 
silicon dioxide and said second and fourth layers 
having a refractive index higher than said substrate 
and between 1.9 and 2.2 and selectedf‘rom the group 
consisting of tin oxide, indium oxide, Zinc oxide, tin 
doped indium oxide, antimony-doped tin oxide, tin 
bismuth oxide and tin-Zinc oxide; and 

said second layer having an optical thickness of about 
one-quarter to one-third of a wavelength at a wave 
length of‘about 480 to 560 nanometers. 

41. The coating of‘claim 40 wherein said?rst layer has an 
optical thickness of about one-quarter wavelength at a 
wavelength from 480 to 560 nanometers. 

42. An anti-re?ective coating for a plastic substrate 
consisting essentially of:' 

a plurality of high refractive index material layers trans 
parent to visible light, having a refractive index 
between 1.9 and 2.2 and selected from the group 
consisting of tin oxide, indium oxide, Zinc oxide, tin 
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doped indium oxide, antimony-doped tin oxide, tin 
bismuth oxide and tin-Zinc oxide and wherein the high 

16 
index higher than said substrate and between 1.9 and 
2.2 and selectedfrom the group consisting of‘tin oxide, 

refractive index material layer farthest from said sub 
strate has an optical thickness of about one-quarter to 
one-third wavelength at a wavelengthf‘rom 480 to 560 5 
nanometers; and 

indium oxide, Zinc oxide, tin-doped indium oxide, 
antimony-doped tin oxide, tin-bismuth oxide and tin 
Zinc oxide; and 

at least one low refractive index material layer having a 
refractive index lower than said substrate wherein said 
at least one low refractive index material layer is 
positioned between said first and second high refractive 
index material layers and the high refracting index 
material layer farthest from said substrate has an 
optical thickness of about one-quarter to one-third 
wavelength at a wavelength from 480 to 560 nanom 
eters. 

45. The coating of claim 44 wherein the low refractive 
index material farthest from said substrate has an optical 
thickness of about one-quarter wavelength at a wavelength 

0 from 480 to 560 nanometers. 

at least one low refractive index material layer having a 
refractive index material layer lower than each of said 
plurality of high refractive index material layers 
wherein one of‘said at least one low refractive index 10 
material layers is disposed between adjacent ones of 
saidplurality of‘high refractive index material layers. 

43. The coating of claim 42 wherein the low refractive 
index material farthest from said substrate has an optical 
thickness of about one-quarter wavelength at a wavelength 15 
from 480 to 560 nanometers. 

44. An anti-re?ection coating for a plastic substrate 
comprising: 

a plurality of‘high refractive index material layers com 
prising first and second high refractive index material 
layers transparent to visible light having a refractive * * * * * 


