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D.C. REACTIVELY SPUTTERED
ANTIREFLECTION COATINGS

BACKGROUND OF THE INVENTION

The present invention relates generally to multilayer
.5 antireflection coatings for substrates, and more

particularly to multilayer antireflection coatings

deposited on transparent substrates by sputtering.

The simplest antireflection coating is a single layer
of a transparent material having a refractive index
10 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
15 wavelength of about 420 nm to a wavelength of about 680
nm. A single layer coating produces a minimum
reflection value at the wavelength at which the layer's
optical thickness is one~-quarter of the wavelength. At
all other wavelengths the reflection is higher than the
20 minimum but less than the reflection of an uncoated
substrate. An uncoated glass surface having a
fefractivea index of about 1.52 reflects about 4.3
perceh‘t of the normally-incident light. Coating the
substrate with a layer of magnesium fluoride (MgF,)
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having a refractive index of about 1.38 produces a
minimum reflection of about 1.3 percent.

Multilayer antireflection coatings are made

DY
depositing two or more layers of transparent dielectric
5 materials on a substrate. At least one layer has a

refractive index higher than the refractive index of
the substrate. The 1ayer systems usually include at
least three layers and are designed to reduce
reflection at all wavelengths in the visible spectrun.
10 Multilayer antireflection coatings may yield reflection

values of less than 0.25 percent over the visible
spectrun. |

Most mu‘ltiléyer antii:eflection coatings are derived
from a basic three 1layer systen. The first or

15 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 nn. ' The second or middle laver
has a refractive index higher than that of the

<0 substrate and an optical thickness of about one-half
wavelength at a wavelength of about 520 nm. The third
layer, l.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

25 thickness of the third layer is also about one-quarter
wavelength at a wavelength of about 520 nm. This basic
design was first described in the paper by Lockhart and
King, "Three Layered Reflection Reducing Coatings", J.
dgt. Soc. Am. , Vol. 37, pp. 689-694 (1947).

30 A disadvantage of the Lockhart and King system is that
the refractive indices of the layers must have specific
values in order to produce optimum performance. The
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selection and control of the refractive index of the
third layer is particularly important. Deviation from
specific refractive index values can not be compensated
for by varying the thickness of the layers.

5 Various modifications of the Lockhart and King systemn
have been made tTo overcome these disadvantages. For
example, the layer system has been modified by forming
at least one layer from mixtures of two materials
having refractive indices higher and lower than the

10 desired value for the layer. The refractive index of
one or more 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
15 the desired value.

other modifications 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
20 direction. This approach is described in U.S. Patent
No. 3,960,441. Another modification 1s the use of an
additional layer between the basic three layer system
and the substrate. This additional layer may have an
optical thickness of about one-half wavelength, i.e.,
25 about half the thickness of the basic system, and a
refractive index less than that of the substrate. This
modification is disclosed in U.S. Patent No. 3,781,090.

The layer systems discussed above are generally
deposited by thermal evaporation. In thermal
30 evapofation, 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
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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

substrates after coating. 7The number of layers in the
5 coat;ing, the thickness of the layers, and the layer
materials may not have a significant influence on

production time and thus cost.

DC reactive sputtering is the process most often used
for large area commercial coating applications. For

10 example, this process may be carried out in a glass
coater or in-line system to deposit thermal control
coatings for architectural and automobile glazings. 1In
the glass coater, the articles to be coated are passed
through a series of in-line vacuum chambers, each

15 including sputtering sources, 1i.e., sputtering
cathodes. The chambers are 1solated from one another
by vacuum locks.

The time taken to deposit the layers 1is determined
mainly by the number of layvers and the sputtering rate

20 of the materials. The use of a glass coater to deposit
multilayer antireflection coatings can significantly
reduce. their cost, extending their range of
application.

Many of the materials used in thermal evaporation
25 processes, particularly fluorides and sulfides, are not
easily sputtered. Conversely, a few materials, such as
zinc oxide (Zn0), .comnorily used in the architectural
glass sputtering systems are rarely, if ever used, in
thermal evaporation processes. The sputtering rate of
30 different materials may vary by a factor of greater
than twenty. The choice of materials, therefore, can
have a significant influence on the deposition time and
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fabrication cost. 1In an in-line sputtering system with
multiple chambers, each chamber may be set up to
deposit one specific 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 alsc be made, if possible, from materials
which have a high sputtering rates.

A simpla improvamant on the Lockhart and King systen,
which may be suitable for in-line sputtering, is
described in U.8. Patent No. 3.,432.228. This system,

called the Rock system, includes four layers. The first
Oor 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 mm.
The second or middle layer has a refractive index higher

than that of the substrate and an optical thickness of

wavelength at a wavelength of about 520 mm. The third

layer has an optical thickness of about one-tenth of 3

wavelength at a wavelength of 520 mm 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 first layer, and the fourth layer may be the

same material as the second lavyer.

Even though the Rock system is somewhat similar to the

Lockhart and King system, in that it has about the same
total optical thickness, it functions in a unique way.

Specifically, for a selected set of materials, the
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layer thicknesses of the Rock system may be adjusted to
provide optimum performance. Specific refractive index |
values for the layers are not required.' However, 1in
order to obtain a low reflection value, for example

5 less than 0.5 percent across the entire wvisible
spectrum, the refractive index of the first and third
layers should be 1less than about 1.5, and the
refractive index of the second and fourth layers should
be greater than about 2.2. A Rock system sultable for

10 sputtering may use silicon dioxide (Si0,) for the first

and third layers, and titanium dioxide (Ti0,) for the
second and fourth layers.

The Rock system is simple as it has only four layers.
However, since it requires a relatively high refractive
15 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 dioxidé reactively sputtered from silicon. For
20 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. |

Certain materials with refractive indices less than
25 about 2.2 have relatively high sputtering rates. For
example, zirconium dioxide (2r0,) can be deposited
about twice as fast as titanium dioxide, tin oxide
(SnO,) about ten times faster than ‘titanium dioxide,
and zinc oxide (2n0) about fifteen times faster than
30 titanium dioxide. Zirconium oxide has a refractive

index of about 2.1, tin oxide of about 2.0 and zinc
oxide of about 2.0.
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The problem with using high sputtering r'al’t:e2 ﬁ;cgislags
for the Rock system is illustrated by Figure 1. Curve
A shows the reflection values, as a function of
wavelength, for a system incorporating titanium dioxide
5 and silicon dioxide layers. The layer sequence and
thickness are shown in Table 1. The layer thickness is
described as fractions of a wavelength at a wavelength
Ao, Which 1is known as the center wavelength or the

design wavelength.

10
Table 1
Refractive Optical
Index Thickness
Laver . Material € 510 nm Ao=510 nn
Alr 1.0 Entrance Medium
1 sio, 1.46 0.2148)\,
2 Tio, 2.35 0.5204\,
15 3 Si0, 1.46 0.1022)\,
4 Ti0, 2.35 - 0.0567A,
Glass 1.52 Substrate

/

Curve B shows the reflection values for a system 1n
which zinc oxide, instead of titanium'oxide, 1s used
for the second layer. The layer thicknesses were

20 modified slightly to obtain optimum result with the new
-combination of materials. The layer sequence and
thickness are shown in'Table 2,
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Table 2
Refractive Optical
Index Thickness
Layer Material @ 510 nm Ao = 510 nm
Air 1.0 Entrance Medium
1 sio, 1.46 | 0.2369\,
2 Zno 2.01 0.3959\,
5 3 sio, 1.46 0.0771X,
4 TiO, 2.35 0.0441\,
Glass 1.52 Substrate
As shown, the structure of Table 2 provides

antireflection performance (curve B) over a narrower
spectral'region than the structure of Table 1 (curve
10 A). This is evident from the higher reflectivity at the
extremes of the visible spectrum at about 420 nm (WB)
and 680 nm (WR). The reflectivity of the Table 2
structure (curve B) in the spectral range from 460 to
640 nm is two to three times higher than the Table 1
15 structure (curve A).. Thus, the higher production rate
produced by using zinc oxide instead of titanium oxide

is only accomplished at the expense of a significant.
reduction in performance.

It 1is o_bject of the present invention to provide an
20 antireflection system for economical, high volunme
production in an in-line reactive sputtering apparatus.

It is another objedt of the present invention to
provide an antireflection coating with a performance
comparable to the Rock system but wherein only about
25 one-quartei' of the total optical thickness of the
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coating includes a material having an index of

refraction greater than about 2.2.

T+ is a further object of the present invention to
provide an antireflection coatings which may use a

5 material having a refractive index of about 2.0 for the
thickest, high refractive indeXx layer.

It is yet another object of the present invention to
provide an antireflection coating wherein at least the
material used to form the 't,hickest, high refractive

10 index layer has a sputtering rate about ten times
faster than that of titanium dioxide.

It is still another object of the present invention to
provide an antireflection coating which has no more
than five layers and wherein the total optical

15 thickness is less than or equal to about one wavelength
at a wavelength between about 480 nm to 560 nm.

SUMMARY OF THE INVENTION
The present inventilon comprises an antireflection
coating having a system of five layers. The layers are
20 designated the first, second, third, fourth and fifth
in consecutive numerical order beginning with the layér
farthest from the substraté. The first layer has a
refractive index lower than the substrate and an
optical thickness of about 0.25 No. The second layer
25 has a refractive'index greater than about 2.20 and an
optical thickness less than about 0.25 Ay The third
layer has a refractive index less than the second layer
and an optical thickness between about 0.25 Ao, and 0.5
N,» The fourth layer has a refractive index less than
30 the third layer and has an optical thickness less than
about 0.25 A,. The fifth layer has a refractive index
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greater than the substrate and greater than the fourth
layer. The optical thickness of the fifth layer is

less than about 0.25 A;. The \,, the design wavelength,
is between about 480 nm and 560 nm.

5 The system may comprise first, second, third, fourth
and fifth layers made from silicon dioxide, titanium
dioxide, zinc oxide, silicon dioxide, and titanium
dioxide, respectively. The system may provide a
photopic reflection of 1less than 0.25 percent as

10 deposited on a transparent substrate having a
refractive index of about 1.52. The system may be
produced about two times faster than a four layer
system having substantially the same optical
performance, but wherein the first, second, third, and

15 fourth layers are made from silicon dioxide, titanium

dioxide, silicon dioxide and titanium dioxide,
respectively.

BRIFKF DESCRIPTION OF THE DRAWINGS

The accompanying drawings,which are incorporated in and
20 constitute a part of the specification, schematically
“illustrate , among other things, embodiments of the
present invention and together with the general
description given above and the detailed description of

the embodiments given below serve to explain the
25 principles of the invention.

Figure 1 graphically illustrates reflectance as a
function of wavelength for a four layer systen.

Figure 2 schematically illustrates the £five layer
system of the present invention.
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Figure 3 graphically illustrates reflection as a

present invention and a four layer syste

illustrates reflection' as a

5 Figure 4 graphically
the

avelength for a five layer system of

in which the refractive 1index
are inverted

function of W

present invention
sequence of the second and third layers

from that of Figure 3.

10 Figure 5 graphically. i1lustrates reflection as a
gth of another embodiment of the

art.

$11lustrates a SiX layer

Figure 6 schematically
h the present invention.

15 embodiment in accordance wit

function of wavelength for a sSixX

accordance with the present invention.

Figure 8 'schematically illustrates an in=-line

20 sputtering system.

DETAILED DESCRIPTION OF THE INVENTION

As shown in Figure 2, wherein like reference numerals

~refer to like components throughout the various

the five layer system 20 of the present
28, 30, 32, and 34. The

22 of a

figures,
»5 invention includes layers 26,
deposited on 2 surface

aAs discussed in detail

transparent substrate 24.
or more

below, system 20 may be modified by adding one

layers to accommodate different materials.
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The thickness ©f layers 26, 28, 30, 32, and 34 are
described in terms of their optical thickness. The
optical thickness is the mathematical product of a

layer's physical thickness and its refractive index.
The optical thickness is described as a fraction of a
wavelength A, which is known to those skilled in the
art as the design wavelength or the center wavelength.
In the present invention, A\, may be some wavelength in
the range from about 480 nm to 560 nm, corresponding

approximately to the middle of the visible spectrun.
The selection of the specific design wavelength will

depend on the range of wWavelengths over which the
coating nmust be effective.

The first or outermost layer 26 of system 20 has a

similar function to the first layer in the Rock systen.
Layer 26 should have a refractiva index lass than the
rafractive indaex of the substrate, and it may have an
optical thickness of about one~-quartar wavalaength at
the design wavelength of choice. The fourth and fifth
layers 32 and 34, respectively, have a similar functien
o the third andfourth layers of the Rock system. The
individual thicknaess of fourth and fifth layers 32 and
34, respectively, may not be greater than about one-
quartaer wavelength at the design wavelength. Their
combined thickness may be about ocne-quarter wavelength
at the design wavelength. The refractive index of
fifth layer 34 must be higher than the refractive index
Cf the substrate 24, and the refractive index of fourth

layer 32 must be less than that of fifth layer 34,

The relative <thickness and the refractive index
relationship of second and third layers 28 and 30,
respectively, are critical to the present invention.
The combined optical thickness of lavers 28 and 30 isg

oot et S 11320 R T M L ] S e O K S0 1 3 of N SRR M N M B A TG 1 g N gl e Pt g B =y ' Teveudeucalwpal - : Ahatde = . - R (N R
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layer 30. The refractive index of thirg layer 30 must

32. The optical thickness of Seécond layer 28 is less

10 wavelength at the design wavelength

15 desired.

20 28 ang 34, and it has a refractive index of about 2.35.

The refractive index data for Ssystem 20 was obtained
<> from measurements ©f actual layers deposited by

30 accommodated.by changing the thickness of one Or more
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reflectivity over the wavelength range from about 425
to 675 nm. The layer sequence and optical thicknesses
are shown in Table 3. The design waveléngth A\, was
about 510 nm. The total optical thickness of titanium
5 oxlde for this embodiment is about 0.138)\,, which is

about one-quarter of the thickness of titanium dioxide
in the four layer system of Table 2.

Table 3

Refractive Optical

| Index Thickness
Layer Material 8§ 510 nm Ao = 510 nm

Air 1.0 - Entrance Medium

10 1 sio, 1.46 0.2657\,

2 Tio, 2.35 0.1104)\,

3 Zno 2.01 0.3684)\,

4 ' Sio, 1.46 0.1169),

5 Ti0, 2.35 0.0278)\,
Glass 1.52 Substrate

15 The computed performance of the embodiment of Table 3
ls shown by curve ¢ of Figure 3. The reflectivity
level for wavelengths longer than about 450 mm is

essentially the same as the Rock system shown in
Figure 1 (curve A).

20 Curve D 1In Figure 3 is the computed performance of a
fou: layer Rock system in which the second layer has a
refractive index of about 2.085 .at the design

wavelength. The index 2.085 was computed as the
refractive index of a mixture of titanium dioxide and

25 zinc oxide in proportions to the mechanical thickness
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of this second and third layers of Table 1. The

details of the iayer system are shown 1in Table 4.

Table 4

Refractive Optical

Index Thickness

Layer Material @ 510 nm Ao = 510 nm

| Air 1.0 Entrance Medium
5 1 510, 1.46 0.2349),
2 Tio,/ZnO  2.085 0.4129)\,
mixture

3 510, 1.46 0.0682)\,
4 TiO, 2.35 0.0492),

Glass 1.52 Substrate

A comparison df curves C and D of Figure 3 indicates
10 that the five layer system 1is superior in the
performance to the four layer Rock system. Thus, the
second and third layers of the present invention do
more than simply simulate a single layer with some
intermediate refractive index. '

15 The importance of the refractive index relationship of
the second and third layers of the system of the
present invention ‘is highlighted by the following
embodiment. Here, the second and third layers of the
embodiment of Table 3 have been interchanged such that

20 the layer having the highest refractive index 1s the
third layer. This layer system is shown in detail in
Table 5. The 1ayer thicknesses have also been slightly
modified to obtain the optimum performance for the

. materials used. The performance of this system is shown

25 in TFigure 4 (curve E). It does not satisfy the

performance goal described above which is a photoptic
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reflect;iibn of less than about 0.25 percent. This
example illustrates that the positioning of the thin

titanium oxide layer and the thicker lower index layer
1s a critical feature of the present invention.

S . Iable 5
Refractive Optical
| Index "Thickness
Layer Material € 510 nm- A = 510 nm
Air 1.0 Entrance Medium
1 sio, - 1.46 0.2614),
2 Zno 2.01 0.4751\,
3 Tio, 2.35 0.0729A,
10 4 sio, 1.46 0.1202),
5 Tio, 2.35 0.0592)\,
Glass 1.52 Substrate

The five layer antireflection system of the present
invention is a unique system which functions
differently from the prior art systems. Its optical
15 performance may be comparable to or slightly inferior
to some prior art systems. The system has the
advantage, however, that acceptable performance may be
realized with a layer system wherein the major portion
of the high refractive index material is a material
20 such as tin oxide or zinc oxide. Such materials may
- have sputtering rates ten to fifteen times higher than
~a material such as titanium dioxide. Layer systems
according to the present invention may be produced in
in-line sputtering systems at a rate at least about two

25 times faster than comparable prior art systems.



WO 92/07287 PCT/US91/07257

2070637

Another embodiment of the present invention uses a
material for the third layer with has a refractive
index greater than zinc oxide. 2Zirconium dioxide, for
example, has a refractive index of about 2.1 but can be
5 sputtered at only about one-fifth the rate for zinc

oxide. Details of a system using zirconium dioxide are
provided in Table 6.

Table 6
Refractive Optical
Index Thickness
Layer Material € 510 nm Ao = 510 nm
Alr 1.0 Entrance Medium
10 1 sio, 1.46 0.2551),
2 Tio, 2.35 0.1388)\,
3 Zr0, 2.14 0.3651),
4 Si0, 2.35 0.1220),
5 Tio, 2.35 0.0394X,
' Glass 1.52 Substrate

15 The performance of the system of Table 6 is shown in
Figure 5 (curve F). As can be seen, the performance is
almost identical to that of the system of Table 2 (see
curve A of Figure 1). The gain in sputtering rate,
‘however, would be less than a factor of two because of

20 the relatively low sputtering rate of zirconium oxide.

As a further comparison, the performance of a four
layer Rock system with a second layer of tantalum oxide
(Ta,0s) having a refractive index of about 2.2 is also
shown (curve G) in Figure 5. Tantalum oxide has a
25 sputtering rate about 1.5 times that of titanium
dioxide. The details of this system are shown in Table
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7. A mixture of TiO, and Zr0,, in proportions of the

thicknesses given for the second and third layers of

Table 6, would have a refractive index of about 2.19,
i.e. about the same as tantalum oxide.

5 Table 7
Refractive Optical
Index Thickness
Layer Material € 510 nn Ao = 510 nm
Alr 1.0 Entrance Medium
1 sio, 1.46 0.2404\,
2 Ta,0; ©2.21 0.4441),
3 sio, 1.46 0.0706X\,
10 - 4 Ti0, 2.35 0.0518),
Glass 1.52 Substrate

As can be seen from curves F and G, the five layer

system has a superior performance to the four layer

system. This futther exemplifies that the present

lnvention does more than use two layers to simulate a
15 layef of an intermediate refractive index.

Another embodiment of the present invention comprises
replacing the third layer of the embodiment of Figﬁre 2
with two sub-layers to form a six layer system. As
shown'in figure 6, the six layer system 36 uses layers
20 30a and 30b in place of layer 30 of system 20. The
combined optical thickness of layers 30a and 30b may be
up to about twenty percent greater than the optical
thickness of layer 30. The combined optical thickness
of layers 28, 30a and 30b will be about one-half
25 waveléngth at the design wavelength A,. For most
examples, the total optical thickness will be between
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about 0.45 and 0.55 wavelengths at the design
wavelength. |

Except for the layers 30a and 30b, system 36 is similar

in almost all respects to system 20 of Figure 2. The

5 sub=-layer 30a has a lower refractive index than that of
second layer 26. The sub-layer 30b has a higher
refractive index than that of fourth layer 32, and a
lower refractive index than that of sub-layer 30a. The
actual thickness of layers 30a and 30b, and the other

10 1layers in the system will depend on the materials used
and the optical performance desired. This embodiment

may be useful, for example, to provide a compr,émise

between high sputtering rate and good antireflection
performance.

15 Details of the six layer embodiment of the present
invention are given in Table 8. Zirconium dioxide

(2xr0,) and zinc oxide (Zn0) are used to form layers 30a
and 30b, respectively.
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Table 8
Refractive Optical
Index | Thickness
Layer Material € 510 nm Ao = 510 nm
Alr 1.0 Entrance Medium
1 sio, 1.46 0.2678)\,
2 Ti0, 2.35 0.0718A,
5 3 Zro, 2.14 0.1698),
4 Zno 2.01 0.2702A,
5 sio, 1.46 0.1204XA0
6 Tio, 2.35 0.0298),
Glass 1.52 ; Substrate

The performance of this system is represented by
10 curve H of Figure 7. The deposition speed of this

and the reduction in the thickness of the titanium

15 dioxide layer. The combined optical thickness of the
second, third and fourth layers of the system of Table
8 1s one-half wavelength at the design wavelength.

The six layer system has been described | as a
subdivision of the third layer and the details of Table
<0 8 were computed on that basis. It could also be
described as an embodiment in which the second layer
was subdivided and further optimized. The choice of
terminolegy concerning which layer is sub-divided is

made on the basis that the third layer is substantially
25 thicker than the second layer. |
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any or all of the second, third and fourth layers of
the embodiment of Figure 6 may be subdivided into two
or more layers. The layer having the highest
refractive index, however, should be adjacent the first
layer. The best result may be obtained when the
remaining layers decrease 1n refractive index 1in the
direction towards the substrate. subdivision beyond
six layers, however, may yield only an insignificant
improvement in performance.

It is possible to construct a six layer system similar
to that of Table 8 but wherein the third layér has a
1ower refractive index than the second layer.
additionally, the fourth layer has a lower refractive

layer. The optical performance of such a system may be
inferior to an embodiment 1n which the refractive index
of the third layer is greater than +hat of the fourth
layer. However, there may be increased economy of
production which makes the compromise worthwhile.

If a system is constructed according to the present
invention with six or more layers as a result of
subdividing the third layer of the five layer system
into separate layers, the seguence of the refractive
indices Of the sub-layers may ke in any order.

However, none of the layers comprising the subdivision

higher than the second layer or lower than the next to
last layer. as noted above, the best optical result
may be obtained when +he refractive index of the layers
forming the subdivision of the third layer decrease
rowards the substrate.
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Generally, the combined optical thickness of the second
and third layers of the present invention, or the
combined optical thickness of any layers forming a
subdivision of the second and third layers, when
optimized to provide the lowest possible reflection
over the visible spectrum, will be about one-half

wavelength at the design wavelength.

It may be possible to construct any of the above
embodiments by using sequences of two or more thinner
layers in place of the first layer, the last layer or
the next to last layer. Such substitutions are known
to those skilled in the art, and they are sometimes
referred to as Herpin substitutions. An example of
this technique 1is provided in U.S. Patent No.
3,565,509. The use of such substitutions is possible
without deviating from the principles of the present
invention.

Layer systems according to the present invention may be
deposited in an in-line sputtering system of the type
shown in Figure 8. The machine may be a D1 system
available from Airco Coating Technology of Fairfield,
CA. The machine 39 may comprise a series of five
coating chambers 40, 42, 44, 46, and 48 connected by
dynamic vacuum locks 50. The locks 50 have abertures
or tunnels 54 to allow the passage of the substrates 56
therethrough. The chamb_ers are evacuated by vacuum
punps (not shown) through pOrts‘or connections 59 and
apertures 54. The substrates 56 to be coated are
introduced into the machine at the end thereof
indicated by arrow A. The entrance lock and buffer
chamber by which the substrates are introduced are also
not shown. The coated substrates are removed from the
chamber at the end indicated by the arrow B. The exit
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lock by which the substrates are removed is not shown.

- 3 -

Fifteen sputtering cathodes 60, 62, 64, 66, 68, 70, 72,

74, 76, 78, 80, 82, 84, 86, and 88 may be located in
groups of three in each of chambers 40, 42, 44, 46, and

5 48. The cathodes may be separated by divider screens
90. Each of the chambers 40, 42, 44, 46, and 48 may

- have a different sputtering pressure and a different
gas mixture which 1is admitted to the chambers through
flow controllers (not shown). During the deposition

10 process, substrates 56 move continuously under the
cathedes. The faster the cathodes are able to deposit
material, the faster the substrates may move through
the machine to deposit a given system. The transport
speed; referred to as the line speed, of the substrates

15 1is held constant. Cathode power is adjusted to yield

the desired thickness of a given layer in the systenm
being deposited.

Specific examples of possible cathode configurations

and powers for the above described machine 39 are given

20 below. The assumption has been made that the maximum

power for any cathode may be about 50 kilowatts (kw).

The assumption has also been made that all fifteen

- cathodes are used. Silicon dioxide layers are assumed

to be sputteréd from rotating cylindrical magnetrons.

25 Titanium dioxide and zinc oxide layers are assumed to
be sputtered from planar magnetrons.

For the laver System' of Table 1 (a prior art layer
systenm), the fourth and third layers may be sputtered
in chamber 40. Cathodes 60 and 62 may be used to
30 sputter titanium dioxide and cathode 64 may be used to
sputter silicon dioxide. The second layer may be
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sputtered in chambers 42, 44, and 46 using cathodes 66,
68, 70, 72, 74, 76, 78, 80, and 82, and in chamber 48
using cathode 84. The first layer may be sputtered in
chamber 48 using cathodes 86 and 88. For the titanium
5 dioxide layers, cathodes 60 and 62 may each be operated
at about 27 kw and cathodes 66, 68, 70, 72, 74, 76, 78,
80, 82 and 84 may each be operated at about 49 kw.
For the silicon dioxide layers, cathode 64 may be
operated at about 35 kw and cathodes 86 and 88 may be
10 operated at about 42 kw. The layer system may be

deposited at a line speed of about 31 inches per
minute.

For the layef system of Table 3 (an embodiment of the
present invention), the fifth and fourth layers may be
15 sputtered in chamber 40 and 42. Cathodes 60 and 62 may
be used to sputter titanium dioxide, and cathodes 64
and 66 may be used to sputter silicon dioxide. The
third layer may be sputtered in chamber 42 using
cathodes 68 and 70. The second layer may be sputtered
20 in chambers 44 and 46 using cathodes 72, 74, 76, 78,
and 80. The first layer may be sputtered in chamber 46
and 48 using cathodes 82, 84, 86, and 88. For the
titanium dioxide layers, cathodes 60 and 62 may each be
operated at about 28 kw, and cathodes 72, 74, 76, 78,
25 and 80 each may be operated at about 45 kw. For the
silicon dioxide layers, cathodes 64 and 66 may be
operated at about 43 kw, and cathodes 82,_84; 86, and
88 may be operated at about 49 kw. The layer system

may be deposited at a line speed of about 67 inches per
30 minute.

It is notable that the total power consumed to deposit
the prior art system may be about 665 kw. The system
according to the present invention may be deposited at
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a line speed more than twice as fast (67 vs. 31 inches
per minute) with a total power consumption of only
620 kw. Thus, increased production and significant
energy savings are possible.

5 The present invention has been described in terms of a
number of embodiments. The invention however is not
limited to the embodiments depicted and described.
Rather the scope of the invention is defined by the
appended claims.
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WHAT TS CLAIMED IS:
1. An antireflection coating for a substrate,
comprising: five adjoining layers, said lavers

designated the first, second, third, fourth, and fifth

5 1n consecutive numerical order beginning with the layer
farthest from said substrate; said first layer having

a refractive index less than the refractive index of
sald substrate and an optical thickness of about
0.25)A,; said second layer having a refractive index

10 greater than about 2.20 and an optical thickness less
than about 0.25)\,; said third layer having a refractive
index less than said second layer and an optical
thickness between about 0.25)\, and 0.5Ay); said fourth
layer having a refractive index less than that of said

15 third layer and an optical thickness less than about
| 0.25),; said fifth layer having a refractive index
greater than the refractive index of said substrate ang
~said fourth layer, and an optical thickness less than

about 0.25)A,; and A, being between about 480 nm and
20 560 nm.

said second layer, and in contact with said first sub-
25 layer and said fourth layer, a second sub~layer having

a refractive index less than that of said first sub-

layer and greater than that of said fourth laver.

3. The coating of Claim 1 wherein said third layer
includes in contact with said second layer, a first
30 sub-layer having a refractive index less than that of
sald second layer and greater than of said fourth
layer, and in contact with said first sub=layer and
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said fourth layer, a second sub-layer having a
refractive index greater than of said first sub-laver

and less than of said second layer.

4. The coating of Claim 1 wherein said third layer
5 1includes at 1least two sub~layers each having a

refractive index less than that of said second lavyer
and greater than that of said fourth layer.

5. The coating of Claim 1 wherein at least one layer
includes at least two sub-lavers.

10 6. An antireflection coating for a substrate,
comprising: six adjolning layers, said layers being
designated the first, second, third, fourth, £ifth, and
sixth in consecutive numerical order beginning with the
layer farthest from said substrate; said first layer

15 having a refractive index less than that of said
substrate and an optical thickness of about 0.25A,,
sald second layer having a refractive index greater
than about 2.2; said third layer'having a refractive
index less than that of said second layer; said fourth

20 layer; having a refractive indéx less than the
refractive index of said third layer, said fifth layer
having a refractive index less than that of said fourth
layer and having an optical thickness less than about
0.25A,, said sixth layer having a refractive index

25 greater than that of said substrate and greater than
that'of said fifth layer and an optical thickness less
than about 0.25)\0; sald second, third, and fourth

layers having a combined optical thickness of about
0.5A;, and Ay, being between about 480 and 560 nm.

30 7. An antireflection coating for a substrate,

comprising: six adjoining layers, said layers beilng



WO 92/07287 PCT/US91/07257
2070637 ~28~
designated the flrst second, third, fourth, fifth and
sixth in consecutive numerical order beginning with the

layer farthest from said substrate; said first layer
having a refractive index less than that of said

than about 2.2; said third layer ‘having a refractive
index less than that of said second layer, said fourth
layer having a refractive index greater than that of

10 said third layer and less than that of said second
layer, said fifth layer having a refractive index less

- than that of said fourth layer and an optical thickness
less than about 0.25)\,; said sixth layer having a
‘refractive index greater than that of said substrate

15 and said fifth layer and an optical thlckness less than
about 0.25)A,; said second, third, and fourth layers

hava,ng a2 combined optical thickness of about 0.5\, and
Ao being between about 480 nm and 560 nm.

8. An antireflection coating for a  substrate,
20 comprising: four adjoining layers, said layers being
designated the first, second, third, and fourth in
consecutive numerical order beginning with the layer
farthest from said substrate: said first layer having
a refractive index less than that of said substrate and
<> an optical thickness of about 0.25)\,; said fourth layer
having a refractive index greater than that of said
substrate and an optical thickness less than about
0.25A,; said third layer having an optical thickness of
about 0.25\;, and a refractive index less than that of
30 said fourth layer; said second layer having a thickness
of about 0'.5}\0 and inCluding at least two adjacent sub-
layeré, the sub-layer in contact with said first layer
having a refractive index greater than about 2.2 and
all’ other sub-layers having a refractive index lesse
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than about 2.2 but greater than the refractive indeyx of

said third layer, and A, being between about 480 nm and
560 nm.

9. An antireflection coating for a substrate,
5 comprising: five adjoining layers, said layers being
designated the first, second, third, fourth, and fifth
in consecutive numerical order beginning with the layer
farthest from said substrate; said first layer having
a refractive index of about 1.46 at a wavelength A, and
10 an optical thickness of about 0.266A,; said second
layer having a refractive index of about 2.35 at a
wavelength A, and an optical thickness of about 0.110),;
sald third layer having a refractive index of about
2.01 at a wavelength A, and an optical thickness of
15 about 0.368)\;; said fourth layer a refractive index of
about 1.46 at a wavelength )\, and an optical thickness
of about 0.117),; said fifth layer having a refractive
index of about 2.35 at a wavelength A, and an optical
thickness of about 0.028)\;,, and A, being about 510 nm.

20 10. An antireflection coating for a substrate,
comprising: six adjoining layers, said layers being
designated the first, second, third, fourth, fifth, and
sixth in consecutive numerical order beginning with the
layer farthest from said substrate; said first layer

25 having a refractive index of about 1.46 and an optical
thickness of about 0.268)\,; said second layer having a
refractive index of about 2.35 and an optical thickness
of about 0.072Ay; said third layer having a refractive
index of about 2.14 and an optical thickness of about

30 0.170A,; said fourth layer having a refractive index of
about 2.01 and an optical thickness of about 0.270Ay;

said fifth layer having a refractive index of about
1.46 and having an optical thickness of about 0.120A,;
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sald sixth layer having a refractive index of about
2.35 and an optical thickness of about 0.030)\,; and A,
being about 510 nm.
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