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[57] ABSTRACT

Glass photomasks having a stained pattern within the
glass for use in photolithographic processes are made by
exposing and developing a photoresist on a sheet of
glass and subsequently migrating stain-producing 1ons,
such as silver and/or copper, into the surface of the
glass under the influence of an electric field and moder-
ately elevated temperatures.

44 Claims, 28 Drawing Figures
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ELECTROMIGRATION METHOD FOR MAKING
STAINED GLASS PHOTOMASKS

Matter enclosed in heavy brackets [ } appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

BACKGROUND OF THE INVENTION

Photomasks are used in the art of photolithography
for printing microelectronic circuits and other precision
photofabricated parts, such as television shadow masks.
In a photolithographic process a substrate is covered
with a layer of photoresist in which a pattern is photo-
graphically developed by superimposing over the pho-
toresist a photomask having patterned transparent and
opaque areas, and then passing actinic radiation, espe-
cially ultraviolet light, through the transparent areas of
the photomask. A pattern is then developed in the pho-
toresist as a relief image by means of differential solubil-
ittes of the exposed and unexposed portions. The result-
ing image may be either a negative image or a positive
image of the photomask, depending upon whether the
photoresist 1s “negative-working” or “positive-work-
ing”. Etching or other treatments may then be carried
out on the underlying exposed portions of the substrate.
A general discussion of the state of the art of photofabri-
cation and the role played by photomasks may be found
In Scientific American, September 1977, pages 111-128,

Since the preparation of a photomask can be labori-
ous and costly, it i1s desirable for each photomask to be
reused many times in the manufacture of photofab-
ricated devices. Therefore, a photomask should be suffi-
ciently durable to withstand extensive use, handling,
and occasional cleaning without damage to the preci-
sion pattern it carries. It is also highly desirable to maxi-
mize the resolution of the pattern carried by a photo-
mask so as to improve the accuracy of the image it
imparts to the photofabricated devices being manufac-
tured, which in turn permits further miniaturization of
microcircuits and the like.

Photomasks in the prior art have typically consisted
of sheets of glass carrying patterned coating on their
surfaces. Photographic emulsion, iron oxide, and chro-
mium are the films most commonly used. While iron
oxide and chromium are considerably more durable
than photographic emulsion coatings, all three, by their
Very nature as coatings, are susceptible to scratching
and other damage which shortens the useful life of the
photomasks. Also, the etching required to produce a
destred pattern in iron oxide or chromium films entails
a loss of resolution due to the so-called “etch factor,”
which means that an etched groove grows wider as it
grows deeper. This may be lessened by reducing the
film thickness, but with a sacrifice in durability. More-
over, chromium films have the drawbacks of being
opaque, which is a disadvantage when aligning the
photomask with the substrate being processed, and of
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being reflective, which causes undesirable light scatter- 60

ng.

Photomasks of improved durability were proposed in
U.S. Pat. Nos. 3,573,948 to M. S. Tarnopol and
3,732,792 to M. S. Tarnopol et al., wherein instead of a

coating on the surface of a glass sheet, the opaque areas 65

of the photomask are produced by a stained pattern
within the glass. While such stained glass photomasks
represent a great improvement in durability, the degree

2

of pattern resolution is less than what is desired for some
applications. The limited resolution of the stained masks
of the aforementioned patents arises from the necessity
in one case to deeply etch the pattern through a stained
layer of the glass, and in the other case to etch through
a difficult-to-remove tin oxide coating, as well the ten-
dency in all cases for a thermally migrated stain to
spread laterally from the stained areas into the adjacent
unstained areas during the staining process. A stained
glass photomask is also shown 1in U.S. Pat. No.
3,561,963 to W. M. Kiba where the desired pattern is
etched into a copper film on the glass substrate and
copper ions are then migrated into the glass by heating.
In U.S. Pat. No. 3,933,609 to J. S. Bokov et al. the
photomask is made by staining the entire surface of a
sheet of glass and then selectively etching away por-
tions of the stained layer.

Attempts to mintmize lateral diffusion of the staining
ions within the glass are disclosed in U.S. Pat. Nos.
2,927,042 to A. J. C. Hall et al. and 3,620,795 to W. M.
Kiba. In those patents, a film of a stain-producing metal
1s deposited onto the glass and patterned portions of the
film are removed by photoetching. Ions from the re-
maining patterned film are then migrated into the glass
to produce stained areas by applying an electric field
through the glass in the desired direction of ion migra-
tion while maintaining the glass at an elevated tempera-
ture. Since resolution is reduced each time the pattern is
transferred to a different material, it would be highly
desirable to reduce the number of steps required for
such processes.

SUMMARY OF THE INVENTION

It has now been found that a high resolution stained
glass photomask may be made without the need for
etching a metal film, thereby simplifying the process
and reducing the chances for loss of resolution. In ac-
cordance with the present invention, electromigration
under carefully selected conditions permits the use of a
continuous layer of a source of stain-producing 1ons in
combination with an organic photoresist to migrate
stain-producing ions into predetermined, patterned
zones of the glass surface. During the ton migrating step
the use of an electric field of sufficient potential enables
the use of temperatures below the point at which the
organic photoresist begins to melt or decompose. Elec-
tromigration of the stain-producing ions will not take
place in the areas of the glass underlying the photoresist
due to the low electrical conductivity of the photore-
sist. Thus, electromigration of the stain-producing ions
is limited to the portions of the glass underlying aper-
tures through the photoresist which are photographi-
cally developed in the photoresist. In the exposed zones
of the glass, cations from the continuous film (prefera-
bly silver and/or copper) are induced to migrate into
the glass substantially perpendicularly to the surface of
the glass due to the unidirectionally applied electric
field. Within the glass, the stain-producing cations re-
place mobile cations of the base glass composition, espe-
cially alkali metal ions, which migrate deeper into the
glass toward the cathode side of the electric field. Re-
ducing the stain-producing ions to their elemental state
and agglomerating them into submicroscopic crystals
within the glass results in a visibly stained pattern
within the body of the glass.
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THE DRAWINGS

FIGS. 1 (a through e) shows schematically the pro-
cess steps of one embodiment of producing a stained
glass photomask by electromigrating through a photo-
resist applied over a film containing stain-producing
cations.

FIGS. 2 (a through d) shows schematically a se-
quence of steps in a preferred embodiment of the inven-
tion which is similar to that of FIG. 1, but with a layer
containing stain-producing cations applied over a devel-
oped photoresist.

FIGS. 3 (a through e) shows schematically a se-
quence of steps in a variation of the process of the pres-
ent invention wherein reducing ions are migrated
through a developed photoresist to produce coloration
within a pretreated sheet of glass.

FIGS. 4 (a through e) shows schematically a series of
steps in an alternate embodiment of the present inven-
tion wherein the glass is pretreated with a reducing
agent and then stain-producing cations are migrated
into the glass through a developed photoresist.

FIGS. 5§ (a through e) shows schematically a series of
steps in yet another alternate embodiment of the present
invention wherein electromigration through a photore-
sist drives selected portions of stain-producing ions
previously introduced into the glass deeper into the
glass, thereby reducing the susceptibility of those por-
tions to staining.

FIGS. 6 (a through d) illustrates another alternate
embodiment of the process of the present invention
wherein a molten salt layer is employed as a source of
stain-producing cations.

DETAILED DESCRIPTION

The substrates upon which the photomasks of the
present invention are based are transparent sheets of
glass. Composition of the glass is not critical so long as
it contains mobile cations capable of being electromi-
grated at moderate voltages and which provide sites
into which stain-producing ions may be injected. Alkali
metal ions such as sodium, potassium and lithium have
relatively high mobility in glass and thus, glasses having
at least minor amounts of alkali metal oxides are particu-
larly useful. For example, conventional soda-lime-silica
flat glass compositions typically include about 10 to 13
percent by weight sodium oxide and often a trace of
potassium oxide, which represents a more than ample
supply of mobile cations for practicing the present in-
vention. Borosilicate glass compositions having much
lower alkali metal oxide concentrations have been used
for coated photomask substrates and may be used with
the present invention, provided that the stain intensity
produced 1s adequate to suit the particular needs of the
photomask user. Also usable are commercially available
glass compositions formulated for enhanced ion ex-
change properties, and which are characterized by a
substantial amount of aluminum oxide and/or zirconium
oxide.

An important feature of the methods of the present
invention is the use of photoresists. A photoresist may
be defined as a resinous material which, upon exposure
to actinic radiation (usually ultraviolet light), develops
areas insoluble in a particular solvent and other areas
which are soluble in that solvent. Since photoresists,
their chemistry, and their methods of use are well
known in the art, a detailed discussion is not deemed
necessary here for an understanding of the present in-
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vention. For a detailed discussion of photoresists, refer-
ence may be had to Annual Review of Materials Sci-
ence, 1976, edited by Huggins, Bube, and Roberts, Vol-
ume 6, pages 267 through 302,

Referring now to FIG. 1(a), there is shown a glass
substrate 10 onto which a film 11, which serves as a
source of stain-producing ions, has been applied. Stain
producing ions which may be used include silver, cop-
per, gold, and thallium, with silver being preferred.
Film 11 may be applied as a compound of one or more
of the stain-producing cations having relatively low
electrical conductivity (e.g., AgCl), employing conven-
tional coating techniques such as evaporation, sputter-
ing, wet chemical deposition, or any other known tech-
nique, although it has been found that coatings of desir-
ably high uniformity can be achieved by sputtering in
particular.

In FIG. 1(b), a layer of photoresist 12 has been ap-
plied over film 11 and is exposed to radiation through
patterned apertures 14 in a master mask 13. When the
photoresist 12 is then developed, a pattern of apertures
13 1s produced in the photoresist, as shown in FIG. 1(c).
The photoresist shown in all of the figures is a “positive-
working” photoresist, so that the portions 15 which
have been dissolved correspond to the patterned aper-
tures 14 in the master mask while the remainder of the
photoresist remains intact. It should be apparent that a
“negative-working” photoresist could be used instead,
in which case photoresist would remain only in the
light-exposed areas after development. Specific exam-
ples of commercially available photoresists which may
be used include “LSI-195” photoresist sold by Philip A.
Hunt Co., “KPR” photoresist sold by Eastman Kodak
Co., and “AZ-111” sold by Shipley Co.

After the photoresist has been developed, the piece is
ready for electromigration of the stain-producing ions
into the glass as depicted in FIG. 1(d). Electrically
conductive layers 16 and 17 are applied to opposite
sides of the glass and serve as anode and cathode, re-
spectively, when they are connected to a source of
electrical potential by means of leads 18 and 19. Because
it is easy to apply and remove, colloidal graphite is the

. preferred material for electrode layers 16 and 17. The
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colloidal graphite layers may be applied to the substrate
in slurry form in which the colloidal graphite is sus-
pended in an aqueous or alcoholic vehicle or the layers
may be applied by means of commercially available
aerosol sprays of colloidal graphite. Whatever material
18 used for the electrode layers 16 and 17, it must be
applied sufficiently thick to render its resistance insig-
nificant relative to the resistance of the glass (e.g., less
than about 10%).

Imposing an electric field between the electrode lay-
ers 16 and 17, with layer 16 serving as the anode, causes
a migration of mobile cations, especially alkali metal
tons, out of zones 20 of the glass which underlie aper-
tures 15 1n the photoresist. These mobile cations are
repelled by the anode and are thus driven deeper into
the glass substrate. At the same time, the electric field
causes the stain-producing ions from layer 11 to be
injected into the glass in the patterned zones 20 where
they take the places vacated by the migrated glass con-
stituent ions. Because of the low electroconductivity of
the photoresist, ion migration does not take place in the
portions of the glass underlying the photoresist 12.

The rate of ion migration is influenced by tempera-
ture and the applied voltage. At room temperature and
a potential of only a few volts, the rate of 10n migration
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would be virtually imperceptible. Therefore, elevated

temperatures, preferably above about 100° C, and a
potential of at least a few hundred volts are preferred in
order to obtain reasonable treatment times. Although
photoresists are subject to melting and thermal decom-
position at elevated temperatures, it has been found that
the use of moderately elevated temperatures in combi-
nation with an electric field permits a satisfactory elec-
tromigration to be carried out without harming the
photoresist. Thus, the temperature is maintained above
about 100° C. but below the temperature at which the
photoresist begins to melt or decompose, which is typi-
cally around 200° C., depending upon the particular
photoresist being used. As an example, temperatures in
the range of about 160° C. to about 200° C,, together
with a potential of about 300 volts to 400 volts, have
been found to yield satisfactory results. Temperature
and voitage are also interdependent since the conduc-
tivity of glass increases with increasing temperature,
thereby lessening the voltage requirement. Thus, by
selecting an appropriate combination of temperature
and voltage, a practical rate of ion migration can be
attained without requiring the use of deleteriously high
temperatures or excessive voltages. It is necessary to
avoid voltages so high as to cause arcing through the
glass,

After the stain-producing ions have been electromi-
grated into the glass to the desired depth, all coatings
may be removed from the glass substrate, thereby leav-
ing nothing but a latent image within the glass substrate.
As depicted in FIG. 1(e), development of coloration in
the ion migrated zones 20 requires the application of
heat in a reducing atmosphere to first reduce the stain-
producing ions to their elemental state and then to ag-
glomerate the metallic atoms into a submicroscopic
crystalline form. These steps can be conveniently car-
ried out, for example, by heating to at least about 200°
C., preferably about 400° to 500° C., in an atmosphere
containing hydrogen. |

At some point of the process following the electromi-
gration step, it may be desirable in some cases to subject
the glass to a light etching so as to remove a thin layer
of glass into which staining ions may have migrated
beneath the photoresist as a result of current leakage
through the photoresist. Any known glass etchant, such
as dilute, aqueous hydrofluoric acid, may be used.

Due to the unidirectional influence of the electric
field during the migration step, the stained zones 20
have been found to have very distinct boundaries, the
sides extending nearly perpendicularly from the top
surface of the glass. Also, the depth to which the stained
zones extend into the glass appears to be quite uniform
and distinct. The depth to which the stain extends into
the glass is a function of the charge per unit area passed
through the glass during the electromigration step. For
a standard soda-lime-silica float glass, this depth has
been found to be approximately 1 micron for each
0.1003 coulomb per square centimeter. The depth of
stain desired will depend upon the particular require-
ment of a given application, in particular, the intensity
of stain desired. A depth of about one micron, for exam-
ple, may be sufficient in many cases to render the
stained zones sufficiently absorbtive of ultraviolet radia-
tion in contrast to the unstained areas. The stained areas
of the photomask can be readily provided with a trans-
mittance of less than 19 in the ultraviolet range of
wavelengths (3,000 to 4,000 angstroms) most commonly
used in photolithographic processes. At the same time,

3

10

15

25

30

35

45

30

55

60

65

6

the stained areas remain sufficiently transparent in the
visible wavelength spectrum (e.g., about 10% or more)
to aid an operator in aligning the photomask with a
substrate to be printed. The unstained areas of the pho-
tomask, or course, retain the radiation transmittance
properties of the base glass from which it is made,
which might typically be at least an order of magnitude
more transparent that the stained areas in the ultraviolet
range.

In the process of FIG. 1, as well as in some of the
other embodiments, the need for a controlled, reducing
atmosphere in the final step may be avoided if film 11,
the source of stain-producing ions, also includes a re-
ducing agent which can be migrated into the glass along
with the stain-producing ions. With a reducing agent
thus being made available within the glass, the reducing
and agglomerating step may then be carried out by
heating in air. A good reducing agent for the preferred
silver ions are cuprous ions. In that case, film 11 may
conveniently be a mixture of silver metal and copper
metal.

An alternate, preferred procedure for carrying out
the method of the present invention is shown in FIG. 2,
which is similar to that of FIG. 1 except that the relative
positions of a photoresist layer and a film of a staining
ion source are inverted. In FIG. 2(a), a glass substrate
25 has a layer of photoresist 26 applied to its upper
surface and is exposed to radiation through a mask 27
having patterned apertures 28, After the photoresist is
developed, thereby removing portions 29 as shown in
FI1G. 2(b), a film 30 containing a source of staining ions
is applied over the photoresist. Film 30 is preferably a
metal or metal oxide or salt of a stain-producing cation,
such as silver, copper, gold or thallium. The film may
have either high or low electrical conductivity. In FIG.
2(c), electromigration is carried out in the same manner
as described in connection with FIG. 1(d). An electri-
cally conductive electrode layer 31 is applied to the
opposite side of glass substrate 25 from the photoresist
26 and film 30, the electrode layer preferably being
colloidal graphite. When film 30 has relatively low
resistance, a separate electrode layer is not necessary,
and electrical lead 32 may be connected directly to
layer 30, which then serves as the anode. Electrical lead
33 is connected to electrode layer 31, which then serves
as the cathode. The electromigration process produces
ion migrated zones 34 within the glass, which may then
be developed into stained patterns by heating in a reduc-
ing atmosphere, as shown in FIG. 2(d).

In FIG. 3, there is shown another embodiment of the
present invention in which an entire surface of a glass
substrate if pretreated with stain-producing ions, after
which reducing ions are migrated into the glass surface
in a predetermined pattern through a photoresist to
produce a patterned stain in the glass. Such a technique
avoids the need to reduce the stain-producing ions in a
reducing atmosphere. In FIG. 3(a), a glass substrate 35
is shown with a layer 36 applied to one surface wherein
the layer 36 is a source of stain-producing ions and may
take the form of a metal or metal oxide or salt. As
shown in FIG. 3(b), layer 36 may be a paste containing
salts of the stain-producing ion. Silver is the preferred
staining ion in this process since silver ions migrated
into the glass can be readily reduced by a subsequent
migration of copper ions into the glass. By bringing the
substrate 35 and layer 36 to an elevated temperature as
shown in FIG. 3(b), the silver ions or other stain-pro-
ducing metal cations from layer 36 are fired into the
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glass, that is, the stain-producing 1ons migrate into a
surface portions 37 of the glass where they displace
mobile cations, such as alkali metal ions, from the glass
matrix. The firing may take place under normal atmo-
spheric conditions in an oven typically at about 400° C.

to about 600° C., although higher temperatures up to

the deformation point of the glass may be used. When
the layer 36 is subsequently stripped from the giass, one
surface of the glass has been sensitized to staining by
virtue of the presence of the ion-migrated zone 37.

The desired stained photomask pattern may be im-
parted to the sensitized layer 37 by applying over the
zone 37 a photoresist 38 as shown in FIG. 3(c). The
photoresist is then exposed through apertures 40 1n a
master mask 39 and developed in the conventional man-
ner to produce patterned openings 41 in the photoresist.
As shown in FIG. 3(d), an electromigration process
may then be carried out in the same manner as em-
ployed in the previous embodiments, but for the pur-
pose of injecting reducing ions into the glass rather than
stain-producing ions. A film 42, which includes a source
of reducing ions, such as cuprous ions, is applied over
the photoresist 38. Since film 42 is typically a conduc-
tive metal or metal oxide film, it may be connected
directly by means of a lead 43 to the anode side of a
source of electrical potential. The opposite side of the
glass substrate has an electrically conductive electrode
44, such as colloidal graphite, applied thereto which
serves as the cathode when connected by means of lead
45 to the source of electrical potential. Under the influ-
ence of the electric field and the moderately elevated
temperatures of the electromigration process of the
present invention as set forth above, the cuprous ions or
other reducing ions from film 42 migrate into the sensi-
tized zone 37 of the glass in the areas 46 which underlie
openings 41 in the photoresist. There, the presence of
the migrated reducing agent permits reduction of the
stain-producing ions while the stain-producing ions
underlying the remaining photoresist 38 are masked
from the reducing action. After all coatings have been
striped from the glass substrate, the stain may be devel-
oped 1n zones 46 by heating in a non-reducing atmo-
sphere to a sufficient temperature to agglomerate the
staimn-producing atoms. The remainder of the sensitized
zone 37 outside the zones 46 remain unstained, but still
sensitized to staining by subseguent processing, such as
might be employed for repairing defects in a photo-
mask.

In the example used to illustrate the method of FIG.
3, the migration of the silver stain-producing ions pre-
ceded the migration of the copper reducing ions be-
cause of the greater mobility of the silver ions in glass.
In order to achieve a uniform reduction, the more mo-
bile 10n should be migrated first, whether it be the stain-
producing ion or the reducing ion. Thus, when other
combinations of stain-producing and reducing ions are
used, the reducing ions may be migrated imnto the glass
first, depending upon the relative mobility of the ions.

A procedure by which a glass substrate may be pre-
conditioned with reducing ions is depicted in FIG. 4.
An example of such a preconditioned glass is shown iIn
FIG. 4(a) where glass substrate 50 1s a sheet of float
glass, that is, glass that has been formed in contact with
a molten bath of tin. Such a piece of glass will have a
surface zone 51 into which tin ions have migrated by
contact with the molten tin bath. These tin ions present
in the glass (predominately in the form of stannous
oxide) can serve as reducing agents for either silver or
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copper stain-producing 1ons. The surface concentration
of stannous oxide in ordinary commercially available
float is usually sufficient to provide only a partial reduc-
ing action on the stain-producing ions, thereby yielding
only a moderate degree of contrast between stained and
unstained areas in the photomask. Thus, 1n some cases it
may be desired to enhance the stannous ion concentra-
tion in a surface portion 51 of the glass. This may be
accomplished in the float forming process itself by mak-
ing the float bath atmosphere more oxidizing so as to
induce the glass to absorb more tin, or by electrolytic
means in the float bath. Another alternative for provid-
ing the desired concentration of stannous ions in glass is
to melt a specialized glass composition which includes a
substantial amount of stannous oxide throughout the
body of the glass. A glass whose bulk composition in-
cluded 1.99 by weight stannous oxide has been found
to yield stained patterns having very satisfactory con-
trasts, and higher concentrations probably would not be
required for most cases.

Having provided the desired concentration of tin ions
in zone 51 of the glass substrate 50, developing the
stained image in the glass may proceed in the same
manner as the previously described embodiments of the
present invention. First, a photoresist 52 is applied to
the tin-containing side of the glass substrate and is ex-
posed to radiation through a master mask 53 having
patterned apertures 54 as shown in FIG. 4(b). The pho-
toresist 1s then developed so as to provide patterned
openings 55 therein as shown in FIG. 4c). In FIG. 4d),
electromigration of stain-producing ions from a film 56
(preferably silver and/or copper) is shown. An electri-
cal lead §7 1s connected to the film 56 which then serves
as the anode and an electroconductive layer 88, such as
colloidal graphite, 1s applied to the opposite side of the
glass and connected through lead 59 to the cathode side
of a source of electrical potential. Under the influence
of heat and the electrical field, the stain-producing ions
migrate through openings 55 in the photoresist and
enter the tin-containing zone §1 in the patterned areas
60. In the final step shown in FIG. 4(e), all layers and
coatings have been removed and the ion-impregnated
substrate i1s heated in an unconirolled atmosphere to a
temperature at which the stain-producing ions are re-
duced by the stannous ions and become agglomerated.

FIG. § represents a series of steps in another variation
of the electromigration technique of the present inven-
tion wherein a differential ion migration depth yields
stained patterns within the glass substrate. The first
step, as shown in FIG. 5(a), is to apply to a surface of a
glass substrate 65 a coating 66 which includes a source
of stain-producing ions. Coating 66 may be a paste con-
taining a salt of a stain-producing ion as shown, or it
may be a metallic or metallic oxide film. The stain-pro-
ducing ions may be caused to migrate into the surface
zone 65 of the glass by heating the glass as shown in
FIG. 5(b) or by any of the previously discussed tech-
niques for migrating ions, such as electromigration. In
FIG. 5(c), a photoresist 68 is shown applied to the 1on-
migrated surface of the glass substrate, the photoresist
being developed by exposure to radiation through a
master mask 69 having patterned apertures 70. Electro-
migration in FIG. 5(d) takes place through patterned
openings 71 developed in the photoresist. Unlike the
other embodiments, the electromigration step here does
not serve to inject ions into the glass, but rather to
migrate the stain-producing ions already present within
the glass to a greater depth in selected areas of the glass.
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Thus, an electrode layer 72 is applied over the photore-
sist 68 and is selected to be a non-contributing electrode,
that 1s, one which will not serve as a source of ions
which would be injected into the glass during electro-
migration. The preferred material for use as a non-con-
tributing electrode is colloidal graphite. The electrode
layer 72 is connected by means of lead 73 to the anode
side of an electrical potential and a cathode layer 74,
also preferably colloidal graphite, is applied to the op-
posite side of the glass substrate and connected to the
source of electrical potential by means of lead 75. Elec-
tromigration is limited to the portions of the glass un-
derlying openings 71 in the photoresist and results in the
creation of patterned zones 76 within the glass wherein
the stain-producing ions from zone 67 are migrated
deeper into the glass. It is hypotesized that the sites
vacated by the stain-producing ions within zones 76
become occupied during electromigration by protons
which dissociate from water molecules that diffuse
through the porous graphite electrode layer 72. Thus, in
the subsequent step of reducing the stain-producing ions
to their metallic state by heating in the presence of a
reducing agent such as hydrogen, as shown in FIG.
Me), reduction takes place in the unmigrated surface
zone 67, but does not take place to an appreciable extent
in the more deeply migrated zones 76 since the stain-
producing-ions there are beyond the depth of penetra-
tion of the reducing agent. Under the influence of heat,
the reduced ions in zone 67 will agglomerate to form a
colored stain, while the deeply migrated portions 76
remain relatively transparent. It may be noted that the
stained pattern produced on the photomask by this
process is a negative image of the patterns produced by
the other embodiments disclosed herein.

FIG. 6 tllustrates yet another manner in which stain-
producing ions may be introduced into a glass surface in
a preselected pattern through a photoresist. In this case,
electromigration takes place from a molten salt layer. In
FIG. 6(a), a glass substrate 80 is coated with a photore-
sist 81, which is then developed in the usual manner to
produce a pattern of openings 82 as shown in FIG. 6(b).
Some photoresists are subject to chemical attack by the
molten salt used in this method, but examples of com-
mercially available photoresists which were found to be
resistant to such attack are: “Kodak KPR photoresist
and “Kodal KTFR” photoresist, both made by the
Eastman Kodak Company, Rochester, New York. FIG.
6(c) shows a thin pool of molten salt 83 applied over the
photoresist. The molten salt may be a mixture of salts, at
least one of which is a salt of a stain-producing metal
1on, the mixture of salts being selected so as to vield a
melting point below the degradation temperature of the
photoresist. An example of such a molten salt mixture
having its melting point below 200° C. is the eutectic
mixture of silver nitrate and potassium nitrate. An ele-
crical lead 84 connects the molten salt as the anode to a
source of electrical potential through a metal plate 85
submerged in the molten salt. The metal plate 85 may
conveniently be the same as the stain-producing metal
(e.g., silver). A cathode layer 86, preferably colloidal
graphite, 1s connected to the source of electrical poten-
tial by way of lead 87 on the underside of the glass. The

entire assembly is maintained above the melting point of

the salt by carrying out the electromigration in a heated
chamber or on a hot plate. Cations from the molten salt,
including the stain-producing cations, migrate into the
glass in zones 88 underlying openings 82 in the photore-
sist. In the final step shown in FIG. 6(d), the stain is
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developed 1n these tonmigrated zones 88 by exposure to
heat and a reducing atmosphere.

While the preferred embodiments of the present in-
vention rely on the combination of heat and an electric
field to electromigrate through a photoresist, some of
the advantages of the present invention may also be
attained in the embodiment of FIG. 6 without using an
electric field. Contact between the molten salt and the
glass surface will establish an ion exchange between the
salt and the glass ions. For example, sodium from the
glass may pass into the salt and ions, such as silver and
potassium, may pass from the salt into the sites vacated
by the sodium within the glass. While such an ion ex-
change, unaided by an electric field, may be slower and
may produce a lower degree of resolution, its simplicity
may render it attractive for some applications.

Other modifications and variations as are known to
those of skill in the art may be resorted to without de-
parting from the spirit and scope of the invention as
claimed by the appended claims.

I claim:

1. A method for making a stained glass photomask
having improved resolution comprising:

applying to a first surface of a glass substrate a layer

of a source of stain-producing cations;

applying onto said cation source layer a layer of or-

ganic photoresist;
placing a master mask over the photoresist layer,
exposing patterned areas of the photoresist to ac-
tinic radiation through the master mask, and photo-
graphically developing the exposed photoresist,
thereby producing a pattern of apertures through
the organic photoresist layer;
applying a first electrode layer onto the organic pho-
toresist layer and into contact with the portions of
the cation source layer exposed by the apertures in
the photoresist layer, and applying a second elec-
trode layer onto the glass surface on the opposite
side of the glass substrate from said first surface;

simultaneously heating the coated composite consist-
ing essentially of the glass substrate, the source
layer of stain-producing cations, the apertured
organic photoresist layer, and the electrode layers
to at least 100° C. while applying a direct current
electric field between said first and second elec-
trodes, with the first electrode as anode and the
second electrode as cathode, so that electric charge
passes through the apertures in the organic photo-
resist layer and induces migration of stain-produc-
ing cations from the cation source layer into por-
tions of the glass underlying said apertures, and
passage of electric charge is blocked by the organic
photoresist layer so that the areas of the glass un-
derlying the organic photoresist remain substan-
tially free from migrated stain-producing cations;

removing said electrode layers, organic photoresist
layers, and cation source layer from the glass sub-
strate, and

heating the glass in the presence of a reducing agent

sO as to reduce and agglomerate the migrated stain-
producing cations within the glass, thereby pro-
ducing a stained pattern within the surface of the
glass.

2. The method of claim 1 wherein the step of apply-
ing a layer of a source of stain-producing cations onto
the substrate comprises depositing a film which includes
a stain-producing cation selected from the group con-
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sisting of silver, copper, gold and thallium onto the
substrate.

3. The method of claim 1 wherein the step of simulta-
neously heating and applying an electric field is carried
out at a temperature from 100° C. to 200° C.

4. The method of claim 1 wherein the step of simulta-
neously heating and applying an electric field is carried
out at a temperature from 160° C. to 200° C.

5. The method of claim 1 wherein the step of apply-
ing a layer of a source of stain-producing cations onto
the substrate comprises depositing a metal or metal
oxide film onto the substrate.

6. The method of claim 1 wherein the step of apply-
ing an electrode layer onto the substrate comprises
depositing a coating of colloidal graphite onto the sub-
strate.

7. The method of claim 1 wherein the step of heating
and reducing the migrated cations comprises heating
the glass while in contact with a reducing atmosphere.

8. The method of claim 1 wherein the step of heating
and reducing the migrated cations comprises heating
the glass while in contact with air, and the migrated
cations are reduced by ions present within the glass.

9. The method of claim 1 further comprising, after the
stain-producing cations have been migrated into the
glass and prior to the heating and reducing step, migrat-
ing into the glass additional ions having a reducing
potential toward the stain-producing cations.

10. The method of claim 1 wherein said step of apply-
ing a layer of a source of stain-producing cations onto
the surface comprises depositing a film containing silver
onto the substrate, and wherein said reduction of the
migrated stain-producing cations within the glass com-
prises reducing silver ions by means of copper 10ns
present within the glass.

11. The method of claim 1 wherein said step of apply-
ing a layer of a source of stain-producing cations onto
the substrate comprises depositing onto the substrate a
film containing a member of the group consisting of
silver, copper and mixtures thereof, and wherein said
reduction of the migrated stain-producing cations
within the glass comprises reducing the cations with tin
ions present within the glass.

12. The method of claim 1 wherein the steps of apply-
ing a stain-producing cation source layer and an organic
photoresist layer onto the substrate comprise applying
both of said layers in superimposed relationship onto a
surface of a sheet of float glass which has an enhanced
tin concentration due to contacting tin in the forming
process.

[13. The method of claim 1 wherein the steps of
applying a stain-producing cation source layer and an
organic photoresist layer onto the substrate comprises
applying both of said layers in superimposed relation-
ship onto a glass surface including more than about 4
percent by weight stannous oxide.}

14. A method for making a stained glass photomask
having improved resolution comprising:

applying onto a first surface of a glass substrate a

layer of organic photoresist;

placing a master mask over the organic photoresist

layer, exposing patterned areas of the photoresist to
actinic radiation through the master mask, and
photographically developing the exposed photore-
sist, thereby producing a pattern of apertures
through the organic photoresist layer;
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applying onto said apertured organic photoresist
layer and into the apertures therein, a layer of a
source of stain-producing cations;

applying an electrode layer onto the glass surface on

the opposite side of the glass substrate from said
first surface;

connecting said electrode layer to the cathode side of

a source of electrical potential and said cation
source layer to the anode side of a source of electn-
cal potential and simultaneously heating the coated
composite consisting essentially of the glass sub-
strate, the source layer of stain-producing cations,
the apertured organic photoresist layer, and the
electrode layer to at least 100° C. while applying a
direct current electric field between said cation
source layer and the electrode layer, so that elec-
tric charge passes through the apertures in the
organic photoresist and induces migration of stain-
producing cations from the cation source layer into
portions of the glass underlying said apertures, and
passage of electric charge is blocked by the organic
photoresist layer so that the areas of the glass un-
derlying the organic photoresist remain substan-
tially free from migrated stain-producing cations;

[removing said electrode layer, organic photoresist

layer, and cation source layer from the glass sub-
strate; § and

heating the glass, in the presence of a reducing agent

so as to reduce and agglomerate the migrated stain-
producing cations within the glass, thereby pro-
ducing a stained pattern within the surface of the
glass.

15. The method of claim 14 wherein the step of apply-
ing a layer of a source of stain-producing cations onto
the substrate comprises placing a molten pool of a salt
containing said stain-producing cations onto the sub-
strate.

16. The method of claim 14 wherein the step of apply-
ing a layer of a source of stain-producing cations onto
the substrate comprises depositing a film which includes
a stain-producing cation selected from the group con-
sisting of silver, copper, gold and thallium onto the
substrate.

17. The method of claim 14 wherein the step of simul-
taneously heating and applying an electric field is car-
ried out at a temperature from 100° C. to 200° C.

18. The method of claim 14 wherein the step of simul-
taneously heating and applying an electric field is car-
ried out at a temperature from 160° C. to 200° C.

19. The method of claim 14 wherein the step of apply-
ing a layer of a source of stain-producing cations onto
the substrate comprises depositing a metal or metal
oxide film onto the substrate.

20. The method of claim 14 wherein the step of apply-
ing an electrode layer onto the substrate comprises
depositing a coating of colloidal graphite onto the sub-
strate.

21. The method of claim 14 wherein the step of heat-
ing and reducing the migrated cations comprises heat-
ing the glass while in contact with a reducing atmo-
sphere.

22. The method of claim 14 wherein the step of heat-
ing and reducing the migrated cations comprises heat-
ing the glass while in contact with air, and the migrated
cations are reduced by ions present within the glass.

23. The method of claim 14 further comprising, after
the stain-producing cations have been migrated 1nto the
glass and prior to the heating and reducing step, migrat-
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ing into the glass additional ions having a
potential toward the stain-producing cations.

24. The method of claim 14 wherein said step of ap-
plying a layer of a source of stain-producing cations
onto the surface comprises depositing a film containing
silver onto the substrate, and wherein said reduction of
the migrated stain-producing cations within the glass
comprises reducing silver ions by means of copper 10ns
present within the glass.

25. The method of claim 14 wherein said step of ap-
plying a layer of a source of stain-producing cations
onto the substrate comprises depositing onto the sub-
strate a film containing a member of the group consist-
ing of silver, copper and mixtures thereof, and wherein
said reduction of the mlgrated stmn-producmg cations
within the glass comprises reducing the cations with tin
ions present within the glass.

26. The method of claim 14 wherein the steps of
applymg a stain-producing cation source layer and an

a reducing

organic photoresist layer onto the substate comprise 20

applying both of said layers in superimposed relation-
ship onto a surface of a sheet of float glass which has an
enhanced tin concentration due to contacting tin in the
forming process.

[27. The method of claim 14 wherein the steps of
applying a stain-producing cation source layer and an
organic photoresist layer onto the substrate comprises
applying both of said layers in superimposed relation-
ship onto a glass surface including more than about 4
percent by weight stannous oxide.]

28. A method for making a stained glass photomask
having improved resolution comprising:

applying a layer of a source of stain-producing cati-

ons onto a first surface of a glass substrate;
uniformly migrating stain-producing cations from
said cation source layer into the first surface of the
substrate to a first depth while heating the glass;
removing the cation source layer from the glass sur-
face;

applymg a layer of organic photoresist ovcr the mn-_

injected first surface of the glass; -
placing a master mask over the photoresist layer,
exposing patterned areas of the photoresist to ac-
tinic radiation through the master mask, and phota-
graphically developing the exposed photoresist,
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thereby producmg a pattern of apertures thmugh _

the organic photoresist layer;

applying a first electrode layer over the organic pho—
toresist layer and the apertures therein and apply-
ing a second electrode layer onto the glass surface
on the opposite side of the glass substrate from said
first surface;

slmultaneoualy heating the composite consisting es-
sentially of the glass substrate, the apertured or-
ganic photoresist layer, and the electrode layers to
at least 100° C. while applying a direct current
electric field between said first and second elec-
trodes, with the first electrode as anode and the
second electrode as cathode, so that electric charge
passes through the apertures in the organic photo-
resist layer and induces migration of stain-produc-
ing cations within the glass from said first depth
deeper into the glass to a second depth in the por-
tions of the glass underlying the apertures in the
photoresist, and passage of electric charge 1s
blocked by the organic photoresist layer so that
substantially no additional migration of stain-pro-
ducing ions beyond said first depth takes place in

14

the portions of the glass underlying the organic
photoresist;

[ removing the electrode layers and the photoresist

layer from the glass surfaces; J and

heating the substrate in the presence of a reducing

agent so as to reduce and agglomerate the stain-
producing ions within the glass above said first
depth, and dlscontmumg the reduction before
stain-producing ions deeper within the glass than
said first depth become reduced, thereby produc-
ing a stained pattern within the glass.

29. The method of claim 28 wherein the step of apply-
ing a layer of a source of stain-producing cations onto
the substrate comprises depositing a film which includes
a stain-producing cation selected from the group con-
sisting of silver, copper, gold and thallium onto the
substrate.

30. The method of claim 28 wherein the step of simul-
taneously heating and applying an electric field 1s car-
ried out at a temperature from 100° C. to 200° C.

31. The method of claim 28 wherein the step of simul-
taneously heating and applying an electric field 1s car-
ried out at a temperature from 160° C. to 200" C.

32. The method of claim 28 wherein the step of apply-
ing a layer of a source of stain-producing cations onto
the substrate comprises depositing a metal or metal
oxide film onto the substrate.

33. The method of claim 28 wherein the step of apply-
ing a layer of a source of stain-producing cations onto
the substrate comprises placing a molten pool of a salt
containing said stain-producing cations onto the sub-

- strate,

34. The method of claim 28 wherein the step of apply-
ing an electrode layer onto the substrate comprises
depositing a coating of colloidal graphite onto the sub-
strate.
~ 35. The method of claim 28 wherein the step of heat-
mg and reducing the migrated cations comprises heat-
ing the glass while in contact with a reducmg atmo-

| spharc

36. The method of claim 28 wherein the step of heat-
ing and reducing the migrated cations comprises heat-
ing the glass while in contact with air, and the migrated
cations are reduced by ions present within the glass.

37. The method of claim 28 further comprising, after
the stain-producing cations have been migrated into the

glass and prior to the heating and reducing step, migrat-

ing into the glass additional ions having a reducing

- potential toward the stain-producing cations.

30

'38. The method of claim 28 wherein said step of ap-

- plying a layer of a source of stain-producing cations

53

onto the surface comprises depositing a film containing

silver onto the substrate, and wherein said reduction of

the mlgratcd stam-producmg cations within the glass
comprises reducing silver ions by means of copper 10ns

nresent within the glass.

63

39. The method of claim 28 wherein said step of ap-

“ plying a layer of a source of stain-producing cations

onto the substrate comprises depositing onto the sub-
strate a film containing a member of the group consist-
ing of silver, copper and mixtures therecof, and wherein
said reduction of the migrated stain-producing cations
within the glass comprises reducing the cations with tin
ions present within the glass.

40. The method of claim 28 wherein the steps of
applying a stain-producing cation source layer and an
organic photoresist layer onto the substrate comprise
applying both of said layers in superimposed relation-
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ship onto a surface of a sheet of float glass which has an
enhanced tin concentration due to contacting tin in the
forming process. |
[41. The method of claim 28 wherein the steps of
applying a stain-producing cation source layer and an
organic photoresist layer onto the substrate comprises
applying both of said layers in superimposed relation-
ship onto a glass surface including more than about 4
percent by weight stannous oxide. §
42. A method for making a stained glass photomask
comprising:
applying a layer of organic photoresist over a ﬁrst
surface of a sheet of glass;
placing a master mask over the photoresist layer,
exposing patterned areas of the photoresist to ac-
tinic radiation through the master mask, and photo-
graphically developing the exposed photoresist,
thereby producing a pattern of apertures through
the organic photoresist layer;
applying a layer of molten salt containing stain-pro-
ducing cations onto the photoresist and into
contact with portions of the glass through said
apertures in the photoresist and maintaining the
composite consisting essentially of the glass sub-
strate, the apertured organic photoresist, and the
molten salt at an elevated temperature so as to
induce migration of stain-producing cations from
the molten salt into portions of the glass underlying
said apertures;
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[ removing the molten salt and the photoresist from

the glass surface;J and

heating the glass in the presence of a reducing agent

s0 as to reduce and agglomerate the stain-produc-
- ing ions migrated within the glass so as to form a
stained pattern within the glass.

43. The method of claim 42 wherein the step of apply-
ing a molten salt containing stain-producing cations
onto the photoresist and the apertures comprises apply-
ing onto the photoresist and the apertures a molten salt
mixture of silver salts and potassium salts.

44. The method of claim 42 wherein the step of apply-
ing a molten salt onto the photoresist and the apertures
comprises applying onto the photoresist and the aper-
tures a eutectic mixture of silver nitrate and potassium
nitrate.

45. The method of claim 14 wherein, prior to the reduc-
ing and agglomerating step and subseguent to the cation
migration step, the electrode layer, photoresist layer, and
cation source layer are removed from the glass substrate.

46. The method of claim 28 wherein, prior to the reduc-
ing and agglomerating step and subsequent to the electric
field application step, the electrode layers and the photore-
sist are removed from the glass substrate.

47. The method of claim 42 wherein, prior to the reduc-
ing and agglomerating step and subsequent to the cation
migration step, the molten salt and the photoresist are

removed from the glass sheet.
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