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TITLE OF THE INVENTION

METHOD OF THERMALLY TEMPERING COATED ARTICLE WITH
TRANSPARENT CONDUCTIVE OXIDE (TCO) COATING USING
FLAME(S) IN TEMPERING FURNACE ADJACENT TCO TO BURN OFF
OXYGEN AND PRODUCT MADE USING SAME

[0001] This invention relates to a method of making a coated article including
a transparent conductive oxide (TCO) film supported by a glass substrate. In certain
example embodiments, the coated article including the TCO film on the glass
substrate is thermally tempered in a tempering furnace. In certain example
embodiments, during tempering flame(s) are provided proximate the exposed surface
of the TCO in order to burn off excess oxygen near the TCO surface thereby
preventing or reducing oxidation of the TCO during the tempering process. A coated
article, that is thermally tempered, made by such a product is also provided. Coated
.articles according to certain example non-limiting embodiments of this invention may
be used in applications such as solar cells, oven doors, defrosting windows, or other

types of windows in certain example instances.

BACKGROUND AND SUMMARY OF EXAMPLE EMBODIMENTS OF
INVENTION

[0002] Typically, methods of forming TCOs on glass substrates require high
glass substrate temperatures. Such methods include chemical pyrolysis where
precursors are sprayed onto the glass substrate at approximately 400 to 500 degrees C,
and vacuum deposition where the glass substrate is kept at about 150 to 300 degrees
C. Sputter deposition of a TCO at approximately room temperature would also be
desirable, given that most float glass manufacturing platforms are not equipped with

in-situ heating systems.

[0003] There is often a need to thermally temper coated articles having a glass
substrate coated with a TCO film/coating. For instance, in certain applications
tempering is required by code (e.g., e.g., for windows over doorways, for windows
identified as breakable windows for firemen, and other applications). Thermal

tempering typically requires heating the glass substrate with a coating thereon in a
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tempering furnace at a temperature of at least about 580 degrees C, more preferably at
least about 600 degrees C, and often at least about 620 or 640 degrees C (e.g., for at
least about 2 minutes, more preferably for at least about 5 minutes). Thus, it will be

appreciated that thermal tempering involves very high temperatures.

[0004] Conventional temperable TCOs use pyrolytically processed fluorine-
doped tin dioxide as the material for the TCO coating. However, it would also be
desirable for a TCO to be able to be deposited by sputtering so that it could be

performed at approximately room temperature.

[0005] However, glass supporting sputter-deposited TCOs cannot be
thermally tempered without the TCOs suffering a significant loss in electrical
conductivity. Glass tempering temperatures (see above) cause a rapid conductivity
drop in certain TCOs (e.g., sputter-deposited zinc oxide inclusive TCOs). It is
believed that this drop in conductivity is due to oxidation of the TCO during the

tempering process.

[0006] Thus, it will be appreciated that there exists a need in the art for an
improved technique or method of tempering glass substrates including TCO
films/coatings thereon, which can prevent or reduce oxidation of the TCO during
tempering and thus allow the TCO to substantially maintain its electrical conductivity

in certain example instances.

[0007] In certain example embodiments of this inventién, a method is
provided for thermally tempering a glass substrate with a TCO film/coating thereon.
The thermal tempering typically involves heating the glass substrate with the TCO
coating thereon in a tempering furnace at a temperature of at least about 580 degrees
C, more preferably at least about 600 degrees C, and often at least about 620 or 640
degrees C. The glass substrate with the TCO coating thereon may be in the tempering
furnace for at least about 2 minutes, more preferably for at least about 5 minutes, in
certain example embodiments of this invention. In certain example embodiments,
flame(s) are provided proximate the exposed surface of the TCO in the tempering
furnace in order to burn off excess oxygen near the TCO surface thereby preventing

or reducing oxidation of the TCO during the tempering process. By reducing
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oxidation of the TCO during the tempering process, more of the electrical

conductivity of the TCO coating can be maintained during and/or after tempeﬁﬁg.

[0008] In certain example embodiments, the flame(s) need not be provided in
the entire tempering furnace. In certain example embodiments, the flame(s) are

- provided in locations so that the flame are only proximate the surface of the TCO film
once the glass and/or TCO film reaches a predetermined temperature at or near the
TCO oxidation temperature which can vary based on the material making up the TCO

film.

[0009] In certain example embodiments of this invention, the TCO film may
be sputter-deposited on a glass substrate (either directly or indirectly) at
approximately room temperatﬁre. In alternative embodiments, it is possible to pre-
heat the glass substrate prior to the sputter-deposition of the TCO film. In certain
example embodiments, however, the flame(s) discussed herein may be used in
connection with tempering TCO films deposited via pyrolysis. Example TCO films
include films of or including ZnAlOx:Ag, ZnO, ITO (indium tin oxide), SnO; and/or
SnO,:F. Other types of TCO films may instead be used.

[0010] In certain example embodiments of this invention, there is provided a
method of making a coated article including a transparent conductive film, the method
comprising: providing a glass substrate; forming a film comprising a transparent
conductive oxide on the glass substrate; and tempering the coated article including the
glass substrate and the film comprising the transparent conductive oxide, and wherein
at least one flame is provided in a tempering furnace in order to burn off oxygen to
prevent or reduce oxidizing of the film comprising transparent conductive oxide

during tempering.

[0011] In other example embodiments of this invention, there is provided a
method of making a coated article including a transparent conductive film, the method
comprising: providing a glass substrate; forming a transparent conductive film
comprising a transparent conductive oxide on the glass substrate; and tempering the
coated article including the glass substrate and the transparent conductive film, and
wherein at least one flame is provided in a tempering furnace proximate the

transparent conductive film. .
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIGURE 1 is a flowchart illustrating a method of making a thermally

tempered coated article according to an example embodiment of this invention.

[0013] FIGURE 2 is a schematic diagram illustrating a coated article in a
thermal tempering furnace according to an example embodiment of this invention.
[0014] FIGURE 3 is a graph illustrating a point in the thermal tempering
furnace when the glass and/or coating reaches a predetermined temperature that is at

or proximate the oxidation temperature of the TCO on the glass being tempered.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS OF THE
INVENTION

[0015] Coated articles including conductive layer(s) according to certain
example non-limiting embodiments of this invention may be used in applications such
as solar cells, oven doors, defrosting windows, display applications, or other types of
windows in certain example instances. For example and without limitation, the
conductive layers discussed herein may be used as electrodes in solar cells, as heating

layers in defrosting windows, as solar control layers in windows, and/or the like.

[0016] Fig. 1 is a flowchart illustrating certain steps carried out in making a
thermally tempered coating article according to an example embodiment of this
invention. Initially, a film or coating 3 of or including a transparent conductive oxide
(TCO) is formed or deposited on a glass substrate 1 (step S1 in Fig. 1; see also film 3
on glass substrate 1 in Fig. 2). For the TCOs discussed herein, they are substantially
substoichiometric with respect to oxygen, thereby permitting them to be electrically
conductive. In certain example embodiments of this invention, the TCO film 3 may
be formed by pyrolysis or be sputter-deposited on a glass substrate 1 (either directly
or indirectly) at approximately room temperature. In sputter-deposing embodiments,
magnetron sputtering target(s) for example may be used in sputter-deposing the TCO
film. In alternative embodiments, it is possible to pre-heat the glass substrate prior to
the sputter-deposition of the TCO film. For example and without limitation, example
TCO films include films of or including one or more of ZnAlO;, ZnAlO,:Ag, ZnO,

SnZnOy, ITO, SnO, and/or SnOy:F. In certain example instances, the use of SnZnOy
4
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as the TCO film 3 may be advantageous to better tailor the electrical and/or optical
properties of the film, e.g., to'improve layer etchability for display applications,

enhance carrier mobility and/or transmission, and so forth.

[0017] After the TCO film 3 has been formed on the glass substrate 1, the
coated article including the TCO film 3 on the glass substrate 1 enters a thermal
tempering furnace (step S2 in Fig. 1). The thermal tempering typically involves
heating the glass substrate 1 with the TCO coating 3 thereon in the tempering furnace
at a temperature of at least about 580 degrees C, more preferably at least about 600
degrees C, and often at Jeast about 620 or 640 degrees C. The glass substrate 1 with
the TCO coating 3 thereon may be in the tempering furnace for at least about 2
minutes, more preferably for at least about 5 minutes, in certain example
embodiments of this invention. Inside the tempering furnace, nozzle(s) are provided
to form flame(s) proximate the exposed surface of the TCO film 3 in the tempering
furnace in order to burn off excess oxygen near the TCO surface thereby preventing
or reducing oxidation of the TCO during the tempering process (step S3 in Fig. 1). In
certain example embodiments, the nozzles and thus the flames may be provided in the
furnace above or over the substrate with the TCO film thereon. By reducing
oxidation of the TCO film 3 during the tempering process, more of the electrical

conductivity of the TCO coating can be maintained during and/or after tempering.

[0018] After the glass substrate 1 with the coating®3 thereon exits the
tempering furnace, the glass is permitted to cool in a known manner thereby resulting
in the thermal tempering thereof. Thus, a thermally tempered glass substrate 1 has
been provided with a TCO film 3 thereon (step S4 in Fig. 1). The tempered coated
article may then be used in monolithic window applications, oven door applications,
IG window unit applications, solar cells, heatable window applications, or the like.
The TCO may function as a heatable layer/coating (when voltage is applied
thereacross) in certain applications such as heatable window applications, or
alternatively may function as a heat or IR blocking layer/coatin g in applications such
as oven doors, or alternatively may function as an electrode in applications such as

solar cell applications.
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[0019] Fig. 2 is a schematic diagram illustrating a coated article in a thermal
tembering furnace according to an example embodiment of this invention. In other
words, Fig, 2 is an example of what is occurring in steps S2 and S3 of Fig. 1. In Fig.
2, walls 5 are walls of the tempering furnace, so that chamber 7 is the interior of the
furnace. The coated glass article including glass substrate 1 and TCO coating 3 enters
the tempering furnace at inlet 9, travels in direction D through the furnace, and exits

the furnace at outlet 11.

[0020] Fig. 2 also includes a cross-sectional view of the coated article
including glass substrate 1 and TCO film or layer 3 that is provided on the substrate.
Glass 1 may be soda-lime-silica glass in certain example embodiments of this
invention, although other types of glass may instead be used. In certain embodiments,
TCO layer/coating 3 may be made up of one or more layers and is provided directly
on and contacting the top surface of glass substrate 1. However, in other example
embodiments of this invention, other layer(s) (not shown) may be provided between
the glass substrate 1 and the transparent conductive layer 3. Layer 3 is said to be "on"
and "suppoﬁed" by/on the substrate 1, regardless of whether other layer(s) are
provided therebetween. In certain example embodiments of this invention, the coated
article has a visible transmission of at least about 30%, more preferably of at least

about 50%, and even more preferably of at least about 70%.

[0021] Fig. 2 illustrates the provision of flames 15 output from nozzles or
burners above the TCO film 3. The flame-outputting nozzles are supported by and/or
in flame burner or nozzle bank 17. Gas from source 19 is input into the burner bank
17 and the gas is ignited to form flame(s) 15. In the Fig. 2 embodiment, the flames 15
are located just over top of the coated article, so that the TCO film 3 is between the
flames 15 and the glass substrate 1. Flame(s) 15 are provided proximate the exposed
surface of the TCO film 3 in the tempering furnace in order to burn off excess oxygen
near the TCO surface thereby preventing or reducing oxidation of the TCO during the
tempering process. By reducing oxidation of the TCO during the tempering process,
more of the electrical conductivity of the TCO coating can be maintained during
and/or after tempering. In other words, the flames burn off oxygen or oxide near fhe

top surface of the TCO film 3. In certain examplé embodiments, the flame(s) 15 burn
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off the oxygen before it reaches the TCO film 3 so that at least some oxygen is burned
off before it can cause the TCO film 3 to oxidize during tempering. The excessive
heat caused by the flame(s) 15 from the nozzles may be balanced, or compensated fo-r,
by the electrical heating plates (not shown) used in the tempering furnace to generate
the heat (i.e., the heating plates may be caused to generate less heat compared to a
situation where the flame(s) 15 were not present). A similar method may be used in

the case of shake-and-bake tempering processes.

[0022] In certain example embodiments of this invention, at least part of
flame(s) 15 is/are located within about 20 cm of the upper or exposed surface of the
TCO film 3, more preferably without about 15 cm, even‘more preferably within about
10 cm, still more preferably within about 5 cm. In certain example instances, the
flame(s) 15 may be located within about 2 cm (even sometimes within about 1 cm) of
the upper or exposed surface of the TCO film 3, and may even contact the TCO film 3

in certain example embodiments of this invention.

[0023] In certain example embodiments of this invention, TCO inclusive film
3 is sputter-deposited onto substrate 1 at a low temperature (e.g., less than about 150
degrees C, more preferably less than about 100 degrees C, and possibly at
approximately room temperature) so as to include both a primary dopant and a co-
dopant. For purposes of example, the film 3 may be zinc oxide based, the primary
dopant may be Al, and the optional co-dopant may be Ag. In such an example
situation, the TCO film 3 may be of or include ZnAlOy:Ag, where Ag is the co-
dopant. Al is the primary charge carrier dopant. However, if too much Al is added
(without Ag), its effectiveness as a charge carrier is compromised because the system
compensates Al by generating native acceptor defects (such as zinc vacancies). Also,
at low substrate temperatures, more clustered electrically inactive (yet optically
absorbing) defects tend to occur. However, when Ag is added as a co-dopant, this
promotes declustering of the Al and permits more Al to function as a charge
generating dopant (Al is more effective when in the Zn substituting sites). Thus, the
use of the Ag permits the Al to be a more effective charge generating dopant in the
TCO inclusive film 3. Accordingly, the use of Ag in ZnAlO is used to enhance the

electrical properties of the film. In certain example embodiments of this invention,
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the amount of primary dopant (e.g., Al) in the film 3 may be from about 0.5 to 7%,
more preferably from about 0.5 to 5%, and most preferably from about 1 to 4%
(atomic %). Moreover, in certain example embodiments of this invention, the amount
of co-dopant (e.g., Ag) in the film 3 may be from about 0.001 to 3%, more preferably
from about 0.01 to 1%, and most preferably from about 0.02 to 0.25% (atomic %). In
certain example instances, there is more primary dopant in the film than co-dopant,
and preferably there is at least twiée as much primary dopant in the film than co-
dopant (more preferably at least three times as much, and most preferably at least 10
times as much). Moreover, there is significantly more Zn and O in the film 3 than
both Al and Ag, as the film 3 may be zinc oxide based — various different
stoichiometries may be used for film 3. The use of both the primary dopant (e.g., Al)
and the co-dopant (e.g., Ag) in depositing (e.g., sputter-depositing) the TCO inclusive
film (e.g., ZnAlO4:Ag) 3 prevents or reduces the formation of compensating native
defects in a wide-bandgap semiconductor material during the impurity introduction by
controlling the Fermi level at or proximate the edge of the growth. Immediately after
being captured by surface forces, atoms start to migrate and follow the charge
neutrality principle. The Fermi level is lowered at the growth edge by the addition of a
small amount of acceptor impurity (such as Ag) so it prevents the formation of the
compensating (negative in this case) species, such as zinc vacancies. After the initial
stage of the semiconductor layer formation, the mobility of atoms is reduced and the
probability of the point defect formation is primarily determined by the respective
energy gain. Silver atoms in this particular case tend to occupy interstitial sites where
they play role of predéminantly neutral centers, forcing Al atoms to the preferable
zinc substitutional sites, where Al plays the desired role of shallow donors, thus
eventually raising the Fermi level. In addition, the provision of the co-dopant (Ag)
promotes declustering of the primary dopant (Al), thereby freeing up space in the
metal sublattice of the film 3 and permitting more primary dopant (Al) to function as
a charge provider so as to improve conductivity of the film. Accordingly, the use of
the co-dopant (Ag) permits the primary dopant (Al) to be more effective in enhancing
conductivity of the TCO inclusive film 3, without significantly sacrificing visible
transmission characteristics. Furthermore, the use of the co-dopant surprisingly

improves crystallinity of the TCO inclusive film 3 and thus the conductivity thereof,
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and grain size of the crystalline film 3 may also increase which can lead to increased
mobility. While silver is discussed as a co-dopant in certain example embodiments of
this invention, it is possible to use another Group IB, IA or V element such as Cu or
Au instead of or in addition to silver as the co-dopant in TCO film 3. Moreover,
while Al is discussed as a primary dopant in certain example embodiments of this
invention, it is possible to use another material such as Mn (instead of or in addition

to Ag) as the primary dopant for the TCO film 3.

[0024] In certain example embodiments, the flame(s) 15 and burners therefore
may be provided along the entire length of the tempering furnace so that the flame(s)
15 are adjacent the TCO film 3 at all locations in the tempering furnace. However, in
certain example embodiments of this invention, as shown in Fig. 2, the flames 15 are
not provided along the entire length of the tempering furnace. In particular, the
beginning portion 20 of the tempering furnace does not have flame(s) 15 provided
therein. This is because the glass 1 and TCO film 3 has not reached an extremely
high temperature (for causing TCO to oxidize) in the initial or beginning portion 20 of
the fempering furnace. In certain example embodiments of this invention, the |
beginning portion 20 of the furnace that does not have flame(s) 15 is at least about
10% of the total tempering furnace length, more preferably at least about 20%,
sometimes at least about 30%, and sometimes at least about 40% of the furnace

length.

[0025] Thus, referring to Figs. 2 and 3 for example, in certain example
embodiments, the flame(s) 15 for burning off oxygen from the area proximate the
TCO film 3 are provided only in a later portion (and not in the beginning portion 20)
of the furnace so that the flame(s) are only proximate the surface of the TCO film 3
once the glass and/or TCO film reaches a predetermined temperature (see the
indication on the curve in Fig. 3) at or near the TCO oxidation temperature which can
vary based on the material making up the TCO film. For example, the oxidation
temperature of zinc oxide based TCO films 3 is around 600 degrees C. Thus, in such
embodiments, the flames are only provided in area where the glass 1 and/or TCO film

3 has reached a temperature of at least about 500 degrees C, more preferably at least
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about 550 degrees C, and possibly at least about 590 degrees C. This prevents flames

from being wasted in areas where oxidizing of the TCO does not occur.

[0026] Electrical conductivity can be measured in terms of sheet resistance
(Rs). The TCO films discussed herein have a sheet resistance (Rs) of no greater than
about 200 ohms/square, more preferably no greater than about 100 ohms/square, and
most preferably from about 5-100 ohms/square. The conductivity of a TCO film is
often caused by depositing the film in a manner so that the film is substoichiorﬁetric
with respect to oxygen. The oxygen substoichiometry causes oxygen vacancies which
allow current to flow through the layer. As an example, stoichiometric zinc oxide
(ZnO) is usually high resistive and thus dielectric in nature because of its wide
bandgap; however, zinc oxide can be made conductive by creating nonidealities or
point defects in its crystal structure to generate electrically active levels (e.g., by
making it oxygen deficient which is substoichiometric with respect to oxygen)
thereby causing its sheet resistance to drop significantly into the range discussed
above. This can be done by using an oxygen deficient atmosphere during crystal
growth and/or by doping. '

[0027]  While the invention has been described in connection with what is
presently considered to be the most practical and preferred embodiment, it is to be
understood that the invention is not to be limited to the disclosed embodiment, but on
the contrary, is intended to cover various modifications and equivalent arrangements

included within the spirit and scope of the appended claims.

10
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CLAIMS

1. A method of making a coated article including a transparent

conductive film, the method comprising:

providing a glass substrate;

forming a film comprising a transparent conductive oxide on the glass
substrate; and

tempering the coated article including the glass substrate and the film
comprising the transparent conductive oxide, and wherein at least one flame is
provided in a tempering furnace in order to burn off oxygen to prevent or reduce

oxidizing of the film comprising transparent conductive oxide during tempering.

2. The method of claim 1, wherein the flame is provided proximate a
surface of the film comprising transparent conductive oxide, and wherein the film
comprising the transparent conductive oxide has a sheet resistance of from about 5-

100 ohms/square.

3. The method of claim 1, wherein a plurality of flames are provided in

the tempering furnace.

4, The method of claim 1, wherein following tempering the film is still

electrically conductive.

5. The method of claim 1, wherein at least part of the flame is located

within about 20 cm of a surface of the film comprising transparent conductive oxide.

6. The method of claim 1, wherein at least part of the flame is located

within about 10 cm of a surface of the film comprising transparent conductive oxide.

7. Thé method of claim 1, wherein at least part of the flame is located

within about 5 cm of a surface of the film comprising transparent conductive oxide.

11
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8. The method of claim 1, wherein at least part of the flame is located

within about 2 cm of a surface of the film comprising transparent conductive oxide.

0. The method of claim 1, wherein at least part of the flame touches the

film comprising transparent conductive oxide in the tempering furnace.

10. The method of claim 1, wherein no flame or flames is/are provided in a

beginning portion of the tempering furnace.

1L The method of claim 10, wherein the beginning portion of the
tempering furnace where no flame is provided is at least about 10% of the length of

the tempering furnace.

12. The method of claim 10, wherein the beginning portion of the
tempering furnace where no flame is provided is at least about 20% of the length of

the tempering furnace.

13. The method of claim 1, wherein said forming the film comprising
transparent conductive oxide on the glass substrate comprising sputtering at least one

sputtering target at approximately room temperature.

14. The method of claim 1, wherein another layer is provided on the glass
substrate so as to be located between the glass substrate and the film comprising

transparent conductive oxide.

15. The method of claim 1, wherein the coated article has a visible

transmission of at least about 50% before and/or after the tempering.

16. A method of making a coated article including a transparent
conductive film, the method comprising:
providing a glass substrate;

forming a transparent conductive film comprising a transparent

12
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conductive oxide on the glass substrate; and
tempering the coated article including the glass substrate and the
transparent conductive film, and wherein at least one flame is provided in a tempering

furnace proximate the transparent conductive film.

17.  The method of claim 16, wherein at least part of the flame is located

within about 20 cm of an exposed surface of the transparent conductive film.

18. The method of claim 16, wherein the coated article has a visible

transmission of at least about 50% before and/or after the tempering.

19.  The method of claim 16, wherein the flame touches the transparent

conductive film in the tempering furnace.

20.-  The method of claim 1, wherein the flame touches the film in the

tempering furnace.

21.  The method of claim 1, wherein the film comprising the transparent

conductive oxide has a sheet resistance of no greater than about 200 ohms/square.

22.  The method of claim 21, wherein the film comprising the transparent

conductive oxide has a sheet resistance of no greater than about 100 ohms/square.

13
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