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ELECTROCHROMIC DEVICE INCLUDING A TRANSPARENT CONDUCTIVE
OXIDE LAYER AND A BUS BAR AND A PROCESS OF FORMING THE SAME

TECHNICAL FIELD

The present disclosure is directed to electrochromic devices, and more specifically io
electrochromic devices including transparent conductive layers and bus bars and processes of
forming the same.

BACKGROUND ART

An electrochromic device helps to a room of a building or passenger compartment of
a vehicle from becoming too warm. The electrochromic deviee includes bus bars that can be
biased and allow the electrochromic device to change from a higher transmission state to 3
lower transmission state to reduce the transmission of near infrared radiation. The bus bars
are desired 1o have low resistivity and good adhesion to underlying materials. One or more
layers in the electrochromic device may limit the selection of materials and processing
conditions for the bus bars. Accordingly, improvement in the resistivity and adhesion of the
bus bars is desired.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments are illustrated by way of example and are not limited in the
accompanying figures.

FiG. 1 includes a flow diagram for a process of forming an electrochromic device in
accordance with an embodiment as described herein.

FIG. 2 includes an ilustration of a cross-sectional view of a workpiece including &
substrate and an electrochromic stack.

FIG. 3 includes an illustration of a cross-sectional view of the workpiece of FIG. 2
after forming an oxidation-resistant layer.

FIG. 4 includes an illustration of a cross-sectional view of the workpiece of FIG. 3
after forming a layer having a refractive index between the refractive indices of the oxidation-
resistant faver and an ambient.

FIG. § includes an iHlustration of a cross-sectional view of the workpiece of FIG. 4
after patterning the electrochromic stack.

FIG. 6 includes an illustration of a cross-sectional view of the workpiece of FIG. 5
after forming bus bars.

FiG. 7 includes an illustration of a cross-sectional view of the workpiece of FIG. 6
after forming a substantially completed electrochromic device.

-1-
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FIG. B includes illustration of a cross-sectional view of an insulated glass unit that
includes the electrochromic device of FIG. 7.

Skilled artisans appreciate that clements in the figures are illustrated for simplicity
and clarity and bave not necessarily been drawn to scale. For example, the dimensions of
some of the elements in the figures may be exaggerated relative to other elements to help to
improve understanding of embodiments of the invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

The following description in combination with the figures is provided to agsist in
understanding the teachings disclosed herein. The following discussion will focus on specific
implementations and embodiments of the teachings. This focus is provided to assist in
describing the teachings and should not be interpreted as a limitation on the scope or
applicability of the teachings.

Polymers include homopolymers and co-polymers. A homopolvmer is formed froma
single polymeric precursor, and a co-polymer is formed from different polymeric precursors.

In this specification, refractive indices are measured at S50 nm.

As used herein, the terms “comprises,” “comprising,” “includes,” “including,” “has,”
“having,” or any other variation thereof, are intended fo cover a non-exclusive inclusion. For
example, a process, method, article, or apparatus that comprises a list of features is not
necessarily limited only to those features but may include other features not expressly listed
or inherent i0 such process, method, article, or apparatus. Further, unless expressly stated to
the contrary, “or” refers to an inclusive-or and not to an exclusive-or. For example, a
condition A or B is satisfied by any one of the following: A is true (or present) and B is false
(or not present}, A is false {or not present) and B is true (or present), and both A and B are
irue {(or present).

The use of “a” or “an” is employed o describe elements and components described
herein. This is done merely for convenience and {0 give a general sense of the scope of the
invention. This description should be read to include one or at least one and the singular also
ncludes the plural, or vice versa, unless i is clear that it is meant otherwise,

The use of the word “abowt”, “approximately”, or “substantially” is intended to mean
that a value of a parameter is close to a stated value or position. However, minor differences
may prevent the values or positions from being exactly as stated. Thus, differences of up to
ten percent (10%) for the value are reasonable differences from the ideal goal of exactly as

described.
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Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. The materials, methods, and examples are illustrative only and not intended to be
hmiting. To the extent not deseribed herein, many details regarding specific materials and
processing acts are conventional and may be found in textbooks and other sources within the
glass, vapor deposition, and electrochromic arts.

An electrochromic device can include a bus bar that has low resistivity and good
adhesion to underlying materials, such as a transparent conductive oxide and a substrate, each
of which may be in physical contact with the bus bar. The electrochromic device can include
a subsirate, a transparent conductive oxide layer over the substrate, and a bus bar over the
substrate. The bus bar can include silver and have a resistivity of at most 8.0 x 10° Q%*cm; an
average adhesion strength to S10; of at least 3 N based on 20 measurements, as determined
by Method A of ASTM B905-00 (Reapproved 2010); a classification of at least 3, as
determined by Method B of ASTM B905-00 (Reapproved 2010}; or any combination thereof.

In ancther aspect, a process of forming an electrochromic device can include forming
a transparent conductive oxide fayer over a substrate; forming a bus bar precursor over the
substrate, wherein the bus bar precursor includes silver; and firing the bus bar precursor to
form a bus bar, wherein firing is performed such that the bus bar is at a temperature of at least
390°C.

An oxidation-resistant layer can be used to reduce the likelihood that a transparent
conductive oxide is significantly adversely affected during the formation of the bus bars. The
oxidation-resistant laver can allow for silver-based frifs to be used that bave relatively higher
sintering temperatures as compared an electrochromic device formed with the oxidation-
resistant layer. In a particular embodiment, the oxidation-resistant layer helps the transparent
conductive oxide from becoming too oxidized, which is undesired as the fransparent
conduetive oxide needs to bave an acceptable resistivity.

An oxidation-resistant layer may also be used between the substrate and an
electrochromic stack. Such an embodiment may be helpful in reducing that mobile ions, such
as Li', Na', or the like, may migrate from the substrate (¢.g., soda lime glass) to the
electrochromic stack or from the electrochromic stack to the substrate. In another
embodiment, oxidation-resistant lavers may lie along opposite major surfaces of the

electrochromic stack.
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When the oxidation-resistant laver is adjacent to air or another gas, a capping layer
can be disposed between the oxidation-resistant laver and air or other gas. The capping layer
can have a refractive index that is between the refractive indices of the oxidation-resistant
layer and air or the other gas. The capping layer can help in reducing total seflection.

The embodiments as ifjustrated in the figures and described below help in
understanding particular applications for implementing the concepts as described herein. The
embodiments are exemiplary and not intended to Hmit the scope of the appended claims.

FIG. | includes a process flow of forming an electrochromic device in accordance
with an embodiment. The process can inchude forming an electrochromic stack over a
subsirate, at block 102. FIG. 2 includes an illustration of a cross-section view of a partially
fabricated electrochromic device after forming an slectrochromic stack. The electrochromic
device can include a transparent substrate 200 that includes a glass substrate, a sapphire
substrate, an aluminum oxynitride (AION) substrate, a spinel substrate, or a transparent
polymer. In a particular embodiment, the transparent substrate 200 can inchide ultra-thin
glass that 1s a mineral glass having a thickness in a range of 50 microns to 300 microns. The
fransparent polymer can include a polyacrylate, a polyester, a polycarbonate, a polysiloxane,
a polyether, a polyviny] compound, another suitable class of transparent polymer, or a
mixture thereof. In another embodiment, the transparent subsirate 200 can be a laminate
inchuding layers of the materials that make up the previously described transparent substrates.
In another embodiment, the Jaminate can include a solar control layer that reflects ultraviolet
radiation or a low emissivity material. The substrate 200 may or may not be flexible.

In an embodiment, the transparent substrate 200 can be a glass substrate that canbe a
mineral glass including Si0; and one or more other oxides. Such other oxides can include
AbL(;, an oxide of an alkali metal, an oxide of an alkaline earth metal, B,Os, 210y, P2Os,
Zn0, Sn(;, SO, Asy(,, or 85,05, The transparent substrate 200 may inchide a colorant,
such as oxides of iron, vanadium, titanium, chromium, manganese, cobalt, nickel, copper,
cerium, neodymium, praseodymium, or erbium, or a metal colloid, such as copper, silver, or
gold, or those in an elementary or ionic form, such as selentum or sulfur,

In an embodiment in which the transparent substrate 200 is a glass substrate, the glass
substrate is at least 50 wt% Si0;. In an embodiment, the Si0, conient is in a range of 50 wt%
10 85 wi%. Al 04 may help with scratch resistance, for example, when the major surface is
slong an exposed surface of the laminate being formed. When present, ALG; content can be
in a range of 1 wt% to 20 wt%. B,0; can be usefully used to reduce both the viscosity of the
glass and its thermal expansion coefficient. The B, content may be no greater than 20

A4
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wt%, and in a particular embodiment, less than 15 wit%. Alkaline earth metals include
magnesium, calcium, strontium, and bariom. The oxides of an alkaline earth metal are useful
for reducing the viscosity of the glass and facilitating fusion, without heavily penalizing the
expansion coefficient. Calcium and magnesium have a relatively low impact on the density
5  of the glass as compared to some of the other oxides. The total content of alkaline metal
oxide may be no greater than 25 wit%, 20 wit%, or 15 wi%. Oxides of an alkali metal can
reduce viscosity of the glass substrate and its propensity to devitrify. The total content of
alkali metal oxides may be at most than 8 wt.%, 5 wt.%, or 1 wt.%. In some applications, the
glass subsirate is desired to be clear, and thus, the content of colorants is low. In a particular
10 embodiment, the fron content is less than 200 ppm.

The glass substrate can include heat-strengthened glass, tempered glass, partially heat-
strengthened or tempered glass, or annealed glass. "Heat-sirengthened glass” and "tempered
glass”, as those terms are known in the art, are hoth types of glass that have been heat treated
to induce surface compression and to otherwise strengthen the glass. Heat-treated glasses are

15 classified as either fully tempered or heat-strengthened. In an embodiment, the glass
substrate is tempered glass and has a surface compression of about 69 MPa or more and an
edge compression of about 67 MPa or more. In another embodiment, the transparent substrate
is heat-strengthened and has a surface compression in a range of 24 MPa to 69 MPsa and an
edge compression between 38 MPa and 67 MPa. The term "annealed glass” means glass

20 produced without internal strain imparted by heat freatment and subsequent rapid cooling.
Thus annealed glass only excludes heat-strengthened glass or tempered glass. The glass
substrate can be laser cut.

A transparent conductive oxide layer 202 overlies the transparent substrate 200. The
transparent conductive oxide layer 202 can include doped metal oxide. The doped metal

25 oxide can include a zine oxide or a tin oxide, either of which may be doped with a Group 13
clement, such as Al, Ga, or In. Indium tin oxide (ITO) and aluminum zinc oxide {(AZQ) are
exemplary, non-fimiting materials that can be used. As illustrated in FIG. 2, the transparent
conductive oxide layer 202 has a cut to allow a subsequently-formed bus bar to contact the
right-hand portion of the transparent conductive oxide layer 202 without electrically shorting

30 such bus bar to the left-hand portion of the transparent conductive oxide layer 202. The
fransparent conductive oxide layer 202 has a thickness in a range of 150 nm fo 600 nm.

An electrode layer 204, an electrolyte layer 206, and another electrode layer 208

overlie the transparent conductive oxide layer 202 and the transparent substrate 200. The
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electrode layer 204 can be one of the electrochromic (EC) layer or the counter electrode (CE)
layer, and the electrode layer 208 is the other of the CE laver or the EC layer.
The EC Jayer can have a variable transmission of visible light and near infrared
radiation {e.g., electromagnetic radiation having wavelengths in a range of 700 nm to 2500
5  om) depending on the biasing conditions. For example, in the absence of an electrical field,
the clectrochromic device is in a high transmission {(“bleached”) state, and an electrical field
can cause mobile ions, such as Li', Na', or H', to migrate from the CE layer, through the
electrolyie layer to the EC layer and reduce the transmission of visible light and near nfrared
radiation through the electrochromic device. The lower transmission state may also be
10 referred to as a tinted or colored state. The EC layer can include an oxide of a transition
metal, such as iridiom, rhodium, ruthenium, fungsten, manganese, cobalt, or the like. Ina
particular embodiment, the CFE layer includes W05, As initiafly formed, the EC layer may
not include any significant amount of the mobile ions that cause the EC layer to have a
reduced fransmission. In another embodiment, the EC layer may include at least some
15 mobile ions, however, the electrochromic device may be reverse biased to move the mobile
ions from the EC layer, through the electrolyte layer 206 to the CE layer. In an embodiment,
the thickness of the EC layer as deposited is in a range 80 nm to 600 nm.
The CE layer can provide a principal source of mobile ions. Furthermore, the CE
layer remains substantially transparent to visible light when the elecirochromic device is in its
20 bigh transmission state or its low transmission state. The CE layer can include an oxide of
transition metal element. In embodiment, the CE layer can include an oxide of nickel. The
nickel may be in its divalent state (Ni*"), its trivalent state (NI*), or a combination thereof.
The CE layer can include an oxide of a transition metal element, such as such as iridium,
rhodium, ruthenium, tungsten, manganese, cobalt, or the like. The CE layer can also provide
25 the source of mobile ions that can pass through the electrolyte layer 206. The source of
mobile ions may be incorporaied into the CE layer as it is formed. In a finished device, the
CE layer may be represented by a chemical formuia of:
AN NPT MO,
where:
30 A is an element that produces a mobile ion, such as Li, Na, or H;
M is a metal; and
0<x<10,0<y<1,0<2<10,and (0.5x+ 1+ 08y + ) <a<(05x+ 1+ 05y +
3.5z7).

-6~
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In a particular non-iimiting embodiment, A is Li, M is W, and, in a finished device,
the CE layer may be represented by a chemical formula of:

LN i2+(l--y)N i3+yW AX140.5x+0.5y+32)

where 1.5<x<3,04 <y <095, and 0.15<2z< L

5 In an embodiment, the thickness of the CE layer is in a range 80 nm to 500 om.

The electrolyte layer 206 includes a solid electrolyte that allows ions to migrate
through the electrolyte layer 206 as the electrical field across the electrolyte layer is changed
from the high transmission state {o the low transmission siate, or vice verse. In an
embodiment, the electrolyte layer 206 can be a ceramic electrolyte. In another embodiment,

10 the electrolyte layer 206 can include a silicate-based or borate-based material. The
clectrolvie layer 206 may include a silicate, an aluminum silicate, an aluminum borate, a
borate, a zirconium silicate, a niobate, a borosilicate, a phosphosilicate, a nitride, an
aluminum fluoride, or another suitable ceramic material. Other suitable ion-conducting
materials can be used, such as tantalum pentoxide or a gamet or perovskite material based on

15 alanthanide-transition metal oxide. In another other embodiment, as formed, the electrolyte
layer 206 may include mobile ions. Thus, lithiurs-doped or lithium-containing compounds of
any of the foregoing may be used. The electrolyte layer 206 may include a plurality of layers
having alternating or differing materials, including reaction products between at least one pair
of neighboring lavers. In a further embodiment, the refractive index and thickness of the

20 clectrolyte layer 206 are selected to have acceptable visible light transmission while keeping
electronic current very low. In another ersbodiment, the electrolyie layer 206 has low or no
significant electronic condactivity {e.g., low leakage current). The thickness of the
electrolyte layer 206 can be in a range of 10 nun to 70 pm.

A transparent conductive oxide layer 210 overlies the transparent substrate 200, the

25 transparent conductive oxide layer 202, the electrode layer 204, the electrolyte layer 206, and
the electrode layer 208. The transparent conductive oxide layer 210 can inclade any of the
materials as previously described with respect to the transparent conductive oxide layer 202.
The transparent conductive oxide layer 210 can include the same material or a different
material, as compared to the transparent conductive oxide layer 202, The transparent

30 conductive oxide layer 210 has a thickness in a range of 150 nm to 600 nm.

The layers within the electrochromic stack can be formed by physical vapor
deposition, chemical vapor deposition, atomic Iayer deposition, ancther suitable technique, or

any combination thereof.
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The method can further include forming an oxidation-resistant layer over the
electrochromic stack, at block 122 in FIG. 1. The oxidation-resistant layer helps to protect
underlying layers during a thermal cycle used in annealing or curing subsequently-formed
bus bars, heating to bend the sobstrate 200 to a desired curvature or shape, or ancther
purpose. The performance of one or more of the layers within the electrochromic stack may
be adversely affected by the thermal cycle. In a particular embodiment, the transparent
conductive oxide layer 202 and 210 may include a transparent conductive oxide that is
partially, and not fully, oxidized. If the transparent conductive oxide would become fully
oxidized, the fransparent conductive oxide may not have sufficient conductivity and may
hecome too resistive or an insulator if fully oxidized. The oxidation-resistant layer helps to
protect the transparent conductive oxide layer 202, 210, or both from becoming too oxidized.

FiG. 3 includes an iflustration of the electrochromic device afier forming an
oxidation-resistant layer 302 over the transparent conductive oxide layer 210. The oxidation-
resistant faver 302 can include a nitride, such as silicon nitride, alurminum nitride, titantum
nitride, tungsten nitride, fantalum nitride, titanium silicon nitride, tungsten silicon nitride,
tantalum silicon nitride, or another metal nitride. In a particular embodiment, the oxidation-
resistant layer 302 includes silicon nitride. The thickoess of the oxidation-resistant layer 302
is selected to provide sufficient transmission of visible light. In an embodiment, the thickness
of the oxidation-resistant layer is in a range of at least 10 nm to 20 nm in order to provide a
continuous layer, and in another embodiment the thickness is at most 300 nm or at most 250
nm, as a greater thickness may cause too much compressive stress that could result in
delamination. In a particular embodiment, the compressive stress may be at most 1 GPa. Ina
particular embodiment, the thickness is in a range of 50 nm to 100 nm to allow a continuous
layer with sufficient oxidation resistance to be formed without causing 100 much stress.

The method can further inclode forming a layer having an intermediate index of
refraction over the oxidation-resistant layer, at block 12 in FIG. 1. The oxidation-resistant
layer 302 can have a relatively high index of refraction, and if a major surface of the
oxidation-resistant layer 302 would be exposed to air or another gas, the relative difference in
the indices of refraction could cause the total reflection to be too high. Thus, the layer having
the intermediate index of refraction that is between the indices of refraction of the oxidation-
resistant layer and air or another gas can help to reduce total reflection.

FIG. 4 includes an lustration of the electrochromic device after forming a capping
layer 402 having an intermediate index of refraction over the oxidation-resistant layer 302.
The capping layer 402 can be an insulating layer. In an embodiment, the capping layer 402

8-
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can include an oxide, such as a silicon oxide or another suitable oxide. The oxide may or
may not be porous. For example, a mixture of the oxide and organic particles can be applied,
and the organic particles may be bumed off during a subsequent firing, leaving a porous
oxide.

The thickness of the layer 402 can be sufficiently thick to affect significantly the total
reflection. In practice, sputtering S1(; 1s a relatively slow process, thus, an upper value may
be limited by equipment throughput. In terms of actoal thickness, in a particular
embodiment, the capping layer 402 can have a thickness of at least 30 nm, at least 40 nm, or
at least 50 nm, and in another particular ernbodiment, the capping layer 402 can have a
thickness of at most 200 nm, at most 150 nm, or at most 150 nm. In terms of ranges, the
capping layer 402 may have a thickness in 8 range of 30 nm to 200 nm, 40 to 150 nm, or 50
pmto 120 nm.

The layers 302 and 402 can be formed by physical vapor deposition, chemical vapor
deposition, atomic layer deposition, another suitable technique, or any combination thereof.

The method can include removing portions of the electrochromic stack at areas where
hus bars will be subsequently formed, at block 142 of FIG. 1. Referring to FIG. 4, one of the
bus bars will be electrically connected fo the transparent conductive oxide layer 202 near the
left-hand side of FIG. 4, and another bus bar will be electrically connected to the transparent
conductive oxide layer 202 near the right-hand side of FIG. 4. The removal of the portions of
the electrochromic stack may be performed using an ablating technique, such as laser
ablation, or may be removed using an etching technique. As illustrated in FIG. §, the layers
204,206, 208, 210, 302, and 402 are patterned to define openings 502 and 504, in which the
fransparent conductive oxide layer 202 is exposed. In another erobodiment, the opening 504
may extend to a different depth as compared to opening 502. For example, the opening 504
may extend to a variety of different depths, so long that the transparent conductive oxide
layer 210 is exposed within the opening 504. In an embodiment, the layers 302 and 402 are
patterned, and the transparent conductive layer 210 is exposed along the bottom of the
opening 5304, In another embodiment, the opening 504 can be extended through the
transparent conductive oxide layver 202 such that the substrate 200 is exposed along the
hottom of the opening 504. Afier reading this specification, skilled artisans will be able to
determine a depth for the opening 504 that meets the needs or desires for a particular
application.

The method can further include depositing a bus bar precursor, at block 144 in FIG. 1,
and firing the bus bar precursor o form bus bars, at block 146. The bus bar precursor can

9
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include silver, and thus, the bus bars can include silver. In an embodiment, the bus bar
precursor can be a silver paste. The use of the oxidation-resistant layer 302 allows a greater
selection of silver-containing frits to be used and more aggressive firing conditions. For
example, silver-containing fiits that need a higher firing temperature, a more reactive ambient
during firing, or any combimation thereof may be used. Before the invention as claimed
herein, the selection of silver-containing frits and firing conditions were limited, as the
transparent conductive oxide layer 210 would be adversely affected by firing conditions that
could cause the transparent conductive oxide layer 210 to become too oxidized. For example,
a silver-containing frit may be fired at a temperature at lower than 390°C in order {o not
significantly adversely affecting the transparent conductive oxide layer 210. However, firing
at such a relatively low temperature provides relative high resistivity and poorer adhesion of
the bus bars to the onderlying materials that contact the bus bars, such as the transparent
conductive oxide layer 202 and the substrate 200 (¢.g., 2 mineral glass material).

The oxidation-resistant layer 302 can help to reduce the likelihood that the transparent
conductive oxide layer 210 will be significantly adversely affected by more aggressive firing
conditions. Accordingly, a wider variety of silver-containing frits and firing conditions may
be used. Firing temperatures of at least 390°C can be used and provide bus bars having lower
registivity and better adbesion to underlying materiala.

FIG. 6 includes as illustration after forming the bus bars 602 and 610. Some of the
deposition and firing parameters can depend on the desired properties of the bus bars 602 and
610 after firing has been performed. The bus bars 602 and 610 can bave a resistivity of at
most 8.0 x 10° Q*cm. In another embodiment, the resistivity is at most 6.0 x 10° Okem, at
most 5.0 x 10° (*em, at most 4.0 x 10°° Q%cm, or at most 3.0 x 10°° O*em. Firing
temperatures can provide for a lower resistivity. The resistivity will be higher than the
resistivity of pure silver as reported in chemistry handbooks, and therefore, the resistivity is
greater than 1.59 x 10°™° Q¥em. The thickness of the bus bars 602 and 610, in combination
with the resistivity, affect the sheet resistivity. In an embodiment, the thickness of the bus
bars 602 and 610 can be at least 2 microns, at least 7 microns, or at least 12 microns.
Although a theoretical upper limit in not known, the maximuom thickness may depend on the
application. In another embodiment, the thickness can be at most 80 microns, at most 60
microns, or at most 40 microns. For many applications, the thickness of the bus bars 602 and

610 are in a range of 12 microns to 40 microns. After reading this specification, skilled
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artisans will be able to determine a thickness to provide needed or desired electrical
properties of the bus bars 602 and 610.

The bus bar precursor can be deposited by printing, silk screening, or the like. The

bus bar precursor can have a thickness sufficient to achieve the desired thickness of the bus

5  bars 602 and 610 after the bus bar precursor is fired. The bus bar precursor thickness can
depend on the amount of solvent, resin, or other organic or volatile components within the
precursor. The bus bar precursor may be deposited to a thickness that is 1.1 times to 4 times
the thickness of the bus bars 602 and 610 after firing. As a non-limiting example, if the bus
bars 602 to 610 are to have a thickness after firing of 20 microns, the bus bar precursor can be

10 deposited to a thickness in a range of 22 microns to 80 microns.

The bus bar precursor can be fired to form the bus bars 602 and 610, The firing may
performed at one or more temperatures. In an embodiment, the substrate 200 can be heated
to a temperatare in a range of approximately 100°C to 350°C to evaporate solvent, burn off
resin, volatilize any other organic material, or any combination thereof, if any solvent, resin,

15 or other organic material is within the bus bar precursor. The temperature of the substrate
200 is increased to a sintering temperature to sinter the silver-based frit in the bus bar
precursor. The temperature of the substrate 200 can be at least 390°C, at least 400°C, at least
425°C, at least 450°C, or at least 475°C. The resistivity of the bus bars 602 and 610 can be
lowered and adhesion to underlying materials can be increased, as higher temperatures can

20 now be used for sintering. The presence of the oxidation-resistant layer 302 during firing
helps to reduce the likelibood that the transparent conductive oxide layer 210 will be
significantly adversely affected during firing. Thus, a variety of ambients may be used
during firing. In an embodiment, the firing can be performed in an inert gas (N, Ar, or the
like) or can include a combination of inert and oxidizing gases (O, N;O, orthe like). Ina

25  particolar embodiment, the ambient inchides air. In another embodiment, the firing may be
performed in an oxidizing gas without an inert gas. The time during the sintering portion can
be in a range of 2 minutes to 120 minutes. The particular time may depend on the
composition of the silver-based fiit, and thus, a commercial provider may provide a
recommended time range for the sintering portion of firing.

36 In an embodiment, the firing as previously described may be performed as a separate
operation or may occur during a heat cycle performed for another purpose. Thus, the timing
of when the firing is performed is flexible, allowing users more latitude in integrating the
firing into an existing process flow. Furthermore, the different paris of the firing operation
may be performed at different points in a process flow. For example, solvents can be
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evaporated from the bus bar precursors, resin can be burned off, any other organic material
can be volatilized, or any combination thereof can be performed during one heat cycle; and
sintering can be performed during a different heat cycle. One or more other process
operations may be performed between the different heat cycles, if needed or desired.

The method can further include performing finishing operations, at block 162 in
FiG. 1. The particular finishing operation may depend on the particular application. As
lustrated in FIG. 7, portions of the layers 210, 302, and 402 are removed at opening 702, so
that the bus bar 602 is not electrically connected to most of the transparent conductive oxide
layer 210. Thus, the bus bar 602 is a principal connection for the transparent conductive
oxide layer 202, and the bus bar 610 is a principal connection for the transparent conductive
oxide layer 210. At this point in the process, an electrochromic device 700 is formed. In
another embodiment (not illustrated), the bus bar 602 is formed such that it does not contact
the side of the stack within the opening 502, as illustrated in FI(G. 5. In this embodiment, the
removal of the portions of the layers 210, 302, and 402 is not needed.

In a further embodiment, the electrochromic device 700 can be at least a part of a
window for a vehicle. In a vehicle application, the elfectrochromic device 700 may be bent or
otherwise shaped to conform to the body shape of the vehicle. The temperature for bending
or otherwise shaping the electrochromic device can be in a temperature of at least 600°C. In
a particular embodiment, the temperature is in a range of 600°C to 700°C. The heat may be
applied locally. The oxidation-resistant layer 302 can help to reduce the likelihood of
significantly adversely affecting the transparent conductive oxide layer 210 during bending or
otherwise shaping. The sintering portion of firing to form the bus bars may occur during the
heat cvcle used to bend the electrochromic device.

In an embodiment, an insulated glass unit 800 may be formed, as illusirated in FIG. 8.
The electrochromic device 700 can be coupled fo a counter substrate 802 that is transparent to
visible light. The counter substrate 802 may include a tempered or strengthened glass. In a
particular embodiment, an adhesive (not illusirated) can be used between the electrochromic
device 700 and the counter substrate 802. The nsulated glass unit 800 can further include a
glass panel 804, spacers 822, and a sealing material 824. Similar to the counter substrate 802,
the glass panel 804 can include a terpered or strengthened glass. Furthermore, the glass
panel 804 may be part of a laminate that can include a solar control layer, similar to the solar
control layer as previously described with respect to the sabstrate 200. The insulated glass
anit may include a solar control layer within the substrate 200 and not the glass panel 804, a
solar control layer within or attached to the glass panel 804, or solar control layer with each
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of the subsirate 200 and within or attached to the glass panel 804 may be used. In this last
alternative, the solar control layers may serve different functions. For example, the solar
control layer closer to the outside of a building may help 1o reject near infrared radiation, and
the other solar control layer closer to the inside of the building may include a low emiseivity
material or help to reject ultraviolet radiation. During a sealing operation, an inert gas, such
as argon, Ny, or the like, may fill the gap 806.

Optionally, after forming the electrochromic device 700, the electrochromic device
700 may be annealed to reduce stress or for another purpose. The anneal may be performed
separately from the firing. In another embodiment, the sintering portion of the firing may be
combined with the anneal operation. The oxidation-resistant layer 302 can allow a higher
temperatare for the anneal, an oxidizing ambient, such as air, or both o be used without
significantly adversely affecting the {ransparent conductive oxide layer 210. The anneal may
be performed at a temperature in a range of 100°C 1o 660°C.

Embodiments can provide benefits as compared to conventional electrochromic
devices. The higher temperature during the sintering portion of the firing of the bus bars
allows for a wider array of silver-based frits to be used. Before the invention, the temperature
during firing would be himited so that the transparent conductive oxide layer 210 would not
oxidize too much. As the firing temperature increases, the likelihood of significantly
affecting the transparent conductive oxide increases. When an oxidizing ambient is used
during firing, the transparent conductive oxide may become too oxidized, and the bus bars
will be too resistive. Silver-based frits that do not sufficiently sinter at temperatures of lower
than 390°C can now be used. Such silver-based fiits can provide lower resistivity than silver-
based frits designed to be sintered at temperatures of less than 390°C, even when the same
sintering temperature is used.

The ability to use a higher temperature during the sintering can allow for better
adhesion of the bus bars to underlying materials. The bus bars may contact a layer within an
electrochromic stack and the substrate. In the embodiment as illustrated, the bus bars 602
and 610 contact the transparent conductive oxide layer 202 and the substrate 200 at an area
away from the electrochromic stack. In a particular embodiment, the transparent conductive
oxide layer 202 can be a transparent conductive oxide, and the surface of the substrate 200
contacting the bus bars 602 and 610 can be a mineral glass that includes 810,. ASTM B905-
00 (Reapproved) 2010 can be used to test for adhesion to 8i0,. In an embodiment using
Method A of the ASTM standard, the average adhesion strength to Si0; is at least 3 N, at

least 5 N, or at least 7 N based on 20 measurements. Although there is no theoretical limit of
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adhesion that would be problematic, the average adbesion strength (Method A} may be less
than 1000 N. Very good adhesion strength may be considered at least 15 N. Although there
is no theoretical limat of adhesion that would be problematic, the average adhesion strength
{(Method A} may be less than 1000 N. Very good adhesion strength may be considered at
least 15 N. In an embodiment using Method B of the ASTM standard, the average adhesion
strength to S10; 1s at least 3 or at least 4 based on 20 measurements.

Many different aspects and embodiments are possible. Some of those aspects and
embodiments are described below. After reading this specification, skilled artisans will
appreciate that those aspects and embodiments are only illustrative and do not limit the scope
of the present invention. Exemplary embodiments may be in accordance with any one or
more of the ones as listed below.

Embodiment 1. An electrochromic device comprising:

a substrate;
a first transparent conductive oxide layer over the substrate; and
g first bus bar over the subsirate, whersin the first bus bar inchudes silver and has:
a resistivity of at most 8.0 x 10°° QO%emy;
an adhesion strength to Si0; of at least 3N based on 20 measurements, as
determined by Method A of ASTM B%05-00 (Reapproved 2010);
an average adhesion strength to Si0; of at least 3 based on 20 measurements,
as determined by Method B of ASTM B905-00 (Reapproved 2010); or
a combination thereof.

Embodiment 2. The electrochromic device of Embodiment 1, further comprising an
oxidation-resistant laver (1) between the substrate and the first transparent condactive oxide
layer or (2} over the first transparent conductive oxide laver.

Embodiment 3. A process of forming an electrochromic device comprising:

forming a first transparent conductive oxide layer over a substrate;

forming a bus bar precursor over the subsirate, wherein the bus bar precursor
includes silver; and

firing the bus bar precursor to form a first bus bar, wherein firing is performed
such that the first bus bar is at a temperature of at least 390°C.

Embodiment 4. The process of Emboediment 3, further comprising forming an

oxidation-resistant layer, such that the oxidation-resistant layer is (1} between the substrate
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and the first transparent conductive oxide layer or (2} over the first iransparent conductive
oxide layer.

Embodiment 5. The process of Embodiment 3 or 4, wherein forming the oxidation-
resistant layer 1s performed by a sputter deposition technigue.

Embodiment 6. The process of any one of Embodiments 3 to 5, wherein firing the
bus bar precursor is performed such that the first bus bar is at a temperature of greater than
400°C, at least 425°C, at least 450°C, or at least 475°C.

Embodiment 7. The process of any one of Embodiments 3 to 6, further comprising
removing organic material from the bus bar precursor after forming the bus bar precursor
over the substrate and before firing the bus bar precursor.

Embodiment 8 The process of Embediment 7, wherein removing the organic
material is performed at a temperature of at most 350°C, at most 325°C, or at most 300°C.

Embodiment 9. The process of any one of Embodiments 2 o &, wherein firing the
bus bar precursor is performed after forming the first fransparent conductive oxide layer.

Embodiment 18, The process of any one of Embodiments 2 to 9, further comprising
shaping the electrochromic device after firing the bus bar precursor, wherein bending is
performed at a ternperature of at least 600°C.

Embodiment 11. The electrochromic device or the process of any one of
Embodiments 2 and 4 to 9, wherein the oxidation-resistant Javer comprises silicon nitride,
aluminum nifride, titanium nitride, tungsten nitride, tantalom nitride, titanium silicon nitride,
tungsten silicon nitride, or tantalum silicon nitride.

Embodiment 12. The electrochromic device or the process of any one of the
preceding Embodiments, wherein the first bus bar has a resistivity of at most 6.0 x 10°®
CFem, at most 5.0 x 107" O*em, at most 4.0 x 10 (U%em, or at most 3.0 x 10 Q*cem.

Embodiment 13. The electrochromic device or the process of any one of the
preceding Embodiments, wherein the first bus bar has a resistivity greater than 1.59 x 107
(F¥em.

Embodiment 14. The electrochromic device or the process of any one of the
preceding Embodiments, wherein the first bus bar has an average adhesion strength to Si0;
of at least 3 N, at Jeast 5 N or at least TN based on 20 measurements as determined by

Method A of ASTM B205-00 (Reapproved 2010},
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Embodiment 15. The electrochromic device or the process of any one of the
preceding Embodiments, wherein the first bus bar has a classification of at least 3 or at least 4
a8 determined by Method B of ASTM B905-00 (Reapproved 2010).

Embodiment 16. The electrochromic device or the process of any one of the

5  preceding Embodiments, wherein the first bus bar has an average adhesion strength to Si0;

of at most 1000 N based on 20 mecasurements, as determined by Method A of ASTM B905-
(0 (Reapproved 2010).

Embodiment 17. The elecirochromic device or the process of any one of the
preceding Embodiments, wherein the first transparent conductive oxide layer comprises a

10 doped metal oxide.

Embodiment 18. The electrochromic device or the process of any one of the
preceding Embodiments, wherein the doped metal oxide comprises a tin oxide doped with a
(Group 13 clement, a zinc oxide doped with a Group 13 clement, or any combination thereof.
Embodiment 19. The elecirochromic device or the process of any one of the
15 preceding Embodiments, further comprising:
a first electrode that is an electrochromic electrode or a counter electrode;
a second electrode that is the other of the electrochromic electrode or a counter
electrode;
a ceramic elecirolvie layer disposed between the first electrode and the second

20 electrode; and

a second transparent conductive oxide layer that is closer to the second electrode
than {o the first electrods,

wherein the first transparent conductive oxide layer is closer to the first electrode
than to the second electrode.

25 Embodiment 20. The electrochromic device or the process of Embodiment 19, further
comprising a second bus bar including silver, wherein the first bus bar is electrically
connected to the first iransparent conductive oxide layer, and the second bus bar is
electrically connected to the second transparent conductive oxide layer.

Embodiment 21. The electrochromic device or the process of any one of the

30  preceding Embodiments, further comprising an insulating laver overlying the oxidation-
resistant layer, wherein the insulating layer comprises an oxide.

Embodiment 22. The electrochromic device or the process of Embodiment 21, further

wherein the insulating laver comprises 5i(;.
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Embodiment 23. The electrochromic device or the process of any one of the
preceding Embodiments, wherein the substrate includes at most 1 wt.% of an alkali metal
oxide.

Embodiment 24. The electrochromic device or the process of Embodiment 22,

5  wherein the subsiraie comprises a mineral glass layer.

Embodiment 25. The electrochromic device or the process of Embodiment 24,
wherein the mineral glass layer has a thickness of at most 300 microns.

Embodiment 26. The elecirochromic device or the process of any one of the
preceding Embodiments, wherein the substrate is flexible.

10 Note that not all of the activities described above in the general description or the
examples are required, that a portion of a specific activity may not be required, and that one
or more further activities may be performed in addition to those described. Still further, the
order in which activities are listed is not necessarily the order in which they are performed.

Certain features that are, for clarity, described herein in the context of separaie

15 embodiments, may also be provided in combination in a single embodiment. Conversely,
various features that are, for brevity, described in the context of a single embodiment, may
also be provided separately or in any subcombination. Further, reference to values stated in
ranges includes each and every value within that range.

Benefiis, other advantages, and solutions to problems have been described above with

20 regard to specific embodiments. However, the benefits, advantages, solutions to problems,
and any feature(s) that may cause any benefit, advantage, or solution {o occur or become
more pronounced are not to be construed as a critical, required, or essential feature of any or
all the claims.

The specification and illustrations of the embodiments described herein are intended

25 to provide a gencral understanding of the structure of the various embodiments. The
specification and itlustrations are not intended o serve as an exhaustive and comprehensive
description of all of the elements and features of apparatus and systems that use the structures
or methods described herein. Separate embodiments may also be provided in combination in
a2 single embodiment, and conversely, various features that are, for brevity, described in the

30 context of a single embodiment, may also be provided separately or in any subcombination.
Further, reference to values stated in ranges includes each and every value within that range.
Many other embodiments may be apparent to skilled artisans only afier reading this
specification. Other embodiments may be used and derived from the disclosure, such that a
structural substitution, fogical substitution, or another change may be made without departing
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from the scope of the disclosure. Accordingly, the disclosure is to be regarded as itlustrative

rather than restrictive
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WHAT IS CLAIMED IS
1. An electrochromic device comprising:
a substrate;
a first transparent conductive oxide layer over the substrate; and
a first bus bar over the substrate, wherein the first bus bar includes silver and has:
a resistivity of at most 8.0 x 10° Q*cm;
an average adhesion strength fo 510, of at least 3N based on 20 measurements,
as determined by Method A of ASTM B905-00 (Reapproved 2010);
an average adhesion strength to Si0, of at least 3 based on 20 measurements,
as determined by Method B of ASTM B905-00 {Reapproved 2010); or
a combination thereof.

2. The electrochromic device of claim 1, wherein the first bus bar has a resistivity of at most
6.0 x 107 O*cm, at most 5.0 x 107 O*em, at most 4.0 x 10°° O*em, or at most 3,0 x 10
¢ Q¥em.

3. The electrochromic device of claim 1, wherein the first bus bar bas an average adhesion
strength to Si0; of at at least 5 N or at least 7N hased on 20 measurements as
determined by Method A of ASTM RB905-00 (Reapproved 2010).

4. The electrochromic device of claim 1, wherein the first bus bar has a classification of at
least 4 as determined by Method B of ASTM B905-00 (Reapproved 2010).

5. The electrochromic device of claim 1, wherein the first transparent conductive oxide layer
comprises a doped metal oxide.

6. The electrochromic device of claim 3, wherein the doped metal oxide comprises a tin
oxide doped with a Group 13 element, 8 zinc oxide doped with a Group 13 element, or
any combination thereof.

7. The electrochromic device of claim |, further comprising:

a first electrode that is an electrochromic elecirode or a counter electrode;

a second electrode that is the other of the electrochromic electrode or a counter
electrode;

a ceramic elecirolyie layer disposed between the first electrode and the second
electrode; and

a second transparent conductive oxide layer that is closer to the second electrode than

10 the first elecirode,

-1G-



WO 2017/184430 PCT/US2017/027443

wherein the first transparent conductive oxide layer is closer {o the first electrode than
to the second elecirode.

8. The electrochromic device of claim 1, further comprising an insulating layer overlying the
oxidation-resistant layer, wherein the insglating layer comprises an oxide.

8. The electrochromic device of claim B, further wherein the insulating layer comprises Si0;.

10. The electrochromic device of claim 1, wherein the substrate is flexible.

11. The electrochromic device of any one of claims 1 to 10, further comprising an oxidation-
resistant layer (1) between the substrate and the first transparent conductive oxide layer
or {2) over the first transparent conductive oxide layer.

12. The electrochromic device of claim 11, wherein the oxidation-resistant layer comprises
silicon nitride, aluminum nitride, titanium nitride, tungsten nitride, tantalom nitride,
titanivrn silicon nitride, tungsten silicon nitride, or tantalum silicon nitride.

13. A process of forming an electrochromic device comprising:

forming a first transparent conductive oxide layer over a subsirate;

forming a bus bar precursor over the substrate, wherein the bus bar precursor inchides
silver; and

firing the bus bar precursor to form a first bus bar, wherein firing is performed such
that the first bus bar is at a temperature of at least 390°C.

14. The process of claim 13, further comprising forming an oxidation-resistant layer, such
that the oxidation-resistant layer is (1) between the substrate and the first transparent
conductive oxide layer or (2) over the first transparent conductive oxide layer.

15. The process of claim 13 or 14, wherein firing the bus bar precursor is performed such
that the first bus bar is at a temperature of greater than 400°C, at least 425°C, at least

48¢°C, or at feast 475°C.
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