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(57) Abstract: Described herein are articles and methods of making articles, for example glass articles, comprising a thin sheet and
a carrier, wherein the thin sheet and carrier are bonded together using a modification (coating) layer, for example a cationic polymer
coating layer, and associated deposition methods, the carrier, or both, to control van der Waals, hydrogen and covalent bonding between

the thin sheet and the carrier. The modification layer bonds the thin sheet and carrier together with sutficient bond strength to prevent

delamination of the thin sheet and the carrier during high temperature (< 600 °C) processing while also preventing formation of a

permanent bond between the sheets during such processing.
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TEMPORARY BONDING USING POLYCATIONIC POLYMERS

[001] This application claims the benefit of priority under 35 U.S.C. § 119 of U.S.
Provisional Application Serial No. 62/547,284 filed on August 18, 2017, the content

of which is relied upon and incorporated herein by reference in its entirety.

FIELD
[002] The present disclosure relates generally to articles including and methods for
making thin sheets on carriers and, more particularly, to articles including and

methods for making thin glass sheets controllably bonded on glass carriers.

BACKGROUND

[003] Flexible substrates offer the promise of cheaper devices using roll-to-roll
processing, and the potential to make thinner, lighter, more flexible and durable
displays. However, the technology, equipment, and processes for roll-to-roll
processing of high quality displays are not yet fully developed. Since panel makers
have already heavily invested in toolsets to process large sheets of glass, laminating a
flexible substrate to a carrier and making display devices on the flexible substrate by
sheet-to-sheet processing offers a shorter term solution to develop the value
proposition of thinner, lighter, and more flexible displays. Displays have been
demonstrated on polymer sheets, for example polyethylene naphthalate (PEN), where
the device fabrication was sheet-to-sheet with the PEN laminated to a glass carrier.
The upper temperature limit of the PEN limits the device quality and process that can
be used. In addition, the high permeability of the polymer substrate leads to
environmental degradation of organic light emitting diode (OLED) devices where a
near hermetic package is beneficial. Thin film encapsulation offers a potential
solution to overcome this limitation, but it has not yet been demonstrated to offer
acceptable yields at large volumes.

[004] In a similar manner, display devices can be manufactured using a glass carrier
laminated to one or more thin glass substrates. It is anticipated that the low
permeability and improved temperature and chemical resistance of the thin glass will

enable higher performance longer lifetime flexible displays.
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[005] Some devices utilize amorphous silicon thin film transistors (a-Si TFTs),
which are typically fabricated at temperatures around 350 °C. However, indium
gallium zinc oxide (IGZO or Oxide TFT) and low temperature polysilicon (LTPS)
devices are also important. Oxide TFT processing is typically performed at
temperatures of 400 to 450 °C. In LTPS device fabrication processes, temperatures
typically approach 600 °C or greater. In each of these processing techniques, vacuum,
and wet etch environments may also be used. These conditions limit the materials
that may be used, and place high demands on the carrier and/or thin sheet.
Accordingly, what is desired is a carrier approach that utilizes the existing capital
infrastructure of the manufacturers, enables processing of glass sheets, e.g., thin
sheets having a thickness < 0.3 millimeters (mm) thick, without loss of bond strength
between the thin sheet and carrier at higher processing temperatures, and wherein the
thin sheet debonds easily from the carrier at the end of the process. The approach
should allow for: a) spontancous bonding between a carrier and a thin sheet at room
temperature, preferably without the need for lamination, to provide sufficient bond, or
adhesion energy on the order of 100-500 mJ/m? b) subsequent wet and dry
processing steps without detachment of the thin sheet from the carrier; c) ability for
the bonded pair to withstand the thermal, chemical, vacuum and wet processing steps
of fabrication; d) minimal outgassing during thermal processing; and e) ease of
separation of the thin sheet from the carrier at the end of processing.

[006] One commercial advantage is that manufacturers will be able to utilize their
existing capital investment in processing equipment while gaining the advantages of
the thin sheets, e.g., thin glass sheets, for photovoltaic (PV), OLED, liquid crystal
displays (LCDs) and patterned thin film transistor (TFT) electronics, for example.
Additionally, such an approach enables process flexibility, including: processes for

cleaning and surface preparation of the thin sheet and carrier to facilitate bonding,

SUMMARY
[007] In light of the above, there is a need for a thin sheet—carrier article that can

withstand the rigors of TFT and flat panel display (FPD) processing, including high
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temperature processing (without outgassing which would be incompatible with the
semiconductor or display making processes in which it will be used), yet allow the
entire area of the thin sheet to be removed (either all at once, or in sections) from the
carrier so as to allow the reuse of the carrier for processing another thin sheet. The
present specification describes methods to control the adhesion between the carrier
and thin sheet to create a temporary bond sufficiently strong to survive TFT and FPD
processing (including processing at temperatures of about 300 °C, about 400 °C,
about 500 °C, and up to about 600 °C), but weak enough to permit debonding of the
sheet from the carrier, even after high-temperature processing. Such controlled
bonding can be utilized to create an article having a re-usable carrier. More
specifically, the present disclosure provides surface modification layers (including
various materials and associated surface heat treatments), that may be provided on the
thin sheet, the carrier, or both, to control both room-temperature van der Waals,
and/or hydrogen bonding and/or electrostatic and high temperature covalent bonding
between the thin sheet and carrier. Even more specifically, the present disclosure
describes methods of depositing a coating, or modification layer that serves to bond a
thin sheet to a carrier, methods for preparing the coating layer for bonding, and
bonding the coating layer to both the thin sheet and the carrier. These methods
produce bonding between the components such that the bonding energy is not too
high, which might render the components inseparable after electronic device
processing, and such that the bonding energy is not too low, which might lead to
compromised bonding quality, thus leading to possible debonding or fluid ingress
between the thin sheet and carrier during electronic device processing. These
methods also produce an article that exhibits low outgassing and survives high
temperature processing, for example color filter (CF) processing, amorphous silicon
(a-Si) TFT processing, Ox-TFT processing and LTPS processing as well as additional
processing steps, for example wet cleaning and dry etching.

[008] In a first aspect, there is an article comprising: a first glass sheet having a first
glass sheet bonding surface, a second glass sheet having a second glass sheet bonding
surface and a modification layer having a modification layer bonding surface, the
modification layer coupling the first glass sheet and the second glass sheet. The

modification layer comprises one or more cationic polymers.
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[009] Inan example of the first aspect, the cationic polymer is water soluble.

[0010] In another example of the first aspect, the cationic polymer is hydrophilic.
[0011] In yet another example of the first aspect, the cationic polymer comprises a
polyalkyl backbone.

[0012] In another example of the first aspect, a repeating unit of the cationic polymer
comprises one or more of a positively charged nitrogen, phosphorous, sulfur, boron or
carbon.

[0013] In another example of the first aspect, the repeating unit of the cationic
polymer comprises a positively charged nitrogen.

[0014] In yet another example of the first aspect, the repeating unit of the cationic
polymer comprises a carbon:nitrogen ratio of from 2:1 to 20:1.

[0015] In another example of the first aspect, the positively charged nitrogen is an
ammonium cation.

[0016] In another example of the first aspect, the repeating unit of the cationic

cl®
cl”
N, N
polymer comprises HsC ChHsn , ' dn_ or combinations thereof,

[0017] In another example of the first aspect, the positively charged nitrogen is an

Ay

imidazolium cation.

[0018] In another example of the first aspect, the repeating unit of the cationic

BN
S CHs »
| Bre @l\ll e
& H © ..
n, N or combinations

[0019] In another example of the first aspect, the positively charged phosphorous is a

polymer comprises

thereof.

phosphonium ion.
[0020] In another example of the first aspect, the positively charged sulfur is a

sulfonium ion.
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[0021] In another example of the first aspect, the polymer is substantially free of
oxygen.

[0022] In a second aspect, there is an article comprising a first sheet comprising a first
sheet bonding surface and a second sheet comprising a second sheet bonding surface.
A modification layer intermediate the first and second sheets and comprising a
modification layer bonding surface couples the first sheet to the second sheet. The
modification layer comprises one or more cationic polymers comprising a repeating

unit selected from the group consisting of

~
\Nchs | ci®
| _ Br @'\H C|® N
Y, n, H n, ! n and combinations

[0023] [n an example of either or both of the first and/or second aspects, the

A

thereof.

modification layer is substantially a monolayer.

[0024] In another example of one or both of the first or second aspects, the
modification layer comprises an average thickness of from about 0.1 nanometers (nm)
to about 100 nm.

[0025] In another example of the first and/or second aspects, the modification layer
comprises an average thickness of less than about 10 nm.

[0026] In another example of the first and/or second aspects, the modification layer
comprises an average thickness of less than or equal to about 3 nm.

[0027] In another example of the first aspect, the modification layer bonding surface
is bonded with the second glass sheet bonding surface with a bond energy of from
about 100 to about 600 milliJoules per meter squared (mJ/m?) after holding the article
at 580 °C for 10 minutes in a nitrogen environment.

[0028] In an example of the first aspect, the modification layer bonding surface is
bonded with the second sheet bonding surface with a bond energy of from about 150
to about 400 mJ/m? after holding the article at 580 °C for 10 minutes in a nitrogen
environment.

[0029] In another example of the first aspect, the modification layer bonding surface

is bonded with the second glass sheet bonding surface with a bond energy of from 250
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to 450 mJ/m? after holding the article at 425 °C for 90 minutes followed by holding
the article at 600 °C for 10 minutes.

[0030] In another example of the first aspect, the absolute blister area of the
modification layer is less than 10% after holding the glass article at 580 °C for 10
minutes in a nitrogen environment.

[0031] In another example of the first aspect, the absolute blister area of the
modification layer is less than 2.5% after holding the glass article at 580 °C for 10
minutes in a nitrogen environment.

[0032] In an example of the second aspect the modification layer bonding surface is
bonded with the second sheet bonding surface with a bond energy of from about 100
to about 600 mJ/m* after holding the article at 580 °C for 10 minutes in a nitrogen
environment.

[0033] In another example of the second aspect the modification layer bonding
surface is bonded with the second sheet bonding surface with a bond energy of from
about 150 to about 400 mJ/m? after holding the article at 580 °C for 10 minutes in a
nitrogen environment.

[0034] In another example aspect 2 the modification layer bonding surface is bonded
with the second sheet bonding surface with a bond energy of from 250 to 450 mJ/m?
after holding the article at 425 °C for 90 minutes followed by holding the article at
600 °C for 10 minutes.

[0035] In another example of either or both of the first and/or second aspects, the
change in percent blister area of the modification layer is less than 3% after holding
the glass article at 580 °C for 10 minutes in a nitrogen environment.

[0036] In another example of the first and/or second aspects, the change in percent
blister area of the modification layer is less than 1% after holding the glass article at
580 °C for 10 minutes in a nitrogen environment.

[0037] In yet another example of the first and/or second aspects, the change in percent
blister area of the modification layer is less than 0.1% after holding the glass article at

425 °C for 90 minutes followed by holding the article at 600 °C for 10 minutes.
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[0038] In another example of the first and/or second aspects, the average thickness of
the second glass sheet is equal to or less than about 300 microns.

[0039] In another example of the first and/or second aspects, the average thickness of
the second glass sheet is less than the average thickness of the first glass sheet.

[0040] In another example of the first aspect, the average thickness of the first glass
sheet is equal to or greater than about 200 microns.

[0041] In another example of the first aspect, the repeating unit comprises

[0042] In another example of the first aspect, the modification bonding layer surface
is bonded with the second glass sheet bonding surface with a bond energy of from
about 150 to about 250 mJ/m? after holding the article at 580 °C for 10 minutes in a
nitrogen environment.

[0043] In another example of the first aspect, the modification bonding layer surface
is bonded with the second glass sheet bonding surface with a bond energy of from
about 250 to about 450 mJ/m* after holding the article at 425 °C for 90 minutes
followed by holding the article at 600 °C for 10 minutes.

[0044] In another example of the first aspect, the absolute blister area of the
modification layer is less than 3% after holding the article at 580 °C for 10 minutes in
a nitrogen environment.

[0045] In another example of the first aspect, the absolute blister area of the
modification layer is less than 1% after holding the article at 425 °C for 90 minutes
followed by holding the article at 600 °C for 10 minutes.

[0046] In yet another example of the first aspect, the repeating unit comprises

ci®

/N\
HaC™ CHa Jn .

[0047] In another example of the first aspect, the modification bonding layer surface

is bonded with the second glass sheet bonding surface with a bond energy of from
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about 150 to about 400 mJ/m? after holding the article at 580 °C for 10 minutes in a
nitrogen environment.

[0048] In another example of the first aspect, the modification bonding layer surface
is bonded with the second glass sheet bonding surface with a bond energy of from
about 250 to about 500 mJ/m’ after holding the article at 425 °C for 90 minutes
followed by holding the article at 600 °C for 10 minutes.

[0049] In another example of the first aspect, the absolute blister area of the
modification layer is less than 2% after holding the article at 580 °C for 10 minutes in
a nitrogen environment.

[0050] In another aspect of the first aspect, the absolute blister area of the
modification layer is less than 0.1% after holding the article at 425 °C for 90 minutes
followed by holding the article at 600 °C for 10 minutes.

[0051] In another example of the first aspect the repeating unit comprises

/\®Q

™~ e

[0052] In another example of the first aspect, the modification bonding layer surface

is bonded with the second glass sheet bonding surface with a bond energy of from

about 175 to about 375 mJ/m? after holding the article at 580 °C for 10 minutes in a

nitrogen environment.

[0053] In another example of the first aspect, the absolute blister area of the

modification layer is less than 1% after holding the article at 580 °C for 10 minutes in

a nitrogen environment.

[0054] In yet another example of the first aspect, the repeating unit of the cationic
oS

polymer comprises 7 n

[0055] In another example of the first aspect, the modification bonding layer surface

is bonded with the second glass sheet bonding surface with a bond energy of from
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about 250 to about 450 mJ/m? after holding the article at 580 °C for 10 minutes in a
nitrogen environment.

[0056] In another example of the first aspect, the absolute blister area of the
modification layer is less than 2% after holding the article at 580 °C for 10 minutes in
a nitrogen environment.

[0057] In yet another example of the first aspect, the cationic polymer repeating unit

comprises
[0058] In another example of the first aspect, the modification layer bonding surface
is bonded with the second glass sheet bonding surface with a bond energy of from
about 75 to about 350 mJ/m? after holding the article at 580 °C for 10 minutes in a
nitrogen environment.

[0059] In another example of the first aspect, the absolute blister area of the
modification layer is less than 1% after holding the article at 580 °C for 10 minutes in
a nitrogen environment.

[0060] In an example of the second aspect, the second sheet comprises glass, silicon,
or combinations thereof.

[0061] In a third aspect there is a method of making a glass article comprising
forming a modification layer on a bonding surface of a first glass sheet by depositing
at least one cationic polymer wherein the modification layer comprises a modification
layer bonding surface. The modification layer bonding surface is then bonded to the
bonding surface of a second glass sheet.

[0062] In a fourth aspect there is a method of making an article comprising forming a
modification layer having a modification layer bonding surface on a bonding surface
of a first sheet by depositing at least one cationic polymer. The cationic polymer

comprises a repeating unit selected from the group consisting of
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[0063] The method further comprises the step of bonding the modification layer

thereof.

bonding surface to the bonding surface of a second sheet.

[0064] In an example of the either or both of the third or fourth aspects, the method
further comprises the step of debonding at least a portion of the modification layer
bonding surface from the bonding surface of the first glass sheet and/or the second
glass sheet.

[0065] In an example of the third aspect, the repeating unit of the cationic polymer
comprises one or more of a positively charged nitrogen, phosphorous, sulfur, boron or
carbon.

[0066] In another example of the third aspect, the positively charged nitrogen is
selected from the group consisting of an ammonium cation, an imidazolium cation, a
pyridinium cation, pyrrolium cation, and combinations thereof.

[0067] In another example of the third aspect, the repeating unit of the cationic
polymer is selected from the group consisting of

h and combinations thereof.
[0068] In another example of either or both of aspect 3 and/or 4, the method further
comprises the step of O, plasma treatment of the first glass sheet and/or the second

glass sheet prior to depositing the cationic polymer.

10
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[0069] In another example of the third and/or fourth aspects, the method further
comprises the step of washing the first glass sheet and/or second glass sheet prior to
depositing the cationic polymer.

[0070] In another example of the third and/or fourth aspects, the method further
comprises the step of washing the first glass sheet following deposition of the cationic
polymer.

[0071] In another example of the third and/or fourth aspects, the method further
comprises a drying step.

[0072] In another example of aspect 3 and/or 4, the cationic polymer is deposited by
spin coating, dip coating or spray coating.

[0073] In another example of aspect 3 and/or 4, the cationic polymer is deposited as
an aqueous solution.

[0074] In another example of the third and/or fourth aspects aspect, the aqueous
solution of cationic polymer has a polymer concentration of from 0.001 weight
percent to 3.0 weight percent.

[0075] In another example of the third and/or fourth aspects aspect, the aqueous
solution of cationic polymer has a polymer concentration of less than 0.5 weight
percent.

[0076] In another example of the third and/or fourth aspects aspect, the aqueous
solution of cationic polymer has a polymer concentration of less than 0.1 weight
percent.

[0077] In another example of the third and/or fourth aspects aspect, the solution of
cationic polymer is substantially free of organic solvent.

[0078] In another example of the third and/or fourth aspect, the modification layer
comprises an average thickness of from about 0.1 nm to about 10 nm.

[0079] In another example of the third and/or fourth aspects aspect the modification
layer comprises an average thickness less than about 5 nm,

[0080] In another example of the third and/or fourth aspects aspect the modification
layer comprises an average thickness less than about 3 nm,

[0081] In an example of the fourth aspect the second sheet comprises glass, silicon or

combinations thereof.

11
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BRIEF DESCRIPTION OF THE DRAWINGS
[0082] The above and other features, examples and advantages of aspects or examples
of the present disclosure are better understood when the following detailed description
is read with reference to the accompanying drawings, in which:
[0083] FIG. 1 is a schematic side view of an article having first sheet bonded to a
second sheet with a modification layer there between, according to some
embodiments.
[0084] FIG. 2 is an exploded and partially cut-away view of the article in FIG. 1.
[0085] FIG. 3 is a graph of contact angle (degrees on the lefi-hand y-axis) and bond
energy (mJ/m? on the right-hand y-axis) v. concentration (wt.% on the x-axis) for a
LUVIQUAT FC-550 modification layer formed by treating the article at 580 °C for 10
minutes in a nitrogen environment.
[0086] FIG. 4a is a graph of bond energy (mJ/m?> on the left-hand y-axis) vs.
concentration (wt.% on the x-axis) for a LUVIQUAT FC-550 modification layer (left
panel) and for a PDADMAC modification layer (right panel). Both modification
layers were formed in according to the Gen 5 roll-to-sheet processing described in
Experiments 1b and 2b, respectively.
[0087] FIG. 4b is a graph of modification layer thickness (nm on the y-axis) vs.
concentration for a LUVIQUAT FC-550 modification layer under rinse off (left
panel) and rinse on (right panel) conditions. Both modification layers were formed in
according to the Gen 5 sheet-to-sheet processing described in Experiments 1b and 2b,
respectively.
[0088] FIG. 5 is a graph of contact angle (degrees on the left-hand y-axis) and bond
energy (mJ/m? on the right-hand y-axis) v. concentration (wt.% on the x-axis) for a
PDADMAC modification layer formed by treating the article at 580 °C for 10
minutes.
[0089] FIG. 6 is a graph of contact angle (degrees on the left-hand y-axis) and bond
energy (mJ/m? on the right-hand y-axis) v. concentration (wt.% on the x-axis) for a
PVBTACI modification layer (400 kDa) formed by treating the article at 580 °C for

10 minutes.

12
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[0090] FIG. 7 is a graph of contact angle (degrees on the left-hand y-axis) and bond
energy (mJ/m? on the right-hand y-axis) v. concentration (wt.% on the x-axis) for a
PVMPyBr modification layer formed by treating the article at 580 °C for 10 minutes.
[0091] FIG. 8 is a graph of percent atomic carbon (y-axis) for before bonding and
after debonding of the article as measured by XPS.

DETAILED DESCRIPTION
[0092] Example embodiments will now be described more fully hereinafter with
reference to the accompanying drawings in which example embodiments are shown.
Whenever possible, the same reference numerals are used throughout the drawings to
refer to the same or like parts. However, the embodiments may take on many
different forms and should not be construed as limited to those specifically set forth
herein. These example embodiments are provided so that this disclosure will be both
thorough and complete, and will fully convey the scope of the claims to those skilled
in the art.
[0093] Directional terms as used herein (e.g., up, down, right left, front, back, top,
bottom) are made only with reference to the figures as drawn and are not intended to
imply absolute orientation.
[0094] As used herein, the term “about” means that amounts, sizes, formulations,
parameters, and other quantities and characteristics are not and need not be exact, but
may be approximate and/or larger or smaller, as desired, reflecting tolerances,
conversion factors, rounding off, measurement error and the like, and other factors
known to those of skill in the art. When the term “about” is used in describing a value
or an end-point of a range, the disclosure should be understood to include the specific
value or end-point referred to. Whether or not a numerical value or end-point of a
range in the specification recites “about,” the numerical value or end-point of a range
is intended to include two embodiments: one modified by “about,” and one not
modified by “about.” It will be further understood that the endpoints of each of the
ranges are significant both in relation to the other endpoint, and independently of the
other endpoint.
[0095] The terms “substantial,” “substantially,” and variations thereof as used herein

are intended to note that a described feature is equal or approximately equal to a value

13
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or description. For example, a “substantially planar” surface is intended to denote a
surface that is planar or approximately planar. Moreover, “substantially” is intended
to denote that two values are equal or approximately equal. In some embodiments,
“substantially” may denote values within about 10% of each other, such as within
about 5% of each other, or within about 2% of each other.

[0096] It is noted that the terms "substantially" and "about" may be utilized herein to
represent the inherent degree of uncertainty that may be attributed to any quantitative
comparison, value, measurement, or other representation. These terms are also
utilized herein to represent the degree by which a quantitative representation may vary
from a stated reference without resulting in a change in the basic function of the
subject matter at issue. Thus, a glass that is “free of” or “substantially free of B203,”
for example, is one in which B203 is not actively added or batched into the glass, but
may be present in very small amounts (e.g., < 0.001 mol%) as a contaminant. Similar
to B20s, other components may be characterized as “free of” or “substantially free of”
in the same manner.

[0097] Provided are solutions for allowing the processing of a first sheet coupled to a
second sheet, whereby at least portions of the second sheet, for example, a thin sheet
or a thin glass sheet, remain non-permanently bonded so that after devices (for
example TFTs) are processed onto the thin sheet and the thin sheet may be removed
from the first sheet, for example, a carrier. In order to maintain advantageous surface
shape characteristics, the carrier is typically a display grade glass substrate, such as
Coming EAGLE XG® alkali-free display glass. Accordingly, in some situations, it
may be wasteful and expensive to merely dispose of the carrier after one use. Thus, in
order to reduce costs of display manufacture, it is desirable to be able to reuse the
carrier to process more than one thin sheet substrate. The present disclosure sets forth
articles and methods for enabling a thin sheet to be processed through the harsh
environment of the processing lines, such as TFT or LTPS, including high
temperature processing, wherein high temperature processing is processing at a
temperature > about 300 °C, > about 400 °C, > 500 °C, and up to about 600 °C and

wherein the processing temperature may vary depending upon the type of device
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being made, for example, temperatures up to about 600 °C as in LTPS processing—
and yet still allow the thin sheet to be easily removed from the carrier without damage
(for example, wherein one of the carrier and the thin sheet breaks or cracks into two
or more pieces) to the thin sheet or carrier, whereby the carrier may be reused. The
articles and methods of the present disclosure can be applied to other high-
temperature processing, for example, processing at a temperature in the range of 250
°C to 600 °C, and yet still allow the thin sheet to be removed from the carrier without
significantly damaging the thin sheet. Table 1 below sets forth peak temperatures and
time cycles for a number of flat panel display (FPD) processing steps for which the

article and method of the present disclosure may be useful.

TABLE 1: Peak Temperatures/Time Cycles for FPD Processes

Technology Peak Temp/Time
CF (color filter) 250 °C/2 hr
a:Si (amorphous silicon) 350 °C/2 hr
OXTFT (oxide TFT) 400 °C/1 hr
LTPS (low temperature poly-silicon) 580 °C/10 min

[0098] As shown in FIGS. 1 and 2, an article 2, for example a glass article, has a
thickness 8, and includes a first sheet 10 (for example a carrier) having a thickness 18,
a second sheet 20 (e.g., a thin glass sheet) having a thickness 28, and a modification
layer 30 having a thickness 38. The average thickness 28 of the thin sheet 20 may be,
for example, equal to or less than about 300 micrometers (um, or microns), including
but not limited to thicknesses of, for example, about 10 to about 50 micrometers,
about 50 to about 100 micrometers, about 100 to about 150 micrometers, about 150 to
about 300 micrometers, about 300 micrometers, about 250 micrometers, about 200
micrometers, about 190 micrometers, about 180 micrometers, about 170 micrometers,
about 160 micrometers, about 150 micrometers, about 140 micrometers, about 130
micrometers, about 120 micrometers, about 110 micrometers, about 100 micrometers,

about 90 micrometers, about 80 micrometers, about 70 micrometers, about 60
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micrometers, about 50 micrometers, about 40 micrometers, about 30 micrometers,
about 20 micrometers, or about 10 micrometers.

[0099] The article 2 is arranged to allow the processing of thin sheet 20 in equipment
designed for thicker sheets, for example, those having an average thickness on the
order of greater than or equal to about 0.4 mm, for example about 0.4 mm, about 0.5
mm, about 0.6 mm, about 0.7 mm, about 0.8 mm, about 0.9 mm, or about 1.0 mm,
although the thin sheet 20 itself is equal to or less than about 300 micrometers. The
thickness 8 of the article 2, which is the sum of thicknesses 18, 28, and 38, can be
equivalent to that of the thicker sheet for which a piece of equipment, for example
equipment designed to dispose electronic device components onto substrate sheets,
was designed to process. In an example, if the processing equipment was designed
for a 700 micrometer sheet, and the thin sheet had a thickness 28 of about 300
micrometers, then thickness 18 would be selected as about 400 micrometers,
assuming that thickness 38 is negligible. That is, the modification layer 30 is not
shown to scale, but rather it is greatly exaggerated for sake of illustration only.
Additionally, in FIG. 2, the modification layer is shown in cut-away. The
modification layer can be disposed uniformly, or substantially uniformly, over the
bonding surface 14 when providing a reusable carrier. Typically, the average
thickness 38 will be on the order of nanometers (nm), for example from about 0.1 nm
to about 1 micrometers (microns or um or um), from about 2 nm to about 250 nm, or
from about 3 nm to about 100 nm, or about 2 nm, about 3 nm, about 5 nm, about 10
nm, about 20 nm, about 30 nm, about 40 nm, about 50 nm, about 60 nm, about 70 nm,
about 80 nm or about 90 nm. In another example, thickness 38 can be less than about
10 nm, about 8 nm, about 6 nm, about 5 nm, about 4 nm, or about 3 nm. The
presence of a modification layer may be detected by surface chemistry analysis, for
example by time-of-flight secondary ion mass spectrometry (ToF SIMS) or X-ray
photoeleciron speciroscopy {XPS).

[00100] First sheet 10, which may be used as a carrier for example, has a first
surface 12, a bonding surface 14, and a perimeter 16. The first sheet 10 may be of any

suitable material including glass. The first sheet can be a non-glass material, for
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example, ceramic, fused silica, glass-ceramic, silicon, metal, or combinations thereof
(as the surface energy and/or bonding may be controlled in a manner similar to that
described below in connection with a glass carrier). If made of glass, first sheet 10
may be of any suitable composition including alumino-silicate, boro-silicate, alumino-
boro-silicate, soda-lime-silicate, and may be either alkali containing or alkali-free
depending upon its ultimate application. Further, in some examples, when made of
glass, glass-ceramic, or other material, the first sheet bonding surface can be made of
a coating or layer of metal material disposed on the underlying bulk material of the
first sheet. Thickness 18 may be from about 0.2 to about 3 mm, or greater, for
example about 0.2 mm, about 0.3 mm, about 0.4 mm, about 0.5 mm, about 0.6 mm,
about 0.65 mm, about 0.7 mm, about 1.0 mm, about 2.0 mm, or about 3.0 mm, or
greater, and will depend upon the thickness 28, and thickness 38 when thickness 38 is
non-negligible, as noted above. The average thickness 18 of the first sheet 10 in some
embodiments may be greater than the thickness 28 of the thin sheet 20. In some
embodiments, thickness 18 may be less than thickness 28. In some embodiments, the
first sheet 10 may be made of one layer, as shown, or multiple layers (including
multiple thin sheets) that are bonded together. Further, the first sheet may be of a Gen
1 size or larger, for example, Gen 2, Gen 3, Gen 4, Gen 5, Gen 8 or larger (e.g., sheet
sizes from about 100 mm % 100 mm to about 3 meters x 3 meters or greater).

[00101] The thin sheet 20 has a first surface 22, a bonding surface 24, and a
perimeter 26. Perimeters 16 (first sheet) and 26 (thin sheet) may be of any suitable
shape, may be the same as one another, or may be different from one another.
Further, the thin sheet 20 may be of any suitable material including glass, ceramic,
glass-ceramic, silicon, metal or combinations thereof. As described above for the first
sheet 10, when made of glass, thin sheet 20 may be of any suitable composition,
including alumino-silicate, boro-silicate, alumino-boro-silicate, soda-lime-silicate,
and may be either alkali containing or alkali-free depending upon its ultimate
application. The coefficient of thermal expansion of the thin sheet can be matched
substantially the same with that of the first sheet to reduce any warping of the article
during processing at elevated temperatures. The average thickness 28 of the thin
sheet 20 is about 300 micrometers or less, as noted above, such as about 200

micrometers or about 100 micrometers. Further, the thin sheet may be of a Gen 1 size
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or larger, for example, Gen 2, Gen 3, Gen 4, Gen 5, Gen 8 or larger (e.g., sheet sizes
from about 100 mm x 100 mm to about 3 meters x 3 meters or greater).

[00102] The article 2 can have a thickness that accommodates processing with
existing equipment, and likewise it can survive the harsh environment in which the
processing takes place. For example, thin film transistor (TFT) processing may be
carried out at high temperature (e.g., > about 200 °C, > 300 °C, > 400 °C, and up to
less than 500 °C). Processing of low-temperature poly-silicon (LTPS) may reach
temperatures up to 600 °C. For some processes, as noted above, the temperature may
be > about 300 °C, > about 350 °C, > about 400 °C, > about 500 °C, and up to about
600 °C, including any ranges and subranges there between.

[00103] To survive the harsh environment in which article 2 will be processed,
the bonding surface 14 should be bonded to bonding surface 24 with sufficient
strength so that the thin sheet 20 does not spontaneously separate from first sheet 10.
This strength should be maintained throughout the processing so that sheet 20 does
not separate from sheet 10 during processing. Further, to allow sheet 20 to be
removed from sheet 10 (so that a carrier may be reused, for example), the bonding
surface 14 should not be bonded to bonding surface 24 too strongly either by the
initially designed bonding force, and/or by a bonding force that results from a
modification of the initially designed bonding force as may occur, for example, when
the article undergoes processing at high temperatures, e.g., temperatures of > about
300 °C, = about 350 °C, > about 400 °C, = about 500 °C, and up to about 600 °C.
The modification layer 30 may be used to control the strength of bonding between
bonding surface 14 and bonding surface 24 so as to achieve both of these objectives
by controlling the contributions of van der Waals (and/or hydrogen bonding) and
covalent attractive energies between the modification layer 30 and the first sheet 10
and/or second sheet 20. This controlled bonding is strong enough to survive TFT or
LTPS processing, for instance, including temperatures > about 200 °C, > about 300
°C, = about 350 °C, > about 400 °C, > about 500 °C, and up to about 600 °C, and
remain debondable by application of a force sufficient to separate the sheets but not

cause significant damage to sheet 20 and/or sheet 10. For example, the applied force
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should not break either sheet 20 or sheet 10. Such debonding permits removal of
sheet 20 and the devices fabricated thereon, and also allows for re-use of sheet 10 as a
carrier.

[00104] Although the modification layer 30 is shown as a solid layer between
sheet 20 and sheet 10, such need not be the case. For example, the layer 30 may be on
the order of about 0.1 nm to about 1 micrometer thick (e.g., about 1 nm to about 10
nm, about 10 nm to about 50 nm, about 50 nm to about 100 nm, about 250 nm, about
500 nm to about 1 micrometer), and may not completely cover the entire portion of
the bonding surface 14. For example, the coverage on bonding surface 14 may be <
about 100%, from about 1% to about 100%, from about 10% to about 100%, from
about 20% to about 90%, or from about 50% to about 90% of the bonding surface 14,
including any ranges and subranges there between. In some embodiments, the
modification layer 30 is a monolayer, and in other embodiments, the modification
layer 30 is substantially a monolayer. In other embodiments, the layer 30 may be
about 3 nm thick, or in other embodiments 5 nm, 10 nm or even up to about 100 nm
to about 250 nm thick. The modification layer 30 may be considered to be disposed
between sheet 10 and sheet 20 even though it may not contact one or the other of
sheet 10 and sheet 20. In other embodiments, the modification layer 30 modifies the
ability of the bonding surface 14 to bond with bonding surface 24, thereby controlling
the strength of the bond between the sheet 10 and sheet 20. The material and
thickness of the modification layer 30, as well as the treatment of the bonding
surfaces 14, 24 prior to bonding, can be used to control the strength of the bond
(energy of adhesion) between sheet 10 and sheet 20.

Deposition of the Modification Layer

[00105] One of the advantages of the polycationic, or cationic, polymers used
in according to the present disclosure is that such polymers can be applied through a
simple, one-step processing to enable spontaneous bonding between the carrier and
the thin sheet at room temperature whenever possible. The ionic polymers described
herein are highly hydrophilic due to the strong interactions between the charges along
the polymer chains and the dipoles of the water molecules. Therefore, the glass
surface coated with an ionic polymer such as these polycations will remain highly

hydrophilic and have a high surface energy matching, or nearly matching, that of bare
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glass (approximately 75 mJ/m?). This obviates the nee=d for pressure lamination to
bond the surfaces or for energy-enhancing plasma treatment to increase the surface
energy of the modification layer as is often required by organic polymers.

[00106] Because of their highly hydrophilic and water soluble nature, ionic
polymers allow for simplified application onto the first and/or second sheets. An
aqueous solution of the polymer can be made and then the first and/or second sheets
can be treated by a variety of simple dispensing methods, such as spin coating, dip
coating, spray coating, and combinations thereof. Aqueous processing also
advantageously avoids the need for organic solvents, thereby decreasing the cost and
environmental impact.

Surface Energy of the Modification Layer

[00107] As referred to herein, the surface energy of the modification layer is a
measure of the surface energy of the modification layer as it exists on the carrier or on
the thin sheet. In general, the surface energy of the modification layer 30 can be
measured upon being deposited and/or further treated, for example by activation with
nitrogen or a mixture of nitrogen and oxygen. The surface energy of the solid surface
is measured indirectly by measuring the static contact angles of three liquids— water,
diiodomethane and hexadecane—individually deposited on the solid surface in air.
Surface energies as disclosed herein were determined according to the Wu model, as
set forth below. (See: S. Wu, J. Polym. Sci. C, 34, 19, 1971). In the Wu model, the
surface energies, including total, polar, and dispersion components, are measured by
fitting a theoretical model to three contact angles of three test liquids: water,
diiodomethane and hexadecane. From the contact angle values of the three liquids, a
regression analysis is done to calculate the polar and dispersion components of the
solid surface energy. The theoretical model used to calculate the surface energy
values includes the following three independent equations relating the three contact
angle values of the three liquids and the dispersion and polar components of surface

energies of the solid surface as well as the three test liquids
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[00108] where, the subscripts “W”, “D” and “H” represent water,
diiodomethane and hexadecane, respectively, and the superscripts “d” and “p”
represent the dispersion and polar components of surface energies, respectively.
Since diiodomethane and hexadecane are essentially non-polar liquids, the above set

of equations reduces to:
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[00109] From the above set of three equations (4-6), the two unknown

parameters, dispersion and polar surface energy components of the solid surface, y&
and y¢ can be calculated by regression analysis. However, with this approach, there is
a limiting maximum value up to which the surface energy of the solid surface could
be measured. That limiting maximum value is the surface tension of water, which is
about 73 mJ/m?. If the surface energy of the solid surface is appreciably greater than
the surface tension of water, the surface will be fully wetted by water, thereby causing
the contact angle to approach zero. Beyond this value of surface energy, therefore, all
calculated surface energy values would correspond to about 73-75 mJ/m? regardless
of the real surface energy value. For example, if the real surface energies of two solid
surfaces are 75 mJ/m? and 150 mJ/m?, the calculated values using the liquid contact
angles will be about 75 mJ/m? for both surfaces.

[00110] Accordingly, all contact angles disclosed herein are measured by
placing liquid droplets on the solid surface in air and measuring the angle between the
solid surface and the liquid-air interface at the contact line. Therefore, when a claim is
made on the surface energy value being from 55 mJ/m? to 75 mJ/m?* it should be

understood that these values correspond to calculated surface energy values based on
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the method described above and not the real surface energy values, which could be
greater than 75 mJ/m? when the calculated value approaches the real surface energy
value.

Bonding Energy of the Second or Thin Sheet to the Modification Layer

[00111] As referred to herein, the bond energy of the modification layer is a
measure of the force coupling the thin sheet and the carrier. In general, the energy of
adhesion (i.e., bond energy) between two surfaces can be measured by a double
cantilever beam method or wedge test. The tests simulate in a qualitative manner the
forces and effects on an adhesive bond joint at the interface between modification
layer 30 and second sheet 20. Wedge tests are commonly used for measuring bonding
energy. For example, ASTM D5041, Standard Test Method for Fracture Strength in
Cleavage of Adhesives in Bonded Joints, and ASTM D3762, Standard Test Method
for Adhesive-Bonded Surface Durability of Aluminum, are standard test methods for
measuring bonding of substrates with a wedge.

[00112] A summary of the test method for determining bond energies as
disclosed herein, based on the above-noted ASTM methods, includes recording of the
temperature and relative humidity under which the testing is conducted, for example,
that in a lab room. The second sheet is gently pre-cracked or separated at a corner of
the glass article to break the bond between the first sheet and the second sheet. A
sharp razor is used to pre-crack the second sheet from the first sheet, for example, a
GEM brand razor with a thickness of about 95 microns. In forming the pre-crack,
momentary sustained pressure may be used to fatigue the bond. A flat razor having
the aluminum tab removed is slowly inserted until the crack front can be observed to
propagate such that the crack and separation increases. The flat razor does not need to
be inserted significantly to induce a crack. Once a crack is formed, the glass article is
permitted to rest for at least 5 minutes to allow the crack to stabilize. Longer rest
times may be used for high humidity environments, for example, above 50% relative
humidity.

[00113] The glass article with the developed crack is evaluated with a

microscope to record the crack length. The crack length is measured from the end
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separation point of the second sheet from the first sheet (i.e. furthest separation point
from the tip of razor) and the closest non-tapered portion of the razor. The crack
length is recorded and used in the following equation to calculate bond energy.

¥ = 3t 2E ty1 2 Eytys® [ 16L4(Eqty,1 2 + Ezty2°) (7)

[00114] wherein y represents the bond energy, tv represents the thickness of the
blade, razor or wedge, Ei represents the Young’s modulus of the first sheet 10 (e.g., a
glass carrier), twi represents the thickness of the first sheet, E» represents the Young’s
modulus of the second sheet 20 (e.g., a thin glass sheet), tw2 represents the thickness
of the second sheet 20 and L represents the crack length between the first sheet 10 and
second sheet 20 upon insertion of the blade, razor or wedge as described above.
[00115] The bond energy is understood to behave as in silicon wafer bonding,
where an initially hydrogen bonded pair of wafers are heated to convert much or all
the silanol-silanol hydrogen bonds to Si—O—Si covalent bonds. While the initial
room temperature hydrogen bonding produces bond energies on the order of about
100-200 mJ/m? which allows separation of the bonded surfaces, a fully covalently
bonded wafer pair as achieved during processing on the order of about 300 to about
800 °C has an adhesion energy of about 2000 to about 3000 mJ/m?, which does not
allow separation of the bonded surfaces; instead, the two wafers act as a monolith.
On the other hand, if both the surfaces are perfectly coated with a low surface energy
material, for example a fluoropolymer, with a thickness large enough to shield the
effect of the underlying substrate, the adhesion energy would be that of the coating
material and would be very low, leading to low or no adhesion between the bonding
surfaces 14, 24. Accordingly, the thin sheet 20 would not be able to be processed on
sheet 10 (for example a carrier) without failure of the bond and potential damage to
the thin sheet 20. Consider two extreme cases: (a) two standard clean 1 (SC1, as
known in the art) cleaned glass surfaces saturated with silanol groups bonded together
at room temperature via hydrogen bonding (whereby the adhesion energy is about 100
to about 200 mJ/m?) followed by heating to a temperature that converts the silanol
groups to covalent Si—O—Si bonds (whereby the adhesion energy becomes about
2000 to about 3000 mJ/m?). This latter adhesion energy is too high for the pair of
glass surfaces to be detachable; and (b) two glass surfaces perfectly coated with a

fluoropolymer with low surface adhesion energy (about 12 to about 20 mJ/m? per
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surface) bonded at room temperature and heated to high temperature. In this latter
case (b), not only do the surfaces not bond at low temperature (because the total
adhesion energy of from about 24 to about 40 mJ/m? when the surfaces are put
together, is too low), they do not bond at high temperature either as there are too few
polar reacting groups. Between these two extremes, a range of adhesion energies
exist, for example between about 50 to about 1000 mJ/m?, which can produce the
desired degree of controlled bonding. Accordingly, the inventors have found various
methods of providing a modification layer 30 leading to a bonding energy between
these two extremes, and such that there can be produced a controlled bonding
sufficient to maintain a pair of substrates (for example a glass carrier or sheet 10 and a
thin glass sheet 20) bonded to one another through the rigors of TFT or LTPS
processing but also of a degree that (even after high temperature processing of, e.g. >
about 300 °C, > about 400 °C, > about 500 °C, and up to about 600 °C) allows the
detachment of sheet 20 from sheet 10 after processing is complete. Moreover, the
detachment of the sheet 20 from sheet 10 can be performed by mechanical forces, and
in such a manner that there is no significant damage to at least sheet 20, and
preferably also so that there is no significant damage to sheet 10.

[00116] An appropriate bonding energy can be achieved by using select surface
modifiers, i.e., modification layer 30, and/or thermal treatment of the surfaces prior to
bonding. The appropriate bonding energy may be attained by the choice of chemical
modifiers of either one or both of bonding surface 14 and bonding surface 24, which
chemical modifiers control both the van der Waals (and/or hydrogen bonding, as these
terms are used interchangeably throughout the specification) adhesion energy as well
as the likely covalent bonding adhesion energy resulting from high temperature
processing (e.g., on the order of > about 300 °C, > about 400 °C, > about 500 °C, and
up to about 600 °C).

[00117] Production of the Article

[00118] In order to produce the article, for example a glass article, the
modification layer 30 is formed on one of the sheets, preferably the first sheet 10 (for

example, a carrier). If desired, the modification layer 30 can be subjected to steps
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such as surface activation and annealing in order increase the surface energy, decrease
outgassing during processing and improve the bonding capabilities of the
modification layer 30, as described herein. In order to bond the other sheet, for
example thin sheet 20, the other sheet is brought into contact with the modification
layer 30. If the modification layer 30 has a high enough surface energy, introducing
the other sheet to the modification layer 30 will result in the other sheet being bonded
to the modification layer 30 via a self-propagating bond. Self-propagating bonds are
advantageous in reducing assembly time and/or cost. However, if a self-propagating
bond does not result, the other sheet can be bonded to the modification layer 30 using
additional techniques, such as lamination, for example by pressing the sheets together
with rollers, or by other techniques, as known in the lamination art for bringing two
pieces of material together for bonding.

[00119] It has been found that an article including a first sheet 10 and a second
sheet 20 (for example a carrier and a thin sheet), suitable for TFT or LTPS processing
(including processing at temperatures of about 300 °C, 400 °C, 500 °C and up about
600 °C), can be made by coating the first sheet 10 and/or second sheet 20 with
polycationic polymer. The polycationic polymers according to the present disclosure
can include any polycation-based polymer that is as thermally stable as possible and
that is suitable for a liquid- or solution-based surface treatment/coating process. In
particular, polycationic polymers that are water soluble and/or hydrophilic are
particularly preferred. Polycationic polymers having a polyalkyl backbone are
particularly preferred. Also preferred are polycationic polymers comprising aromatic
groups, which have higher thermal stability generally. Polycationic repeating units
can comprise one or more of a positively charged nitrogen, phosphorous, sulfur,
boron, or carbon. In particular are polycationic repeating units comprising primary,
secondary, tertiary, or quaternary ammonium cations, imidazolium cations,
pyridinium cations, pyrimidinium cations, pyrrole cations, imidazolium cations,
iminium cations, phosphonium ions, sulfonium ions, or combinations thereof.
Particularly preferred are polycationic repeating units comprising positively charged
nitrogens, especially ammonium, pyridinium, and imidazolium cations. In some

embodiments, the repeating unit of the polymer comprises a ratio of carbon:nitrogen
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of from 2:1 to 20:1, or from 3:1 to 15:1, or from 3:1 to 12:1. In some embodiments,
the cationic polymer is free, or substantially free, of oxygen.

[00120] In one example, the modification layer 30 can be formed by the
deposition of a polymer comprising an ammonium cation. The ammonium cation can
be a primary, secondary, tertiary or quaternary ammonium cation. In the cases of a
secondary, tertiary or quaternary ammonium cation, the nitrogen can be substituted
with a wide variety of substituents, including but not limited to alkyl, vinyl, allyl or
amino, and glycidyl. Each substituent can be further substituted, unsubstituted,
protected, or unprotected. Where an alkyl substituent is selected, the substituent may
be branched or unbranched, saturated or unsaturated. Examples of alkyl groups
include methyl, ethyl, n-propyl, iso-propyl, n-butyl, iso-butyl, tert-butyl, n-hexyl, n-
decyl, tetradecyl, and the like. Methyl and ethyl substitution is particularly preferred.
In one example, the polymer can be poly(diallyldimethylammonium chloride)
(PDADMAC) (1), or other comparable salt or derivative thereof. In another example,
the polymer can be poly(vinylbenzyl trimethyl ammonium chloride) (PVBTACI) (1),
or other comparable salt or derivative thereof. It is believed that the ring structures of

PDADMAC and PVBTACI help to impart thermal stability.
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[00121] In another example, the modification layer 30 can be formed by the

deposition of a polymer comprising a pyridinium cation. As described above, the
aromatic ring of the pyridine or pyrrole can further include any suitable number of
substituents covalently bonded to one or more of the ring carbons and/or the nitrogen,
and can be independently selected from H, alkyl, vinyl, allyl, amino, glycidyl, and
thiol. Each substituent can be further substituted, unsubstituted, protected, or
unprotected. Where an alkyl substituent is selected, the substituent may be branched

or unbranched, saturated or unsaturated. Examples of alkyl groups include methyl,
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ethyl, n-propyl, iso-propyl, n-butyl, iso-butyl, tert-butyl, n-hexyl, n-decyl, tetradecyl,
and the like. Preferred examples of polymers containing pyridinium cations include
poly(4-vinyl-1-methylpyridinium  bromide) (PVMPyBr) (III) and poly(4-
vinylpyridine hydrochloride) (PVPyCl) (IV). Both of these polymers were selected
due to the presence of a quaternary nitrogen in an aromatic ring, which is believed to

increase thermal stability.
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[00122] In yet another example, the modification layer 30 can be formed by the

deposition of a polymer comprising an imidazolium cation. As described above, an
imidazole can be substituted or unsubstituted with a wide variety of suitable
substituents covalently bonded to the ring structure. A preferred example of a
polymer comprising an imidazolium cation is LUVIQUAT FC 550 (BASF) (V), a
quaternary copolymer of I-vinylpyrrolidone and 3-methyl-1-vinylimidazolium
chloride. ~LUVIQUAT was selected for the present application due to the

combination of the imidazolium ring and the vinylpyrrolidone.

(V)

[00123] An advantage of the polycationic polymers disclosed herein is that
many of them provide a modification layer 30 having a bonding surface with a surface
energy of greater than 70 mJ/m? as measured for one surface (including polar and
dispersion components), which is sufficiently high to spontaneously bond with the
glass surface via a self-propagating wave as described above. Bare glass has a surface
energy >75 mJ/m? as measured by contact angle In some cases, the polycationic

polymer may provide a surface that produces weak bonding due to a lower than
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optimal surface energy. Similarly, when a surface other than glass is used, it may be
desirable to increase the surface energy of the bonding surface prior to bonding. In
other words, the desired surface energy required for bonding may not be the surface
energy of the initially deposited polycationic polymer modification layer. In order to
increase the surface energy when desired, the deposited layer may be further treated.
As initially deposited, and without further processing, the modification layer can
show good thermal stability, however, may not be sufficient to promote good,
temporary bonding to the thin sheet. Because these surface energies may be low to
promote temporary bonding to bare glass or to other desirable surfaces, surface
activation of the modification layer may be required to promote glass bonding. If
necessary, surface energy of the deposited polycationic polymer layers can be raised
to about or greater than 70 mJ/m? for glass bonding by plasma exposure to Nz, Na-I,
N2-O2, NHs, NoHs, HNs3, CO», or mixtures thereof. The energy (after plasma
treatment) may be high enough that the two surfaces bond one another, via the
modification layer, with a self-propagating bond. Tables 2-5 reports the measured
contact angles and bond energies for LUVIQUAT, PDADMAC, PVBTACI and
PVMPyBr modification layers, respectively, resulting from the spin-coating of

various concentrations of polymer solution.

Table 2: Contact Angles and Bond Energies of a LUVIQUAT Spin-Coated Layer

. DI water HD DIM Total BE
W% (degrees) | (degrees) | (degrees) | (mJ/m?)
0.05 12.67 13.7 22.17 N/A
0.02 14.73 17.23 23.63 178.09
0.01 18.4 14.97 25.7 217.9
0.005 8.8 18.63 23.2 228.37

Table 3: Contact Angles and Bond Energies of a PDADMAC Spin-Coated Layer

o DI water HD DIM Total BE

Wt % (degrees) | (degrees) | (degrees) | (mJ/m?)
0.05 1.87 12.87 20.33 156.05
0.02 2.73 15.33 23.93 284.96
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0.01

19.77

14.27

26.1

372.27

0.005

16.4

18.13

22.37

377.31

Table 4: Contact Angles and Bond Energies of a PVBTACI (400 kDa)

Spin-Coated Layer

Wi % DI water HD DIM Total BE
(degrees) | (degrees) | (degrees) | (mJ/m?)
0.05 2.2 14.73 19.57 N/A
0.02 20.03 10.83 204 197.62
0.01 27.97 16.7 23.5 262.95
0.005 25.07 16.4 25.47 301.23

Table 5: Contact Angles and Bond Energies of a PVMPyBr Spin-Coated Layer

Wi % DI water HD DIM Total BE
(degrees) | (degrees) | (degrees) | (mJ/m?)
0.05 23.38 16.04 22.15 271.21
0.02 23.89 18.88 26.48 382.35
0.01 20.33 20.16 26.57 415.7

[00124]

The use of a surface modification layer 30, together with bonding

surface preparation as appropriate, can achieve a controlled bonding area, that is a
bonding area capable of providing a room-temperature bond between sheet 20 and
sheet 10 sufficient to allow the article 2 to be processed in TFT or LTPS type
processes, and yet a bonding area that controls covalent bonding between sheet 20 and
sheet 10 (even at elevated temperatures) so as to allow the sheet 20 to be removed
from sheet 10 (without damage to the sheets) after high temperature processing of the
article 2, for example, processing at temperatures of > about 300 °C, > about 400 °C,
> about 500 °C and up to about 600 °C. To evaluate potential bonding surface
preparations, and modification layers with various bonding energies, that would
provide a reusable carrier suitable for TFT or LTPS processing, a series of tests were
used to evaluate the suitability of each. Different applications have different
requirements, but LTPS and Oxide TFT processes appear to be the most stringent at
this time. Thus, tests representative of steps in these processes were chosen, as these

are desired applications for the article 2. Annealing at about 600 °C is used in LTPS
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processes. Accordingly, the following testing was carried out to evaluate the
likelihood that a particular bonding surface preparation and modification layer would
allow a thin sheet to remain bonded to a carrier throughout LTPS processing, while
allowing the thin sheet to be removed from the carrier (without damaging the thin
sheet and/or the carrier) after such processing (including processing at temperatures of
about 300 °C, about 400 °C, about 500 °C, and up to about 600 °C).

Thermal Testing of Bond Energy

[00125] Surface modification layers can be used to couple a thin sheet to a
carrier at room temperature. For example, thin glass can bond very well to
polycationic polymer modification layer bonding surfaces with a high bond speed
consistent with the high surface energy. As used herein, a modification layer bonding
surface is the surface of the modification layer that will be in contact with the coupled
sheet, that is, the thin sheet, following coupling.

[00126] The bonding energy of the modification layers to thin sheets, e.g., thin
glass sheets, was tested after specific heating conditions. To see whether a particular
surface modification layer would allow a thin sheet to remain bonded to a carrier and
still allow the thin sheet to be debonded from the carrier after processing, the
following tests were carried out.

[00127] For thin glass wafers, the article (thin sheet bonded to the carrier via
the surface modification layer) was put in a tube furnace or a Rapid Thermal
Processing (RTP) chamber that ramped to the desired processing-test temperature at a
rate of 4 °C per second. The article was then held in the furnace (maintained at the
desired processing-test temperature) for 10 minutes. The furnace was then cooled to
about 150 °C within 45 minutes, and the sample was pulled.

[00128] For in-line or Gen 5 (R2S) testing, a typical wash procedure was used
without the need to modify in-line facilities. Typical washing includes use of
detergents, spinning, rinsing and drying. Instead of using detergents, in some
embodiments the polycation at concentrations varying from 0.0005 wt.% to 5 wt.%
was included in the detergent tank and sprayed on the glass surface. A flow average

of 25 liters per minutes was applied to draw the polycationic polymer solution to the

30



WO 2019/036710 PCT/US2018/047056

carrier glass surface. The glass surface was then rinsed with water at a 25 liter per
minute flow rate to remove excess polycationic polymer. The treated glass surface
was then dried. After drying, the treated carrier was bonded to a thin sheet of
WILLOW glass of substantially the same size to create the glass article. After
bonding, the initial blister area was measured according to the test described below.
The bonded glass was then heated in a heating chamber preheated to 130 °C to 450 °C
for 30 minutes with a heating rate of 8§ °C/minute. The glass article was held at 450
°C for 90 minutes, before it was heated again to 600 °C at a rate of 6 °C/minute.
After holding for 10 minutes, the glass article was cooled to room temperature for
further testing.

[00129] After room temperature bonding, the articles were then thermally
tested to determine the bond energy after thermal processing by using the above-
described thermal testing of bond energy. The bond energy of thin glass bonded with
cationic polymer modification layers ranged from about 150 to about 500 mJ/m? and
remained near that value after processing the article at a temperature of about 300 °C,
about 400 °C, about 500 °C or up to about 600 °C. Thus, the polycationic polymer
surface modification layers can consistently maintain a bond energy less than about
500 mJ/m?, about 450 mJ/m?, about 400 mJ/m?, about 350 mJ/m?, about 300 mJ/m?,
about 250 mJ/m?, or about 200 mJ/m? with the thin glass sheet even after processing
at about 300 °C, about 400 °C, about 500 °C or up to about 600 °C, e.g., upon holding
the glass article in an inert atmosphere that is at about 300 °C, about 400 °C, about
500 °C or up to about 600 °C for about 10 minutes, according to the thermal testing of
bond energy.

Outgassing of the Modification Layer

[00130] Polymer adhesives used in typical wafer bonding applications are
generally about 10 to about 100 pm thick and lose about 5% of their mass at or near
their temperature limit. For such materials, evolved from thick polymer films, it is
easy to quantify the amount of mass loss, or outgassing, by mass-spectrometry. On
the other hand, it is more challenging to measure the outgassing from thin surface
treatments that are on the order of about 2 to about 100 nm thick, for example the

monolayer surface modification layers described above. For such materials, mass-

31



WO 2019/036710 PCT/US2018/047056

spectrometry is not sensitive enough and outgassing was measured in a different
manner.

[00131] In an example test, hereinafter “Outgassing Test”, measuring small
amounts of outgassing can be based on an assembled article, e.g., one in which a thin
sheet is bonded to a carrier via a cationic polymer modification layer, and uses a
change in percent blister area to determine outgassing. The Outgassing Test
described below was used to measure change in percent blister areas as discussed
herein. During heating of the glass article, blisters (also referred to as bubbles or
pillowing) can form between the carrier and the thin sheet indicates outgassing of the
modification layer. Outgassing results from vaporization of small molecules in the
coating as well as thermal decomposition of the coating. Outgassing under the thin
sheet may be limited by strong adhesion between the thin sheet and carrier.
Nonetheless, layers < about 10 nm thick may still create blisters during thermal
treatment, despite their smaller absolute mass loss. And the creation of blisters
between the thin sheet and carrier may cause problems with pattern generation,
photolithography processing, and/or alignment during device processing onto the thin
sheet. Additionally, blistering at the boundary of the bonded area between the thin
sheet and the carrier may cause problems with process fluids from one process
contaminating a downstream process. A change in % blister area of > about 5 is
significant, indicative of outgassing, and is not desirable. On the other hand a change
in % blister area of < about 1 is insignificant and an indication that there has been no
outgassing,

[00132] The average blister area of bonded thin glass in a class 1000 clean
room with manual bonding is about 1%. The blister percent in bonded carriers is a
function of cleanliness of the carrier, thin glass sheet, and surface preparation.
Because these initial defects act as nucleation sites for blister growth after heat
treatment, any change in blister area upon heat treatment less than about 1% is within
the variability of sample preparation. To carry out this Outgassing Test, a
commercially available desktop scanner with a transparency unit (Epson Expression

10000XL Photo) is used to make a first scan image of the area bonding the thin sheet
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and carrier immediately after bonding. The parts are scanned using the standard
Epson software using 508 dpi (50 micron/pixel) and 24 bit RGB. The image
processing software first prepares an image by stitching together, as necessary,
images of different sections of a sample into a single image and removing scanner
artifacts (by using a calibration reference scan performed without a sample in the
scanner). The bonded area is then analyzed using standard image processing
techniques such as thresholding, hole filling, erosion/dilation, and blob analysis. The
Epson Expression 11000XL Photo may also be used in a similar manner. In
transmission mode, blisters in the bonding area are visible in the scanned image and a
value for blister area can be determined. Then, the blister area is compared to the
total bonding area (i.e., the total overlap area between the thin sheet and the carrier) to
calculate a percent area of the blisters in the bonding area relative to the total bonding
area. The samples are then heat treated in a tube furnace under an N»/O» atmosphere
at test-limit temperatures of about 300 °C, about 400 °C, or up to about 500 °C, or in a
MPT-RTP600s Rapid Thermal Processing system under an N> atmosphere at test-
limit temperatures of about 500 °C or up to about 600 °C, for 10 minutes.
Specifically, the time-temperature cycle used includes: inserting the article into the
heating chamber at room temperature and atmospheric pressure; heating the chamber
to the test-limit temperature at a rate of 9 °C per minute; holding the chamber at the
test-limit temperature for about 10 minutes; cooling the chamber at furnace rate to
200 °C; removing the article from the chamber and allow the article to cool to room
temperature; and scanning the article a second time with the optical scanner. The
percent blister area from the second scan can be then calculated as above and
compared with the percent blister area from the first scan to determine a change in
percent blister area. As noted above, a change in blister area equal to or greater than
5% is significant and an indication of outgassing. A change in percent blister area
was selected as the measurement criterion because of the variability in original
percent blister area. That is, most surface modification layers have a blister area of
less than about 2% in the first scan due to handling and cleanliness after the thin sheet
and carrier have been prepared and before they are bonded. However, variations may

occur between materials.
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[00133] The percent blister area can also be characterized as the percent of total
surface area of the modification layer bonding surface not in contact with the second
sheet bonding surface 24. The change in percent blister area (or pillowing) represents
the percent blister area before thermal treatment subtracted from the percent blister
area after thermal treatment. As described above, the percent of total surface area of
the modification layer bonding surface not in contact with the second sheet is
desirably less than about 10%, less than about 8%, less than about 5%, less than about
3%, less than about 1% and up to less than about 0.5% after the glass article is
subjected to a temperature cycle by heating in a chamber cycled from room
temperature to about 300 °C, about 400 °C, about 500 °C or up to about 600 °C at a
rate in the range of from about 200 °C to about 600 °C per minute and then held at the
test temperature for 10 minutes before allowing the glass article to cool to room
temperature.

Debonding of the Modification Layer

[00134] The modification layer described herein allows the second sheet to be
separated from the first sheet without breaking the second sheet into two or more
pieces after the glass article is subjected to the above temperature cycling and thermal
testing.

[00135] Further, when the polycationic polymer modification layer is applied to
the carrier, it has been determined that most of, substantially all of, or all of the
modification layer remains on the carrier after debonding. The presence of a
modification layer may be detected by surface chemistry analysis, for example by
time-of-flight secondary ion mass spectrometry (ToF SIMS) or X-ray photoelectron
speciroscopy {XPS) to measure, for example, the percent of atomic carbon present on
the carrier surface following polymer treatment before bonding and again after
debonding following thermal treatment. Desirably, all, or substantially all, of the
polymer remains on the carrier following debonding. In some embodiments, a portion
of the polymer, or a portion of the modification layer bonding surface, is debonded
from the carrier following thermal treatment. That is, the percent change in carbon

content of the carrier before bonding and after debonding is desirably less than about
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30%, less than about 25%, less than about 20%, less than about 15%, less than about
10%, less than about 5%, less than about 3%, less than about 2% or less than about
1%. Similarly, the percent change in carbon content of the thin sheet before bonding
and after debonding is also preferably less than about 20%, less than about 15%, less
than about 10%, less than about 5%, less than about 3%, less than about 2% or less
than about 1%. Alternatively, percent change in nitrogen content of the carrier before
bonding and after debonding can also be measured. In some embodiments, the
percent change in nitrogen content of the carrier or of the thin sheet before debonding
and after debonding is desirably less than about less than about 20%, less than about
15%, less than about 10%, less than about 5%, less than about 3%, less than about 2%

or less than about 1%.

Examples
[00136] Example 1a: Surface treatment with LUVIQUAT—wafer/spin coating
[00137] LUVIQUAT FC 550 (BASF) is a quaternary copolymer of 1-

vinylpyrrolidone and 3-methyl-1-vinyimidazolium chloride.

[00138] 1) A stock solution of LUVIQUAT FC-550 (40% active
ingredients in water) was diluted to make solutions having concentrations ranging
from 0.005 wt.% to 0.02 wt.%.

[00139] 2) EAGLE XG® glass (available from, Corning Incorporated,
Corning NY) wafers (0.5 mm) and Willow® glass substrates (available from Corning
Incorporated) 100 pum thick were first treated with Oz plasma for 5 minutes, followed
by a rinse (or wash) step using hydrogen peroxide : JTB100 (ammonia) cleaner (JT
Baker Chemicals) : H2O (2:1:40) solution for 10 minutes. After cleaning, the glass
wafers were spin-rinse-dried.

[00140] 3) Different concentration solutions (see below) of LUVIQUAT
FC-550 were spin coated (30 seconds at 500 rpm, followed by 1.5 minutes at 2000
rpm) on EAGLE XG wafers, followed by spray rinsing (2:1:40 hydrogen
peroxide:JBT100:water) for 1.5 minutes to wash off the excess polycationic polymer
deposited onto the wafer. The wafers were then spin dried.

[00141] 4) Both the LUVIQUAT-coated wafers and cleaned WILLOWSs
were held at 150 °C for 2 minutes as a drying step to remove residual water. Each

EAGLE XG wafer was bonded with a piece of WILLOW glass by bringing it into
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optical contact and applying pressure at the middle point of the pair. A bond-wave
self-propagated due to the strong attractive interaction forces between the hydrophilic
coating on the FAGLE XG wafer and the hydroxyl-terminated surface of the
WILLOW glass.

[00142] 5) The bonded pair underwent thermal treatment at 580 °C for 10
minutes (N»/O2) in a Rapid Thermal Processing (RTP) chamber under a N
environment,

[00143] 6) After the bonded pair returned to room temperature, the

samples were analyzed for blister growth and new blister formation. The bond energy
between the wafer and the WILLOW was measured by inserting metal blades at the

four corners and averaging the value. See Table 6 below.

[00144] 7) The samples were then manually completely debonded by
lifting the EAGLE XG wafer from the WILLOW glass using scotch tape.
[00145] 8) A set of the EAGLE XG wafers coated with different

concentrations of LUVIQUAT were used for contact angle measurements with the
following three liquids: water, hexadecane, and diiodomethane. See Table 2 above

and FIG. 3.

Table 6: LUVIQUAT FC 550 wafer/spin coating bond energy, blistering,

debondability
Cone Bond Pre % Post % Change
(wt 0/') Energy area area in % Debondable
e (mJ/m?) | blistering | blistering | blistering
0.05 N/A N/A N/A N/A N/A
0.02 178.09 1.6 2.7 +1.1 yes
0.01 217.90 1.05 1.49 +0.44 yes
0.005 228.37 1.72 2.52 +0.8 yes
[00146] FIG. 3 shows the bond energy (right hand Y-axis) and contact angles

(left hand Y-axis) of glass articles including LUVIQUAT modification layers
deposited on carriers and further having a thin glass sheet (thickness of 100 nm)

coupled to the carrier via the modification layer. When LUVIQUAT was applied at a
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concentration of 0.05 wt.%, the resulting bond energy was too low to bond the thin
sheet to the carrier even temporarily. The samples having lower concentrations of
LUVIQUAT applied bonded easily via a self-propagating wave. As deposited, the
LUVIQUAT modification layer produced a concentration dependent bond energy
varying from approximately 175 — 230 mJ/m? (as detailed in Table 6) after thermal
testing at 580 °C for 10 minutes (see filled stars in FIG. 3)

[00147] As set forth in Table 6, the maximum absolute area of blistering was
about 2.7% for any of the LUVIQUAT coated bonded pairs (0.02 wt.%). The
difference in percent blistering following thermal treatment to 580 °C ranged from
about 0.5 to about 1.1%. The bond energy values ranged from approximately 175-
230 mJ/m* for concentrations ranging from 0.02 wt.% to 0.005 wt.%. The samples
were easily debondable following thermal treatment at 580 °C for 10 minutes at all
concentrations tested without any breaking of the WILLOW glass (see shaded area,
FIG. 3).

[00148] Example 1b: Surface treatment with LUVIQUAT—Gen 4.5 and Gen
5/in-line treatment

[00149] LUVIQUAT FC 550 was tested for scaled up LTPS application in
Gen5 roll-to-sheet (R2S) trials.

[00150] For R2S processing, dry glass sheets (no pre-wash) were spray coated
in the Gen 5 washing line and WILLOW glass on EAGLE XG carrier (WGoC)
samples were prepared by applying a solution of polycation polymer varying from
0.0025 wt.% to 0.01 wt% by spraying at a flow rate averaging 25 liters per minute.
For so-called “rinse on” experiments, following deposition of the polycationic
polymer solution onto the glass carrier, the glass was rinsed with water at a flow rate
of 25 liters per minute to remove excess polymer prior to bonding. For “rinse off”
experiments, no such rinse was performed and excess polymer was not removed prior
to bonding. The treated carrier glass was bonded to a similarly sized WILLOW glass
sheet at room temperature and initial blistering was measured. Thermal annealing in
ambient air was done at 425 °C, held for 90 minutes (starting temperature 130 °C,
ramped to 425 °C at a rate of 8 °C per minute), followed by holding the article at 600
°C for 10 minutes (ramped from 425 °C to 600 °C at a rate of 6 °C per minute). After

the second holding period, the glass article was cooled to room temperature for further
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testing. For all concentrations, WGoC samples could be manually debonded after
thermal annealing. Bond energies were measured manually using a razor blade for all

of the samples.

Table 7: LUVIQUAT FC 550 Gen 5 bond energy, blistering, debondability

. Change Bond

Conc. Rinse on/ .o .
(WE%) Rinse off .1n A) Debondable Energies
blistering (mJ/m?)
0.01 rinse off N/A* N/A 249-308
0.01 rinse on 0.11% yes 325431
0.005 rinse off 0.18% yes 305-331
0.005 rinse on 0.0018% yes 283-398
0.0025 rinse off | 0.0139% yes 297-334
0.0025 rinse on 0.0025% yes 315-352

*severe blistering observed, not measured

[00151] Table 7 and the left panel of FIG. 4a show the bond energies (y-axis of
FIG. 4a) of glass articles coupling a thin glass sheet (100 nm) to a carrier sheet via a
LUVIQUAT modification layer. As shown in Table 7 and the left panel of FIG. 4a,
the bond energies of the modification layers varied in a largely concentration
dependent manner. Table 7 sets forth that in the Gen5 R2S testing, the glass articles
largely demonstrated good blister performance. However, the glass article having a
0.1 wt.% LUVIQUAT solution applied under rinse off conditions demonstrated
severe blistering even before thermal treatment and was not further tested. As seen in
the left panel of FIG. 4a, the bond energies for the remaining G5 LUVIQUAT
samples tested varied from approximately 250 to 430 mJ/m? for all concentrations
under both rinse on and rinse off conditions. The average bond energy of all
LUVIQUAT samples tested for Gen 5 was ~325 mJ/m?.

[00152] In the Gen5 R2S testing, some samples demonstrated high bond speed
but poor warp. While high bond speed is desirable for throughput, it has been
determined that warping of the glass article can occur if the bond speed is too high. It

was determined that this warping can be minimized by decreasing the concentration
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of the aqueous polyelectrolye solution and/or employing rinse on conditions prior to
bonding. However, as demonstrated in FIG. 4a, rinse on conditions afforded greater
inter-sample variability in bond energy as compared to rinse off conditions.

[00153] For all concentrations in the Gen5 tests, the WGoC samples could be
debonded either with debonder or manual debonding following thermal processing. A
decrease in concentration and use of rinse on conditions helped to reduce bond front
speed (BFS) and full sheet warp (FSW) in the Gen 5 case.

[00154] A test using a higher concentration coating of LUVIQUAT (0.1 wt.%)
was also performed on Gen 5 testing to see whether excess polymer solution could be
washed off with rinsing. Under rinse on conditions, blistering was decreased with a
concentration of 0.1 wt.%, which demonstrated severe blistering when no rinse was
used. With rinse on conditions, the bond energy increased slightly but was still within
the debondable range. Therefore, it can be concluded that using rinse on conditions
may be advantageous for using polycationic polymer solutions of higher
concentrations.

[00155] It was also found that after rinsing, the thickness of the coating formed
from the 0.1 wt.% LUVIQUAT solution was approximately equal to the coating
formed from the 0.02 wt.% LUVIQUAT solution. The thickness of the modification
layer was measured by ellipsometry. As seen in FIG. 4b, the thickness (nm, y-axis) of
the modification layer formed by deposition of 0.02 wt.% LUVIQUAT varied from
approximately 2.1-2.6 nm for rinse off conditions and from approximately 1.8-2.1 nm
for rinse on conditions. The thickness of the modification layer formed by deposition
of 0.1 wt.% LUVIQUAT varied from approximately 2.0-3.3 nm (rinse off) and 1.9-
2.2 nm (rinse on). The average thickness of the LUVIQUAT polymer layer was
approximately 2.2 nm regardless of concentration and rinse on/off conditions. This
suggests that the appropriate LUVIQUAT deposition was left on the glass after
rinsing of the high concentration solution.

[00156] Example 2a: Surface treatment with PDADMAC—wafer/spin coating

[00157] A stock solution of poly(diallyldimethylammonium) chloride
(PDADMAC) (MW 400-500 kDa, 20% active ingredients in water) was diluted to

solutions of different concentrations ranging from 0.005 wt.% to 0.05 wt.% in water.
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Deposition of the polymer and testing of the resulting properties was carried out as set

forth in Example 1a above.

Table 8: PDADMAC wafer/spin coating bond energy, blistering, debondability

Cone. Bond Pre % Post % Change
(WE%) Energy area area in % Debondable
(mJ/m?) | blistering | blistering | blistering
0.05 156.05 2.6 16.08 +13.48 yes
0.02 284.96 1.03 1.29 +0.26 yes
0.01 372.27 0.66 0.44 -0.22 no
0.005 37731 1.63 1.9 +0.27 no
[00158] Table 8 shows the bond energies, blistering and debondability of a

glass article including a PDADMAC modification layer. The 0.05 wt.% PDADMAC
coating demonstrated significant blistering following thermal treatment, with an
absolute area of blistering of about 16%, with a change in blistering (pillowing) of
approximately 13.5%. The lower concentration samples demonstrated lower
blistering following thermal treatment to 580 °C in a N2 environment, with differences
in percent blistering ranging from about -0.22 to 0.27%. The bond energy values
ranged from approximately 150-380 mJ/m” for concentrations ranging from 0.02
wt.% to 0.005 wt.% (see Table 8 and FIG. 5, filled stars). The samples coated with
0.05 wt.% and 0.02 wt.% PDADMAC were easily debondable without any breaking
of the WILLOW glass, however the bond energy of the 0.005 wt.% sample was too

high and not debondable.

[00159] Example 2b: Surface treatment with PDADMAC—Gen 5/in-line
treatment

[00160] PDADMAC was also tested for scaled-up LTPS application in Gen5

(R2S) tests as described above in Example 1b. For the PDADMAC trial, PDADMAC
(400 kDa) solutions of 0.01 and 0.005 wt.% were tested.

Table 9: PDADMAC Gen5 bond energy, blistering, debondability
| Conc. | Rinse on/ | Change in % | Debondable | Bond
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(wt%) Rinse off blistering Energies
(mJ/m?)
0.01 rinse off N/A* yes 350451
0.01 rinse on no blistering no 570->600
0.005 rinse off 0.0018% no 309-536
0.005 rinse on 0.0014% no 468-590

*severe blistering observed, not measurable by SMA

[00161] Bond energies were measured manually (with a razor blade) for all
samples and determined to be in the range of ~250 to greater than 600 mJ/m? (Table 9
and right panel of FIG 4a). Of the four samples measured, only one debonded (0.01
wt.% with rinse off conditions) due to high (> 500 mJ/m?) bond energies. The
thickness of the PDADMAC coatings was measured by standard ellipsometry
methods for 0.005 wt.% and 0.01 wt.% and determined to be in the range of 1.6 nm to

2.5 nm.
[00162] Example 3: Surface treatment with PVBTACIl—wafer/spin coating
[00163] Stock solutions of poly(vinylbenzyl trimethyl ammonium chloride)

(PVBTACI) (MW 100 kDa and 400 kDa, 30% active ingredients in water) were
diluted to solutions of different concentrations ranging from 0.005 wt.% to 0.05 wt.%
in water. Polymer deposition and testing were carried out as set forth in Example la

above.

Table 10: PVBTACI (100 kDa) wafer/spin coating bond energy, blistering,
debondability

Cone. Bond Pre % Post % Change
(WE%) Energy area area in % Debondable
(mJ/m?) | blistering | blistering | blistering
0.09 N/A 0.46 19.28 + 18.82 N/A
0.05 223.56 0.69 1.22 +0.53 yes
0.02 220.73 0.81 0.94 +0.13 yes
[00164] Table 10 shows the bond energies for glass articles including

PVBTACI (100 kDa) modification layers. As seen in Table 10, the 100 kDa coating

solution applied at 0.09 wt.% resulted in a modification layer having significant
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blistering post-thermal treatment. Therefore the bond energy of this sample was not
measured. The remaining concentrations had good blistering profiles (the difference
in blister area was less than 1% of the total bonded area). The bond energies of the
coatings resulting from the 0.05 wt.% and 0.02 wt.% PVBTACI solutions were about
220 mJ/m* and both samples were easily debondable following thermal treatment at

580 °C in a N; environment for 10 minutes.

Table 11: PVBTACI (400 kDa) wafer/spin coating bond energy, blistering,
debondability

Conc. Bond Pre % Post % Change
(WE%) Energy area area in % Debondable
(mJ/m?) | blistering | blistering | blistering
0.05 N/A 0.58 25.84 +13.48 N/A
0.02 23481 1.15 1.94 +0.79 yes
0.02 197.62 0.85 1.44 +0.59 yes
0.01 262.95 0.88 1.05 +0.17 yes
0.01 311.24 0.64 0.76 +0.12 no
0.005 301.23 0.76 0.97 +0.21 no
[00165] Table 11 and FIG. 5 show the bond energies of glass articles including

a PVBTACI (400 kDa) modification layer applied at varying concentrations. For the
coatings using the 400 kDa PVBTACI solution, the difference in blister area was
about 1%, except for the coating resulting from the 0.05 wt.% solution, which had an
absolute blister area > 25% following thermal processing at 580 °C. The bond energy
of this sample was not measured due to unsatisfactory blistering. The coatings made
from the lower concentration solutions had bond energies ranging from ~200 to 320
mJ/m? (FIG. 5, filled stars) however only the 0.01 and 0.02 wt.% samples could be
debonded manually (see shaded area of FIG. 5).

[00166] Example 4: Surface treatment with PVMPyBr—wafer/spin coating
[00167] A stock solution of poly(4-vinyl-1-methylpyridinium bromide)
(PVMPyBr) was diluted to solutions of different concentrations ranging from 0.01
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wt.% to 0.05 wt.% in water. Polymer deposition and testing were carried out

described in Example 1a above.

Table 12: PVMPyBr wafer/spin coating bond energy, blistering, debondability

Conc. Bond Pre % Post % Change | Debondable
(wt%) Energy area area in %
(mJ/m?) | blistering | blistering | blistering
0.05 271.21 3.84 6.65 +2.81 yes
0.02 382.35 2.34 3.81 +1.47 yes
0.01 415.7 2.63 442 +1.79 yes
[00168] Table 12 and FIG. 6 demonstrate the bond energies of glass articles

including PVMPyBr modification layers. The bond energies measured by inserting
metal blades at the four corners of the bonded samples ranged from ~ 270-415 mJ/m?,
and all samples were manually debondable using scotch tape (FIG. 6, stars). The
absolute area of blistering was lowest (about 3.8%) for the 0.02 wt.% polymer
solution and highest (about 7%) for the coating made from the 0.05 wt.% PVMPyBr
solution. The change in percent blistering following thermal treatment at 580 °C
varied in a non-concentration dependent manner from about 1.5% to about 3% of the
total bonded area.

[00169] Example 5: Surface treatment with PVPyCl—wafer/spin coating
[00170] Poly(4-vinylpyridine chloride) (PVPyCl) was synthesized from poly(4-
vinylpyridine) by adding concentrated HCI to an aqueous suspension of poly(4-
vinylpyridine) with stirring at room temperature. Aqueous solutions having
concentrations ranging from 0.005 wt.% to 0.05 wt.% PVPyCl were prepared.

Testing was carried out as set forth in Example la above.

Table 13: PVPyCl wafer/spin coating bond energy, blistering, debondability

Conc. Bond Pre % Post % Change | Debondable?
(wt%) Energy area area in %
(mJ/m?) | blistering | blistering | blistering
0.05 N/A 25.82 N/A N/A N/A
0.025 212.41 1.97 2.18 +0.21 yes
0.01 318.30 1.74 1.79 +0.05 yes
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0.01 234.28 1.43 1.85 +0.42 yes
0.01 258.43 1.57 1.30 -0.27 yes
0.005 91.91 1.49 1.29 -0.2 yes
[00171] Table 13 shows the bond energies, blistering and debondability for a

variety of glass articles including varying concentrations of PVPyCl modification
layers. The sample coated with 0.05 wt.% PVPyCl solution demonstrated significant
blistering (>25%) even before thermal treatment and was not further tested.
Following thermal treatment at 580 °C, the change in percent blistering for the
remaining concentrations tested, PVPyCl coating samples was less than 1% of the
bonded area for all samples measured. The absolute area of blistering was less than
2% for all samples measured. The average bond energies measured by inserting metal
blades at the four corners of the bonded samples ranged from ~ 90-320 mJ/m?, and all
samples were manually debondable using scotch tape. The bond energy of the 0.05
wt.% sample was not measured due to the aforementioned blistering.

[00172] Example 6: Debonding of carrier from thin sheet

[00173] In an effort to understand how the modification layer transfers upon
debonding, X-ray photoeleciron spectroscopy (XPS)Y (PHI Quantum 2000 using a
monochromatized A1 Ko radiation} was used fo roeasure the amount of atomic carbon
present on the carrier before bonding and after debonding, as well as on the thin sheet
after debounding.  The data were anslyzed using the Multipak software package
provided by the XPS vendor. A 0.07 wt% solution of LUVIQUAT polvmer was
deposited onto an EAGLE XG glass as descrbed m Example ta sbove. Prior to
bonding, the carbon content of the deposited polymer solution was measured o be
9.6% by XPS. The EAGLE XG glass was then bonded to 2 WILLOW thin sheet as
previously described.  The bonded sheets were subiject 1o a thoomal treatment of at
580 °C for M} minutes. Following cooling to room iomperature, the sheels were
manually debonded and the carbon content of the thin sheet and carrier were

7

measured to be 2.8% and .79, respectively. Table 14 and FIG. R deomonsirate that
while some transfer of the polymer to the thin glass occurs, substantially all of the

polymer remains bonded to the thin sheet upon debonding. This is advantageous as it
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finimizes the modification layer residue left on the thin sheet (and theretore, the
subsequent washing steps needed). It also improves the reusability of the carrier
shoet. As demonsirated in Table 14 and FIG. 8, the carrier retains greater than 909 of
the polycationic polymer coating, which is believed to be sufficient for reusing the

carrier without needing (o recoat prior (o use.

Table 14: Measurement of distribution of atomic carbon following debonding

atomic C (%) atomic € (%) -
control

EAGLE XG bare wafer 7.3 -
(control)
EAGLE XG coated wafer 16.9 9.6
(0.02 wt.% LUVIQUAT)
WILLOW (after debonding) 10.2 2.8
EAGLE XG (after 16.0 8.7
debonding)

[00174]

and variations can be made to the disclosed embodiments without departing from the

It will be apparent to those skilled in the art that various modifications

spirit and scope of the disclosure. Thus, it is intended that the present disclosure
cover any and all such modifications and variations as come within the scope of the
appended claims and their equivalents.

[00175]

bond a carrier to a thin sheet, to bond two carriers together, to bond two or more thin

For example, the modification layers disclosed herein may be used to

sheets together, or to bond a stack having various numbers of thin sheets and carriers

together.
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What is claimed is:
L. An article comprising:
a first glass sheet comprising a first glass sheet bonding surface;
a second glass sheet comprising a second glass sheet bonding surface;
a modification layer intermediate the first and second glass sheets and
comprising a modification layer bonding surface, the modification bonding
layer comprising one or more cationic polymers,
wherein the modification layer couples the first glass sheet to the

second glass sheet.

2, The article of claim 1 wherein the cationic polymer is water soluble.

3. The article of claim 1 or claim 2 wherein the cationic polymer is hydrophilic.

4. The article of any of claims 1-3 wherein the cationic polymer comprises a
polyalkyl backbone.

5. The article of any of claims 1-4 wherein a repeating unit of the cationic

polymer comprises one or more of a positively charged nitrogen, phosphorous,

sulfur, boron or carbon.

6. The article of claim 5 wherein the repeating unit comprises a positively

charged nitrogen.

7. The article of claim 6, the repeating unit comprising a ratio of carbon:nitrogen

of from 2:1 to 20:1.

8. The article of any of claims 5-7 wherein the positively charged nitrogen is an

ammonium cation.
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10.

11.

12.

13.

14.

15.

16.

17.

The article of any of claims 5-8 wherein the repeating unit comprises

ci®
o
/N\

, n_ or combinations thereof.

/\®Q

The article of any of claims 5-7 wherein the positively charged nitrogen is an

imidazolium cation.

The article of any of claims 5, 6 or 9 wherein the repeating unit comprises

X
N ECH; |
e o
| 2 Br @N C|e
H n . .
n , or combinations

The article of claim 5 wherein the positively charged phosphorous is a

thereof.

phosphonium ion.

The article of claim 5 wherein the positively charged sulfur is a sulfonium ion.

The article of any of claims 1-13 wherein the polymer is substantially free of

oxygen.

The article of any of the preceding claims wherein the modification layer is

substantially a monolayer.

The article of claim 15, wherein the modification layer comprises an average

thickness of from about 0.1 nm to about 100 nm.

The article of claim 16 wherein the average thickness of the modification layer

is less than about 10 nm.
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18.  The article of claim 17 wherein the average thickness of the modification layer

is less than about 5 nm.

19.  The article of claim 17 wherein the average thickness of the modification layer

is less than about 3 nm.

20.  The article of any of the preceding claims wherein the modification layer
bonding surface is bonded with the second glass sheet bonding surface with a
bond energy of from about 100 to about 600 mJ/m? after holding the article at

580 °C for 10 minutes in a nitrogen environment .

21.  The article of claim 20, wherein the bond energy is from about 150 to about
400 mJ/m?.

22.  The article of any of the preceding claims wherein the modification layer
bonding surface is bonded with the second glass sheet bonding surface with a
bond energy of from 250 to 450 mJ/m? after holding the article at 425 °C for
90 minutes followed by holding the article at 600 °C for 10 minutes.

23.  The article of any of the preceding claims wherein an absolute blister area of
the modification layer is less than 10% after holding the glass article at 580 °C

for 10 minutes in a nitrogen environment.

24. The article of claim 23 wherein the absolute blister area of the modification

layer is less than 2.5%.
25.  The article of any of the preceding claims wherein a change in percent blister

area of the modification layer is less than 3% after holding the glass article at

580 °C for 10 minutes in a nitrogen environment.
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26.

27.

28.

29.

30.

31.

32.

33.

The article of claim 25 wherein the change in percent blister area of the

modification layer is less than 1%.

The article of any of the preceding claims wherein a change in percent blister
area of the modification layer is less than 0.1% after holding the glass article
at 425 °C for 90 minutes followed by holding the article at 600 °C for 10

minutes.

The article of any of the preceding claims wherein an average thickness of the

second glass sheet is equal to or less than about 300 microns.

The article of claim 28 wherein the average thickness of the second glass sheet

is less than an average thickness of the first glass sheet.

The article of claim 29 wherein the average thickness of the first glass sheet is

equal to or greater than about 200 microns.

The article of any of the preceding claims, wherein the repeating unit

comprises

The article of claim 31, wherein the modification bonding layer surface is
bonded with the second glass sheet bonding surface with a bond energy of
from about 150 to about 250 mJ/m? after holding the article at 580 °C for 10

minutes in a nitrogen environment.

The article of claim 31 or claim 32, wherein the modification bonding layer

surface is bonded with the second glass sheet bonding surface with a bond
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energy of from about 250 to about 450 mJ/m? after holding the article at 425
°C for 90 minutes followed by holding the article at 600 °C for 10 minutes.

34.  The article of any of claims 31-33 wherein the absolute blister area of the
modification layer is less than 3% after holding the article at 580 °C for 10

minutes in a nitrogen environment.

35.  The article of any of claims 31-34 wherein the absolute blister area of the
modification layer is less than 1% after holding the article at 425 °C for 90

minutes followed by holding the article at 600 °C for 10 minutes.

36. The artiéle of any of claims 1-30, wherein the repeating unit comprises
Cl

®
/N\ -
HsC™ "CH3ln

37.  The article of claim 36, wherein the modification bonding layer surface is
bonded with the second glass sheet bonding surface with a bond energy of
from about 150 to about 400 mJ/m? after holding the article at 580 °C for 10

minutes in a nitrogen environment.

38.  The article of claim 36 or claim 37, wherein the modification bonding layer
surface is bonded with the second glass sheet bonding surface with a bond
energy of from about 250 to about 500 mJ/m? after holding the article at 425
°C for 90 minutes followed by holding the article at 600 °C for 10 minutes.

39.  The article of any of claims 36-38 wherein the absolute blister area of the

modification layer is less than 2% after holding the article at 580 °C for 10

minutes in a nitrogen environment.
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40.  The article of any of claims 36-39 wherein the absolute blister area of the
modification layer is less than 0.1% after holding the article at 425 °C for 90

minutes followed by holding the article at 600 °C for 10 minutes.

41.  The article of any of claims 1-30, wherein the repeating unit comprises

—=
/ \®Q

42.  The article of claim 41, wherein the modification bonding layer surface is
bonded with the second glass sheet bonding surface with a bond energy of

from about 175 to about 375 mJ/m? after holding the article at 580 °C for 10

minutes in a nitrogen environment.

43. The article of claim 40 or claim 41 wherein the absolute blister area of the
modification layer is less than 1% after holding the article at 580 °C for 10

minutes in a nitrogen environment.

44.  The article of any of claims 1-30, wherein the repeating unit comprises

@

| \N/CHS
_ Br

n-

45,  The article of claim 44, wherein the modification bonding layer surface is
bonded with the second glass sheet bonding surface with a bond energy of

from about 250 to about 450 mJ/m? after holding the article at 580 °C for 10

minutes in a nitrogen environment.
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46. The article of claim 44 or claim 45 wherein the absolute blister area of the
modification layer is less than 2% after holding the article at 580 °C for 10

minutes in a nitrogen environment.

47.  The article of any of claims 1-30, wherein the repeating unit comprises

Y,

I@Z
o N\

48.  The article of claim 47, wherein the modification bonding layer surface is
bonded with the second glass sheet bonding surface with a bond energy of
from about 75 to about 350 mJ/m” after holding the article at 580 °C for 10

minutes in a nitrogen environment.

49. The article of claim 47 or claim 48 wherein the absolute blister area of the
modification layer is less than 1% after holding the article at 580 °C for 10

minutes in a nitrogen environment.

50. A method of making a glass article comprising:
forming a modification layer on a bonding surface of a first glass sheet by
depositing at least one cationic polymer, the modification layer comprising a
modification bonding layer bonding surface; and
bonding the modification layer bonding surface to a bonding surface of a

second glass sheet.
51.  The method of claim 50, further comprising the step of debonding at least a

portion of the modification layer bonding surface from the bonding surface of

the first glass sheet and/or the second glass sheet.
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52.

53.

54.

55.

56.

57.

58.

The method of claim 50 or claim 51 wherein a repeating unit of the cationic
polymer comprises one or more of a positively charged nitrogen, phosphorous,

sulfur, boron or carbon.

The method of claim 52 wherein the positively charged nitrogen is selected
from the group consisting of an ammonium cation, an imidazolium cation, a

pyridinium cation and combinations thereof.

The method of claim 52 or claim 53 wherein the repeating unit is selected

from the group consisting of

n and combinations thereof.
The method of any of claims 50-54 further comprising the step of O, plasma
treatment of the first glass sheet and/or the second glass sheet prior to

depositing the cationic polymer.

The method of any of claims 50-55 further comprising the step of washing the

first glass sheet and/or second glass sheet prior to depositing the cationic

polymer.

The method of any of claims 50-56 further comprising the step of washing the

first glass sheet following deposition of the cationic polymer.

The method of any of claims 50-57 further comprising a drying step.
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59.  The method of any of claims 50-58 wherein the cationic polymer is deposited

by spin coating, dip coating or spray coating.

60.  The method of any of claims 50-59 wherein the cationic polymer is deposited

as an aqueous solution.
61.  The method of claim 60 wherein the aqueous solution of cationic polymer
comprises a polymer concentration of from 0.001 weight percent to 3.0 weight

percent.

62.  The method of claim 61 wherein the polymer concentration is less than 0.5

weight percent.

63.  The method of claim 62 wherein the polymer concentration is less than 0.1

weight percent.

64.  The method of any of claims 60-63 wherein the aqueous solution of cationic

polymer is substantially free of organic solvent.

65.  The method of any of claims 50-64, wherein the modification layer comprises

an average thickness of from about 0.1 nm to about 10 nm.

66.  The method of claim 65 wherein the average thickness of the modification

layer is less than about 5 nm.

67.  The method of claim 66 wherein the average thickness of the modification

layer is less than about 3 nm.

68.  An article comprising:

a first sheet comprising a first sheet bonding surface;
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69.

70.

71.

72.

73.

74.

a second sheet comprising a second sheet bonding surface;

a modification layer intermediate the first and second sheets and
comprising a modification layer bonding surface, the modification bonding
layer comprising one or more cationic polymers comprising a repeating unit

selected from the group consisting of

© CH
AZ A~
N
N
\,{‘F/Cgs - ci®
|/ Br (-i-)'TIC|@ N
y ) n, H n, I n . and

A

combinations thereof,

wherein the modification layer couples the first sheet to the second sheet.

The article of claim 68 wherein the modification layer is a substantially a

monolayer.

The article of claim 68 or claim 69, wherein the modification layer comprises

an average thickness of from about 0.1 nm to about 100 nm.

The article of claim 70 wherein the average thickness of the modification layer

is less than about 10 nm.

The article of claim 71 wherein the average thickness of the modification layer

is less than about 5 nm.

The article of claim 72 wherein the average thickness of the modification layer

is less than about 3 nm.

The article of any of claims 68-73 wherein the modification layer bonding
surface is bonded with the second sheet bonding surface with a bond energy of
from about 100 to about 600 mJ/m? after holding the article at 580 °C for 10

minutes in a nitrogen environment.
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75.  The article of claim 74, wherein the bond energy is from about 150 to about
400 mJ/m?.

76.  The article of any of claims 68-75 wherein the modification layer bonding
surface is bonded with the second sheet bonding surface with a bond energy of
from 250 to 450 mJ/m? after holding the article at 425 °C for 90 minutes
followed by holding the article at 600 °C for 10 minutes.

77.  The article of any of claims 68-76 wherein an absolute blister area of the
modification layer is less than 10% after holding the article at 580 °C for 10

minutes in a nitrogen environment.

78. The article of claim 77 wherein the absolute blister area of the modification

layer is less than 2.5%.

79.  The article of any of claims 68-78 wherein a change in percent blister area of
the modification layer is less than 3% after holding the article at 580 °C for 10

minutes in a nitrogen environment.

80.  The article of claim 79 wherein the change in percent blister area of the

modification layer is less than 1%.

81.  The article of any of claims 68-80 wherein a change in percent blister area of
the modification layer is less than 0.1% after holding the article at 425 °C for
90 minutes followed by holding the article at 580 °C for 10 minutes in a

nitrogen environment.

82.  The article of any of claims 68-81 wherein an average thickness of the second

sheet is equal to or less than about 300 microns.
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83.

84.

85.

86.

87.

88.

The article of claim 82 wherein the average thickness of the second sheet is

less than an average thickness of the first sheet.

The article of claim 83 wherein the average thickness of the first sheet is equal

to or greater than about 200 microns.

The article of any of claims 68-84, wherein the second sheet comprises glass,

silicon, or combinations thereof.

A method of making an article comprising:
forming a modification layer on a bonding surface of a first sheet by
depositing at least one cationic polymer comprising a repeating unit selected

from the group consisting of

/
\ Ze
e
oF
3
® /=
=
o\ 7
0]
3
—=
/\@Q
®

combinations thereof;

the modification layer comprising a modification bonding layer bonding
surface; and
bonding the modification layer bonding surface to a bonding surface of a

second sheet.

The method of claim 86, further comprising the step of debonding at least a
portion of the modification layer bonding surface from the bonding surface of

the first sheet and/or the second sheet.
The method of claim 86 or claim 87 further comprising the step of O» plasma

treatment of the first sheet and/or the second sheet prior to depositing the

cationic polymer.
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&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

The method of any of claims 86-88 further comprising the step of washing the

first sheet and/or second sheet prior to depositing the cationic polymer.

The method of any of claims 86-89 further comprising the step of washing the

first sheet following deposition of the cationic polymer.

The method of any of claims 86-90 further comprising a drying step.

The method of any of claims 86-91 wherein the cationic polymer is deposited

by spin coating, dip coating or spray coating.

The method of any of claims 86-92 wherein the cationic polymer is deposited

as an aqueous solution.
The method of claim 93 wherein the aqueous solution of cationic polymer
comprises a polymer concentration of from 0.001 weight percent to 3.0 weight

percent.

The method of claim 94 wherein the polymer concentration is less than 0.5

weight percent.

The method of claim 95 wherein the polymer concentration is less than 0.1

weight percent.

The method of any of claims 93-96 wherein the aqueous solution of cationic

polymer is substantially free of organic solvent.

The method of any of claims 86-97, wherein the modification layer comprises

an average thickness of from about 0.1 nm to about 10 nm.
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99.  The method of claim 98 wherein the average thickness of the modification

layer is less than about 5 nm.

100. The article of claim 99 wherein the average thickness of the modification layer

is less than about 3 nm.

101.  The method of any of claims 86-100, wherein the second sheet comprises

glass, silicon, or combinations thereof.
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