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TREATMENT OF A SURFACE MODIFICATION LAYER FOR CONTROLLED
BONDING OF THIN SHEETS WITH CARRIERS

BACKGROUND
[0001] This application claims the benefit of priority of U.S. Provisional Application Serial
No. 61/931912 filed on January 27, 2014, the content of which is relied upon and
incorporated herein by reference in its entirety.
[0002] Field of the invention.
[0003] The present invention is directed to articles and methods for processing flexible
sheets on carriers and, more particularly to articles and methods for processing flexible glass
sheets on glass carriers.
[0004] Technical Background.

[0005] 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 required 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 by a 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 OLED devices where a near hermetic package is required. Thin film encapsulation offers
the promise to overcome this limitation, but it has not yet been demonstrated to offer
acceptable yields at large volumes.

[0006] In asimilar 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.

[0007] However, the thermal, vacuum, solvent and acidic, and ultrasonic, Flat Panel Display
(FPD) processes require a robust bond for thin glass bound to a carrier. FPD processes

typically involve vacuum deposition (sputtering metals, transparent conductive oxides and
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oxide semiconductors, Chemical Vapor Deposition (CVD) deposition of amorphous silicon,
silicon nitride, and silicon dioxide, and dry etching of metals and insulators), thermal
processes (including ~300 - 400°C CVD deposition, up to 600°C p-Si crystallization, 350 -
450°C oxide semiconductor annealing, up to 650°C dopant annealing, and ~200 - 350°C
contact annealing), acidic etching (metal etch, oxide semiconductor etch), solvent exposure
(stripping photoresist, deposition of polymer encapsulation), and ultrasonic exposure (in
solvent stripping of photoresist and aqueous cleaning, typically in alkaline solutions).

[0008] Adhesive wafer bonding has been widely used in Micromechanical Systems (MEMS)
and semiconductor processing for back end steps where processes are less harsh. Commercial
adhesives by Brewer Science and Henkel are typically thick polymer adhesive layers, 5 - 200
microns thick. The large thickness of these layers creates the potential for large amounts of
volatiles, trapped solvents, and adsorbed species to contaminate FPD processes. These
materials thermally decompose and outgas above ~250°C. The materials also may cause
contamination in downstream steps by acting as a sink for gases, solvents and acids which
can outgas in subsequent processes.

[0009] US Provisional Application Serial No. 61/596,727 filed on February 8, 2012, entitled
Processing Flexible Glass with a Carrier (hereinafter US “727) discloses that the concepts
therein involve bonding a thin sheet, for example, a flexible glass sheet, to a carrier initially
by van der Waals forces, then increasing the bond strength in certain regions while retaining
the ability to remove portions of the thin sheet after processing the thin sheet/carrier to form
devices (for example, electronic or display devices, components of electronic or display
devices, organic light emitting device (OLED) materials, photo-voltaic (PV) structures, or
thin film transistors), thereon. At least a portion of the thin glass is bonded to a carrier such
that there is prevented device process fluids from entering between the thin sheet and carrier,
whereby there is reduced the chance of contaminating downstream processes, i.¢., the bonded
seal portion between the thin sheet and carrier is hermetic, and in some preferred
embodiments, this seal encompasses the outside of the article thereby preventing liquid or gas
intrusion into or out of any region of the sealed article.

[0010] US 727 goes on to disclose that in low temperature polysilicon (LTPS) (low
temperature compared to solid phase crystallization processing which can be up to about
750°C) device fabrication processes, temperatures approaching 600°C or greater, vacuum,
and wet etch environments may be used. These conditions limit the materials that may be
used, and place high demands on the carrier/thin sheet. Accordingly, what is desired is a
carrier approach that utilizes the existing capital infrastructure of the manufacturers, enables

processing of thin glass, i.c., glass having a thickness < 0.3 mm thick, without contamination
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or loss of bond strength between the thin glass and carrier at higher processing temperatures,
and wherein the thin glass de-bonds easily from the carrier at the end of the process.

[0011] One commercial advantage to the approach disclosed in US ‘727 is that, as noted in
US 727, manufacturers will be able to utilize their existing capital investment in processing
equipment while gaining the advantages of the thin glass sheets for PV, OLED, LCDs and
patterned Thin Film Transistor (TFT) electronics, for example. Additionally, that approach
enables process flexibility, including: that for cleaning and surface preparation of the thin
glass sheet and carrier to facilitate bonding; that for strengthening the bond between the thin
sheet and carrier at the bonded area; that for maintaining releasability of the thin sheet from
the carrier at the non-bonded (or reduced/low-strength bond) area; and that for cutting the
thin sheets to facilitate extraction from the carrier.

[0012] In the glass-to-glass bonding process, the glass surfaces are cleaned to remove all
metal, organic and particulate residues, and to leave a mostly silanol terminated surface. The
glass surfaces are first brought into intimate contact where van der Waals and/or Hydrogen-
bonding forces pull them together. With heat and optionally pressure, the surface silanol
groups condense to form strong covalent Si-O-Si bonds across the interface, permanently
fusing the glass pieces. Metal, organic and particulate residue will prevent bonding by
obscuring the surface preventing the intimate contact required for bonding. A high silanol
surface concentration is also required to form a strong bond as the number of bonds per unit
area will be determined by the probability of two silanol species on opposing surfaces
reacting to condense out water. Zhuravlel has reported the average number of hydroxyls per
nm? for well hydrated silica as 4.6 to 4.9. Zhuravlel, L. T., The Surfuce Chemistry of
Amorphous Silika, Zhuravlev Model, Colloids and Surfaces A: Physiochemical Engineering
Aspects 173 (2000) 1-38. In US 727, a non-bonding region is formed within a bonded
periphery, and the primary manner described for forming such non-bonding area is increasing
surface roughness. An average surface roughness of greater than 2 nm Ra can prevent glass to
glass bonds forming during the elevated temperature of the bonding process. In US
Provisional Patent Application Serial No. 61/736,880, filed on December 13, 2012 by the
same inventors and entitled Facilitated Processing for Controlling Bonding Between Sheet
and Carrier (hereinafter US “880), a controlled bonding area is formed by controlling the van
der Waals and/or hydrogen bonding between a carrier and a thin glass sheet, but a covalent
bonding area is still used as well. Thus, although the articles and methods for processing thin
sheets with carriers in US ‘727 and US ‘880 are able to withstand the harsh environments of
FPD processing, undesirably for some applications, reuse of the carrier is prevented by the

strong covalent bond between thin glass and glass carrier in the bonding region that is bonded
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by covalent, for example Si-O-Si, bonding with adhesive force ~1000-2000 mJ/m?, on the
order of the fracture strength of the glass. Prying or peeling cannot be used to separate the
covalently bonded portion of the thin glass from the carrier and, thus, the entire thin sheet
cannot be removed from the carrier. Instead, the non-bonded areas with the devices thereon
are scribed and extracted leaving a bonded periphery of the thin glass sheet on the carrier.
SUMMARY
[0013] In light of the above, there is a need for a thin sheet — carrier article that can
withstand the rigors of the FPD processing, including high temperature processing (without
outgassing that 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 ways to control the adhesion between
the carrier and thin sheet to create a temporary bond sufficiently strong to survive FPD
processing (including LTPS processing) 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, or alternately an article having
patterned areas of controlled bonding and covalent bonding between a carrier and a sheet.
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 high temperature covalent bonding between the thin sheet and carrier. Even
more specifically, the room-temperature bonding may be controlled so as to be sufficient to
hold the thin sheet and carrier together during vacuum processing, wet processing, and/or
ultrasonic cleaning processing. And at the same time, the high temperature covalent bonding
may be controlled so as to prevent a permanent bond between the thin sheet and carrier
during high temperature processing, as well as maintain a sufficient bond to prevent
delamination during high temperature processing. In alternative embodiments, the surface
modification layers may be used to create various controlled bonding areas (wherein the
carrier and sheet remain sufficiently bonded through various processes, including vacuum
processing, wet processing, and/or ultrasonic cleaning processing), together with covalent
bonding regions to provide for further processing options, for example, maintaining
hermeticity between the carrier and sheet even after dicing the article into smaller pieces for
additional device processing. Still further, some surface modification layers provide control
of the bonding between the carrier and sheet while, at the same time, reduce outgassing

emissions during the harsh conditions in an FPD (for example LTPS) processing
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environment, including high temperature and/or vacuum processing, for example. Still
further yet, in alternative embodiments, some surface modification layers may be used on a
carrier having a glass bonding surface to controllably bond a thin sheet having a polymer
bonding surface. The polymer bonding surface may be part of a polymer thin sheet on which
electronic or other structures are formed or, alternatively, the polymer bonding surface may
be part of a composite sheet comprising a glass layer on which the electronic or other
structures are formed.
[0014] Additional features and advantages will be set forth in the detailed description
which follows, and in part will be readily apparent to those skilled in the art from the
description or recognized by practicing the various aspects as exemplified in the written
description and the appended drawings. It is to be understood that both the foregoing general
description and the following detailed description are merely exemplary of the various
aspects, and are intended to provide an overview or framework to understanding the nature
and character of the invention as it is claimed.
[0015] The accompanying drawings are included to provide a further understanding of
principles of the invention, and are incorporated in and constitute a part of this specification.
The drawings illustrate one or more embodiment(s), and together with the description serve
to explain, by way of example, principles and operation of the invention. It is to be
understood that various features disclosed in this specification and in the drawings can be
used in any and all combinations. By way of non-limiting example the various features may
be combined with one another as set forth in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] FIG. 1 is a schematic side view of an article having carrier bonded to a thin sheet
with a surface modification layer therebetween.
[0017] FIG. 2 is an exploded and partially cut-away view of the article in FIG. 1.
[0018] FIG. 3 is a graph of surface hydroxyl concentration on silica as a function of
temperature.
[0019] FIG. 4 is a graph of the surface energy of an SC1-cleaned sheet of glass as a function
annealing temperature.
[0020] FIG. 5 is a graph of the surface energy of a thin fluoropolymer film deposited on a
sheet of glass as a function of the percentage of one of the constituent materials from which
the film was made.
[0021] FIG. 6 is a schematic top view of a thin sheet bonded to a carrier by bonding areas.
[0022] FIG. 7 is a schematic side view of a stack of glass sheets
[0023] FIG. 8 is an exploded view of one embodiment of the stack in FIG. 7.
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[0024] FIG. 9 is a schematic view of a testing setup
[0025] FIG. 10 is a collection of graphs of surface energy (of different parts of the test setup
of FIG. 9) versus time for a variety of materials under different conditions.
[0026] FIG. 11 is a graph of change in % bubble area versus temperature for a variety of
materials.
[0027] FIG. 12 is another graph of change in % bubble area versus temperature for a variety
of materials.
[0028] FIG. 13 is a graph of the surface energy of a fluoropolymer film deposited on a sheet
of glass as a function of the percentage of one of the gasses used during deposition.
[0029] FIG. 13A is a graph of the surface energy of a fluoropolymer film deposited on a
sheet of glass as a function of the percentage of one of the gasses used during deposition.
[0030] FIG. 14 is a graph of surface energy versus deposition time for a surface modification
layer.
[0031] FIG. 15 is graph of thickness versus deposition time, on a log-log scale, for a surface
modification layer.
[0032] FIG. 16 is a graph of surface energy versus treatment temperature for different surface
modification layers.
[0033] FIG. 17 is a graph of surface modification layer surface coverage.
[0034] FIG. 18 is a summary of performance for an organic transistor fabricated on a 200
micron PEN film bonded to a glass carrier.

DETAILED DESCRIPTION
[0035] 1In the following detailed description, for purposes of explanation and not limitation,
example embodiments disclosing specific details are set forth to provide a thorough
understanding of various principles of the present invention. However, it will be apparent to
one having ordinary skill in the art, having had the benefit of the present disclosure, that the
present invention may be practiced in other embodiments that depart from the specific details
disclosed herein. Moreover, descriptions of well-known devices, methods and materials may
be omitted so as not to obscure the description of various principles of the present invention.
Finally, wherever applicable, like reference numerals refer to like elements.
[0036] Ranges can be expressed herein as from “about” one particular value, and/or to
“about” another particular value. When such a range is expressed, another embodiment
includes from the one particular value and/or to the other particular value. Similarly, when
values are expressed as approximations, by use of the antecedent “about,” it will be

understood that the particular value forms another embodiment. It will be further understood
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that the endpoints of each of the ranges are significant both in relation to the other endpoint,
and independently of the other endpoint.

[0037] Directional terms as used herein—for example 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.

[0038] As used herein, the singular forms "a," "an" and "the" include plural referents unless
the context clearly dictates otherwise. Thus, for example, reference to a “component”
includes aspects having two or more such components, unless the context clearly indicates
otherwise.

[0039] In both US 727, and US 880, there are provided solutions for allowing the
processing of a thin glass sheet on a carrier, whereby at least portions of the thin glass sheet
remain “non-bonded” so that devices processed on the thin glass sheet may be removed from
the carrier. However, the periphery of the thin glass is permanently (or covalently, or
hermetically) bonded to the carrier glass through the formation of covalent Si-O-Si bonds.
This covalently bonded perimeter prevents reuse of the carrier, as the thin glass cannot be
removed in this permanently bonded zone without damaging the thin glass and carrier.

[0040] In order to maintain advantageous surface shape characteristics, the carrier is typically
a display grade glass substrate. Accordingly, in some situations, it is 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 FPD processing lines, including high
temperature processing—wherein high temperature processing is processing at a temperature
> 400°C, and may vary depending upon the type of device being made, for example,
temperatures up to about 450°C as in amorphous silicon or amorphous indium gallium zinc
oxide (IGZO) backplane processing, up to about 500-550°C as in crystalline IGZO
processing, or up to about 600-650°C as is typical in LTPS processes—and yet still allows 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.

[0041] As shown in FIGS. 1 and 2, an article 2 has a thickness 8, and includes a carrier 10
having a thickness 18, a thin sheet 20 (i.e., one having a thickness of < 300 microns,
including but not limited to thicknesses of, for example, 10-50 microns, 50-100 microns, 100-
150 microns, 150-300 microns, 300, 250, 200 190, 180, 170, 160, 150 140, 130, 120 110 100,
90, 80, 70, 60, 50, 40 30, 20, or 10, microns) having a thickness 28, and a surface
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modification layer 30 having a thickness 38. The article 2 is designed to allow the processing
of thin sheet 20 in equipment designed for thicker sheets (i.e., those on the order of > .4mm,
¢.g., .4 mm, .5 mm, .6 mm, .7 mm, .8 mm, .9 mm, or 1.0 mm) although the thin sheet 20 itself
is < 300 microns. That is, the thickness 8, which is the sum of thicknesses 18, 28, and 38, is
designed to 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. For example, if the processing equipment was designed for
a 700 micron sheet, and the thin sheet had a thickness 28 of 300 microns, then thickness 18
would be selected as 400 microns, assuming that thickness 38 is negligible. That is, the
surface modification layer 30 is not shown to scale; instead, it is greatly exaggerated for sake
of illustration only. Additionally, the surface modification layer is shown in cut-away. In
actuality, the surface modification layer would be disposed uniformly over the bonding
surface 14 when providing a reusable carrier. Typically, thickness 38 will be on the order of
nanometers, for example 0.1 to 2.0, or up to 10 nm, and in some instances may be up to 100
nm. The thickness 38 may be measured by cllipsometer. Additionally, the presence of a
surface modification layer may be detected by surface chemistry analysis, for example by
ToF Sims mass spectrometry. Accordingly, the contribution of thickness 38 to the article
thickness 8 is negligible and may be ignored in the calculation for determining a suitable
thickness 18 of carrier 10 for processing a given thin sheet 20 having a thickness 28.
However, to the extent that surface modification layer 30 has any significant thickness 38,
such may be accounted for in determining the thickness 18 of a carrier 10 for a given
thickness 28 of thin sheet 20, and a given thickness for which the processing equipment was
designed.

[0042] Carrier 10 has a first surface 12, a bonding surface 14, a perimeter 16, and thickness
18. Further, the carrier 10 may be of any suitable material including glass, for example.

The carrier need not be glass, but instead can be ceramic, glass-ceramic, or metal (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, carrier 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. Thickness 18 may be from about 0.2 to 3 mm, or greater, for example 0.2, 0.3,
0.4, 0.5,0.6,0.65,0.7, 1.0, 2.0, or 3 mm, or greater, and will depend upon the thickness 28,
and thickness 38 when such is non-negligible, as noted above. Additionally, the carrier 10
may be made of one layer, as shown, or multiple layers (including multiple thin sheets of the

same or a different material) that are bonded together. Further, the carrier may be of a Gen 1
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size or larger, for example, Gen 2, Gen 3, Gen 4, Gen 5, Gen 8 or larger (e.g., sheet sizes
from 100 mm x 100 mm to 3 meters x 3 meters or greater).

[0043] The thin sheet 20 has a first surface 22, a bonding surface 24, a perimeter 26, and
thickness 28. Perimeters 16 and 26 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, or glass-ceramic, for example. In some instances,
the thin sheet 20 may be a polymer or a composite sheet having polymer and/or glass bonding
surfaces. 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 could be matched relatively closely with that of the
carrier to prevent warping of the article during processing at elevated temperatures. When
the article 2 is processed at lower temperatures, where CTE matching is not such a concern,
then a polymer thin sheet can be used with a glass carrier. Of course, there may be other
instances where a polymer sheet may be used with a glass carrier. The thickness 28 of the
thin sheet 20 is 300 microns or less, as noted above. Further, the thin 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 100 mm x 100 mm to 3 meters x 3 meters or greater).

[0044] Not only does the article 2 need to have the correct thickness to be processed in the
existing equipment, sometimes it will also need to be able to survive the harsh environment in
which the processing takes place. For example, flat panel display (FPD) processing may
include wet ultrasonic, vacuum, and in some instances high temperature (e.g., > 400°C),
processing. For some processes, as noted above, the temperature may be > 500°C, or >
600°C, and up to 650°C.

[0045] In order to survive the harsh environment in which article 2 will be processed, as
during FPD manufacture for example, the bonding surface 14 should be bonded to bonding
surface 24 with sufficient strength so that the thin sheet 20 does not separate from carrier 10.
And this strength should be maintained through the processing so that the thin sheet 20 does
not separate from the carrier 10 during processing. Further, to allow the thin sheet 20 to be
removed from carrier 10 (so that carrier 10 may be reused), 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 > 400°C. The surface 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
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of these objectives. The controlled bonding force is achieved by controlling the contributions
of van der Waals (and/or hydrogen bonding) and covalent attractive energies to the total
adhesion energy which is controlled by modulating the polar and non-polar surface energy
components of the thin sheet 20 and the carrier 10. This controlled bonding is strong enough
to survive FPD processing (including wet, ultrasonic, vacuum, and thermal processes
including temperatures > 400°C, and in some instances, processing temperatures of > 500°C,
or > 600°C, and up to 650°C.) and remain de-bondable by application of sufficient separation
force and yet by a force that will not cause catastrophic damage to the thin sheet 20 and/or the
carrier 10. Such de-bonding permits removal of thin sheet 20 and the devices fabricated
thereon, and also allows for re-use of the carrier 10.

[0046] Although the surface modification layer 30 is shown as a solid layer between thin
sheet 20 and carrier 10, such need not be the case. For example, the layer 30 may be on the
order of 0.1 to 2 nm thick, and may not completely cover every bit of the bonding surface 14.
For example, the coverage may be < 100%, from 1% to 100%, from 10% to 100%, from 20%
to 90%, or from 50% to 90%. In other embodiments, the layer 30 may be up to 10 nm thick,
or in other embodiments even up to 100 nm thick. The surface modification layer 30 may be
considered to be disposed between the carrier 10 and thin sheet 20 even though it may not
contact one or the other of the carrier 10 and thin sheet 20. In any event, an important aspect
of the surface modification layer 30 is that it modifies the ability of the bonding surface 14 to
bond with bonding surface 24, thereby controlling the strength of the bond between the
carrier 10 and the thin sheet 20. The material and thickness of the surface 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 carrier 10 and thin sheet 20.
[0047] In general, the energy of adhesion between two surfaces is given by (“A theory for the
estimation of surface and interfacial energies. I. derivation and application to interfacial

tension”, L. A. Girifalco and R. J. Good, J. Phys. Chem., V 61, p904):

W-Yi+Y2-V, (1

where, V1, Y2 ang V12 are the surface energies of surface 1, surface 2 and the interfacial

energy of surface 1 and 2 respectively. The individual surface energies are usually a

combination of two terms; a dispersion component v%, and a polar component v

Y=v4+y? )
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[0048] When the adhesion is mostly due to London dispersion forces (y%) and polar forces for
example hydrogen bonding (y*), the interfacial energy could be given by(Girifalco and R. J.

Good, as mentioned above):

Yo=Y+ V-2+riyn =24yvrw 3)

[0049] After substituting (3) in (1), the energy of adhesion could be approximately calculated

as:

w~2[ Ve Ny 4

[0050] In the above equation (4), only van der Waal (and/or hydrogen bonding) components
of adhesion energies are considered. These include polar-polar interaction (Keesom), polar-
non polar interaction (Debye) and nonpolar-nonpolar interaction (London). However, other
attractive energies may also be present, for example covalent bonding and electrostatic

bonding. So, in a more generalized form, the above equation is written as:

W~2 [\/mdyzd+\/mpyzp }+WC+ W, (5)

where W, and W, are the covalent and electrostatic adhesion energies. The covalent adhesion

energy is rather common, as in silicon wafer bonding where an initially hydrogen bonded pair
of wafers are heated to a higher temperature to convert much or all the silanol-silanol
hydrogen bonds to Si-O-Si covalent bonds. While the initial, room temperature, hydrogen
bonding produces an adhesion energy of the order of ~100-200mJ/m* which allows
separation of the bonded surfaces, a fully covalently bonded wafer pair as achieved during
high temperature processing (on the order of 400 to 800 °C) has adhesion energy of ~ 1000-
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 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, whereby the thin sheet 20 would not be able to be processed on carrier 10. Consider

two extreme cases: (a) two standard clean 1 (SCI, as known in the art) cleaned glass surfaces
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saturated with silanol groups bonded together at room temperature via hydrogen bonding
(whereby the adhesion energy is ~100-200 mJ/m”) followed by heating to high temperature
which converts the silanol groups to covalent Si-O-Si bonds (whereby the adhesion energy
becomes1000-3000 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 (~12 mJ/m” per surface) bonded at room temperature and
heated to high temperature. In this latter case (b), not only do the surfaces not bond (because
the total adhesion energy of ~ 24 mJ/m?, when the surfaces are put together, is too low), they
do not bond at high temperature either as there are no (or too few) polar reacting groups.
Between these two extremes, a range of adhesion energies exist, for example between 50-
1000 mJ/m?, which can produce the desired degree of controlled bonding. Accordingly, the
inventors have found various manners of providing a tunable surface modification layer 30
leading to an adhesion energy that is between these two extremes, and such that there can be
produced a controlled bonding that is sufficient enough to maintain a pair of glass substrates
(for example a glass carrier 10 and a thin glass sheet 20) bonded to one another through the
rigors of FPD processing but also of a degree that (even after high temperature processing of,
e.g. > 400°C) allows the detachment of the thin sheet 20 from the carrier 10 after processing
is complete. Moreover, the detachment of the thin sheet 20 from the carrier 10 can be
performed by mechanical forces, and in such a manner that there is no catastrophic damage to
at least the thin sheet 20, and preferably also so that there is no catastrophic damage to the
carrier 10.

[0051] Equation (5) describes that the adhesion energy is a function of four surface energy
parameters plus the covalent and electrostatic energy, if any.

[0052] An appropriate adhesion energy can be achieved by judicious choice of surface
modifiers, i.e., of surface modification layer 30, and/or thermal treatment of the surfaces prior
to bonding. The appropriate adhesion energy may be attained by the choice of chemical
modifiers of either one or both of bonding surface 14 and bonding surface 24, which in turn
control both the van der Waal (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 >
400°C). For example, taking a bonding surface of SC1 cleaned glass (that is initially saturated
with silanol groups with high polar component of surface energy), and coating it with a low
energy fluoropolymer provides a control of the fractional coverage of the surface by polar
and non-polar groups. This not only offers control of the initial van der Waals (and/or

hydrogen) bonding at room temperature, but also provides control of the extent/degree of
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covalent bonding at higher temperature. Control of the initial van der Waals (and/or
hydrogen) bonding at room temperature is performed so as to provide a bond of one surface
to the other to allow vacuum and or spin-rinse-dry (SRD) type processing, and in some
instances also an easily formed bond of one surface to the other—wherein the easily formed
bond can be performed at room temperature without application of externally applied forces
over the entire area of the thin sheet 20 as is done in pressing the thin sheet 20 to the carrier
10 with a squeegee, or with a reduced pressure environment. That is, the initial van der
Waals bonding provides at least a minimum degree of bonding holding the thin sheet and
carrier together so that they do not separate if one is held and the other is allowed to be
subjected to the force of gravity. In most cases, the initial van der Walls (and/or hydrogen)
bonding will be of such an extent that the article may also go through vacuum, SRD, and
ultrasonic processing without the thin sheet delaminating from the carrier. This precise
control of both van der Waal (and/or hydrogen bonding) and covalent interactions at
appropriate levels via surface modification layer 30 (including the materials from which it is
made and/or the surface treatment of the surface to which it is applied), and/or by heat
treatment of the bonding surfaces prior to bonding them together, achieves the desired
adhesion energy that allows thin sheet 20 to bond with carrier 10 throughout FPD style
processing, while at the same time, allowing the thin sheet 20 to be separated (by an
appropriate force avoiding damage to the thin sheet 20 and/or carrier) from the carrier 10
after FPD style processing. In addition, in appropriate circumstances, electrostatic charge
could be applied to one or both glass surfaces to provide another level of control of the
adhesion energy.

[0053] FPD processing for example p-Si and oxide TFT fabrication typically involve thermal
processes at temperatures above 400°C, above 500°C, and in some instances at or above
600°C, up to 650°C which would cause glass to glass bonding of a thin glass sheet 20 with a
glass carrier 10 in the absence of surface modification layer 30. Therefore controlling the
formation of Si-O-Si bonding leads to a reusable carrier. One method of controlling the
formation of Si-O-Si bonding at elevated temperature is to reduce the concentration of
surface hydroxyls on the surfaces to be bonded.

[0054] As shown in FIG. 3, which is Tler’s plot (R. K. Iller: The Chemistry of Silica (Wiley-
Interscience, New York, 1979) of surface hydroxyl concentration on silica as a function of
temperature, the number of hydroxyls (OH groups) per square nm decreases as the
temperature of the surface increases. Thus, heating a silica surface (and by analogy a glass
surface, for example bonding surface 14 and/or bonding surface 24) reduces the

concentration of surface hydroxyls, decreasing the probability that hydroxyls on two glass
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surfaces will interact. This reduction of surface hydroxyl concentration in turn reduces the Si-
O-Si bonds formed per unit area, lowering the adhesive force. However, eliminating surface
hydroxyls requires long annealing times at high temperatures (above 750°C to completely
eliminate surface hydroxyls). Such long annealing times and high annealing temperatures
result in an expensive process, and one which is not practical as it is likely to be above the
strain point of typical display glass.

[0055] From the above analysis, the inventors have found that an article including a thin
sheet and a carrier, suitable for FPD processing (including LTPS processing), can be made by
balancing the following three concepts:

[0056] (1) Modification of the carrier and/or thin sheet bonding surface(s), by controlling
initial room temperature bonding, which can be done by controlling van der Waals (and/or
hydrogen) bonding, to create a moderate adhesion energy (for example, having a surface
energy of >40 mJ/m?” per surface prior to the surfaces being bonded) to facilitate initial room
temperature bonding, and sufficient to survive non-high-temperature FPD processes, for
example, vacuum processing, SRD processing, and/or ultrasonic processing;

[0057] (2) Surface modification of a carrier and/or a thin sheet in a manner that is thermally
stable to survive FPD processes without outgassing which can cause delamination and/or
unacceptable contamination in the device fabrication, for example, contamination
unacceptable to the semiconductor and/or display making processes in which the article may
be used; and

[0058] (3) Controlling bonding at high temperatures, which can be done by controlling the
carrier surface hydroxyl concentration, and concentration of other species capable of forming
strong covalent bonds at elevated temperatures (e.g., temperature > 400°C), whereby there
can be controlled the bonding energy between the bonding surfaces of the carrier and the thin
sheet such that even after high temperature processing (especially through thermal processes
in the range of 500-650°C, as in FPD processes) the adhesive force between the carrier and
thin sheet remains within a range that allows debonding of the thin sheet from the carrier with
a separation force that does not damage at least the thin sheet (and preferably that does not
damage either the thin sheet or the carrier), and yet sufficient enough to maintain the bond
between the carrier and thin sheet so that they do not delaminate during processing.

[0059] Further, the inventors have found that the use of a surface modification layer 30,
together with bonding surface preparation as appropriate, can balance the above concepts so
as readily to achieve a controlled bonding area, that is, a bonding area that provides a
sufficient room-temperature bond between the thin sheet 20 and carrier 10 to allow the article

2 to be processed in FPD type processes (including vacuum and wet processes), and yet one
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that controls covalent bonding between the thin sheet 20 and carrier 10 (even at elevated
temperatures > 400°C) so as to allow the thin sheet 20 to be removed from the carrier 10
(without damage to at least the thin sheet, and preferably without damage to the carrier also)
after the article 2 has finished high temperature processing, for example, FPD type processing
or LTPS processing. To evaluate potential bonding surface preparations, and surface
modification layers, that would provide a reusable carrier suitable for FPD processing, a
series of tests were used. Different FPD applications have different requirements, but LTPS
and Oxide TFT processes appear to be the most stringent at this time and, thus, tests
representative of steps in these processes were chosen, as these are desired applications for
the article 2. Vacuum processes, wet cleaning (including SRD and ultrasonic type processes)
and wet etching are common to many FPD applications. Typical aSi TFT fabrication requires
processing up to 320°C. Annealing at 400°C is used in oxide TFT processes, whereas
crystallization and dopant activation steps over 600°C are used in LTPS processing.
Accordingly, the following five tests were used to evaluate the likelihood that a particular
bonding surface preparation and surface modification layer 30 would allow a thin sheet 20 to
remain bonded to a carrier 10 throughout FPD processing, while allowing the thin sheet 20 to
be removed from the carrier 10 (without damaging the thin sheet 20 and/or the carrier 10)
after such processing (including processing at temperatures > 400°C). The tests were
performed in order, and a sample progressed from one test to the next unless there was failure
of the type that would not permit the subsequent testing.

[0060] (1) Vacuum testing. Vacuum compatibility testing was performed in an STS
Multiplex PECVD loadlock (available from SPTS, Newport, UK) —The loadlock was
pumped by an Ebara A10S dry pump with a soft pump valve (available from Ebara
Technologies Inc., Sacramento, CA. A sample was placed in the loadlock, and then the
loadlock was pumped from atmospheric pressure down to 70 mTorr in 45sec. Failure,
indicated by a notation of “F” in the “Vacuum” column of the tables below, was deemed to
have occurred if there was: (a) a loss of adhesion between the carrier and the thin sheet (by
visual inspection with the naked eye, wherein failure was deemed to have occurred if the thin
sheet had fallen off of the carrier or was partially debonded therefrom); (b) bubbling between
the carrier and the thin sheet (as determined by visual inspection with the naked eye —
samples were photographed before and after the processing, and then compared, failure was
determined to have occurred if defects increased in size by dimensions visible to the unaided
eye); or (¢) movement of the thin sheet relative to the carrier (as determined by visual
observation with the naked eye — samples were photographed before and after testing,

wherein failure was deemed to have occurred if there was a movement of bond defects, e.g.,
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bubbles, or if edges debonded, or if there was a movement of the thin sheet on the carrier). In
the tables below, a notation of “P” in the “Vacuum” column indicates that the sample did not
fail as per the foregoing criteria.

[0061] (2) Wet process testing. Wet processes compatibility testing was performed using a
Semitool model SRD-470S (available from Applied Materials, Santa Clara, CA). The testing
consisted of 60seconds 500 rpm rinse, Q-rinse to 15 MOhm—cm at 500 rpm, 10seconds purge
at 500rpm, 90seconds dry at 1800 rpm, and 180seconds dry at 2400 rpm under warm flowing
nitrogen. Failure, as indicated by a notation of “F” in the “SRD” column of the tables below,
was deemed to have occurred if there was: (a) a loss of adhesion between the carrier and the
thin sheet (by visual inspection with the naked eye, wherein failure was deemed to have
occurred if the thin sheet had fallen off of the carrier or was partially debonded therefrom);
(b) bubbling between the carrier and the thin sheet (as determined by visual inspection with
the naked eye — samples were photographed before and after the processing, and then
compared, failure was determined to have occurred if defects increased in size by dimensions
visible to the unaided eye); or (¢) movement of the thin sheet relative to the carrier (as
determined by visual observation with the naked eye — samples were photographed before
and after testing, wherein failure was deemed to have occurred if there was a movement of
bond defects, e.g., bubbles, or if edges debonded, or if there was a movement of the thin sheet
on the carrier); or (d) penetration of water under the thin sheet (as determined by visual
inspection with an optical microscope at 50x, wherein failure was determined to have
occurred if liquid or residue was observable). In the tables below, a notation of “P” in the
“SRD” column indicates that the sample did not fail as per the foregoing criteria.

[0062] (3) Temperature to 400°C testing. 400°C process compatibility testing was performed
using an Alwin21 Accuthermo610 RTP (available from Alwin21, Santa Clara CA. A carrier
with a thin sheet bonded thereto was heated in a chamber cycled from room temperature to
400°C at 6.2°C/min, held at 400°C for 600seconds, and cooled at 1°C/min to 300°C. The
carrier and thin sheet were then allowed to cool to room temperature. Failure, as indicated by
a notation of “F” in the “400°C” column of the tables below, was deemed to have occurred if
there was: (a) a loss of adhesion between the carrier and the thin sheet (by visual inspection
with the naked eye, wherein failure was deemed to have occurred if the thin sheet had fallen
off of the carrier or was partially debonded therefrom); (b) bubbling between the carrier and
the thin sheet (as determined by visual inspection with the naked eye — samples were
photographed before and after the processing, and then compared, failure was determined to
have occurred if defects increased in size by dimensions visible to the unaided eye); or (¢)

increased adhesion between the carrier and the thin sheet whereby such increased adhesion
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prevents debonding (by insertion of a razor blade between the thin sheet and carrier, and/or
by sticking a piece of Kapton™ tape, 1”” wide x 6 long with 2-3” attached to 100mm square
thin glass ( K102 series from Saint Gobain Performance Plastic, Hoosik NY) to the thin sheet
and pulling on the tape) of the thin sheet from the carrier without damaging the thin sheet or
the carrier, wherein a failure was deemed to have occurred if there was damage to the thin
sheet or carrier upon attempting to separate them, or if the thin sheet and carrier could not be
debonded by performance of either of the debonding methods. Additionally, after the thin
sheet was bonded with the carrier, and prior to the thermal cycling, debonding tests were
performed on representative samples to determine that a particular material, including any
associated surface treatment, did allow for debonding of the thin sheet from the carrier prior
to the temperature cycling. In the tables below, a notation of “P” in the “400°C” column
indicates that the sample did not fail as per the foregoing criteria.

[0063] (4) Temperature to 600°C testing. 600°C process compatibility testing was performed
using an Alwin21 Accuthermo610 RTP. A carrier with a thin sheet was heated in a chamber
cycled from room temperature to 600°C at 9.5°C/min, held at 600°C for 600seconds, and
then cooled at 1°C/min to 300°C. The carrier and thin sheet were then allowed to cool to
room temperature. Failure, as indicated by a notation of “F” in the “600°C” column of the
tables below, was deemed to have occurred if there was: (a) a loss of adhesion between the
carrier and the thin sheet (by visual inspection with the naked eye, wherein failure was
deemed to have occurred if the thin sheet had fallen off of the carrier or was partially
debonded therefrom); (b) bubbling between the carrier and the thin sheet (as determined by
visual inspection with the naked eye — samples were photographed before and after the
processing, and then compared, failure was determined to have occurred if defects increased
in size by dimensions visible to the unaided eye); or (¢) increased adhesion between the
carrier and the thin sheet whereby such increased adhesion prevents debonding (by insertion
of a razor blade between the thin sheet and carrier, and/or by sticking a piece of Kapton™
tape as described above to the thin sheet and pulling on the tape) of the thin sheet from the
carrier without damaging the thin sheet or the carrier, wherein a failure was deemed to have
occurred if there was damage to the thin sheet or carrier upon attempting to separate them, or
if the thin sheet and carrier could not be debonded by performance of either of the debonding
methods. Additionally, after the thin sheet was bonded with the carrier, and prior to the
thermal cycling, debonding tests were performed on representative samples to determine that
a particular material, and any associated surface treatment, did allow for debonding of the
thin sheet from the carrier prior to the temperature cycling. In the tables below, a notation of

“P” in the “600°C” column indicates that the sample did not fail as per the foregoing criteria.
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[0064] (5) Ultrasonic testing. Ultrasonic compatibility testing was performed by cleaning the
article in a four tank line, wherein the article was processed in cach of the tanks sequentially
from tank #1 to tank #4. Tank dimensions, for each of the four tanks, were 18.4”L x 10”W x
15”D. Two cleaning tanks (#1 and #2) contained 1%Semiclean KG available from
Yokohama Oils and Fats Industry Co Ltd., Yokohama Japan in DI water at S0°C. The
cleaning tank #1 was agitated with a NEY prosonik 2 104 kHz ultrasonic generator (available
from Blackstone-NEY Ultrasonics, Jamestown, NY), and the cleaning tank #2 was agitated
with a NEY prosonik 2 104 kHz ultrasonic generator. Two rinse tanks (tank #3 and tank #4)
contained DI water at 50°C. The rinse tank #3 was agitated by NEY sweepsonik 2D 72 kHz
ultrasonic generator and the rinse tank #4 was agitated by a NEY sweepsonik 2D 104 kHz
ultrasonic generator. The processes were carried out for 10 min in each of the tanks #1-4,
followed by spin rinse drying (SRD) after the sample was removed from tank #4. Failure, as
indicated by a notation of “F” in the “”’Ultrasonic” column of the tables below, was deemed
to have occurred if there was: (a) a loss of adhesion between the carrier and the thin sheet (by
visual inspection with the naked eye, wherein failure was deemed to have occurred if the thin
sheet had fallen off of the carrier or was partially debonded therefrom); (b) bubbling between
the carrier and the thin sheet (as determined by visual inspection with the naked eye —
samples were photographed before and after the processing, and then compared, failure was
determined to have occurred if defects increased in size by dimensions visible to the unaided
eye); or (¢) formation of other gross defects (as determined by visual inspection with optical
microscope at 50x, wherein failure was deemed to have occurred if there were particles
trapped between the thin glass and carrier that were not observed before; or (d) penetration of
water under the thin sheet (as determined by visual inspection with an optical microscope at
50x, wherein failure was determined to have occurred if liquid or residue was observable. In
the tables below, a notation of “P” in the “Ultrasonic” column indicates that the sample did
not fail as per the foregoing criteria. Additionally, in the tables below, a blank in the
“Ultrasonic” column indicates that the sample was not tested in this manner.

[0065] Bond Energy Test

[0066] The bond energy is the energy it takes to separate a thin sheet from a carrier. The
bond energy may be measured in various different manners. However, as used herein, the
bond energy was measured as follows.

[0067] Bond energy was measured using the double cantilever beam method (also known as
the wedge method). In this method, a wedge of known thickness is placed between the

bonded thin sheet and carrier glass at an edge. The wedge creates a characteristics
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delamination distance, L. This delamination distance is measured and used to calculated the
bond energy, yzg in equation 6.
2 3 3
— 3thltle2t52
6L (E£, + Ent, )

YsE
[0068] (6)

[0069] Young modulus, E, for both the carrier (1) and the thin sheet (2) of EXG composition
was 73.6 GPa. The typical thickness of the carrier, #;, 0.7 mm and thickness of the thin sheet,
t52, 0.13 mm. Martor 37010.20 razor blades were used for a wedge consisting of a thickness,
tw, 0f 95 um. Samples having very high bond energy where pre-cracked with a separate
wedge. This allowed easier insertion of the wedge and creation of characteristics
delamination length. For bond energy data reported, a value of 2500 indicates a test-limit
condition and that the thin sheet could not be debonded from the carrier for that particular
sample.

[0070] Preparation of Bonding Surfaces via Hydroxyl Reduction by Heating

[0071] The benefit of modifying one or more of the bonding surfaces 14, 24 with a surface
modification layer 30 so the article 2 is capable of successfully undergoing FPD processing
(i.e., where the thin sheet 20 remains bonded to the carrier 10 during processing, and yet may
be separated from the carrier 10 after processing, including high temperature processing) was
demonstrated by processing articles 2 having glass carriers 10 and thin glass sheets 20
without a surface modification layer 30 therebetween. Specifically, first there was tried
preparation of the bonding surfaces 14, 24 by heating to reduce hydroxyl groups, but without
a surface modification layer 30. The carriers 10 and thin sheets 20 were cleaned, the bonding
surfaces 14 and 24 were bonded to one another, and then the articles 2 were tested. A typical
cleaning process for preparing glass for bonding is the SC1 cleaning process where the glass
is cleaned in a dilute hydrogen peroxide and base (commonly ammonium hydroxide, but
tetramethylammonium hydroxide solutions for example JT Baker JTB-100 or JTB-111 may
also be used). Cleaning removes particles from the bonding surfaces, and makes the surface
energy known, i.e., it provides a base-line of surface energy. The manner of cleaning need
not be SC1, other types of cleaning may be used, as the type of cleaning is likely to have only
a very minor effect on the silanol groups on the surface. The results for various tests are set
forth below in Table 1.

[0072] A strong but separable initial, room temperature or van der Waal and/or Hydrogen-
bond was created by simply cleaning a thin glass sheet of 100mm square x 100 micron thick,
and a glass carrier 150mm diameter single mean flat (SMF) wafer 0.50 or 0.63 mm thick,

each comprising Fagle XG® display glass (an alkali-free, alumino-boro-silicate glass, having
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an average surface roughness Ra on the order of 0.2 nm, available from Corning
Incorporated, Corning, NY). In this example, glass was cleaned 10 min in a 65°C bath of
40:1:2 DI water: JTB-111:Hydrogen peroxide. The thin glass or glass carrier may or may not
have been annealed in nitrogen for 10min at 400°C to remove residual water — the notation
“400°C” in the “Carrier” column or the “Thin Glass” column in Table 1 below indicates that
the sample was annealed in nitrogen for 10 minutes at 400 °C. FPD process compatibility
testing demonstrates this SC1-SCl initial, room temperature, bond is mechanically strong
enough to pass vacuum, SRD and ultrasonic testing. However, heating at 400°C and above
created a permanent bond between the thin glass and carrier, i.e., the thin glass sheet could
not be removed from the carrier without damaging either one or both of the thin glass sheets
and carrier. And this was the case even for Example 1c¢, wherein each of the carrier and the
thin glass had an annealing step to reduce the concentration of surface hydroxyls.
Accordingly, the above-described preparation of the bonding surfaces 14, 24 via heating
alone and then bonding of the carrier 10 and the thin sheet 12, without a surface modification
layer 30, is not a suitable controlled bond for FPD processes wherein the temperature will be
>400°C.

[0073] Table 1 - process compatibility testing of SC1-treated glass bonding surfaces

Example Carrier Thin Glass | Vacuum SRD 400C 600C Ultrasonic
la SC1 SC1 P P F F P
1b SC1, 400C SC1 P P F F P
1c SC1, 400C SC1, 400C P P F F P

[0074] Preparation of Bonding Surfaces by Hydroxyl Reduction and Surface Modification

Layer
[0075] Hydroxyl reduction, as by heat treatment for example, and a surface modification

layer 30 may be used together to control the interaction of bonding surfaces 14, 24. For
example, the bonding energy (both van der Waals and/or Hydrogen-bonding at room
temperature due to the polar/dispersion energy components, and covalent bonding at high
temperature due to the covalent energy component) of the bonding surfaces 14, 24 can be
controlled so as to provide varying bond strength from that wherein room-temperature
bonding is difficult, to that allowing easy room-temperature bonding and separation of the
bonding surfaces after high temperature processing, to that which—after high temperature
processing—prevents the surfaces from separating without damage. In some applications, it
may be desirable to have no, or very weak bonding (as when the surfaces are in a “non-
bonding” region, as a “non-bonding” region is described in the thin sheet/carrier concept of
US 727, and as described below). In other applications, for example providing a re-usable

carrier for FPD processes and the like (wherein process temperatures > 500°C, or > 600°C,
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and up to 650°C, may be achieved), it is desirable to have sufficient van der Waals and/or
Hydrogen-bonding, at room temperature to initially put the thin sheet and carrier together,
and yet prevent or limit high temperature covalent bonding, For still other applications, it
may be desirable to have sufficient room temperature boding to initially put the thin sheet and
carrier together, and also to develop strong covalent bonding at high temperature (as when
the surfaces are in a “bonding region”, as “bonding region” is described in the thin
sheet/carrier concept of US ‘727, and as discussed below). Although not wishing to be bound
by theory, in some instances the surface modification layer may be used to control room
temperature bonding by which the thin sheet and carrier are initially put together, whereas the
reduction of hydroxyl groups on the surface (as by heating the surface, or by reaction of the
hydroxyl groups with the surface modification layer, for example) may be used to control the
covalent bonding, particularly that at high temperatures.

[0076] A material for the surface modification layer 30 may provide a bonding surface 14, 24
with an energy (for example, and energy < 40 mJ/m’, as measured for one surface, and
including polar and dispersion components) whereby the surface produces only weak
bonding. In one example, hexamethyldisilazane (HMDS) may be used to create this low
energy surface by reacting with the surface hydroxyls to leave a trimethylsilyl (TMS)
terminated surface. HMDS as a surface modification layer may be used together with surface
heating to reduce the hydroxyl concentration to control both room temperature and high
temperature bonding. By choosing a suitable bonding surface preparation for each bonding
surface 14, 24, there can be achieved articles having a range of capabilities. More
specifically, of interest to providing a reusable carrier for LTPS processing, there can be
achieved a suitable bond between a thin glass sheet 20 and a glass carrier 10 so as to survive
(or pass) each of the vacuum SRD, 400°C (parts a and ¢), and 600°C (parts a and ¢),
processing tests.

[0077] In one example, following SC1 cleaning by HMDS treatment of both thin glass and
carrier creates a weakly bonded surface which is challenging to bond at room temperature
with van der Waals (and/or hydrogen bonding) forces. Mechanical force is applied to bond
the thin glass to the carrier. As shown in example 2a of Table 2, this bonding is sufficiently
weak that deflection of the carrier is observed in vacuum testing and SRD processing,
bubbling (likely due to outgassing) was observed in 400°C and 600°C thermal processes, and
particulate defects were observed after ultrasonic processing,

[0078] In another example, HMDS treatment of just one surface (carrier in the example cited)
creates stronger room temperature adhesion which survives vacuum and SRD processing,

However, thermal processes at 400°C and above permanently bonded the thin glass to the
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carrier. This is not unexpected as the maximum surface coverage of the trimethylsilyl groups
on silica has been calculated by Sindorf and Maciel in J. Phys. Chem. 1982, 86, 5208-5219 to
be 2.8/nm”* and measured by Suratwala et. al. in Journal of Non-Crystalline Solids 316 (2003)
349-363 as 2.7/nm’, vs. a hydroxyl concentration of 4.6-4.9/nm” for fully hydroxylated silica.
That is, although the trimethylsilyl groups do bond with some surface hydroxyls, there will
remain some un-bonded hydroxyls. Thus one would expect condensation of surface silanol
groups to permanently bond the thin glass and carrier given sufficient time and temperature.
[0079] A varied surface energy can be created by heating the glass surface to reduce the
surface hydroxyl concentration prior to HMDS exposure, leading to an increased polar
component of the surface energy. This both decreases the driving force for formation of
covalent Si-O-Si bonds at high temperature and leads to stronger room-temperature bonding,
for example, van der Waal (and/or hydrogen) bonding. FIG. 4 shows the surface energy of
an Eagle XG® display glass carrier after annealing, and after HMDS treatment. Increased
annealing temperature prior to HMDS exposure increases the total (polar and dispersion)
surface energy (line 402) after HMDS exposure by increasing the polar contribution (line
404). It is also seen that the dispersion contribution (line 406) to the total surface energy
remains largely unchanged by the heat treatment. Although not wishing to be bound by
theory, increasing the polar component of, and thereby the total, energy in the surface after
HMDS treatment appears to be due to there being some exposed glass surface arcas even
after HMDS treatment because of sub-monolayer TMS coverage by the HMDS.

[0080] In example 2b, the thin glass sheet was heated at a temperature of 150°C in a vacuum
for one hour prior to bonding with the non-heat-treated carrier having a coating of HMDS.
This heat treatment of the thin glass sheet was not sufficient to prevent permanent bonding of
the thin glass sheet to the carrier at temperatures > 400°C.

[0081] As shown in examples 2¢c-2¢ of Table 2, varying the annealing temperature of the
glass surface prior to HMDS exposure can vary the bonding energy of the glass surface so as
to control bonding between the glass carrier and the thin glass sheet.

[0082] In example 2c¢, the carrier was annealed at a temperature of 190°C in vacuum for 1
hour, followed by HMDS exposure to provide surface modification layer 30. Additionally,
the thin glass sheet was annealed at 450°C in a vacuum for 1 hour before bonding with the
carrier. The resulting article survived the vacuum, SRD, and 400°C tests (parts a and c, but
did not pass part b as there was increased bubbling), but failed the 600°C test. Accordingly,
although there was increased resistance to high temperature bonding as compared with
example 2b, this was not sufficient to produce an article for processing at temperatures >

600°C (for example LTPS processing) wherein the carrier is reusable.
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[0083] In example 2d, the carrier was annealed at a temperature of 340°C in a vacuum for 1
hour, followed by HMDS exposure to provide surface modification layer 30. Again, the thin
glass sheet was annealed at 450°C for 1 hour in a vacuum before bonding with the carrier.
The results were similar to those for example 2¢, wherein the article survived the vacuum,
SRD, and 400°C tests (parts a and ¢, but did not pass part b as there was increased bubbling),
but failed the 600°C test.

[0084] As shown in example 2¢, annealing both thin glass and carrier at 450°C in vacuum for
1 hr., followed by HMDS exposure of the carrier, and then bonding of the carrier and thin
glass sheet, improves the temperature resistance to permanent bonding. An anneal of both
surfaces to 450°C prevents permanent bonding after RTP annealing at 600°C for 10 min, that
is, this sample passed the 600°C processing test (parts a and ¢, but did not pass part b as there
was increased bubbling; a similar result was found for the 400°C test).

[0085] Table 2 - process compatibility testing of HMDS surface modification layers

Example Carrier Thin Glass | Vacuum SRD 400C 600C Ultrasonic
2a SC1, HMDS SC1, HMDS F F P P F
2b SC1, HMDS SC1, 150C P P F F
2c SC1, 190C, HMDS| SC1, 450C P P P F
2d SC1, 340C, HMDS| SC1, 450C P P P F
2e SC1, 450C, HMDS| SC1, 450C P P P P

[0086] In Examples 2a to 2¢ above, each of the carrier and the thin sheet were Eagle XG®
glass, wherein the carrier was a 150 mm diameter SMF wafer 630 microns thick and the thin
sheet was 100 mm square 100 microns thick The HMDS was applied by pulse vapor
deposition in a YES-5 HMDS oven (available from Yield Engineering Systems, San Jose
CA) and was one atomic layer thick (i.e., about 0.2 to 1 nm), although the surface coverage
may be less than one monolayer, i.c., some of the surface hydroxyls are not covered by the
HMDS as noted by Maciel and discussed above. Because of the small thickness in the
surface modification layer, there is little risk of outgassing which can cause contamination in
the device fabrication. Also, as indicated in Table 2 by the “SC1” notation, each of the
carriers and thin sheets were cleaned using an SC1 process prior to heat treating or any
subsequent HMDS treatment.

[0087] A comparison of example 2a with example 2b shows that the bonding energy between
the thin sheet and the carrier can be controlled by varying the number of surfaces which
include a surface modification layer. And controlling the bonding energy can be used to
control the bonding force between two bonding surfaces. Also, a comparison of examples
2b-2e, shows that the bonding energy of a surface can be controlled by varying the

parameters of a heat treatment to which the bonding surface is subjected before application of
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a surface modification material. Again, the heat treatment can be used to reduce the number
of surface hydroxyls and, thus, control the degree of covalent bonding, especially that at high
temperatures.

[0088] Other materials, that may act in a different manner to control the surface energy on a
bonding surface, may be used for the surface modification layer 30 so as to control the room
temperature and high temperature bonding forces between two surfaces. For example, a
reusable carrier can also be created if one or both bonding surfaces are modified to create a
moderate bonding force with a surface modification layer that either covers, or sterically
hinders species for example hydroxyls to prevent the formation at elevated temperature of
strong permanent covalent bonds between carrier and thin sheet. One way to create a tunable
surface energy, and cover surface hydroxyls to prevent formation of covalent bonds, is
deposition of plasma polymer films, for example fluoropolymer films. Plasma polymerization
deposits a thin polymer film under atmospheric or reduced pressure and plasma excitation
(DC or RF parallel plate, Inductively Coupled Plasma (ICP) Electron Cyclotron Resonance
(ECR) downstream microwave or RF plasma) from source gases for example fluorocarbon
sources (including CF4, CHF3, C2F6, C3F6, C2F2, CH3F, C4F8, chlorofluoro carbons, or
hydrochlorofluoro carbons), hydrocarbons for example alkanes (including methane, ethane,
propane, butane), alkenes (including ethylene, propylene), alkynes (including acetylene), and
aromatics (including benzene, toluene), hydrogen, and other gas sources for example SF6.
Plasma polymerization creates a layer of highly cross-linked material. Control of reaction
conditions and source gases can be used to control the film thickness, density, and chemistry
to tailor the functional groups to the desired application.

[0089] FIG. 5 shows the total (line 502) surface energy (including polar (line 504) and
dispersion (line 506) components) of plasma polymerized fluoropolymer (PPFP) films
deposited from CF4-C4F8 mixtures with an Oxford ICP380 etch tool (available from Oxford
Instruments, Oxfordshire UK). The films were deposited onto a sheet of Eagle XG ® glass,
and spectroscopic ellipsometry showed the films to be 1-10 nm thick. As seen from FIG. 5,
glass carriers treated with plasma polymerized fluoropolymer films containing less than 40%
C4F8 exhibit a surface energy >40 mJ/m” and produce controlled bonding between the thin
glass and carrier at room temperature by van der Waal or hydrogen bonding. Facilitated
bonding is observed when initially bonding the carrier and thin glass at room temperature.
That is, when placing the thin sheet onto the carrier, and pressing them together at a point, a
wave front travels across the carrier, but at a lower speed than is observed for SCI treated
surfaces having no surface modification layer thereon. The controlled bonding is sufficient to

withstand all standard FPD processes including vacuum, wet, ultrasonic, and thermal
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processes up to 600°C, that is this controlled bonding passed the 600°C processing test
without movement or delamination of the thin glass from the carrier. De-bonding was
accomplished by peeling with a razor blade and/or Kapton™ tape as described above. The
process compatibility of two different PPFP films (deposited as described above) is shown in
Table 3. PPFP 1 of example 3a was formed with C4F8/(C4F8+CF4)=0, that is, formed with
CF4/H2 and not CAFS, and PPFP 2 of example 3b was deposited with
CAF8/(C4AF8+CF4)=0.38. Both types of PPFP films survived the vacuum, SRD, 400°C and
600°C processing tests. However, delamination is observed after 20 min of ultrasonic
cleaning of PPFP 2 indicating insufficient adhesive force to withstand such processing.
Nonetheless, the surface modification layer of PPFP2 may be useful for some applications, as
where ultrasonic processing is not necessary.

[0090] Table 3 - process compatibility testing of PPFP surface modification layers

Example Carrier Thin Glass | Vacuum SRD 400C 600C Ultrasonic
3a PPFP 1 SC1, 150C P P P P P
3b PPFP2 SC1, 150C P P P P F

[0091] In Examples 3a and 3b above, each of the carrier and the thin sheet were Eagle XG®
glass, wherein the carrier was a 150 mm diameter SMF wafer 630 microns thick and the thin
sheet was 100 mm square 100 microns thick. Because of the small thickness in the surface
modification layer, there is little risk of outgassing which can cause contamination in the
device fabrication. Further, because the surface modification layer did not appear to degrade,
again, there is even less risk of outgassing. Also, as indicated in Table 3, each of the thin
sheets was cleaned using an SC1 process prior to heat treating at 150°C for one hour in a
vacuum.

[0092] Still other materials, that may function in a different manner to control surface encrgy,
may be used as the surface modification layer to control the room temperature and high
temperature bonding forces between the thin sheet and the carrier. For example, a bonding
surface that can produce controlled bonding can be created by silane treating a glass carrier
and/or glass thin sheet. Silanes are chosen so as to produce a suitable surface energy, and so
as to have sufficient thermal stability for the application. The carrier or thin glass to be
treated may be cleaned by a process for example O2 plasma or UV-ozone, and SC1 or
standard clean two (SC2, as is known in the art) cleaning to remove organics and other
impurities (metals, for example) that would interfere with the silane reacting with the surface
silanol groups. Washes based on other chemistries may also be used, for example, HF, or
H2S04 wash chemistries. The carrier or thin glass may be heated to control the surface

hydroxyl concentration prior to silane application (as discussed above in connection with the
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surface modification layer of HMDS), and/or may be heated after silane application to
complete silane condensation with the surface hydroxyls. The concentration of unreacted
hydroxyl groups after silanization may be made low enough prior to bonding as to prevent
permanent bonding between the thin glass and carrier at temperatures > 400°C, that is, to
form a controlled bond. This approach is described below.

[0093] Example 4a

[0094] A glass carrier with its bonding surface O2 plasma and SC1 treated was then treated
with 1% dodecyltricthoxysilane (DDTS) in toluene, and annealed at 150°C in vacuum for 1
hr. to complete condensation. DDTS treated surfaces exhibit a surface energy of 45 mJ/m>.
As shown in Table 4, a glass thin sheet (having been SC1 cleaned and heated at 400°C in a
vacuum for one hour) was bonded to the carrier bonding surface having the DDTS surface
modification layer thereon. This article survived wet and vacuum process tests but did not
survive thermal processes over 400°C without bubbles forming under the carrier due to
thermal decomposition of the silane. This thermal decomposition is expected for all linear
alkoxy and chloro alkylsilanes R1Si(OR2),(Cl), where x=1 to 3, and y+z = 4-x except for
methyl, dimethyl, and trimethyl silane (x=1 to 3, R1=CH3) which produce coatings of good
thermal stability.

[0095] Example 4b

[0096] A glass carrier with its bonding surface O2 plasma and SC1 treated was then treated
with 1% 3,3,3, trifluoropropyltritheoxysilane (TFTS) in toluene, and annealed at 150°C in
vacuum for 1 hr. to complete condensation. TFTS treated surfaces exhibit a surface energy of
47 mJ/m*. As shown in Table 4, a glass thin sheet (having been SC1 cleaned and then heated
at 400°C in a vacuum for one hour) was bonded to the carrier bonding surface having the
TFTS surface modification layer thereon. This article survived the vacuum, SRD, and 400°C
process tests without permanent bonding of the glass thin sheet to the glass carrier. However,
the 600°C test produced bubbles forming under the carrier due to thermal decomposition of
the silane. This was not unexpected because of the limited thermal stability of the propyl
group. Although this sample failed the 600°C test due to the bubbling, the material and heat
treatment of this example may be used for some applications wherein bubbles and the adverse
effects thereof, for example reduction in surface flatness, or increased waviness, can be
tolerated.

[0097] Example 4¢

[0098] A glass carrier with its bonding surface O2 plasma and SC1 treated was then treated
with 1% phenyltriethoxysilane (PTS) in toluene, and annealed at 200°C in vacuum for 1 hr. to

complete condensation. PTS treated surfaces exhibit a surface energy of 54 mJ/m?. As shown
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in Table 4, a glass thin sheet (having been SC1 cleaned and then heated at 400°C in a vacuum
for one hour) was bonded to the carrier bonding surface having the PTS surface modification
layer. This article survived the vacuum, SRD, and thermal processes up to 600°C without
permanent bonding of the glass thin sheet with the glass carrier.

[0099] Example 4d

[00100] A glass carrier with its bonding surface O2 plasma and SC1 treated was then treated
with 1% diphenyldiethoxysilane (DPDS) in toluene, and annealed at 200°C in vacuum for 1
hr. to complete condensation. DPDS treated surfaces exhibit a surface energy of 47 mJ/m?.
As shown in Table 4, a glass thin sheet (having been SCI cleaned and then heated at 400°C in
a vacuum for one hour) was bonded to the carrier bonding surface having the DPDS surface
modification layer. This article survived the vacuum and SRD tests, as well as thermal
processes up to 600°C without permanent bonding of the glass thin sheet with the glass
carrier

[00101] Example 4e.

[00102] A glass carrier having its bonding surface O2 plasma and SC1 treated was then
treated with 1% 4-pentafluorophenyltriethoxysilane (PFPTS) in toluene, and annealed at
200°C in vacuum for 1 hr. to complete condensation. PFPTS treated surfaces exhibit a
surface energy of 57 mJ/m>. As shown in Table 4, a glass thin sheet (having been SC1
cleaned and then heated at 400°C in a vacuum for one hour) was bonded to the carrier
bonding surface having the PFPTS surface modification layer. This article survived the
vacuum and SRD tests, as well as thermal processes up to 600°C without permanent bonding
of the glass thin sheet with the glass carrier.

[00103] Table 4 - process compatibility testing of silane surface modification layers

Exampie Carriar Thin Glass | Vacuum 5RO 4000 SO0C
4a SC1, DOTS 501, 8000 £ P S E
4 SCLTETS SC1, 400C P P £ F
e 5C1 PTS SCE, 4000 l G i g
4d 501, OPDS ST, 4000 & ? o ¥
de ST, PEPTS SC1, 4000 ® S # P

[00104] In Examples 4a to 4¢ above, each of the carrier and the thin sheet were Eagle XG®
glass, wherein the carrier was a 150 mm diameter SMF wafer 630 microns thick and the thin
sheet was 100 mm square 100 microns thick. The silane layers were self-assembled
monolayers (SAM), and thus were on the order of less than about 2 nm thick. In the above
examples, the SAM was created using an organosilane with an aryl or alkyl non-polar tail and
a mono, di, or tri-alkoxide head group. These react with the silanol surface on the glass to

directly attach the organic functionality. Weaker interactions between the non-polar head
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groups organize the organic layer. Because of the small thickness in the surface modification
layer, there is little risk of outgassing which can cause contamination in the device
fabrication. Further, because the surface modification layer did not appear to degrade in
examples 4c, 4d, and 4e, again, there is even less risk of outgassing. Also, as indicated in
Table 4, each of the glass thin sheets was cleaned using an SC1 process prior to heat treating
at 400°C for one hour in a vacuum.

[00105] As can be seen from a comparison of examples 4a-4e, controlling surface energy of
the bonding surfaces to be above 40 mJ/m” so as to facilitate the initial room temperature
bonding is not the only consideration to creating a controlled bond that will withstand FPD
processing and still allow the thin sheet to be removed from the carrier without damage.
Specifically, as seen from examples 4a-4e, each carrier had a surface energy above 40 mJ/m?,
which facilitated initial room temperature bonding so that the article survived vacuum and
SRD processing. However, examples 4a and 4b did not pass 600°C processing test. As noted
above, for certain applications, it is also important for the bond to survive processing up to
high temperatures (for example, > 400°C, > 500°C, or >600°C, up to 650°C, as appropriate to
the processes in which the article is designed to be used) without degradation of the bond to
the point where it is insufficient to hold the thin sheet and carrier together, and also to control
the covalent bonding that occurs at such high temperatures so that there is no permanent
bonding between the thin sheet and the carrier. As shown by the examples in Table 4,
aromatic silanes, in particular phenyl silanes, are useful for providing a controlled bond that
will facilitate initial room temperature bonding, and that will withstand FPD processing and
still allow the thin sheet to be removed from the carrier without damage.

[00106] Fluorocarbon Surface Modification Layers, and Treatment Thereof

[00107] Another example of using plasma polymerized films to tune the surface energy of,
and create alternative polar bonding sites on, a bonding surface is deposition of a surface
modification layer thin film from a mixture of fluorocarbon gas sources, and then forming
nitrogen based polar groups on the surface modification layer by using various methods.
[00108] The surface modification layer may be formed by plasma polymerization of various
mixtures of fluorocarbon gas sources so as to provide a variety of surface energies, including
a surface energy of greater than about 50 mJ/m” as calculated by fitting a theoretical model
developed by S. Wu (1971) to the contact angles (CA) of three different test liquids (in this
case, de-ionized water (Water), hexadecane (HD), and di-iodomethane (DIM). (Reference: S.
Wu, J. Polym. Sci. C, 34, 19, 1971, hereinafter the “Wu model”). A surface energy of greater
than about 50 mJ/m2 on a carrier bonding surface is beneficial for bonding the carrier to a

thin glass sheet, as it facilitates initial room-temperature bonding of the carrier to the thin
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glass sheet, and enables FPD processing of the carrier/thin glass sheet without them
debonding in process. In some cases, depending on the surface modification layer
composition and deposition conditions, a surface modification layer having this surface
energy is capable of allowing debonding by peeling, even after processing the carrier and
thin glass sheet at temperatures up to about 600°C, and in some cases even higher. In
general, the source gasses include a mixture of an etching gas and a polymer forming gas. As
discussed above in connection with FIG. 5, the etching gas may be CF4, whereas the polymer
forming gas may be C4F8. Alternatively, as shown in FIG. 13, the etching gas may be CF4,
whereas the polymer forming gas may be CHF3. As shown in both FIG. 5 and FIG. 13, in
general, the lower the percentage of polymer forming gas, the higher the total surface energy
502, 1312 of the resulting bonding surface, wherein the total surface energy is a combination
of polar 504, 1314 (triangle data points) and dispersion 506, 1316 (square data points)
components. The percentage of polymer forming gas (for example CHF3) during the plasma
polymerization may be controlled in a similar manner, to control the resultant surface energy,
by using an inert gas (for example Ar), as shown in FIG. 13 A which shows total surface
energy in mJ/m2. Although not wishing to be bound by theory, the inert gas may act as an
ctchant, a diluent, or both. In any event, it is clear that one can modify the surface energy of
a carrier glass by CHF3 alone without any CF4 in the gas stream. Deposition of the surface
modification layer may take place in atmospheric or reduced pressure, and is performed with
plasma excitation for example, DC or RF parallel plate, Inductively Coupled Plasma (ICP),
Electron Cyclotron Resonance (ECR), downstream microwave or RF plasma. The plasma
polymerized surface modification layer may be disposed on a carrier, a thin sheet, or both.
As noted above in connection with the examples of Table 3, plasma polymerization creates a
layer of highly cross-linked material. Control of reaction conditions and source gases can be
used to control the surface modification layer film thickness, density, and chemistry to tailor
the functional groups to the desired application. And by controlling the film properties, the
surface energy of a carrier bonding surface can be tuned. However, surface energy is just one
consideration in controlling the degree of bonding.

[00109] The degree of controlled bonding, or moderate bonding, can be further tuned by
controlling the polar bond used to achieve the desired surface energy. One manner of
controlling the polar bond is to expose the surface modification layer (as formed above) to a
further treatment to incorporate polar groups, for example treatment by a nitrogen containing
plasma. This treatment increases the adhesion force through the formation of nitrogen-based
polar functional groups on the thin surface modification layer. The nitrogen based polar

groups, formed during the subsequent treatment, do not condense with silanol groups to cause
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permanent covalent bonding and, thus, are able to control the degree of bonding between the
thin sheet and the carrier during subsequent treatments performed to dispose films or
structures on the thin sheet. The methods of forming nitrogen based polar groups include, for
example, nitrogen plasma treatment (examples 5b-d, k, 1), ammonia plasma treatment
(examples 5Se, f, h-j), and nitrogen/hydrogen plasma treatment (example Sm).

[00110] Thin glass sheets and glass carriers bonded with a surface modification layer that
was treated with nitrogen-containing plasma are observed not to permanently adhere after
annealing at 600°C, i.e., they pass part (c) of the 600°C temperature testing. Also, this
moderate bonding is strong enough to survive FPD processing (including the above-described
vacuum testing (1), wet process testing (2), and ultrasonic testing (5)) and remain de-
bondable by application of sufficient peeling force. De-bonding permits removal of devices
fabricated on thin glass, and re-use of the carrier. The nitrogen plasma treatment of the
surface modification layer may obtain one or more of the following advantages: high surface
energy and low water contact angle, leading to strong adherence between the thin sheet and
carrier with minimal bubble defects after initial bonding (see examples Sb-f, and i-1);
reduction of defect formation when thermal processing, due to the improved thermal stability
of the surface modification layer (examples 5c, 5d, 5k, 51, i.c., the samples treated with N2
exhibited a lowered bubble formation, as observed visually); and/or an easier process window
because the separation of surface modification layer formation and treatment thereof permits
different processes to optimize the carrier/surface modification layer as well as surface
modification layer/thin glass interfaces (examples Sb-f and h-m). That is, the base material of
and deposition process for the surface modification layer itself may be formulated so as to
optimize interaction between the surface modification layer and the carrier bonding surface.
Then, separately, after deposition of the surface modification layer on the carrier, the
properties of the surface modification layer may be modified by treatment to optimize
interaction of the surface modification layer with the thin sheet to be disposed thereon.
[00111] In the examples of Table 5, below, various conditions were used to deposit a plasma
polymerized film onto a glass carrier. The glass carrier was a substrate made from Corning ®
Eagle XG®, alumino boro silicate alkali-free display glass (available from Corning
Incorporated, Corning NY). Before surface modification layer deposition, the carriers were
cleaned using an SC1 and/or an SC2 chemistry and standard cleaning techniques. The films
were deposited in an Oxford Plasmalab 380 Inductively Coupled Plasma (ICP) system with
13.56 MHz RF sources on both the coil and platen, and the platen temperature was fixed at
30C. Nitrogen and ammonia plasma treatments of the surface modification layer for samples

Sa-5j were performed in an STS Multiplex PECVD apparatus (available from SPTS,
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Newport, UK) with triode electrode configuration mode wherein the carrier sat on a platen
heated to 200C to which a specified number of Watts of 380 kHz RF energy was applied,
above the platen there was disposed a shower head to which a specified number of Watts of
13.5 MHz RF energy was applied. For the energy applied in both the Oxford ICP and STS
PECVD the numbers are shown as a ##W, wherein the number before the slash is the
Wattage applied to the top electrode( coil on ICP or shower head on PECVD), and the
number after the slash is the Wattage applied to the platen. Where there is only one number
shown, this is for the top electrode. The flow-rates of the gasses into the chamber were as
shown in Table 5 (flowrates being in standard cubic centimeters per minute—sccm). Thus,
for example, the notation in the “Surface Treatment” column of Table 5 for exampleSg is
read as follows: in an Oxford ICP apparatus, 30 sccm of CF4, 10 sccm of C4Fg, and 20 sccm
of H2, were flowed together into a chamber having a pressure of 5 mTorr; 1000 W of 13.5
MHz RF energy was applied to the coil 50 W of 13.56 MHz RF energy was applied to the
30C platen on which the carrier sat; and the deposition time was 60 seconds. The notation in
the Surface Treatment column for the remaining examples can be read in a similar manner.
By way of further example, in the “Plasma Treatment” column, the notation for the treatment
in example 5h is read as follows: after the surface modification layer is formed as per the
parameters in the Surface Treatment column of example 5Sh, then 100 sccm of NH3 is
supplied to the STS PECVD chamber having a pressure of 1 Torr, and a temperature of
200°C; 100 W of 13.56 MHz is applied to the showerhead; and the treatment is carried out
for 30 seconds. The notation in the “Plasma Treatment” column for the remaining examples
is read in a similar manner. Surface energies, both polar and dispersion components, were
calculated in mJ/m” (milliJoules per square meter) by fitting the Wu model to the contact
angles (CA) of three different test liquids (in this case, de-ionized water (Water), hexadecane
(HD), and di-iodomethane(DIM)). For the surface energies, the polar (P) and dispersive (D)

components, as well as total (T), are shown.
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Table 5~ Fluoro-Carbon Surface Modification Layers, and Treatment Thereof Contact Angle Surface Energy
Surface Treatment toform Water HD DIM D p T
Example Plasma Treatment of SML
P Surface Modification Laver (SML) A A €A} lmi/m2] | {mifm2) }{mi/m2]
Sa 30CF4 10CAF8 20H2 SmT 1500/50W 603 none 6596 | 48 672 § 2699 | 185 | 4549
S0N2 5mT 1000/50W 25C 105+ 50H2 5mT
5b 30CF4 10C4F8 20H2 SmT 1500/50W 605 1000/50W 25 105 13.5 204 484 36.24 | 39.59 | 75.83
5S¢ 30CF4 10C4F8 20H2 SmT 1500/50W 605 50N2 SmT 1000/50W 25C 30s 12.4 201 45,6 375 393 76.8
5d 30CF4 1DCAF8 20H2 SmT 1500/50W 605 50N2 5mT 1000/50W 25 10s 13.87 | 2227 | 4813 § 3633 | 4012 | 7645
Se 30CF4 10C4F8 20H2 SmT 1500/50W 60s) 100NH3 1000He Itors 50W 200 60s 4.2 15.27 39.1 4057 | 39.23 798
5f 30CF4 10C4F8 20H2 SmT 1500/50W 60s| LOONH3 Ltosy 300W 200 60s 48 56 37 4151 | 3883 | 8034
Sg 30CF4 10C4F8 20H2 SmT 1000/50W 605 none 785 60.1 731 233 12.9 36.2
5h 30CF4 10C4F8 SmT 1000/50W 60s 100NH3 torr 100W 200C 30s 3135 2 276 37.37 | 6485
5i 30CF4 10C4F8 SmT 1000/50W 60 100NH3 Ttorr 300W 200C 60s 15.4 16.8 40.8 39.8 377 715
Sj 30CF4 10C4F8 SmT 1000/50W 60s 100NH3 1000He 1torr 50W 200C60s 15.2 18.9 42 39.2 379 771
5k 30CF4 10C4FE SmT 1000/50W 60 SONZ 5mT 800/50W 25C 105 13.4 12.1 46.4 371 39.2 76.3
5 30CF4 10C4F8 5mT 1000/50W 60s SON2 5mT 800/50W 25C 60s 16.3 79 51 34.9 394 743
5m 30CF4 10C4F8 SmT 1000/50W 60 122 50H2 10mT 800/50W 25C 60s 72.8 57.4 69.2 26.1 15.2 413

[00112] In the examples Sb-5f and 5h-510f Table 5, nitrogen based polar groups are formed
on the surface modification layer, wherein these polar groups create moderate adhesion
between a carrier and thin sheet (for example a glass carrier and a glass thin sheet) to create a
temporary bond sufficiently strong to survive FPD processing but weak enough to permit
debonding. After treatment, the polar group concentration on the surface of the surface
modification layer is greater than that in the bulk of the surface modification layer.

[00113] Examples of Treatment by NH3 Plasma (Se, f, and h-j).

[00114] A moderate surface energy SML was deposited in an ICP plasma system from 30
sccm CF4 10 sccm C4F8 20 scem H2 at SmT with 1500W coil and 50W platen RF power
(control example 5a), and another from 30 sccm CF4 10 sccm C4F8 20 sccm H2 at 5mT with
1000W coil and SOW platen RF power (control example 5g). Surface energy of the untreated
fluoropolymer films are shown in the Table 5. Samples were transferred to an STS PECVD
system and exposed to an ammonia plasma with the conditions listed in Table 5 (examples

Se, 5f, 5h-j). Surface tension as measured with DI water and hexadecane by the Wu equation
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increased from about 40 to about 65-80 mJ/m2 depending on ammonia plasma conditions. A
thin glass sheet was bonded to each of these NH3 plasma modified samples. After 600°C
temperature testing, almost no change in bubble arca was observed, visually (no formal
outgassing test was performed), and the thin glass sheet in all these samples easily de-bonded
by hand.

[00115] Examples of Treatment by N2 Plasma (5c, d, k, 1).

[00116] A moderate surface energy SML was deposited in an ICP plasma system from 30
sccm CF4 10 sccm C4F8 20 scem H2 at SmT with 1500W coil and 50W platen RF power
(control example 5a), and another from 30 sccm CF4 10 sccm C4F8 20 sccm H2 at 5mT with
1000W coil and SOW platen RF power (control example 5g). Surface energy of the untreated
fluoropolymer films is shown in Table 5. Samples 5S¢, d, k, 1, were N2 plasma treated in-situ
in the ICP system with the conditions listed in Table 5. Surface energy increased from about
40 to over 70 mJ/m2 depending on plasma conditions. A thin glass sheet was bonded to each
of these samples. The thin glass sheet of all the samples were easily de-bonded by hand after
600°C temperature testing.

[00117] Example of Treatment by Simultaneous N2 and H2 Plasma (5m).

[00118] A moderate surface energy SML was deposited in an ICP plasma system from 30
sccm CF4 10 sccm C4F8 20 sccm H2 at SmT with 1000W coil and 50W platen RF power
(control example 5g). Surface tension of the untreated fluoropolymer is shown in Table 5.
Sample Sm was subjected to simultaneous N2+H2 plasma treatment in-situ in the ICP system
with the conditions listed in Table 5. Surface energy was not shown to differ from the
untreated fluoropolymer film.

[00119] Example of Treatment by Sequential N2 and H2 Plasma (5b).

[00120] A moderate surface energy SML was deposited in an ICP plasma system from 30
sccm CF4 10 sccm C4F8 20 sccm H2 at SmT with 1500W coil and 50W platen RF power
(control example 5a). Surface energy of the untreated fluoropolymer is shown in Table 5.
This sample was then subjected to sequential N2 and H2 plasma treated in-situ in the ICP
system with the conditions listed in Table 5. Surface energy rose to over 70 mJ/m2. This
value is similar to values obtained with ammonia or nitrogen plasma. A thin glass sheet was
bonded to this sample, and underwent 600°C temperature testing, after which the thin glass
sheet could be de-bonded from the carrier, i.¢., this sample passed part (c) of the 600°C
processing test.

[00121] XPS data revealed that the impact of ammonia and nitrogen plasma treatments on
the surface modification layer. Particularly, ammonia plasma treatment roughly halves the

carbon content of the surface modification and diminishes the fluorine concentration by about
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a quarter and adds about 0.4 at% nitrogen. Silicon, oxygen, and other glass constituents are
seen to increase as well, consistent with the ammonia plasma removing the fluoropolymer
while adding a small amount of nitrogen species to the surface. Nitrogen plasma treatment
increases nitrogen content to 2 at%, but also decreases carbon and fluorine content similar to
ammonia. Silicon, oxygen and other glass constituents also increase consistent with a
decrease in film thickness. Thus, the ammonia and nitrogen plasma treatments are shown to
add polar groups to the surface modification layer, but also decrease the surface layer
thickness. The resulting thickness of the surface modification layer was generally less than
20 nm. Thus, an effective surface modification layer will generally balance surface
modification layer thickness with subsequent surface treatment time to achieve controlled
bonding,

[00122] The thin glass sheet bonded to the carriers as per the examples of Table 5, as
described above, was a substrate made from Corning ® Willow® Glass, an alumino boro
silicate alkali-free glass (Available from Corning Incorporated, Corning NY), and having a
thickness of 100, 130, and 150 microns. Before bonding, the Willow® Glass was cleaned
using an oxygen plasma followed by SC1 and/or an SC2 chemistry and standard cleaning
techniques.

[00123] 1In the examples of Table 5, although the bonding surface on which the surface
modification layers were disposed was glass, such need not be the case. Instead, the bonding
surface may be another suitable material having a similar surface energy and properties as
glass, for example, silicon, polysilicon, single crystal silicon, ceramic, glass-ceramic,
sapphire, or quartz.

[00124] The use of a plasma polymerized fluoropolymer surface modification layer, less
than 20 nm thick, to control the bonding energy of a glass bonding surface, was demonstrated
in the examples of Tables 3 and 5. The initial bonding of a glass thin sheet to such a glass
carrier having the surface modification layer thereon is similar to bonding glass to glass: the
bond front moves rapidly due to the strong attractive interaction between the thin sheet and
the coated glass carrier. The physical origin of this attractive interaction is the dipole-dipole
(Keesom) interaction between polar groups on the thin glass sheet (mostly silanol groups)
and polar groups on the surface modification layer of the carrier, either with or without
hydrogen-bonded molecular water. The fluoropolymer surface modification treatment,
however, prevents permanent bonding of the thin sheet to the carrier at temperature up to
600°C relevant for device fabrication. To offer a compelling cost advantage to low yield acid
thinning of thicker glass, the carrier needs to be re-usable. This is a concern when using a

fluorinated surface modification layer, as the fluoropolymer deposition process etches the
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carrier surface. While re-use of carriers has been demonstrated with those surface
modification layers, the surface roughness increases from 0.3 nm to about 1.2 nm Ra. This
increase in roughness can impact carrier reusability by reducing the bond energy (on carriers
that have been re-used after deposition, removal, and re-deposition of the surface
modification layer) due to limiting the bond area Also, the surface roughness increase can
limit the carrier reuse in other applications, such as using the carrier itself as a display
substrate, by not meeting specifications for roughness of incoming glass. It has also been
observed that after annealing a bonded pair of thin glass sheet and carrier at temperature
>300°C, a roughness has been induced on the bonding surface side of the thin glass sheet.
The increased roughness on the thin sheet bonding surface is likely due to etching of the thin
glass bonding surface by desorbed fluorine containing gases from the surface-modification-
layer treated carrier bonding surface. In some cases, this increase in roughness of the
bonding surface is not consequential. In other instances, although the roughness increase is
small, this increase may not be acceptable, as it may limit re-use of a carrier, for example.
Additionally, there may be reasons, for example health and safety, for not wanting to use
fluorinated gasses in certain manufacturing operations.

[00125] Thus, there may be instances wherein it is desirable to use an alternative polar bond
to create sufficient surface energy (for example, > 50 mJ/m” as discussed above in connection
with the examples in Table 5) for creating a controlled bond, i.e., one that is strong enough to
survive FPD processing, yet allow the thin sheet to be separated from the carrier without
damage (even after high temperature processing, for example processing above 400°C or
600°C). Accordingly, the inventors explored alternative ways to form suitable polar bonds
that may be used for controlled bonding of a thin sheet to a carrier.

[00126] The inventors explored using a hydrocarbon polymer, or more generally a
carbonaceous layer, so that little or no fluorine would be available to etch the glass. However,
several key challenges had to be overcome. The carbonaceous layer surface energy should be
greater than about 50 mJ/m? for the carbonaceous layer to bond with glass. In order to
provide a bond strong enough to survive wet processing without liquid infiltration between
the thin sheet and carrier, in some instances, the carbonaceous surface modification layer
should have a surface energy of 65 mJ/m2 or higher. At 65 mJ/m2, the surface energy of the
carrier (for bonding to a thin glass sheet) is sufficient for preventing liquid (for example
water) infiltration between the carrier and thin sheet during subsequent processing. With a
surface energy of about 50 mJ/m2, the bond to a thin glass sheet may be sufficient for most
FPD processing, but may need heat treatment to prevent liquid infiltration. Specifically, the

polar component of the hydrocarbon layer needs to be increased in-order to achieve strong
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dipole-dipole bonds directly with the silanol groups of the thin glass sheet or mediated by
hydrogen-bonded molecular water. The carbonaceous layer should also exhibit thermal,
chemical, and vacuum compatibility so that it will be useful for a carrier-thin-sheet article
that will undergo at least amorphous silicon (aSi) TFT, color filter (CF), or capacitive touch
device making processes. This appeared possible as aliphatic hydrocarbons like polyethylene
exhibit great thermal stability in an inert atmosphere. Unlike fluoropolymers which may
depolymerize under certain circumstances, HDPE simply chars. Even though the HDPE may
char, if the thickness of polymer is low enough, one can still see through it. A final concern
was that mechanical stability and wet process compatibility appeared to require a higher
adhesion than can be achieved with Van der Waals forces alone. It was seen that about 250 to
about 275 mJ/m2 bond energy was beneficial for surviving wet ultrasonic processing with the
glass thin sheets used. This large bond energy may be due to particles and edge defects rather
than fundamental requirements of the bonding processes. At best bonding two clean glass
surfaces can produce a bond energy of about 150 mJ/m2. Some covalent bonding is required
to achieve the 250-275 mJ/m2 bond strength.

[00127] The surface modification layers explored in the examples of Tables 6-12 are
organic ones based on source materials that did not contain fluorine. As will be described in
more detail below, an amorphous hydrocarbon layer (or simply a carbonaceous layer) could
be produced on the glass carrier (Table 6), but the surface energy did not produce sufficient
adhesion to a clean glass surface to survive FPD processing. This was not surprising,
because the organic surface modification layer based on methane and hydrogen contained no
strongly polar groups. In order to increase the polar groups available for bonding to the thin
glass sheet, additional gasses were added during the plasma polymerization, and could
achieve sufficient surface energy (Table 7). However, although sufficient surface energy
could be achieved in some cases, this one-step process involves a certain amount of
complexity in obtaining an appropriate mix of source materials. Therefore, a two-step
process was developed, where: in the first step, a surface modification layer was formed (for
example, from two gasses similar to the manner in which this was done in the examples of
Table 6); then, in the second step, the surface modification layer was treated in various
manners to increase the surface energy and polar groups available for bonding to the thin
glass sheet. Although more steps, this process was less complex to manage to obtain
desirable results. The treatments increase the polar groups at the surface of the surface
modification layer that will be bonded to the thin sheet. Thus, polar groups are available for
bonding the carbonaceous layer to the thin sheet, even though the bulk of the surface

modification layer may not, in some instances, contain polar groups. The various manners of
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treating the initial surface modification layer are explored in the examples of Tables 8-12,
wherein: in the examples of Table 8, the surface modification layer is treated with NH3; in
the examples of Table 9, the surface modification layer is treated with N2; in the examples of
Table 10, the surface modification layer is treated sequentially with N2 then H2; the
examples of Table 11, the surface modification layer is treated sequentially with N2-O2 and
then with N2; in the examples of Table 12, the surface modification layer is treated with N2-
02; and in the alternative examples following Table 12, the surface modification layer is
treated with O2 alone. These example show the use of nitrogen and oxygen polar groups, but
other polar groups may be possible.

[00128] Forming a Carbonaceous Surface Modification Layer with Hydrocarbon (for

example, methane CH4). and optionally hvdrogen (for example, H2)

[00129] Another example of using plasma polymerized films to tune the surface energy of,
and cover surface hydroxyls on, a bonding surface is deposition of a surface modification
layer thin film from a carbon-containing gas, for example, a hydrocarbon gas, for example
methane, optionally together with another gas (for example, hydrogen H2) during plasma
polymerization. In most cases, though, hydrogen flow is preferred because otherwise the
deposited material tends to be graphitic, dark and has a low band gap. This is the same
throughout the carbonaceous surface modification layer examples of Tables 6-12 and 16.

The surface modification layer may be formed in atmospheric or reduced pressure, and is
performed with plasma excitation for example, DC or RF parallel plate, Inductively Coupled
Plasma (ICP), Electron Cyclotron Resonance (ECR), downstream microwave or RF plasma.
The plasma polymerized surface modification layer may be disposed on a carrier, a thin
sheet, or both. As noted above in connection with the examples of Table 3, plasma
polymerization creates a layer of highly cross-linked material. Control of reaction conditions
and source gases can be used to control the surface modification layer film thickness, density,
and chemistry to tailor the functional groups to the desired application and by controlling the
film properties, the surface energy of a bonding surface can be tuned. The surface energy can
be tuned so as to control the degree of bonding, i.e., so as to prevent permanent covalent
bonding, between the thin sheet and the carrier during subsequent treatments performed to
dispose films or structures on the thin sheet.

[00130] In the examples of Table 6, below, various conditions were used to deposit a plasma
polymerized film onto a glass carrier. The deposition parameters explored in the examples of
Table 6 were: gas ratio (methane:hydrogen); pressure, ICP coil and RF bias power. The glass
carrier was a substrate made from Corning ® Eagle XG®), alumino boro silicate alkali-free

display glass (Available from Corning Incorporated, Corning NY). Before film deposition,
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the carriers were cleaned using an SC1 and/or an SC2 chemistry and standard cleaning
techniques. The films were deposited in an Oxford Plasmalab 380 ICP (available from
Oxford Instruments, Oxfordshire UK) Inductively Coupled Plasma (ICP) tool wherein the
carrier sat on a platen to which a specified number of Watts (noted in the “RF Bias” column)
of 13.56 MHz RF energy was applied, above the platen there was disposed a coil to which a
specified number of Watts (noted in the “Coil” column) of 13.5 MHz RF energy was applied.
The flow-rates of the methane (CH4) and hydrogen (H2) source into the chamber were as
shown in the CH4 and H2 columns respectively (flowrates being in standard cubic
centimeters per minute—sccm). The CH4 and H2 gasses were flowed together. Also shown
is the ratio of H2:CH4 source gasses in the “H2/CH4” column, and the pressure of the
chamber (in mTorr) in the “Pressure” column. Thus, for example, the notation in Table 6 for
example6a is read as follows: in an Oxford ICP apparatus, 6.7 sccm of CH4 and 33.3 sccm of
H2 were flowed together into a chamber having a pressure of 20 mTorr; 1500 W of 13.5
MHz RF energy was applied to the coil and 300 W of 13.56 MHz RF energy was applied to
the platen on which the carrier sat. Platen temperature was 30C for all depositions. The
notation for the remaining examples can be read in a similar manner. Surface energies were
calculated in mJ/m? (milli Joules per square meter) by using the contact angles (CA) of three
different test liquids (in this case, de-ionized water (shown in column “W”), hexadecane
(shown in column “H”), and di-iodomethane(shown in column “DIM”)) and the Wu model.
For the surface energies, the polar (P) and dispersive (D) components, as well as total (T), are

shown.
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Table 6 Forming Surface Modification Layers from Methane and Methane/Hydrogen Source Gasses

Example Source Gasses Chamber Conditions Contact Angles Surface Energy {mJ/m?2)
H2/CHA cHa | W2 | Pressure REBias| oy H | bM | D P T
{mtorr} (W)
6a 5 6.7 333 20 300 1500 | 852 46 409 | 3287 | 761 | 4048

&h 0 40.0 00 5 300 1500 72 447 | 3533 ) 3392 1331 | 4723

6¢ 0 40.0 0.0 20 300 750 79.7 38 4063 | 32085 997 | 4292

6d 5 6.7 333 20 50 750 | 8237 347 406 | 3255 B8 | 4177

e 0 400 0.0 20 50 1500 | 8227 | 45 4407 | 3224 903 | 4177

&f 25 114 286 12.5 175 1125 | 8167 | 467 | 3853 | 3333 9 4233

68 25 114 286 125 175 1125 | 725 437 | 4153 3276 | 1336 | 412

6h 5 67 333 5 50 1500 72 48 2497 | 3397 0 133 | 410

6i o 400 0.0 5 50 750 | 7347 0 373 3457 | 3406 | 1271 4677

6 5 6.7 333 5 300 750 | 663 3.7 3607 | 3379 | 1615 | 4994

[00131] The surface energies for examples 6a-6j varied from about 40 to about 50 mJ/m”.
However, by and large, the surface energies for these examples were less than about 50
mJ/m?” (considered appropriate for controllably bonding a glass carrier to a glass thin sheet).
The thickness of the surface modification layer was about 6 nm. These examples did not
produce sufficient adhesion between the carrier and a thin glass sheet to survive FPD
processing, i.e., they were observed to bubble during vacuum testing, and were observed to
have hot water infiltration during the wet process testing.

[00132] Although, these surface modification layers themselves were not suitable for
bonding to a thin glass sheet, they may be used in other applications, for example, applying a
polymer thin sheet to a glass carrier for processing electronic or other structures onto the thin
polymer sheet, as discussed below. Alternatively, the thin sheet may be a composite sheet
having a polymer surface that may be bonded to the glass carrier. In this instance, the
composite sheet may include a glass layer on which electronic or other structures may be
disposed, whereas the polymer portion forms the bonding surface for controlled bonding with
a glass carrier.

[00133] In the examples of Table 6, although the bonding surface on which the surface
modification layers were disposed was glass, such need not be the case. Instead, the bonding

surface may be another suitable material having a similar surface energy and properties as
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glass, for example, silicon, polysilicon, single crystal silicon, ceramic, glass-ceramic,
sapphire, or quartz.

[00134] One-Step Forming of a Surface Modification Layer with a Mixture of Non-

Fluorinated Sources

[00135] Another example of using plasma polymerized films to tune the surface energy of,
and cover surface hydroxyls on, a bonding surface is deposition of a surface modification
layer thin film from a mixture of non-fluorinated gas sources, including a carbon-containing
gas, for example, a hydrocarbon. Deposition of the surface modification layer may take place
in atmospheric or reduced pressure, and is performed with plasma excitation for example, DC
or RF parallel plate, Inductively Coupled Plasma (ICP), Electron Cyclotron Resonance
(ECR), downstream microwave or RF plasma. The plasma polymerized surface modification
layer may be disposed on a carrier, a thin sheet, or both. As noted above in connection with
the examples of Table 3, plasma polymerization creates a layer of highly cross-linked
material. Control of reaction conditions and source gases can be used to control the surface
modification layer film thickness, density, and chemistry to tailor the functional groups to the
desired application, and by controlling the film properties, the surface energy of a bonding
surface can be tuned. The surface energy can be tuned so as to control the degree of bonding,
i.e., so as to prevent permanent covalent bonding, between the thin sheet and the carrier
during subsequent treatments performed to dispose films or structures on the thin sheet.
[00136] In the examples of Table 7, below, various conditions were used to deposit a plasma
polymerized film onto a glass carrier. The glass carrier was a substrate made from Corning ®
Eagle XG®, alumino boro silicate alkali-free display glass (Available from Corning
Incorporated, Corning NY). Before film deposition, the carriers were cleaned using an SC1
and/or an SC2 chemistry and standard cleaning techniques. The films were deposited in an
Oxford Plasmalab 380 ICP (available from Oxford Instruments, Oxfordshire UK) in
Inductively Coupled Plasma (ICP) configuration mode wherein the carrier sat on a platen to
which a specified number of Watts (noted in the “RF Bias” column) of 13.56 MHz RF energy
was applied, above the platen there was disposed a coil to which a specified number of Watts
(noted in the “Coil” column) of 13.5 MHz RF energy was applied. The flow-rates of the
methane (CH4), nitrogen (N2) and hydrogen (H2), source gasses into the chamber were as
shown in the CH4, N2 and H2 columns respectively (flowrates being in standard cubic
centimeters per minute—sccm). The CH4, N2, and H2, gasses were flowed together. Also
shown is the ratio of N2:CH4 source gasses in the “N2/CH4” column, and the pressure of the
chamber (in mTorr) in the “Pressure” column. Thus, for example, the notation in Table 7 for

example7g is read as follows: in an Oxford 380 ICP apparatus, 15.4 sccm of CH4, 3.8 sccm
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of N2, and 30.8 sccm of H2 were flowed together into the chamber having a pressure of 5
mTorr; 1500 W of 13.5 MHz RF energy was applied to the shower head; and 50 W of 13.56
MHz RF energy was applied to the platen on which the carrier sat. Platen temperature was
30C for all samples in Table 7. The notation for the remaining examples can be read in a
similar manner. Surface energies were calculated in mJ/m? (milli Joules per square meter) by
using the contact angles (CA) of three different test liquids (in this case, de-ionized water
(shown in column “W?”), hexadecane (shown in column “H”), and di-iodomethane(shown in
column “DIM™)) and the Wu model. For the surface energies, the polar (P) and dispersive
(D) components, as well as total (T), are shown. Additionally, in the “Thickness” column are
shown are thickness values (in Angstroms) for the surface modification layer deposited as per

the conditions noted for that particular example.

Table 7- Forming Surface Modification Layer with Methane Nitrogen and Hydrogen
Example Source Gasses Chamber Conditions Contact Angle Surface Energy (mlfm”2)
nyjcng cna | ne | o | TESUOREBSS ) w | om o] D | p 1 [k foune)

Ta 0 560 1 00 04 ‘ 5 50$ 15001 77937 383 371 3361 1063 4424 ?:’031 108
b 4251 400 100 040 5 50 1500 § 42537 403 | 3627) 3375 2873 6248) 503 | 126
7 a5 333 187 04 5 50 1500 § 417 1 427 | 3573] 3385 2911, 6286) €05 01
7d 1 25010 B0 04 5 50 1500 1 36071 443 | 5L17) 30.76) 3336 6432) 586 | 062
T2 4 100 | 400 ¢+ 00 5 50 1500 § 41771 23031 4583} 3058 3039 6087} 584 | 23
i d 166 | 00 33.2 5 50 1500 § 75871 457 | 2923) 3494 1124 4618} 522 145
8 9251 154 1 38 30.8 5 50 15001 444 | 363 | 59.97) 2887 2974 5881} 5147 132
7t 4.5 143 7.1 28.6 5 50 1500 34 433 | 34371 3408 3283 60696] 516 9
7 1 125 1 125 1 354 5 50 1500 § 38631 393 | 3433] 3411 3055 64e6j 58 0.434
7] 4 7.1 287 | 142 5 50 15060 8 337 1 457 | 336 3472) 32831 6721 586 186

[00137] Example 7a shows a surface modification layer made from methane alone. Under
these deposition conditions, the methane-formed surface modification layer achieved on the
carrier a surface energy of only about 44 mJ/m”. Although this is not at the desired level for
glass to glass controlled bonding, it may be useful for bonding a polymer bonding surface to
a glass carrier.

[00138] Examples 7b to 7e show a surface modification layer made from plasma
polymerization of methane and nitrogen at various ratios of N2:CH4. Under these deposition
conditions, the methane-nitrogen formed surface modification layer achieved on the carrier a
surface energy of from about 61 mJ/m* (example 7¢) to about 64 mJ/m”* (example 7d). These

surface energies are sufficient for controllably bonding a thin glass sheet to a glass carrier.
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[00139] Example 7f shows a surface modification layer made from plasma polymerization
of methane and hydrogen (H2). Under these deposition conditions, the methane-hydrogen
formed surface modification layer achieved on the carrier a surface energy of about 60
mJ/m?, which is sufficient for controllably bonding a thin glass sheet to a glass carrier.
[00140] Examples 7gto 7j show a surface modification layer made from plasma
polymerization of methane, nitrogen, and hydrogen. Under these deposition conditions, the
methane-nitrogen-hydrogen formed surface modification layer achieved on the carrier a
surface energy of from about 58 mJ/m* (example 7g) to about 67 mJ/m” (example 7j), which
are sufficient for controllably bonding a thin glass sheet to a glass carrier.

[00141] Thin glass and carriers bonded with a surface modification layer formed as per
examples7b to 7j were observed not to permanently adhere after annealing at 450°C, i.c., they
pass part (c) of the 400°C temperature testing. De-bonding permits removal of devices
fabricated on thin glass, and re-use of the carrier.

[00142] The thin glass sheet bonded to each of the carriers as per the examples (7b to 7j) of
Table 7 was a substrate made from Corning ® Willow® Glass, an alumino boro silicate
alkali-free glass (Available from Corning Incorporated, Corning NY), and having a thickness
of 100, 130, and 150, microns. Before bonding, the Willow® Glass was cleaned using an
oxygen plasma followed by SC1 and/or SC2 chemistry and standard cleaning techniques.
[00143] In the examples of Table 7, although the bonding surface on which the surface
modification layers were disposed was glass, such need not be the case. Instead, the bonding
surface may be another suitable material having a similar surface energy and properties as
glass, for example, silicon, polysilicon, single crystal silicon, ceramic, glass-ceramic,
sapphire, or quartz.

[00144] The surface modification layers of the examples of Table 7 are formed in a one-step
process. That is, appropriate surface energy and polar group inclusion are achieved by
depositing the surface modification layer from a select mixture of gasses under appropriate
conditions. Although the appropriate gasses and conditions were achieved, the process
involves a certain amount of complexity to carry out the appropriate gas mixture. Thus, a
simpler process was sought. It was postulated that an appropriate surface energy and
appropriate polar groups could be achieved from a two-step process, wherein each step would
be simple and stable. Specifically, it was postulated that in the first step, there would be
deposited a carbonaceous surface modification layer, whereas in the second step, the surface
modification layer would be treated to increase surface energy and develop the appropriate
polar groups for controlled boning, wherein the polar groups may be more concentrated at the

surface of the surface modification layer to which the thin sheet will be bonded than they are
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in the bulk material. From the examples of Table 6, it was learned that pressure and coil
power have the largest impact on surface energy. Also, it was learned that thickness of the
film was seen to increase with increasing bias and decreasing pressure. Thus, from these
results there was chosen as the starting point, for further exploration of treatments to increase
surface energy and incorporate polar groups, an amorphous hydrocarbon polymer surface
modification layer deposition process of 20 sccm CH4 40 sccm H2 5mT 1500/50W 60s that
created a carbonaceous surface modification layer of about 6.5 nm in thickness. To the base
surface modification layer, various treatments were performed in a second step, as set forth in
the examples of Tables 8-11, to modify the polar groups, and concentrations thereof, at the
surface of the surface modification layer to which the thin sheet is to be bonded. Although
specific examples of starting materials for the surface modification layer and treatment
materials are discussed below, generally, a carbonaceous layer is formed from a carbon-
containing source, and then polar groups are added by subsequent treatment. Similarly,
although specific polar groups are shown through the examples, others may be possible.

[00145] Introduction of Polar Groups, by NH3 Treatment, to a Carbonaceous Surface

Modification Layer

[00146] Another example of using plasma polymerized films to tune the surface energy of,
and create alternative polar bonding sites on, a bonding surface is deposition of a thin surface
modification layer film from a carbon source, for example, methane (a carbon-containing gas
source), and from hydrogen H2, followed by nitrogen treatment of the just-formed surface
modification layer. The nitrogen treatment may be performed with an ammonia plasma
treatment, for example. Deposition of the surface modification layer may take place in
atmospheric or reduced pressure, and with plasma excitation for example DC or RF parallel
plate, Inductively Coupled Plasma (ICP), Electron Cyclotron Resonance (ECR), downstream
microwave or RF plasma. The plasma polymerized surface modification layer may be
disposed on a carrier, a thin sheet, or both. As noted above in connection with the examples
of Table 3, plasma polymerization creates a layer of highly cross-linked material. Control of
reaction conditions and source gases can be used to control the film thickness, density, and
chemistry to tailor the functional groups to the desired application and by controlling the film
properties, the surface energy of a bonding surface can be tuned. The nitrogen based polar
groups, formed during the subsequent ammonia plasma treatment, do not condense with
silanol groups to cause permanent covalent bonding and, thus, are able to control the degree
of bonding between the thin sheet and the carrier during subsequent treatments performed to

dispose films or structures on the thin sheet.
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[00147] Inthe examples of Table 8, below, various conditions were used to deposit a plasma
polymerized surface modification layer film onto a glass carrier. The glass carrier was a
substrate made from Corning ® Eagle XG®, alumino boro silicate alkali-free display glass
(Available from Corning Incorporated, Corning NY). Before film deposition, the carriers
were cleaned using an SC1 and/or an SC2 chemistry and standard cleaning techniques. The
surface treatments were deposited in an Oxford Plasmalab 380 ICP (available from Oxford
Instruments, Oxfordshire UK) in Inductively Coupled Plasma (ICP) configuration mode
wherein the carrier sat on a platen to which a specified number of Watts of 13.56 MHz RF
energy was applied, above the platen there was disposed a coil to which a specified number
of Watts of 13.5 MHz RF energy was applied. For the energy applied, more generally, the
numbers are shown as a #/#W, wherein the number before the slash is the Wattage applied to
the coil (shower head), and the number after the slash is the Wattage applied to the platen.
Where there is only one number shown, this is for the coil. The flow-rates of the gasses into
the chamber were as shown in Table 8 (flowrates being in standard cubic centimeters per
minute—sccm). During the plasma treatment of the surface modification layer (SML), the
temperature of the chamber was 30°C. Thus, for example, the notation in the “Surface
Treatment” column of Table 8 for example8a is read as follows: in an Oxford ICP apparatus,
40 sccm of CH4, was flowed into a chamber having a pressure of 5 mTorr; 1500 W of 13.5
MHz RF energy was applied to the shower head; 50 W of 13.56 MHz RF energy was applied
to the platen on which the carrier sat; the chamber was at a temperature of 30°C; and the
deposition time was 60 seconds. The notation in the Surface Treatment column for the
remaining examples can be read in a similar manner except that surface treatments were
performed in an STS Multiplex PECVD (available from SPTS, Newport, UK). Carriers sat on
a grounded electrode held at 200C, and gases were introduced through a 13.56 MHz RF
driven showerhead. By way of further example, in the “Plasma Treatment” column, the
notation for the treatment in example 8a is read as follows: after the surface modification
layer is formed as per the parameters in the Surface Treatment column of example 8a, then
100 sccm of NH3 is supplied to the chamber having a pressure of 1 Torr, and a temperature
of 200°C; 300 W of 13.56 MHz RF is applied to the showerhead and the treatment is carried
out for 60 seconds. The notation in the “Plasma Treatment” column for the remaining
examples is read in a similar manner. Surface energies were calculated in mJ/m* (milli Joules
per square meter) by using the contact angles of three different test liquids (in this case, de-
ionized water, hexadecane (H), and di-iodomethane(DIM)) and the Wu model. For the

surface energies, the polar (P) and dispersive (D) components, as well as total (T), are shown.
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Table 8- Ammonia Treatment of Methane, and Methane/Hydrogen, Formed Surface Modification Layers
Surface Layer A
Example Deposition Plasma Treatment Contact Angle Surface Energy (mi/mA2)
W H DiM D p T
8a A0CHASMT | 100NH3 1torr 300W) 45, 377 422 3263 4136 73.09
1500/50W 60s 200C 60s
8b AOCHASmT | 100NH31000He Storf 3¢ ¢3 333 24.27 35,69 29.95 65.64
1500/50W 605 SOW 200 605
8c 20CH4 40H2 5mT | 100NH3 1torr 300W| 0 4 107 17,07 1362 33.63 7235
1500/50W 605 200€ 605 ‘ ’ ’ ' ) ’
gd | 20CHAA0HZSMT |100NH31000He Jtorr 45 g 337 2847 35.08 27.51 62.59
1500/50W 60s 50W 2000605

[00148] Examples 8a and 8b show a plasma polymerized hydrocarbon surface modification
layer that was subsequently treated with a nitrogen-containing gas (ammonia). In the case of
example 8a, the ammonia was used by itself with 300 W of power, whereas in example 8b,
the ammonia was diluted with helium and the polymerization carried out at a lower power of
SOW. In each case, though, a sufficient surface energy was attained on the carrier bonding
surface to allow it to be controllably bonded to a thin glass sheet. Examples &c and 8d show
a plasma polymerized hydrocarbon surface modification layer that was formed by
hydrocarbon-containing (methane) and hydrogen-containing (H2) gasses and then
subsequently treated with a nitrogen-containing gas (ammonia). In the case of example &c,
the ammonia was used by itself with 300 W of power, whereas in example 8d, the ammonia
was diluted with helium and the polymerization carried out at a lower power of SOW. Thin
glass and carriers bonded with a surface modification layer formed as per examples 8a-8d
were observed not to permanently adhere after annealing at 450°C, i.e., they were able to
survive part (c) of the 400°C temperature testing. Outgassing tests were not performed on
these samples. Also, these examples were strong enough to survive FPD processing
(including the above-described vacuum testing (1), wet process testing (2), and ultrasonic
testing (5)) and remained de-bondable by application of sufficient peeling force. De-bonding
permits removal of devices fabricated on thin glass, and re-use of the carrier.

[00149] The thin glass sheet bonded to each of the carriers as per the examples of Table 8
was a substrate made from Corning ® Willow® Glass, an alumino boro silicate alkali-free
glass (Available from Corning Incorporated, Corning NY), and having a thickness of 100,
130, and 150, microns. Before bonding, the Willow® Glass was cleaned using an oxygen
plasma followed by SC1 and/or SC2 chemistry and standard cleaning techniques.

[00150] In the examples of Table 8, although the bonding surface on which the surface

modification layers were disposed was glass, such need not be the case. Instead, the bonding
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surface may be another suitable material having a similar surface energy and properties as
glass, for example, silicon, polysilicon, single crystal silicon, ceramic, glass-ceramic,
sapphire, or quartz.

[00151] Introduction of Polar Groups, by N2 treatment, to a Carbonaceous Surface

Modification Layer

[00152] Another example of using plasma polymerized films to tune the surface energy of,
and create alternative polar bonding sites on, a bonding surface is deposition of a surface
modification layer thin film from a carbon source (for example a carbon-containing gas, for
example, methane), and from hydrogen H2, followed by nitrogen treatment of the just-
formed surface modification layer. The nitrogen treatment, to form nitrogen based polar
groups on the surface modification layer, may be performed by plasma treatment with N2
gas. Deposition of the surface modification layer may take place in atmospheric or reduced
pressure, and with plasma excitation for example, DC or RF parallel plate, Inductively
Coupled Plasma (ICP), Electron Cyclotron Resonance (ECR), downstream microwave or RF
plasma. The plasma polymerized surface modification layer may be disposed on a carrier, a
thin sheet, or both. As noted above in connection with the examples of Table 3, plasma
polymerization creates a layer of highly cross-linked material. Control of reaction conditions
and source gases can be used to control the surface modification layer film thickness, density,
and chemistry to tailor the functional groups to the desired application and by controlling the
film properties, the surface energy of a bonding surface can be tuned. The nitrogen based
polar groups, formed during the subsequent plasma treatment, do not condense with silanol
groups to cause permanent covalent bonding and, thus, are able to control the degree of
bonding between the thin sheet and the carrier during subsequent treatments performed to
dispose films or structures on the thin sheet.

[00153] In the examples of Table 9, below, various conditions were used to nitrogen treat a
plasma polymerized film deposited onto a glass carrier. The glass carrier was a substrate
made from Corning ® Eagle XG®, alumino boro silicate alkali-free display glass (Available
from Corning Incorporated, Corning NY). Before surface modification layer deposition, the
carriers were cleaned using an SC1 and/or an SC2 chemistry and standard cleaning
techniques. The surface modification layers were deposited in an Oxford Plasmalab 380 ICP
(available from Oxford Instruments, Oxfordshire UK) in Inductively Coupled Plasma (ICP)
configuration mode wherein the carrier sat on a platen to which SOW of 13.56 MHz energy
was applied, above the platen there was disposed a coil to which 1500 W of 13.5 MHz RF
energy was applied. 20 sccm of methane (CH4) and 40 sccm of hydrogen (H2) were flowed

into a chamber at a pressure of 5 mTorr. Surface treatment times were 60sec, and platen
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temperature was 30C for all samples listed in Table 9. After the foregoing deposition, the
surface modification layer was treated with nitrogen. Specifically, during treatment a
specified number of Watts (noted in the “RF Bias” column) of 13.56 MHz RF energy was
applied to the platen, above the platen there was disposed a coil to which a specified number
of Watts (noted in the “Coil” column) of 13.5 MHz RF energy was applied. N2 was flowed
into the chamber at a rate of 40 sccm for the time (in seconds - s) listed in the table. Thus, for
example, the notation for nitrogen treatment in Table 9 for example9a is read as follows: in
an Oxford ICP apparatus, 40 sccm of N2 was flowed into a chamber having a pressure of 5
mTorr; 1500 W of 13.5 MHz RF energy was applied to the shower head; and 300 W of 13.56
MHz RF energy was applied to the platen on which the carrier sat which was temperature
controlled to 30C, and the treatment was carried out for 10 seconds. The notation for the
remaining examples can be read in a similar manner. Surface energies were calculated in
mJ/m2 (milli Joules per square meter) by using the contact angles (CA) of three different test
liquids (in this case, de-ionized water (shown in column “W”), hexadecane (shown in column
“HD”), and di-iodomethane(shown in column “DIM™)) and the Wu model. For the surface

energies, the polar (P) and dispersive (D) components, as well as total (T), are shown.

Table 9~ Nitrogen Treatment of Methane/Hydrogen Formed Surface Modification Layer
] Chamber Conditions Contact Angle Surface Energy {(ml/m"2}

Bxample | Time (s)| Pfese Rig};’s coil (W)} W HD | DIM D P T
9a 10.0 5 200 1500 42.67 4.8 37.83 33.46 28.73 62.19
9b 60.0 5 50 1500 40.43 4.8 37.57 3351 29.91 63.42
9¢ 60.0 5 200 750 40.87 4.87 35.47 33.87 29.51 63.38
9d 35.0 125 175 1125 48.07 523 37.03 33.59 25.86 59.45
Ye 35.0 125 175 1125 41.23 5.33 35,87 33.79 29.39 63.18
9f 600 20 300 1500 41.67 493 4493 32.05 29.87 61.92
9g 10.0 20 50 15008 43.7 5.37 355 33.86 28.06 61.92
Sh 10.0 5 50 750 5413 4.67 36.33 3373 22.54 56.27
9i 60.0 20 50 750 57.6 53 38.7 33.08 20.88 53.96

9 10.0 20 300 750 52.6 4.43 37.77 33.47 23.43 56.9

[00154] Examples 9a-9j show that various conditions may be used for the nitrogen treatment
of a methane/hydrogen formed surface modification layer, whereby a varicty of surface

energies may be obtained, i.¢., from about 53 mJ/m” (example 9i) to about 63 mJ/m*
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(example 9b), which are suitable for bonding to a thin glass sheet. These surface energies,
obtained after nitrogen treatment, were increased from about 42 mJ/m” (obtained from the
base layer formed from methane-hydrogen plasma polymerization). Thin glass and carriers
bonded with a surface modification layer formed as per examples 9a-9] were observed not to
permanently adhere after annealing at 450°C, i.e., they pass part (c¢) of the 400°C temperature
testing. Outgassing tests were not performed on these samples. Also, these examples were
strong enough to survive FPD processing (including the above-described vacuum testing (1),
wet process testing (2), and ultrasonic testing (5)) and remained de-bondable by application
of sufficient peeling force. De-bonding permits removal of devices fabricated on thin glass,
and re-use of the carrier.

[00155] The thin glass sheet bonded to each of the carriers as per the examples of Table 9
was a substrate made from Corning ® Willow® Glass, an alumino boro silicate alkali-free
glass (Available from Corning Incorporated, Corning NY), and having a thickness of 100,
130, and 150, microns. Before bonding, the Willow® Glass was cleaned using an oxygen
plasma followed by SC1 and/or SC2 chemistry and standard cleaning techniques.

[00156] In the examples of Table 9, although the bonding surface on which the surface
modification layers were disposed was glass, such need not be the case. Instead, the bonding
surface may be another suitable material having a similar surface energy and properties as
glass, for example, silicon, polysilicon, single crystal silicon, ceramic, glass-ceramic,
sapphire, or quartz.

[00157] Introduction of Polar Groups, by Sequential N2 then H2 Treatment, to a

Carbonaceous Surface Modification Laver

[00158] Another example of using plasma polymerized films to tune the surface energy of,
and create alternative polar bonding sites on, a bonding surface is deposition of a surface
modification layer thin film from a carbon source, for example methane (a carbon-containing
gas), and from hydrogen H2, followed by sequential nitrogen then hydrogen treatment of the
just-formed surface modification layer. Deposition of the surface modification layer may
take place in atmospheric or reduced pressure, and is performed with plasma excitation for
example, DC or RF parallel plate, Inductively Coupled Plasma (ICP), Electron Cyclotron
Resonance (ECR), downstream microwave or RF plasma. The plasma polymerized surface
modification layer may be disposed on a carrier, a thin sheet, or both. As noted above in
connection with the examples of Table 3, plasma polymerization creates a layer of highly
cross-linked material. Control of reaction conditions and source gases can be used to control
the surface modification layer film thickness, density, and chemistry to tailor the functional

groups to the desired application, and by controlling the film properties, the surface energy of
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a bonding surface can be tuned. The nitrogen based polar groups, formed during the
subsequent plasma treatment, do not condense with silanol groups to cause permanent
covalent bonding and, thus, are able to control the degree of bonding between the thin sheet
and the carrier during subsequent treatments performed to dispose films or structures on the
thin sheet.

[00159] 1In the examples of Table 10, below, various conditions were used to treat (with
nitrogen and sequentially then with hydrogen) a plasma polymerized film deposited onto a
glass carrier. The glass carrier was a substrate made from Corming ® Eagle XG®, alumino
boro silicate alkali-free display glass (Available from Corning Incorporated, Corning NY).
Before film deposition, the carriers were cleaned using an SC1 and/or an SC2 chemistry and
standard cleaning techniques. The films were deposited in an Oxford Plasmalab 380 ICP
(available from Oxford Instruments, Oxfordshire UK) in Inductively Coupled Plasma (ICP)
configuration mode wherein the carrier sat on a platen to which SOW of 13.56 MHz energy
was applied, above the platen there was disposed a coil to which 1500 W of 13.5 MHz RF
energy was applied. 20 sccm of methane (CH4) and 40 sccm of hydrogen (H2) were flowed
into a chamber at a pressure of 5 mTorr. Surface treatment times were 60sec, and platen
temperature was 30C for all samples listed in Table 9. After the foregoing deposition, the
surface modification layer was treated sequentially with nitrogen and then with hydrogen.
Specifically, in each case, for nitrogen treating: 40 sccm of N2 was flowed into the chamber
to which 1500W of 13.5 MHz RF energy was applied; the chamber was at a pressure of 5
mTorr; to the platen was applied 50 W of 13.56 MHz RF energy; and the treatment was
carried out for 60 seconds. Then, during the hydrogen treatment a specified number of Watts
(noted in the “RF” column of Table 10) of 13.56 MHz RF energy was applied to the platen,
above the platen there was disposed a coil to which a specified number of Watts (noted in the
“Coil” column) of 13.5 MHz RF energy was applied. H2 was flowed into the chamber at a
rate of 40 sccm for the time (in seconds - s) listed in the table. Thus, for example, the
notation for hydrogen treatment (carried out after the thin film deposition, and the N2 treating
thereof as described above) in Table 10 for examplel0a is read as follows: in an Oxford ICP
apparatus, 40 sccm of H2 was flowed into a chamber having a pressure of 20 mTorr; 750 W
of 13.5 MHz RF energy was applied to the shower head; and 50 W of 13.56 MHz RF energy
was applied to the platen on which the carrier sat, and the treating was carried out for 15
seconds. The notation for the remaining examples can be read in a similar manner. Surface
energies were calculated in mJ/m2 (milli Joules per square meter) by using the contact angles
(CA) of three different test liquids (in this case, de-ionized water (shown in column “W”),

hexadecane (shown in column “H”), and di-iodomethane(shown in column “DIM”)) and the
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Wu model. For the surface energies, the polar (P) and dispersive (D) components, as well as

total (T), are shown.

Table 10 - Sequential Nitrogen, then Hydrogen, Treatment of Methane/Hydrogen Formed Surface Modification Layer

Exampie Chamber Conditions Contact Angle Surface Energy (mi/m”2)
Time s)] "1 | coll(w) | RE(W) | W H DIM D p T

10a 15.0 200 7500 50.0 36.67 14,63 4573 3138 3271 84.1

10b 15.0 50 750.0 300.0 41.57 473 408 32.89 29.53 §2.42

10c 60.0 50 7500 | 3000 43.1 3.7 3653 | 3372 | 2842 62.14

0d | g 50 | 20000 | 500 | 4653 | 307 37.9 | 3347 | 2665 6002

10e 15.0 5.0 2000.0 50,0 39.97 3.7 3603 33.81 30.05 63.86

10f 15.0 20,0 2000.0 300.0 43 3.8 463 31.81 29.22 61.03

10¢g 0.0 5.0 750.0 50.0 43.37 4,23 38.5 33.15 28.48 61.63

10h 60.0 20.0 750.0 300.0 4493 3.9 37.53 33.53 27.54 §1.07

10i 60.0 5.0 2000.0 300.0 42 3.67 371 33.61 29.04 62.65

10 80.0 200 20000 300.0 43.63 3.67 38 33.45 28.26 6171

10k 15.0 200 750.0 300.0 4113 427 38.37 33.36 28.61 62.97

101 60.0 200 750.0 50.0 40.2 3.87 39.6 33.14 30.17 63.31

10m 80.0 20.0 20000 50.0 43,73 3.4 37.33 3351 2818 61.69

10n 15.0 20.0 2000.0 50.0 37.47 373 4473 32.14 31.97 64.11

100 15.0 5.0 750.0 50.0 388 373 378 33.48 30.75 64.23

10p 15.0 5.0 2000.0 300.0 39.27 3.47 38,77 333 30.57 63.87

[00160] Sequential N2 and then H2 plasma treatment, of a methane-hydrogen formed
plasma polymerized surface modification layer, can be carried out under various conditions
to achieve a variety of surface energies. As seen from Table 10, the surface energies varied
from about 60 mJ/m* (example 10d) to about 64 mJ/m? (examples 10a, 10n, 100, and 10p),
which are suitable for bonding to a thin glass sheet. Thin glass and carriers bonded with a
surface modification layer formed as per examples 10a-10p were observed not to
permanently adhere after annealing at 450°C, i.c., they were able to pass part (¢) of the 400°C
processing test. Also, these examples were strong enough to survive FPD processing

(including the above-described vacuum testing (1), wet process testing (2), and ultrasonic
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testing (5)) and remained de-bondable by application of sufficient peeling force. De-bonding
permits removal of devices fabricated on thin glass, and re-use of the carrier.

[00161] The thin glass sheet bonded to each of the carriers as per the examples of Table 10
was a substrate made from Corning ® Willow® Glass, an alumino boro silicate alkali-free
glass (Available from Corning Incorporated, Corning NY), and having a thickness of 100,
130, and 150, microns. Before bonding, the Willow® Glass was cleaned using an oxygen
plasma followed by SC1 and/or SC2 chemistry and standard cleaning techniques.

[00162] In the examples of Table 10, although the bonding surface on which the surface
modification layers were disposed was glass, such need not be the case. Instead, the bonding
surface may be another suitable material having a similar surface energy and properties as
glass, for example, silicon, polysilicon, single crystal silicon, ceramic, glass-ceramic,
sapphire, or quartz.

[00163] As a variation of the examples in Table 10, there was also performed the sequential
nitrogen then hydrogen treatment of a methane-formed surface modification layer. In this
case, the methane was used alone (without hydrogen) when forming by plasma
polymerization the initial surface modification layer on the glass carrier. Specifically, 40
sccm of methane was flowed at a pressure of S mTorr, under a power of 1500/50W for 60
seconds. The surface energy was measured to be about 42 mJ/m”. Upon sequential treatment
with nitrogen (40 sccm N2 at 5 mTorr pressure, 1500/50W power, for 15 seconds) and then
hydrogen (40 sccm H2 at 5 mTorr pressure, 1500/50W power, for 15 seconds), the surface
energy achieved on the carrier bonding surface increased to about 64 mJ/m?, suitable for
bonding a thin glass sheet to the glass carrier.

[00164] Sequential N2 and H2 treatment of the carbonaceous surface modification layer, as
described above, achieves a surface energy of about 64 mJ/m2 and forms an initial room-
temperature bond to the thin glass sheet with a bond front speed slightly less than typical with
the fluorinated surface modification layers. As with the examples in Table 10, these samples
were observed not to permanently adhere after annealing at 450°C, i.e., they were able to pass
part (c) of the 400°C processing test. Also, these examples were strong enough to survive
FPD processing (including the above-described vacuum testing (1), wet process testing (2),
and ultrasonic testing (5)) and remained de-bondable by application of sufficient peeling
force. De-bonding permits removal of devices fabricated on thin glass, and re-use of the
carrier.

[00165] Introduction of Polar Groups, by Sequential N2-O2 then N2 Treatment, to a

Carbonaceous Surface Modification Laver
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[00166] Based on an idea to try to create more polar imide groups on the surface to increase
bond front speed, there was explored sequential N2-O2 then N2 plasma treatment of the
carbonaceous surface modification layer.

[00167] In this example of using plasma polymerized films to tune the surface energy of,
and create alternative polar bonding sites on, a bonding surface is deposition of a
carbonaceous surface modification layer thin film from a carbon source, for example a
carbon-containing gas, (for example methane), and from hydrogen H2, followed by
sequential N2-O2 and then N2 treatment of the just-formed surface modification layer.
Deposition of the surface modification layer may take place in atmospheric or reduced
pressure, and with plasma excitation for example, DC or RF parallel plate, Inductively
Coupled Plasma (ICP), Electron Cyclotron Resonance (ECR), downstream microwave or RF
plasma. The plasma polymerized surface modification layer may be disposed on a carrier, a
thin sheet, or both. As noted above in connection with the examples of Table 3, plasma
polymerization creates a layer of highly cross-linked material. Control of reaction conditions
and source gases can be used to control the surface modification layer film thickness, density,
and chemistry to tailor the functional groups to the desired application and by controlling the
film properties, the surface energy of a bonding surface can be tuned. The nitrogen based
polar groups, formed during the subsequent plasma treatment, do not condense with silanol
groups to cause permanent covalent bonding and, thus, are able to control the degree of
bonding between the thin sheet and the carrier during subsequent treatments performed to
dispose films or structures on the thin sheet.

[00168] In the examples of Table 11, below, various conditions were used to treat a plasma
polymerized film deposited onto a glass carrier to increase surface energy and incorporate
polar groups. The glass carrier was a substrate made from Corning ® Eagle XG®, alumino
boro silicate alkali-free display glass (Available from Corning Incorporated, Corning NY).
Before surface modification layer deposition, the carriers were cleaned using an SC1 and/or
an SC2 chemistry and standard cleaning techniques.

[00169] In step 1, the surface modification layers were deposited in an Oxford Plasmalab
380 ICP (available from Oxford Instruments, Oxfordshire UK) in Inductively Coupled
Plasma (ICP) configuration mode wherein the carrier sat on a platen to which SOW of 13.56
MHz energy was applied, above the platen there was disposed a coil to which 1500 W of 13.5
MHz RF energy was applied. 20 sccm of methane (CH4) and 40 sccm of hydrogen (H2)
were flowed into a chamber at a pressure of 5 mTorr. Surface treatment times were 60sec,

and platen temperature was 30C for all samples listed in Table 11.
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[00170] After the foregoing deposition of step 1, in step 2 the surface modification layer
was treated with nitrogen and oxygen. Specifically, during the step 2 treatment, SOW of
13.56 MHz RF energy was applied to the platen, above the platen there was disposed a coil to
which 800W of 13.5 MHz RF energy was applied. N2 and O2 were flowed into the chamber
at the specified rate (in sccm) for the time (in seconds - s) listed in the table. Thus, for
example, the notation for Step 2 in Table 11 for example 11a is read as follows: after the
surface modification layer deposition in step 1, in an Oxford ICP apparatus, 35 sccm of N2
was flowed together with 5 sccm O2 into a chamber having a pressure of 15 mTorr; 800 W of
13.5 MHz RF energy was applied to the shower head; and 50 W of 13.56 MHz RF energy
was applied to the platen on which the carrier sat which was temperature controlled to 30°C,
and the treatment was carried out for 5 seconds. The notation for the remaining examples can
be read in a similar manner.

[00171] After the foregoing treatment of step 2, in step 3 the surface modification layer was
treated with nitrogen. Specifically, during the step 3 treatment, SOW of 13.56 MHz RF
energy was applied to the platen, above the platen there was disposed a coil to which 1500W
of 13.5 MHz RF energy was applied. N2 was flowed into the chamber at the specified rate
(in sccm) for the time (in seconds - s) listed in the table. Thus, for example, the notation for
Step 3 in Table 11 for example 11a is read as follows: after the surface modification layer
deposition in step 1, and after the nitrogen-oxygen treatment in step 2, in an Oxford ICP
apparatus, 40 sccm of N2 was flowed into a chamber having a pressure of 5 mTorr; 1500 W
of 13.5 MHz RF energy was applied to the shower head; and 50 W of 13.56 MHz RF energy
was applied to the platen on which the carrier sat which was temperature controlled to 30°C,
and the treatment was carried out for 15 seconds. The notation for the remaining examples
can be read in a similar manner.

[00172] Surface energies were calculated in mJ/m2 (milli Joules per square meter) by using
the contact angles (CA) of three different test liquids (in this case, de-ionized water,
hexadecane, and di-iodomethane) and the Wu model. For the surface energies, the total (T,
which includes both polar and dispersion components) surface energy is shown. The bond
energy was calculated in mJ/m2 as described above. The number of bubbles after initial
bonding is indicated in the column entitled “23C %Area”, whereas the number of bubbles
after a 400°C temperature testing is indicated in the column entitled “400C %Area”. The
number of bubbles was determined by optical scanner as described below in connection with
“Outgassing”. Lastly, the change in bubble area from that initially at 23°C to that after the

400°C temperature testing is indicated in the column entitled “Delta %Area”.
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Teble 11 - Sequential N2-02, then N2, Treatment of Surface Modification Layer

;| Bond | 25C | 4000 | Dela%
Step 1 Step 2 Step 3 Energy | %Awa | %ofves | Awe
118 | 20CHA 40HZ SmT 1500/50W 605 | 35M2 502 15mT S00/50W S | AON2 SmT 1500/50W 25C 15| 64.74 | PO | 117 | 302 | 18
116 | 20CH4 40H2 SmT 1500/50W 605 | 35NZ 502 15mT BOD/S0W 155| 40N2 SmT 150050W 25C 15s) 6942 | 2988 | 192 1 38 | 243
Tie | 20CHA 40H2 SmT 1500/50W 60s | 36N2 502 15mT BOO/SOW 55 | 40M2 5T 50050W25C60s| 683 | 27483 | 164 | 145 1 O
11¢_| 20CH4 40HZ SmT 1500/50W 805 | 38NP 202 15miT S00/50W 5 | 40NZ SmT (S00BOW25C 15s| 604 | 2603 | 122 | 120 | OO
Tie_| 20CHE 40H2 5mT 1500/50W 60 | S0NZ 1002 15mT SO0/SOW 5s| 40N2 SmT 1500/S0W 25C 19s] 6559 | A2178 | 138 | 181 | 046
11| 0CHA 40H3 ST 1500/50W 605 | 35N2 502 15mT BOO/SOW Ss 6562 | 09 | 18 | 1636 | U&

[00173] Examples 11a-11¢ show that various conditions may be used for the sequential
nitrogen-oxygen and then nitrogen treatment of a methane/hydrogen formed surface
modification layer, whereby a variety of surface energies may be obtained, i.e., from about 65
mJ/m” (examples 11a and 11¢) to about 70 mJ/m? (examples 11b and 11d), which are suitable
for bonding to a thin glass sheet. These surface energies, obtained after sequential nitrogen-
oxygen and then nitrogen treatments, were increased from about 40-50 mJ/m? (obtained from
the base layer formed from methane-hydrogen plasma polymerization). Thin glass and
carriers bonded with a surface modification layer formed as per examples 11a-11f were
observed not to permanently adhere after annealing at 400°C, i.e., they pass part (¢) of the
400°C temperature testing. As shown for examples 11a-11e, the change in % bubble arca
during the 400°C annealing is consistent with no outgassing. On the other hand, the change
in % bubble area during 400°C annealing for example 11f is consistent with some outgassing
of the materials in the surface modification layer. Thus, to obtain no outgassing of a surface
modification layer deposited according to the conditions in Table 11, step 3 is important.
However, under other deposition/treatment conditions for steps 1 and 2, step 3 may not be
necessary to obtain similar no outgassing results as obtained with step 3 for examples 11a-e.
Also, these examples were strong enough to survive FPD processing (including the above-
described vacuum testing (1), wet process testing (2), and ultrasonic testing (5)) and remained
de-bondable by application of sufficient peeling force after 400°C temperature testing. De-
bonding permits removal of devices fabricated on thin glass, and re-use of the carrier.

[00174] The impact of these sequential steps on surface energy, bond energy, and bubbling
is shown in Table 11. Increasing the oxygen fraction in the N2-O2 step decreases surface
energy and increased bubbling during outgassing testing. Performance with a brief (about 5
seconds) low oxygen fraction (38/2) N2-O2 step and subsequent short (15 second) N2 plasma
treatment (example 11d) creates a surface energy of 69 mJ/m?2 and a bubble area of 1.2%

during a 400°C temperature test (the change in % bubble area from that at 23°C is -0.01,
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indicating no outgassing). The performance of samples 11a-¢ is comparable to the fluorinated
surface modification layers at applications up to 400 °C temperature testing.

[00175] The thin glass sheet bonded to each of the carriers as per the examples of Table 11
was a substrate made from Corning ® Willow® Glass, an alumino boro silicate alkali-free
glass (Available from Corning Incorporated, Corning NY), and having a thickness of 100,
130, and 150, microns. Before bonding, the Willow® Glass was cleaned using an oxygen
plasma followed by SC1 and/or SC2 chemistry and standard cleaning techniques.

[00176] In the examples of Table 11, although the bonding surface on which the surface
modification layers were disposed was glass, such need not be the case. Instead, the bonding
surface may be another suitable material having a similar surface energy and properties as
glass, for example, silicon, polysilicon, single crystal silicon, ceramic, glass-ceramic,
sapphire, or quartz.

[00177] The above-described examples exemplify how an inductively coupled plasma (ICP)
system can be utilized to deposit a thin organic surface modification layer suitable for
controllably bonding a thin glass sheet to a glass carrier for device processing. However, the
scalability of this solution for display applications (wherein substrates having large area are
advantageous) is a concern. ICP tools utilize a planar, cylindrical, or hemispherical coil to
inductively couple electrical current to create time varying magnetic fields which cause ions
to circulate. Typically, a second RF source is connected to the platen upon which the
substrate sits. An advantage of ICP plasma is that the ICP source can achieve high levels of
ionization independent of the substrate bias which is controlled by the platen RF source.
Current parallel plate reactive ion etch (RIE) systems cannot achieve as high levels of
ionization. In addition, bias and ionization are coupled through RF power and pressure. TEL
and others have scaled ICP etchers to Gen 5, but scaling larger is challenging to produce a
uniform ICP plasma source. RIE mode processes, on the other hand, are suitable for parallel
plate tools which have scaled to Gen 10. Thus, the inventors explored manners of achieving
in an RIE mode process, similar results to those achieved with the ICP tools as described
above.

[00178] Initial attempts to produce an RIE mode surface modification layer from non-
fluorinated source materials by simply utilizing the Oxford in RIE mode (no coil power) and
a bias power of 200 W, (equivalent to what is used for deposition of fluorinated surface
modification layers) produced dark thick layers which could be nitrogen modified to bond to
thin glass sheets. However, this dark material created many bubbles covering about 25% of
the bonded area after undergoing a 400 °C processing test. Characterization of the dark

deposits by spectroscopic ellipsometry showed films were about 100nm thick and exhibited a
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much narrower optical band gap, 0.6 eV vs 1.7 eV for the ICP deposited surface modification
layers. From this result it was concluded that the material was likely graphitic and increasing
the hydrogen content would be a consideration for reducing the bubbling.

[00179] An experiment was performed to capture optical emission spectroscopy (OES)
spectra to map the RIE process variables H2/CH4 ratio, RF power, and pressure. However,
within the process window of the Oxford tool being used, these ratios could not be matched.
This experiment did show, though, that the process would benefit from very high hydrogen
dilution of the polymer forming gas, high RF power, and low pressure.

[00180] In addition to OES to guide the process translation from ICP to RIE mode, residual
gas analysis (RGA) was used to map the gas phase species present in the Oxford as a function
of hydrogen/methane ratio, RF power, and pressure in RIE mode. The contour map of
m/e=/16 vs pressure and H2/CH4 gas ratio again showed that high hydrogen dilution is
beneficial to match the ICP ratio of about 44. The higher order alkanes correlate with
decreasing H2/CH4 gas ratio and increasing pressure. The contour map shows m/e=28/16
increasing with both RF and H2/CH4 gas ratio. Fitting the RGA response surfaces suggests
the H2/CH4 and C2H6/CH4 ratios could be matched at40:1 H2/CH4, 25 mTorr 275 W RF.
A carbonaceous RIE mode surface modification layer deposited with this condition matched
the about 6 nm thickness and 1.6 eV optical band gap of ICP mode carbonaceous surface
modification layer. Initial experiments with nitrogen plasma treatment of the carbonaceous
RIE surface modification layers also showed low bubbling.

[00181] The kinetics of RIE mode carbonaceous surface modification layer deposition using
the process identified by the RGA experiment is shown in FIGS. 14 and 15. Surface energy,
including total (T) as well as the polar (P) and dispersion (D) components, is shown in FIG.
14. As shown in FIG. 14, surface energy is relatively unchanged, with a slight peak at 60 sec
deposition time, whereas in FIG. 15 it can be seen that film thickness increases nearly
linearly on a log-log scale. This is not a self-limited process as the etch-back from hydrogen
cannot keep up with the polymer deposition.

[00182] As discussed above, from experience it was seen that a surface energy of > about 50
or > 65 mJ/m2 is beneficial in minimizing bubble area both at initial room-temperature
bonding, as well as during thermal cycling. From FIG. 14, it can be seen that the surface
energy is right on the borderline. In some instances, this may be suitable for bonding a thin
sheet to a carrier, depending upon the time-temperature cycle through which it will undergo,
as well as depending upon the other FPD processes which it must endure. On the other hand,
though, it would be beneficial to raise the surface energy of this surface modification layer.

Any of the above-described subsequent treatments could be used, for example, ammonia
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treatment, nitrogen treatment, sequential nitrogen then hydrogen treatment, nitrogen-oxygen
treatment, sequential nitrogen-oxygen then nitrogen treatment. As an example, a nitrogen-
oxygen treatment will be described in connection with Table 12.

[00183] Introduction of Polar Groups, by Nitrogen-Oxygen Treatment, to a Carbonaceous

Surface Modification Laver

[00184] Another example of using plasma polymerized films to tune the surface energy of,
and create alternative polar bonding sites on, a bonding surface is deposition of a thin surface
modification layer film in RIE mode from a carbon source (for example, methane, a carbon-
containing gas), and from hydrogen (H2), followed by nitrogen-oxygen treatment of the just-
formed surface modification layer. The nitrogen-oxygen treatment may be performed with a
nitrogen-oxygen plasma treatment, for example. Deposition of the surface modification layer
may take place in atmospheric or reduced pressure. The plasma polymerized surface
modification layer may be disposed on a carrier, a thin sheet, or both. As noted above in
connection with the examples of Table 3, plasma polymerization creates a layer of highly
cross-linked material. Control of reaction conditions and source gases can be used to control
the film thickness, density, and chemistry to tailor the functional groups to the desired
application and by controlling the film properties, the surface energy of a bonding surface can
be tuned. The nitrogen based polar groups, formed during the subsequent nitrogen-oxygen
treatment, do not condense with silanol groups to cause permanent covalent bonding and,
thus, are able to control the degree of bonding between the thin sheet and the carrier during
subsequent treatments performed to dispose films or structures on the thin sheet.

[00185] In the examples of Table 12, below, various conditions were used to deposit a
plasma polymerized surface modification layer film onto a glass carrier. The glass carrier
was a substrate made from Corning ® Eagle XG®, alumino boro silicate alkali-free display
glass (Available from Corning Incorporated, Corning NY). Before film deposition, the
carriers were cleaned using an SC1 and/or an SC2 chemistry and standard cleaning
techniques. The surface modification layers were deposited in an Oxford Plasmalab 380 ICP
(available from Oxford Instruments, Oxfordshire UK) in RIE configuration mode wherein the
carrier sat on a platen to which 275W of RF energy was applied, above the platen there was
disposed a coil to which no energy was applied. Instep 1, 2 sccm of methane (CH4) and 38
scem of hydrogen (H2) were flowed into a chamber at a pressure of 25 mTorr. Surface
treatment times were 60sec, and platen temperature was 30C, for all samples listed in Table
12. After the foregoing deposition, the surface modification layer was treated in Step 2 with
nitrogen and oxygen. Specifically, during the Step 2 treatment a specified number of Watts

(noted in the “RF” column) of 13.56 MHz RF energy was applied to the platen, above the
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platen there was disposed a coil to which no energy was applied. N2 was flowed into the
chamber at a rate of sccm listed in the “N2” column, and O2 was flowed into the chamber at
a rate of sccm listed in the “O2” column, for the time (in seconds - s) listed in the “Time (s)”
column of the table. The chamber was at a pressure, in mTorr, as listed in the “Pr” column.
Thus, for example, the notation for the Step 2 nitrogen and oxygen treatment in Table 12 for
examplel2b is read as follows: in an Oxford ICP apparatus, 25 sccm of N2 was flowed
together with 25 sccm of O2 into a chamber having a pressure of 10 mTorr; 300 W of 13.56
MHz RF energy was applied to the platen on which the carrier sat which was temperature
controlled to 30C, and the treatment was carried out for 10 seconds. The notation for the
remaining examples can be read in a similar manner.

[00186] Surface energies were calculated in mJ/m2 (milli Joules per square meter) by using
the contact angles of three different test liquids (in this case, de-ionized water (W),
hexadecane (HD), and di-iodomethane(DIM)) and the Wu model. For the surface energies,
the polar (P) and dispersive (D) components, as well as total (T), are shown. Also shown are
the thickness of the surface modification layer (“th” in Angstroms), the average surface
roughness of the carrier after the deposition of the surface modification layer and the N2-O2
treatment thereof (“Ra” in Angstroms), the bond energy (“BE” in mJ/m?2) and the change in
% Bubble area (“A Bubble Area” between bubble area after initially bonding a thin glass
sheet to the carrier via the surface modification layer at room temperature, and that after

heating the carrier through 400°C process testing).

Table 12 - N2-02 Treatment of Surface Modification Layer
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[00187] The thin glass sheet bonded to each of the carriers as per the examples of Table 12
was a substrate made from Corning ® Willow® Glass, an alumino boro silicate alkali-free
glass (Available from Corning Incorporated, Corning NY), and having a thickness of 100,
130, and 150, microns. Before bonding, the Willow® Glass was cleaned using an oxygen

plasma followed by SC1 and/or SC2 chemistry and standard cleaning techniques.
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[00188] In the examples of Table 12, although the bonding surface on which the surface
modification layers were disposed was glass, such need not be the case. Instead, the bonding
surface may be another suitable material having a similar surface energy and properties as
glass, for example, silicon, polysilicon, single crystal silicon, ceramic, glass-ceramic,
sapphire, or quartz.

[00189] From the treatments in the examples of Table 12, it can be seen that after 400°C
processing: examples 12a to 12j all had a change in percent bubble area of less than 2, which
is consistent with no outgassing at this temperature, see Bubble% column in Table 12; and
also that samples 12a, 12b, 12¢, 12g, and 12j, each had a bond energy that allowed debonding
of the thin sheet from the carrier after this temperature test, see the BE column in Table 12;
but examples 12d, 12e¢, 12f, 12h, and 12i, were not able to be debonded after 400°C process
testing, as indicated by the value of 2500 in the BE column of Table 12.

[00190] Surface energy, bubble area, bond energy, and thickness by ellipsometry were
mapped as a function of % O2, RF, and pressure, as per the examples of Table 12. A
reduction in thickness was seen to correlate to increasing RF power (compare example 12g
with example 12b) and % O2 (compare example 12a with example 12b) consistent with
ashing of the hydrocarbon layer. Bond energy was dependent only on pressure: samples
treated at 10 mTorr could be de-bonded after annealing at 400 °C (see examples 12a, 12b,
12c, 12g). Those treated at 35 mTorr and above could not. See, for example, example 12d
treated at a pressure of 40 mTorr, having a Bond Energy of 2500, and also example 12¢
having a pressure of 70 mTorr and a Bond Energy of 2500. A bond energy in the “BE”
column of 2500 indicates that the thin glass sheet could not be debonded from the carrier.
The surface energy of all the treated films was 65-72 mJ/m2 independent of thickness. See
examples 12a to 121, and 12k. These results suggest that the high pressure N2-O2 plasma
treatment creates a discontinuous film. In fact, the high pressure rapidly ablates the films,
whereby lower pressures are beneficial. As for bubbling, the amount appeared to decrease
with increasing % O2 * RF. Further, it was seen that: H2O partial pressure increases with
increasing %02 and increasing RF; surface modification layer thickness decreases with
increasing pressure in step 2, and that %blister area increases with increasing pressure
(therefore lower pressures are beneficial during step 2); as treatment time increased, surface
modification layer thickness decreased and that the polar groups decreased, therefore leading
to shorter treatment times as beneficial.

[00191] A balance of suitable bond energy and bubbling was sought. The starting point for
the nitrogen-oxygen treatment was 50% O2, 10 mTorr 300 W and varied process time. Three

sets of samples were prepared with 20 seconds, 60 seconds and 180 seconds RIE CH4-H2
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deposition followed by N2-02 plasma treatments of 0, 5, 15, and 60 seconds. Both surface
energy and bond energy peak at 5-15 seconds N2-O2 plasma treatment time independent of
CH4-H2 deposition time. Thin 20 seconds CH4-H2 layers are ablated away and the thin glass
sheet permanently bonds to the carrier. The peak occurs before the polymer layer is ablated
away, consistent with the formation of polar groups on the polymer film rather than simply
ablation exposing the glass substrate. Bubble area does increase with increasing surface
modification layer deposition time, so simply increasing the thickness of the surface
modification layer to avoid too much ablation during subsequent N2-O2 surface treatment is
not beneficial. Accordingly, a good compromise between bonding and bubble area is a
balance of surface modification layer deposition time and N2-O2 treatment time. Based on
balancing surface modification layer deposition time (not too long, as such would lead to
greater thickness that results in increased outgassing) with N2-O2 treatment time—one not
too long so as to ablate or remove the surface modification layer (which leads to permanent
bonding of the carrier to the thin sheet) but long enough to incorporate polar groups with the
surface modification layer. A good compromise is 60 seconds RIE deposition of the
carbonaceous layer followed by a short N2-O2 treatment time of 5-10 seconds. Examples
12a, 12b, 12¢,12g, and 12k, work well for RIE mode.

[00192] Incorporating Polar Groups on the Surface Modification Layer

[00193] XPS Nls speciation was used to study the mechanism N2-O2 plasma treatments
create a highly polar surface. In order to study and confirm the speciation of these surface
modification layers, there was studied the surface chemistry of relatively thick films of
CH4/H2 deposited on EagleXG® glass wafers such that they achieved complete coverage of
the glass and subsequently treated with N2/02 plasma for different durations. The advantage
of the thick hydrocarbon film is that allows us to distinguish those nitrogen species that occur
only hydrocarbon film and separate these from those occurring on the exposed glass.

[00194] The surface composition of EagleXG® glass wafers first exposed to 600 seconds of
CH4/H2 plasma to deposit a thick hydrocarbon film followed by N2/0O2 plasma for 5, 15, 60
and 600 seconds. Elements present in the glass (such as Al and Ca) are not detected for the 5
second and 15 second treatments indicating that in those instances the carbonaceous film
layer is thicker than the probe depth of XPS which is about 10 nm.

[00195] Exposure of the carbonaceous film to the N2/02 plasma at 60 seconds and 600
seconds results in some degree of thinning of the carbonaceous layer since in those cases,
XPS can detect elements occurring in the glass. This observation is further confirmed by

considering the surface concentration of carbon. For the 60 seconds and 600 seconds
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treatments, the C concentration is less than 10 at% strongly suggesting that for those cases the
surface is partially covered by the carbonaceous layer.

[00196] NH3+ species are detected only when substantial amounts of the carbonaceous film
has been etched away. This very strongly suggests that the NH3+ species are likely present
only on the glass and the other species involve primarily reaction between nitrogen and the
carbonaceous layer. The speciation of nitrogen species as a percentage of all atoms on the

surface (i.e. fraction of species x fraction of nitrogen detected) is presented in Table 13,

below.
Table 13 nitmgen compounds on he carbon

Nitronge-¢ arban only compounds nitmgen: on glass

N2-02 fime {SEC) INsC N=C N=C=C  |{NH2 NHC=0  {NH3+
5 1.68 0.00 1.42 1.43 0.42 0.02
15 1.34 1.21 0.07 2.08 0.29 0.13
60 010  0.08 0.00 0.19 0.25 0.35
800 0.12 0.00 0.00 0.08 0.14 1.05

[00197] It can be seen that the primary effect of this N2-O2 treatment is the etching of the
carbonaceous surface modification layer. In fact very little carbonaceous material is present
on the surface for the 60 and 600 second treatments. The other observation is that nitrogen
species are present on the surface modification layer even after very short N2-O2 treatment
times, e.g., 5 and 15 seconds. Thereafter, the nitrogen species rapidly decrease, whereas the
ammonia species (indicating presence of the underlying glass surface) rapidly increases. An
XPS evaluation of the carbon speciation for the 5 second N2-O2 plasma treatment of the
carbonaceous surface modification layer also reveals that several different species containing
oxygen and nitrogen are present on the surface modification layer. That oxygen-containing
species were present lead to the thought that O2 plasma alone may be sufficient to impart
polar groups to the surface modification layer. Indeed, this was found to be the case, and is
discussed below.

[00198] Based on the assumption that NH3" species occurs only on the glass and not on the
carbonaceous layer, surface coverage can be estimated by calculating the ratio of NH3"/ Z(all
nitrogen compounds). The results of this surface coverage estimation are given in Figure 17.
There is very little change between 5 seconds and 15 seconds. The greatest change comes
between 15 seconds and 60 seconds of N2-O2 plasma treatment time.

[00199] A model of the N2-O2 plasma treatment of the carbonaceous surface modification
layer is as follows. The CH4-H2 deposition produces a continuous hydrocarbon layer. In the
first seconds of N2-O2 plasma treatment, polar -NH2 groups are formed on the polymer

surface as the hydrocarbon layer is oxidized and ablated. Imide or amide groups may also be
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formed in this time but the XPS is inconclusive. With longer N2-O2 plasma treatment,
polymer removal reaches the glass surface where polar —NH3+ groups are formed from
interaction of the N2-O2 plasma and the glass surface.

[00200] O2 Alone as a Surface Treatment of a Surface Modification Layer

[00201] As an alternative to N2-O2 treatment of the carbonaceous layer, there was also
explored the use of O2 alone to increase surface energy and create polar groups on the
carbonaceous layer. As noted above, an XPS carbon speciation of the 5 second N2-O2
plasma treatment of the carbonacecous layer showed that oxygen-containing species were,
indeed, present on the surface modification layer. Thus, an O2 treatment of the carbonaceous
layer was tried. The O2 treatment was performed in both ICP mode, and in RIE mode.
[00202] In ICP mode, a base carbonaceous layer was formed as per step 1 in Table 11
above. A step 2 surface treatment was then performed by flowing 40 sccm O2, 0 sccm N2,
with 800/50W power under 15 mTorr pressure, which produced the desired increase in
surface energy and the desired polar groups on the surface of the carbonaceous layer. The
thin glass sheet easily bonded to the surface modification layer at room temperature. Also,
this sample was observed not to permanently adhere after annealing at 450°C, i.e., it was able
to pass part (c¢) of the 400°C processing test. Also, this sample was strong enough to survive
FPD processing (including the above-described vacuum testing (1), wet process testing (2),
and ultrasonic testing (5)) and remained de-bondable by application of sufficient peeling
force. De-bonding permits removal of devices fabricated on thin glass, and re-use of the
carrier.

[00203] In RIE mode, a base carbonaceous layer was formed as per Step 1 in Table 12. A
step 2 surface treatment was then performed by flowing 50 sccm O2, 0 sccm N2, with 200 W
power under 50 mTorr pressure. Similarly to the ICP mode, these conditions also produced
the desired increase in surface energy and the desired polar groups on the surface of the
carbonaceous layer. The thin glass sheet easily bonded to the surface modification layer at
room temperature. Also, this sample was observed not to permanently adhere after annealing
at 450°C, i.e., it was able to pass part (c) of the 400°C processing test. Also, this sample was
strong enough to survive FPD processing (including the above-described vacuum testing (1),
wet process testing (2), and ultrasonic testing (5)) and remained de-bondable by application
of sufficient peeling force. De-bonding permits removal of devices fabricated on thin glass,
and re-use of the carrier.

[00204] Thus, it was seen that O2 treatment behaves in a similar manner as the N2-O2
treatment. Similar considerations apply with respect to the balance of initial surface

modification layer deposition time (which increases thickness) and O2 treatment time.
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[00205] Small Amounts of Fluorine
[00206] Several atomic % F, about 2.2%, was found in an XPS analysis of ICP mode

hydrocarbon polymer deposited carbonaceous layer. This was traced to the fact that the
Oxford is used for fluorine and chlorine etches of glasses, dielectrics, and metals. It was
found that a small amount of fluorine is beneficial to the hydrocarbon deposited surface
modification layer properties. The typical reactor cleaning process is SF6-O2 clean followed
by an O2 clean and H2 plasma clean. Each step is 30 min in length and includes a
pump/purge step in-between. SF6-O2 is used in the initial cleaning as the etch rate of the
hydrocarbon polymer is considerably higher than O2 alone. The H2 plasma cleaning step
should remove most the tramp fluorine from the deposits on the reactor walls. If one skips the
H2 plasma clean one would expect to incorporate a higher amount of fluorine in the
hydrocarbon surface modification layer. Figure 16 shows the impact of skipping the H2
plasma step with a hydrocarbon surface modification layer. Bond energy is lowered,
displacing permanent bonding until 600 °C with no large increase in bubbling. Thus, a small
amount of fluorine, i.e., at least up to about 3%, in the hydrocarbon surface modification
layer is beneficial.

[00207] Surface Roughness

[00208] The change in surface roughness of a glass bonding surface due to deposition of a
hydrocarbon-formed surface modification layer was explored. Specifically, there was chosen
a methane-hydrogen formed surface modification layer that was subsequently sequentially
nitrogen and then hydrogen treated. Two carriers were prepared with methane-hydrogen
formed surface modification layer followed by sequential in-situ N2 and then H2 plasma
treatments (20CH4 40H2 SmT 1500/50W for 60 seconds, then 40N2 SmT 1500/50W for 15
seconds, then 40H2 15mT 1500/50W 15 for seconds). The surface modification layer of the
first carrier (example 14a) was removed by O2 plasma cleaning followed by SC1 cleaning.
The surface modification of the second carrier (example 14b) was left in place. A third
carrier (example 14c) was used as a reference and had no surface modification layer applied
thereto. AFM was used to evaluate the surface roughness of the surface-modification-layer
applied and then stripped carrier (example 14a), the carrier still having a surface modification
layer thereon (example 14b), and the reference carrier (example 14c). The Rq, Ra, and Rz,
ranges from the AFM measurements are shown in the unit of nm (nanometers) in Table 14.
The roughness of examples 14a and 14b, are indistinguishable from that of example 14c. It
should be noted that for example 14c, the excessive z-range in the 5x5 micron scan was due
to a particle in the scanned area. Thus, it is seen that the hydrocarbon-formed surface

modification layers of the present disclosure do not change the surface roughness of the glass
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bonding surface. In certain circumstances, the unchanged surface roughness of the bonding
surface may be advantageous, for example, for re-use of the carrier. The glass carriers in
these examples were substrates made from Corning ® Eagle XG®, alumino boro silicate

alkali-free display glass (Available from Corning Incorporated, Corning NY).

Table 14 —Surface Modification Layer Effect on Surface Roughness

foansd

t4a 0221018 017 018 014 | 013 1.8 | 1.36 | 1.3

e o2zt 018 018 017 0.13 1.4 1.4

14 023 019 013 0418 018 2.2 1.0

[00209] General Considerations

[00210] The above-described separation of thin sheets from carriers in examples 2-12, is

performed at room temperature without the addition of any further thermal or chemical
energy to modify the bonding interface between the thin sheet and carrier. The only energy
input is mechanical pulling and/or peeling force.

[00211] Because the surface modification layers of examples 3 and 5-12 are thin organic
layers, they are sensitive to oxygen in thermal and plasma processing. Accordingly, these
surface modification layers should be protected during device fabrication. The surface
modification layers may be protected by the use of a non-oxygen containing environment (for
example a N2 environment) during thermal processing. Alternatively, depositing a protective
coating, for example a thin metal layer, over the edge of the interface between the bonded
thin glass sheet and carrier is sufficient to protect the surface modification layer against the
effects of an oxygen environment at elevated temperature.

[00212] When the thin sheet and carrier both include glass bonding surfaces, the surface
modification materials described above in examples 3 through 12 can be applied to the
carrier, to the thin sheet, or to both the carrier and thin sheet surfaces that will be bonded
together. Alternatively, when one bonding surface is a polymer bonding surface and the
other bonding surface is a glass bonding surface (as further described below), appropriate

surface modification materials (based on surface energy of the polymer bonding surface)

-64-



WO 2015/113023 PCT/US2015/013017

described above in examples 3 through 12 will be applied to the glass bonding surface.
Further, the entire carrier or thin sheet need not be made of the same material, but may
include different layers and/or materials therein, as long as the bonding surface thereof is
suited to receiving the surface modification layer of interest. For example, the bonding
surface may be glass, glass-ceramic, ceramic, silicon, or metal, wherein the remainder of the
carrier and/or thin sheet may be of a different material. For example, the thin sheet 20
bonding surface may be of any suitable material including silicon, polysilicon, single crystal
silicon, sapphire, quartz, glass, ceramic, or glass-ceramic, for example. For example, the
carrier 10 bonding surface, may be a glass substrate, or another suitable material having a
similar surface energy as glass, for example, silicon, polysilicon, single crystal silicon,
ceramic, glass-ceramic, sapphire, or quartz.

[00213] As can be seen from the examples discussed herein, the surface modification layers,
together with the subsequent treatments thereof, provide a manner of widely varying the
surface energy on a glass bonding surface. For example, from all of the examples, it is seen
that the surface energy of a glass bonding surface may be varied from about 36 mJ/m?2 (as in
example 5g) to about 80 mJ/m2 (example 5f). Using non-fluorinated source materials, in a
one step process, without subsequent surface treatment, it is seen that the surface energy of a
glass bonding surface may be varied from about 37 mJ/m2 (example 16b) to about 67 mJ/m2
(examples 7h and 7j). Using a carbonaceous surface modification layer with subsequent
treatment to increase polar groups, it is seen that the surface energy of a glass bonding
surface may be varied from about 52 mJ/m2 (example 12j) to about 74 mJ/m2 (example 8a).
Using non-fluorinated source materials in either a one step process, or a two-step process, it
is seen that the surface energy of a glass bonding surface may be varied from about 37 mJ/m?2
(example 16b) to about 74 mJ/m2 (example 8a). Using either fluorine-containing, or non-
fluorine-containing source materials to deposit a surface modification layer, with a
subsequent treatment thereof, it is seen that the surface energy of a glass bonding surface may
be varied from about 41 mJ/m2 (example 5m) to about 80 mJ/m2 (example 5f).

[00214] Additionally, as can be seen from the examples discussed herein, the thickness of
the surface modification layer can be varied greatly. Desirable results were attained with a
surface modification layer thickness in the range of from about 2 nm (as in example 3) to
about 8.8 nm (as in example 12¢).

[00215] Uses of Controlled Bonding

[00216] Rcusable Carrier

[00217] One use of controlled bonding via surface modification layers (including materials

and the associated bonding surface heat treatment) is to provide reuse of the carrier in an
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article undergoing processes requiring a temperature > 600°C, as in LTPS processing, for
example. Surface modification layers (including the materials and bonding surface heat
treatments), as exemplified by the examples 2e, 3a, 3b, 4¢, 4d, and 4e, and the examples of
table 5, above, may be used to provide reuse of the carrier under such temperature conditions.
Specifically, these surface modification layers may be used to modify the surface energy of
the area of overlap between the bonding areas of the thin sheet (having a glass bonding
surface) and carrier (having a glass bonding surface), whereby the entire thin sheet may be
separated from the carrier after processing. The thin sheet may be separated all at once, or
may be separated in sections as, for example, when first removing devices produced on
portions of the thin sheet and thereafter removing the remaining portions to clean the carrier
for reuse. In the event that the entire thin sheet is removed from the carrier, the carrier can be
reused as is by simply by placing another thin sheet thereon. Alternatively, the carrier may
be cleaned and once again prepared to carry a thin sheet by forming a surface modification
layer anew. Because the surface modification layers prevent permanent bonding of the thin
sheet with the carrier, they may be used for processes wherein temperatures are > 600°C. Of
course, although these surface modification layers may control bonding surface energy during
processing at temperatures > 600°C, they may also be used to produce a thin sheet and carrier
combination that will withstand processing at lower temperatures, and may be used in such
lower temperature applications to control bonding. Moreover, where the thermal processing
of the article will not exceed 400°C, surface modification layers as exemplified by the
examples 2c, 2d, 4b, the examples of tables 7-11 (including the examples discussed as
alternatives of the examples of table 10), examples 12a, 12b, 12¢, 12g, 12g, and the examples
of a surface treatment with O2 alone, may also be used in this same manner.

[00218] One advantage to using the surface modification layers described herein, for
example those including the examples of table 3, examples 4b, 4c¢, 4d, 4e, the examples of
tables 5 and 7-11, examples 12a, 12b, 12¢, 12g, 12j, and the examples of a surface treatment
with O2 alone, is that the carrier can be re-used at the same size. That is, the thin sheet may
be removed from the carrier, the surface modification layer removed from the carrier by a
non-destructive manner (for example O2 or other plasma cleaning), and re-used without
having to cut the carrier in any manner (for example, at its edges).

[00219] To Provide a Controlled Bonding Arca

[00220] A second use of controlled bonding via surface modification layers (including
materials and the associated bonding surface heat treatments) is to provide a controlled
bonding area, between a glass carrier and a glass thin sheet. More specifically, with the use

of the surface modification layers an area of controlled bonding can be formed wherein a
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sufficient separation force can separate the thin sheet portion from the carrier without damage
to either the thin sheet or the carrier caused by the bond, yet there is maintained throughout
processing a sufficient bonding force to hold the thin sheet relative to the carrier. With
reference to FIG. 6, a glass thin sheet 20 may be bonded to a glass carrier 10 by a bonded
arca 40. In the bonded area 40, the carrier 10 and thin sheet 20 are covalently bonded to one
another so that they act as a monolith. Additionally, there are controlled bonding areas 50
having perimeters 52, wherein the carrier 10 and thin sheet 20 are connected, but may be
separated from one another, even after high temperature processing, e.g. processing at
temperatures > 600°C. Although ten controlled bonding areas 50 are shown in FIG. 6, any
suitable number, including one, may be provided. The surface modification layers 30,
including the materials and bonding surface heat treatments, as exemplified by the examples
2a, 2¢, 3a, 3b, 4c, 4d, and 4e, the examples of table 5, above, may be used to provide the
controlled bonding areas 50 between the carrier 10 having a glass bonding surface and the
thin sheet 20 having a glass bonding surface. Specifically, these surface modification layers
may be formed within the perimeters 52 of controlled bonding areas 50 either on the carrier
10 or on the thin sheet 20. Accordingly, when the article 2 is processed at high temperature,
cither to form covalent bonding in the bonding area 40 or during device processing, there can
be provided a controlled bond between the carrier 10 and the thin sheet 20 within the areas
bounded by perimeters 52 whereby a separation force may separate (without catastrophic
damage to the thin sheet or carrier) the thin sheet and carrier in this region, yet the thin sheet
and carrier will not delaminate during processing, including ultrasonic processing. The
controlled bonding of the present application, as provided by the surface modification layers
and any associated heat treatments, is thus able to improve upon the carrier concept in US
*727. Specifically, Although the carriers of US ‘727 were demonstrated to survive FPD
processing, including high temperature processing > about 600°C with their bonded
peripheries and non-bonded center regions, ultrasonic processes for example wet cleans and
resist strip processing remained challenging. Specifically, pressure waves in the solution
were seen to induce sympathic vibrations in the thin glass in the non-bonding region (as non-
bonding was described in US 727), as there was little or no adhesive force bonding the thin
glass and carrier in that region. Standing waves in the thin glass can be formed, wherein
these waves may cause vibrations that can lead to breakage of the thin glass at the interface
between the bonded and non-bonded regions if the ultrasonic agitation is of sufficient
intensity. This problem can be eliminated by minimizing the gap between the thin glass and
the carrier and by providing sufficient adhesion, or controlled bonding between the carrier 20

and thin glass 10 in these areas 50. Surface modification layers (including materials and any
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associated heat treatments as exemplified by examples 2a, 2¢, 3a, 3b, 4c, 4d, 4¢, and the
examples of Table 5, of the bonding surfaces control the bonding energy so as to provide a
sufficient bond between a glass bonding surface on the thin sheet 20 and a glass surface on
the carrier 10 to avoid these unwanted vibrations in the controlled bonding region.

[00221] Then, during extraction of the desired parts 56 having perimeters 57, the portions of
thin sheet 20 within the perimeters 52 may simply be separated from the carrier 10 after
processing and after separation of the thin sheet along perimeters 57. Because the surface
modification layers control bonding energy to prevent permanent bonding of the thin sheet
with the carrier, they may be used for processes wherein temperatures are > 600°C. Of
course, although these surface modification layers may control bonding surface energy during
processing at temperatures > 600°C, they may also be used to produce a thin sheet and carrier
combination that will withstand processing at lower temperatures, and may be used in such
lower temperature applications. Moreover, where the thermal processing of the article will
not exceed 400°C, surface modification layers as exemplified by the examples 2c, 2d, 4b, the
examples of tables 7-11 (including the examples discussed as alternatives of the examples of
table 10), examples 12a, 12b, 12¢, 12g, 12g, and the examples of a surface treatment with O2
alone, may also be used—in some instances, depending upon the other process
requirements—in this same manner to control bonding surface energy.

[00222] To Provide a Bonding Arca

[00223] A third use of controlled bonding via surface modification layers (including
materials and any associated bonding surface heat treatment) is to provide a bonding arca
between a glass carrier and a glass thin sheet. With reference to FIG. 6, a glass thin sheet 20
may be bonded to a glass carrier 10 by a bonded area 40.

[00224] In one embodiment of the third use, the bonded area 40, the carrier 10 and thin
sheet 20 may be covalently bonded to one another so that they act as a monolith.
Additionally, there are controlled bonding areas 50 having perimeters 52, wherein the carrier
10 and thin sheet 20 are bonded to one another sufficient to withstand processing, and still
allow separation of the thin sheet from the carrier even after high temperature processing, e.g.
processing at temperatures > 600°C. Accordingly, surface modification layers 30 (including
materials and bonding surface heat treatments) as exemplified by the examples 1a, 1b, lc, 2b,
2¢, 2d, 4a, 4b, 12d, 12e¢, 12f, 12h, and 121, above, may be used to provide the bonding areas
40 between the carrier 10 and the thin sheet 20. Specifically, these surface modification
layers and heat treatments may be formed outside of the perimeters 52 of controlled bonding
areas 50 either on the carrier 10 or on the thin sheet 20. Accordingly, when the article 2 is

processed at high temperature, or is treated at high temperature to form covalent bonds, the
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carrier and the thin sheet 20 will bond to one another within the bonding area 40 outside of
the areas bounded by perimeters 52. Then, during extraction of the desired parts 56 having
perimeters 57, when it is desired to dice the thin sheet 20 and carrier 10, the article may be
separated along lines 5 because these surface modification layers and heat treatments
covalently bond the thin sheet 20 with the carrier 10 so they act as a monolith in this area.
Because the surface modification layers provide permanent covalent bonding of the thin sheet
with the carrier, they may be used for processes wherein temperatures are > 600°C.
Moreover, where the thermal processing of the article, or of the initial formation of the
bonding area 40, will be > 400°C but less than 600°C, surface modification layers, as
exemplified by the materials and heat treatments in example 4a may also be used in this same
manner.

[00225] In a second embodiment of the third use, in the bonded area 40, the carrier 10 and
thin sheet 20 may be bonded to one another by controlled bonding via various surface
modification layers described above. Additionally, there are controlled bonding areas 50,
having perimeters 52, wherein the carrier 10 and thin sheet 20 are bonded to one another
sufficient to withstand processing, and still allow separation of the thin sheet from the carrier
even after high temperature processing, e.g. processing at temperatures > 600°C.
Accordingly, if processing will be performed at temperatures up to 600°C, and it is desired
not to have a permanent or covalent bond in area 40, surface modification layers 30
(including materials and bonding surface heat treatments) as exemplified by the examples 2e,
3a, 3b, 4c, 4d, 4¢, and the examples of table 5, above, may be used to provide the bonding
areas 40 between a glass bonding surface of the carrier 10 and a glass bonding surface of the
thin sheet 20. Specifically, these surface modification layers and heat treatments may be
formed outside of the perimeters 52 of controlled bonding areas 50, and may be formed either
on the carrier 10 or on the thin sheet 20. The controlled bonding areas 50 may be formed
with the same, or with a different, surface modification layer as was formed in the bonding
area 40. Alternatively, if processing will be performed at temperatures only up to 400°C, and
it is desired not to have a permanent or covalent bond in area 40, surface modification layers
30 (including materials and bonding surface heat treatments) as exemplified by the examples
2¢, 2d, 2e, 3a, 3b, 4b, 4c¢, 4d, 4e, the examples of table 5, the examples of tables 7-11
(including the examples discussed as alternatives of the examples of table 10), examples 12a,
12b, 12¢, 12g, 12g, and the examples of a surface treatment with O2 alone, above, may be
used to provide the bonding areas 40 between the a glass bonding surface of carrier 10 and a

glass bonding surface of the thin sheet 20.
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[00226] Instead of controlled bonding in areas 50, there may be non-bonding regions in
areas 50, wherein the non-bonding regions may be areas of increased surface roughness as
described in US ‘727, or may be provided by surface modification layers as exemplified by
example 2a.

[00227] For Bulk Anncaling or Bulk Processing

[00228] A fourth use of the above-described manners of controlling bonding is for bulk
annealing of a stack of glass sheets. Annealing is a thermal process for achieving compaction
of the glass. Compaction involves reheating a glass body to a temperature below the glass
softening point, but above the maximum temperature reached in a subsequent processing
step. This achieves structural rearrangement and dimensional relaxation in the glass prior to,
rather than during, the subsequent processing. Annealing prior to subsequent processing is
beneficial to maintain precise alignment and/or flatness in a glass body during the subsequent
processing, as in the manufacture of flat panel display devices, wherein structures made of
many layers need to be aligned with a very tight tolerance, even after being subject to high
temperature environments. [f the glass compacts in one high temperature process, the layers
of the structures deposited onto the glass prior to the high temperature process may not align
correctly with the layers of the structures deposited after the high temperature process.
[00229] Tt is economically attractive to compact glass sheets in stacks. However, this
necessitates interleaving, or separating, adjacent sheets to avoid sticking. At the same time, it
is beneficial to maintain the sheets extremely flat and with an optical-quality, or pristine,
surface finish. Additionally, for certain stacks of glass sheets, for example sheets having
small surface area, it may be beneficial to have the glass sheets “stick” together during the
annealing process so that they may easily be moved as a unit without separating, but readily
separate from one another (by peeling for example) after the annealing process so that the
sheets may be individually used. Alternatively, it may be beneficial to anneal a stack of glass
sheets wherein selected ones of the glass sheets are prevented from permanently bonding
with one another, while at the same time, allowing other ones of the glass sheets, or portions
of those other glass sheets, e.g., their perimeters, to permanently bond with each other. As
still another alternative, it may be beneficial to stack glass sheets to, in bulk, selectively
permanently bond the perimeters of selected adjacent pairs of the sheets in the stack. The
above-described manners of controlling bonding between glass sheets may be used to achieve
the foregoing bulk annealing and/or selective bonding. In order to control bonding at any
particular interface between adjacent sheets, there may be used a surface modification layer

on at least one of the major surfaces facing that interface.
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[00230] One embodiment of a stack of glass sheets, suitable for bulk annealing or bulk
permanent bonding in selected areas (for example around the perimeter), will be described
with reference to FIGS. 7 and 8. Wherein FIG. 7 is a schematic side view of a stack 760 of
glass sheets 770-772, and FIG. 8 is an exploded view thereof for purposes of further
explanation.

[00231] A stack 760 of glass sheets may include glass sheets 770-772, and surface
modification layers 790 to control the bonding between the glass sheets 770-772.
Additionally, the stack 760 may include cover sheets 780, 781 disposed on the top and
bottom of the stack, and may include surface modification layers 790 between the covers and
the adjacent glass sheets.

[00232] As shown in FIG. 8, cach of the glass sheets 770-772 includes a first major surface
776 and a second major surface 778. The glass sheets may be made of any suitable glass
material, for example, an alumino-silicate glass, a boro-silicate glass, or an alumino-boro-
silicate glass. Additionally, the glass may be alkali containing, or may be alkali-free. Each
of the glass sheets 770-772 may be of the same composition, or the sheets may be of different
compositions. Further, the glass sheets may be of any suitable type. That is, for example, the
glass sheets 770-772 may be all carriers as described above, may be all thin sheets as
described above, or may alternately be carriers and thin sheets. It is beneficial to have a stack
of carriers, and a separate stack of thin sheets when bulk annealing requires a different time-
temperature cycle for the carriers than for the thin sheets. Alternatively, with the right
surface modification layer material and placement, it may be desirable to have a stack with
alternate carriers and thin sheets, whereby if desired pairs of a carrier and a thin sheet, i.c.,
those forming an article, may be covalently bonded to one another in bulk for later
processing, while at the same time preserving the ability to separate adjacent articles from
one another. Still further, there may be any suitable number of glass sheets in the stack. That
is, although only three glass sheets 770-772 are shown in FIGS. 7 and 8, any suitable number
of glass sheets may be included in a stack 760.

[00233] In any particular stack 760 any one glass sheet may include no surface modification
layers, one surface modification layer, or two surface modification layers. For example, as
shown in FIG. 8, sheet 770 includes no surface modification layers, sheet 771 includes one
surface modification layer 790 on its second major surface 778, and sheet 772 includes two
surface modification layers 790 wherein one such surface modification layer is on each of its
major surfaces 776, 778.

[00234] The cover sheets 780, 781 may be any material that will suitably withstand (not

only in terms of time and temperature, but also with respect to other pertinent considerations
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like outgassing, for example) the time-temperature cycle for a given process.
Advantageously, the cover shects may be made of the same material as the glass sheets being
processed. When the cover sheets 780, 781 are present, and are of a material that undesirably
would bond with the glass sheets upon putting the stack through a given time-temperature
cycle, a surface modification layer 790 may be included between the glass sheet 771 and the
cover sheet 781 and/or between the glass sheet 772 and the cover sheet 780, as appropriate.
When present between a cover and a glass sheet, the surface modification layer may be on the
cover (as shown with cover 781 and adjacent sheet 771), may be on the glass sheet (as shown
with cover 780 and sheet 772), or may be on both the cover and the adjacent sheet (not
shown). Alternatively, if the cover sheets 780, 781 are present, but are of a material that will
not bond with the adjacent sheets 772, 772, then surface modification layers 790 need not be
present therebetween.

[00235] Between adjacent sheets in the stack, there is an interface. For example, between
adjacent ones of the glass sheets 770-772, there is defined an interface, i.c., there is an
interface 791 between sheet 770 and sheet 771, and interface 792 between sheet 770 and
sheet 772. Additionally, when the cover sheets 780, 781 are present, there is an interface 793
between cover 781 and sheet 771, as well as an interface 794 between sheet 772 and cover
780.

[00236] In order to control bonding at a given interface 791, 792 between adjacent glass
sheets, or at a given interface 793, 794 between a glass sheet and a cover sheet, there may be
used a surface modification layer 790. For example, as shown, there is present at each
interface 791, 792, a surface modification layer 790 on at least one of the major surfaces
facing that interface. For example, for interface 791, the second major surface 778 of glass
sheet 771 includes a surface modification layer 790 to control the bonding between sheet 771
and adjacent sheet 770. Although not shown, the first major surface 776 of sheet 770 could
also include a surface modification layer790 thercon to control bonding with sheet 771, i.e.,
there may be a surface modification layer on each of the major surfaces facing any particular
interface.

[00237] The particular surface modification layer 790 (and any associated surface
modification treatment — for example a heat treatment on a particular surface prior to
application of a particular surface modification layer to that surface, or a surface heat
treatment of a surface with which a surface modification layer may contact) at any given
interface 791-794, may be selected for the major surfaces 776, 778 facing that particular
interface 791-794 to control bonding between adjacent sheets and, thereby, achieve a desired

outcome for a given time-temperature cycle to which the stack 760 is subjected.
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[00238] If it was desired to bulk anneal a stack of glass sheets 770-772 at a temperature up
to 400°C, and to separate each of the glass sheets from one another after the annealing
process, then bonding at any particular interface, for example interface 791, could be
controlled using a material according to any one of the examples 2a, 2¢, 2d, 2¢, 3a, 3b, 4b-4e,
the examples of table 5, the examples of tables 7-11 (including the examples discussed as
alternatives of the examples of table 10), examples 12a, 12b, 12¢, 12g, 12g, or the examples
of a surface treatment with O2 alone, together with any associated surface preparation. More
specifically, the first surface 776 of sheet 770 would be treated as the “Thin Glass™ in Tables
2-4, whereas the second surface 778 of sheet 771, would treated as the “Carrier” in Tables 2-
4, or vice versa. A suitable time-temperature cycle, having a temperature up to 400°C, could
then be chosen based on the desired degree of compaction, number of sheets in the stack, as
well as size and thickness of the sheets, so as to achieve the requisite time-temperature
throughout the stack.

[00239] Similarly, if it was desired to bulk anneal a stack of glass sheets 770-772 at a
temperature up to 600°C, and to separate each of the glass sheets from one another after the
annealing process, then bonding at any particular interface, for example interface 791, could
be controlled using a material according to any one of the examples 2a, 2¢, 3a, 3b, 4c, 4d, 4e,
or the examples of table 5, together with any associated surface preparation. More
specifically, the first surface 776 of sheet 770 would be treated as the “Thin Glass™ in Tables
2-4, whereas the second surface 778 of sheet 771, would treated as the “Carrier” in Tables 2-
4, or vice versa. A suitable time-temperature cycle, having a temperature up to 600°C, could
then be chosen based on the desired degree of compaction, number of sheets in the stack, as
well as size and thickness of the sheets, so as to achieve the requisite time-temperature
throughout the stack.

[00240] Further, it is possible to preform bulk annealing, and bulk article formation, by
appropriately configuring the stack of sheets and the surface modification layers between
each pair of them. If it was desired to bulk anneal a stack of glass sheets 770-772 ata
temperature up to 400°C, and then in-bulk covalently bond pairs of adjacent sheets to one
another to form articles 2, suitable materials and associated surface preparation could be
selected for controlling bonding. For example, around the peripheries (or at other desired
bonding areas 40), the bonding at the interface between pairs of glass sheets to be formed into
an article 2, for example sheets 770 and 771, could be controlled using: (i) a material
according to any one of the examples 2c, 2d, 4b, the examples of tables 7-11 (including the
examples discussed as alternatives of the examples of table 10), examples 12a, 12b, 12¢, 12g,

12g, or the examples of a surface treatment with O2 alone, together with any associated
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surface preparation, around the perimeter (or other desired bonding area 40) of the sheets
770, 771; and (ii) a material according to any one of the examples 2a, 2¢, 3a, 3b, 4c, 4d, 4e,
or the examples of table 5, together with any associated surface preparation, on an interior
area (i.e., an area interior of the perimeter as treated in (i), or in desired controlled bonding
areas 50 where separation of one sheet from the other is desired) of the sheets 770, 771. In
this case, device processing in the controlled bonding areas 50 could then be performed at
temperatures up to 600°C.

[00241] Materials and heat treatments could be appropriately selected for compatibility with
one another. For example, any of the materials 2c¢, 2d, or 4b, could be used for the bonding
areas 40 with a material according to example 2a for the controlled bonding areas.
Alternatively, the heat treatment for the bonding areas and controlled bonding areas could be
appropriately controlled to minimize the effect of heat treatment in one area adversely
affecting the desired degree of bonding in an adjacent area.

[00242] After appropriately selecting surface modification layers 790 and associated heat
treatments for the glass sheets in the stack, those sheets could be appropriately arranged into a
the stack and then heated up to 400°C to bulk anneal all the sheets in the stack without them
being permanently bonded to one another. Then, the stack could be heated up to 600°C to
form covalent bonds in the desired bonding areas of a pair of adjacent sheets to form an
article 2 having a pattern of bonding areas and controlled bonding areas. The bonding at the
interface between one pair of sheets that are to be covalently bonded by bonding areas 40 to
form an article 2, and another pair of such sheets forming a separate but adjacent article 2,
could be controlled with the materials and associated heat treatments of examples 2a, 2e¢, 3a,
3b, 4c, 4d, 4¢, the examples of table 5, so that adjacent articles 2 would not be covalently
bonded to one another. In this same manner of controlling bonding between adjacent articles,
there could be controlled the bonding between an article and any cover sheet that is present in
the stack.

[00243] Still further, similarly to the above, it is possible to form articles 2 in bulk from a
stack 760 without annealing that same stack 760 beforehand. Instead, the sheets could have
been separately annealed, or annealed in a different stack and separated therefrom, prior to
configuring them for the desired controlled bonding in a stack to produce articles in bulk.
From the immediately above-described manner of bulk annealing and then forming articles in
bulk from one and the same stack, the bulk annealing is simply omitted.

[00244] Although only the manners of controlling bonding at interface 791 were explained
in detail above, of course the same may be done at interface 792, or for any other interface

that may be present in a particular stack — as in the case of more than three glass sheets in a
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stack, or as when there is a cover sheet that would undesirably bond to a glass sheet. Further,
although the same manner of controlling bonding may be used at any interfaces 791, 792,
793, 794 that are present, different ones of the above-described manners of controlling
bonding may also be used at different interfaces to produce the same or a different outcome
in terms of the type of bond desired.

[00245] 1In the above processes of bulk annealing, or forming articles 2 in bulk, when
HMDS is used as a material for controlling bonding at an interface, and the HMDS is
exposed to the outer periphery of the stack, the heating above about 400°C should be
performed in an oxygen-free atmosphere when it is desired to prevent covalent bonding in the
arca of the HMDS. That is, if the HMDS is exposed to an amount of oxygen in the
atmosphere (at a temperature above about 400°C) sufficient to oxidize the HMDS, the
bonding in any such area where the HMDS has been oxidized will become covalent bonding
between adjacent glass sheets. Other alkyl hydrocarbon silanes similarly can be affected by
exposure to oxygen at higher temperatures, e.g., above about 400°C, e.g., ethyl, propyl, butyl,
or steryl, silanes. Similarly, if using other materials for the surface modification layer, the
environment for the bulk annealing should be chosen so that the materials will not degrade
over the time-temperature cycle of the anneal.  As used herein, oxygen free may mean an
oxygen concentration of less than 1000 ppm by volume, more preferred less than 100 ppm by
volume.

[00246] Once the stack of sheets has been bulk annealed, individual sheets may be separated
from the stack. The individual sheets can be treated (for example, by oxygen plasma, heating
in an oxygen environment at a temperature > 400°C, or by chemical oxidation, SC1, or SC2)
to remove the surface modification layer 790. The individual sheets can be used as desired,
for example, as electronic device substrates, for example OLED, FPD, or PV devices).
[00247] The above-described methods of bulk annealing, or bulk processing, have the
advantage of maintaining clean sheet surfaces in an economical manner. More specifically,
the sheets do not need to be kept in a clean environment from start to finish, as in a clean-
room annealing Ichr. Instead, the stack can be formed in a clean environment, and then
processed in a standard annealing lehr (i.e., one in which cleanliness is not controlled)
without the sheet surfaces getting dirty with particles because there is no fluid flow between
the sheets. Accordingly, the sheet surfaces are protected from the environment in which the
stack of sheets is annealed. After annealing, the stack of sheets can be easily transported to a
further processing area (either in the same or a different facility) because the sheets maintain
some degree of adhesion, yet remain separable from one another upon sufficient force

without damaging the sheets. That is, a glass manufacturer (for example) can assemble and
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anneal a stack of glass sheets, and then ship the sheets as a stack wherein they remain
together during shipping (without fear of them separating in transit), whereupon arriving at
their destination the sheets may be separated from the stack by a customer who may use the
sheets individually or in smaller groups. Once separation is desired, the stack of sheets can
again be processed in a clean environment (after washing the stack as necessary).

[00248] Example of Bulk Annealing

[00249] Glass substrates were used as-received from the fusion draw process. The fusion
drawn glass composition was (in mole %): SiO2 (67.7), AI203 (11.0), B203 (9.8), CaO
(8.7), MgO (2.3), SrO (0.5). Seven (7), 0.7 mm thick by 150 mm diameter, fusion drawn
glass substrates were patterned by lithographic methods with 200 nm deep fiducials/verniers
using HF. Two (2) nm of a plasma deposited fluoropolymer as a surface modification layer
was coated on all bonding surfaces of all glass substrates, i.e., each surface of a substrate that
faced another substrate was coated, wherecupon the resulting surface energy of each sheet
surface was approximately 35 mJ/m2. The 7 coated individual glass substrates were placed
together to form a single, thick substrate (referred to as the “glass stack™). The glass stack
was annealed in a nitrogen purged tube furnace ramping from 30°C to 590°C over a 15
minute period, holding 30 minutes at 590°C, then ramping down to about 230°C over a 50
minute period, then removing the glass stack from the furnace and cooling to room
temperature of about 30°C in about 10 minutes. After cooling, the substrates were removed
from the furnace and easily separated into individual sheets (i.e., the samples did not
permanently bond, globally or locally) using a razor wedge. Compaction was measured on
each individual substrate by comparing the glass fiducials to a non-annealed quartz reference.
The individual substrates were found to compact about 185 ppm. Two of the substrates as
individual samples (not stacked together) went through a second anneal cycle as described
above (590°C/30 minute hold). Compaction was measured again and the substrates were
found to further compact less than 10 ppm (actually 0 to 2.5 ppm) due to the second heat
treatment (change in glass dimensions—as compared with original glass dimension—after
the second heat treatment minus the change in glass dimensions after the first heat treatment).
Thusly, the inventors have demonstrated that individual glass sheets can be coated, stacked,
heat treated at a high temperature to achieve compaction, cooled, separated into individual
sheets and have < 10 ppm, and even < 5 ppm in dimension change (as compared to their size
after the first heat treatment) after a second heat treatment.

[00250] Although the furnace in the above-described annealing example was purged with
nitrogen, annealing furnaces may also be purged with other gasses including, air, argon,

oxygen, CO2, or combinations thereof, depending upon the annealing temperature, and the
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stability of the surface modification layer material at those temperatures in a particular
environment. Alternatively to an inert atmosphere, the furnace in the above-described
annealing could be a vacuum environment.

[00251] Additionally, although not shown, the glass may be annealed in a spool, instead of
sheet, form. That is, a suitable surface modification layer may be formed on one or both
sides of a glass ribbon, and the ribbon then rolled. The entire roll could be subject to the
same treatment as noted above for sheets, whereupon the glass of the entire spool would be
annecaled without sticking one wrap of the glass to an adjacent one. Upon un-rolling, the
surface modification layer may be removed by any suitable process.

[00252] Outgassing

[00253] Polymer adhesives used in typical wafer bonding applications are generally 10-100
microns 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 10 nm thick or less, for
example the plasma polymer or self-assembled monolayer surface modification layers
described above, as well as for a thin layer of pyrolyzed silicone oil. For such materials,
mass-spectrometry is not sensitive enough. There are a number of other ways to measure
outgassing, however.

[00254] A first manner of measuring small amounts of outgassing is based on surface
energy measurements, and will be described with reference to FIG. 9. To carry out this test, a
setup as shown in FIG. 9 may be used. A first substrate, or carrier, 900 having the to-be-
tested surface modification layer thereon presents a surface 902, i.c., a surface modification
layer corresponding in composition and thickness to the surface modification layer 30 to be
tested. A second substrate, or cover, 910 is placed so that its surface 912 is in close
proximity to the surface 902 of the carrier 900, but not in contact therewith. The surface 912
is an uncoated surface, i.e., a surface of bare material from which the cover is made. Spacers
920 are placed at various points between the carrier 900 and cover 910 to hold them in spaced
relation from one another. The spacers 920 should be thick enough to separate the cover 910
from the carrier 900 to allow a movement of material from one to the other, but thin enough
so that during testing the amount of contamination from the chamber atmosphere on the
surfaces 902 and 912 is minimized. The carrier 900, spacers 920, and cover 910, together
form a test article 901.

[00255] Prior to assembly of the test article 901, the surface energy of bare surface 912 is

measured, as is the surface energy of the surface 902, i.e., the surface of carrier 900 having
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the surface modification layer provided thereon. The surface energies as shown in FIG. 10,
both polar and dispersion components, were measured by fitting the Wu model to the contact
angles of three test liquids; water, diiodomethane and hexadecane.

[00256] After assembly, the test article 901 is placed into a heating chamber 930, and is
heated through a time-temperature cycle. The heating is performed at atmospheric pressure
and under flowing N2 gas, i.e., flowing in the direction of arrows 940 at a rate of 2 standard
liters per minute.

[00257] During the heating cycle, changes in the surface 902 (including changes to the
surface modification layer due to evaporation, pyrolysis, decomposition, polymerization,
reaction with the carrier, and de-wetting, for example) are evidenced by a change in the
surface energy of surface 902. A change in the surface energy of surface 902 by itself does
not necessarily mean that the surface modification layer has outgassed, but does indicate a
general instability of the material at that temperature as its character is changing due to the
mechanisms noted above, for example. Thus, the less the change in surface energy of surface
902, the more stable the surface modification layer. On the other hand, because of the close
proximity of the surface 912 to the surface 902, any material outgassed from surface 902 will
be collected on surface 912 and will change the surface energy of surface 912. Accordingly,
the change in surface energy of surface 912 is a proxy for outgassing of the surface
modification layer present on surface 902.

[00258] Thus, one test for outgassing uses the change in surface energy of the cover surface
912. Specifically, if there is a change in surface energy—of surface 912—of > 10 mJ/m2,
then there is outgassing. Changes in surface energy of this magnitude are consistent with
contamination which can lead to loss of film adhesion or degradation in material properties
and device performance. A change in surface energy of < 5 mJ/m2 is close to the repeatability
of surface energy measurements and inhomogeneity of the surface energy. This small change
is consistent with minimal outgassing.

[00259] During testing that produced the results in FIG. 10, the carrier 900, the cover 910,
and the spacers 920, were made of Eagle XG glass, an alkali-free alumino-boro-silicate
display-grade glass available from Corning Incorporated, Corning, NY, although such need
not be the case. The carrier 900 and cover 910 were 150mm diameter 0.63mm thick.
Generally, the carrier 910 and cover 920 will be made of the same material as carrier 10 and
thin sheet 20, respectively, for which an outgassing test is desired. During this testing, silicon
spacers 0.63 mm thick, 2mm wide, and 8cm long, thereby forming a gap of 0.63 mm between
surfaces 902 and 912. During this testing, the chamber 930 was incorporated in MPT-

RTP600s rapid thermal processing equipment that was cycled from room temperature to the
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test limit temperature at a rate of 9.2°C per minute, held at the test limit temperature for
varying times as shown in the graphs as “Anneal Time”, and then cooled at furnace rate to
200°C. After the oven had cooled to 200°C, the test article was removed, and after the test
article had cooled to room temperature, the surface energies of each surface 902 and 912
were again measured. Thus, by way of example, using the data for the change in cover
surface energy, tested to a limit temperature of 450°C, for Material #1, line 1003, the data
was collected as follows. The data point at 0 minutes shows a surface energy of 75 mJ/m2
(milli-Joules per square meter), and is the surface energy of the bare glass, i.e., there has been
no time-temperature cycle yet run. The data point at one minute indicates the surface energy
as measured after a time-temperature cycle performed as follows: the article 901 (having
Material #1 used as a surface modification layer on the carrier 900 to present surface 902)
was placed in a heating chamber 930 at room temperature, and atmospheric pressure; the
chamber was heated to the test-limit temperature of 450°C at a rate of 9.2°C per minute, with
a N2 gas flow at two standard liters per minute, and held at the test-limit temperature of
450°C for 1 minute; the chamber was then allowed to cool to 300°C at a rate of 1°C per
minute, and the article 901 was then removed from the chamber 930; the article was then
allowed to cool to room temperature (without N2 flowing atmosphere); the surface energy of
surface 912 was then measured and plotted as the point for 1 minute on line 1003. The
remaining data points for Material #1 (lines 1003, 1004), as well as the data points for
Material #2 (lines 1203, 1204), Material #3 (lines 1303, 1304), Material #4 (lines 1403,
1404), Material #5 (lines 1503, 1504), Material #6 (lines 1603, and 1604), and Material #7
(lines 1703, 1704) were then determined in a similar manner with the minutes of anneal time
corresponding to the hold time at the test-limit temperature, cither 450°C, or 600°C, as
appropriate. The data points for lines 1001, 1002, 1201, 1202, 1301, 1302, 1401, 1402, 1501,
1502, 1601, 1602, 1701, and 1702 representing surface energy of surface 902 for the
corresponding surface modification layer materials (Materials #1-7) were determined in a
similar manner, except that the surface energy of the surface 902 was measured after each
time-temperature cycle.

[00260] The above assembly process, and time-temperature cycling, were carried out for
seven different materials as set forth below, and the results are graphed in FIG. 10. Of the
seven materials, Materials #1-4 and 7 correspond to surface modification layer materials
described above. Materials #5 and #6 are comparative examples.

[00261] Material #1 is a CHF3-CF4 plasma polymerized fluoropolymer. This material is
consistent with the surface modification layer in example 3b, above. As shown in FIG. 10,

lines 1001 and 1002 show that the surface energy of the carrier did not significantly change.
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Thus, this material is very stable at temperatures from 450°C to 600°C. Additionally, as
shown by the lines 1003 and 1004, the surface energy of the cover did not significantly
change ecither, i.c., the change is < 5mJ/m2. Accordingly, there was no outgassing associated
with this material from 450°C to 600°C.

[00262] Material #2 is a phenylsilane, a self-assembled monolayer (SAM) deposited form
1% toluene solution of phenyltriethoxysilane and cured in vacuum oven 30 minutes at 190°C.
This material is consistent with the surface modification layer in example 4c, above. As
shown in FIG. 10, lines 1201 and 1202 indicate some change in surface energy on the carrier.
As noted above, this indicates some change in the surface modification layer, and
comparatively, Material #2 is somewhat less stable than Material #1. However, as noted by
lines 1203 and 1204, the change in surface energy of the carrier is < SmJ/m2, showing that
the changes to the surface modification layer did not result in outgassing.

[00263] Material #3 is a pentafluorophenylsilane, a SAM deposited from 1% toluene
solution of pentafluorophenyltriethoxysilane and cured in vacuum oven 30 minutes at 190°C.
This material is consistent with the surface modification layer in example 4e, above. As
shown in FIG. 10, lines 1301 and 1302 indicate some change in surface energy on the carrier.
As noted above, this indicates some change in the surface modification layer, and
comparatively, Material #3 is somewhat less stable than Material #1. However, as noted by
lines 1303 and 1304, the change in surface energy of the carrier is < SmJ/m2, showing that
the changes to the surface modification layer did not result in outgassing.

[00264] Material #4 is hexamethyldisilazane (HMDS) deposited from vapor ina YES
HMDS oven at 140°C. This material is consistent with the surface modification layer in
Example 2b, of Table 2, above. As shown in FIG. 10, lines 1401 and 1402 indicate some
change in surface energy on the carrier. As noted above, this indicates some change in the
surface modification layer, and comparatively, Material #4 is somewhat less stable than
Material #1. Additionally, the change in surface energy of the carrier for Material #4 is
greater than that for any of Materials #2 and #3 indicating, comparatively, that Material #4 is
somewhat less stable than Materials #2 and #3. However, as noted by lines 1403 and 1404,
the change in surface energy of the carrier is < 5SmJ/m2, showing that the changes to the
surface modification layer did not result in outgassing that affected the surface energy of the
cover. However, this is consistent with the manner in which HMDS outgasses. That is,
HMDS outgasses ammonia and water which do not affect the surface energy of the cover,
and which may not affect some electronics fabrication equipment and/or processing. On the

other hand, when the products of the outgassing are trapped between the thin sheet and
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carrier, there may be other problems, as noted below in connection with the second
outgassing test.

[00265] Material #5 is Glycidoxypropylsilane, a SAM deposited from 1% toluene solution
of glycidoxypropyltriethoxysilane and cured in vacuum oven 30 minutes at 190°C. This is a
comparative example material. Although there is relatively little change in the surface energy
of the carrier, as shown by lines 1501 and 1502, there is significant change in surface energy
of the cover as shown by lines 1503 and 1504. That is, although Material #5 was relatively
stable on the carrier surface, it did, indeed outgas a significant amount of material onto the
cover surface whereby the cover surface energy changed by > 10mJ/m2. Although the
surface energy at the end of 10 minutes at 600°C is within 10 mJ/m2, the change during that
time does exceed 10mJ/m2. See, for example the data points at 1 and 5 minutes. Although
not wishing to be bound by theory, the slight uptick in surface energy from 5 minutes to 10
minutes is likely do to some of the outgassed material decomposing and falling off of the
cover surface.

[00266] Material #6 is DC704 a silicone coating prepared by dispensing 5 ml Dow Corning
704 diffusion pump oil tetramethyltetraphenyl trisiloxane (available from Dow Corning) onto
the carrier, placing it on a 500°C hot plate in air for 8 minutes. Completion of sample
preparation is noted by the end of visible smoking. After preparing the sample in the above
manner, the outgassing testing described above was carried out. This is a comparative
example material. As shown in FIG. 10, lines 1601 and 1602 indicate some change in
surface energy on the carrier. As noted above, this indicates some change in the surface
modification layer, and comparatively, Material #6 is less stable than Material #1.
Additionally, as noted by lines 1603 and 1604, the change in surface energy of the carrier is >
10mJ/m2, showing significant outgassing. More particularly, at the test-limit temperature of
450°C, the data point for 10 minutes shows a decrease in surface energy of about 15 mJ/m2,
and even greater decrease in surface energy for the points at 1 and 5 minutes. Similarly, the
change in surface energy of the cover during cycling at the 600°C test-limit temperature, the
decrease in surface energy of the cover was about 25 mJ/m2 at the 10 minute data point,
somewhat more at 5 minutes, and somewhat less at 1 minute. Altogether, though, a
significant amount of outgassing was shown for this material over the entire range of testing.
[00267] Material #7 is a is CH4-H2 plasma deposited polymer sequentially treated with
brief N2-O2 and N2 plasmas. This material is similar to the surface modification layer in the
examples of Table 11, above. As shown in FIG. 10, lines 7001 and 7002 show that the
surface energy of the carrier did not significantly change. Thus, this material is very stable at

temperatures from 450°C to 600°C. Additionally, as shown by the lines 7003 and 7004, the
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surface energy of the cover did not significantly change either, i.e., the change is < SmJ/m2.
Accordingly, there was no outgassing associated with this material from 450°C to 600°C.
[00268] Significantly, for Materials #1-4, and 7 the surface energies throughout the time-
temperature cycling indicate that the cover surface remains at a surface energy consistent
with that of bare glass, i.e., there is collected no material outgassed from the carrier surface.
In the case of Material #4, as noted in connection with Table 2, the manner in which the
carrier and thin sheet surfaces are prepared makes a big difference in whether an article (thin
sheet bonded together with a carrier via a surface modification layer) will survive FPD
processing. Thus, although the example of Material #4 shown in FIG. 10 may not outgas,
this material may or may not survive the 400°C or 600°C tests as noted in connection with
the discussion of Table 2.

[00269] A second manner of measuring small amounts of outgassing is based on an
assembled article, i.e., one in which a thin sheet is bonded to a carrier via a surface
modification layer, and uses a change in percent bubble area to determine outgassing. That
is, during heating of the article, bubbles formed between the carrier and the thin sheet
indicate outgassing of the surface modification layer. As noted above in connection with the
first outgassing test, it is difficult to measure outgassing of very thin surface modification
layers. In this second test, the outgassing under the thin sheet may be limited by strong
adhesion between the thin sheet and carrier. Nonetheless, layers < 10 nm thick (plasma
polymerized materials, SAMs, and pyrolyzed silicone oil surface treatments, for example)
may still create bubbles during thermal treatment, despite their smaller absolute mass loss.
And the creation of bubbles 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, bubbling 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 % bubble area of > 5 is significant,
indicative of outgassing, and is not desirable. On the other hand a change in % bubble area of
<1 is insignificant and an indication that there has been no outgassing.

[00270] The average bubble area of bonded thin glass in a class 1000 clean room with
manual bonding is 1%. The %bubbles 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 bubble growth after heat treatment, any change in bubble area upon heat
treatment less than 1% is within the variability of sample preparation. To carry out this test, a
commercially available desktop scanner with transparency unit (Epson Expression 10000XL

Photo) was used to make a first scan image of the area bonding the thin sheet and carrier
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immediately after bonding. The parts were 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, 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 newer
Epson Expression 11000XL Photo may also be used in a similar manner. In transmission
mode, bubbles in the bonding area are visible in the scanned image and a value for bubble
area can be determined. Then, the bubble area is compared to the total bonding area (i.e., the
total overlap area between the thin sheet and the carrier) to calculate a % area of the bubbles
in the bonding area relative to the total bonding area. The samples are then heat treated in a
MPT-RTP600s Rapid Thermal Processing system under N2 atmosphere at test-limit
temperatures of 300°C, 450°C, and 600°C, for up to 10 minutes. Specifically, the time-
temperature cycle carried out included: inserting the article into the heating chamber at room
temperature and atmospheric pressure; the chamber was then heated to the test-limit
temperature at a rate of 9°C per minute; the chamber was held at the test-limit temperature for
10 minutes; the chamber was then cooled at furnace rate to 200°C; the article was removed
from the chamber and allowed to cool to room temperature; the article was then scanned a
second time with the optical scanner. The % bubble area from the second scan was then
calculated as above and compared with the % bubble arca from the first scan to determine a
change in % bubble area (A% bubble area). As noted above, a change in bubble area of > 5%
is significant and an indication of outgassing. A change in % bubble area was selected as the
measurement criterion because of the variability in original % bubble area. That is, most
surface modification layers have a bubble area of 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. The same Materials #1-7 set
forth with respect to the first outgassing test method were again used in this second
outgassing test method. Of these materials, Materials #1-4 exhibited about 2% bubble area in
the first scan, whereas Materials #5 and #6 showed significantly larger bubble area, i.e., about
4%, in the first scan.

[00271] The results of the second outgassing test will be described with reference to FIGS.
11 and 12. The outgassing test results for Materials #1-3 and #7 are shown in FIG. 11,
whereas the outgassing test results for Materials #4-6 are shown in FIG. 12.

[00272] The results for Material #1 are shown as square data points in FIG. 11. As can be

seen from the figure, the change in % bubble area was near zero for test-limit temperatures of
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300°C, 450°C, and 600°C. Accordingly, Material # 1 shows no outgassing at these
temperatures.

[00273] The results for Material #2 are shown as diamond data points in FIG. 11. As canbe
seen from the figure, the change in % bubble area is less than 1 for test-limit temperatures of
450°C and 600°C. Accordingly, Material #2 shows no outgassing at these temperatures.
[00274] The results for Material #3 are shown as triangle data points in FIG. 11. As can be
seen from the figure, similar to the results for Material #1, the change in % bubble arca was
near zero for test-limit temperatures of 300°C, 450°C, and 600°C. Accordingly, Material # 1
shows no outgassing at these temperatures.

[00275] The results for Material #7 are shown as cross data points in FIG. 11. As can be
seen from the figure, the change in % bubble area is near zero for the test-limit temperatures
0f 300°C and 450°C. Accordingly, Material #7 shows no outgassing at these temperatures.
For the test-limit temperature of 600°C, Material #7 shows change in % bubble area of less
than 2. Accordingly, Material #7 shows, at most, minimal outgassing at this temperature.
[00276] The results for Material #4 are shown as circle data points in FIG. 12. As can be
seen from the figure, the change in % bubble area is near zero for the test-limit temperature of
300°C, but is near 1% for some samples at the test-limit temperatures of 450°C and 600°C,
and for other samples of that same material is about 5% at the test limit temperatures of
450°C and 600°C. The results for Material #4 are very inconsistent, and are dependent upon
the manner in which the thin sheet and carrier surfaces are prepared for bonding with the
HMDS material. The manner in which the samples perform being dependent upon the
manner in which the samples are prepared is consistent with the examples, and associated
discussion, of this material set forth in connection with Table 2 above. It was noted that, for
this material, the samples having a change in % bubble area near 1%, for the 450°C and
600°C test-limit temperatures, did not allow separation of the thin sheet from the carrier
according to the separation tests set forth above. That is, a strong adhesion between the thin
sheet and carrier may have limited bubble generation. On the other hand, the samples having
a change in % bubble area near 5% did allow separation of the thin sheet from the carrier.
Thus, the samples that had no outgassing had the undesired result of increased adhesion after
temperature treatment which sticking the carrier and thin sheet together (preventing removal
of the thin sheet from the carrier), whereas the samples that allowed removal of the thin sheet
and carrier had the undesired result of outgassing.

[00277] The results for Material #5 are shown in FIG. 12 as triangular data points. As can

be seen from the figure, the change in % bubble area is about 15% for the test-limit
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temperature of 300°C, and is well over that for the higher test-limit temperatures of 450°C
and 600°C. Accordingly, Material # 5 shows significant outgassing at these temperatures.
[00278] The results for Material #6 are shown as square data points in FIG. 12. As can be
seen from this figure, the change in % bubble area is over 2.5% for the test-limit temperature
of 300°C, and is over 5% for the test limit-temperatures of 450°C and 600°C. Accordingly,
Material #6 shows significant outgassing at the test-limit temperatures of 450°C and 600°C.
[00279] Bonding a Polymer Surface to a Glass Surface

[00280] Displays have been demonstrated on polymer sheets such as polyethylene
naphthalate (PEN), polyethylene terephthalate (PET) and polyimide (PI), where the device
fabrication was sheet to sheet with the PEN laminated to a glass carrier. Up to 100 micron
thick layers of polymer adhesives are typically used to laminate PEN and PET to glass
carriers for sheet to sheet processing. Weight loss of these adhesives during device
processing is typically greater than 1%, which creates challenges for contamination due to
outgassing of solvents. In addition, complete removal of the adhesive is challenging, so glass
carriers are not commonly reused.

[00281] The present application describes use of thin surface modification layers to form
moderate adhesion between a glass carrier and a polymer sheet to create a controlled
temporary bond sufficiently strong to survive TFT processing but weak enough to permit
debonding. Although thermal, vacuum, solvent and acidic, and ultrasonic Flat Panel Display
(FPD) processes require a robust bond for thin polymer sheet bound to carrier, various ones
of the present surface modification layers discussed herein were able to achieve such a
controlled bonding for processing a polymer thin sheet on a glass carrier. Further, the
controlled bonding was able to allow the polymer thin sheet to be removed from the carrier,
without catastrophic damage to either the polymer thin sheet or the glass carrier and, thereby,
provide a re-usable glass carrier.

[00282] Three transistor technologies are in mass production for FPD backplane fabrication:
amorphous silicon (aSi) bottom gate TFT, polycrystalline silicon (pSi) top gate TFT, and
amorphous oxide (IGZO) bottom gate TFT. These technologies all require high temperature
processing steps >300C. This requirement for substrates capable of high temperature
processes as well as the requirement for chemical, mechanical and vacuum compatibility has
been a major limitation to the industrialization of flexible displays on existing flexible
substrates such as polymers. The general process begins with cleaning of the polymer
substrate, typically in hot alkaline solutions with ultrasonic or megasonic agitation, followed
by DI water rinse. The device structure is fabricated in a number of subtractive cycles of

material deposition and photolithographic patterning followed by material etching. Metal,
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dielectric, and semiconductor materials are deposited by vacuum processes, for example,
sputtering metals, transparent conductive oxides and oxide semiconductors, Chemical Vapor
Deposition (CVD) deposition of amorphous silicon, silicon nitride, and silicon dioxide at
elevated temperature. Laser and flash lamp annealing permit p-Si crystallization without
excessive substrate heating, but uniformity is challenging and performance poor compared to
glass substrates. Layers are patterned by a photolithographic patterning of polymer resist, and
etching, followed by resist strip. Both vacuum plasma (dry) etch and acidic wet etch
processes are used. In FPD processing, photoresist is typically stripped by a hot solvent,
typically with ultrasonic or megasonic agitation.

[00283] Removing thick layers of adhesives prevents re-usability of the carrier For a
polymer adhesive to be useful to FPD processing it must have good chemical durability in
solvents, strong acids, and strong bases. However, these same propertics make removal
challenging. And with layers up to 100 microns thick, plasma processes are not practical to
remove the layers. A major challenge for organic thin film transistor fabrication is
lamination of the thin polymer sheet to a carrier.

[00284] The present application describes a method for controlled temporary bonding of
polymer sheets to glass carriers for FPD processes and describes a reusable glass carrier for
sheet to sheet processing of thin polymer substrates. The formation of a surface modification
layer on the glass carrier creates temporary bonding with moderate adhesion between the thin
polymer sheet and carrier. The moderate adhesion is achieved by optimizing the contributions
of van der Waals and covalent attractive energies to the total adhesion energy which is
controlled by modulating the polar and non-polar surface energy components of the thin sheet
and the carrier. This moderate bonding is strong enough to survive FPD processing (including
wet ultrasonic, vacuum, and thermal processes) and yet allow the polymer sheet to remain de-
bondable from the carrier by application of sufficient peeling force. De-bonding permits
removal of devices fabricated on the thin polymer sheet, and re-use of the carrier since the
surface modification layer is < 1 micron thick and readily removed in oxygen plasma.

[00285] There may be obtained the following advantages of using thin surface modification
layers to create moderate bonding between a thin polymer sheet and a glass carrier.

[00286] (1) Approximately 100X reduction, compared to commercial adhesives, in the
amount of material used to bond the thin polymer sheet to the carrier reduces outgassing and
the potential for contamination to absorb and contaminate downstream processes.

[00287] (2) Highly cross-linked plasma polymer surface modification layers are non-volatile

and insoluble, reducing the probability of outgassing and process contamination.
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[00288] (3) The surface modification layer is readily removed in oxygen plasma or
downstream oxygen plasma at clevated temperature.

[00289] (4) Glass carriers may be reused because the surface modification layer is thin and
readily removed.

[00290] PEN and PET are the among the typically-chosen polymer substrates available in
roll form for electronic fabrication. Compared to most polymers they are relatively
chemically inert, have low water absorption, low expansion, and are temperature resistant.
However these properties are inferior to those of glass. For example, the maximum
temperature for non-heat stabilized PEN is 155°C, whereas that for PET is only 120°C. These
temperatures are low compared to the >600°C use temperatures of display glass suitable for
pSi processing. Thermal expansion is about 20 ppm for PEN as opposed to 3.5ppm for
display glass. And shrinkage at temperature is about 0.1% after 30 min at 150°C, which is far
in excess of relaxation and compaction in glass at considerably higher temperature. These
inferior physical properties of the polymer substrate require process adaptations to deposit
high quality devices at high yields. For example, silicon dioxide, silicon nitride and
amorphous silicon deposition temperatures must be lowered to stay within the limits for the
polymer substrate.

[00291] The above-described physical properties of polymers also make bonding to a rigid
carrier for sheet to sheet processing challenging. For example, the thermal expansion of the
polymer sheets is typically more than 6x that of display glass. Despite the smaller upper
temperature limits, thermal stress is large enough to create warp and bow, and cause
delamination when using conventional bonding techniques. Using high expansion glass such
as soda lime or higher expansion metal carriers helps manage the warp challenge, but these
carriers typically have challenges with respect to contamination, compatibility or roughness
(thermal transfer).

[00292] The surface energy of PEN and PET are also considerably lower than that of glass.
As shown in Table 16, below, Corning® Eagle XG® glass exhibits a surface energy of about
77 mJ/m2 after cleaning with SC1 chemistry and standard cleaning techniques. See example
16e. Without surface treatment, PEN and PET are non-polar with a surface energy of 43-45
mJ/m2 ( 43-45 dyn/cm). See Table 15, below, which is Table 2 from “Remote Atmospheric-
Pressure Plasma Activation of the Surfaces of Polyethylene Terephthalate and Polyethylene
Naphthalate” by E. Gonzalez, 11, M. D. Barankin, P. C. Guschl, and R. F. Hicks, Langmuir
2008 24 (21), 12636-12643. Plasma cleaning treatment (for example by oxygen plasma)
greatly increases the surface energy to 55-65 mJ/m2 (55-65 dyn/cm, “plasma”) by increasing

the polar component. Also, UV ozone treatment, or corona discharge, may be used to clean
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the polymer and briefly raise its surface energy. However, over time the surface energy

decrease back to its previous value (“aged”).

Table 15 - Pufvraer Surluve Euergles belore amd after Plasia
Trentnwen sud Aglag

[00293] With these surface energies (about 55 to about 65 mJ/m2) for the polymer bonding
surface, and about 77 mJ/m2 for the glass carrier bonding surface, the polymer sheet would
not stick to the glass carrier well enough to allow processing of structures onto the sheet, but
if first set on the glass carrier and then heated to moderate temperatures, the polymer was
unable to be peeled from the glass carrier. Thus to initially bond PEN or PET to glass at
room temperature, it was found to be beneficial to modify the surface energy of the glass
carrier to about match surface energy than the PEN or PET. Additionally, various ones of the
above-described surface modification layers were found to control the bonding energy so that
the polymer layer could be peeled from the glass carrier even after organic-TFT processing
cycles (including the one hour 120°C vacuum anneal and the one minute 150°C post bake
step).

[00294] By selecting an appropriate surface modification layer to adjust the surface energy
of the glass carrier appropriately, adequate wetting and adhesion strength can be achieved to
controllably bond a polymer, for example, PEN or PET, to a glass carrier in a manner suitable
for organic-TFT processing (including a one hour 120°C vacuum anneal and a one minute
150°C post bake step) while allowing removability of the polymer from the carrier after
processing. The polymer sheet can be successfully removed from the carrier, i.e., the
polymer sheet is controllably bonded to the carrier, if even after the above processing there is
seen no noticeable difference in transistor geometry between the OTFT on the polymer sheet
and that on the mask used to produce it. The surface modification layer may be chosen from
among the various materials and treatments exemplified throughout the specification. The

polymer material advantageously may be plasma cleaned prior to bonding (to increase the
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polar component of its surface energy so as to facilitate initial bonding), but need not be, as
the surface energies of the glass carrier can be varied greatly so as to achieve a suitable level
for controlled bonding with the polymer in its current state (i.e., either as received, as
cleaned, or as aged). Based on the examples above and those in table 16 below, a range of
surface energies from about 36 mJ/m2 (example 5g) to about 80 mJ/m2 (example 5f) can be
attained on a glass carrier bonding surface.

[00295] Several of the above-described methods of surface modification are suitable for
adhesive bonding of polymer sheets to a glass carrier, including those formed from carbon
sources, for example from plasma polymerization of hydrocarbon gasses. For example:
plasma polymer films deposited from fluorocarbon gasses (examples 5a and 5g); plasma
polymer films deposited from fluorocarbon gasses and subsequently treated simultaneously
with nitrogen and hydrogen (example 5m); plasma polymer films deposited from various
non-fluorine-containing gasses (examples 6a-6j); plasma polymer films deposited from
various mixtures of hydrocarbon, optionally nitrogen, and hydrogen, gasses (examples 7a-g,
12j); plasma polymer films deposited from various non-fluorine-containing gasses and
subsequently treated with nitrogen (examples 9a-9j), wherein these surface energies may be
useful with polymers in various states of cleanliness and/or aging; and plasma polymer films
deposited from various non-fluorine-containing gasses and subsequently treated sequentially
with nitrogen then hydrogen (examples 10a-10p), or treated with dilute ammonia (examples
8b, 8d), or sequentially treated with N2-O2 then with N2 (examples 11a, 11e), or treated with
N2-02 (examples 11f, 12¢), all of which would work particularly well with plasma cleaned
PEN. With polymers other than PET or PEN, other surface treatments may be suitable,
depending upon the surface energy of the polymer as it exists just prior to bonding, as may be
affected by the degree of cleaning and the degree of aging. It was found that glass carrier
surface energies that about matched the surface energy of the polymer sheet performed well
both in initial bonding and in controlling bonding so that the polymer sheet could easily be
debonded after organic-TFT type processing (including the one hour 120°C vacuum anneal
and the one minute 150°C post bake step).

[00296] Additionally, as follows, other formulations of surface modification layers were
explored for achieving a surface energy in the range of the polymer sheet surface energy to
bond the polymer thin sheet to a glass carrier.

[00297] Surface Modification Layers Formed From Mixtures of Gasses

[00298] One example of using plasma polymerized films to tune the surface energy of, and
cover surface hydroxyls on and/or control the type of polar bond on, a bonding surface is

deposition of a surface modification layer thin film from a mixture of source gasses,
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including a hydrocarbon (for example, methane). Deposition of the surface modification
layer may take place in atmospheric or in reduced pressure, and is performed with plasma
excitation for example, DC or RF parallel plate, Inductively Coupled Plasma (ICP), Electron
Cyclotron Resonance (ECR), downstream microwave or RF plasma. The plasma
polymerized surface modification layer may be disposed on the bonding surface of a carrier,
a thin sheet, or both. As noted above in connection with the examples of Table 3, plasma
polymerization creates a layer of highly cross-linked material. Control of reaction conditions
and source gases can be used to control the surface modification layer film thickness, density,
and chemistry to tailor the functional groups to the desired application. By controlling the
film properties, including the amount of surface hydroxyls that are covered, the surface
energy of a carrier bonding surface can be tuned. The surface energy can be tuned so as to
control the degree of bonding, i.e., so as to prevent permanent covalent bonding, between the
thin sheet and the carrier during subsequent treatments performed to dispose films or
structures on the thin sheet.

[00299] In the examples of Table 16, below, various conditions were used to deposit a
plasma polymerized film onto a glass carrier. The glass carrier was a substrate made from
Corning ® Eagle XG®, alumino boro silicate alkali-free display glass (available from
Corning Incorporated, Corning NY). Before film deposition, the carriers were cleaned using
an SC1 and/or an SC2 chemistry and standard cleaning techniques. The films were deposited
in an STS Multiplex PECVD apparatus (available from SPTS, Newport, UK) in triode
electrode configuration mode wherein the carrier sat on a platen to which 50Watts of 380
kHz RF energy was applied, above the platen there was disposed a coil (shower head) to
which 300 Watts of 13.5 MHz RF energy was applied, the temperature of the platen was
200°C, and the flow-rates of the gasses through the shower head were as shown in Table 16
(flowrates being in standard cubic centimeters per minute—sccm). Thus, for example, the
notation in the “Surface Modification Layer Deposition Process” column of Table 16 for
example 16b is read as follows: in the STS Multiplex PECVD apparatus, at a platen
temperature of 200°C, 200 sccm of H2, 50 sccm of CH4, and 50 scem of C2F6, were flowed
together through the shower head, into a chamber having a pressure of 300 mTorr; 300 W of
13.5 MHz RF energy was applied to the shower head; 50 W of 380 kHz RF energy was
applied to the platen on which the carrier sat; and the deposition time was 120 seconds. The
notation in the surface treatment column for the remaining examples can be read in a similar
manner. Surface energies were calculated in mJ/m” (milli Joules per square meter) by using
the contact angles (CA) of three different test liquids (in this case, water (W), hexadecane
(HD), and diiodomethane DIM) and the Wu model. For the surface energies, the polar (P)
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and dispersive (D) components, as well as total (T), are shown. Also shown, for these

examples, is the thickness of the surface modification layer in Angstroms “Th (A)”.

Table 16 - —Varying Swrface Energy with Different Surface
Modification Layers Coniact Angie Surface Energy
Evample | Surface Modification Layey Deposition Procass W HO Dt D P T Th (A}
i@ 2000 20042 S0CHE 30mior 300/500W 600s 88147 2.53 3267 34,41 14 .55 48,06 3307

16 2000 50 CFF6 200H2 S0CH4 300mT 30050 1205 § 3047 5.4 4877 3127 511 36.98 3952

16¢ 200C 30H2 200H2 S0CHS 30DmT 300:50W 1205 46.57 3.2 32.87 3437 26,43 §0.82 56.8
id 200C {D0CHA 258NHY 300mT300750W 1208 23.8 37 34.73 .08 228 5562 9.8
ige EXG SC1 cleaned 287 427 27.07 3528 4158 88

[00300] Example 16¢ is a bare piece of Eagle XG® glass after having been cleaned with
SC1 chemistry and standard cleaning techniques. Example 16e shows that after cleaning, the
surface energy of the glass was about 77 mJ/m”.

[00301] Examples 16a to 16d show that surface modification layers may be deposited onto
the glass surface to modify the surface energy thereof, so that the surface of the glass may be
tailored to a particular bonding application. The examples of table 16 are examples of a one
step process, as were the examples of tables 6 and 7, for deposition of a surface modification
layer having desired surface energy and polar groups.

[00302] Example 16a shows that the surface modification layer may be a plasma
polymerized film deposited from a mixture of hydrogen and methane (hydrocarbon) gasses.
In these examples, the surface modification layer was deposited onto a cleaned glass carrier.
Accordingly, the deposition of the surface modification layer is shown to reduce the surface
energy from about 77 to about 49 mJ/m?, which is in the range of that on typical polymer
bonding surfaces.

[00303] Example 16b shows that the surface modification layer may be a plasma
polymerized film deposited form a mixture of hydrogen, methane (hydrocarbon), and a
fluorine-containing gas (for example, C2F6, a fluorocarbon). In these examples, the surface
modification layer was deposited onto a cleaned glass substrate. Accordingly, the deposition
of the surface modification layer is shown to reduce the surface energy from about 77 to
about 37 mJ/m?, about in the range of that on typical polymer bonding surfaces. The surface
energy achieved in example 16b is lower than that achieved in example 16a, showing that an
addition of fluorine to the deposition gasses can lower the surface energy achieved by
otherwise similar surface modification layer deposition conditions.

[00304] Example 16c shows that the surface modification layer may be a plasma

polymerized film deposited from a mixture of hydrogen, methane (hydrocarbon), and a
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nitrogen-containing gas (for example, N2). In this example, the surface modification layer
was deposited onto a cleaned glass carrier. Accordingly, the deposition of the surface
modification layer is shown to reduce the surface energy from about 77 to about 61 mJ/m?,
which is in the range of that on a typical polymer bonding surface that has been O2 plasma
treated, as during cleaning of the polymer sheet. This surface energy is also in the range for
suitability of bonding a thin glass sheet to the carrier.

[00305] Example 16d shows that the surface modification layer may be a plasma
polymerized film deposited form a mixture of methane (hydrocarbon), and a nitrogen-
containing gas (for example, NH3). In this example, the surface modification layer was
deposited onto a cleaned glass substrate. Accordingly, the deposition of the surface
modification layer is shown to reduce the surface energy from about 77 to about 57 mJ/m?,
again, in the range of that on typical polymer bonding surfaces. Also, for some applications,
this may be suitable for bonding the carrier to a thin glass sheet.

[00306] The surface energies achieved by examples 16¢ and 16d, as compared with that
achieved by example 16a, show that the addition of nitrogen (by either N2 or by NH3) to the
deposition gasses can increase the surface energy achieved by otherwise similar deposition
gasses.

[00307] The surface energy obtained by the surface modification layer of example 16b was
below 50 mJ/m” (considered as being suitable for controlled bonding of a glass thin sheet to a
glass carrier), however this surface modification layers is suitable for bonding of a polymer
bonding surface to a glass bonding surface. Additionally, it should be noted that the surface
energy produced by the surface modification layers of examples 16¢ and 16d, (formed from
plasma polymerization of hydrocarbon (methane), optionally hydrogen-containing (H2), and
nitrogen-containing (N2 or ammonia) gasses) are greater than about 50 mJ/m” and, thus, in
some instances may be suitable for bonding a thin glass sheet to a glass carrier.

[00308] The thin sheet bonded to the carriers having surface modification layers disposed
thereon as per the examples 16a to 16d of Table 16 was a substrate made from TEONEX®
Q65 PEN (available from DuPont) and having a thickness of 200 microns .

[00309] In the examples of Table 16, although the bonding surface on which the surface
modification layers were disposed was glass, such need not be the case. Instead, the bonding
surface may be another suitable material having a similar surface energy and properties as
glass, for example, silicon, polysilicon, single crystal silicon, ceramic, glass-ceramic,
sapphire, or quartz.

[00310] Plasma polymerized hydrocarbon polymer films may be deposited from methane

and hydrogen (example 16a), with optional fluorocarbon (example 16b), optional nitrogen
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(example 16c), or optional ammonia (example 16d) additions in an STS Multiplex CVD in
triode mode. Surface energy as low as 37mJ/m2 (example 16b) and higher surface energy
(about 61 mJ./m2, example 16¢) can be achieved with fluorocarbon, or nitrogen additions.
Surface energies between the levels of examples 16b and 16c¢ (i.e., about 49 mJ/m?2 as in
example 16a, and about 57 mJ/m2 as in example 16d) can also be achieved, thus
demonstrating the ability to tune the surface energy of the surface modification layer based
on deposition conditions, including deposition gasses.

[00311] By way of counter-example, a polymer film was disposed onto a bare glass carrier
as SC1 cleaned (example 16¢). However, the polymer sheet did not stick well enough to the
carrier to allow processing of structures onto the polymer sheet.

[00312] More than just wetting and bond strength are required to be suitable for organic-
TFT processing. The vastly different thermal expansion between the polymer film and carrier
are best managed by choosing a high expansion glass to minimize the expansion difference,
and by reducing the rate of heating and cooling steps. The need for a smooth and clean
substrate surface with minimal water absorption during processing may be accomplished by
spinning and curing a thin layer of a suitable organic dielectric, which both planarizes the
surface, as well as creates a barrier for moisture and other contaminants.

[00313] The surface modification layer process was used to bond PEN (TEONEX® Q65
200 micron thick sheet from DuPont) to a Corning® Eagle XG® glass carrier. Very good
bonding performance was found with an amorphous carbon layer deposited with the
following conditions: S0CH4 200H2 300W 13.56 MHz RF to showerhead, 50W 380 kHz RF
to 200 °C platen and 2 minute deposition time. PEN was exposed to UV-Ozone cleaner for 5
minutes prior to bonding as this was found to improve adhesion. A Teflon squeegee was used
to apply the PEN. An about 150nm thick cycloaliphatic epoxy layer was spun and cured on
the PEN to smooth out the surface defects. The organic gate insulator (OGI) was a
photopatternaable cycloaliphatic epoxy.

[00314] An array of bottom gate bottom contact organic thin film transistors was formed by
the following process. A 100nm Al gate metal was deposited by sputtering in AJA, and
lithographically pattern with Fuji 6512 resist, and the gate patterned by wet etch in Type A Al
ctchant. Photoresist was removed by 3min in a room temperature PGMEA bath, followed by
IPA/DI rinse (NMP based stripers were incompatible with the epoxy layer). A second epoxy
gate insulator layer was spun over the patterned gate and cured. A 100nm thick Ag S/D metal
was sputtered and lithographically patterned with Fuji 6512 and etched with a 1:1 mix of
Transene TFS: pH 10 buffer. Etching was challenging because the Ag etch rate was fast, but

dissolution of the etch products was slow. Very good results were obtained by etching 5Ss,
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removing etch products with spraying DI water, and repeating four to five times. Wetting of
the tetrathienoacene-DPP co-polymer (PTDPPTFT4) organic semiconductor (OSC) layer was
challenging. OSC adhesion was promoted by HMDS treatment in a YES oven at 120°C. OSC
polymer was dissolved in 6 parts decalin : 4 parts toluene at Smg/mL concentration. The OSC
was applied by spinning in the Laurel spinner with manual dispense, 20 second rest 500 rpm
30 second 1000 rpm 60 second. The OSC film was soft baked 90°C 2min on a hot plate, and
vacuum annealed at 120°C for 1hr in the Salvis oven under rough vacuum to remove residual
decalin. Using a brief 5 second O2 plasma in the Branson to improve adhesion, a third OGI
layer was spun over the OSC and directly photo patterned with a 2.5 second exposure, 1 min
rest, and 1min 150°C post bake. After 1min rest, the active pattern was tray developed in
PGMEA for Imin followed by IPA and DI rinse. Dry etching in the Unaxis 790 RIE using 30
sccm O2 10 scem Ar 20 sccm CHF3 50mT 200W 15s was used to pattern the active and
expose the gate metal. Performance of the 75/75 um TFT’s is summarized in the table shown
in Figure 18, which shows drain current versus gate voltage and performance for a typical
transistor with 75 micron channel width and 75 micron channel length, bottom gate bottom
contact organic thin film transistors fabricated on PEN controllably bonded to a glass carrier
as described above. The PEN was easily debonded by using a razor blade to initiate a crack
and then peeling off. The polymer sheet was successfully removed from the carrier, even
after the above processing, as there was seen no noticeable difference in transistor geometry
between the OTFT on the polymer sheet and that on the mask used to produce it.

[00315] The above-described process of forming an array of bottom gate bottom contact
organic thin film transistors was also carried out successfully with a PEN sheet (TEONEX®
Q65 200 micron thick sheet from DuPont) controllably bonded to a carrier made of Corning®
Gorilla® Glass (an alkali-containing, chemically strengthenable, cover glass available from
Corning Incorporated, Corning, NY), with a suitable surface modification layer chosen from
those described herein.

[00316] As described above, the polymer may itself be the substrate on which other devices
are fabricated. Alternatively, the polymer may be a polymer surface on a composite material
substrate, for example, a glass/polymer composite. In this case, the polymer surface of the
glass/polymer composite would face the carrier and would be bonded thereto as described
above, whereas the glass surface of the glass/polymer composite would be exposed as a
surface on which electronic or other structures may be fabricated. After fabrication of the
clectronic or other structures on the glass surface of the glass/polymer composite, the
polymer surface of the composite may be pecled from the surface modification layer on the

carrier. This embodiment may be advantageous as the glass layer in the glass/polymer
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composite becomes particularly thin, for example, having a thickness of < 50 microns, <40
microns, <30 microns, < 20 microns, < 10 microns, or < 5 microns. In such a case, the
polymer portion of the glass/polymer composite would not only act as a bonding surface to
attach the composite to a carrier, it may also lend some handling advantages to the composite
when the composite is not on the carrier.

[00317] Conclusion

[00318] Tt should be emphasized that the above-described embodiments of the present
invention, particularly any “preferred” embodiments, are merely possible examples of
implementations, merely set forth for a clear understanding of various principles of the
invention. Many variations and modifications may be made to the above-described
embodiments of the invention without departing substantially from the spirit and various
principles of the invention. All such modifications and variations are intended to be included
herein within the scope of this disclosure and the present invention and protected by the
following claims.

[00319] For example, although the surface modification layer 30 of many embodiments is
shown and discussed as being formed on the carrier 10, it may instead, or in addition, be
formed on the thin sheet 20. That is, as appropriate, the materials as set forth in the
examples of tables 3-12 and 16 may be applied to the carrier 10, to the thin sheet 20, or to
both the carrier 10 and thin sheet 20 on faces that will be bonded together.

[00320] Further, although some surface modification layers 30 were described as controlling
bonding strength so as to allow the thin sheet 20 to be removed from the carrier 10 even after
processing the article 2 at temperatures of 400°C, or of 600°C, of course it is possible to
process the article 2 at lower temperatures than those of the specific test the article passed and
still achieve the same ability to remove the thin sheet 20 from the carrier 10 without
damaging either the thin sheet 20 or the carrier 10.

[00321] Still further, although the controlled bonding concepts have been described herein
as being used with a carrier and a thin sheet, in certain circumstances they are applicable to
controlling bonding between thicker sheets of glass, ceramic, or glass ceramic, wherein it
may be desired to detach the sheets (or portions of them) from each other.

[00322] Further yet, although the controlled bonding concepts herein have been described as
being useful with glass carriers and glass thin sheets, the carrier may be made of other
materials, for example, ceramic, glass ceramic, or metal. Similarly, the sheet controllably
bonded to the carrier may be made of other materials, for example, ceramic or glass ceramic.
[00323] Still further yet, although the surface modification layer above in examples 3 and 5-

12 were described as being formed by plasma polymerization, other techniques may be
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possible, for example, by thermal evaporation sputtering, UV activation of species in gas that
reacts with the bonding surface, or wet chemistry.

[00324] Still further, although the carbonaceous surface modification layer formed by
plasma polymerization of examples 6-12 were formed using methane as a polymer forming
gas, other carbon-containing source materials may be possible. For example, the carbon-
containing source could include at least one of: 1) a hydrocarbon (alkane, alkene, alkyne or
aromatic. Alkanes include but are not limited to: methane, ethane, propane and butane;
alkenes include but are not limited to: ethylene, propylene and butylene; alkynes include but
are not limited to: acetylene, methylacetylene, ethylacetylene and dimethylacetylene;
aromatics include but are not limited to: benzene, toluene, xylene, ethylbenzene); 2) an
alcohol (including: methanol, ethanol, propanol); 3) an aldehyde or ketone (including:
formaldehyde, acetaldehyde and acetone); 4) an amine (including: methylamine, dimethyl
amine, trimethylamine and ethylamine); 5) an organic acid (including: formic acid and acetic
acid); 6) a nitrile (including: acetonitrile); 7) CO; and 8) CO2. Alternatively, the carbon-
containing source could include one or more of the following: 1) a saturated or unsaturated
hydrocarbon, or 2) a nitrogen-containing or 3) oxygen-containing saturated or unsaturated
hydrocarbon, or 4) CO or CO2. Some generally typical carbon-containing source materials
include carbon-containing gasses, for example methane, cthane, propane, butane, ethylene,
propylene, propyne, acetylene, MAPP, CO, and CO2.

[00325] Still further yet, although the polar groups used to treat the surface modification
layer, and thereby increase its surface energy as in examples 5 and 8-12, or used in the
formation of the surface modification layer itself as in examples 7, 16¢, 16d, were nitrogen
and oxygen, other polar groups may be possible, for example, sulfur and/or phosphorous.
[00326] Additionally, although N2 and NH3 were used as nitrogen-containing gasses, other
nitrogen-containing materials may possibly be used, for example, hydrazine, N2O, NO,
N204, methylamine, dimethylamine, trimethylamine and ethylamine, acetonitrile.

[00327] Also, although the oxygen-containing gasses used were N2-O2 and O2, it may be
possible to use other oxygen-containing gasses, for example, O3, H20, methanol, ethanol,
propanol,N20, NO, and N204.

[00328] As can be seen from the examples discussed herein, the surface modification layers,
including those subsequently treated, can achieve a thickness from about 1 nm (example 16b)
or 2 nm (examples 3, 4) to about 10 nm (example 12¢, 8.8 nm). Additionally, thicker surface
modification layers are also possible, as explained with respect to FIG. 15. However, as
thickness becomes greater than about 70 nm, the surface modification layer starts to become

translucent, which may be undesirable for applications that benefit from optical clarity.
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[00329] The various above-described concepts according to the present application may be
combined with one another in any and all different manners of combination. By way of
example, the various concepts may be combined according to the following aspects.
[00330] According to a first aspect, there is provided a method of controllably bonding a
thin sheet to a carrier, comprising:

obtaining a thin sheet having a thin sheet bonding surface;

obtaining a carrier having a carrier bonding surface;

depositing a surface modification layer onto at least one of the thin sheet bonding
surface and the carrier bonding surface so as to obtain a first surface energy on the one of the
thin sheet bonding surface and the carrier bonding surface;

treating the surface modification layer so as to change the first surface energy to a
second surface energy, wherein the second surface energy is greater than the first; and

bonding the thin sheet bonding surface to the carrier bonding surface via the surface
modification layer.
[00331] According to a second aspect, there is provided the method of aspect 1, wherein the
surface modification layer is deposited and treated by one of:

plasma polymerization of a carbon-containing gas to form a layer, followed by
treatment of the layer with a nitrogen-containing gas;

plasma polymerization of a carbon-containing gas to form a layer, followed by
sequential treatment of the layer with a first gas then a second gas, wherein the first gas is one
of a nitrogen-containing gas and a hydrogen-containing gas, and where the second gas is the
other one of the nitrogen-containing gas and the hydrogen-containing gas;

plasma polymerization of a carbon-containing gas to form a layer, followed by
treatment of the layer with an oxygen-containing gas;

plasma polymerization of a carbon-containing gas to form a layer, followed by
treatment of the layer with a nitrogen-and-oxygen-containing gas;

plasma polymerization of a carbon-containing gas to form a layer, followed by
sequential treatment of the layer with a first gas then a second gas, wherein the first gas is a
nitrogen-and-oxygen-containing gas, and wherein the second gas is a nitrogen-containing gas.
[00332] According to a third aspect, there is provided the method of aspect 2, wherein the
carbon-containing gas comprises at least one of a hydrocarbon, an alkane, an alkene, an
alkyne, or aromatic.
[00333] According to a fourth aspect, there is provided the method of aspect 3, wherein the
carbon-containing gas comprises at least one of methane, cthane, propane, butane, ethylene,

propylene, propyne, acetylene, CO, and CO2.
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[00334] According to a fifth aspect, there is provided the method of any one of aspects 2-4,
wherein when a hydrogen-containing gas is used, the hydrogen-containing gas comprises H2,
and wherein when a nitrogen-containing gas is used, the nitrogen-containing gas comprises at
least one of ammonia, N2, hydrazine, N20O, NO, N204, methylamine, dimethylamine,
trimethylamine, ethylamine, and acetonitrile.

[00335] According to a sixth aspect, there is provided the method of any one of aspects 2-5,
wherein when a hydrogen-containing gas is used, the hydrogen-containing gas comprises H2,
and wherein when an oxygen-containing gas is used, the oxygen-containing gas comprises at
least one of O2, O3, H20, methanol, ethanol, propanol, N20, NO, and N204.

[00336] According to a seventh aspect, there is provided the method of any one of aspects 2-
6, further comprising flowing hydrogen together with the carbon-containing gas during the
plasma polymerization.

[00337] According to an eighth aspect, there is provided the method of any one of aspects 2,
3, 5-7, wherein the carbon-containing gas is a fluorocarbon.

[00338] According to a ninth aspect, there is provided the method of any one of aspects 2-8,
wherein the surface modification layer is deposited from a mixture of a polymer-forming gas
and a second gas, wherein the second gas is > 30% of the total mixture.

[00339] According to a tenth aspect, there is provided the method of aspect 9, wherein the
second gas is hydrogen.

[00340] According to an eleventh aspect, there is provided the method of aspect 9, wherein
the second gas comprises an inert gas

[00341] According to a twelfth aspect, there is provided the method of any one of aspects 1-
11, wherein the thin sheet bonding surface comprises glass.

[00342] According to a thirteenth aspect, there is provided the method of any one of aspects
1-12, wherein the carrier bonding surface comprises glass.

[00343] According to a fourteenth aspect, there is provided the method of aspect 13,
wherein the at least one of the thin sheet bonding surface and the carrier bonding surface
comprises an average surface roughness Ra < 1 nm prior to deposition of the surface
modification layer.

[00344] According to a fifteenth aspect, there is provided the method of aspect 13 or aspect
14, wherein the at least one of the thin sheet bonding surface and the carrier bonding surface
comprises an average surface roughness Ra < 1 nm after deposition, and subsequent removal
by O2 plasma, of the surface modification layer.

[00345] According to a sixteenth aspect, there is provided the method of aspect 13 or aspect

14, wherein the carrier bonding surface has a first average surface roughness Ral prior to
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deposition of the surface modification layer, wherein the carrier has a second surface
roughness Ra2 after the surface modification layer has been disposed thereon and
subsequently removed by O2 plasma cleaning, and the difference between Ral and Ra2 is <
Inm, when average surface roughness measurement is taken over a 5x5 micron area.
[00346] According to a seventeenth aspect, there is provided the method of any one of
aspects 1-16, wherein the thin sheet has a thickness < 300 microns.

[00347] According to an eighteenth aspect, there is provided the method of any one of
aspects 1-17, wherein the surface modification layer has a thickness of from 1 to 70 nm.
[00348] According to a nineteenth aspect, there is provided the method of any one of
aspects 1-17, wherein the surface modification layer has a thickness from 2 to 10 nm.
[00349] According to a twentieth aspect, there is provided the method of any one of aspects
1-19, wherein the at least one of the thin sheet bonding surface and the carrier bonding
surface comprises glass, and further wherein the surface modification layer and treatment
thereof achieve on the bonding surface a second surface energy of 41 to 80 mJ/m>.

[00350] According to an aspect A, there is provided a glass article comprising:

a carrier having a carrier bonding surface;

a surface modification layer disposed on the carrier bonding surface, wherein the
surface modification layer is configured so that when the carrier bonding surface is bonded
with a glass sheet bonding surface with the surface modification layer therebetween, after
subjecting the article to a temperature cycle by heating in an chamber cycled from room
temperature to 600°C at a rate 0f 9.2 °C per minute, held at a temperature of 600°C for 10
minutes, and then cooled at 1 °C per minute to 300 °C, and then removing the article from the
chamber and allowing the article to cool to room temperature, the carrier and sheet do not
separate from one another if one is held and the other subjected to the force of gravity, there
is no outgassing from the surface modification layer during the temperature cycle, and the
sheet may be separated from the carrier without breaking the thinner one of the carrier and
the sheet into two or more pieces.

[00351] According to an aspect B, there is provided a glass article comprising:

a carrier having a carrier bonding surface;

a sheet having a sheet bonding surface;

a surface modification layer disposed on one of the carrier bonding surface and the
sheet bonding surface,

the carrier bonding surface being bonded with the sheet bonding surface with the
surface modification layer therebetween, wherein the surface energy bonding the sheet to the

carrier is of such a character that after subjecting the article to a temperature cycle by heating
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in an chamber cycled from room temperature to 600°C at a rate 0of 9.2 °C per minute, held at
a temperature of 600°C for 10 minutes, and then cooled at 1 °C per minute to 300 °C, and
then removing the article from the chamber and allowing the article to cool to room
temperature, the carrier and sheet do not separate from one another if one is held and the
other subjected to the force of gravity, there is no outgassing from the surface modification
layer during the temperature cycle, and the sheet may be separated from the carrier without
breaking the thinner one of the carrier and the sheet into two or more pieces.

[00352] According to an aspect C, there is provided the glass article of any one of aspects A
or B, wherein the surface modification layer has a thickness of from 0.1 to 100 nm.

[00353] According to an aspect D, there is provided the glass article of any one of aspects A
or B, wherein the surface modification layer has a thickness of from 0.1 to 10 nm.

[00354] According to an aspect E, there is provided the glass article of any one of aspects A
or B, wherein the surface modification layer has a thickness of from 0.1 to 2 nm.

[00355] According to any one of aspects F, there is provided the glass article of any one of
aspects A to E or 1-20, wherein the carrier is a glass comprising an alkali-free, alumino-
silicate or boro-silicate or alumino-boro-silicate, glass having arsenic and antimony each at a
level < 0.05 wt.%.

[00356] According to any one of aspects G, there is provided the glass article of any one of
aspects A to F or 1-20, wherein each of the carrier and the sheet is of a size 100 mm x 100

mm or larger.
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What is Claimed is:

1. A method of controllably bonding a thin sheet to a carrier, comprising:

obtaining a thin sheet having a thin sheet bonding surface;

obtaining a carrier having a carrier bonding surface;

depositing a surface modification layer onto at least one of the thin sheet bonding
surface and the carrier bonding surface so as to obtain a first surface energy on the one of the
thin sheet bonding surface and the carrier bonding surface;

treating the surface modification layer so as to change the first surface energy to a
second surface energy, wherein the second surface energy is greater than the first; and

bonding the thin sheet bonding surface to the carrier bonding surface via the surface

modification layer.

2. The method of claim 1, wherein the surface modification layer is deposited and
treated by one of:

plasma polymerization of a carbon-containing gas to form a layer, followed by
treatment of the layer with a nitrogen-containing gas;

plasma polymerization of a carbon-containing gas to form a layer, followed by
sequential treatment of the layer with a first gas then a second gas, wherein the first gas is one
of a nitrogen-containing gas and a hydrogen-containing gas, and where the second gas is the
other one of the nitrogen-containing gas and the hydrogen-containing gas;

plasma polymerization of a carbon-containing gas to form a layer, followed by
treatment of the layer with an oxygen-containing gas;

plasma polymerization of a carbon-containing gas to form a layer, followed by
treatment of the layer with a nitrogen-and-oxygen-containing gas;

plasma polymerization of a carbon-containing gas to form a layer, followed by
sequential treatment of the layer with a first gas then a second gas, wherein the first gas is a

nitrogen-and-oxygen-containing gas, and wherein the second gas is a nitrogen-containing gas.

3. The method of claim 2, wherein the carbon-containing gas comprises at least one

of a hydrocarbon, an alkane, an alkene, an alkyne, or aromatic.

4. The method of claim 3, wherein the carbon-containing gas comprises at least one

of methane, ethane, propane, butane, ethylene, propylene, propyne, acetylene, CO, and CO2.

-101-



WO 2015/113023 PCT/US2015/013017

5. The method of claim 2, wherein when a hydrogen-containing gas is used, the
hydrogen-containing gas comprises H2, and wherein when a nitrogen-containing gas is used,
the nitrogen-containing gas comprises at least one of ammonia, N2, hydrazine, N20, NO,

N204, methylamine, dimethylamine, trimethylamine, ethylamine, and acetonitrile.

6. The method of claim 2, wherein when a hydrogen-containing gas is used, the
hydrogen-containing gas comprises H2, and wherein when an oxygen-containing gas is used,
the oxygen-containing gas comprises at least one of O2, O3, H20, methanol, ethanol,

propanol, N20, NO, and N204.

7. The method of claim 2, further comprising flowing hydrogen together with the

carbon-containing gas during the plasma polymerization.

8. The method of claim 2, wherein the carbon-containing gas is a fluorocarbon.

9. The method of claim 2, wherein the surface modification layer is deposited from a

mixture of a polymer-forming gas and a second gas, wherein the second gas is > 30% of the

total mixture.

10. The method of claim 9, wherein the second gas is hydrogen.

11. The method of claim 9, wherein the second gas comprises an inert gas

12. The method of claim 1, wherein the thin sheet bonding surface comprises glass.

13. The method of claim 1, wherein the carrier bonding surface comprises glass.

14. The method of claim 13, wherein the at least one of the thin sheet bonding surface

and the carrier bonding surface comprises an average surface roughness Ra < 1 nm prior to

deposition of the surface modification layer.

15. The method of claim 14, wherein the at least one of the thin sheet bonding

surface and the carrier bonding surface comprises an average surface roughness Ra <1 nm

after deposition, and subsequent removal by O2 plasma, of the surface modification layer.
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16. The method of claim 13, wherein the carrier bonding surface has a first average
surface roughness Ral prior to deposition of the surface modification layer, wherein the
carrier has a second surface roughness Ra2 after the surface modification layer has been
disposed thereon and subsequently removed by O2 plasma cleaning, and the difference
between Ral and Ra2 is < Inm, when average surface roughness measurement is taken over a

5x5 micron area.

17. The method of claim 1, wherein the thin sheet has a thickness < 300 microns.

18. The method of claim 1, wherein the surface modification layer has a thickness of

from 1 to 70 nm.

19. The method of claim 1, wherein the surface modification layer has a thickness

from 2 to 10 nm.

20. The method of any one of claims 1-19, wherein the at least one of the thin sheet
bonding surface and the carrier bonding surface comprises glass, and further wherein the
surface modification layer and treatment thereof achieve on the bonding surface a second

surface energy of 41 to 80 mJ/m”.
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