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METHODS OF FABRICATING GLASS ARTICLES BY LASER DAMAGE AND

ETCHING

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application No.

61/731,013, filed November 29, 2012. The entirety of this provisional application is

incorporated herein by reference.

BACKGROUND

Field

[0002] The present specification generally relates to methods of fabricating glass articles

and, more particularly, methods of fabricating glass articles by creating laser damage

regions and preferentially etching the laser damage regions.

Technical Background

[0003] Glass articles are used in a variety of industries, including the electronics industry

where glass is used to cover displays devices. Examples of such display devices include

Liquid Crystal Displays and Light Emitting Diode displays, for example, computer

monitors, televisions, and handheld devices. Three-dimensional glass articles are

increasingly being used for their aesthetically pleasing appearance and tactile feel.

However, meeting low dimensional tolerances, particularly with shaped glass, is

challenging because the glass has dimensional deformation during reforming, annealing,

and chemical strengthening. Additionally, traditional computer numerical control

("CNC") machining methods used to create through-features such as holes, if performed

prior to reforming, will cause non-uniform heating during glass reforming that may lead

to waviness of the surface of the glass article and undesired deformation.

SUMMARY

[0004] According to various embodiments, a method of forming a glass article is

disclosed. The method includes providing a glass substrate sheet, translating a pulsed

laser beam on the glass substrate sheet to form a laser damage region extending from a

first surface of the glass substrate sheet to a second surface of the glass substrate sheet,



applying the glass substrate sheet with an etchant solution comprising about 1M to about

3M of hydrofluoric acid and hydrochloric acid, strengthening the glass substrate sheet by

an ion-exchange strengthening process, and coating the glass substrate sheet with an

acid-resistant coating. The pulsed laser beam has a wavelength in the ultraviolet

spectrum and a power of about 0 .1 W to about 2.0 W. The laser damage region may

include a plurality of defect lines. A concentration of the hydrochloric acid is less than

about 1M if a concentration of the hydrofluoric acid is greater than about 2M, and the

concentration of the hydrochloric acid is between about 1M and about 3M if the

concentration of the hydrofluoric acid is less than about 2M.

[0005] In some embodiments, the glass substrate sheet is reformed by preheating the

glass substrate sheet to a preheated temperature, and then heating the local area of the

glass substrate sheet to a localized temperature that is greater than the preheated

temperature, thereby bending the glass substrate sheet at the local area. The preheated

temperature and the localized temperature are lower than a softening point of the glass

substrate sheet.

[0006] The pulsed laser beam is operated such that an energy applied to the glass

substrate sheet is at or above a damage threshold of the glass substrate sheet. In some

embodiments, the pulsed laser beam has a wavelength that is in the ultraviolet spectrum,

and a power of the pulsed laser beam is between about 0.1 W and about 2.0 W. In some

embodiments, the laser damage region does not contact an edge of the glass substrate

sheet.

[0007] In some embodiments, the pulsed laser beam is translated on the glass substrate

sheet at multiple passes, and a focus of the pulsed laser beam is modified at each pass

such that the laser damage region is defined by a plurality of laser damage lines

extending from the first surface to the second surface within a bulk of the glass substrate

sheet. Adjacent laser damage lines of the plurality of laser damage lines may be offset

with respect to one another. In some embodiments, a position of the pulsed laser beam

with respect to the glass substrate sheet is adjusted at each pass such that the plurality of

laser damage lines define a curve within a bulk of the glass substrate sheet from the first

surface of the glass substrate sheet to the second surface of the glass substrate sheet.



[0008] In some embodiments, applying the etchant solution to the glass substrate sheet

includes spraying the glass substrate sheet with the etchant solution. In other

embodiments, applying the etchant solution to the glass substrate sheet includes

submerging the glass substrate sheet in the etchant solution. Ultrasonic agitation may be

applied to the etchant solution in some embodiments. Spray nozzles for spraying the

etchant may oscillate at speeds from about 0 oscillations per minute to about 40

oscillations per minute. The pressure from the spray nozzle may be from about 1.0 bar

to about 1.25 bars.

[0009] In some embodiments, the etchant solution includes about 1M to about 3M of

hydrofluoric acid and a mineral acid, wherein a concentration of the mineral acid is less

than about 1M if a concentration of the hydrofluoric acid is greater than about 2M, and

the concentration of the mineral acid is between about 1M and about 3M if the

concentration of the hydrofluoric acid is less than about 2M. The mineral acid may be

hydrochloric acid, sulfuric acid, nitric acid, or combinations thereof, in some

embodiments.

[0010] In some embodiments a temperature of the etchant solution is below about 30°C.

[0011] According to further embodiments, a method of forming a glass article includes

providing a glass substrate sheet, and translating a pulsed laser beam on the glass

substrate sheet to form a laser damage region extending from a first surface of the glass

substrate sheet to a second surface of the glass substrate sheet, the laser damage region

having an initial geometry. The pulsed laser beam has a wavelength in the ultraviolet

spectrum and a power of about 0 .1 W to about 2.0 W, and the laser damage region is

defined by a plurality of defect lines. The method further includes preheating the glass

substrate sheet to a preheated temperature, and heating a local area of the glass substrate

sheet to a localized temperature that is greater than the preheated temperature, thereby

bending the glass substrate sheet at the local area. At least a portion of the laser damage

region is within the local area, and a geometry of the laser damage region changes from

the initial geometry to a desired geometry following the heating of the local area to the

localized temperature such that the initial geometry compensates for the bending of the

glass substrate sheet. The method further includes submerging the glass substrate sheet

in a bath of etchant solution to remove a portion of the glass substrate sheet about the



laser damage region. The etchant solution includes about 1M to about 3M of

hydrofluoric acid and a mineral acid. A concentration of the mineral acid is less than

about 1M if a concentration of the hydrofluoric acid is greater than about 2M, and the

concentration of the mineral acid is between about 1M and about 3M if the concentration

of the hydrofluoric acid is less than about 2M. The method further includes agitating the

bath of etchant solution at an ultrasonic agitation frequency until a portion of the glass

substrate sheet is substantially removed, thereby forming the glass article. The ultrasonic

agitation frequency is about 40 kHz and a temperature of the bath of etchant solution is

below about 20°C in some embodiments.

[0012] According to yet further embodiments, a method of forming a glass article

includes providing a glass substrate sheet, and translating a pulsed laser beam on the

glass substrate sheet to form a laser damage region extending from a first surface of the

glass substrate sheet to a second surface of the glass substrate sheet. The pulsed laser

beam has a wavelength in the ultraviolet spectrum and a power of about 0.5W to about

2.0W. The laser damage region is defined by a plurality to defect lines, and has an initial

geometry. The method further includes submerging the glass substrate sheet in a bath of

etchant solution of about 1M to about 3M of hydrofluoric acid and hydrochloric acid. A

concentration of the hydrochloric acid is less than about 1M if a concentration of the

hydrochloric acid is greater than about 2M, and the concentration of the hydrochloric

acid is between about 1M and about 3M if the concentration of the hydrochloric acid is

less than about 2M. A temperature of the bath of etchant solution is less than about

30°C. The method further includes agitating the bath of etchant solution at an ultrasonic

agitation frequency of about 40 kHz until a portion of the glass substrate sheet about the

laser damage region is substantially removed, thereby forming the glass article.

[0013] In some embodiments, the glass article may be a shaped glass article having a

three dimensional shape. In such embodiments, the laser damage and etching process

may be integral to forming the three-dimensional features of the shaped glass article.

However, in other embodiments, the shaped glass article may be formed by any suitable

method, such as molding, blow molding, etc., and the laser damage and etching process

may be conducted after the three-dimensional features have been formed in the glass

article. In yet further embodiments, the glass article may be a flat glass sheet.



[0014] It should be understood that both the foregoing general description and the

following detailed description describe various embodiments and are intended to provide

an overview or framework for understanding the nature and character of the claimed

subject matter. The accompanying drawings are included to provide a further

understanding of the various embodiments, and are incorporated into and constitute a

part of this specification. The drawings illustrate the various embodiments described

herein, and together with the description serve to explain the principles and operations of

the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 schematically depicts a laser system for generating laser damage regions

within a flat glass substrate sheet according to one or more embodiments described and

illustrated herein;

[0016] FIG. 2 schematically depicts a top perspective view of a flat glass substrate sheet

and a focused, pulsed laser beam according to one or more embodiments described and

illustrated herein;

[0017] FIG. 3 schematically depicts a side view of a laser damage region within a flat

glass substrate sheet according to one or more embodiments described and illustrated

herein;

[0018] FIG. 4A schematically depicts a top perspective view of a flat glass substrate

sheet having a helical laser damage line according to one or more embodiments

described and illustrated herein;

[0019] FIG. 4B schematically depicts a focused, pulsed laser beam forming a helical

laser damage line according to one or more embodiments described and illustrated

herein;

[0020] FIG. 5 schematically depicts a top view of a flat glass substrate sheet having a

plurality of intersecting laser damage regions according to one or more embodiments

described and illustrated herein;

[0021] FIG. 6A schematically depicts a side view of a flat glass substrate sheet having a

laser damage region defined by two adjacent, curved laser damage lines according to one

or more embodiments described and illustrated herein;



[0022] FIG. 6B schematically depicts two glass articles with curved edges separated at

the two curved damage lines as depicted in FIG. 6A;

[0023] FIG. 7 is a scatter plot comparing the strength of glass articles formed by CNC

only to the strength of glass articles formed by methods according to one or more

embodiments described and illustrated herein;

[0024] FIG. 8A schematically depicts a separate glass wafer and an interposer according

to one or more embodiments described and illustrated herein;

[0025] FIG. 8B schematically depicts a combined glass wafer and an interposer

according to one or more embodiments described and illustrated herein;

[0026] FIG. 9 schematically depicts a top perspective view of a shaped glass article

according to one or more embodiments described and illustrated herein;

[0027] FIG. 10 is a flowchart describing a method of fabricating a shaped glass article

according to one or more embodiments described and illustrated herein;

[0028] FIG. 11 schematically depicts a flat glass substrate sheet having a plurality of

laser damage lines in an initial geometry corresponding to a desired shaped glass article

according to one or more embodiments described and illustrated herein;

[0029] FIG. 12 schematically depicts a shaped glass substrate sheet following a

reforming process according to one or more embodiments described and illustrated

herein;

[0030] FIG. 13 schematically depicts a shaped glass substrate sheet in an etchant bath of

etchant solution according to one or more embodiments described and illustrated herein;

and

[0031] FIG. 14 schematically depicts a partial side view of a strengthened shaped glass

article having two compressive surface layers according to one or more embodiments

described and illustrated herein.

DETAILED DESCRIPTION

[0032] Reference will now be made in detail to embodiments of methods of glass articles

from a flat glass substrate sheet using laser damage and chemical etching processes.

Generally, laser damage regions are formed within a flat glass substrate sheet around the

edges of one or more desired glass articles to be separated from the flat glass substrate



sheet, as well as formed around through-features (e.g., slots, holes, and the like) of the

one or more desired glass articles. The laser damage regions are preferentially etched

when the glass substrate sheet is subjected to an etchant solution. Prior to etching the

glass substrate sheet and after forming the laser damage regions, the flat glass substrate

sheet may, in embodiments, be reformed to achieve the desired three-dimensional shape

of the one or more glass articles. The laser damage regions are created with an initial

geometry that precompensates for the changing shape of the flat glass substrate sheet

during the reforming, etching, and/or strengthening processes such that laser damage

regions have a desired geometry after the reforming, etching, and/or strengthening

processes. The glass substrate sheet is then subjected to an etchant solution to separate

the one or more glass articles, as well as create through-features within the one or more

glass articles. In some embodiments, the separated glass articles may then be subjected

to a strengthening process, such as an ion-exchange chemical strengthening process. The

embodiments described herein may provide the capability of obtaining curvature on the

very edge of the glass article when a bending process is used. Various methods of

shaped glass articles from a flat glass substrate sheet will be described in more detail

herein with specific reference to the appended drawings. Whenever possible, the same

reference numerals will be used throughout the drawings to refer to the same or like

parts.

[0033] The glass initially may be a flat glass substrate sheet formed of any glass

composition. In some embodiments, the flat glass substrate sheet comprises an alkali

aluminosilicate glass. In one embodiment, the alkali aluminosilicate glass comprises:

from about 64 mol to about 68 mol Si0 2; from about 12 mol to about 16 mol

Na20 ; from about 8 mol to about 12 mol A 120 3; from 0 mol to about 3 mol

B20 3; from about 2 mol to about 5 mol K20 ; from about 4 mol to about 6 mol

MgO; and from 0 mol to about 5 mol CaO; wherein: 66 mol < Si0 2 + B20 3 + CaO

< 69 mol ; Na20 + K20 + B20 3 + MgO + CaO + SrO > 10 mol ; 5 mol < MgO +

CaO + SrO < 8 mol ; (Na20 + B20 3) - A 120 3 > 2 mol ; 2 mol < Na20 - A 120 3 < 6

mol ; and 4 mol < (Na20 + K20 ) - A 120 3 < 10 mol%.



[0034] In another embodiment, the alkali aluminosilicate glass comprises: from about

60 mol to about 70 mol Si0 2; from about 6 mol to about 14 mol A 120 3; from 0

mol to about 15 mol B20 3; from 0 mol to about 15 mol Li20 ; from 0 mol to

about 20 mol Na20 ; from 0 mol to about 10 mol K20 ; from 0 mol to about 8

mol MgO; from 0 mol to about 10 mol CaO; from 0 mol to about 5 mol Zr0 2;

from 0 mol to about 1 mol Sn0 2; from 0 mol to about 1 mol Ce0 2; less than

about 50 ppm As20 3; and less than about 50 ppm Sb20 3; wherein 12 mol < Li20 +

Na20 + K20 < 20 mol and 0 mol < MgO + CaO < 10 mol%.

[0035] In another embodiment, the alkali aluminosilicate glass comprises Si0 2 and

Na20 , wherein the glass has a temperature T35 p at which the glass has a viscosity of 35

kilo poise (kpoise), wherein the temperature Tbreakdown at which zircon breaks down to

form Zr0 2 and Si0 2 is greater than T 5 p . In some embodiments, the alkali

aluminosilicate glass comprises: from about 6 1 mol % to about 75 mol Si0 2; from

about 7 mol % to about 15 mol A 120 3; from 0 mol to about 12 mol B20 3; from

about 9 mol % to about 2 1 mol Na20 ; from 0 mol % to about 4 mol K20 ; from 0

mol to about 7 mol MgO; and 0 mol to about 3 mol CaO.

[0036] In another embodiment, the alkali aluminosilicate glass comprises at least 50

mol Si0 2 and at least one modifier selected from the group consisting of alkali metal

oxides, wherein [(A120 3 (mol%) + B20 3 (mol%))/( alkali metal modifiers (mol%))] > 1.

In some embodiments, the alkali aluminosilicate glass comprises: from 50 mol to about

72 mol Si0 2; from about 9 mol to about 17 mol A 120 3; from about 2 mol to

about 12 mol B20 3; from about 8 mol to about 16 mol Na20 ; and from 0 mol to

about 4 mol K20 .

[0037] In another embodiment, the alkali aluminosilicate glass comprises Si0 2 and at

least one modifier selected from the group consisting of alkaline metal oxides. In some

embodiments, the alkaline metal oxide modifiers may be selected from the group

consisting of MgO, CaO, SrO, BaO and mixtures thereof. Without being bound to any

particular theory, it is believed that the alkaline earth metals are less soluble in the

etchant (e.g., HF) than other modifiers and, thus, glasses containing alkaline earth metals

have slow surface etch rates, which may lead to decreased waviness of a finished glass

article. In some embodiments, the alkali aluminosilicate glass comprises from about 5



mol to about 14 mol alkaline metal oxides, such as from about 8 mol to about 12

mol alkaline earth metal oxides. In some embodiments, the alkali aluminosilicate

glass comprises: from 50 mol to about 72 mol Si0 2; from about 9 mol to about 17

mol A 120 3; from about 2 mol to about 12 mol B20 3; from about 8 mol to about

16 mol Na20 ; from 0 mol to about 4 mol K20 ; and from about 5 mol to about 14

mol MgO + CaO + SrO.

[0038] In another embodiment, the alkali aluminosilicate glass comprises Si0 2, A 120 3,

P2O5, and at least one alkali metal oxide (R20), wherein 0.75 < [(P2Os(mol%) +

R20(mol%))/ M20 3 (mol%)] < 1.2, where M20 3 = A 120 3 + B20 3. In some embodiments,

the alkali aluminosilicate glass comprises: from about 40 mol to about 70 mol Si0 2;

from 0 mol to about 28 mol B20 3; from 0 mol to about 28 mol A 120 3; from

about 1 mol to about 14 mol P2O5; and from about 12 mol to about 16 mol R20 ;

and, in certain embodiments, from about 40 to about 64 mol Si0 2; from 0 mol to

about 8 mol B20 3; from about 16 mol to about 28 mol A 120 3; from about 2 mol

to about 12% P20 5; and from about 12 mol to about 16 mol R20 .

[0039] In still other embodiments, the alkali aluminosilicate glass comprises at least

about 4 mol P20 5, wherein (M20 3 (mol%)/R O (mol%)) < 1, wherein M20 3 = A 120 3 +

B20 3, and wherein R O is the sum of monovalent and divalent cation oxides present in

the alkali aluminosilicate glass. In some embodiments, the monovalent and divalent

cation oxides are selected from the group consisting of Li20 , Na20 , K20 , Rb20 , Cs20 ,

MgO, CaO, SrO, BaO, and ZnO. In some embodiments, the glass comprises 0 mol

B20 3.

[0040] In still another embodiment, the alkali aluminosilicate glass comprises at least

about 50 mol Si0 2 and at least about 11 mol Na20 , and the compressive stress is at

least about 900 MPa. In some embodiments, the glass further comprises A 120 3 and at

least one of B20 3, K20 , MgO and ZnO, wherein -340 + 27.1· A 120 3 - 28.7· B20 3 +

15.6-Na20 - 61.4- K20 + 8.1-(MgO + ZnO) > 0 mol%. In particular embodiments, the

glass comprises: from about 7 mol to about 26 mol A 120 3; from 0 mol to about 9

mol B20 3; from about 11 mol to about 25 mol Na20 ; from 0 mol to about 2.5

mol K20 ; from 0 mol to about 8.5 mol MgO; and from 0 mol to about 1.5 mol

CaO.



[0041] In some embodiments, the alkali aluminosilicate glasses described hereinabove

are substantially free of (i.e., contain 0 mol of) at least one of lithium, boron, barium,

strontium, bismuth, antimony, and arsenic.

[0042] In some embodiments, the alkali aluminosilicate glasses described hereinabove

are down-drawable by processes known in the art, such as slot-drawing, fusion drawing,

re-drawing, and the like, and has a liquidus viscosity of at least 130 kilopoise.

[0043] Referring initially to FIG. 1, a system 120 for inducing the laser damage regions

into a flat glass substrate sheet 130 is schematically depicted. A laser source 122 is

provided that is operable to generate a pulsed laser beam 124 that is focused by coupling

optics 126 and directed toward the flat glass substrate sheet 130. The laser source 122

may be any laser source capable of inducing the laser damage regions. As an example

and not a limitation, the laser source 122 generates a pulsed ultraviolet ("UV") pulsed

laser beam 124 (e.g., about 355 nm in wavelength) that is operated in picosecond or

nanosecond pulses. In some embodiments, laser damage may be induced into regions of

the flat glass substrate

[0044] The coupling optics 126 may be configured as one or more lenses that focus the

pulsed laser beam 124 into a focused laser beam having a focal point at a desired location

with respect to the flat glass substrate sheet 130. As described in more detail below, in

some embodiments, the focus of the coupling optics 126 may be controllable to form a

laser damage region within the flat glass substrate sheet 130 by a trepanning process

such that the focal point is varied, and a laser damage region is formed through a bulk of

the flat glass substrate sheet 130.

[0045] The pulsed laser beam 124 may be configured to be scanned on the flat glass

substrate sheet 130 to form the desired laser damage region. In some embodiments, the

flat glass substrate sheet 130 may be coupled to a computer-controlled XYZ stage (not

shown) such that the flat glass substrate sheet is translated with respect to the pulsed

laser beam 124. Additionally, a beam splitter (not shown) may also be provided to split

a single laser beam 124 generated by the laser source 122 into a plurality of laser beams

for simultaneously forming a plurality of laser damage regions within the flat glass

substrate sheet 130.



[0046] Referring now to FIGS. 2 and 3, a straight laser damage region 140 within a flat

glass substrate sheet is depicted. FIG. 2 depicts a perspective view of the flat glass

substrate sheet 130 and a pulsed laser beam 124 being focused by coupling optics 126,

while FIG. 3 depicts a side view of the flat glass substrate sheet 130. The laser damage

region 140 is defined by a plurality of individual laser damage lines 141 that are located

at and between a first surface 131 and a second surface 133 at different depths within a

bulk of the flat glass substrate sheet 130. As shown in FIGS. 2 and 3, the individual laser

damage lines 141 are vertically arranged on the -axis. Each individual laser damage

line 141 may be formed by one or more passes of the pulsed laser beam 124. For

example, the first laser damage line 141 may be formed by setting the focal point of the

pulsed laser beam 124 at, or just above, the second surface 133 (i.e., the underside

surface) and near a first edge 135 of the flat glass substrate sheet 130, and translating the

pulsed laser beam 124 (and/or the flat glass substrate sheet 130) over the flat glass

substrate sheet 130 at a distance d toward a second edge 137. Then, the position of the

focal point of the pulsed laser beam 124 is incrementally moved toward the first surface

131 of the flat glass substrate sheet 130, either by controlling the coupling optics 126, or

by moving the flat glass substrate sheet 130. The pulsed laser beam 124 is then

translated over the glass substrate sheet again either from the second edge 137 toward the

first edge 135, or from the first edge 135 toward the second edge 137). The process may

be repeated until pulsed laser beam 124 traverses at, or just below, first surface 131 (i.e.,

the upper surface), thereby completing the formation of the laser damage region 140.

Microcracks formed by the individual laser damage lines 141 may extend to adjacent

individual laser damage lines 141, thereby forming a microcrack network.

[0047] To prevent uncontrollable splitting of the flat glass substrate sheet 130 during the

laser irradiation process, in some embodiments the individual laser damage lines 141 do

not contact the edges (e.g., the first and second edges 135, 137). For example, the ends

of the individual damage lines 141 may be offset from the edges of the flat glass

substrate sheet 130 by a few millimeters. Further, the pulsed laser beam 124 should be

operated such that it does not form grooves within the first and second surfaces 131, 133

of the flat glass substrate sheet 130. The pitch between the individual laser damage lines

141 may be set such that the flat glass substrate sheet 130 does not prematurely crack



along the laser damage region 140. In some embodiments, the pitch between the

individual laser damage lines 141 may be less than or equal to about 5.0 µιη.

[0048] In some embodiments, the laser damage region may be formed via trepanning by

use of a helical laser damage line. Referring now to FIGS. 4A and 4B, a helical laser

damage line 142 to create a circular through-feature within the flat glass substrate sheet

is illustrated. FIG. 4A depicts a helical laser damage line 142 within a flat glass

substrate sheet 130, while FIG. 4B depicts a helical laser damage line 142 without the

flat glass substrate sheet 130. The focal point of the pulsed laser beam 124 is set at, or

just above, the second surface 133 (i.e., the underside surface) of the flat glass substrate

sheet 130. The pulsed laser beam 124 (or the flat glass substrate sheet 130) is translated

on the y - and z-axes according to the desired shape of the through-feature (or edge of the

desired glass article). Simultaneously, the focal point of the pulsed laser beam 124 is

continuously or discretely adjusted toward the first surface 131 (i.e., the upper surface),

thereby forming a helical laser damage line 142. When the flat glass substrate sheet 130

etched during the etching process, the etchant solution preferentially etches the laser

damage region defined by the helical laser damage line 142.

[0049] FIG. 5 depicts a top view of a flat glass substrate sheet 130 having a plurality of

intersecting laser damage lines 140A-140F to separate a plurality of glass articles. As

shown in FIG. 5, vertical laser damage lines 140A-140C intersect horizontal laser

damage lines 140D-140F. After the reforming process, the laser damage lines 140A-

140F may be etched during the etching process to separate the flat glass substrate sheet

130 into a plurality of glass articles, such as glass sheets or shaped glass articles.

[0050] The laser damage lines may also be shaped through the bulk of the glass substrate

sheet to provide for shaped edges of the separated glass articles. Referring now to FIG.

6A, a flat glass substrate sheet 130 is schematically depicted having two adjacent, offset

laser damage regions 143A, 143B. The adjacent laser damage regions 143A, 143B have

an opposing curve from the first surface 131 to the second surface 133 of the flat glass

substrate sheet 130. The focal point of the pulsed laser beam 124 may be adjusted at

each pass through the flat glass substrate sheet 130 to define the curve of the adjacent,

offset laser damage regions 143A, 143B. FIG. 6B schematically depicts the flat glass

substrate sheet 130 separated into two glass articles 100A, 100B following an etching



process. The curved laser damage regions 143A, 143B have yielded a rounded edge

102A, 102B for the two glass articles 100A, 100B, respectively. The curved laser

damage regions 143A, 143B may have shapes other than those depicted in FIG. 6A to

produce chamfered edges, bullnosed edges, and the like.

[0051] In embodiments, the laser source may be operated at a repetition rate ranging

from about 60 kHz to about 200 kHz. The output power of the laser source and the

focusing conditions of the coupling optics should be such that the energy fluence and

intensity in the beam focus are at or slightly above damage threshold of the flat glass

substrate sheet. In embodiments, the output power of the laser source may be from

about 0 .1 W to about 2.0 W, such as from about 0.5 W to about 2.0 W . In some

embodiments, the output power of the laser source may be from about 0.75 W to about

1.5 W .

[0052] Selective etching of the laser damage areas may be performed with glass

substrates having any glass thickness. It may be particularly advantageous for thinner

glass substrates (e.g., below 0.3 mm) of which computer numerical control ("CNC") and

other mechanical processes have very low yields.

[0053] Embodiments of the present disclosure separate glass articles and/or create

through-features by subjecting the laser-written shaped glass substrate sheet to an etching

process. Etchant solution may be provided by a spray method wherein the etchant

solution is sprayed onto the shaped glass substrate sheet, or by submerging the shaped

glass substrate sheet into a bath of etchant solution.

[0054] In some embodiments that use spraying to apply an etching solution to a glass

article, the glass article may be inserted into a chamber configured with nozzles to spray

two surfaces of the glass article. For example, where the glass article is a glass sheet, the

chamber may comprise one set of nozzles positioned to spray etching solution on a first

surface of the glass sheet, and the chamber may comprise a second set of nozzles

positioned to spray etching solution on a second surface of the glass sheet opposite the

first surface of the glass sheet in a thickness direction, for example. The oscillations of

the spray ejected from the first set of nozzles may be higher than the oscillations of the

spray ejected from the second set of nozzles so that when the portion of glass is removed

from the glass article to create a through hole in the glass article, the portion of the glass



article is ejected toward the second set of nozzles. By directing the ejection of the

portion of the glass article to create a through hole away from the glass article, damage to

the glass article may be minimized. For example, if the portion of the glass article were

ejected from the glass article in an upward direction, the portion of the glass article may

fall a surface of the glass article, thereby causing damage. Accordingly, the portion of

the glass article may be ejected away from the glass article in embodiments to avoid

damaging the glass article.

[0055] In embodiments where the etchant is applied by spraying, spray nozzles may

oscillate at speeds from about 0 oscillations per minute to about 40 oscillations per

minute, such as from about 10 oscillations per minute to about 30 oscillations per

minute. In other embodiments, the nozzles may oscillate at speeds from about 15

oscillations per minute to about 25 oscillations per minute. The pressure of the spray

from the nozzles may be from about 0.5 bar to about 1.7 bar, such as from about 0.75 bar

to about 1.5 bar. In some embodiments, the pressure of the spray from the spray nozzles

may be from about 1.0 bar to about 1.25 bar. The oscillations and pressure of the spray

from the spray nozzle may be used to ensure that clean through holes are formed in a

glass article. For example, if the oscillations are too slow and/or the pressure of the

spray from the nozzles is too low, the etchant may pool and cause imprecise through

holes, or the etchant may not completely separate the through hole from the glass

substrate. However, when the oscillations are too fast and/or the pressure of the spray

from the nozzle is too high, the glass substrate may be etched too quickly causing lumps

and imperfections to be formed on the glass surface.

[0056] In embodiments, the etchant solution etches the laser damage regions because of

the presence of microcracks within these laser damage regions. Both the laser damage

regions and the non-damaged regions are etched simultaneously, but at different etch

rates. The microcracks of the laser damage regions break chemical bonds, and provide

pathways for etchant to penetrate deeper into the glass substrate sheet. Therefore, the

etch rate at the laser damage regions is much faster than then non-damaged regions.

Accordingly, the glass article may be cut or otherwise removed from the remaining

portion of the glass substrate sheet when the etchant solution fully etches the laser



damage regions. Further, through-features, such as holes and slots, may also be

fabricated in this manner.

[0057] The etchant solution may comprise hydrofluoric acid as a primary etchant.

Mineral acids, such as hydrochloric acid, sulfuric acid, and nitric acid, can assist the etch

process and accelerate the etch rate, as well as improve the surface quality of the glass

article and reduce the formation of sludge. It was found during experimentation that,

when the concentration of hydrofluoric acid is high (e.g., 3M or greater), the etch time

and quality of glass is not affected by the type of mineral acid. However, when the

hydrofluoric acid concentration is low (e.g., 1M or less), hydrochloric acid requires the

least etch time and yields the most desirable etch ratio of the three mineral acids.

Therefore, hydrochloric acid may be preferred for most applications. Generally, at high

concentrations of hydrofluoric acid (e.g., 3M or greater), the concentration of mineral

acid should be low. When using hydrochloric acid, the concentration should be below

0.5M. At low concentrations of hydrofluoric acid (e.g., 1M or less), the concentration of

mineral acid should be between about 1M and about 3M. In one embodiment, the

concentration of hydrofluoric acid is about 2M, and the concentration of hydrochloric

acid is about 0.5M.

[0058] Further, a surfactant is believed to be beneficial to the etch process because it can

improve transportation of the etchant to the laser damage regions, and to suspend the b y

product produced by the etchant process. As a non-limiting example, the surfactant may

be DuPont FS-10. It should be understood that other surfactants may be utilized. In

embodiments, the surfactant may be present in amounts less than about 0.1 wt , such as

0.01 wt .

[0059] Agitation of the etchant solution bath improves the etch rate of the laser damage

region because both etchant and the byproduct need to be constantly exchanged through

the narrow channels of the microcracks within the laser damage regions. Agitation may

accelerate the mass transfer inside the microcracks, and refresh that laser damage region

surface for a continuous etching. Ultrasonic agitation influences the etch time, surface

loss, and etch ratio. An effective agitation can increase the etch ratio between the laser

damage regions and the non-damaged regions, which, in turn, may reduce the surface

loss of the glass substrate sheet and reduce the cost of raw material. In some



embodiments, the agitation is at a frequency below about 132 kHz. Because the

reduction of ultrasound frequency increases the power of each individual impulsion and

the scrubbing effect, lower frequencies and higher amplitudes favor the fast exchange of

etchant and byproduct, and improve the etch rate at the laser damage regions. In one

embodiment, the ultrasonic agitation frequency is about 40 kHz.

[0060] Spray etching is another form of agitation that may be used in embodiments to

improve the etch rate of the laser damage region. The etch rate is driven by spray

pressure, temperature of the etchant solution, and concentration of the etchant solution.

Spray etching has shown better surface uniformity and quality of the glass article, but

ultrasonic etching shows a higher differential etching between the bulk glass surface and

the laser damage region.

[0061] It has been found that vertical movement of the bath in combination with

ultrasonic agitation does not improve the etch rate of the laser damage regions because

typically the cylindrical crack network of the laser damage regions is perpendicular to

the vertical movement of the bath. In the direction parallel to the cracks, the velocity of

the vertical movement is near zero. As a result, the etch ratio and the final thickness of

the glass substrate sheet may be much lower when vertical agitation is applied together

with ultrasound agitation.

[0062] Temperature of the etchant solution may also impact the etch rate and quality of

the glass substrate sheet during the etching process. Generally, a low temperature

etchant solution (e.g., between about 3°C and about 10°C) provides for reduced surface

losses and a flat glass surface. However, the etch rate is sacrificed at lower temperatures.

In one example, 0.7 mm Corning 2317 glass samples were laser damaged using the

process described above and placed in a bath of an etchant solution of 2M hydrofluoric

acid, 0.5M hydrochloric acid, and 0.1% surfactant. The bath was agitated at a 40 KHz

ultrasound. At low temperatures of 3°C to 10°C, the etch time was within a range of 12-

15 minutes with a surface loss within a range of 24 µιη - 30 µιη. At a temperature of

40°C, the etch time was about 6.5 minutes and the surface loss was between 50 µιη - 60

µιη. Therefore, the temperature of the etchant solution should be kept low in

applications where surface loss is an important parameter.



[0063] Higher etching solution temperatures generally increase the etch rate and, thus,

higher etching solution temperatures may be used to decrease the duration of the etching

process. However, when the temperature of the etching solution is too high during a

spray etching process, the acid may evaporate out of the etching solution during the

spraying. Accordingly, in embodiments the temperature of the etching solution may be

less than or equal to about 30°C, such as less than or equal to about 25°C. However, it

should be understood that higher or lower temperatures may be used.

[0064] Another way to reduce surface losses of the glass substrate by the etchant is to

apply a coating that is resistant to the etching solution, such as pure HF or a mixture of

HF and mineral acids, to one or more surface of the glass substrate. In some

embodiments, the acid-resistant coating is chosen so that the laser passes through the

acid-resistant coating and creates laser damage in the underlying glass substrate.

[0065] According to some embodiments, the acid-resistant coating may comprise

ethylene acrylic acid and wax polymer emulsions dispersed in water. In some

embodiments, the acid-resistant coating composition has from about 5 wt to about 60

wt solids/polymers, such as from about 15 wt to about 46 wt solids/polymers. The

type and amount of wax polymer and ethylene acrylic acid may be modified according to

the desired application. The acid-resistant coating may be applied to the glass substrate

by any suitable method. In some embodiments, the acid-resistant coating may be applied

to the glass substrate by dip coating, spray coating, spin coating, or slot coating. Once

the acid-resistant coating has been applied to the glass substrate, the acid-resistant

coating may dried by heating. In some embodiments, the acid-resistant coating on the

glass substrate may be dried by heating the acid-resistant coating to temperatures of from

about 150°C to about 190°C, such as about 170°C. In some embodiments, the duration

of the drying step may be from about 10 minutes to about 40 minutes, such as from about

15 minutes to about 30 minutes. In other embodiments, the duration of the drying step

may be about 20 minutes. Without being bound to any particular theory, it is believed

that the heating in the drying step causes the wax polymer in the acid-resistant coating to

bloom thereby providing a hydrophobic surface.

[0066] The thickness of the acid-resistant coating may be from about 1 µιη to about 15

µιη, such as from about 3 µιη to about 8 µιη. The acid-resistant coating may be removed



by a solution of 3 wt Semi-Klean with ultrasonics. Thin layers of the acid-resistant

coating, such as less than about 10 µηι, may be removed in boiling water.

[0067] As discussed above, in embodiments, the acid-resistant coating may be selected

to allow the laser to pass through the acid-resistant coating and induce damage on the

underlying glass substrate. Thus, in embodiments, the acid-resistant coating may be

applied before or after laser damage is induced. In one embodiment, the coating may be

applied to a glass substrate that has been strengthened, such as by ion exchange (which is

discussed in detail below), and has a transparent conductive oxide coating, such as

indium tin oxide. After the acid-resistant coating has been applied, laser damage may be

induced to the underlying glass substrate as discussed in detail above. The glass

substrate may then be etched and separated, and the acid-resistant coating may

subsequently be removed. It should be understood that the acid-resistant coating may be

applied at virtually any step in the process disclosed herein.

[0068] In further embodiments, a supplier may fabricate a glass substrate with holes

and/or slots, and further processing may be conducted by a parts manufacturer. For

example, in an embodiment, the supplier may provide a glass substrate sheet having a

compression surface layer and tension in the center; an acid-resistant coating may be

applied to the glass substrate sheet. Subsequent to coating the glass substrate sheet with

an acid-resistant coating, the glass article may be irradiated with a laser to score the glass

substrate sheet, form holes in the glass substrate sheet, or form slots in the glass substrate

sheet. The glass substrate sheet may then be etched to open the holes and/or slots. The

glass substrate sheet may then be shipped to a parts manufacturer. The parts

manufacturer may then remove the acid-resistant coating and cleaned. A touch

conductive oxide coating may then be deposited on the glass substrate sheet. The glass

substrate sheet may be laser scored and broken into glass articles (however, in some

embodiments, the glass supplier may score and break the glass substrate sheet).

Subsequent to the breaking the glass substrate sheet into glass articles, the glass articles

may be coated with an acid-resistant coating, and the edge may be etched for

strengthening. Subsequent to the edge strengthening, the glass articles may undergo

CNC finishing. The acid-resistant coating may then be removed, and the glass article

may be washed and cleaned.



[0069] In some embodiments, the glass articles are strengthened by a strengthening

process. In some embodiments, strengthening process may occur before the glass

articles have been separated from the glass substrate. In other embodiments, the

strengthening process may occur after the glass articles have been separated from the

glass substrate. The glass articles may be chemically strengthened by an ion exchange

process in which ions in the surface layer of the glass are replaced by larger ions having

the same valence or oxidation state. In one particular embodiment, the ions in the

surface layer and the larger ions are monovalent alkali metal cations, such as Li+ (when

present in the glass), Na+, K+, Rb+, and Cs+. Alternatively, monovalent cations in the

surface layer may be replaced with monovalent cations other than alkali metal cations,

such as Ag+, Tl+, Cu+, or the like.

[0070] The ion-exchange process creates a compressive stress at the surfaces of the

shaped glass article. These compressive stresses extend beneath the surface of the

shaped glass article to a certain depth, referred to as the depth of layer. The compressive

stresses are balanced by a layer of tensile stresses (referred to as central tension) such

that the net stress in the shaped glass article is zero. The formation of compressive

stresses at the surface of the shaped glass article makes the glass strong and resistant to

mechanical damage and, as such, mitigates catastrophic failure of the shaped glass article

for flaws which do not extend through the depth of layer.

[0071] In one embodiment, the shaped glass article is chemically strengthened by ion-

exchange in which smaller sodium ions near the surface of the glass are exchanged with

larger potassium ions when the glass article is placed in an ion exchange bath.

Replacement of the smaller sodium ions with the larger potassium ions causes a layer of

compressive stress to develop in the surfaces of the glass article. The compressive stress

extends below the surfaces of the glass article to a specified depth of layer (compressive

surface layer). A compressive surface layer extends from the upper surface and the

underside surface to the depth of layer. The compressive surface layer is balanced by the

development of the internal tension layer at the center of the glass article.

[0072] In the embodiments described herein, the compressive stress and depth of layer

developed in the shaped glass article by strengthening are sufficient to improve the

damage tolerance of the shaped glass article while also facilitating further processing



(such as by edge finishing) without risk of introducing flaws into the shaped glass article.

In one embodiment, the compressive stress may be from about 200 MPa to about 1000

MPa. In another embodiment, the compressive stress may be from about 500 MPa to

about 800 MPa. In yet another embodiment, the compressive stress may be from about

650 MPa to about 900 MPa. In one embodiment, the depth of layer may be from about

10 microns to about 80 microns. In another embodiment, the depth of layer may be from

about 30 microns to about 60 microns. In yet another embodiment, the depth of layer

may be from about 40 microns to about 60 microns.

[0073] In embodiments, the etch process may be used as the strengthening process when

other forms of chemical strengthening, such as ion exchange, is not compatible with the

glass composition. Parts that have been differentially etched until the shaped glass part

etched entirely through and has been removed from the substrate sheet can show very

significant strength increase compared to CNC machined parts.

[0074] For example, in glass articles that cannot be strengthened by ion exchange

because the glass is too thin, such as less than about 0.4 mm thick or even less than about

0.3 mm thick, or because the glass composition does not contain elements that are

suitable for ion exchange, the etch process may be used to strengthen the glass article.

Without being bound to any particular theory, it is believed that the etching process

blunts the tips of surface defects and in some cases eliminates or reduces the depth of

surface defects that can weaken the glass article. In embodiments, glasses formed by the

laser damage and etching method disclosed above may have a failure rate of about 50%

at forces of about 5 kg, or have a failure rate of less than about 20% at forces of about 4

kg-

[0075] FIG. 7 shows results from a ring-on-ring test for glasses produced by CNC only

(represented by squares) and for glasses produced by laser damage and etching

(represented by circles). The ring-on-ring test is conducted by placing a first ring having

a first diameter on a first surface of the glass article. A second ring having a second

diameter is place on a surface of the glass article opposite the first surface. The first ring

has an inner diameter larger than an outer diameter of the second ring. Force is applied

to the second ring at a relatively slow rate until the glass article fails, such as by cracking

or shattering. As shown in FIG. 7, glass articles formed by CNC have a failure rate of



90% at forces around 2 kg. However, glass articles formed using the above-described

laser damage and etching method have a failure rate, for example, of about 50% at forces

of about 5 kg. The graph shown in FIG. 7 indicates that glass articles formed using a

laser damage and etching method have more strength than glass articles formed by CNC

methods alone.

[0076] In some embodiments, the glass substrate is strengthened after the laser damage

and etching steps. However, in other embodiments the glass substrate may be

strengthened before the laser damage and etching step.

[0077] In embodiments where the glass substrate is strengthened before the laser damage

and etching steps, and with reference to FIG. 1, the laser source 122 may be operated at a

repetition rate ranging from about 60 kHz to about 200 kHz. The output power of the

laser source 122 and the focusing conditions of the coupling optics 126 should be such

that the energy fluence and intensity in the beam focus are at or slightly above damage

threshold of the flat glass substrate sheet. In embodiments, the output power of the laser

source 122 may be less than or equal to about 0.6 W, such as from about 0.4 W to about

0.6 W. In some embodiments, the output power of the laser source 122 may be about 0.5

W. Without being bound to any particular theory, it is believed that edge roughness may

be reduced to 1.5 µιη to 2.0 µιη by using laser sources having an output power at or

below 0.6 W. In particular, edge roughness appears to be relatively constant in alkali

aluminosilicate glasses at laser source output power from about 0.4 W to about 0.6 W.

[0078] In embodiments where the glass substrate is strengthened after the laser damage

and etching steps, and with reference again to FIG. 1, the laser source 122 may be

operated at a repetition rate ranging from about 5 kHz to about 40 kHz, such as about 10

kHz. In embodiments, the output power of the laser source 122 may be at or below 0.6

W, such as from about 0.1 W to about 0.4 W, such as from about 0.15 W to about 0.3 W

depending on the thickness and compressive stress of the glass substrate. In some

embodiments, the output power of the laser source 122 may be from about 0.2 W to

about 0.25 W. Without being bound to any particular theory, it is believed that the laser

creates multiple micro-cracks in the glass so that the glass volume increases in the laser

damage region. This expansion may create laser-induced thermal effects that form

additional compressive and tensile stresses superimposed in the existing stress pattern.



This additional stress may be proportional to the laser power and may bring the glass

closer to the frangibility limit. If the laser power is too low, it makes the laser damage

too thin and it does not act as a cushion for high stresses in the surrounding glass. If the

laser power is too high, it creates strong stresses that cannot be reduced by the laser

damage. In both of these cases, the glass may break.

[0079] In either of the above embodiments (i.e., whether the glass substrate is

strengthened before or after the laser damage and etching), the translation speed of the

pulsed laser beam may be between about 50 mm/s and about 2 m/s, in some

embodiments. In other embodiments, the translation speed of the pulsed laser may be

from about 50 mm/s to about 300 mm/s, such as about 250 mm/s.

[0080] It should be understood that laser parameters other than those described above

may be used to form the laser defect regions. Laser pulse energies may vary between 5

µ and several hundred microjoules depending on parameters such as glass properties,

translation speed, laser repetition rate, and the coupling optics 126, which may have the

numerical aperture (NA) in between of 0.15 and 0.3 or more, for example.

[0081] Holes and/or shapes may be cut into flat glass sheets to form, for example,

beveled or curved edges of the flat glass sheet, holes in the flat glass sheet required the

design of the end product in which the glass is to be used (e.g., cellular phone, tablet

computer, etc.).

[0082] In embodiments, the glass article may be formed as an interposer, such as for use

in a digital light processing (DLP) device or other microelectromechanical system

(MEMS). In such embodiments, and with reference to FIG. 8A, a glass wafer 810 may

be formed by any suitable method and coated with an antireflective coating. It should be

understood that although the glass wafer 810 depicted in FIG. 8A is circular, the glass

wafer may have any shape. The antireflective coating is not particularly limited and, in

embodiments, may be titanium nitride or niobium nitride, and may be applied by any

suitable method, such as spray coating, dip coating, or manual application. The glass

wafer 810 may also be patterned, for example, with a grid pattern 815, as shown in FIG.

8A. The grid pattern 815 may be formed from an adhesive, such as epoxy, urethane, and

polyimides. To form a DLP or MEMS, an interposer 820 may be formed. As shown in

FIG. 8A, the interposer 820 may have patterned through holes 825 formed by the above-



described laser damage and etching method. The through holes 825 shown in FIG. 8A

are rectangular and correspond to the grid pattern 815 formed on the glass wafer 810 so

that the interposer 820 may be adhered to the glass wafer 810 by contacting the

interposer 820 with the glass wafer 810, which may comprise an adhesive to form the

DLP or MEMS holder 830 shown in FIG. 8B. DLP chips or other MEMS may be

inserted into the through holes 825 in the interposer 820 to form a device that is suitable

for use in an end product. In embodiments the interposer 820 is formed from glass that

has not been strengthened, such as by an ion exchange treatment, and the etching process

is used strengthen the interposer, as described above. In embodiments, glasses formed

by the laser damage and etching method disclosed above may have a failure rate of about

50% at forces of about 5 kg, or have a failure rate of less than about 20% at forces of

about 4 kg (see FIG. 7).

[0083] In some embodiments, the flat glass sheet comprising holes and/or shapes formed

by the above-described laser damage etching process is used in the end product without

further reshaping. However, in other embodiments, discussed in detail below, the laser

damage and etching process is conducted on a flat glass substrate to precompensate for

subsequent shaping of the flat glass substrate into a shaped glass article.

[0084] Referring now to FIG. 9, one non-limiting example of a shaped glass article 100

is schematically depicted. The shaped glass article 100 may be configured as a cover

glass for a portable electronic device, for example. It should be understood that

embodiments are not limited to the shaped glass articles depicted throughout the figures,

and that the shaped glass articles may be used in any application, such as, without

limitation, televisions, kitchen appliances, vehicles, and signs. The shaped glass article

100 depicted in FIG. 9 has a curved perimeter area 104 that curves downwardly in the z -

axis direction from a flat portion 103, and terminates at an edge 102. Additionally, the

shaped glass article 100 has a through-feature 106 that is configured as a hole, and a

through-feature 107 configured as a slot. Fabrication of shaped glass articles such as the

shaped glass article 100 depicted in FIG. 9 will now be described.

[0085] Referring now to FIG. 10, a flowchart of a process to fabricate shaped glass

articles from a flat glass substrate sheet by laser damage and chemical etching processes.

The flowchart of FIG. 10 will first be described generally, and then each process will be



described in more detail. At block 110, a laser is utilized to induce laser damage regions

in a flat glass substrate sheet. The laser damage regions extend from a first surface to a

second surface of the glass substrate sheet, and are defined by laser-induced microcracks,

spectroscopic defects, and the like. The laser damage regions are preferentially etched

compared to the non-damaged regions during the etching process of block 113.

[0086] The laser damage regions have an initial geometry that precompensates for the

deformation of the flat glass substrate sheet that occurs during the reforming process at

block 111. Therefore, an initial geometry of a particular laser damage region may be

different than a desired geometry of the edge or through-feature of the shaped glass

article. A particular laser damage region intended to provide an edge of a glass article to

be separated from the flat glass substrate sheet may have an initial geometry comprising

a curve; however, following the reforming process, the laser damage region changes

shape to be a straight line that represents a desired straight edge of the desired shaped

glass article.

[0087] At block 111, the flat glass substrate sheet is reformed by a reforming process.

The reforming process may be any process capable of three-dimensionally reforming the

flat glass substrate sheet to define one or more shaped glass articles. Such reforming

processes include, but are not limited to, press molding, gravity sagging, pressure

forming, and localized heating and bending. In many applications, the reforming process

creates a curved perimeter area of the shaped glass article. A curved perimeter area of a

cover glass may be aesthetically pleasing to end-users, for example. As stated above,

the initial geometry of the laser damage regions changes to a desired geometry as the

glass is reformed into the desired shape. To remove internal stresses developed during

the glass sheet fabrication process and/or the reforming process, the shaped glass

substrate sheet may then be annealed by an annealing process at block 112. The

annealing process may be any known or yet-to-be-developed annealing process.

[0088] At block 113, the reformed glass substrate sheet is subjected to an etchant

solution to preferentially etch the laser damage regions, while minimally etching the non-

damaged regions. The etching process separates the one or more shaped glass articles

from the remaining reformed glass substrate sheet because the etchant solution etches the

laser damage regions much more efficiently than the remaining non-damaged area of the



reformed glass substrate sheet. Additionally, the middle portions of the through-features

defined by one or more laser damage regions (e.g., a hole) drop out of the reformed glass

substrate sheet when the laser damage regions are fully etched through. In some

embodiments, hydrofluoric acid is the primary etchant of an etchant solution that also

includes mineral acids, such as hydrochloric acid, sulfuric acid, and/or nitric acid. As

described in more detail below, the etchant solution and etching process may be

controlled to reduce the etch time, reduce surface waviness, reduce surface roughness,

minimize sludge, and minimize thickness reduction.

[0089] Next, at block 114, the separated shaped glass articles may optionally be

strengthened by a strengthening process. In some embodiments, the shaped glass articles

may be strengthened by an ion-exchange chemical strengthening process. As described

in more detail below, ions in a surface layer of the shaped glass articles are replaced by

larger ions having the same valence or oxidation state, thereby forming a compressive

surface layer on each surface of the shaped glass articles. The compressive surface

layers may resist scratching and provide additional strength to the shaped glass articles.

[0090] At block 115, additional processing may be applied to the strengthened shaped

glass articles, such as edge finishing, application of touch- sensitive layers (e.g., indium

tin oxide layers), antireflective layers, and the like.

[0091] As stated above, the laser damage regions within the flat glass substrate sheet

may have an initial geometry that is different from a final, desired geometry that

precompensates for the changing of the shape of the flat glass substrate sheet during the

reforming process at block 111. FIG. 11 schematically depicts a flat glass substrate sheet

130 having a plurality of laser damage regions 145A-145D that define a perimeter 144 of

a shaped glass article, a laser damage region 148 that defines a circular through-feature

106, and a laser damage region 147 that defines a slot through-feature 107. As an

example and not a limitation, the shaped glass article defined by the aforementioned

through-features may be intended as a cover glass for a cellular phone, wherein the

circular through-feature 106 is designed to accommodate a button, and the slot through-

feature 107 is designed to accommodate a speaker.

[0092] As shown in FIG. 11, the laser damage regions 145A-145D, 147, and 148 have

an initial geometry that is different from that of the desired shape of the shaped glass



article 100 (see FIG. 9). More particularly, the laser damage regions 145A-145D are

curved or bowed to compensate for the distortion of the flat glass substrate sheet 130

during the reforming process. As described in more detail below, the laser damage

regions 145A-145D, 147 and 148 change shape along with the flat glass substrate sheet

130 such that they end up in their final, desired shape after the reforming process.

Accordingly, the initial shape of the laser damage regions 145A-145D, 147 and 148

should be selected so that the final, desired shape is achieved. It should be understood

that the initial shapes of the laser damage lines 145A-145D, 147 and 148 depicted in

FIG. 11 are for illustrative purpose only, and that other initial shapes are also possible. It

is noted that the curves of the laser damage regions depicted in FIG. 11 are exaggerated

for illustrative purposes. The initial shape of the various laser damage regions may be

based on a prediction of the deformation during forming and/or based on experimental

deformation data.

[0093] After forming the laser damage lines, the flat glass substrate sheet 130 is three-

dimensionally shaped by a reforming process (block 111 of FIG. 10). The reforming

process may be any process capable of three-dimensionally shaping the flat glass

substrate sheet so that the one or more glass articles have the desired shape. Such

reforming processes include, but are not limited to, press molding, gravity sagging,

pressure forming, and localized heating and bending.

[0094] As an example, the localized heating and bending process comprises bringing the

flat glass substrate sheet to a preheated temperature that is close to the annealing point.

In one non-limiting example, the flat glass substrate sheet 130 is Corning Gorilla 2318

glass in which the annealing point is about 610°C + 30°C. Then, highly localized

heating is applied to local areas (e.g., local areas 150A-150B of FIG. 11) of the flat glass

substrate sheet 130 that are to be bent, while most of the remaining areas of the flat glass

substrate sheet 130 remain at a high viscosity. The viscosity is maintained sufficiently

high so that thermal gradients imposed during local heating do not lead to mechanical

instabilities or glass breakage. Moreover, to preserve the cosmetics of the shaped glass

article as much as possible, no mold is in contact with the glass at low viscosities. Using

the Corning Gorilla 2318 as an example, the local areas 150A-150D are brought to a

localized temperature that is between about 700°C and 780°C. The local heating rate



may be between about +30°C/minute and +200°C/minute. The local areas 150A-150B

are then bent by sagging or application of a bending moment. Aspects of the localized

heating and bending reforming process are further described in U.S. Pat. Publ. No.

2012/0131961 entitled "Method and Apparatus for Bending a Sheet of Material into a

Shaped Article" filed on November 22, 201 1, which is hereby incorporated by reference

in its entirety.

[0095] In the reforming process that is utilized, the temperatures to which the flat glass

substrate sheet is subjected to should be below the softening point of the glass material

(particularly in the case of bending) so that the laser-written damage is not erased.

Accordingly, the laser damage regions survive the reforming process so that they may be

selectively etched during the etching process.

[0096] Referring now to FIG. 12, a shaped glass substrate sheet 130' wherein the local

areas 150A-150B have been reformed to shape a glass article 100' is schematically

depicted. The laser damage regions representing the perimeter 144' of the shaped glass

article, as well as laser damage regions 147' and 148', have changed shape from their

initial geometry into their desired geometry. Further, the shaped glass substrate sheet

130' now includes a perimeter flange portion 160 between the shaped glass article 100'

and the edge of the shaped glass substrate sheet 130' that enables easy handling of the

shaped glass substrate sheet 130' between and during subsequent processes. Although

only a single shaped glass article is shown within shaped glass substrate sheet 130', it

should be understood that one shaped glass substrate sheet may provide for multiple

shaped glass articles, such as in an array of shaped glass articles. It is noted that

reforming of a glass sheet to create perfectly extruded shape is often complicated

because of the singularities (mechanical/thermal) of the edges. These edge singularities

often induce specific defects with heterogeneities in the precise curvature profile. By

removing those edges where edge defects can arise (e.g., the edges within the perimeter

flange portion 160), a shaped glass article substantially free of any edge singularity may

be obtained.

[0097] After the flat glass substrate sheet is reformed by the reforming process, in some

embodiments the shaped glass substrate sheet may then be annealed to remove internal

stresses generated during the fabrication of the flat glass substrate sheet and/or the



reforming process (block 112 of FIG. 10). Any appropriate annealing process may be

utilized, such as passing the shaped glass substrate sheet through a Lehr.

[0098] Embodiments of the present disclosure separate shaped glass articles and/or

create through-features by subjecting the laser-written shaped glass substrate sheet to an

etching process (block 113 of FIG. 10). FIG. 13 schematically depicts the shaped glass

substrate sheet 130' of FIG. 12 submerged in etchant solution 180 of an etchant bath 170.

[0099] As stated above, the etchant solution preferentially etches the laser damage

regions (numbered 140 in FIG. 13) because of the presence of microcracks within these

laser damage regions. Both the laser damage regions and the non-damaged regions are

etched simultaneously, but at different etch rates. The microcracks of the laser damage

regions break chemical bonds, and provide pathways for etchant to penetrate deeper into

the glass substrate sheet. Therefore, the etch rate at the laser damage regions is much

faster than then non-damaged regions. Accordingly, the shaped glass article may be cut

or otherwise removed from the remaining portion of the shaped glass substrate sheet 130'

when the etchant solution fully etches the laser damage regions. Further, through-

features, such as holes and slots, may also be fabricated in this manner.

[00100] Thus, in one embodiment, an alkali-aluminosilicate shaped glass substrate

sheet 130' is placed in an etchant bath 170 of etchant solution 180 that is agitated with a

frequency of about 40 kHz and maintained at a temperature that is less than 20°C. The

etchant solution comprises a concentration of hydrofluoric acid between about 1M and

about 3M and hydrochloric acid. When the concentration of hydrofluoric acid is greater

than about 2M, the concentration of hydrochloric acid is less than about 1M. When the

concentration of hydrofluoric acid is around 1M, the concentration of hydrochloric acid

is between about 1M and about 3M. The hydrochloric acid may be substituted by

sulfuric acid or nitric acid.

[00101] After the shaped glass articles 100 have been separated from the glass substrate

sheet and the through features have been formed, the shaped glass articles 100 (see FIG.

9) may be further processed. In some embodiments, the shaped glass articles are

strengthened by a strengthening process (block 114 of FIG. 10). The shaped glass

articles 100 may be chemically strengthened by an ion exchange process in which ions in

the surface layer of the glass are replaced by larger ions having the same valence or



oxidation state. In one particular embodiment, the ions in the surface layer and the larger

ions are monovalent alkali metal cations, such as Li+ (when present in the glass), Na+,

K+, Rb+, and Cs+. Alternatively, monovalent cations in the surface layer may be replaced

with monovalent cations other than alkali metal cations, such as Ag+, Tl+, Cu+, or the

like.

[00102] FIG. 14 schematically depicts a portion of strengthened, shaped glass article

100. In one embodiment, the shaped glass article is chemically strengthened by ion-

exchange in which smaller sodium ions near the surface of the glass are exchanged with

larger potassium ions when the shaped glass article is placed in an ion exchange bath.

Replacement of the smaller sodium ions with the larger potassium ions causes a layer of

compressive stress to develop in the surfaces of the shaped glass article. The

compressive stress extends below the surfaces of the shaped glass article to a specified

depth of layer (compressive surface layer). A compressive surface layer extends from

the upper surface 131 (i.e., a first compressive surface layer 190) and the underside

surface 133 (i.e., a second compressive surface layer 194) to the depth of layer. The

compressive surface layer is balanced by the development of the internal tension layer

192 at the center of the shaped glass article.

[00103] Finally, the strengthened, shaped glass articles may be subjected to further

processing depending on the intended application (block 115). In some embodiments,

although the etching process removes most of any edge defects that may be present,

mechanical edge finishing may be performed. Additionally, additional layers may be

applied to the shaped glass articles, such as touch- sensitive layers, antireflective layers,

antiglare layers, and the like.

[00104] It should now be understood that embodiments described herein are directed to

methods of fabricating three-dimensional glass articles from a flat glass substrate sheet

using laser damage and chemical etching processes. Laser damage regions are formed

within a flat glass substrate sheet around edges of one or more desired glass articles to be

separated from the flat glass substrate sheet, as well as formed around through-features

(e.g., slots, holes, and the like) of the one or more desired glass articles. The flat glass

substrate sheet is reformed to achieve the desired three-dimensional shape of the one or

more glass articles. The laser damage regions are formed with an initial geometry that



precompensates for the changing shape of the flat glass substrate sheet during the

reforming process such that laser damage regions have a desired geometry after the

reforming process. During etching, the laser damage regions are preferentially etched

when the glass substrate sheet is subjected to an etchant solution. The embodiments

described herein may simplify the fabrication of three-dimensional glass articles.

Forming the laser damage regions in a flat glass substrate sheet prior to the reforming

process eliminates additional lifting and rotational movements of the glass part

(assuming the laser is static) that are required when laser machining a shaped glass

substrate sheet (e.g., formation of laser damage regions after the reforming process).

Accordingly, machining a flat glass substrate sheet may allow for simpler equipment and

higher run rates. Compared with CNC machining, selective etching of laser damage

regions results in higher edge strength of the shaped glass article because etching reduces

the depth of flaws as well as blunts them.

[00105] It is noted that the terms "substantially" and "about" may be utilized herein to

represent the inherent degree of uncertainty that may be attributed to any quantitative

comparison, value, measurement, or other representation. These terms are also utilized

herein to represent the degree by which a quantitative representation may vary from a

stated reference without resulting in a change in the basic function of the subject matter

at issue.

[00106] While particular embodiments have been illustrated and described herein, it

should be understood that various other changes and modifications may be made without

departing from the spirit and scope of the claimed subject matter. Moreover, although

various aspects of the claimed subject matter have been described herein, such aspects

need not be utilized in combination. It is therefore intended that the appended claims

cover all such changes and modifications that are within the scope of the claimed subject

matter.



CLAIMS

1. A method of forming a glass article, comprising:

providing a glass substrate sheet;

translating a pulsed laser beam on the glass substrate sheet to form a laser

damage region extending from a first surface of the glass substrate sheet to a second

surface of the glass substrate sheet, wherein:

the pulsed laser beam has a wavelength in the ultraviolet spectrum

and a power of about 0.1W to about 2.0W; and

the laser damage region comprises a plurality of defect lines;

applying the glass substrate sheet with an etchant solution comprising about 1M

to about 3M of hydrofluoric acid and hydrochloric acid, wherein:

a concentration of the hydrochloric acid is less than about 1M if a

concentration of the hydrofluoric acid is greater than about 2M; and

the concentration of the hydrochloric acid is between about 1M

and about 3M if the concentration of the hydrofluoric acid is less than

about 2M;

strengthening the glass substrate sheet by an ion-exchange strengthening process;

and

coating the glass substrate sheet with an acid-resistant coating.

2 . The method of claim 1, wherein the glass substrate sheet is strengthened before

the pulsed laser beam is translated on the glass substrate sheet, and wherein the pulsed

laser has a power of from about 0 .1W to about 0.4W.

3 . The method of claim 1, wherein the glass substrate sheet is strengthened after the

pulsed laser beam is translated on the glass substrate sheet, and wherein the pulsed laser

has a power of from about 0.4W to about 0.6W.



4 . The method of claim 1, wherein the acid-resistant coating is applied to the glass

substrate sheet before the pulsed laser beam is translated on the glass substrate sheet, and

wherein the acid-resistant coating is removed from the glass substrate sheet after the

glass substrate sheet is applied to the glass substrate sheet.

5 . The method of claim 1, wherein the acid-resistant coating comprises ethylene

acrylic acid, wax polymer, and water.

6 . The method of claim 1, wherein the acid-resistant coating has a thickness of from

about 1 µιη to about 15 µιη.

7 . The method of claim 1, wherein the glass substrate sheet comprises from about 5

mol to about 14 mol alkaline earth metal oxides.

8. The method of claim 1, wherein the laser damage region does not contact an edge

of the glass substrate sheet.

9 . The method of claim 1, applying the etchant solution to the glass substrate sheet

comprises spraying the glass substrate sheet with the etchant solution.

10. The method of claim 1, wherein applying the etchant solution to the glass

substrate sheet comprises submerging the glass substrate sheet in a bath of the etchant

solution, wherein

a temperature of the bath of the etchant solution is less than about 30°C; and

the bath of the etchant solution is agitated at an ultrasonic agitation frequency of

about 40 kHz until a portion of the glass substrate sheet about the laser damage region is

substantially removed, thereby forming the shaped glass article.

11. The method of claim 1, wherein:

the pulsed laser beam is translated on the glass substrate sheet at multiple passes;

and



a focus of the pulsed laser beam is modified at each pass such that the laser

damage region is defined by a plurality of laser damage lines extending from the first

surface to the second surface within a bulk of the glass substrate sheet.

12. A method of forming a shaped glass article, comprising:

providing a glass substrate sheet;

translating a pulsed laser beam on the glass substrate sheet to form a laser

damage region between a first surface and a second surface of the glass substrate sheet,

wherein the laser damage region comprises an initial geometry;

reforming the glass substrate sheet to form a bend at a local area of the glass

substrate sheet, wherein:

at least a portion of the laser damage region is within the local

area; and

a geometry of the laser damage region changes from the initial

geometry to a desired geometry following the reforming of the glass

substrate sheet such that the initial geometry of the laser damage region

compensates for the bending of the glass substrate sheet; and

applying an etchant solution to the glass substrate sheet to remove a portion of

the glass substrate sheet about the laser damage region to form the glass article.

13. The method of claim 12, wherein the glass substrate sheet is reformed by:

preheating the glass substrate sheet to a preheated temperature; and

heating the local area of the glass substrate sheet to a localized temperature that is

greater than the preheated temperature, thereby bending the glass substrate sheet at the

local area,

wherein the preheated temperature and the localized temperature are lower than a

softening point of the glass substrate sheet.

14. The method of claim 12, wherein:

the pulsed laser beam has a wavelength that is in the ultraviolet spectrum; and

a power of the pulsed laser beam is between about 0.5W and about 2.0W.



15. The method of claim 12, wherein:

the pulsed laser beam is translated on the glass substrate sheet at multiple passes;

and

a focus of the pulsed laser beam is modified at each pass such that the laser

damage region is defined by a plurality of laser damage lines extending from the first

surface to the second surface within a bulk of the glass substrate sheet.

16. The method of claim 15, wherein adjacent laser damage lines of the plurality of laser

damage lines are offset with respect to one another.

17. The method of claim 15, wherein a position of the pulsed laser beam with respect to

the glass substrate sheet is adjusted at each pass such that the plurality of laser damage

lines define a curve within the bulk of the glass substrate sheet from the first surface of

the glass substrate sheet to the second surface of the glass substrate sheet.

18. The method of claim 15, wherein the shaped glass article is strengthened by an

ion-exchange strengthening process.

19. A method of forming a shaped glass article, comprising:

providing a glass substrate sheet;

translating a pulsed laser beam on the glass substrate sheet to form a laser

damage region extending from a first surface of the glass substrate sheet to a second

surface of the glass substrate sheet, wherein:

the pulsed laser beam has a wavelength in the ultraviolet spectrum

and a power of about 0.5W to about 2.0W;

the laser damage region comprises a plurality to defect lines; and

the laser damage region comprises an initial geometry;

submerging the glass substrate sheet in a bath of etchant solution comprising

about 1M to about 3M of hydrofluoric acid and hydrochloric acid, wherein:



a concentration of the hydrochloric acid is less than about 1M if a

concentration of the hydrochloric acid is greater than about 2M;

the concentration of the hydrochloric acid is between about 1M

and about 3M if the concentration of the hydrochloric acid is less than

about 2M; and

a temperature of the bath of etchant solution is less than about

30°C; and

agitating the bath of etchant solution at an ultrasonic agitation frequency of about

40 kHz until a portion of the glass substrate sheet about the laser damage region is

substantially removed, thereby forming the shaped glass article.

20. A glass article comprising:

a glass wafer comprising a surface with an antireflective coating; and

an interposer adhered to the surface of the glass wafer comprising the

antireflective coating, and comprising a plurality of through holes, wherein;

the interposer is not chemically strengthened, and

the interposer has a failure rate of about 50% at a force of about 5 kg measured

using a ring-on-ring test.
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