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(57) Abstract: Systems and processes of cutting and drilling in a target substrate uses a laser (e.g., a pulsed laser) and an optical sys -
tem to generate a line focus of the laser beam within the target substrate, such as a glass substrate sheet, are provided. The laser cut -
ting and drilling system and process creates holes or defects that, in certain embodiments, extend the full depth of the glass sheet
with each individual laser pulse, and allows the laser system to cut and separate the target substrate into any desired contour by cre -
ating a series of perforations that form a contour or desired part shape. Since a glass substrate sheet is brittle, cracking will then fol -
low the perforated contour, allowing the glass substrate sheet to separate into any required shape defined by the perforations.



WO 2017/011296 PCT/US2016/041485

METHODS OF CONTINUOUS FABRICATION OF HOLES IN FLEXIBLE
SUBSTRATE SHEETS AND PRODUCTS RELATING TO THE SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority under 35 U.S.C. § 119 of U.S.
Provisional Application Serial No. 62/190823 filed on July 10, 2015 the content of which is
relied upon and incorporated herein by reference in its entirety.

BACKGROUND
[0002] Glass has many advantages over traditional crystalline silicon and organic substrates
for use as electrical interposer substrates in semiconductor applications. One advantage of glass
is that it may be fabricated in a large flat panel format — i.¢., in sizes well in excess of traditional
300mm wafer sizes, even up to many meters on a side. Another is the mechanical rigidity of
glass. Yet another advantage of glass is its high electrical impedance. This is especially helpful
at higher frequencies, in particular for the radio frequencies (RF) employed for high data
transmission rates. In addition, specialty glass substrates can be formed, such as via a fusion
forming process, with very flat and smooth surfaces, reducing or eliminating any need for costly
polishing steps. This low roughness, or surface quality, of the glass sheets allows them to be
patterned with dense (closed spaced) electrical traces.
[0003] Currently, the semiconductor market is dominated by crystalline silicon, and the
semiconductor chips themselves are most frequently fabricated out of silicon. As such, a large
amount of silicon wafer infrastructure is in place, and glass that can be handled and behaves like
silicon may be used in the infrastructure already in place. Fortunately, glass can be cut into
wafer shapes when desired. Also, glass compositions can be tailored to have similar coefficients
of thermal expansions to that of silicon (e.g., approximately 3ppm/C).
[0004] One use of such resulting glass wafers is simply as carrier substrates on which thin
silicon wafers are affixed and processed. Other uses include the use of glass wafers to form
substrates for RF components or for electrical interposers. Interposers, for example, provide an
interconnecting board that routes electrical signals between two electrical processing chips, such
as between a CPU (central processing unit) and another CPU, or between a CPU and a GPU
(graphical processing unit), or between a CPU and other devices underneath. In order for glass
wafers to be used in this way, the wafer needs to have many (e.g., approximately hundreds of

thousands or more) holes in it at application specific locations. To make the electrical
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connections, metal traces are patterned on the glass surfaces and the interior of the holes are
metallized in an equally precise manner using lithography and metal vapor deposition or
electroplating.

[0005] Once metalized, the glass can be incorporated into a circuit board and chips are
bonded to it. Later, the wafer is diced to separate out the individual components.

[0006] Traditional glass interposers are formed from wafers that have already been cut to the
desired size and shape. These wafers are loaded into a laser system. These laser systems may
use mechanical fixtures or vision alignment to align to edges of the wafers or other fiducials on
the wafers. The laser process then creates the desired hole pattern within the wafers. The wafers
are then unloaded. This is a one-at-a-time type operation. This process flow leads to a number of
manufacturing inefficiencies.

[0007] Inventory management can be problematic. There are numerous wafer sizes and
shapes (100,150, 200, 300mm diameters, with notches, flats, etc., panels of various dimensions,
each of different compositions or thicknesses) desired by end users, and all of these must be
made ahead of time and kept in sufficient quantities in inventory.

[0008] Pattern accuracy, e.g., the precision of hole placement relative to the edges of the
wafers, is also less than optimal. Since the wafers are generally cut with a mechanical score and
break process and then undergo an edge grind process, the accuracy to which the geometry and
sizes of the wafers are made is generally £100 microns or greater. This in turn leads to variability
in where the hole pattern is placed relative to the geometric edges of the wafer. This uncertainty
cascades into increased alignment complexity needed in order to locate hole patterns in
downstream processes such as lithographic steps for metal trace patterning.

[0009] The cost of cutting and finishing the wafers can also be significant. While mechanical
score and break equipment is relatively inexpensive, the time and cost of grinding the edges of
the wafers to the exact shape desired can be large (e.g., many tens of dollars/wafer) because of
the amount of material removal needed and also because the facilities with such cut and grind
capabilities are not always co-located with the interposer drilling process equipment. In addition,
a primary purpose of the mechanical edge grinding is to remove damage from the mechanical
cutting process, improving the reliability or strength of the wafers edges so that the wafers can
survive shipment and downstream process handling. However, the wafer edges do not serve a

function in the final interposer/chip application, as the interposer dies are cut out of the wafers
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and hence any finished edges are thrown away. Thus, the true requirement for wafer edges is
merely to have sufficient strength and reliability to be handled.

[0010] There exists a need for laser processing substrate sheets, such as glass substrate
sheets, for use in applications where a glass sheet with vias is needed, for example in RF and

interposer products.

SUMMARY

[0011] Systems and processes of cutting and drilling in a target substrate uses a laser (e.g., a
pulsed laser) and an optical system to generate a line focus of the laser beam within the target
substrate, such as a glass substrate sheet, are provided. The pulsed laser cutting and drilling
system and process creates holes or defects that, in certain embodiments, extend the full depth of
the glass sheet with each individual laser burst pulse, and allows the laser system to cut and
separate the target substrate into any desired contour by creating a series of perforations that
form a contour or desired part shape. Since a glass substrate sheet is brittle, cracking will then
follow the perforated contour, allowing the glass substrate sheet to separate into any required
shape defined by the perforations.

[0012] In a first aspect, a process of fabricating a substrate is provided. The process includes
disposing a substrate sheet at a laser processing assembly. The laser processing assembly
includes at least one laser operable to emit a laser beam. The substrate sheet is substantially
transparent to the laser beam. The process further includes focusing the laser beam into a laser
beam focal line, viewed along a beam propagation direction of the laser beam. The laser beam
focal line is directed into the substrate and generates an induced absorption within the substrate.
The induced absorption produces a defect along the laser beam focal line within the substrate
sheet. The substrate is translated relative to the laser beam to laser drill a plurality of internal
defects within the substrate. A first plurality of defects and a second plurality of defects are
created. The second plurality of defects defines a closed boundary, and the first plurality of
defects is disposed within the closed boundary. At least one component piece of the substrate is
separated along the closed boundary defined by the second plurality of defects.

[0013] In a second aspect according to the first aspect, the substrate is selected from the
group consisting of a glass substrate sheet, a glass-ceramic substrate sheet, fused silica, and a

sapphire sheet.



WO 2017/011296 PCT/US2016/041485

[0014] In a third aspect according to any of the previous aspects, the second plurality of
defects have a pitch of less than about 20 um between defects.

[0015] In a fourth aspect according to any of the previous aspects, the first plurality of
defects are less than about 10 um in diameter and extend greater than about 100 um in depth.
[0016] In a fifth aspect according to any of the previous aspects, further comprising etching
the first plurality of defects to enlarge the first plurality of defects

[0017] In a sixth aspect according to any of the previous aspects, the first plurality of defects
comprises holes having a diameter between about 10 um and 120 um and extending through the
substrate.

[0018] In a seventh aspect according to the sixth aspect, further comprising metallizing the
first plurality of defect holes extending through the substrate.

[0019] In an eighth aspect according to any of the previous aspects, the operation of
separating the component piece along the boundary defined by the second plurality of external
defects provides a serrated edge along at least one side of the component piece.

[0020] In a ninth aspect according to the eighth aspect, the serrated edge is formed by the
second plurality of defects of the closed boundary, wherein an amplitude of the serration is less
than about 10 um and a pitch of the serrations is less than about 20 um.

[0021] In a tenth aspect according to any of the previous aspects, the operation of separating
the component piece along the boundary defined by the plurality of external defects is performed
using an infrared laser.

[0022] In an cleventh aspect according to any of the previous aspects, the operation of
creating the first plurality of defects is performed prior to the operation of creating the second
plurality of defects.

[0023] In a twelfth aspect according to any of the previous aspects, the operation of creating
the second plurality of defects is performed prior to the operation of creating the first plurality of
defects.

[0024] In a thirteenth aspect according to any of the previous aspects, a first optical head is
adapted to provide the first plurality of defects and a second optical head is adapted to provide
the second plurality of defects.
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[0025] In a fourteenth aspect according to any of the previous aspects, the operation of
providing the substrate disposed at a laser processing assembly comprises providing the substrate
disposed about a roll.

[0026] In a fifteenth aspect according to any of the previous aspects, the laser beam
comprises a pulsed laser beam.

[0027] In a sixteenth aspect according to any of the previous aspects, the substrate has an
absorption or scattering of a wavelength of the laser beam of less than about 10%.

[0028] In a seventeenth aspect according to any of the previous aspects, further comprising
metallizing the first plurality of defects to provide for electrical conductivity through the first
plurality of defects.

[0029] In an eighteenth aspect according to any of the previous aspects, the laser beam has
an average laser burst pulse energy measured at the material greater than about 40 pJ, pulses
having a duration in a range of between greater than about 1 picosecond and less than about 100
picoseconds, and a repetition rate in a range of between about 100 Hz and about 1MHz.

[0030] In a nineteenth aspect according to any of the previous aspects, a plurality of
component pieces are defined by a plurality of sets of the second plurality of defects that each
define a closed boundary and a plurality of the first plurality of defects are disposed within each
closed boundary.

[0031] In a twentieth aspect, an article is provided. The article includes a substrate having a
first side and an opposing second side. The substrate has an absorption or scattering of a
wavelength of a laser beam of less than about 20%. A first plurality of defects is formed internal
to a boundary of the substrate that extend into the substrate. A boundary edge is formed by a
second plurality of defects and a plurality of microcracks extending between the second plurality
of defects. The second plurality of defects is spaced from each other at a pitch less than about
20 um. The second plurality of defects each have a width of less than about 10 um and extend
through at least about 50 % of a thickness of the substrate.

[0032] In a twenty-first aspect according to the twentieth aspect, each of the second plurality
of defects extend through the entire thickness of the glass substrate layer.

[0033] In a twenty-second aspect according to the twentieth or twenty-first aspect, the

substrate comprises greater than 1,000 first plurality of defects formed within a boundary defined
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by the second plurality of defects and the first plurality of defects each have a diameter of less
than about 3 um.

[0034] In a twenty-third aspect according to any one of the twentieth through twenty-second
aspects, the substrate comprises greater than 1,000 first plurality of defects formed within a
boundary defined by the second plurality of defects and the first plurality of defects each have a
diameter of greater than about 5 um and less than about 120 um.

[0035] In a twenty-fourth aspect according to any one of the twentieth through twenty-third
aspects, the first plurality of defects comprise a plurality of blind holes.

[0036] In a twenty-fifth aspect according to any one of the twentieth through twenty-fourth
aspects, an electrically conductive path is formed by a metallization layer extending through the
first plurality of holes.

[0037] In a twenty-sixth aspect according to any one of the twentieth through twenty-fifth
aspects, a plurality of component pieces are defined from the substrate by a plurality of sets of
the second plurality of defects that each define a closed boundary and a plurality of the first

plurality of defects are disposed within each closed boundary.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] The foregoing will be apparent from the following more particular description of the
example embodiments, as illustrated in the accompanying drawings in which like reference
characters refer to the same parts throughout the different views. The drawings are not
necessarily to scale, emphasis instead being placed upon illustrating the representative
embodiments.

[0039] FIG. 1 is a schematic illustration of an example optical system adapted to process a
substrate using a laser beam according to one or more embodiments described and illustrated
herein;

[0040] FIG. 2A is a schematic illustration of example laser processing components of a laser
processing assembly to form defects within the substrate sheets according to one or more
embodiments described and illustrated herein;

[0041] FIG. 2B is a schematic illustration of a side view of a substrate sheet depicting the

formation of a defect line due to the induced absorption along a focal line created by the laser



WO 2017/011296 PCT/US2016/041485

processing components depicted in FIG. 2A according to one or more embodiments described
and illustrated herein;

[0042] FIG. 3 is a schematic illustration of example laser processing components of a laser
processing assembly to form defects within the substrate sheets according to one or more
embodiments described and illustrated herein;

[0043] FIG. 4 an example microscope image of a substrate showing a crack connecting laser
formed defects or perforations according to one or more embodiments described and illustrated
herein;

[0044] FIG. 5 shows an example scanning electron microscope (SEM) image showing a
characteristic edge resulting from one or more laser line focus cutting process embodiments
according to one or more embodiments described and illustrated herein;

[0045] FIG. 6 shows the example SEM image of the entrance side of an individual defect in
a glass substrate, such as may be formed by one or more laser line focus cutting process
according to one or more embodiments described and illustrated herein;

[0046] FIG. 7 shows example pre-etch and post-etch microscope images of a glass substrate
according to one or more embodiments described and illustrated herein;

[0047] FIG. 8 shows example Weibull plots of the resultant edge strength, measured on
130um thick Eagle XG glass, using a two-point bend test method according to one or more
embodiments described and illustrated herein;

[0048] FIG. 9 shows example results of a process study for drilling an example glass
substrate, where the pulse energy and the focal length of the final objective lens were varied to
show effects according to one or more embodiments described and illustrated herein;

[0049] FIG. 10 shows an example chart illustrating results of the study shown in FIG. 9
according to one or more embodiments described and illustrated herein;

[0050] FIG. 11 schematically shows an example laser system employing two optical heads
according to one or more embodiments described and illustrated herein;

[0051] FIG. 12 shows a flow chart of an example process of fabricating a substrate using a
focus line laser and/or a short pulse laser to fabricate the substrate according to one or more

embodiments described and illustrated herein;
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[0052] FIGS. 13 and 14 schematically show multiple wafers and panels with one or more
desired patterns created out of a single larger panel according to one or more embodiments
described and illustrated herein;

[0053] FIG. 15 schematically depicts an example layout where one sheet of glass is being cut
into four different sizes with two different patterns according to one or more embodiments
described and illustrated herein;

[0054] FIG. 16 schematically shows another example layout where multiple subpanels that
contain wafers with a desired pattern can be created out of a single larger panel according to one
or more ¢embodiments described and illustrated herein;

[0055] FIG. 17 schematically shows an example process and system for laser fabricating a
substrate sheet according to one or more embodiments described and illustrated herein;

[0056] FIG. 18 schematically shows a roll to roll process for fabricating a substrate sheet
according to one or more embodiments described and illustrated herein;

[0057] FIG. 19A is a schematic illustration of an example etching assembly according to one
or more ¢embodiments described and illustrated herein;

[0058] FIG. 19B is a schematic illustration of an example etching assembly according to one
or more ¢embodiments described and illustrated herein;

[0059] FIG. 19C is a schematic illustration of an example etching assembly according to one
or more ¢embodiments described and illustrated herein;

[0060] FIG. 20A is a schematic illustration of a partial view of a substrate sheet after
fabrication of holes according to one or more embodiments described herein;

[0061] FIG. 20B is a schematic illustration of a partial view of a substrate sheet after
metallizing the holes of FIG. 20A according to one or more embodiments described herein;
[0062] FIG. 21 is a schematic illustration of a partial view of a spool comprising a substrate
sheet and an interleaf layer according to one or more embodiments described herein; and

[0063] FIG. 22 is a schematic illustration of a spool comprising a substrate sheet and an
interleaf layer being positioned within an etching assembly according to one or more

embodiments described and illustrated herein.

DETAILED DESCRIPTION
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[0064] The embodiments disclosed herein relate to methods for drilling and cutting glass
materials. In one embodiment, for example, a first plurality of defects and a second plurality of
defects are created. In this embodiment, the second plurality of defects defines a closed
boundary, and the first plurality of defects is disposed within the closed boundary. At least one
component piece of the substrate is separated along the closed boundary defined by the second
plurality of defects.

[0065] In various implementations, a system and process of cutting and drilling in a target
substrate uses a pulsed laser and an optical system to generate a line focus of the laser beam
within the target substrate, such as a glass substrate sheet. The pulsed laser cutting and drilling
system and process creates holes or defects that, in certain embodiments, extend the full depth of
the glass sheet with each individual laser pulse, and allows the laser system to cut and separate
the target substrate into any desired contour by creating a series of perforations that form a
contour or desired part shape. Since a glass substrate sheet is brittle, cracking will then follow the
perforated contour, allowing the glass substrate sheet to separate into any required shape defined
by the perforations. The system and process can cut a multitude of glass compositions, ranging
from high stress glasses (e.g. ion-exchanged) to low stress glasses (e.g. Corning Eagle XG) at
high speeds (>500mmy/s), allowing cutting complex shapes with tight radii and complex
contours. In addition, the system and process can further be adapted to make desired pilot hole
patterns in glass wafers. An acid etch process may also be used to enlarge the holes. The
resulting article can then be used for applications where a glass substrate with vias could be used,
including, but not limited to, interposers, substrates for RF components, or substrates for
fingerprint sensors.

[0066] In some embodiments, the systems and processes described herein solve the above
mentioned problems by combining both the cutting of the glass part with the creation of the
desired internal hole pattern in one line focus pulsed laser platform. In these particular
embodiments, the same laser beam delivery system that creates a first set of defects, such as pilot
hole patterns can also be used to create a second set of defects adapted to perforate and separate
(i.e. cut) the larger substrates (e.g., glass sheet substrates) into wafers, panels, or sub-panels. A
user loads a glass panel of appropriate thickness and glass composition into the system, and the
output is fully cut parts (e.g. wafers or sub-panels) with pilot hole patterns (first set of defects)

that can be etched in a subsequent process step. This may be done with a single optical head, or
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alternatively, another possibility is to employ two different optical heads within the same
machine/process — one for creating the desired first set of defects (e.g., pilot hole pattern) and a
second that creates a second set of defects oriented to outline and used to cut the desired wafer
shapes. This saves significant cost by reducing manufacturing process steps (grinding/finishing),
simplifying inventory management, and increasing manufacturing agility to making different
products. In addition it enhances product performance by improving dimensional accuracy of the
resulting parts.

[0067] It should also be noted that while the word wafer is used, often end users request non-
wafer shapes. These can be panels or sub-panels and have their own specific geometry. Where
the word wafer is used, it is to be understood that panel or subpanel would be equally valid.
[0068] In other embodiments, a substrate may be cut into individual components along a
boundary or perimeter formed by the second set of defects and then a first set of defects (e.g.,
pilot holes) may be drilled or otherwise formed in the individual components in a separate step
after the substrate has been cut into various component pieces along the boundary or perimeter
formed by the second set of defects. In this embodiment, drilling the first set of defects may be
performed via a focus line laser process or any other acceptable drilling process. Similarly, other
processes of cutting a substrate into individual components along a boundary or perimeter
formed by the second set of defects and a focus line laser process may be used to drill or
otherwise process the individual components to create the first set of defects (e.g., pilot holes,
vias or interposers) after they have been cut into pieces.

[0069] The line focus and short pulse laser process described herein is unique in that it
allows for both cutting and drilling of substrates, such as glass substrates, with high speed
(hundreds of mm/sec to greater than 1 m/sec cutting, hundreds or thousands of holes/sec drilling
or greater), and/or with suitable quality (edge strength greater than 100 MPa, low sub-surface
damage of less than 100 microns, holes with diameter as small as 5 microns, holes with no
surface chips and/or parts that retains strength of greater than 90% as compared to undrilled glass
substrates).

[0070] These laser generated defects allow for cutting substrates (e.g., glass sheet substrates)
around a boundary or perimeter of a part using defects/perforations (e.g., the second set of
defects described above) and fabricating holes on an interior of a part by etching out the

defects/perforations (e.g., the first set of defects described above) to make holes. Embodiments
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described herein detail how the cutting and drilling processes may be employed in a single laser
system to make glass interposer parts very efficiently and accurately, or, even if done by multiple
systems, used to make glass interposer parts more cost effectively than with other methods.
[0071] Typical laser machining processes use a Gaussian, or approximately Gaussian, laser
beams focused to a spot (or point). When focused to a very small region (typically ~ microns in
diameter) of sufficient intensity to vaporize or ablate glass, such a beam will diffract or spread
out very quickly, typically within tens of microns. This means that only a very small portion of
the glass can be modified by each laser pulse.

[0072] In contrast, the focus line laser and short pulse laser processes described herein
employ optics that create an extended focus, or line focus. An example of an optical system 10
adapted for creating such a line focus is illustrated in FIG. 1.

[0073] Referring now to FIG. 1, an example optical system 10 adapted to process a substrate
12, such as a glass substrate, using a laser beam 14 is schematically illustrated. In the system 10,
for example, the optical system 10 is adapted to produce a line focus 16 for the laser beam 14 on
the substrate 12. The line focus 16 of the laser beam 14 can be adapted to fabricate defects or
perforations (e.g., the second set of defects described above) oriented to allow for cutting the
substrate 12 along a boundary or perimeter of the defects or perforations and/or for fabricating a
first set of defects to provide holes within the substrate 12 disposed within the boundary or
perimeter of the second set of defects or perforations.

[0074] The optical system 10 is adapted to focus the laser beam 14 (e.g., a pulsed laser
beam) into a laser beam focal line 16 oriented along the beam propagation direction. The
substrate 12 (e.g., a glass substrate sheet) is substantially transparent to the laser wavelength
when the absorption is less than about 10%, in some examples less than about 1% per mm of
material depth at this wavelength. As shown in FIG. 1, a laser emits laser beam 14, which has a
portion incident to the optical assembly 10. The optical assembly 10 turns the incident laser
beam into an extensive laser beam focal line 16 on an output side of the optical system 10 over a
defined expansion range along the beam direction. The planar substrate 12 (e.g., the glass
substrate sheet) is positioned in the beam path to at least partially overlap the laser beam focal
line 16 of laser beam 14. The laser beam focal line 16 is thus directed into the substrate 12.
[0075] In one embodiment, for example, an incident Gaussian beam from a laser is passed

through an axicon 18 (a conical optical element), which creates a line focus. The line focus can

11
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be propagated or re-imaged through other standard optical elements such as lenses that form a
telescope in order to project it to another location and also alter its spatial extent. This is
sometimes referred to as creating a Bessel beam, or more specifically a Gauss-Bessel beam. Such
a beam diffracts much more slowly than a Gaussian beam, allowing a central region
(approximately a few microns in diameter) of very high optical intensity to be maintained over
very long ranges (approximately millimeters). Other solutions also are possible that form an
extended line focus, which in a broader context is often referred to as non-diffracting beams.
[0076] In the particular embodiment shown in FIG. 1, for example, an axicon 18 disperses at
least a portion of the laser beam 14 incident to the optical assembly 10 toward a first lens 20.
The first lens 20 collimates the dispersed laser beam 14 within the optical assembly 10 toward a
second lens 22. The second lens 22 receives the collimated portion of the laser beam 14 and
focuses the beam 14 toward the substrate 12 to focus the beam into a laser beam focal line 16.
[0077] In one embodiment, the line focus is used in conjunction with very high pulse energy
short pulsed laser (e.g., less than 10 ps pulse width, approximately 50 to 500 uJ/burst). Many
short pulse lasers allow a mode of operation called “burst” pulse mode. A “burst” pulse is a
sequence of pulses that are closely spaced in time (e.g. 20 nsec), whereas the time between each
“burst” may be longer, such as 10usec. Since the gain medium for such lasers has a fixed amount
of energy that can be extracted on a short time scale, typically the total energy within a burst is
conserved, i.e. if the laser is operated at a constant frequency then the total energy within a two
pulse burst will be the same as the total energy within a six pulse burst. Each pulse is focused to
a line and, through the process of non-linear absorption, creates a line defect within the glass. In
this embodiment, the substrate is substantially transparent to the radiation (typically <10%
absorption per mm), otherwise the energy will be absorbed at or near the surface of the glass and
not reach the interior to form a line. However, in other embodiments, where a complete through
hole is not required a less transparent substrate may also be used. In one embodiment, the
wavelength of the laser is approximately 1064 nm, which can be produced by a Nd:Y V0, laser or
similar (e.g. YAG) gain material. In addition, various harmonics of this wavelength may also be
used, such as approximately 532 nm (doubled frequency), or approximately 355 nm (tripled
frequency). These harmonics are easily available by employing non-linear conversion crystal(s)

at the output of the laser head.
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[0078] The result in the transparent substrate is very similar to the effect of perforating
paper. The perforations remove very little material, but are capable of guiding a tear or crack that
ultimately separates the substrate. If these defects are spaced close together, cracks form to
interconnect the defects. One advantage of this process is that very little material is removed,
and therefore, very little debris is generated.

[0079] If the substrate has enough stress in it, as in the case of many ion-exchanged glasses,
cracks will propagate from one defect site to another without the need for any further process
steps. But if the substrate has low stress, such as in the case of display glasses such as Corning
Eagle XG or pre-ion exchange glasses, then further stress can be applied to fully form the cracks
between the damage sites. In one embodiment, for example, this can be done by tracing the same
perforated (defect) pattern using an infrared laser, such as a carbon dioxide (CO;) laser. This
creates a thermal stress that enhances the propagation of the crack, resulting in two separate
pieces. An image showing glass that has defects created but has not yet been separated is shown
in FIG. 4. An image showing the resulting edge post-separation is shown in FIG. 5.

[0080] Turning to FIGS. 2A and 2B, another embodiment of an optical system and method
of laser processing a material includes focusing a pulsed laser beam 2 into a laser beam focal line
2b oriented along the beam propagation direction. The substrate 1 (e.g., a glass substrate sheet)
is substantially transparent to the laser wavelength when the absorption is less than about 10%,
preferably less than about 1% per mm of material depth at this wavelength. As shown in FIG.
2A, laser (not shown) emits laser beam 2, which has a portion 2a incident to an optical assembly
6. The optical assembly 6 turns the incident laser beam into an extensive laser beam focal line 2b
on the output side of the optical assembly 6 over a defined expansion range along the beam
direction (length 1 of the focal line). The planar substrate 1 is positioned in the beam path to at
least partially overlap the laser beam focal line 2b of laser beam 2. The laser beam focal line is
thus directed into the substrate. Reference la designates the surface of the planar substrate
facing the optical assembly 6 or the laser, respectively, and reference 1b designates the reverse
surface of substrate 1. The substrate or material thickness (in this embodiment measured
perpendicularly to the planes 1a and 1b, i.e., to the substrate plane) is labeled with d.

[0081] As FIG. 2A depicts, substrate 1 is aligned perpendicular to a longitudinal beam axis
and thus behind the same focal line 2b produced by the optical assembly 6 (the substrate is

perpendicular to the plane of the drawing). The focal line being oriented or aligned along the
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beam direction, the substrate is positioned relative to the focal line 2b in such a way that the
focal line 2b starts before the surface 1a of the substrate and stops before the surface 1b of the
substrate, 1.e. still focal line 2b terminates within the substrate and does not extend beyond
surface 1b. In the overlapping area of the laser beam focal line 2b with substrate 1, i.c., in the
substrate material covered by focal line 2b, the extensive laser beam focal line 2b generates
(assuming suitable laser intensity along the laser beam focal line 2b, which intensity is ensured
by the focusing of laser beam 2 on a section of length L, i.e. a line focus of length 1) an extensive
section 2c¢ (aligned along the longitudinal beam direction) along which an induced absorption is
generated in the substrate material. The induced absorption produces defect line formation in the
substrate material along section 2c. The defect line is a microscopic (e.g., >100 nm and <0.5
micron in diameter) elongated “hole” (also called a perforation or a defect line) in the substrate
using a single high energy burst pulse. Individual defect lines can be created at rates of several
hundred kilohertz (several hundred thousand defect lines per second), for example. With relative
motion between the source and the substrate, these holes can be placed adjacent to one another
(spatial separation varying from sub-micron to many microns as desired). The defect line
formation is not only local, but over the entire length of the extensive section 2¢ of the induced
absorption. The length of section 2¢ (which corresponds to the length of the overlapping of laser
beam focal line 2b with substrate 1) is labeled with reference L. The average diameter or extent
of the section of the induced absorption 2c¢ (or the sections in the material of substrate 1
undergoing defect line formation) is labeled with reference D. This average extent D basically
corresponds to the average diameter & of the laser beam focal line 2b, that is, an average spot
diameter in a range of between about 0.1 micron and about 5 microns.

[0082] As FIG. 2A shows, the substrate material (which is transparent to the wavelength A of
laser beam 2) is heated due to the induced absorption along the focal line 2b arising from the
nonlinear effects associated with the high intensity of the laser beam within focal line 2b.
FIG.24B illustrates that the heated substrate material will eventually expand so that a
corresponding induced tension leads to micro-crack formation, with the tension being the highest
at surface la.

[0083] The selection of a laser source is predicated on the ability to create multi-photon
absorption (MPA) in transparent materials. MPA is the simultaneous absorption of two or more

photons of identical or different frequencies in order to excite a molecule from one state (usually
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the ground state) to a higher energy electronic state (ionization). The energy difference between
the involved lower and upper states of the molecule can be equal to the sum of the energies of
the two or more photons. MPA, also called induced absorption, can be a third-order process, for
example, that is several orders of magnitude weaker than linear absorption. MPA differs from
linear absorption in that the strength of induced absorption can be proportional to the square or
cube of the light intensity, for example, instead of being proportional to the light intensity itself.
Thus, MPA is a nonlinear optical process.

[0084] Representative optical assemblies 6, which can be applied to generate the focal line
2b, as well as a representative optical setup, in which these optical assemblies can be applied, are
described below. Identical references are used for identical components or features or those
which are equal in their function.

[0085] In the embodiment shown in FIG. 2A, in order to achieve the required numerical
aperture, the optics must, on the one hand, dispose of the required opening for a given focal
length, according to the known Abbé formulae (N.A. = n sin (theta), n: refractive index of the
glass or other material to be processed, theta: half the aperture angle; and theta = arctan (D/2f);
D: aperture, f: focal length). On the other hand, the laser beam must illuminate the optics up to
the required aperture, which is typically achieved by means of beam widening using widening
telescopes between the laser and focusing optics.

[0086] The spot size should not vary too strongly for the purpose of a uniform interaction
along the focal line. This can, for example, be ensured (see the embodiment below) by
illuminating the focusing optics only in a small, circular area so that the beam opening and thus
the percentage of the numerical aperture only vary slightly.

[0087] According to FIG. 3 (section perpendicular to the substrate plane at the level of the
central beam in the laser beam bundle of laser radiation 2; here, too, laser beam 2 is
perpendicularly incident to the substrate plane, i.c. incidence angle is 0° so that the focal line 2b
or the extensive section of the induced absorption 2c¢ is parallel to the substrate normal), the laser
radiation 2a emitted by the laser is first directed onto a circular aperture 8 which is completely
opaque to the laser radiation used. Aperture 8 is oriented perpendicular to the longitudinal beam
axis and is centered on the central beam of the depicted beam bundle 2a. The diameter of
aperture 8 is selected in such a way that the beam bundles near the center of beam bundle 2a or

the central beam (here labeled with 2aZ) hit the aperture and are completely absorbed by it. Only
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the beams in the outer perimeter range of beam bundle 2a (marginal rays, here labeled with 2aR)
are not absorbed due to the reduced aperture size compared to the beam diameter, but pass
aperture 8 laterally and hit the marginal areas of the focusing optic elements of the optical
assembly 6, which, in this embodiment, is designed as a spherically cut, bi-convex lens 7.

[0088] As illustrated in FIG. 3, the laser beam focal line 2b is not only a single focal point
for the laser beam, but rather a series of focal points for different rays in the laser beam. The
series of focal points form an elongated focal line of a defined length, shown in FIG. 3 as the
length 1 of the laser beam focal line 2b. Lens 7 is centered on the central beam and in this
embodiment is designed as a non-corrected, bi-convex focusing lens in the form of a common,
spherically cut lens. The spherical aberration of such a lens may be advantageous. As an
alternative, aspheres or multi-lens systems deviating from ideally corrected systems, which do
not form an ideal focal point but a distinct, elongated focal line of a defined length, can also be
used (i.e., lenses or systems which do not have a single focal point). The zones of the lens thus
focus along a focal line 2b, subject to the distance from the lens center. The diameter of aperture
8 across the beam direction is approximately 90% of the diameter of the beam bundle (defined
by the distance required for the intensity of the beam to decrease to 1/e® of the peak intensity)
and approximately 75% of the diameter of the lens of the optical assembly 6. The focal line 2b of
a non-aberration-corrected spherical lens 7 generated by blocking out the beam bundles in the
center is thus used. FIG. 3 shows the section in one plane through the central beam, and the
complete three-dimensional bundle can be seen when the depicted beams are rotated around the
focal line 2b.

[0089] It may be advantageous to position the focal line 2b in such a way that at least one of
surfaces la, 1b is covered by the focal line, so that the section of induced absorption 2c starts at
least on one surface of the substrate.

[0090] U.S. Pub. No. 2015/0166396 discloses additional embodiments for creating the laser
focal line for drilling holes into substrates that may be utilized. It should also be understood that
other laser drilling methods that do not use a laser focal line may also be utilized.

[0091] FIG. 4 depicts an example microscope image 30 of a substrate 32 showing a crack 34
connecting laser formed defects 36 or perforations. The crack 34 and laser formed defects may
be used to cut or score the substrate 32. In one embodiment, for example, a pitch between

defects in a glass substrate may be less than 10 pum, although other measurements are
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contemplated and may vary depending on characteristics of any given substrate. The defects 36
or perforations, for example, may be disposed generally in a closed boundary or perimeter
around a desired shape of a component and provide the second set of defects described above to
cut or score the substrate 32 into one or more component(s). The closed boundary, for example,
may comprise a closed boundary formed entirely by the second set of defects and cracks
connecting them or may be formed by a combination of the second set of defects and one or
more edges of the overall substrate 32 where components formed from the substrate include
edges in common with the overall substrate 32.

[0092] FIG. 5 shows an example scanning electron microscope (SEM) image 40 showing a
characteristic edge 42 resulting from one or more laser line focus cutting process embodiments
described herein. In this particular example, a series of damage tracks or defects 44 (e.g., the
second set of defects forming a boundary or perimeter) are seen that each pass through an entire
thickness of a glass substrate from a top surface 46 to a bottom surface 48, giving the separated
edge of the glass substrate a corrugated or serrated texture.

[0093] Such a corrugated or perforated edge has unique characteristics. To the eye, it has a
frosted or lightly polished appearance. When viewed under a microscope, the edge can easily be
characterized by the striations which are created from the line defects, giving the edge a
corrugated texture. The pitch of these line defects determines the spacing of the striations.
Again, these can casily been seen with an optical microscope. The edge has many desirable
propertics, including low sub-surface damage extending into the cut piece (e.g., typically less
than 100 microns), good and extremely consistent edge strength (e.g.., typically greater than
100 MPa, often greater than 150 MPa; with a variance often less than 10 MPa), and a 90 degree
profile.

[0094] If these perforations are spaced much further apart (e.g. 20 microns or greater), no
interconnecting cracks form (depending on the substrate). In FIG. 6, an example SEM image 50
shows what the defects or perforations look like where the laser beam enters the glass. These
defects or damage tracks (or pilot holes) are very small, on order of a 350 nm diameter. These
defects can be enlarged using further processing with chemical etching to create micron sized
holes. Side profiles of such perforations or holes are shown both before and after etch in FIG. 7.
Such etching can be with an acid mixture, such as a 5% HF / 10% HNO3 solution, or with basic

solutions, such as KOH or NaOH. In all cases, the etchant preferentially penetrates the damage
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tracks formed by the laser, allowing them to expand radially as a function of exposure time to the
etchant.

[0095] FIG. 6 shows the example SEM image 50 of the entrance side 52 of an individual
defect 54 in a glass substrate 56, such as may be formed by one or more laser line focus cutting
process as described herein. The defect 54, for example, may correspond to one of a first set of
defects formed in the substrate to provide a hole, via, interposer or the like within a perimeter of
other defects or perforations (e.g., the second set of defects). In this example SEM image 50, for
example, the individual defect 54 comprises an open hole or channel 58 is seen extending into
the substrate 56 from the entrance side 52 of the substrate 56. In this particular example, the
channel 58 is approximately 350 nm.

[0096] FIG. 7 shows example pre-etch 60 and post-etch 70 SEM images of a glass
substrate 62. In this particular example, pre-etch image 60 shows a plurality of focus line laser
perforations 64 made in the substrate 62 (in this embodiment, a 300 pm thick Eagle XG (EXGQ)
glass substrate sold by Corning) with a focus line laser method. The pre-etch SEM image 60 is
taken looking through a cleaved edge 66 of a piece of glass substrate 62. The perforations/holes
64, in this particular image, are located approximately 200 um inside the edge 66 of the glass
substrate 62, and extend through the entire thickness of the substrate. FIG. 7 shows slight
distortions of the image from the non-flat surface of the mechanically cleaned edge 66. The
post-etch SEM image 70 shows the same perforations 64°, which have been enlarged to
approximately 50 pm in diameter using a wet etch with a mixture of HF and HNOs. It is also
possible to place the line focus laser beam significantly higher or lower with respect to the
substrate, forming blind holes which do not extend all the way through the thickness of the
substrate. These holes can be etched in a similar manner as described above, to create blind vias,
which are sometimes preferred for downstream processing such as metallization.

[0097] Furthermore, since the pilot holes are etched in order to produce the final open hole
diameters, the edge strength of the cut edges will also be increased. FIG. 8 shows Weibull plots
of the resultant edge strength, measured on 130um thick EXG glass, using a two-point bend test
method. As-cut, the edge strength of the glass parts has a B10 value of approximately 145 MPa,
and the data has a very steep slope indicating a very consistent edge, characteristic of this cutting
method. After acid etching, the edge strength is increased due to the removal of some of the

damage present from the cutting process and due to the acid blunting of checks or cracks in the
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glass. This results in B10 edge strength values of approximately 300-400 MPa after only 10 um
of etching or more, which is the minimal amount of etching generally needed to make holes for
interposers. Such strength is much greater than the typical edge strength on wafers fabricated
using by pure mechanical cutting and edge grinding methods, meaning that the laser cut parts
plus acid etch will exceed typical downstream process edge strength requirements.

[0098] Cutting of glass involves a number of tunable parameters. Foremost are the laser
parameters, which include the laser repetition frequency (kHz), burst number (B), pulse energy
(ul,), the line focus length which is often controlled by the focal length of a final objective lens,
and focus location relative to the substrate. The pulse energy and the speed of the process in
generating perforations at the substrate are directly tied to the frequency. The burst number is
useful in influencing the strength of the laser material interaction and thus the magnitude of
microcracks that form around the defect. A microcrack, as used herein, refers to a radial crack
that is formed in the substrate from about a center of the defect. Microcracks are less than or
equal to about 20 um and may or may not extend all the way through a thickness of the substrate.
Where defects are used to cut or score the substrate, microcracks help by weakening the
substrate.

[0099] A threshold value in pulse energy is required to modify the material, depending on
the substrate, and it influences the magnitude of the microcracks that form around the defects.
The final objective lens used in the optical delivery changes the length and energy density of the
line focus. The last parameter is the pitch of the defects, which impacts the connection any
perforations to form a part contour, and is determined by the coordination of the laser triggering
and the stage movement.

[00100] For the cutting of a glass substrate, the following perforation parameters shown in
Table 1 were found to produce consistent separation of cut parts, along with good edge strength
(greater than 100 MPa) as-cut. NIX indicates glass laser processed pre ion-exchange, and [0OX
indicates the same glass, but processed with the laser post ion-exchange, 2318 and 2319 indicate

Corning glass composition codes for two types of ion-exchangeable glasses.

Table 1

Material Pulse Energy | Pulses/Burst Pitch Objective Line Focus
@h (microns) Lens Focal Length (mm)
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Length (mm)
EXG, 100- 150-250 2-3 1-2 30 1
200 um thick
EXG 700 um | 350-450 5-12 7-10 30 1.3
thick
NIX 2318 150-200 2-5 3-5 50 2.5
300 um thick
NIX 2318 150-250 2-5 3-5 50 2.5
700 um thick
10X 2319, 150-225 2-5 6-11 40 1.8
700 um thick

[00101] The above conditions shown in Table 1 do not represent all possible parameter ranges
that may be used to cut the above materials, but instead are exemplary parameters which produce
the good results for consistent part cutting, easy separation with subsequent application of a CO,
laser, and good edge strength.

[00102] For the CO, laser separation, it was found that approximately 50 to 100 W of laser
power focused to approximately 2 to 6 mm diameter spot at the glass, was sufficient to induce
separation of the pre-perforated contours at speeds of approximately 100 to 250 mnv/sec. In all
cases, there is a tradeoff between desired separation speed, focus spot size, and laser power. For
faster separation speeds, higher laser powers could be used, and for larger spot diameters, higher
laser powers can also be used. For slower separation speeds, laser power can be decreased and/or
spot size increased to avoid thermal ablation of the glass surface.

[00103] In the last case of Table 1 (I0X 2319), the glass is already ion-exchanged, so it has
considerable tensile stress and will separate immediately upon perforation of a contour, and
hence requires no CO, thermal exposure to separate.

[00104] To obtain good results for drilling of the glass, round (circular) holes are generally
desired for metallization processes, and the micro-cracking of the material should be reduced or
minimized in order to increase or maximize part strength and reliability. Hence there is a trade-of
between making a strong damage track through the substrate which will results in an easy path

for etchant vs. causing too much damage to the material which will create a non-ideal hole shape.
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FIG. 9 shows the results of a process study for drilling 300 um thick EXG glass, where the pulse
energy and the focal length of the final objective lens were varied to show these effects. The
images show the top and side vies of holes, post etch. For this experiment, 100% power
corresponded to about 185 ul of energy per burst, and all conditions were at 2 pulses/burst. For
lens A, the approximate line focus length was 1.3mm, for lens B, about 1.8mm, and for lens C,
about 2.5mm. For the smallest focal length and highest pulse energies, radial cracks are formed
around the holes which etch out into oblong features, creating elliptical holes as seen in the top
images (e.g., Lens A, 100% power). For the lowest pulse energies, the damage tracks through the
material are not strong enough to allow rapid penetration of etchant, and true through holes are
not observed post-ctch (e.g. Lens C, 50% power). The results are summarized in FIG. 10. The
best compromise conditions are shown in green, where the power (pulse energy) is kept just
above the threshold to damage the material but is not high enough to form large radial cracks that
etch out into oblong holes. In general, the widest process window was observed for the longest
line focus length (Lens C).

[00105] Similar results were observed for other materials, such as Corning codes 2318 or

2319 glass. Hence some good conditions for drilling/perforation are shown in Table 2 below.

Table 2

Material Pulse Energy Pulses/Burst Objective Lens Line Focus
(ul) Focal Length Length (mm)

(mm)

EXG, 100-300 150-200 2-3 50 2.5

um thick

NIOX (non-ion- | 100-160 2-3 50 2.5

exchanged)

2318, 700 um

thick
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NIOX 2319, 700 | 100-160 2-3 50 2.5

um thick

[00106] Using the above mentioned process conditions, demonstrations were made of cutting

and drilling wafer made out of 0.7 mm thick Corning code 2318 glass. The process was as

follows:
1. A glass sheet of 300 x 300 mm was loaded into the machine.
2. A 200mm wafer contour was perforated, along with release lines to facilitate
removal of the extra glass pieces.
3. A CO; laser was used to separate the perforated contours.
4. A central hole pattern was exposed, with perforations.

[00107] The total time to both cut and laser expose a 320,000 hole pattern in this wafer was
less than 5 minutes. This is much faster than if the wafer had to be mechanically cut and ground
to shape, and in addition the cutting may be done to any size, meaning that the glass stock fed
into the machine can be just blank large sheets, rather than requiring a different inventory be held
for 100 mm wafer, 200 mm wafers, etc. Furthermore, since the glass wafer was not unloaded
from the machine between the cutting and drilling, the placement of the hole pattern relative to
the wafer cut edges is governed only by the stage accuracy, which in this example is
approximately +/-5 microns.

[00108] Other thicknesses and glass compositions have also been cut and drilled with suitable
adjustments of perforation and separation process conditions, such as EXG, 2319 NIOX glass,
and post-IOX glasses.

[00109] While the above demonstration used a single psec laser optical head to do both the
cutting perforation and the drilling, it is also possible to do these processes with two optical
heads in the same machine, or even two different machines. The advantage of employing two
different optical heads is that slightly different line focus lengths may be optimal for cutting
versus drilling; since in general more damage to the glass is desired for cutting processes to
facilitate crack interconnection, whereas for drilling it is desirable to minimize damage to ensure
that the final post-etch hole profiles are as round and smooth as possible. In such a case, as is
illustrated in FIG. 11, a single laser beam source may be switched between two optical heads

using an electro-optic (polarization based) switch, a mechanically actuated or rotated waveplate
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combined with a polarization beam splitter, or pneumatically or mechanically driven motion of a
mirror.

[00110] FIG. 11 schematically shows an example laser system 80 employing two optical
heads 82, 84. In this example embodiment, one optical head 82 may be configured optimally for
cutting and a second optical head 84 may be configured optimally for drilling/forming holes in a
substrate. An optical switch 86 may be used to select which head to be used at any given time
within a process. The optical switch 86, for example, may comprise a pneumatically or
mechanically actuated mirror, a rotatable waveplate combined with a polarization beamsplitter,
or other optical element or an electro-optic switch that redirects a laser beam from a laser 88 by
affecting a polarization state of the light being sent through a polarizing beam splitter.

[00111]  FIG. 12 shows a flow chart of an example process 200 of fabricating a substrate
using a focus line laser and/or a short pulse laser to cut and/or drill a substrate, such as a glass
sheet substrate. In the embodiment shown in FIG. 12, a substrate sheet is loaded into a carrier in
operation 202. In this embodiment, for example, the system has stages that move the laser with
respect to the glass by moving the glass or the optical delivery (or both). As described in more
detail below with reference to FIGS. 13-17, the substrate sheet, for example, may comprise one
or more discrete substrate sheets or a continuous web of substrate sheet material (e.g., fed from
one or more rollers of the system). In operation 204, the substrate sheet is secured to a carrier,
such as via a vacuum chuck. A first particular set of laser parameters are selected in operation
206 to create one or more specific internal defects (e.g., a first set of defects) corresponding to a
desired shape, depth, size or other characteristic of the internal defect. A second particular set of
laser parameters are selected in operation 208 to create one or more specific external defects
(e.g., a second set of defects forming a boundary or perimeter around one or more desired
individual components) corresponding to a desired shape, depth, size or other characteristic of
the external defect. Individual shapes are separated from the substrate, such as via using a CO,
laser, in operation 210. The substrate/separated pieces are released from the carrier in operation
212, such as by releasing the vacuum chuck. The carrier and pieces cut from the substrate sheet
are ¢jected or otherwise removed from the system in operation 214, and the separated pieces are
removed from the carrier in operation 216 by an automated and/or manual operation. The carrier
is cleaned to remove scrap pieces of the substrate and placed in a queue to be re-used in

operation 218. The order of the operations shown in FIG. 12 is merely an example. The cutting
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and drilling operations, for example, may be performed in either order on the same or different
equipment as described herein. Further, as described above, depending on the characteristics of
a particular substrate, the separation operation may or may not be performed with an additional
CO; laser.

[00112] With the focus line laser process, the properties of the cut glass edge (strength,
roughness, sub surface damage, etc.) are adequate without further grinding, beveling, and
polishing. This reduces the amount of time and cost to produce the same product and eliminates
any yield losses due to these processes. Furthermore, the number of washing steps is reduced.
For the traditional process, a wash step is required after the wafers are cut and ground to remove
mechanical debris. This step may be removed by the above process.

[00113] Since the same system cuts and drills the glass samples, in some embodiments, this
also has an advantage of greatly increased positional accuracy between the exterior features and
the hole patten (e.g., interposer holes). With traditional methods, due to inaccuracies of
mechanical cutting and grinding of the part edges, the total accuracy of a pattern placement to
true center of a part is of order 200 um. The errors can be large even if a vision system is used to
find the part edges before hole drilling. The process described herein, however, is able to create a
laser processed part has much more precision an accuracy of exterior dimensions when
compared to a mechanical ground and polish part. Hence cutting and drilling becomes not only a
time savings feature but can significantly improve the accuracy specifications of the part, to
absolute tolerances of approximately £ 5 um.

[00114] In addition, one of the biggest difficulties in processing thin glass (glass thickness
<200 microns) is manually handling the glass. Because the glass is so thin, it behaves like a
piece of paper. This process reduces handling thus enabling thin glass processing. The complete
system minimizes the manual handling of parts before and after drilling. In a traditional system,
the parts are manually handled when they are cut and when they are loaded in and unloaded from
the drilling system. With this process, the handling can be only when they are removed from the
system, which has the potential to be automated. This leads directly to overall yield
improvements.

[00115] Another advantage of processing a large sheet to make a series of individual parts is
that the speed of the drilling process is limited by the speed the beam can be moved relative to

the glass, not by the physics of the drilling process itself. If the process of moving glass is
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broken down further, the most time is taken up in the acceleration and deceleration stage. By
combining many parts with the same pattern, the effective time per part can be reduced. By
combining many parts on a panel, overall drill speed is increased when the laser beam is scanned
across a large panel — there are fewer acceleration/deceleration events as are needed when
handling only small parts.

[00116] FIGS. 13 and 14 show that multiple wafers 222 and panels 224 with one or more
desired patterns can be created out of a single larger panel 220. In this case, the laser process
would be used to create a first set of defects corresponding to a hole pattern (e.g., pilot holes,
vias, interposers or the like) and to create a second set of defects forming a boundary or
perimeter such as forming a wafer contour, including any alignment fiducials within the part
contours. This exterior wafer pattern of the second set of defects could be released using a
separate laser process (e.g. CO; laser thermal separation) or released in a downstream process
(acid etch). An advantage is that each desired piece can be arbitrary in size and dimensions and
cach piece can have different internal hole patterns. In FIGS. 13 and 14, for example, exterior
boundaries or perimeters of individual wafers 222 (FIG. 13) and individual panels 224 are
formed by a second set of defects disposed in a generally circular boundary or perimeter for the
wafers 222 and in a generally rectangular boundary or perimeter of the panels 224. Further, a
first set of defects provides interior holes (e.g., pilot holes, vias, interposers or the like) shown
disposed within the boundaries or perimeters of the individual wafers 222 and panels 224.
[00117] FIG. 15 depicts an example layout, where one sheet of glass is being cut into four
different sizes with two different patterns. This is a particular advantage of a cut and drill
process described herein, as the inventory of glass is simplified and the process is very versatile.
[00118] For instance, as shown in FIG. 15, in one substrate sheet 230, one panel 232, three
300 mm wafers 234, seven 150 mm wafers 236, and two 100mm wafers 238 with a first pattern
and two 100 mm wafers 240 with a second distinct pattern could be drilled at the same time from
the single substrate sheet 230. A single large sheet of glass can be loaded and processed, instead
of loading many individual wafers or sub-panels. In FIG. 15, for example, exterior boundaries or
perimeters of individual wafers 234, 236, 238 and 240 and individual panels 232 are formed by a
second set of defects disposed in a generally circular boundary or perimeter for the wafers 234,

236, 238 and 240 and in a generally rectangular boundary or perimeter of the panels 232. In
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addition, a first set of defects provides interior holes (e.g., pilot holes, vias, interposers or the
like) shown disposed within the boundaries or perimeters of the individual wafers and panels.
[00119] In contrast, if parts are pre-cut to size, this mandates carrying a large inventory of
wafers with various dimensions. Because many different sizes and thicknesses are required for
different vendors, the inventory can be huge. The processes described herein have advantages of
cutting wafers or panels from a single-sized mother sheet to obtain many different sizes of
inventory pieces, reducing the necessary inventory to simply sheets (or spools) of different
thicknesses. This reduces loading time, reduces part handling and tracking complexity, and
increases production throughput.

[00120] FIG. 16 shows that multiple subpanels 252 that contain wafers with a desired pattern
can be created out of a single larger panel 250. In this case, the laser process would be used to
create an interposer pattern, such as via a first set of defects, and to create a wafer contour,
including any alignment fiducials, such as via a second set of defects disposed forming a
boundary or perimeter around the first set of defects. Additionally, the laser process may be used
to create the subpanels 252. This subpanel pattern could be released using a separate laser
process or released in a downstream process such as an acid etch.

[00121] FIG. 17 schematically shows a process with feedstock supplied via a spool of
substrate sheet (e.g., glass substrate sheet, such as Corning Willow glass). The ability to accept
rolls decreases material handling and the need to convert rolls to panels. In the laser processing
assembly, the system may perform cut, drill, and release processes. On the exit side of this
system, a pick and place may be used to convey the desired parts away.

[00122] Referring to FIG. 17, an example process and system 300 for laser fabricating a
substrate sheet 302 is schematically illustrated. Generally, the substrate sheet 302 is provided in
a spool 304 prior to processing. As used herein, the term “substrate sheet” means a glass
substrate sheet, a fused silica sheet, a sapphire sheet, a glass-ceramic substrate sheet, or a
ceramic sheet. The glass substrate sheet may be fabricated from any glass material capable of
being laser drilled and etched as described herein. Similarly, the glass-ceramic substrate sheet
and the ceramic substrate sheet may be fabricated from any glass-ceramic or ceramic material
capable of being laser drilled and etched as described herein. Example glass compositions would

be Corning Eagle XG glass, or Corning Gorilla glass compositions such as Corning codes 2318,
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2319 and 2320. Partially cerammed materials, such as those that have less than about 20%
transmission loss for a particular laser may also be used.

[00123]  As stated above, the substrate sheet 302 is capable of being drilled by a laser drilling
process to create a first set of defects adapted to provide one or more pilot holes, vias, interposers
or the like and a second set of defects or perforations disposed along a boundary or perimeter
surrounding the first set of defects. Accordingly, the substrate sheet 302 should be capable of
receiving thermal energy with minimal dimensional change so that substrate sheet 302 does not
need to be secured to a support frame during laser processing. For example, polyimide film
typically used for high temperature electronics applications may experience unpredictable
distortion in the range of 10 pm to 100 um when subjected to thermal cycles. By comparison,
the substrates described herein, such as glass substrates, do not have detectable distortion when
subjected to the same thermal cycles. In additional to dimensional stability, the substrate sheet
302 should be capable of withstanding temperatures greater than about 500°C, have a Young’s
modulus greater than about 50 GPa, and have a hardness of greater than about 3 GPa.

[00124] The substrate sheet 302 should have a thickness such that it is capable of being rolled
into a spool, as shown in FIG. 17. In the case of a thin glass substrate, as a non-limiting
example, the substrate sheet 302 may have a thickness of less than 300 pm. It should be
understood that the substrate sheet 302 may take on other thicknesses depending on the
composition and properties of the material.

[00125]  The spool 304 is disposed on a spool assembly (not numbered) that mechanically
rotates to unroll the substrate sheet 302, as depicted in FIG. 17. The spool assembly, as well as
the other spool assemblies described herein, may be configured as any device capable of rotating
and having the substrate sheet 302 rolled thereon.

[00126] In the illustrated embodiment, the substrate sheet 302 passes through a laser
processing assembly 306 as it is unrolled from the spool 304. As described in more detail below,
the laser processing assembly 306 comprises one or more lasers operable to laser-drill a plurality
of defects (not shown in FIG. 17) on or through the substrate sheet 302 for cutting (e.g., a second
set of defects) and/or drilling (e.g., a first set of defects) the substrate sheet 302. The defects may
be through-holes, blind holes, defect lines, or damaged arcas within the glass substrate formed by
multi-photon absorption, as described in more detail below. Any laser process capable of

forming laser-induced defects within the substrate sheet 302 may be utilized, depending on the
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end application and hole requirements. As an example, and not a limitation, the one or more
lasers may be operable to produce a laser beam in the ultra-violet or infrared wavelength range.
Example, non-limiting laser processing assemblies are illustrated in FIGS. 1, 2A and 2B and
described in detail above.

[00127] It is noted that it is possible to process several substrate sheets simultancously. For
example, the spool 304 may include several rolled substrate sheets so that the multiple substrate
sheets may be laser drilled simultaneously when arranged in a stacked relationship within the
laser processing assembly 306.

[00128] In the example illustrated by FIG. 17, the substrate sheet 302 exits the laser
processing assembly 306 already separated into individual component parts 308, 310. However,
as described herein, the separation along perforations / defect lines may occur downstream of the
laser processing assembly 306. Further, although the substrate sheet 302 is shown as a
continuous sheet disposed on a roll, the substrate sheet may also be introduced into the laser
processing assembly 306 in discrete substrate sheets for processing within the laser processing
assembly 306.

[00129] The process 300 may also include an etching process (e.g., for finishing holes within
the substrate sheet) that is disposed within the laser processing assembly 306, in series with the
laser processing assembly 306 or in a separate discrete location of the system/process
downstream of the process 300 shown in FIG. 17. In an etching assembly, the substrate sheet or
the discrete separated parts may be subjected to an etching process to open the defects created by
the laser process to form the desired holes. Any known or yet-to-be developed etching process
may be utilized to open or otherwise shape the holes into the desired shape. Example, not-
limiting etching processes are schematically depicted in FIGS. 19A-19C and described in detail
below. FIG. 20A depicts a plurality of holes 320 in a portion of a substrate sheet 302 following
the etching process. The cross-sectional shape of the holes can vary from cylindrical, conical, or
other shape depending on the application requirements. FIG. 20B, in turn, shows the substrate
sheet 302 after the plurality of holes 320 have been filled with a metallization layer forming
metallized contact pads 322 outside metal-filled holes 320.

[00130] FIG. 18 shows schematically a roll to roll process 330, where an entire roll 334 of
feedstock 332 is perforated and drilled in processing area 336 but not released, and is spooled

338 back up after the laser perforation. Note that a release operation 340 (e.g. CO2 laser

28



WO 2017/011296 PCT/US2016/041485

exposure) simply allows cracks that were formed in the perforation process to propagate.
Therefore, since the hole pattern and the part outlines are still all perforated in the same machine,
there isn’t a sacrifice to the dimensional tolerances incurred. The resulting part is identical and
has all the desirable properties already outlined. The drilled and cut spool could then be acid
etched and drop out the desired shape or run through a subsequent process, labeled “Release” in
FIG. 18, to trace out and separate the desired shapes. This could be advantageous because the
time to cut and drill for certain parts is a majority of the process time. By separating these steps,
the overall throughput per production line could be much higher, making for lower capital
investment per unit of throughput. For instance, one embodiment could be five machines each
perforating contours and drilling five different rolls stock. These five rolls of cut and drilled
stock would be sent to a single separation machine, which takes the spools and releases the parts.
[00131] Referring now to FIGS. 19A-19C, example etching processes 350 that may be
provided by an etching assembly 352 are schematically illustrated. As stated above, any etching
process capable of opening the laser drilled holes in the substrate sheet 302 may be used.
Referring first to FIG. 19A, the example etching assembly 352 is configured to etch the
advancing substrate sheet 302 by spray etching. A plurality of nozzles (not shown) directs a
plurality of spray jets 355 of etching solution at the substrate sheet 302. Although FIG. 19A
illustrates spray jets 355 on both sides of the substrate sheet 302, embodiments may also only
direct spray jets 355 on one side of the substrate sheet 302. The fluid velocity of the spray jets
355 may vary along the length of the etching assembly 352.

[00132] FIG. 19B schematically illustrates an etching assembly 352’ providing aqueous
etching where in the substrate sheet 302 is submerged in etching solution. As noted above, any
etching solution chemistry may be used depending on the properties of the substrate sheet 302.
Although not shown in FIG. 19B, etchant-resistant rollers may be provided in the etching
assembly 352’ to push the substrate sheet 302 downward such that it is fully submerged in the
etching solution. As shown in FIG. 19B, optical ultrasonic energy and/or agitation (represented
by shapes 357) may be applied to the etching solution and/or the substrate sheet 302 to further
encourage etching of the holes.

[00133] FIG. 19C schematically illustrates an etching assembly 352" providing multiple
etching zones in the form of etching zones 359A and 359B. It should be understood that any

number of etching zones may be provided depending on the application. In the illustrated
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embodiment, etching zone 359A is an aqueous etching zone (which may or may not provide
ultrasonic energy or agitation) while subsequent etching zone 359B is a dry etching zone. It
should be understood that other etching zones may be provided in liecu of, or in addition to,
illustrated etching zones 359A and 359B. For example, the etching zones may provide spray
processes or substrate submersion.

[00134] The different etching zones may be optimized specifically with different etch
conditions. Fast changes in etch conditions is difficult to achieve in batch processing where
individual sheets of substrates are etched. However, in a continuous or roll-to-roll process as
described herein, sequential sets of spray nozzle can vary the etch composition, provide a water
rinse, change temperature, add or remove agitation, and the like as the substrate sheet 302
advances through the etching assembly 352.

[00135] As noted above, each surface of the substrate sheet 302 may be processed
independently. For example, both surfaces of the substrate sheet 302 can be etched the same or
differently. Or, in other configurations, only one surface of the substrate sheet 302 may be
etched. With the ability to etch each surface differently, there is the possibility of creating at the
same time holes by aggressively etching a first surface and lightly etching the other surface. The
processing of each surface of the substrate may also be staggered. The etch conditions may also
be varied across the horizontal width of the substrate.

[00136] Not only does continuous etching affect the through-hole properties, but it can also
affect the substrate sheet edges and overall mechanical reliability. Etching of the edges of the
substrate sheet can eliminate or reduce flaws in the substrate sheet to thereby increase bend
strength. Etching near the edges can also produce a rounded, tapered, or varying thickness edge
profile. The etching process produces a thinning of the substrate sheet as well. This thinning can
be uniform over the substrate sheet width or it could more aggressively create thinner regions in
the substrate sheet for mechanical or device functionality purposes. These variations are possible
by varying the etch conditions across the substrate surface or by masking techniques.

[00137] In alternative embodiments, the substrate sheet 302 may be separated into individual
segments after the laser process. Rather than roll-to-roll processing, the individual segments of
the substrate sheet 302 may be continuously passed through the etching assemblies described
herein. In some embodiments, the substrate sheet 302 may enter the etching assembly 104 as an

unrolled sheet, and then be rolled into a spool after passing through the etching assembly.
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[00138] Referring now to FIGS. 21 and 22, in some embodiments an entire spool 360 is
etched in spool form following the laser process rather than by continuously passing the substrate
sheet 302 through the etching assembly 352. FIG. 21 schematically illustrates a portion of a final
spool 360 of a rolled substrate sheet 302. To ensure that etching solution reaches substantially
all surface areas of the substrate sheet 302, a gap should be present between adjacent surfaces of
the substrate sheet 302. As shown in FIG. 21, an etchant-resistant interleaf layer 361 is disposed
between adjacent surfaces of the substrate sheet 302. The interleaf layer 361, which may be
configured as a grid or otherwise comprise openings, provides for gaps between adjacent
surfaces of the substrate sheet 302. This allows the etchant solution to flow in between the
surfaces of the substrate sheet 302 when the final spool 360 is submerged in the etching solution.
The interleaf layer 361 may be applied before or after the laser processing assembly 306. The
final spool 360 may also include a plurality of substrate sheets and a plurality of interleaf layers.
[00139] After the passing through the laser processing assembly 306 and being rolled into the
final spool 360 (or an intermediate spool), the substrate sheet 302 is placed into an etching
assembly 362 as indicated by arrow B. The etching solution chemistry and etching duration will
depend on the material of the substrate sheet 302 and the desired properties (e.g., hole diameter,
substrate sheet thickness, and the like). The resulting product is a spool of a rolled substrate
sheet having holes formed therein. After etching, the final spool 360 may be cleaned (e.g.,
aqueous cleaning or plasma cleaning) and/or subjected to further processing. For example, the
final spool 360 may be easily packaged and shipped to another facility for further processing.
[00140] It should now be understood that embodiments described herein provide for a system
and process of cutting and drilling in a target substrate uses a pulsed laser and an optical system
to generate a line focus of the laser beam within the target substrate, such as a glass substrate
sheet. The pulsed laser cutting and drilling system and process creates holes or defects that, in
certain embodiments, extend the full depth of the glass sheet with each individual laser pulse,
and allows the laser system to cut and separate the target substrate into any desired contour by
creating a series of perforations that form a contour or desired part shape. Since a glass substrate
sheet is brittle, cracking will then follow the perforated contour, allowing the glass substrate
sheet to separate into any required shape defined by the perforations. The system and process can
cut a multitude of glass compositions, ranging from high stress glasses (e.g. ion-exchanged) to

low stress glasses (e.g. Corning EXG) at high speeds (>500mm/s), allowing cutting complex
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shapes with tight radii and complex contours. In addition, the system and process can further be
adapted to make a desired interposer pilot hole patterns in glass wafers. An acid etch process
may also be used to enlarge the holes and turn these wafers into suitable glass interposers.
[00141] While exemplary embodiments have been described herein, it will be understood by
those skilled in the art that various changes in form and details may be made therein without

departing from the scope encompassed by the appended claims.

32



WO 2017/011296 PCT/US2016/041485

CLAIMS

1. A process of fabricating a substrate sheet, the process comprising:

disposing a substrate at a laser processing assembly comprising at least one laser operable

to emit a laser beam, the substrate sheet being substantially transparent to the laser beam;

focusing the laser beam into a laser beam focal line, viewed along a beam propagation
direction of the laser beam;

directing the laser beam focal line into the substrate, the laser beam focal line generating
an induced absorption within the substrate sheet, the induced absorption producing a defect along
the laser beam focal line within the substrate;

translating the substrate sheet relative to the laser beam, thereby laser drilling a plurality
of internal defects within the substrate;

creating a first plurality of defects and a second plurality of defects, wherein the second
plurality of defects define a closed boundary and the first plurality of defects are disposed within
the closed boundary; and

separating at least one component picce of the substrate along the closed boundary

defined by the second plurality of defects.

2. The process of claim 1, wherein the substrate is selected from the group consisting of a glass

substrate sheet, a glass-ceramic substrate sheet, fused silica, and a sapphire sheet.

3. The process of claim 1 or 2, wherein the second plurality of defects have a pitch of less than

about 20 um between defects.

4. The process of any preceding claim, wherein the first plurality of defects are less than about

10 um in diameter and extend greater than about 100 um in depth.

5. The process of claim 4 further comprising etching the first plurality of defects to enlarge the
first plurality of defects

6. The process of any preceding claim, wherein the first plurality of defects comprises holes

having a diameter between about 10 um and 120 um and extending through the substrate.
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7. The process of claim 6, further comprising metallizing the first plurality of defect holes
extending through the substrate.

8. The process of any preceding claim, wherein the operation of separating the component piece
along the boundary defined by the second plurality of external defects provides a serrated edge

along at least one side of the component piece.

9. The process of claim 8, wherein the serrated edge is formed by the second plurality of defects
of the closed boundary, wherein an amplitude of the serration is less than about 10 um and a

pitch of the serrations is less than about 20 um.

10. The process of claim 8, wherein the operation of separating the component piece along the

boundary defined by the plurality of external defects is performed using an infrared laser.

11. The process of any preceding claim, wherein the operation of creating the first plurality of

defects is performed prior to the operation of creating the second plurality of defects.

12. The process of any preceding claim, wherein the operation of creating the second plurality of

defects is performed prior to the operation of creating the first plurality of defects.

13. The process of any preceding claim, wherein a first optical head is adapted to provide the
first plurality of defects and a second optical head is adapted to provide the second plurality of
defects.

14. The process of any preceding claim, wherein the operation of providing the substrate

disposed at a laser processing assembly comprises providing the substrate disposed about a roll.
15. The process of any preceding claim, wherein the laser beam comprises a pulsed laser beam.

16. The process of any preceding claim, wherein the substrate has an absorption or scattering of

a wavelength of the laser beam of less than about 10%.

17. The process of any preceding claim, further comprising metallizing the first plurality of

defects to provide for electrical conductivity through the first plurality of defects.

18. The process of any preceding claim, wherein the laser beam has an average laser burst pulse

energy measured at the material greater than about 40 pJ, pulses having a duration in a range of
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between greater than about 1 picosecond and less than about 100 picoseconds, and a repetition

rate in a range of between about 100 Hz and about 1MHz.

19. The process of any preceding claim, wherein a plurality of component picces are defined by
a plurality of sets of the second plurality of defects that each define a closed boundary and a
plurality of the first plurality of defects are disposed within each closed boundary.

20. An article comprising:

a substrate comprising a first side and an opposing second side, the substrate having an

absorption or scattering of a wavelength of a laser beam of less than about 10%;

a first plurality of defects formed internal to a boundary of the substrate that extend into

the substrate;

a boundary edge formed by a second plurality of defects and a plurality of microcracks
extending between the second plurality of defects, the second plurality of defects spaced from
each other at a pitch less than about 20 pm, the second plurality of defects each having a width
of less than about 10 um that extend through at least about 50 % of a thickness of the substrate.

21. The article of claim 20, wherein each of the second plurality of defects extend through the

entire thickness of the glass substrate layer.

22. The article of claim 20 or 21, wherein the substrate comprises greater than 1,000 first
plurality of defects formed within a boundary defined by the second plurality of defects and the

first plurality of defects each have a diameter of less than about 3 um.

23. The article of any one of claims 20-22, wherein the substrate comprises greater than 1,000
first plurality of defects formed within a boundary defined by the second plurality of defects and
the first plurality of defects each have a diameter of greater than about 5 um and less than about
120 um.

24. The article of any one of claims 20-23, wherein the first plurality of defects comprise a

plurality of blind holes.
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25. The article of any one of claims 20-24, wherein an electrically conductive path is formed by

a metallization layer extending through the first plurality of holes.

26. The article of any one of claims 20-25, wherein a plurality of component pieces are defined
from the substrate by a plurality of sets of the second plurality of defects that each define a

closed boundary and a plurality of the first plurality of defects are disposed within each closed
boundary.
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