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(14) through the layered material (3 1). The method may comprise setting an

- ------ optical beam path (8) and a laser characteristic of the laser beam (14) such
that an interaction of the laser beam (14) with the layered material (3 1) gener
ates an elongate damage region (57) in the layered material (3 1), and, for4-1 1
each of a series of pre-cut positions (X N, X N+I) of the layered material
(3 1), pre-cutting the layered material (3 1) by positioning the layered material
(3 1) and the laser beam (14) with respect to each other and irradiating the
laser beam (14) such that the respective elongate damage regions (57) extend

13! across the at least one interface region (IRl, IR2).



Description

HIGH SPEED LASER PROCESSING OF TRANSPARENT MATERIALS

Technical Field

[01] The present disclosure relates generally to laser cutting of transparent

materials such as glass, and more particularly to laser cutting using Bessel-like beam

configurations.

Background

[02] Laser processing of material, specifically the controlled interaction of

laser light with material, is well established in various fields of applications such as laser

cutting and laser welding, be it, for example, in industrial as well as medical applications.

The interaction depends on the laser light parameters such as wave length, focus zone,

laser power etc. as well as the material properties such as absorption at the respective wave

length, band gap of the material etc. In combination, those parameters and properties

define the interaction that takes place and in particular the field strength that is provided at

a specific position within the material.

[03] US 201 1/01831 16 A l and US 2012/0064306 A l disclose examples

for laser processing methods for cutting glass, specifically tempered glass. In particular, for

tempered glass the internal stress distribution affects the cutting. Accordingly, US

2012/0064306 A l discloses not to treat the cutting region while US 201 1/01831 16 A l

disclose providing a trench structure formed in a compression stress layer along a

predetermined cutting path.

[04] Specifically when applying pulsed laser systems, laser pulse energies

as well as laser pulse durations may be well controllable and, thus, be adapted to the

specific application. JP 2005/288503 A discloses a laser beam machining method based on



a laser light interaction that uses self-focusing as well as a Bessel beam shape for cutting

glass prior treatment.

[05] The use of Bessel beams for laser processing is disclosed, for

example, in "High aspect ratio nanochannel machining using single shot femtosecond

Bessel beams" by M. K. Bhuyan eta al, Applied Physics Letters 97, 081 102-1 (2010) and

"Femtosecond non-diffracting Bessel beams and controlled nanoscale ablation" by M. K.

Bhuyan et al, IEEE (201 1).

[06] The present disclosure is directed, at least in part, to improving or

overcoming one or more aspects of prior systems and in particular to providing high

precision cutting of tempered glass, which still remains a challenge of the present day

technology.

Summary of the Disclosure

[07] According to a first aspect of the present disclosure, a method for

laser pre-cutting a layered material with a laser beam is disclosed, wherein the layered

material comprises at least one tensile stress layer, at least one compression stress layer,

and at least one interface region between the at least one tensile stress layer and the at least

one compression stress layer and the layered material is transparent to allow propagation of

the laser beam through the layered material. The method comprises setting an optical beam

path and a laser characteristic of the laser beam such that an interaction of the laser beam

with the layered material generates an elongate damage region in the layered material; and,

for each of a series of pre-cut positions of the layered material, pre-cutting the layered

material by positioning the layered material and the laser beam with respect to each other

and irradiating the laser beam such that the respective elongate damage regions extend

across the at least one interface region.

[08] According to another aspect, a method for separating a material part

from a material that comprises at least one tensile stress layer, at least one compression

stress layer, and at least one interface region between the at least one tensile stress layer

and the at least one compression stress layer comprises pre-cutting the layered material as



disclosed herein, thereby forming, along a separation line, elongate damage regions

extending across the at least one interface region, and applying a separating force onto the

layered material that acts across the series of pre-cut positions, thereby cleaving the layered

material along the series of pre-cut positions.

[09] According to another aspect, a layered material for being separated

into at least two layered material parts comprises a front face and a back face opposite to

each other, at least one tensile stress layer, at least one compression stress layer, at least

one interface region between the at least one tensile stress layer and the at least one

compression stress layer, and elongate damage regions formed in the layered material and

extending across the at least one interface region.

[10] According to another aspect, a layered material part comprises a front

face and a back face opposite to each other, at least one tensile stress layer, at least one

compression stress layer, at least one interface region between the at least one tensile stress

layer and the at least one compression stress layer, and at least one cut face connecting the

front face and the back face, wherein the cut face includes surface structures induced by

laser interaction that extend across the at least one interface region.

[ 1 1] According to another aspect, a laser processing system for pre-cutting

a layered material with a laser beam, comprises a laser light source for providing the laser

beam, an optical system for guiding the laser beam from the laser light source to the

layered material, a translation mechanism for positioning the layered material with respect

to the laser beam, a control unit configured to set an optical beam path and a laser

characteristic of the laser beam such that an interaction of the laser beam with the layered

material generates an elongate damage region in the layered material and, for each of a

series of pre-cut positions of the layered material, and further configured to position the

layered material and the laser beam with respect to each other and to irradiate the laser

beam such that the respective elongate damage region extends across the at least one

interface region, thereby pre-cutting the layered material.

[12] According to another aspect, a method for laser pre-cutting a material

with a pulsed Bessel-like laser beam, whereby the material is essentially transparent with



respect to single photon absorption of the pulsed Bessel-like laser beam when propagating

through the material, comprises setting an optical beam path and a laser characteristic of

the pulsed Bessel-like laser beam such that an interaction of a single laser pulse with the

material generates an elongate single laser pulse damage region in the material that extends

at least through 50 % or at least through 70 % or at least through 90 % of a thickness of the

material, and pre-cutting the material by scanning the pulsed Bessel-like laser beam along

the material such that single laser pulse damage regions of successive laser pulses

following immediately one another are displaced with respect to each other.

[13] According to another aspect, a method for separating a material part

from a material comprises pre-cutting the material as disclosed herein, thereby forming,

along a cutting path, elongate single laser pulse damage regions at a series of pre-cut

positions, and applying a separating force onto the material that acts across the series of

pre-cut positions, thereby cleaving the material along the series of pre-cut positions.

[14] According to another aspect, a material for being separated into at

least two material parts comprises a front face and a back face opposite to each other, and

single laser pulse damage regions formed in the material, extending at least through 50 %

or at least through 70 % or at least through 90 % of a thickness of the material, and

spatially separated by a distance of at least 2 µιη or at least 3 µιη or at least 4 µιη along a

separation line.

[15] According to another aspect, a material part comprises a front face

and a back face opposite to each other, and at least one cut face connecting the front face

and the back face , wherein the cut face includes surface structures induced by laser

interaction extending across at least 50 % or at least 70 % or at least 90 % of a thickness of

the material part and the surface structures are spatially separated with respect to each

other by a distance of at least 2 µιη or at least 3 µιη or at least 4 µιη.

[16] According to another aspect, a laser processing system for pre-cutting

a material with a pulsed Bessel-like laser beam, wherein the material is essentially

transparent with respect to single photon absorption of the pulsed Bessel-like laser beam

when propagating through the material, comprises a laser light source for providing a



pulsed laser beam, an optical system for guiding the pulsed laser beam from the laser light

source to the material and transforming the pulsed laser beam into a pulsed Bessel-like

laser beam, a translation mechanism for positioning the material with respect to the pulsed

Bessel-like laser beam, a control unit configured to set an optical beam path and a laser

characteristic of the pulsed Bessel-like laser beam such that an interaction of a single laser

pulse of the pulsed Bessel-like laser beam with the material generates an elongate single

pulse damage region in the material that extends at least through 50 % or at least through

70 % or at least through 90 % of a thickness of the material and, for each of a series of pre-

cut positions of the material, to position the material and the pulsed Bessel-like laser beam

with respect to each other and to irradiate the pulsed Bessel-like laser beam such that

single laser pulse damage regions of successive laser pulses are displaced with respect to

each other, thereby pre-cutting the material.

[17] Implementations may include one or more of the following features.

In some embodiments, the layered material may comprise a center tensile stress layer or a

center compression stress layer that is centered between a pair of interface regions, and

wherein the pre-cutting may be performed such that the respective elongate damage

regions extend at least through 30 % or at least through 50 % or at least through 70 % or at

least through 90 % of the center tensile stress layer or the center compression stress layer.

[18] In some embodiments, the pre-cutting may be performed such that the

respective elongate damage regions extend at least through 50 % or at least through 70 %

or at least through 90 % of a thickness of the layered material.

[19] In some embodiments, the pre-cutting may be performed for

neighboring elongate damage regions such that the neighboring elongate damage regions

are displaced with respect to each other by a distance of at least 2 µιη or at least 3 µιη or at

least 4 µιη.

[20] In some embodiments, the laser beam may be a pulsed Bessel-like

laser beam or a filament forming Gaussian beam, and wherein the pre-cutting may be

performed with a single laser pulse for each pre-cut position such that the elongate damage

regions are a single laser pulse damage regions and/or the layered material is essentially



transparent with respect to single photon absorption of the laser beam such as the pulsed

Bessel-like laser beam or the filament forming Gaussian beam when propagating through

the material.

[21] In some embodiments, the elongate damage regions may extend into a

front face or a back face of the layered material, and the separation force may be applied

such that the face with the damage therein is separated first.

[22] In some embodiments, a Bessel-like beam with a conical half-angle Θ

in the range from 7° to 11°, for example set to 9°, may be applied with a pulse duration in

the range between 1 ps and 100 ps in single pass application of a series of laser pulses to

respective pre-cut positions.

[23] The details of several embodiments of the herein disclosed inventions

are set forth in the accompanying drawings and the description below. Other aspects,

features, objects, and advantages of the inventions will be apparent from the following

description and accompanying drawings, and from the claims.

Brief Description of the Drawings

[24] Fig. 1 is a schematic representation of a laser system for cutting of

materials by employing a Bessel-like beam;

Fig. 2 is a diagram illustrating the Bessel-like beam formation in the

optical system of the laser system of Fig. 1;

Fig. 3 is an exemplary profile of the peak fluence at the focus in

direction of the laser propagation.

Fig. 4 is an exemplary radial profile of the fluence at the peak fluence

of Fig. 3;

Fig. 5 is an exemplary illustration of a linear cutting path of single

pulse interaction zones;

Fig. 6 is a schematic cross-section of a tempered glass plate;

Fig. 7 is a schematic illustration of the laser induced damage length

for Bessel beams;



Fig. 8 is an exemplary illustration of a centered focusing with respect

to a glass plate;

Fig. 9 is an exemplary illustration of a front side shifted focusing with

respect to a glass plate;

Fig. 10 is an exemplary illustration of a back side shifted focusing

with respect to a glass plate;

Fig. 11 is an exemplary illustration of a focusing applied to a pair of

glass plates;

Fig. 12 is an optical micrograph of a tempered glass in side view

(uncleaved);

Fig. 13 is an optical micrograph of a front surface (a) and a back

surface (b) of the tempered glass shown in Fig. 12;

Fig. 14 is an illustration of an exemplary preparation step for cleaving

pre-cut material;

Fig. 15 is an illustration of an exemplary cleaving step;

Fig. 16 is an optical micrograph of a side view of a tempered glass

after cleaving without crack formation;

Fig. 17 is an optical micrograph of a side view of a tempered glass

after cleaving without crack formation;

Fig. 18 is an optical micrograph of a cross-section of a tempered glass

after cleaving with large crack formation;

Fig. 19 is an exemplary illustration of the dependence of a damage

threshold conical half-angle of the Bessel beam from the laser pulse duration;

Fig. 20 is an exemplary illustration of the dependence of a damage

threshold laser pulse energy from the conical half-angle of the Bessel beam;

Fig. 2 1 is an exemplary illustration of the dependence of a crack depth

from a laser induced damage length;

Fig. 22 is an SEM image of a corner of a pre-cut and cleaved face of a

tempered glass part; and



Fig. 23 is an SEM image of a middle portion of a pre-cut and cleaved

face of a tempered glass part.

Detailed Description

[25] The following is a detailed description of exemplary embodiments of

the present disclosure. The exemplary embodiments described therein and illustrated in the

drawings are intended to teach the principles of the present disclosure, enabling those of

ordinary skill in the art to implement and use the present disclosure in many different

environments and for many different applications. Therefore, the exemplary embodiments

are not intended to be, and should not be considered as, a limiting description of the scope

of patent protection. Rather, the scope of patent protection shall be defined by the

appended claims.

[26] The disclosure is based in part on the realization that interaction of

laser light with a material may restructure the material along the laser propagation

direction, and, for example, result in modified regions within the material, herein also

referred to as elongate (internal) damage regions. Providing those internal modified regions

along a separation line over a specific range of the thickness of the material and/or at a

specific position within the material and/or at a specific distance from each other and/or

with a specific diameter allows influencing the cleaving behavior of the material across the

separation line.

[27] For example, providing those internal modified regions across an

interface region between stress layers in tempered glass may even allow cleaving tempered

glass, i.e. after the tempering process. In addition or alternatively, providing those internal

modified regions across a specific range of the thickness of a transparent material such as,

for example, glass, sapphire, or tempered glass may allow cleaving parts from the material

with a high quality cut face.

[28] Thus, it was discovered that operation in single shot/single pass mode

may improve the cut quality and, at the same time, increases of the cutting speed. The

internal modified regions may essentially extend cylinder-like along the laser beam



propagation. During the cleaving, internal modified regions induce a preferred separation

plane within the material. When the separation takes place, along that plane the modified

material may be associated with on of the cut faces such that one cut face includes the

modified material while the other includes a counter-fitting structure. For example, one cut

face may have sections with the shape of parallel tubular voids while the other shows

parallel axial cylinder-sections, such as "the negative form" as well as "the positive form"

of the modified regions. For laser interaction resulting wherein an ablated material area is

tube-like surrounded by material with a modified index of refraction, both cut faces may

show half-pipes if the cleaving plane extends across the ablated material area. Within the

cut faces, various sections may include different types of such surface structures. However,

as long as the cleaving is affected by the laser pre-cutting, the plane of the cleaving extends

within a very low roughness (for example in the range below 30 µιη such as below 1 µιη -

roughnesses of about 0.5 µιη were achieved) and, thus, a precision cut surfaces can be

achieved, both for un-tempered as well as tempered transparent materials.

[29] The methods and systems disclosed herein are moreover directed to

ensuring high speed, high precision, and high reproducibility and may in particular be

directed to processing layered materials such as processing of tempered glass that has

several stress layers.

[30] Specifically, single pass cutting is disclosed using a laser beam having

a Bessel-like beam configuration as Bessel-like beams show along a narrow core beam a

high fluence region that is supplied with energy from radial outer sections of the beam.

[31] Bessel-like beams such as zero-order Bessel beams, for example, may

feature an intense central spot which persists in propagation direction essentially without

apparent diffraction - in contrast to the focusing of standard Gaussian beams which is

usually strongly diverging after a tight focus. Accordingly, with single laser Bessel-like

laser beam pulses, interaction zones over up to a millimeter and more may be achieved that

result in a very narrow needle like laser damage regions.

[32] The disclosure is further based in part on the realization that, by

placing laser modified regions including index of refraction modified regions and nano-



channels (for example created in glass with Bessel-like beams such as zero-order Bessel

beams of conical half-angle higher than 1 degrees in air) close to each other, one may

create a pre-cut material which may be cleaved to form a planar crack and allow an easy

separation of a bulk material into pieces upon applying pressure on either side of a

respective modified regions.

[33] Moreover, the disclosure is based in part on the realization that a

single-shot Bessel-like beam induced damage of tempered glass may allow precision

cutting of the material provided that the induced damage extends over an interface region

and/or covers, for example, the combination of one compression stress layer and the entire

tensile stress layer.

[34] Bessel-like beams are characterized by concentric fringes in the radial

intensity profile. Bessel-like beams may have, for example, a transverse intensity profile

of, for example, a zeroth order Bessel beam. Moreover, (radially) truncated Bessel-like

beams may be generated when passing through a diaphragma or any radially limiting

optical element thereby creating, for example, so called apodized Bessel beams. In some

embodiments, Bessel-like beams may be generated from Gaussian beams and, therefore, be

referred to as apodized Bessel-Gauss beams.

[35] For pre-cutting thick samples, Bessel-like beams of very long non-

diffracting zone may be used. When maintaining the aperture of optical elements within an

optical system, one may in principle achieve longer (extended) condensed-beam zone (i.e.

longer "non-diffracting zone") by reducing the cone angle of the Bessel-like beam.

Moreover, it was discovered that, for a given duration of laser pulses, a defined limit exists

for the minimum cone angle of the Bessel-like beam above which elongated damage is

caused that is capable of leading to precise single-shot and single pass material laser cut.

[36] If Bessel-like beams are used with cone angles below said threshold,

single shot laser pre-cutting may no longer be possible due to the reduced insufficient

length of the laser modified regions such that multi-shot operation (for example, ten pulses

for each position) may become necessary, for example, with Gaussian beams.



[37] Moreover, it was discovered that, for a given aperture of the optical

elements, the above mentioned limit in minimum cone angle (i.e. the limit in the maximum

length of the condensed-beam zone which defines the maximum thickness of a material

that can be pre-cut) may be overcome by increasing the duration of the laser pulses. It is

assumed that during the longer interaction period of the laser pulse with the material,

electrons generated by multi-photon ionization are multiplied in number by electron

avalanche ionization. In other words, the dependence of (i) the minimum cone angle of the

Bessel-like beams allowing producing the required elongate damage region on (ii) laser

pulse duration was discovered. Specifically, the minimum required cone angle decreases

when increasing the pulse duration.

[38] In this way, selecting a regime for optical beam path parameters and

laser characteristic parameters of the laser beam may allow pre-cutting tempered glass of a

thickness of, for example, 0.75 mm, which is a thickness typical for mobile phone window

screens. The pre-cutting may be precisely preformed in a single-shot, single-pass regime

using low-cost, commercial, high repetition rate short pulse lasers such as picosecond or

femtosecond lasers. Notably, for some regimes of parameters only picosecond-pulse

Bessel-like beams may need to be used instead of femtosecond-pulse durations.

[39] In the following, exemplary laser systems and their application within

a laser pre-cutting machine are disclosed in connection Fig. 1 to Fig. 5 . In connection with

Fig. 6 to Fig. 11, aspects of positioning of a material with respect to a Bessel-like beam's

peak fluence distribution in propagation direction are disclosed. In connection with Fig. 16

to Fig. 18, Fig. 22, and Fig. 23, aspects of resulting cleaving faces of a material being pre-

cut as proposed herein are disclosed. Finally, in connection with Fig. 19 to Fig. 21, aspects

of the dependence of the laser material interaction on optical beam path parameters and

laser characteristic parameters are disclosed.

[40] Referring to Fig. 1, an exemplary laser processing system 1 for

processing a transparent sample 3 by employing a Bessel-like laser beam comprises a laser

system 5, an optical system 7, and an X-Y-Z translation mechanism 9 .



[41] Laser system 5 is configured to deliver short laser pulses of a

specifically adjustable temporal duration. An example of laser system 5 is a Pharos laser

providing laser pulses of a minimum pulse duration of 230 fs at a central wavelength of

1030 nm with a pulse repetition rate up to 600 kHz.

[42] Optical system 7 comprises a Bessel-like beam shaping optical system

11 and an objective 13 for creating a Bessel-like beam based an a Gaussian beam provided

by laser system 1 and for focusing the same onto sample 3 .

[43] Referring to Fig. 2, an exemplary configuration of optical components

defines an optical beam path 8 along beam propagation axis Z of optical system 7 .

Specifically, optical system 7 includes a telescopic arrangement to produce a high quality

Bessel-like beam via spatial filtering. For example, optical system 7 comprises an axicon

lens 15 having, for example, an apex angle of 178 °, a first lens LI with focal length fl, an

opaque block B, a second lens L2 with focal length f2, a third lens L3 with focal length f3,

and a fourth lens L4 with focal length f4 of objective 13. Opaque block B is placed at the

focal plane of lens LI and forms a spatial filtering system blocking undesired beam

sections; for example, the Gaussian beam leaking through a curved tip of axicon lens 15.

Lenses L2 and L3 form a telescopic beam imaging system used to de-magnify the Bessel-

like beam generated after the axicon lens 15. Fourth lens L4 of objective 13 sets a conical

half angle Θof the Bessel-like beam and focuses the same onto sample 3 . With such a

configuration of optical components, Bessel-like beams may be formed having a conical

half angle Θin the range from 7° to 12 °

[44] Referring to the embodiment shown in Fig. 2, optical system 7 may be

used to produce, for example, zero-order Bessel-like beams, lens L I may be a plano

convex lens of focal length f l varying from 100 mm to 250 mm depending on the required

Bessel beams, lens L2 and lens L3 may be plano-convex lenses of focal length f2 and f3,

respectively, which are kept fixed at, for example, 300 mm. Lens L4 is a microscope

objective lens of magnification 20x and numerical aperture of 0.4.

[45] Translation mechanism 9 may be configured for positioning sample 3

with respect to the Bessel-like laser beam along laser propagation axis Z as well as in



-

directions X and Y being, for example, orthogonal with respect to laser propagation axis Z.

While in Fig. 1, translation mechanism 9 is configured to support sample 3, alternatively or

additionally, a translation mechanism may be provided for moving laser system 3 and/or

optical system 7 with respect to sample 3 .

[46] Referring to Fig. 3, an exemplary longitudinal fluence profile 17 of

the peak fluence measured along propagation axis Z is shown. Specifically, a normalized

beam fluence F at the central beam peak (normalized peak fluence) is indicated in

dependence of the position in Z-direction. Thereby, fluence is defined as the energy

density in J/cm2. For an experimentally generated Bessel-like beam of a conical half angle

Θof 9 ° in air, the full width at half-maximum (FWHM) value of longitudinal fluence

profile 17 along the beam-propagation direction is measured to be 540 µιη. Longitudinal

fluence profile 17 shows its maximum at about the longitudinal position Z = 800 µιη. The

FWHM within an optical material will in general be longer for materials having an index

of refraction larger 1, such as an index of refraction of about 1.5 will result in a FWHM

value of about 800 µιη.

[47] Fig. 4 shows an exemplary transverse fluence profile 19 illustrating a

normalized peak fluence in dependence of a position in X direction, i.e. orthogonal to Z

direction. Specifically, transverse fluence profile 19 is taken at the longitudinal position Z

= 800 µιη of Fig. 3 for the experimentally generated Bessel-like beam of conical half angle

9 ° . Transverse fluence profile 19 shows several characteristic concentric fringes across the

beam diameter that are set by the respective beam apodisation function of the Bessel-like

beam. The full width at half-maximum Wcore of a central core 1 of the Bessel-like beam

is at Z = 800 µιη to be about 2.5 µιη.

[48] The beam apodization function may be set via the real apodization

FWHM diameter Dapod measured at the entrance of the axicon lens 15. It is set in

dependence of the conical half-angle Θ, the length of the single laser pulse damage region

L, the demagnification 1/M of the optical system 7 without the axicon lens 15, wherein M

is larger 1, the refractive index n of the material, and, for example, a selectable parameter

k, with 0.5 < k < 2, according to the equation: Dapod = k*2*L/n*tg(9) *M.



[49] Referring to Fig. 5, the laser processing with laser processing system

1 is illustrated. Fig. 5 is a top view of a front face 23 of sample 3 being machined by

irradiating laser pulses of a Bessel-like laser beam onto that front face. Sample 3 is scanned

along a predetermined pre-cutting path 25 that extends, for example, along the X -direction.

[50] The laser scanning is performed such that consecutive laser pulses

irradiate different areas of front face 23 along pre-cutting path 25. In Fig. 5, circles 27

schematically represent the areas where sample 3 is irradiated by the core of the Bessel-

like laser beam. Circles 27 have centers XN-I , N, Χ Ν+Ι , · · · that are separated by a distance

dx and correspond to pre-cut positions. Accordingly, within each circle 27 a damage region

extends and along the propagation axis Z and around the respective center of centers X N-I ,

X N , X N+I -Exemplary spacing conditions may use a distance dx of at least 1 µιη, at least 2

µιη, or at least 4 µιη, for example 2 µιη, or a distance dx of at least 80 % or at least 100 %

of a core beam waist at full width half maximum of a pulsed Bessel-like laser beam such

that they are not too close to the previous laser damage zone as that may affect the present

beam propagation and thus the quality of that laser damage region. A distance dx of 4 µιη

may allow for large speed and good quality of pre-cutting.

[51] In some embodiments, the scanning is performed in a single pass

scan. Single pass relates to the fact that each section along the cutting path is only visited

(passed) once by the laser beam. Accordingly, a single laser pulse damage region (around

center X ) originating from a selected laser pulse has only a single directly neighboring

single laser pulse damage region (around center X N-I) that originates from a single laser

pulses irradiated in time immediately before the selected laser pulse and one directly

neighboring single laser pulse damage region (around center X N+I) that originates from a

single laser pulses irradiated in time immediately after the selected laser pulse.

[52] In other word, the scanning is performed such that, during the single

pass scanning, the pulsed Bessel-like laser beam does not return to an earlier irradiated

position such that a single laser pulse damage region (around center X N) originating from a

selected laser pulse has only a single directly neighboring single laser pulse damage region

(around center X N-I) that originates from a single laser pulses irradiated in time



immediately before the selected laser pulse and one directly neighboring single laser pulse

damage region (around center X N+I) that originates from a single laser pulses irradiated in

time immediately after the selected laser pulse.

[53] The first step of the material processing as disclosed in connection

with Fig. 1 to Fig. 5 is referred to herein also as pre-cutting because - due to the limited

extension of the damage regions after the pre-cutting along cutting path 25 - there

generally remains a structural connection between the sections of the material on the sides

of cutting path 25. Remaining structural connections may generally also be present in the

case that the damage regions extend from the front face (through which the laser beam

enters the material) to the back face (through which the laser beam exits the material).

[54] Several aspects of the disclosure herein refer to layered materials. An

example of a layered material comprises at least one tensile stress layer, at least one

compression stress layer, and at least one interface region between the at least one tensile

stress layer and the at least one compression stress layer.

[55] In Fig. 6, as a specific example of a layered material, a tempered glass

31 of a thickness DS is schematically illustrated. Tempered glass 31 contains two

compression stress layers, a front compression stress layer CSL1 at a front face 33 and a

back compression stress layer CSL2 at a back face 35, as well as one tensile stress layer

TSL there between. Accordingly, tempered glass 31 comprises two interface regions, an

interface region IR1 between front compression stress layer CSL1 and tensile stress layer

TSL and an interface region IR2 between tensile stress layer TSL and back compression

stress layer CSL2.

[56] Tempered glass is used as a substrate for display panel, safety window

etc. because of its higher strength of, for example, the front surface as compared to non-

tempered glass. In general, glass materials are tempered using chemically or thermally

strengthening treatment causing the formation of a compression stress layer at the sample

surfaces. The thickness if the compression stress layer may be in the range of, for example,

50 µιη to 70 µιη. The tensile stress layer may extend thus inside the material. Due to those

stress layers, conventional cutting of tempered glass may easily results in irregular pieces.



There herein disclosed methods, however, may allow cutting of tempered glass with a high

quality cat-surface.

[57] Examples illustrating the extension of the fluence above a threshold

fluence for single laser pulse damging are disclosed in the following in connection with

Fig. 7 to Fig. 13.

[58] Referring to Fig. 7, the variation of a fluence F of, for example, the

core of the Bessel-like beam along propagation direction Z is schematically illustrated by a

fluence graph 41. In addition, a maximum damage length DLmax in propagation direction

Z is indicated in which peak fluence F is above a threshold value Fth for optical damaging,

essentially it is assumed that this threshold value corresponds to the threshold of optical

break down. Specifically, a fluence above threshold value Fth may cause optical break

down and thereby modify the internal structure of the material, e.g. form a damage region

or even ablation in which material is destroyed. It is assumed that although ablation is one

type of laser induced damage other types such as modifications of the index of refraction,

changes of the density or even hardness exist and may have the same effect to induce a

symmetry for a cleaving process such that high quality cut faces originate that, for

example, primarily extend within one plane, e.g. the or next to the plane of the laser

induced damage regions.

[59] Herein, a laser induced damage zone may be identified as the zone of

the sample over which structures as a result of the laser interaction are observed after

cleaving. Different types of structures may be present in different sections of the cut face

as disclosed in connection with the SEM images shown in Fig. 22 and Fig. 23. Thus, laser

induced damage zones may be seen, for example, in an optical microscopic image of a cut

face as discussed below in connection with Fig. 16 to Fig. 18. In general, the length of the

laser induced damage zone may be defined as the length of the sample section that shows

damage in one plane (if the sample is scanned along X-direction, then in the XZ plane) and

does not include any cracked section of the sample which is often related to the portion that

is not pre-cut with the laser beam. The laser induced damage region is herein considered as



the region of the un-cleaved material in which some material modifications where caused

by the interaction with the high fluence of the irradiated laser beam.

[60] In general, the extension (length) of the laser induced damage region

and laser induced damage zones correspond to each other and is herein referred to as laser

induced damage length DL such as the maximum laser induced damage length DLmax

indicated in Fig. 7 . Moreover, for linear translation movements, single laser pulse damage

regions of successive laser pulses are parallel with respect to each other and extend - for a

pure lateral translation movement - essentially over the same laser induced damage length.

[61] In general, the interaction of a single pulse of, for example, such a

Bessel-like beam with a material being essentially transparent with respect to single photon

absorption of the laser beam when propagating through the material may be based on

multi-photon ionization. Multi-photon ionization may be accompanied by electron

avalanche photoionization and result in a single laser pulse damage region. The length of

the single laser pulse damage region may be within a range of several 100 µιη up to 1 mm

and more in direction of the laser beam propagation and the width may be within a range

below about 2 µιη in radial direction. The extension of the single laser pulse damage

region depends on the field strength within the focus of, for example, the core beam and,

thus, dependsson the optical beam path within optical system 7 and the laser characteristic

of the pulsed Bessel-like laser beam such as the laser pulse energy and the laser pulse

duration provided by laser system 5 .

[62] For high intensities, ablation of material (be it on the surface or within

the material) may dominate. For lower intensities, a modification of the material itself (its

inner structure) may occur, e.g. a modification of the hardness or the index of refraction

due to changes on the atomic structure.

[63] Transparency with respect to single photon absorption corresponds to

the fact that single photon absorption is not the underlying ionization process as, for

example, the band gap is larger than the photon energy. Ionization based on multi-photon

ionization is generally characterized by an ionization threshold such that also the formation



of a damage region is well defined in space. For example, the material may be transparent

in the near infrared and/or visible spectral range

[64] When performing the pre-cutting of the material, the position of the

sample with respect to the laser beam may be maintained in such a way that the condensed

beam zone (the volume in the space where the fluence (J/cm2) of the laser beam is above

½ of the maximum fluence) is positioned either across one of the sample face. Then, the

fluence will be the highest, for example, at the sample's front face or the sample's back

face. Alternatively, the condensed beam zome may be positioned completely within the

sample such that the fluence is below the threshold fluence or even zero at the sample

faces.

[65] The later position of the sample is illustrated in Fig. 8 for a material of

a thickness DS1. Fig. 8 shows a focusing geometry where the zone of laser induced

damage has at least a length DL1 that extends through the entire sample in propagation

direction Z, i.e. at least DL1 = DS1. In this case, the laser induced damage is connected

both to a front face 43 and a back face 45 of the sample.

[66] For a layered glass as shown in Fig. 6, the focusing position of Fig. 8

ensures that all stress layers as well as all interface regions are pre-cut.

[67] Fig. 9 illustrates a focusing position for the material of thickness DS1,

whereby only front face 43 is subject to an above threshold fluence. Correspondingly, a

zone of laser induced damage of a length DL2 is formed inside the material, which has a

length that is smaller than the thickness DS1 . In contrast to the focusing geometry shown

in Fig. 8, the zone of laser induced damage is connected only to front face 43 but not to

back face 45.

[68] For a layered (for example, tempered) glass as shown in Fig. 6, the

focusing position of Fig. 9 provides only that front compression stress layer CSLl and only

a part of tensile stress layer TSL including interface region IRl are pre-cut if the difference

between thickness DS1 and length DL2 is larger than the thickness of the back

compression stress layer CSL2.



[69] Similarly, Fig. 10 illustrates a focusing position for the material of

thickness DS1, whereby only back face 45 is subject to an above threshold fluence, i.e. in

contrast to the focusing geometries shown in Fig. 8 and Fig. 9 .

[70] For the tempered glass of Fig. 6, the focusing position of Fig. 10

provides that only a part of tensile stress layer TSL and (the complete) back compression

stress layer CSL2 including interface region IR2 are pre-cut - in particular, if the difference

between thickness DS1 and length DL3 is larger than the thickness of the compression

stress layer CSL1.

[71] Referring to Fig. 11, pre-cutting of a stuck of two plate-like samples

47 and 49 is illustrated as an example of simultaneous multi-material processing. In the

example of Fig. 11, the samples of, for example, tempered glass have thicknesses DS2 and

DS3 and the maximum length of the laser induced damage DLmax is greater than the total

thickness of the two samples, DLmax > DS2 + DS3. The embodiment of Fig. 11 illustrates

that for a sufficient long induced damage length DLmax it may be possible to pre-cut

multiple material plates at the same time.

[72] Fig. 12 and Fig. 13 further illustrate the focusing position of Fig. 8.

Specifically, Fig. 12 shows a side-view optical micrograph of a pre-cut tempered glass

having a thickness of 700 µιη. The laser pre-cutting was performed with a Bessel-like

beam of a conical half-angle of 9 °, a laser energy per pulse of 72 µ , and a laser pulse

duration of 11 ps. The distance dx between consecutive interacting laser pulses was 4.5

µιη. The tempered glass is not yet separated such that the single laser pulse damage regions

are maintained in tact and can be seen from the side. The laser induced damage regions

extend throughout the tempered glass. The optical micrograph shows a front face 53 and a

back face 55 each showing darkened spots where the laser beam entered and exited the

tempered glass. The top view of Fig. 13(a) of front face 53 and the top view of Fig. 13(b)

of back face 55 clearly indicate the single pulse interaction areas (damage areas 54 in front

face 53 and damage areas 56 in back face 55) along the cutting path.

[73] Referring again to Fig. 12, the side view shoes linearly extending

darker lines one of them being enhanced for illustration purposes that extend from front



face 53 to back face 55 across the tempered glass and clearly illustrate the long ranging of

laser induced damage regions 57 within the tempered glass.

[74] In the following, the second (separation) step of the material

processing is disclosed in connection with Fig. 14 and Fig. 15. Mechanical separation of

parts of the material by applying pressure using a custom-designed apparatus is achieved.

It is noted that, in some embodiments, internal stress within the material may, however,

initiate a spontaneous separation of the material in separate parts.

[75] Following the pre-cutting step, the material may be separated by

applying a forth across the cutting path. Fig. 14 and Fig. 15 illustrate in a simple way an

exemplary separation step based on a mechanical arrangement. Specifically, according to

Fig. 14, the front face and the back face of the pre-cut sample are covered with pairs of

cover plates 6 1 and 63, respectively. The pairs of cover plates 6 1 and 63 are configured

such that the cutting path is the preferred line of breaking. For example, cover plates 61, 63

are weakened along the cutting path position as shown in Fig. 14 by featuring a low-angle

of, for example, 15 ° cone-shaped tips. Cover plates 61, 63 may be made of a hard material

such as aluminum. An exemplary placement of all four cone-shaped tips is shown Fig. 14.

A dashed-dotted line 65 shows the normal to the cutting path, corresponding to the

propagation direction of the laser beam.

[76] In some embodiments, a soft, sponge-like material (for example,

compressible to a few hundred microns, not shown) may be placed as shock absorbers

between sample 3 and cover plates 6 1 and 63. The separation may be performed by

holding one of the sandwiched sides of sample 3 (e.g. the side on the left of Fig. 14) and

applying a force 66 in direction of the arrow, for example, in parallel to dashed-dotted line

65 at the center of the other side of the sample.

[77] Fig. 15 illustrates the breaking movement where sample 3 is broken

into parts 67 and 69.

[78] The direction of breaking (i.e. applying of the pressure) may be

important when the laser induced damaged region does not cover the whole sample. The

direction of breaking may be chosen such that the surface to which the laser induced



damage region connect would open first. In embodiments in which the laser induced

damage regions cover both surfaces of the sample, the direction of breaking may be not

important and the pressure may be applied to either side.

[79] A laser induced damage zone may be visualized by optical

microscopy. Exemplarily, Fig. 16 to Fig. 18 show side view optical micrographs for

different extension and positioning of the laser induced damage zone. The quality of the

cut for experimental tests on a tempered glass of thickness 700 µιη is illustrated. The cut

quality is inter alia defined by the crack depth next to the front face/back face and depends

on the length of laser-induced damage region and the focusing geometries illustrated in

connection with Fig. 8 to Fig. 10. The pre-cutting was performed with Bessel-like beams

of conical half-angle 9 °, pulse duration of 11 ps and an inter-pulse spacing of 2 µιη.

[80] Specifically, Fig. 16 shows a cross-sectional optical micrograph

showing the machining surface without any crack. The focusing geometry in this case is

similar to that shown in Fig. 8 such that laser induced damage zone (length DL1 of 700

µιη) extends across the complete thickness of the tempered glass, i.e. from front face 73 to

back face 75.

[81] In Fig. 17, the pre-cutting corresponds to a focusing geometry similar

to that shown in Fig. 10 but still in an operating regime classified as region II in Fig. 2 1

(discussed below) as the condition DL > CSL+TSL is satisfied. No cracks are present

within the compressed stress layers. It is noted that, when the laser induced damage zone

covers nearly 70 % of the sample from the back face, one also may observe

ablation/damage on the front face because the damage threshold for a surface is lower than

for the bulk of any transparent material.

[82] In Fig. 18, a cross-sectional optical micrograph of tempered glass

processed by pre-cutting and cleaving is shown where the Bessel-like beam position with

respect to the sample's front face 73 is set similar to the position illustrated in Fig. 10.

However, the laser induced damage zone was set to be only 370 µιη and thus slightly

larger than 50 % of the thickness of the tempered glass.



[83] In Fig. 18, a cracked region 7 1 having a thickness of about 100 µηι

can be seen adjacent to front face 73. At back face 75, there is a region 77 that looks like

polished and has a pattern that represents the high quality cut due to the laser pre-cutting.

Next thereto is a region 79 having a pattern created by the cleaving process still within the

plane of region 77, thus being of high quality. Specifically, length DL3 of about 370 µηι

corresponds to regions 77 and 79 and is less then the sum of the thicknesses of

compression layer CSL2 and tensile layer TSL. Between region 79 and crack region 71,

there is another region 81 with a unique pattern which may be attributed to uncontrolled

cleaving being not affected by the pre-cutting and being not in the plane of the pre-cutting

such that region 8 1 corresponds to lower quality cutting.

[84] The roughness in crack region 7 1 and region 8 1 may be significantly

larger than the surface roughness of the pre-cutting affected regions 77 and 79, which may

be in the range of only a few microns or even in the submicron range.

[85] The presence of the differing regions in Fig. 18 may be typically

observed when the laser induced damage zone does not cover a sufficient length along the

thickness. In particular, the differing regions of Fig. 18 may be due to the fact that length

DL3 of the laser induced damage zone is not long enough to provide a symmetric for the

cleaving process over the complete thickness.

[86] Nevertheless, the conditions of Fig. 18 still may allow a sufficient

cleaving of pre-cut tempered glass as the interface region between compression layer CSL2

and tensile layer TSL is subject to the laser damage region.

[87] With respect to Fig. 16 to 18, the laser induced damage zone was

defined as the zone of the sample over which regular damage patterns are observed as

evident from the optical microscopic image. Note here that one may define the length of

the laser induced damage zone as the whole length of the sample that contains damage in

one plane (if sample is scanned along X-direction, then in the XZ plane) and, thus, does

not include the cracked portion(s) of the sample and the portion that is not machined using

laser.



[88] Fig. 19 to Fig. 1 illustrate various experimental data. Referring to

Fig. 19, for the focusing geometry of Fig. 10, the dependence of the minimum conical half-

angle Θof a Bessel-like beam that can induce damage in tempered glass from the laser

pulse duration τ is shown. The distance dx between adjacent damage zones was about 2

µιη. For smaller conical half-angles, longer pulses are required.

[89] Referring to Fig. 20, for the focusing geometry of Fig. 10, the

dependence of the minimum laser energy E (in µ ) that can induce damage in tempered

glass from the chosen conical half-angle Θof the Bessel-like beam is shown. The threshold

laser energy was determined by pre-cutting tempered glass of 700 µιη thickness with laser

pulses of 11 ps pulse duration. The distance dx between adjacent damage zones was about

2 µιη. The threshold energy was defined as the minimum energy (for a particular conical

half-angle) which causes the laser induced damage zone to be sufficiently long enough for

pre-cutting of the tempered glass.

[90] Referring to Fig. 21, for the focusing geometry of Fig. 10, a tempered

glass of thickness 700 µιη, a laser pulse duration of 11 ps, and a Bessel beams of conical

half-angle of 9 °, the dependence of a crack depth Dcrack from the front face from the

length DL of the laser-induced damage zone is shown. The distance dx between adjacent

damage zones was about 2 µιη. In Fig. 21, a region I has been indicated in which cracks

appear on the compression stress layer CSL1 at the front face of the tempered glass.

[91] Region I essentially corresponds to the focusing geometry in which

the laser induced damage length DL is smaller than the combined thicknesses of one

compression stress layer and one tensile stress layer.

[92] A region II corresponds to the focusing geometry in which the laser

induced damage length DL is larger than the combined thicknesses of one compression

stress layer and one tensile stress layer. In region II, no cracks appear; even if the laser

induced damage length DL is smaller than the combined thicknesses of two compression

stress layers and one tensile stress layer, i.e. even if the sample is thicker than the laser-

induced damage zone.



[93] Based on the above, it has been identified that the (minimum) needed

energy per pulse depends mainly on the sample thickness and may be in the range of, for

example, 1 µ to 40 µ per 100 µιη thickness, for example 2 µ to 20 µ /per 100 µιη

thickness (such as 5 µJ per 100 µιη thickness) depending inter alia on the material and

laser spectrum but weakly depending on the chosen cone angle or the set pulse duration.

This can be seen with coarse approximation from the combination of Fig. 19, which

teaches that for longer samples, i.e. smaller angles, longer pulses are needed, and Fig. 20,

which states that pulse energy increases with increasing the pulse duration.

[94] However, having the correct energy per pulse is not sufficient for

achieving single-shot pre-cutting. In fact, if it happens that both pulses are short and the

cone angle is small, then single-shot pre-cutting is prevented. However, then the single

shot pre-cutting regime may be reached by increasing the pulse duration and/or the cone

angle. Note that, in order to increase the cone angle and being at the same times able to

keep the same sample length one may further also need to increase the beam size (e.g. by

increasing the. beam apodisation function of the Bessel-like beam) so that the same Bessel

zone is guaranteed. It is noted that, since this operation is performed at fixed energy, the

average energy density decreases. However, as it is observed in practice, that this does not

affect the cut capability, since the Bessel-like beam core has a smaller size and, within

reasonable angle range, the fluence is still above the threshold for modifying the material

and performing thereby acceptable pre-cutting.

[95] Increasing the cone angle requires increasing beam diameter and,

thus, the size of the optical elements, which might be costly. In contrast, increasing pulse

duration may simply require chirping the pulse, which is easily feasible for fs or ps laser

pulse durations. Moreover, since ps lasers are usually cheaper than fs, it is proposed to use

ps (not fs) laser systems for single-shot pre-cutting of thick samples (for example

thicknesses in the range from 0.5 mm to 1.5 mm).

[96] In other words, it was discovered that on increasing the pulse duration

(thus reducing the cost) the minimum cone angle that is necessary for single-shot cut

decreases. This allows, for a fixed sample length, smaller beams and smaller optics and,



thereby a cheaper and more easily to handle set up. Surprisingly, going for longer pulses

does not demand for larger laser pulse energy (or average powers). Indeed, if one looks

carefully at the data, the minimum energy may even slightly decrease. Therefore, for

example a ps pulse duration (for example in the range from 5 ps to 15 ps such as lOps) is

proposed for "cheap" but high quality single-shot pre-cutting.

[97] Referring to Fig. 22 and Fig. 23, SEM images of a pre-cut and cleaved

part of a tempered glass with a thickness of 540 µιη are reproduced. In Fig. 22, a corner of

the pre-cut and cleaved part shows regular surface structure at the cut face. Specifically, a

series of parallel half-pipes are formed and extend from the front face on along the cut

face. In Fig. 23, a middle portion of the pre-cut and cleaved part is shown. The surface

structure relates to a different section of the cut face with different types of structures.

Specifically, the surface structure remains to extend in parallel. However, in addition to

half-pipe structures also half-cylinder-like protruding shapes can be identified.

[98] Referring to Fig. 22 and 23, surface roughness in the range below 30

µιη, for example, below 1 µιη such as about 0.5 µιη were achieved.

[99] The laser system disclosed herein may include a control unit for

setting various parameters. For example, optical beam path parameter setting may include

setting a conical half-angle in the range from 7 ° to 12 ° such as 9 ° and laser characteristic

parameter setting may include setting a laser energy per pulse incident on the axicon of 32

µ a laser wavelength around 1064 nm thereby providing a Bessel-like beam induced

damage length inside the sample of at least 50 % at least 70 % or at least 90 % of the

sample thickness. Moreover, the control unit may allow setting a scan speed to, for

example, 300 mm/s in dependence of the laser repetition rate as well as the distance

between neighboring laser induced damage zones. In general, when cleaving the pre-cut

material, cracks may be created at the front face/back face that relate to portions of the

material which have been either peeled off from the bulk glass or damaged out of plane

(i.e. not in the plane of laser propagation) during the process of cleaving (i.e. not due to

laser machining). The size of those cracks should be maintained as small during any stage

of the cutting (laser pre-cutting and/or cleaving) as one would like to create damages



within a plane and, thereby, to allow easy separation of a bulk material into two parts by

cleaving and resulting in essentially planar damage zones.

[100] Although the above embodiments are primarily disclosed in

connection with single Bessel-like laser beam pulses, the skilled person will appreciate that

some aspects (such as aspects relating to pre-cutting a stress layered material) may also be

achieved by applying laser interaction based on Gaussian laser beams and involving self-

focusing for forming a laser induced damage zone of the required length (also referred to

as filament forming Gaussian beams.

[101] It is further noted that, since the cutting of, for example, tempered

glass is performed in single-shot and single-pass regime, with a fixed separation between

the elongate single shot damage regions, the cutting speed is merely proportional to the

laser repetition rate. For example, precise pre-cutting at a scan speed of 300

millimeter/second was achieved - the scan being the limit of the used translation stage.

Such a pre-cutting scan speed is not known to the inventors for sample thickness of about

lmm; in particular not for Gaussian beam cutting.

[102] The herein disclosed cutting approaches may be applied to solid

transparent optical materials as described in connection with the figures for tempered glass

as well as for non-tempered glass and sapphire. However, alternatively or additionally, also

flexible or soft materials may be subject to the disclosed methods. In particular, soft human

or animal tissue such as the cornea of the human eye, may be pre-cut using the methods

being disclosed herein and based on, for example, pulsed Bessel-like beams.

[103] Although the preferred embodiments of this invention have been

described herein, improvements and modifications may be incorporated without departing

from the scope of the following claims.



Claims

1. A method for laser pre-cutting a layered material (31) with a laser

beam (14), wherein the layered material (31) comprises at least one tensile stress layer

(TSL), at least one compression stress layer (CSL1, CSL2), and at least one interface

region (IR1, IR2) between the at least one tensile stress layer (TSL) and the at least one

compression stress layer (CSL1, CSL2) and the layered material (31) is transparent to

allow propagation of the laser beam (14) through the layered material (31), the method

comprising:

setting an optical beam path (8) and a laser characteristic of the laser beam

(14) such that an interaction of the laser beam (14) with the layered material (31) generates

an elongate damage region (57) in the layered material (31); and

for each of a series of pre-cut positions (XN-I , N, XN+ I) of the layered

material (31), pre-cutting the layered material (31) by positioning the layered material (31)

and the laser beam (14) with respect to each other and irradiating the laser beam (14) such

that the respective elongate damage regions (57) extend across the at least one interface

region (IR1, IR2).

2 . The method of claim 1, wherein the layered material (31) comprises a

front face (33), and the at least one tensile stress layer (TSL) or the at least one

compression stress layer (CSL1, CSL2) is positioned between the front face (33) and the at

least one interface region (IR1, IR2), and wherein the pre-cutting is performed such that

the respective elongate damage region (57) extends from the front face (33) through the at

least one tensile stress layer (TSL) or the at least one compression stress layer (CSL1,

CSL2) and across the at least one interface region (IR1, IR2) into the respective

neighboring layer; and/or

wherein the layered material (31) comprises a back face (35), and the at

least one tensile stress layer (TSL) or the at least one compression stress layer (CSL1,



CSL2) is positioned between the back face (35) and the at least one interface region (IRl,

IR2), and wherein the pre-cutting is performed such that the respective elongate damage

regions (57) extend from the back face (35) through the at least one tensile stress layer

(TSL) or the at least one compression stress layer (CSL1, CSL2) and across the at least one

interface region (IRl, IR2) into the respective neighboring layer.

3 . The method of claim 1 or 2, wherein the layered material (31)

comprises a center tensile stress layer (TSL) or a center compression stress layer that is

centered between a pair of interface regions (IRl , IR2), and wherein the pre-cutting is

performed such that the respective elongate damage regions (57) extend at least through 30

% or at least through 50 % or at least through 70 % or at least through 90 % of the center

tensile stress layer (TSL) or the center compression stress layer.

4 . The method of any one of claims 1 to 3, wherein the pre-cutting is

performed such that the respective elongate damage regions (57) extend at least through

50 % or at least through 70 % or at least through 90 % of a thickness (DS) of the layered

material (31).

5 . The method of any one of claims 1 to 4, wherein the pre-cutting is

performed for neighboring elongate damage regions (57) such that the neighboring

elongate damage regions (57) are displaced with respect to each other by a distance (dx) of

at least 2 µιη or at least 3 µιη or at least 4 µιη.

6 . The method of any one of claims 1 to 5, wherein the layered material

(31) is a three-layered material comprising a center tensile stress layer (TSL1) or a center

compression stress layer between a pair of respective compression stress layers (CSL1,

CSL2) or tensile stress layers, and wherein the pre-cutting is performed such that the

respective elongate damage regions (57) extend at least through 30 % or at least through 50



% or at least through 70 % or at least through 90 % of the center tensile stress layer (TSL)

or of the center compression stress layer.

7 . The method of any one of claims 1 to 6, wherein the laser beam (14)

is a pulsed Bessel-like laser beam or a filament forming Gaussian beam, and wherein the

pre-cutting is performed with a single laser pulse for each pre-cut position (XN-I , N , XN+I)

such that the elongate damage regions (57) are a single laser pulse damage regions and/or

the layered material (3 1) is essentially transparent with respect to single photon absorption

of the laser beam (14) such as the pulsed Bessel-like laser beam or the filament forming

Gaussian beam when propagating through the material.

8. A method for separating a material part (67, 69) from a material (3 1)

comprising at least one tensile stress layer (TSL), at least one compression stress layer

(CSLl, CSL2), and at least one interface region (IRl, IR2) between the at least one tensile

stress layer (TSL) and the at least one compression stress layer (CSLl, CSL2), the method

comprising:

pre-cutting the layered material (3 1) according to the method of any one of

claim 1 to claim 7, thereby forming, along a separation line, elongate damage regions (57)

extending across the at least one interface region (IRl, IR2); and

applying a separating force (66) onto the layered material (3 1) that acts

across the series of pre-cut positions (XN-I , XN, XN+ I), thereby cleaving the layered

material (3 1) along the series of pre-cut positions (XN-I , XN, XN+ I) .

9 . The method of claim 8, wherein the elongate damage regions (57)

extend into a front face (33, 43, 53, 73) or a back face (35, 45, 55, 75) of the layered

material (3 1), and the separation force (66) is applied such that the face with the damage

therein is separated first.



10. A layered material (31) for being separated into at least two layered

material parts (67, 69), the layered material (31) comprising:

a front face (33, 43, 53, 73) and a back face (35, 45, 55, 75) opposite to each

other;

at least one tensile stress layer (TSL);

at least one compression stress layer (CSL1, CSL2);

at least one interface region (IRl, IR2) between the at least one tensile stress

layer (TSL) and the at least one compression stress layer (CSL1, CSL2); and

elongate damage regions (57) formed in the layered material (31) and

extending across the at least one interface region (IRl, IR2).

11. The layered material (3 1) of claim 10, wherein the elongate damage

regions (57) are spatially separated along a separation line by a distance (dx).

12. The layered material (31) of claim 10 or 11, wherein the elongate

damage regions (57) extend through at least one of the at least one tensile stress layer

(TSL) and at least partly through at least one of the at least one compression stress layer

(CSL1, CSL2) or vice versa, and/or

wherein the at least one tensile stress layer (TSL) or the at least one

compression stress layer (CSL1, CSL2) is positioned between the front face (53) and the at

least one interface region (IRl, IR2), and the elongate damage regions (57) extend from

respective front face damages (54) in the front face (53) through the at least one tensile

stress layer (TSL) or the at least one compression stress layer (CSL1, CSL2) and across the

at least one interface region (IRl, IR2) into the respective neighboring layer; and/or

wherein the at least one tensile stress layer (TSL) or the at least one

compression stress layer (CSL1, CSL2) is positioned between the back face (55) and the at

least one interface region (IRl, IR2), and the respective elongate damage regions (57)

extend from back face damages (56) in the back face (55) through the at least one tensile



i

stress layer (TSL) or the at least one compression stress layer (CSL1, CSL2) and across the

at least one interface region (IRl, IR2) into the respective neighboring layer.

13. The layered material (3 1) of any one of claims 10 to 12, wherein the

layered material (31) comprises a center tensile stress layer (TSL) or a center compression

stress layer that is centered between a pair of interface regions (IRl, IR2), and the elongate

damage regions (57) extend at least through 30 % or at least through 50 % or at least

through 70 % or at least through 90 % of the center tensile stress layer (TSL) or center

compression stress layer; and/or

wherein the respective elongate damage regions (57) extend at least through

50 % or at least through 70 % or at least through 90 % of a thickness (DS) of the material.

14. The layered material (31) of any one of claims 10 to 13, wherein

neighboring elongate damage regions (57) extend essentially in parallel with respect to

each other and/or are displaced with respect to each other by a distance (dx) of at least 2

µιη or at least 3 µιη or at least 4 µιη and/or are displaced with respect to each other by a

distance (dx) of at least 80 % or at least 100 % of a beam waist at full width half maximum

of a core (21) of a pulsed Bessel-like laser beam as present within the single laser pulse

damage region.

15. The layered material of any one of claims 10 to 14, wherein the

layered material is a three-layered material comprising a center tensile stress layer (TSL)

or a center compression stress layer between a pair of respective compression stress layers

(CSL1, CSL2) or tensile stress layers, and the respective damage regions (57) extend at

least through 30 % or at least through 50 % or at least through 70 % or at least through 90

% of the center tensile stress layer (TSL) or of the center compression stress layer.

16. A layered material part (67, 69) comprising:



a front face (33, 43, 53, 73) and a back face (35, 45, 55, 75) opposite to each

other;

at least one tensile stress layer (TSL);

at least one compression stress layer (CSL1, CSL2);

at least one interface region (IRl, IR2) between the at least one tensile stress

layer (TSL) and the at least one compression stress layer (CSL1, CSL2); and

at least one cut face connecting the front face (33, 43, 53, 73) and the back

face (35, 45, 55, 75), wherein the cut face includes surface structures induced by laser

interaction that extend across the at least one interface region (IRl, IR2).

17. The layered material part (67, 69) of claim 16, wherein the surface

structures extend essentially in parallel with respect to each other and/or are displaced with

respect to each other by a distance (dx) of at least 2 µιη, at least 3 µιη, or at least 4 µιη

and/or wherein the surface structures include linear concave structures such as partial open

pipes and/or linear convex structures such as half cylinders and/or wherein different types

of structures are present at different sections of the cut face and/or where the different

sections essentially extend in one plane having a surface roughness in the range below 30

µιη, for example, below 1 µιη such as about 0.5 µιη .

18. The layered material part (67, 69) of claim 16 or 17, wherein the

surface structures extend along at least one of the at least one tensile stress layer (TSL) and

at least partly along at least one of the at least one compression stress layer (CSL1, CSL2)

or vice versa, and/or

wherein the at least one tensile stress layer or the at least one compression

stress layer (CSL1, CSL2) is positioned between the front face (33) and the at least one

interface region (IRl, IR2), and the surface structures extend from the front face (33) along

the at least one tensile stress layer or the at least one compression stress layer (CSL1,

CSL2) and across the at least one interface (IRl, IR2) into the respective neighboring

layer; and/or



wherein the at least one tensile stress layer or the at least one compression

stress layer (CSL1, CSL2) is positioned between the back face (35) and the at least one

interface region (IRl, IR2), and the surface structures extend from the back face (35) along

the at least one tensile stress layer or the at least one compression stress layer (CSL1,

CSL2) and across the at least one interface region (IRl, IR2) into the respective

neighboring layer.

19. The layered material part (67, 69) of any one claims 16 to 18, wherein

the layered material part (67, 69) comprises a center tensile stress layer (TSL) or a center

compression stress layer that is centered between a pair of interface regions (IRl, IR2), and

the surface structures extend at least along 30 % or at least along 50 % or at least along 70

% or at least along 90 % of the center tensile stress layer (TSL) or of the center

compression stress layer; and/or

wherein the surface structures extend at least along 50 % or at least along 70

% or at least along 90 % of a thickness (DS) of the layered material part (67, 69).

20. The layered material part (67, 69) of any one of claims 16 to 19,

wherein the layered material part (67, 69) is a three-layered material comprising a center

tensile stress layer (TSL) or a center compression stress layer between a pair of respective

compression stress layers (CSL1, CSL2) or tensile stress layers, and the surface structures

extend at least along 30 % or at least along 50 % or at least along 70 % or at least along 90

% of the center tensile stress layer (TSL) or compression stress layer.

2 1. A laser processing system (1) for pre-cutting a layered material (31)

with a laser beam (14), wherein the layered material (31) comprises at least one tensile

stress layer (TSL), at least one compression stress layer (CSL1, CS12), and at least one

interface region (IRl, IR2) between the at least one tensile stress layer (TSL) and the at

least one compression stress layer (CSL1, CSL2) and the layered material (31) is



transparent to allow propagation of the laser beam (14) through the layered material (31),

the laser processing system (1) comprising:

a laser light source (5) for providing the laser beam (14);

an optical system (7) for guiding the laser beam (14) from the laser light

source (5) to the layered material (31);

a translation mechanism (9) for positioning the layered material (31) with

respect to the laser beam (14);

a control unit configured to set an optical beam path (8) and a laser

characteristic of the laser beam (14) such that an interaction of the laser beam (14) with the

layered material (31) generates an elongate damage region in the layered material (31) and,

for each of a series of pre-cut positions (XN-I , N, XN+ I) of the layered material (31), and

further configured to position the layered material (31) and the laser beam (14) with

respect to each other and to irradiate the laser beam (14) such that the respective elongate

damage region (57) extends across the at least one interface region (IRl, IR2), thereby pre-

cutting the layered material (31).

22. The laser processing system (1) of claim 21, wherein the laser light

source (5) is configured to provide a pulsed Gaussian laser beam and the optical system (7)

is configured to form a Bessel-like beam such that laser pulses irradiated towards a front

face (33) of the layered material (31) are characterized by a conical half-angle, a pulse

duration, a beam apodization function, and a pulse energy and/or the control unit is further

configured to vary at least one of the conical half-angle, the pulse duration, and the pulse

energy and/or to set at least one of the conical half-angle, the pulse duration, and the pulse

energy such that a single laser pulse creates an elongate damage region (57) over at least

one of the at least one tensile stress layer (TSL) and at least one of the at least one

compression stress layer (CSL1, CSL2).

23. The laser processing system (1) of claim 2 1 or 22, wherein the optical

system (7) is configured to define a fluence profile (17) of the peak fluence of the laser



beam (14) to have a maximum before, at, or after a surface of the layered material (31) or

within the layered material (31), and/or

the translation mechanism (9) is configured to relatively displace the

layered material (31) and the laser beam (14) with respect to each other between successive

laser pulses along a cutting path (35), in particular to follow a geometrical shape of the

layered material (31).

24. The laser system of any one of claims 1 to 23, wherein the control

unit is further configured to control a pulse repetition rate of the laser light source (5)

and/or a translation speed of the translation mechanism (9) such that neighboring elongate

damage regions (57) are spatially separated with respect to each other by a distance (dx) of

at least 2 µιη or at least 3 µιη or at least 4 µιη and/or a distance (dx) of at least 80 % or at

least 100 % of a beam waist at full width half maximum of a core (21) of a pulsed Bessel-

like laser beam as present within the single laser pulse damage region (57).

25. A method for laser pre-cutting a material (3, 31) with a pulsed

Bessel-like laser beam (14) , the material (3, 31) being essentially transparent with respect

to single photon absorption of the pulsed Bessel-like laser beam when propagating through

the material (3, 31), the method comprising:

setting an optical beam path (8) and a laser characteristic of the pulsed

Bessel-like laser beam (14) such that an interaction of a single laser pulse with the material

(3, 31) generates an elongate single laser pulse damage region (57) in the material (3, 31)

that extends at least through 50 % or at least through 70 % or at least through 90 % of a

thickness of the material (3, 31); and

pre-cutting the material (3, 31) by scanning the pulsed Bessel-like laser

beam along the material (3, 31) such that single laser pulse damage regions of successive

laser pulses following immediately one another are displaced with respect to each other.



26. The method of any one of claims 1 to 9, and 25, wherein the scanning

is performed in a single pass scan such that a single laser pulse damage region originating

from a selected laser pulse has only a single directly neighboring single laser pulse damage

region that originates from a single laser pulses irradiated in time immediately before the

selected laser pulse and one directly neighboring single laser pulse damage region that

originates from a single laser pulses irradiated in time immediately after the selected laser

pulse.

27. The method of any one of claims 1 to 9, 25, and 26, wherein the

scanning is performed such that, during the single pass scanning, the pulsed Bessel laser

beam does not return to an earlier irradiated position such that a single laser pulse damage

region (57) originating from a selected laser pulse has only a single directly neighboring

single laser pulse damage region that originates from a single laser pulses irradiated in time

immediately before the selected laser pulse and one directly neighboring single laser pulse

damage region that originates from a single laser pulses irradiated in time immediately

after the selected laser pulse.

28. The method of any one of claims 1 to 9, and 25 to 27, wherein the

material (3, 31) has a plate-like shape and the scanning is performed in direction of the

extension of the plate such that neighboring elongate single laser pulse damage regions are

displaced with respect to each other by a minimum distance of at least 80 % or at least

100 % of a beam waist at full width half maximum of a core (21) of the pulsed Bessel-like

laser beam (14) present within the single laser pulse damage region (57), for example, at

least 2 µιη or at least 3 µιη or at least 4 µιη and/or such that the displacement (dx) of

neighboring elongate single laser pulse damage regions (57) is selected such that a first

single laser pulse damage region of a first pulse essentially does not affect the propagation

of a second pulse generating a second single laser pulse damage region next to the first

single laser pulse damage region.



29. The method of any one of claims 1 to 9, and 25 to 28, further

comprising positioning a focus of the pulsed Bessel-like laser beam within and/or next to a

front face (43) or back face (45) of the material (3, 31).

30. The method of any one of claims 1 to 9, and 25 to 29, wherein the

optical beam path (8) and the laser characteristic of the pulsed Bessel-like laser beam (14)

are set such that the elongate single laser pulse damage region (57) comprises a damage

area (54, 56) within a front face (53) and/or a back face (56) of the material (3, 31).

31. The method of any one of claims 1 to 9, and 25 to 30, further

comprising setting parameters of the optical beam path (8) selected from the group of

parameters comprising a conical half-angle (Θ) of the Bessel-like beam (14) and a beam

apodization function of the Bessel-like beam, wherein, for example, the conical half-angle

(Θ) of the Bessel-like beam is settable in the range from 7° to 11°, for example set to 9°,

and/or the beam apodization function is settable via the real apodization FWHM diameter

Dapod measured at the entrance of the axicon lens (15) in dependence of the conical half-

angle Θ, the length of the single laser pulse damage region L, the demagnification 1/M of

the optical system (7) without the axicon lens (15), wherein M is larger 1, the refractive

index n of the material, and a selectable parameter k, with 0.5 < k < 2, according to the

equation: Dapod = k*2*L/n*tg(9) *M.

32. The method of any one of claims 1 to 9, and 25 to 31, further

comprising setting parameters of the laser characteristic of the pulsed Bessel-like laser

beam (14) selected from the group of parameters comprising a pulse duration (τ), a pulse

energy (E) wherein, for example, the pulse duration (τ) of a single pulse is settable in the

sub-nanosecond range, for example, in the range from 100 ps to 100 fs or from 50 ps to

250 fs or from 15 ps to 10 ps, and the pulse energy is settable in the range from, for

example, 1 µ to 40 µ per 100 µιη thickness, for example, 2 µ to 20 µ /per 100 µιη

thickness such as 5 µ per 100 µιη thickness.



33. The method of any one of claims 1 to 9, and 25 to 32, wherein the

optical beam path (8) and the laser characteristic are selected such that a multi-photon

process in the regime of optical breakdown photoionization is the underlying process of the

single laser pulse damage, thereby defining a damage threshold for parameters of the

optical beam path (8) and the laser characteristic of the Bessel-like laser beam (14), and/or

wherein the pulse duration (τ) is selected such that the multi-photon process is

accompanied by an electron avalanche photoionization.

34. The method of any one of claims 25 to 33, wherein the material (3,

31) comprises at least two stress layers (CSLl, CLS2, TSL), and the optical beam path (8)

and the laser characteristic of the pulsed Bessel-like laser beam (14) are set such that the

elongate single laser pulse damage regions (57) extend over at least one stress layer (CSLl,

CLS2, TSL) and/or at least one interface region (IR1, IR2) between two stress layers

(CSL1, CLS2, TSL).

35. The method of any one of claims 1 to 9, and 25 to 34, further

comprising:

receiving information on a thickness (DS) of the material (3, 31);

determining a minimum length of the elongate single laser pulse damage

region (57) that is required for breaking the material (3, 31) with a preset break quality;

for the pre-cutting, determining a pulse energy (E) above a minimum laser

pulse energy corresponding to the minimum length; and performing at least one of the

following selections:

for the minimum laser pulse energy and a set conical half-angle, selecting a

pulse duration above a threshold laser pulse duration for single laser pulse damage and/or

selecting a beam diameter of the pulsed Bessel laser beam before a final focusing lens,

and/or,



for at least the minimum laser pulse energy and a set pulse duration,

selecting a conical half-angle above a threshold conical half-angle, and/or

selecting the laser pulse energy, the conical half-angle, and/or the pulse

duration,

such that the single laser pulse damage regions (57) extend at least over the

minimum length and/or such that a peak fluence of the pulsed Bessel-like laser beam (14)

stays above a threshold for optical break down at least for the determined minimum length.

36. The method of any one of claims 1 to 9, and 25 to 35, wherein a

Bessel-like beam with a conical half-angle (Θ) in the range from 7° to 11°, for example set

to 9°, is applied with a pulse duration in the range between 1 ps and 100 ps in single pass

application of a series of laser pulses to respective pre-cut positions (XN-I , N, XN+I) .

37. A method for separating a material part (67, 69) from a material (3,

3 1), the material (3, 3 1) being essentially transparent with respect to single photon

absorption of a pulsed Bessel-like laser beam (14) when propagating through the material

(3, 3 1), the method comprising:

pre-cutting the material (3, 3 1) according to the method of any one of

claims 1 to 7, and 25 to 36, thereby forming, along a cutting path (25), elongate single laser

pulse damage regions (57) at a series of pre-cut positions (XN-I , XN, XN+I) ; and

applying a separating force (66) onto the material (3, 3 1) that acts across the

series of pre-cut positions (XN-I , XN, XN+ I) , thereby cleaving the material (3, 3 1) along the

series of pre-cut positions (XN-I , XN, XN+I).

38. The method of claim 37, wherein the single laser pulse damage

regions (57) comprise damage areas (54, 56) only in a front face (53) or a back face (55)

of the material (3, 3 1), and the separation force (66) is applied such that the face (53, 55)

having the damage areas (54, 56) therein is separated at first.



39. A material (3, 31) for being separated into at least two material parts

(67, 69), the material comprising:

a front face (33, 43, 53, 73) and a back face (35, 45, 55, 75) opposite to each

other; and

single laser pulse damage regions (57) formed in the material (3, 31),

extending at least through 50 % or at least through 70 % or at least through 90 % of a

thickness (DS) of the material (3, 31), and spatially separated by a distance (dx) of at least

2 µιη or at least 3 µιη or at least 4 µιη along a separation line (25).

40. A material part (67, 69) comprising:

a front face (33, 43, 53, 73) and a back face (35, 45, 55, 75) opposite to each

other; and

at least one cut face connecting the front face (33, 43, 53, 73) and the back

face (35, 45, 55, 75), wherein the cut face includes surface structures induced by laser

interaction extending across at least 50 % or at least 70 % or at least 90 % of a thickness

(DS) of the material part (67, 69) and the surface structures are spatially separated with

respect to each other by a distance (dx) of at least 2 µιη or at least 3 µιη or at least 4 µιη.

4 1. A laser processing system (1) for pre-cutting a material (3, 31) with a

pulsed Bessel-like laser beam (14), wherein the material (3, 31) is essentially transparent

with respect to single photon absorption of the pulsed Bessel-like laser beam (14) when

propagating through the material (3, 31), the laser processing system (1) comprising:

a laser light source (5) for providing a pulsed laser beam;

an optical system (7) for guiding the pulsed laser beam from the laser light

source (5) to the material (3, 31) and transforming the pulsed laser beam into a pulsed

Bessel-like laser beam (14);

a translation mechanism (9) for positioning the material (3, 31) with respect

to the pulsed Bessel-like laser beam;



a control unit configured to set an optical beam path (8) and a laser

characteristic of the pulsed Bessel-like laser beam (14) such that an interaction of a single

laser pulse of the pulsed Bessel-like laser beam (14) with the material (3, 31) generates an

elongate single pulse damage region (57) in the material (3, 31) that extends at least

through 50 % or at least through 70 % or at least through 90 % of a thickness (DS) of the

material (3, 31) and, for each of a series of pre-cut positions (XN-I , N, XN+I) of the

material (3, 31), to position the material (3, 31) and the pulsed Bessel-like laser beam (14)

with respect to each other and to irradiate the pulsed Bessel-like laser beam (14) such that

single laser pulse damage regions (57) of successive laser pulses are displaced with respect

to each other, thereby pre-cutting the material (3, 31).

42. The laser processing system (1) of claim 41, wherein the laser light

source (5) is configured to provide a pulsed laser beam and the optical system (7) is

configured to form a Bessel-like laser beam such that laser pulses irradiated onto a front

face (33) of the material (3, 31) are characterized at a front face of the material by a conical

half-angle (Θ), a pulse duration (τ), and a pulse energy (E).

43. The laser processing system (1) of claim 4 1 or 42, further configured

to vary at least one of the half-cone opening angle (Θ), the pulse duration (τ), and the pulse

energy (E).

44. The laser processing system (1) of any one of claims 4 1 to 43,

wherein the optical system (7) is configured to define a focusing position of the pulsed

Bessel-like laser beam (14) before, at, or after a face (33, 35) of the material (3, 31) or

within the material (3, 31) and/or

the translation mechanism (9) is configured to displace the material (3, 31)

with respect to the focusing position between successive laser pulses.
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