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olution of cracks in moving
sapphire initiated by bursts of picosecond laser
pulses for ultrafast wafer dicing

Mindaugas Gedvilas * and Gediminas Račiukaitis

Spatial zigzag evolution of cracks in moving sapphire wafer was observed after irradiation with sequences of

picosecond laser pulses (bursts). The Gaussian beam was tightly focused inside the sapphire. The spatial

position of laser initiated cracks moved in vertical and horizontal directions when a wafer was translated

at a controllable speed perpendicular to the beam propagation direction. The cracking plane consisting

of the periodically repeating inclined modifications and cracks was observed. The period of

modifications and the inclination angle had a linear dependence on the wafer translation speed. The

model of spatial zigzag crack evolution was created and the physical origin of modification growth at

a measured speed of 1.3 � 0.1 m s�1 is discussed. The zigzag cracking was applied for ultrafast stealth

dicing and cleavage of the sapphire: dicing speed 300 mm s�1, wafer thickness 430 mm, laser power

5.5 W, repetition rate 100 kHz, sub-pulse duration 9 ps, the temporal distance between sub-pulses in

burst 26.7 ns, and the number of sub-pulses 13.
1. Introduction

Single crystal sapphire (a-Al2O3) has superb chemical, physical,
thermal, and optical properties, which make it an excellent
choice for use in an extensive variety of utilizations.1–5 That
includes usage of sapphire as a substrate for GaN-based light-
emitting diodes;6 a platform for GaAs based microwave
photonics;7 a scratch-resistant display for luxury mobile
phones; as durable covers for camera lens protection and high-
strength optical components and windows for applications in
extreme temperatures and pressures etc. However, sapphire is
hard to machine chemically or mechanically due to its chemical
inactivity8 and high hardness.9 Many of the potential applica-
tions of sapphire are limited due to the cost of its processing,
and it is used only in highly-priced devices. Laser ablation has
been known as a promising cutting method of sapphire and
other transparent materials.10–19 However, the wafer is contam-
inated by ablation debris aer laser cutting. Stealth dicing of
transparent materials is a valuable method.20–23 It allows
keeping both bottom and top surfaces clean because the laser
modication plane is generated inside the volume of the wafer.
This method is known for its zero-width cut which helps to save
the expensive material. However, several passes of laser beam
translation at different depths are oen needed to break rather
thick wafers.24–27 That limits the total speed of the stealth dicing
for thick material. Another promising technique is lament-
based machining, which offers the self-reconstruction of focal
y, Savanoriu Ave. 231, LT-02300 Vilnius,
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spot over long distances.28,29 However, the breakage of a single
lament to multilament is observed when large energy inputs
to the material are used.30 That limits the repeatable damage
and controllable crack plane formation in the processed
substrate using high power lasers. Transparent material cutting
using non-diverging Bessel beams can dice rather thickmaterial
by single path.31 The central peak of the Bessel beam induces
high aspect ratio internal modications inside the volume of
the wafer.32 However, the center of the Bessel beam carries only
a small fraction of the laser pulse energy, depending on the
quality of the beam.33 The energy of the central peak of the
beam is equal to the energy of each ring. For the quasi-Bessel-
beam or Bessel-like-beam with a large number of rings (10–
100), the peak laser intensity is reduced by this factor if
compared to the Gaussian beam of the same spot size. The
nonlinear absorption in the highly transparent materials like
sapphire requires high peak pulse intensities on the scale of
sub-PW cm�2.19 Therefore, it is difficult to achieve nonlinear
absorption using the Bessel beam, a large amount of energy is
carried in the rings, especially for a nanosecond and picosecond
lasers. Moreover, the rest of the laser energy lying in the Bessel
rings cannot induce modications because of the low intensity
and is wasted, making the whole process extremely inefficient.
Thus, only Bessel beams with femtosecond pulse duration can
easily induce modications in sapphire.34–39 To our knowledge,
there is no scientic work in the literature reporting Bessel
beam with picosecond pulse duration capable to induce volume
modications in the bulk of sapphire. Stealth dicing of sapphire
has been investigated for a variety of different pulse durations
of femtoseconds,40 picoseconds,24,27 and nanoseconds.41
RSC Adv., 2020, 10, 33213–33220 | 33213
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Fig. 1 (a) Experimental setup for initiation of modifications (cracks) in
moving sapphire wafer by using bursts of laser pulses. (b) Burst energy
versus burst length at 100 kHz inter-burst repetition rate. (c) Schematic
representation of temporal intensity profile of the laser burst mode
irradiation at a burst length of 5. (d) Oscilloscope traces of picosecond
laser pulse bursts at different numbers of sub-pulses in bursts ranging
from 1 to 7.
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However, there is no scientic work found in the literature for
the stealth dicing of sapphire by using bursts of laser pulses.
Lasers, generating bursts of light pulses with temporal separa-
tion in tens of nanoseconds have been recently developed,42,43

and they possess interesting features when applied in material
processing.44–51 Picosecond burst laser irradiation interaction
with the volume of sapphire has not been previously
investigated.

In this work, the spatial zigzag evolution of internal volume
modications and cracks initiated by using a burst of pico-
second laser pulses in moving sapphire wafer was investigated.
The modications spatially evolved in vertical and horizontal
directions during burst laser irradiation. The inclined modi-
cations which repeated periodically were observed when the
bursts of picosecond pulses were applied to the bulk of the
sapphire wafer which was translated at a controllable speed.
The inclination angle and the modication period linearly
depended on the translation speed. A model of inclined peri-
odical modication was created in order to explain the experi-
mental results. The speed of modication growth was evaluated
from experimental data t by the model equation. The physical
mechanism of modications growth and its relation to thermal
propagation speed was discussed. The inclined periodical
cracks formed the cracking plane along the translation direc-
tion, and the sapphire wafer was cleaved by applying an external
moment of force. The general message of the research pre-
sented in this paper is to show a new effect of spatial variation of
zigzag modication induced by picosecond laser bursts. The
secondary message of the paper is to show the direct techno-
logical application of the new effect for ultrafast dicing and
cleaving of sapphire wafers.

2. Methods
2.1. Experimental setup

The industrial-grade diode-pumped solid-state laser (Atlantic 6,
Ekspla) with the sub-pulse durations of sp ¼ 9 ps emitting at the
wavelength of l ¼ 1064 nm was used in the experiments. The
laser provided bursts of light pulses with the burst energy up to
61 mJ at the inter-burst repetition rate of frep ¼ 100 kHz with the
average laser power up to 6.1 W. The laser beam had transverse
Gaussian intensity distribution with the quality factor of M2 ¼
1.06. The laser irradiation source working in burst mode red
sequences of picosecond laser pulses (bursts) with a control-
lable number of sub-pulses ranging from 1 to 25. The laser had
ber oscillator with the xed-length which generated pulses at
invariable intra-burst repetition rate 37.45 MHz. Therefore,
laser burst had an unchangeable temporal separation between
the sub-pulses in bursts of Ds ¼ 26.7 ns (intra-burst delay). The
principal scheme of the experimental setup for the volume
modications and dicing of sapphire by using bursts of pico-
second laser pulses is presented in Fig. 1(a).

The laser power was controlled by using an external attenu-
ator which consisted of a polarizing beam splitter cube, half-
wave phase plate. The beam trap was installed for safety
reasons in order to collect the unwanted laser irradiation
passing through polarizing beam splitter cube. The beam
33214 | RSC Adv., 2020, 10, 33213–33220
diameter was enhanced by using a beam expander with the
magnication factor of 4, composed of concave and convex
lenses with focal lengths of�25mm and +100mm, respectively.
The expander was also used for the collimation of the beam.
The Gaussian laser beam was directed to the sapphire wafer by
using a high reective mirror and focused inside the volume of
the sapphire by using the aspheric objective lens (C240TME-
1064, Thorlabs) with the numerical aperture (NA) of 0.50 and
focal length of F ¼ 8.0 mm. The diameter of the collimated
beam of D ¼ 5.7 mm on the entrance of focusing objective lens
was measured by the knife-edge technique.52,53 The laser
transverse spot size of the focused beam inside the volume of
sapphire was evaluated by using classical equation w0 ¼
(2M2lF)/(pD). The spot size radius of the Gaussian beam was of
w0 ¼ 1.0 mm and the Rayleigh length of zR z 3.0 mm. The
sapphire was translated with the direction of speed perpen-
dicular to the beam propagation axis. The linear stages
(ALS10020, Aerotech) equipped with soware-based machine
controllers (A3200, Aerotech) were used for vertical movement
of the sample with a speed up to 800 mm s�1. Translation of the
wafer at a controllable speed provided the adjustable distance
between the transverse beams spots focused inside the volume
of sapphire. The motion of the sample was programmed by G-
code. The three-dimensional Cartesian coordinate system x, y,
z denoted by red, green, blue dotted arrows, respectively, and
center point o, given Fig. 1(a), was used to describe the orien-
tation of the sample: beam propagation direction parallel to oz
axis, wafer translation direction parallel to ox axis, cracking
plane xoz, the top surface of sapphire wafer xoy plane. The same
coordinate system was used in all images of the paper. The laser
source was capable of generating sequences of laser pulses from
1 to 25 sub-pulses in a burst. The laser power meter (Nova II,
Ophir) with sensor (30A-BB-18, Ophir) was employed tomeasure
the irradiation power. The energy of burst was calculated by
This journal is © The Royal Society of Chemistry 2020
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dividingmeasured laser power by the inter-burst repetition rate.
The burst energy dependence on the number of the sub-pulses
in the bursts at 100 kHz repetition rate is given in Fig. 1(b). The
burst energy increased with an increasing number of sub-pulses
in the burst. The maximal burst energy was always used for the
initiation of modication (cracking) in sapphire. The aim of the
research was to utilize all available power of laser irradiation
source and reach maximum dicing speed. Schematic illustra-
tion of the laser burst mode irradiation in intensity versus time
representation and the denitions of terms that characterize
the burst mode in laser micromachining is given Fig. 1(c). Each
of the vertical violet lines represents one sub-pulse in the burst.
Tree bursts separated by inter-burst distance 1/frep ¼ 10 ms are
shown. Each of the burst consists of 5 sub-pulses, separated by
the intra-burst delay Ds ¼ 26.7 ns. The digital oscilloscope
(TDS2012, Tektronix) and photo-detector (PDA30G, Thorlabs)
was used to record traces of the bursts of the picosecond laser at
various numbers of sub-pulses in the bursts ranging from 1 to 7
depicted in Fig. 1(d). The measured temporal distance between
the sub-pulses of 26.7 ns was the same as declared by the laser
manufacturer. The next sub-pulse in the burst was always
smaller in its intensity than the previous one. Therefore, the
sub-pulse intensity in the sequence of the burst gradually
decreased.

Synthetic single crystal sapphire (a-Al2O3) wafers with
a thickness of 430 mm, a diameter of 50.8 mm, double-sided
polished, top surface roughness Ra # 0.3 nm, and bottom
surface roughness Ra # 0.5 nm were used in the experiments.
Crystallographic orientation notches: off-cut 0.30 deg to M-
plane, orientation C-plane (0001), and primary at orientation
A-plane.
Fig. 2 (a) Transverse xoy plane optical microscope images of modi-
fications and cracks induced by a single laser burst inside the volume of
sapphire. The numbers under each picture indicate the length of the
burst (the number of sub-pulses in a burst). The numbers above each
crack indicate the burst energy, average peak pulse intensity in sub-
pulse, and total burst fluence. The scale bar on the left image is the
same for all pictures. (b) Transverse crack length (xoy plane) versus
a number of sub-pulses in a burst. (c) Longitudinal modification height
(xoz plane) versus a number of sub-pulses in a burst. Top scales
indicate average peak pulse intensity in sub-pulse (red) and total burst
fluence (blue) in (b) and (c).
2.2. Transverse and longitudinal modication
characterization

The optical microscopy was employed for the characterization
of transverse and longitudinal laser-induced modication
(cracks) inside the volume of sapphire. Diameters and depths of
modications created by the single pulse and burst regimes in
sapphire for determination of transverse crack length and
longitudinal modication height have been performed by an
optical microscope (Eclipse LV100, Nikon) equipped with high-
denition 5-megapixel charge-coupled device camera (DS-Fi1,
Nikon) having a resolution of 2560 � 1920 pixels. The digital
camera was controlled by a controller (Digital Sight DS-U2,
Nikon) and image processing soware (NIS-Elements D,
Nikon). The objective (LU Plan Fluor 20�, Nikon) with a NA ¼
0.5 and a magnication factor of 20� was used in the bright
eld. The specimen was illuminated by a halogen lamp (LV-
HL50PC, Nikon). The open-source free soware Gwyddion was
used for image analysis and evaluation of the average length of
a transverse crack in xoy plane.

The longitudinal modication height in xoz plane has been
experimentally measured by the ne-focus knob method.54 The
technique relies on the measurement of the top and bottom
positions of the laser initiated modication (crack), using the
micrometer markings on the ne-focus knob of the optical
This journal is © The Royal Society of Chemistry 2020
microscope. Our microscope was equipped with xyz stage (LV-
S64, Nikon) and a 100� objective (LU Plan Fluor 100�, Nikon)
with NA ¼ 0.9 and 0.2 mm depth of eld. The accuracy of
longitudinal measurements of the ne-focus knob was 1 mm
which was ve times larger than the depth of eld. Therefore,
measurement limitations of modication heights in sapphire
were determined by the accuracy of the ne-focus knob. The
standard deviation of 10 longitudinal and transverse modi-
cations (cracks) initiated by the same processing parameters
was recorded as a measurement error.

3. Results and discussion
3.1. Volume modication by a single burst

The laser beam was focused inside the bulk of sapphire, and
single bursts (one sequence of picosecond sub-pulses) were
used to induce intra-volumemodications (cracks) in stationary
(non-moving) sapphire with control of the number of sub-
pulses in a burst from 1 to 25. The optical microscope images
of the cracks (transverse xoy plane) induced by single bursts at
the various burst lengths are shown in Fig. 2(a).

The single bursts induced modications starting from 1 sub-
pulse and ending with 13 sub-pulses in the bursts. By using
bursts with lengths from 14 to 25 the modication we not
observed. The total burst uence was evaluated by expression
Fburst ¼ 2Eburst/(pw0

2), where is the Eburst energy, w0 ¼ 1.0 mm
Gaussian beam radius at 1/e2 level. The average peak pulse
intensity was evaluated by equation Ipulse ¼ Fburst/(Nsp), where N
the number of sub-pulses in a burst, sp ¼ 9 ps is the sub-pulse
duration. For single pulse (N ¼ 1) irradiation peak pulse
RSC Adv., 2020, 10, 33213–33220 | 33215
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intensity was of Ipulse ¼ 0.21 PW cm�2 which is in good agree-
ment with literature value of sapphire amorphization threshold
of 0.25 � 0.04 PW cm�2 measured for laser with a pulse dura-
tion of 7 ps.19 The laser-inducedmodication of sapphire can be
classied as nondestructive reversible phase transitions like
photorefractive effect, color-centers, photo-darkening, re-
solidication, defects produced at the intensity below the
damage threshold and irreversible structural changes as void
formations and cracks produced at a high intensity above the
optical breakdown threshold.55 In our case, spot-like irreversible
modications were induced by the center of the Gaussian beam
surrounded by random star-like cracks. The transverse cracks
size was plotted as a function of the burst length Fig. 2(b). The
crack length increased linearly with the increasing number of
sub-pulses in the burst from 1 to �4. The size of the crack was
constant for the length of the burst from �4 to �10. The crack
length decreased to zero with the increasing number of sub-
pulses from �10 to 14. The optimal burst length for the
largest transverse crack size was found to be around 4–10 sub-
pulses. The crack length depends on both total burst uence
and peak pulse intensity. For the low burst lengths (1–4) it
increases as energy dose increases, for the large burst lengths
(10–14) it decreases as peak pulse intensity decreases. The
vertical modication height versus the burst length is given in
Fig. 2(c). Longitudinal crack height (xoz plane) decreased line-
arly with increasing the number of sub-pulses in the burst. The
modication height is proportional to the peak pulse intensity
and it increases with it. The largest modication height of�160
mm was achieved with a single sub-pulse in the burst.
Fig. 3 (a) Optical microscope images of a transverse plane of the laser
diced and cleaved sapphire by using bursts of picosecond laser pulses.
The numbers on the right bottom of each picture indicate the scribing
speed ranging from 25 mm s�1 (top) to 300 mm s�1 (bottom). The
numbers in the middle of each picture indicate the inclination angle of
the modifications. Common processing parameters: laser power
5.5 W; inter-burst repetition rate 100 kHz; burst energy 55 mJ; burst
length 13; sapphire wafer thickness 430 mm. The scale bar on the top
image is the same for all pictures. (b) The inclination angle of the
modification dependence on the translation speed of the sapphire
wafer. (c) The modification period dependence on the translation
speed of the sapphire wafer. Solid dots represent experimental data
points; solid lines are linear fits of the experimental data in (b) and (c).
3.2. Stealth dicing of sapphire by using bursts

The stealth dicing of the sapphire wafer by using bursts of laser
pulses was performed. The laser beam was focused inside the
volume of the sapphire wafer. The focal position of the beam
was close to the bottom surface of the wafer and was not
changed. The sample was translated at controllable speeds
ranging from 25 mm s�1 to 800 mm s�1 with respect to the
focused beam. The direction of the speed was perpendicular to
the beam propagation direction. The internal laser modica-
tions and cracks formed a cracking plane in the sapphire wafer.
The digital force gauge (FMI-S30A5, Alluris) was used to
measure torques required to separate the laser scribed sapphire
wafers. The external moment of force <10 mN m was applied
and the wafers were broken along the cracking plane. The
selection of an optimal number of sub-pulses in the burst for
maximum dicing speed and easiest cleavage of the wafer was
performed experimentally. The series of experiments were
realized having all possible a burst lengths (1–25, step 1) and
sapphire moving speeds (25mm s�1–800mm s�1). However, the
maximum dicing speed of 300 mm s�1 with repeatable cleavage
of sapphire was recorded only using burst length of 13. More-
over, wafers were easily separated with all tested speeds from
25 mm s�1 to 300 mm s�1 using momentum up to 10 mN m at
13 sub-pulses in the bursts. By using other burst lengths,
repeatable cleavage of sapphire was observed only at random
dicing speeds always smaller than 0.3 m s�1. Any other burst
33216 | RSC Adv., 2020, 10, 33213–33220
length (except 13) resulted in smaller dicing speeds. Therefore,
a length of 13 sub-pulses in the burst was chosen for further
characterization and imaging of broken sapphire samples. The
optical microscope images of the transverse planes of the
sapphire wafers aer laser dicing at various translation speeds
at a burst length of 13 are given in Fig. 3(a).

The periodic array of inclined modications was observed
for all given translation speeds of the sapphire wafer up to
300 mm s�1. The laser-induced modications started near the
bottom of the sapphire. They grew up until reaching the upper
plane of the wafer. Then modication stopped forming because
the laser beam was defocused near the top surface. The modi-
cation was inclined with respect to the beam propagation
direction due to sample translation. Dependence of the incli-
nation angle of the modication on the translation speed is
given in Fig. 3(b). The inclination angle grows linearly with the
increase in the translation speed of the sapphire wafer. Aer
reaching the top part of the wafer and stopping, the process
repeated from the beginning, and sapphire was damaged near
the bottom plane of the wafer again. Therefore, the modica-
tions were periodical or quasi-periodical. The average period of
the cracks versus the translation speed is given in Fig. 3(c). The
crack period is linearly proportional to the translation speed of
the sapphire wafer. For sapphire wafer moving at 100 mm s�1

speed the period of inclined modications is 150 mm (see
Fig. 3(c)). Therefore the time required to form one single
inclined modication is 1.5 ms. Therefore, laser, ring at frep ¼
100 kHz inter-burst repetition rate (temporal distance between
This journal is © The Royal Society of Chemistry 2020
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laser bursts s¼ 10 ms), res 150 laser bursts during this interval.
Thus, one inclined modication is formed by 150 laser bursts
with a total number of 1950 sub-pulses for sapphire traveling at
100 mm s�1. The constant pulse number of z150 bursts per
one inclined modication is obtained for all the wafer trans-
lation speeds (25 mm s�1–300 mm s�1).

The dicing process using burst irradiation has the advantage
in comparison to regular pulsed irradiation. The inclined zigzag
modications are observed only with bursts, and not observed
by single laser pulses. The inclined modications are induced
in the majority of the area of the transverse cracking plane,
which makes easy separation of sapphire wafer possible. The
optimal wafer separation achieved in our work for a sapphire
with a thickness of 430 mm was 13 sub-pulses in the burst and
maximum dicing speed of 300 mm s�1. To our knowledge, we
have achieved world record laser dicing speed for 430 mm thick
sapphire. The literature review and comparison of laser dicing
speeds for sapphire is given in Table 1.

The maximum dicing speed of 300 mm s�1 for 430 mm thick
sapphire achieved in this research using burst mode irradiation
(9 ps, 5.5 W, 100 kHz) 2 times exceeded closest dicing speed of
150 mm s�1 achieved for the sapphire wafer with same thick-
ness using picosecond dual-wavelength double-pulse irradia-
tion (10 ps, 6.8 W, 100 kHz) patented59 and reported in our
previous work.27 The enhancement of dicing speed by the factor
of 2 using less powerful laser and the much simpler experi-
mental setup is a promising result for industrial stealth dicing
application by bust mode picosecond laser. Dicing speed ach-
ieved in our work was 6 times higher than the speed of 50 mm
s�1 recorded by sub-picosecond Bessel beam (0.9 ps, 7.0 W, 100
kHz).56,58 The improvement by the factor of 6 using less powerful
laser and ten times longer pulse duration is the perspective
achievement of stealth dicing technology. The developed
process of transparent wafer dicing by using laser bursts and
inclined modications was patented.60

The signicance of the spatial zigzag evolution of cracks is
important to the separation of the sapphire wafer, as the
inclined modications and cracks take place in the majority of
the cross-sectional area of the dicing plane. It has advantages
over the well-known dicing scenarios using diverging Gaussian
and non-diffracting Bessel beams. In the rst dicing scenario,
using a tightly focused Gaussian beam with its related limited
Rayleigh length the non-inclined modications with small
modication height are formed, thus, several passes through
thematerial are needed what limits the total dicing speed by the
Table 1 Comparison of laser dicing speeds of a sapphire wafer

Dicing speed Sapphire thickness Laser power Pulse duration
Re
ra

2.5 mm s�1 430 mm 1.2 W 0.9 ps 20
10 mm s�1 400 mm 8.0 W 180 ps 1 M
50 mm s�1 430 mm 7.0 W 0.9 ps 10
150 mm s�1 430 mm 6.8 W 10 ps 10
300 mm s�1 430 mm 5.5 W 9 ps 10

This journal is © The Royal Society of Chemistry 2020
same factor.27 In the second dicing scenario, using non-
diffracting Bessel beams, modications over the whole height
of the wafer are formed. However, by having a modication
made by a single pulse, taking place overall height of wafer, the
second modication feels previous modication and affects the
propagation of the Bessel beam from top to bottom of the wafer.
Therefore, the processing using the Bessel beams is not straight
forward, even knowing that these are known for its unique self-
reconstruction aer passing obstacles in their way. The smart
usage of elliptical Bessel beams and control of the crack prop-
agation direction is one possible way of efficient dicing of
transparent wafers.61,62

The crack's growth is an essential factor for stealth dicing
and separation of sapphire wafers. In our case, the central
modication part is surrounded by cracks, which partially
scatters the beam. The scattering occurs, especially with the
stationary sample and single burst irradiation (Fig. 2). However,
by moving sample at controllable speed, the new incoming
pulses escape cracks initiated by previous pulses and avoids
light scattering by interacting with the undamaged sapphire.
The crack formation and propagation direction depend on the
crystallographic orientation for sapphire.39 Thus, the scribing
direction should inuence the efficiency of cracking plane
formation. Nevertheless, we have tried our dicing technique
over different scribing directions and dicing worker for all
tested cases. The maximum crack length and its related total
dicing width were always less than 25 mm.

The results in our research were achieved only using the C-
plane sapphire. This type of wafer is the most used worldwide,
therefore it was chosen for our experiments. We have not tested
other types of sapphire (A-plane, M-plane, and R-plane). We
expect similar results for other types of sapphire wafers,
however, in order to conrm, additional experiments need to be
conducted.
3.3. Model of spatial zigzag modication evolution

The model of the spatial evolution of inclined modications in
moving sapphire initiated by bursts of picosecond laser pulses
is given in Fig. 4(a).

The side view of the sapphire cracking plane is shown in
Fig. 4(a). The rst burst of focused Gaussian laser beam initiates
the modication at the height of the focus position close to the
bottom of the sapphire wafer. The modication induced by the
rst laser burst is shown by a yellow dotted line with a circular
shape. The modication front grows at the thermal propagation
petition
te Irradiation type Beam type Reference

kHz Pulsed Bessel 56
Hz Pulsed Gaussian 57

0 kHz Pulsed Bessel 56 and 58
0 kHz Two-color double-pulse Gaussian Our previous work27

0 kHz Burst Gaussian This work
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Fig. 4 (a) The model of the spatial evolution of inclined cracking in
moving sapphire wafer initiated by the focused laser beam and burst
irradiation with an indicated sequence of physical processes causing
the modification growth at the inclination angle. (b) Geometrical
illustration of the periodical zigzag formation of modifications and
cracks in translated sapphire initiated by focused Gaussian beam and
picosecond laser bursts. (c) Illustration of inclination angle increase
with an increase of wafer translation speed. The vg is the modification
growth speed vector, vt is the horizontal sample translation speed
vector, 4 is the modification inclination angle in (a–c). The inclination
angle increases 41 > 42 > 43 with increasing translation speed vt1 > vt2 >
vt3 in (c).
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speed. The laser modied zone is of enhanced absorption
because of induced color centers in sapphire. The shied beam
of the second burst interacts with an enhanced absorption zone
and is absorbed even beam is de-focused at the higher part of
the sapphire wafer. The modication zone initiated by the
second burst also grows at thermal propagation speed. The
following shied defocused beam of the third burst interacts
with an enhanced absorptivity zone of the second burst. The
modication initiated by the third burst also grows at thermal
propagation speed. Therefore, it allows for the modication to
grow upwards in the constant inclined direction. However, in
reality, the modication pattern moves upwards in a curved line
with the inclination angle dependable on the vertical position
as experimentally observed in Fig. 3(a). The variation of incli-
nation angle along vertical position is related to the decrease of
laser uence of Gaussian beam with increasing distance from
focus since it was focused at the bottom of the sapphire wafer.
In order to have a simple geometrical illustration of the
proposed model, we have used the constant inclination angle.
The inclination angle 4 of modication in respect to the beam
propagation direction has geometrical relation to the sample
translation speed vector vt and modication growth speed
vector vg. The sapphire wafer translation speed in respect of
stationary focused Gaussian beam is given by a red arrow. The
modication growth speed is given by cyan arrow. The modi-
cation grows at thermal wave propagation speed in all xyz
directions and forms a sphere with radius vg/frep until following
33218 | RSC Adv., 2020, 10, 33213–33220
laser burst is red, where frep inter-burst repetition rate. The
modication front with enhanced absorptivity meets the next
beam at ox position shied by distance vt/frep. The sinus of the
inclination angle can be evaluated from the right triangle
geometry formed by vt and vg vectors:

sinð4Þ ¼ vt

vg
; (1)

where vt ¼ |vt| is the modulus of horizontal translation speed
vector of the sapphire sample, vg ¼ |vg| is the modulus of
modication growth speed vector. The formation of inclined
modications and cracks stopped and repeated from the
bottom when it reached the top of the sapphire wafer, and the
beam was highly defocused that it could not induce further
modications even in enhanced absorptivity zone. By trans-
lating the sample at controllable speed, the inclined periodical
modication appears as experimentally observed in Fig. 3(a).
The geometrical illustration of the zigzag formation pattern of
periodical inclined modications inside the volume of sapphire
by using bursts of laser pulses is given in Fig. 4(b). The eight
inclined modications constructed of overlapped oval modi-
cations indicated by series of yellow modied zones. The
cracking plane in the sapphire wafer is given by black color.
Cyan arrows give the zigzag formation pattern and formation
direction of modications. The illustration of the inclination
angle increase with increasing translation speed of the sapphire
wafer is given in Fig. 4(c). The inclination angle of the modi-
cations increases 41 > 42 > 43 with increasing translation speed
of the sample vt1 > vt2 > vt3 as graphically shown in Fig. 4(c). The
speed of growth of the modication vg ¼ 1.3 � 0.1 m s�1 was
evaluated from the linear t of experimental data points by
using eqn (1) in Fig. 3(b). The effect of inclined modication in
sapphire under burst laser irradiation is new and rstly
observed in our experiments. To our knowledge, there are no
modeling papers in this eld. The constant modication growth
speed vg is related to the thermal wave propagation speed which
in bulk sapphire, that can be estimated by v ¼ (a/s)

1
2,63,64 where

thermal diffusion coefficient of sapphire a ranges from 11.1
mm2 s�1 to 12 mm2 s�1 depending on the crystal orientation,65

and s ¼ 1/frep ¼ 10 ms is inter-burst temporal distance. The
estimated thermal wave propagation speed in sapphire in our
experimental conditions is (afrep)

1
2 ¼ 1.1 m s�1 which is in good

agreement measured modication growth speed vg ¼ 1.3 �
0.1 m s�1 and conrms with our proposed model.

Similar to the spatial zigzag evolution of cracks observed in
our work, the dynamic plasma motion in internal modication
of glass by fs-laser pulses at a high pulse repetition rate has
been reported.66 It was explained by the evolution of free-
electron density in internal modication based on the rate
equation model, which was coupled with the thermal conduc-
tion model in order to incorporate the effect of thermal ioni-
zation.67 The model showed that highly absorbing small plasma
generated near the geometrical focus moves toward the laser
source periodically to cover the region, which is much larger
than focus volume.67 This phenomenon was recently conrmed
experimentally during the welding of glass by femtosecond laser
pulse bursts.68
This journal is © The Royal Society of Chemistry 2020
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4. Conclusions

In this work, volume modications and cracks in the sapphire
wafer were initiated by irradiation of successions of picosecond
laser pulses (bursts). Laser irradiation source generated bursts
of pulses with controlled length from 1 to 25 sub-pulses in
a burst. The Gaussian laser beam was tightly focused inside the
bulk of transparent sapphire. The total burst energy grew with
an increasing number of sub-pulses. The temporal distance
between sub-pulses in the burst was kept constant at 26.7 ns.

The laser irradiation with a single burst at a variable number
of sub-pulses from 1 to 13 initiated internal modications and
cracks inside the volume of sapphire. The largest sizes of
transverse cracks were achieved by using bursts with�4–10 sub-
pulses. The highest longitudinal modication was observed at 1
sub-pulse in a burst.

The spatial zigzag evolution of modications and cracks was
observed when the wafer was translated at a controllable speed
perpendicularly to the beam propagation direction. All possible
combinations of translations speeds and burst lengths have
been tested. The cleavage of the scribed sapphire wafer aer
applying moment of force up to 10 mN m was achieved only
using 13 sub-pulses in a burst and all tested translation speeds
from 25 mm s�1 to 300 mm s�1. The analysis of the crack plane
revealed periodical repetition of inclined modications and
cracks which took the majority of cross-section and caused
repeatable wafer separation. The period of the modications
and the inclination angle had a linear dependence on the
translation speed.

The model of spatial zigzag evolution of inclined periodical
modication formation was created in order to explain experi-
mental results. The modication growth speed of 1.3 �
0.1 m s�1 evaluated from experimental data t by model equa-
tion and have good agreement with thermal propagation speed
in sapphire. The newly observed effect of inclined modications
inside the volume of sapphire initiated by bursts of picosecond
laser pulses was used for stealth dicing of the wafer. The
maximal dicing speed of 300 mm s�1 for a sapphire with
a thickness of 430 mm was demonstrated by burst mode laser
with average power 5.5 W, inter-burst repetition rate 100 kHz,
sub-pulse duration 9 ps, the temporal distance between sub-
pulses 26.7 ns, and a number of sub-pulses 13.
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2017, 7, 1249.
17 D. Nieto, J. Arines, G. M. O'Connor and M. T. Flores-Arias,

Appl. Opt., 2015, 54, 8596.
18 G. Eberle, M. Schmidt, F. Pude and K. Wegener, Appl. Surf.

Sci., 2016, 378, 504.
19 L. C. Apuano, R. P. Ohl, R. M. T. Iggelaar, J. W. B. Erenschot,

G. E. G. Ardeniers and G. R. B. E. R. Ömer, Opt. Express, 2018,
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