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. The evidence of multi-photon absorption enhancement by the dual-wavelength double-pulse laser

. irradiation in transparent sapphire was demonstrated experimentally and explained theoretically for

. the first time. Two collinearly combined laser beams with the wavelengths of 1064 nm and 355 nm,

. inter-pulse delay of 0.1ns, and pulse duration of 10 ps were used to induce intra-volume modifications
in sapphire. The theoretical prediction of using a particular orientation angle of 15 degrees of the

. half-wave plate for the most efficient absorption of laser irradiation is in good agreement with the

. experimental data. The new innovative effect of multi-photon absorption enhancement by dual-

. wavelength double-pulse irradiation allowed utilisation of the laser energy up to four times more

. efficiently for initiation of internal modifications in sapphire. The new absorption enhancement effect

. has been used for efficient intra-volume dicing and singulation of transparent sapphire wafers. The

: dicing speed of 150 mm/s was achieved for the 430 um thick sapphire wafer by using the laser power of

. 6.8W at the repetition rate of 100 kHz. This method opens new opportunities for the manufacturers of

. the GaN-based light-emitting diodes by fast and precise separation of sapphire substrates.

. Single crystal sapphire (a-Al,O3) offers superior physical, chemical and optical properties, which make it an
. excellent material for wide range of applications'~, including high-speed integrated circuit chips; thin-film and
: GaN-based light-emitting diode substrates; various electronic and mechanical components; wristwatch crystals
. and movement bearings for the watch industry; scratch resistant display and camera cover for luxury mobile
. phones; high durability optical components and windows for extreme applications etc. However, sapphire is
: mechanically and chemically difficult to machine because of its high hardness” and chemical inactivity®. Many of
© the possible applications are restricted because of the high cost of sapphire machining, and it is used only in the
- expensive devices. Laser processing has been proposed as a potential machining method of sapphire®~'2. However,
. the surface laser scribing of sapphire wafers contaminates the substrate. Intra-volume laser dicing of sapphire is a
. promising technique'®"7. It allows keeping both top and bottom surfaces absolutely clean and free from ablation
: debris because the laser modifications are induced in the volume of sapphire. This method also enables to achieve
. zero-width cut without wasting expensive material. However, sapphire has the wide energy band gap of 9.9eV
. and is transparent material in the range of wavelengths from 0.2 pum to 5.5 um'®. For the industrial lasers operating
: at the fundamental wavelength of 1064 nm (photon energy of 1.17 V), the band gap of sapphire is nine times
* higher than the photon energy. The extremely high peak intensities are needed to induce the nine-photon absorp-
. tion (9PA). Therefore, only a small fraction of the laser energy is absorbed in the volume of transparent sapphire
. by 9PA. The absorbed portion of energy induces internal modifications and cracks. While the rest of the irradi-
: ation just goes through the wafer and is wasted making the whole process inefficient. The way to overcome this
. is to convert laser irradiation to a shorter wavelength by using harmonic generation crystals. Having industrial
- laser operating at the third harmonics with the wavelength of 355 nm (photon energy of 3.49 eV) the band gap of
. sapphire is just three times higher than the photon energy. Therefore, only the three-photon absorption (3PA) is
. needed to induce modifications in the volume of the material. The absorption coefficient of 3PA is several orders
. of magnitude higher than that of 9PA. Thus, the laser energy can be used more efficiently by using ultraviolet
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Figure 1. Laser-induced intra-volume modifications in sapphire. Transverse-plane optical microscope images
of laser-induced intra-volume modifications in the sapphire wafer. (a) Single laser pulse modification at the
wavelength of A= 1064 nm; (b) single laser pulse modification at the wavelength of A =355nm; (c) dual-
wavelength double-pulse induced modification at wavelengths of A=1064 nm and A =355nm with the delay of
At~20.1ns between pulses (UV prior IR). The inserted red and blue laser pulses graphically represent the decay
of IR and growth of UV laser pulse energies with the increase of the orientation angle of the HWP.

(UV) irradiation instead of the infrared (IR). However, the part of the laser energy and the beam quality are lost in
the harmonics generation. That limits the efficient use of the laser energy for the intra-volume dicing of sapphire
by using ultra-short UV lasers.

In the last decade, scientific works related to the light-matter interaction utilising the dual-wavelength
double-pulse laser irradiation has emerged. The significant enhancement of laser-induced plasma spectroscopy
with dual-wavelength femtosecond double-pulse plasma spectroscopy has been reported'’. The laser-induced
periodic surface structure (LIPSS) or ripple formation by the two-colour (UV-IR) double pulse femtosecond
laser irradiation on conductors®>?! semiconductors? and dielectrics® has been intensively investigated*!. The
two-colour double-pulse irradiation has been used for laser induced damage thresholds (LIDT) of coatings*-2¢
and has proved to reduce the damage threshold by 71% for Al,O; coating®. It has been demonstrated that
dual-wavelength double pulse laser machining is an efficient way to improve the laser processing of dielectrics by
providing a better control of the energy deposition process®. The majority of mentioned scientific works related
to the dual-wavelength double-pulse irradiation has reduced the damage threshold of transparent material and
improved laser energy deposition to the material. The main idea proposed in this work was to use two-colour
double-pulse irradiation for efficient dicing of sapphire wafers. Therefore, a small part of the IR laser energy was
converted to UV light by the third harmonics generation. The largest part of irradiation was applied to the mate-
rial in the fundamental IR wavelength of the laser. The UV pulse with the small pulse energy is absorbed via the
1PA or 2PA mechanism and excites electrons from the valence band to the localised states of intrinsic structural
defects in sapphire. The later the IR pulse with the large pulse energy is easier absorbed by electrons from the
localised state to the conduction band via the 6PA and 3PA. That ensures the more efficient use of the laser energy
and enhances the speed of the intra-volume dicing of sapphire wafers.

In this work, the experimental and theoretical results of the efficient volume dicing of sapphire wafers by
using the dual-wavelength double-pulse picosecond laser irradiation are presented. The multi-photon absorption
enhancement by combined irradiation was demonstrated experimentally and explained theoretically for the first
time. The predictions of the theoretical model are in good agreement with the experimental results. The new
innovative method allowed usage the energy of the laser irradiation up to four times more efficiently by using
the particular ratio between the pulse energies of IR and UV laser pulses. The new technique has been used for
efficient intra-volume dicing and singulation of the transparent sapphire wafers.

Results and Discussion

Laser-induced intra-volume modifications in sapphire. Sapphire wafer was irradiated by single laser
pulses of IR, by single laser pulses of UV and by the combined double-pulse dual-wavelength irradiation (see
Methods section). The pulse energy was varied by changing the orientation angle of the half-wave plate (HWP)
(see Methods section). The main purpose of the test was to investigate the energy ratio between the UV and IR
laser pulses that induces the largest transverse and longitudinal intra-volume modification sizes of sapphire in
the combined irradiation regime. The aim was to find the optimal orientation angle of the HWP for the largest
modification size by using the total input pulse energy of 20 uJ of the fundamental IR laser radiation wavelength
available from the used laser. The optical images of laser-induced transverse intra-volume modifications in the
sapphire wafer by the single pulse and the dual-wavelength double-pulse irradiations are given in Fig. 1.

The size of transverse intra-volume modifications induced by IR irradiation decreases with increasing the ori-
entation angle of HWP (Fig. 1a). It has an inverse relationship for the UV irradiation and increases with increas-
ing HWP angle (Fig. 1b). The size of transverse intra-volume modifications has a clear peak at the HWP angle of
~15 degrees for the combined dual-wavelength double-pulse irradiation (Fig. 1c). The highest total irradiation
energy was achieved with the orientation angle of the HWP of ¢ =0 degrees when none of the IR laser power
was converted to the UV. However, the largest transverse-plane modification area in sapphire was obtained at the
HWP angle of ~15 degrees (Fig. 1c), when 7% of the IR laser power was converted to the UV. This experimental
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Figure 2. Absorption models of the dual-wavelength double-pulse irradiation. (a) 3PA of the UV pulse from
the valence to the conduction band; (b) 2PA of the UV pulse to a localised state and 3PA of the IR pulse from
the localized state to the conduction band; (c) 1PA of the UV pulse to a localized state and 6PA of the IR pulse
from the localized state to the conduction band; (d) 9PA of the IR pulse from the valence to the conduction
band.

result suggested that the absorption of the second IR pulse was enhanced by the absorbed first UV pulse in the
dual-wavelength double-pulse irradiation.

The shapes of modified areas are elliptical (Fig. 1¢c, 10-20 deg). The slight misalignment of the collinear UV
and IR laser beams in the transverse XY plane resulted in expansion of modified area in one direction and change
of modified areas from circular to elliptical. The different contrasts with the bright and dark rings around the dark
central spot were observed (Fig. 1¢, 25-45 deg). The dark and bright regions correspond to the small negative and
positive change of the refractive index of sapphire-33.

Absorption model of the dual-wavelength double-pulse irradiation. Four different absorption
models are possible in the transparent sapphire (Fig. 2).

In the first absorption model, the UV pulse with a wavelength of 355 nm and the photon energy of 3.49eV is
absorbed via 3PA mechanism driving electrons from the valence band to the conduction band (Fig. 2a). The
intensive inter-band excitation by 3PA can facilitate the formation of point defects in the lattice of a-Al,O5. That
defects produce localised states in the band-gap at the different energy levels depending on the type of the
defect®. In the second absorption model, the UV pulse excites electrons from the valence band to the
defect-related localised state via 2PA mechanism (Fig. 2b). The absorption band at 7.0 eV is associated with
oxygen-Frenkel-pair (V3" and O ") defects in sapphire'® **. The defect related energy level matches properly with
the energy of two UV photons of 6.98 eV. The experimentally measured and theoretically calculated lifetimes of
the localised state such as the F' colour centre are ~7 ns and ~3.8 ns, respectively*® %, The inter-pulse time delay
of At~ 0.1 ns was selected to be shorter than the relaxation time of electrons in that localised state. Later, after the
inter-pulse time delay, the second IR pulse with the wavelength of 1064 nm and the photon energy of 1.17 eV is
absorbed and excites the electrons from the localised state to the conduction band via 3PA mechanism (Fig. 2b).
In the third absorption model, the first UV pulse is absorbed via 1PA mechanism and drives the electrons from
the valence band to the localised state (Fig. 2¢). The absorption band at 3.47 eV is associated with the O*~ vacancy
(VY") defects in sapphire's >4, The defect-related energy level is in agreement with the single UV photon
energy of 3.49 eV. The second IR pulse is absorbed via 6PA mechanisms from the localised state to the conduction
band (Fig. 2¢). In the fourth absorption model, the IR pulse is absorbed via 9PA mechanism moving electrons
from the valence band to the conduction band (Fig. 2d). The several values of the inter-pulse delay ranging from
—0.4ns to+ 0.8 ns has been tested in this work. The absorption enhancement was observed only for the positive
pulse delay when the UV pulse arrives to the material before the IR pulse. However, no significant difference in
the size of the modified area was observed for several values of the positive inter-pulse delay in the investigated
range.

The complicated calculations of the electron inter-band excitation and relaxation are needed for the simu-
lation of the absorption enhancement*" *2. However, instead of analysis complex equation system of electron
concentration dynamics in the excited states, the simplified absorption model can be used*. In this work, we
propose a simple theoretical equation that incorporates all four above mentioned models of absorption for the
combined dual-wavelength double-pulse irradiation. Therefore, the absorbed laser power per unit volume can
be described as:

dr
35541064 3 2 13 6 9
T —ail3ss — 51555060 — 4 6l3s5Ti06a — Qolig6a (1)

where a; is the 3PA coefficient for the first absorption model (Fig. 2a), I3s5 is the peak intensity of the UV pulse,
v, ; is the total absorption coefficient for the second absorption model (Fig. 2b), I}, is the peak intensity of the
IR pulse, ) ¢ is the total absorption coefficient for the third absorption model (Fig. 2¢), a is the 9PA coefficient
for the fourth absorption model (Fig. 2d).
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Figure 3. Absorbed laser power versus HWP orientation angle. The calculated absorbed laser power per unit
volume versus HWP orientation angle: (a) 1% term in Equation (1); (b) 2" term in Equation (1); (c) 3™ term
in Equation (1); (d) 4™ term in Equation (1); (e) the total absorbed power per unit volume calculated by using
entire Equation (1).

The theoretical angle of a half-wave plate (HWP) for maximum absorption. The first term on the
right side of Equation (1) corresponds to 3PA by the first UV pulse in the double-pulse pair described in Fig. 2a.
The second term on the right side of Equation (1) corresponds to 2PA of the UV pulse from the valence band to
the localised state and 3PA of the IR pulse from the localised state to the conduction band described in Fig. 2b.
The third term on the right side of Equation (1) corresponds to 1PA of the UV pulse from the valence band the
localised state and 6PA of the IR pulse from the localised state to the conduction band described in Fig. 2c. The
fourth term on the right side of Equation (1) corresponds to 9PA of the second IR pulse in the double-pulse pair
described in Fig. 2d. By combining Equations (1), (5) and (6) the absorbed laser power per unit volume can be
plotted as a function of the HWP orientation angle (Fig. 3). The absorption coefficients used in the numerical
calculations were: a;=0.1cm*/ TW?, a,3=0.05 cm’/TW* a; ¢=1x 10"* cm'}/TW® and ay=1x 107 cm*®/
TWS&. The blue curve (Fig. 3a) corresponds to 3PA which is mathematically described by the first term in Equation
(1). It has the maximum at the HWP orientation angle of 45 degrees. The grey curve (Fig. 3b) corresponds to for
the second absorption model in the dual-wavelength double-pulse irradiation and has a peak at the HWP angle
of 19.6 degrees. The optimal HWP orientation angle of the maximum absorbed power per unit volume calculated
by using derivatives from Equations (1), (5) and (6) is ¢, .5 3 = 0.5arctan~2/3 = 19.6 deg, where “2” - the top
number in the fraction corresponds 2PA of the UV pulse, and “3” - the bottom number in the fraction corre-
sponds to the 3PA of the IR pulse. The light grey curve (Fig. 3c) shows the third absorption model in the
dual-wavelength double-pulse irradiation and has a peak at the HWP angle of 11.1 degrees.

The optimal HWP orientation angle for the third absorption model analogously calculated by using deriva-
tives from Equations (1), (5) and (6) is ;016 = 0.5arctan+/1/6 = 11.1 deg. Where “1” - the top number in the
fraction corresponds to 1PA of the UV pulse, and “6” - the bottom number in the fraction corresponds to 6PA of
the IR pulse. The red curve (Fig. 3d) corresponds to 9PA which is mathematically described by the 4" term in
Equation (1). It has the maximum at the HWP orientation angle of 0 degrees. The black curve (Fig. 3e) corre-
sponding to the total absorbed laser power per unit volume has a clear peak at the HWP angle of ~15 degrees. It
can also be theoretically evaluated by averaging the previously calculated optimal angles of HWP

meax = (Somaxl,G + meax2,3)/2 ~ 15 deg

Experimental verification of the half-wave plate (HWP) angle for maximum absorption. The
dependence of experimentally measured modified area on the HWP orientation angle is given in Fig. 4a,c.

The modified area from the transverse optical microscope images for the single-pulse IR irradiation decreases
with the increasing HWP angle (Fig. 4a) because the pulse energy also decreases with the increasing angle of
HWP (Fig. 4b). For the single pulse UV irradiation, the modified area increases with the increasing HWP angle
(Fig. 4a) because the pulse energy also increases with the increasing angle of HWP (Fig. 4b). However, by using
the combined dual-wavelength double-pulse irradiation regime, the modified area has the clear peak with the
maximum at the orientation angle of HWP equal to 15 degrees (Fig. 4a). However, the total sum of pulse energies
of IR and UV pulses decreases by increasing the HWP angle (Fig. 4b). That is the experimental evidence that
combined irradiation of UV and IR pulses can enhance the modification in the transparent sapphire by the factor
of ~4. The optimal orientation angle of HWP of 15 degrees is in coincide well with the theoretical prediction
obtained by calculating the maximum absorbed laser power using Equation (1) (Fig. 3e). The promising results
obtained by using laser irradiation source #1 with the low average power and repetition rate inspired us to use
more powerful and high repetition rate laser #2 in order to upscale the observed effect. The conversion efficiency
to the third harmonics was less for the laser #2 (Fig. 4d) than for the laser #1 (Fig. 4b). Moreover, the spot sizes of
collinearly combined beams were increased by factor of 2 in order to have larger Rayleigh lengths and its related
modification heights (see Methods section Experimental set-up). Therefore, the modification using a single-pulse
irradiation by the UV pulse was not observed (Fig. 4c). The modification areas versus the HWP angle for the
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Figure 4. Modification size and pulse energy versus HWP orientation angle. (a) Modified area of the intra-
volume modification measured in the transverse-plane and (b) the pulse energy dependence on the HWP
orientation angle: experimental data using the laser source #1. (c) Modified area, and (d) the pulse energy
dependence on the HWP orientation angle: experimental data using the laser source #2. Insert in (c)
longitudinal modification height dependence on the HWP orientation angle by laser source #2. (e) Modified
area, and (f) pulse energy dependence on the HWP orientation angle: results of the theoretical calculations.
Irradiation regimes in (a,b,c and d): red solid squares (M)- a single IR pulse at the wavelength of A= 1064 nm;
blue solid dots (®)- a single UV pulse at the wavelength of A= 355nm; black solid triangles (A ) - the dual-
wavelength double-pulse irradiation at the wavelengths of A=1064 nm and A= 355nm with the delay
At~20.1ns between pulses in the dual wavelength double-pulse pairs (UV prior IR). Solid lines in all graphs
represent results of theoretical modelling.

single pulse IR irradiation and the dual-wavelength double-pulse combined irradiation using the laser #2 (Fig. 4c)
had similar dependence as in the case of the laser #1 (Fig. 4a). The size of modified area also had a clear peak with
the maximum position at the orientation angle of the HWP of 15 degrees (Fig. 4c). The similar peak was observed
in the longitudinal modification height measured by using an optical microscope (insert in Fig. 4c). The enhance-
ment of transverse modified area and the longitudinal modification height by the factor of ~4 was experimentally
recorded for two different laser irradiation sources #1 and #2. The theoretical modelling was employed in order to
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Figure 5. Image of a sapphire sidewall after laser dicing. The dark field optical microscope image of the fracture
plane containing subsurface modifications induced by the dual-wavelength double-pulse laser irradiation. Four
layers of merged modifications at different focus depths formed a uniform fracture plane. The lateral spacing
between the laser-induced modifications was 6 pm. Processing parameters: HWP orientation angle =15
degrees; UV pulse energy E, 355 =2.2pJ; IR pulse energy E,, 454 = 51.51]; scanning speed 600 mm/s; laser pulse
repetition rate 100 kHz; pulse duration 10 ps; time delay At~20.1ns between pulses (UV prior IR); number of
scans 4; focal position difference in each of the scan 90 um; total dicing speed 150 mm/s.

explain the experimental results. The theoretically calculated transverse modification area versus the HWP angle
is given in (Fig. 4e). The theoretically calculated modification area had a distinctive peak with the maximum at
the HWP angle of 15 degrees. The peak position of the absorbed power per unit volume did not depend on the
conversion efficiency of the IR irradiation to the UV by the harmonics crystal and had the same position of ~15
degrees (Fig. 4e). However, the sum of pulse energies in the dual-wavelength double-pulse regime was always
smaller than the pulse energy of the IR irradiation at the orientation angle of HWP of 0 degrees (Fig. 4f). The
theoretical prediction that the most efficient absorption in the dual-wavelength double-pulse picosecond laser
irradiation occurs with the ~15 degrees orientation angle of the HWP is in good agreement with the experimental
results.

Efficient intra-volume dicing of the sapphire wafer by combined laser irradiation.  The unique
effect of the absorption enhancement was applied for the efficient intra-volume dicing of sapphire. The combined
dual-wavelength double-pulsed picosecond laser beam was focused in the volume of the sapphire wafer with
the thickness of 430 um. The sample was moved at the speed of 600 mm/s by using a linear translation stage. The
internal modifications were initiated in the volume of sapphire. Four scans were performed at different depths of
sapphire by moving up the position of focusing objective by 90 um. A small force was applied to the wafer, and its
singulation along the direction of the laser induced modifications was achieved (Fig. 5).

The total dicing speed of 150 mm/s was achieved. The modifications were induced in the volume of sapphire
keeping the top and bottom surfaces undamaged.

Conclusions

It was demonstrated for the first time experimentally and confirmed theoretically that multi-photon absorption
could be enhanced by the combined dual-wavelength double-pulse irradiation in the transparent sapphire. The
absorption enhancement has been used for efficient intra-volume dicing of the sapphire wafer by using the com-
bined picosecond laser irradiation. The transverse modification size in the volume of the transparent sapphire
was increased by the factor of four by using the particular orientation angle of the half-wave plate of ~15 degrees
also predicted theoretically by the analytical expression. The successful laser dicing of the sapphire wafer with the
thickness of 430 um was achieved by using the dual-wavelength double-pulse laser irradiation. The total dicing
speed of 150 mm/s was reached by using laser irradiation source with the power of 6.8 W, the pulse duration of
10 ps and the repetition rate of 100 kHz. This new technique opens possibilities for the fast cutting of sapphire
substrates, and it is important for the manufacturers of the GaN-based light-emitting diodes. The innovative
results are promising for the future applications of the efficient use of laser energy in machining of sapphire and
other transparent materials.

Methods

Material. The synthetic single crystal sapphire (a-Al,O,, CrystalQ) was used in the experiments. The param-
eters of the sapphire wafer: orientation C-plane (0001); off-cut 0.30 deg to M-plane; primary flat orientation
A-plane; diameter 50.8 mm; thickness 430 pm; finish - double sided epi-polished; top surface roughness of
Ra < 0.3 nm; bottom surface roughness Ra < 0.5nm.

Experimental set-up. The principal scheme of the experimental setup for the cross-polarized dual-
wavelength double-pulse combined irradiation is presented in Fig. 6.

In the experimental setup, laser light was separated into two beams by the beam splitter cube. The bottom
beam path was designed for IR irradiation at the wavelength of 1064 nm. The UV irradiation at the wavelength
of 355 nm was generated in the top beam path by using the second and third harmonic crystals. For generation
of the second harmonics, LBO type-I nonlinear crystal with the size of 5 x 5 x 10 mm? was used. For generation
of the third harmonics, LBO type-II nonlinear crystal with the size of 5 x 5 x 8 mm? was used. Both beams were
collinearly combined by using the harmonic beam splitter mirror. The combined cross-polarized dual-wavelength
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Figure 6. Experimental setup for the cross-polarized dual-wavelength double-pulse combined laser irradiation.
LASER is the pulsed laser radiation source; HWP is the half-wave plate; BSC is the beam splitter cube; DL1 and
DL2 are the delay lines with movable retro-reflection prisms RP1 and RP2; M1, M2, M3, and M4 are the high
reflective mirrors; SHC is the second harmonic crystal; THC is the third harmonic crystal; M5 is the harmonic
beam splitter mirror; FO is the focusing objective, S is a sapphire wafer sample, v, is the scanning speed of
sapphire sample.

double-pulsed beam was focused in the volume of the sapphire wafer by using the aspheric uncoated focusing
objective with the focal length of 8.0 mm and the numerical aperture of 0.50 (A240TM, Thorlabs). The time
delay between laser pulses in the double-pulse pairs was controlled by optical delay lines with retro-reflector
prisms and was set to At~20.1ns. The ratio between laser pulse energies of IR and UV pulses was controlled by
the orientation angle of the HWP before the beam splitter cube. The sapphire wafer was moved at certain speeds
providing the controllable distance between the transverse beams spots focused in the volume of sapphire wafer.
Two industrial-grade diode-pumped pulsed lasers (PL10100, Ekspla) and (Atlantic, Ekpsla) with the pulse dura-
tions of 7=10ps irradiation in the IR region at the wavelength of A =1064 nm were used in the experiments.
The first laser provided laser pulses with the pulse energy up to 20 ] at a repetition rate of f,., = 1 kHz with the
average laser power of 0.020 W. The laser spot sizes of the focused Gaussian beams in the volume of sapphire were
measured by the technique described by Liu*. For the first laser source, the spot size radiuses were w355~ 3 pm
and w144~ 3 pm with the Rayleigh lengths of zy 355 = 80 pm and zg 1464 & 27 pm of third and fundamental har-
monics, respectively. The second laser with the same laser pulse duration and irradiation wavelength but higher
repetition rate and pulse energy was chosen in order to upscale the modification effect achieved with the first low
repetition rate laser. The second laser source provided radiation with the pulse energy of 68 ] at the repetition
rate of f,., = 100 kHz with the average power of 6.8 W. The spot sizes for the second laser source were decreased
in order to have larger Rayleigh lengths and with the related higher longitudinal modification depth. The meas-
ured the spot size radiuses were w355 ~ 6 um and w; ¢4 = 6 pm with the Rayleigh lengths of zp 355~ 318 pm and
Zg 1064~ 106 pm of third and fundamental harmonics, respectively.

Irradiation regimes. Two regimes of irradiation were used in the experiments: the single-pulse irradiation
(Fig. 7a,b) and dual-wavelength double-pulse combined irradiation (Fig. 7¢).

The single-pulse train irradiation was used by using two laser wavelengths: either A= 1064 nm (Fig. 7a) or

A=355nm (Fig. 7b). In the dual-wavelength double-pulse irradiation scheme, the dual-wavelength (A=1064nm
and A=355nm) pulse pairs with the delay At between them were used for irradiation of the samples. The delay
At=~0.1ns represents the situation when UV pulse reaches the sapphire sample first in the double-pulse pair, and
the IR pulse is the second one (Fig. 7c). The temporal distance between repetitive laser pulses or double-pulse
pairs was 1/f,,, where f,, is the laser repetition rate.
Characterization of laser induced modifications in sapphire. The transverse and longitudinal inter-
nal modifications of sapphire were investigated by using an optical microscope (Eclipse LV100, Nikon) equipped
with the high-definition 5-megapixel CCD camera (DS-Fil, Nikon) with the resolution of 2560 x 920 pixels. The
digital camera was controlled by the microscope camera controller (Digital Sight DS-U2, Nikon) and the imaging
software (NIS-Elements D, Nikon). The microscope objective (LU Plan Fluor 50 x, Nikon) with the magnifica-
tion factor of 50 x and the numerical aperture of 0.8 was used in the dark field mode. The illumination source
of the microscope consisted of a 50 W halogen lamp (LV-HL50PC, Nikon). The free and open source software
(Gwyddion, Czech Metrology Institute) was used for image analysis and evaluation of the laser modified areas in
the volume of sapphire.

Modification size in multi-photon absorption (MPA). The absorbed laser power per unit volume for
the MPA*:
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Figure 7. Principal scheme of the irradiation regimes. Schematic representation of the laser intensity versus
arrival time of laser pulses at the sample: (a) single-pulse IR irradiation at the wavelength of 1064 nm; (b) single-
pulse UV irradiation at the wavelength of 355 nm; (c) dual-wavelength double-pulse combined irradiation with
the variable inter-pulse delay.

2

where I is the peak laser intensity, z is the direction along beam propagation axis, o is the MPA coefficient, N is
the number of the photons needed to overcome the energy band gap in the transparent material. The transverse
modification area A in the MPA*:

P
A= ™o ln[i],
Iy

(3)

where w, is the Gaussian beam radius, I;, is the modification threshold. The longitudinal modification height can
be defined as follows*’:

4)

where zy is the Rayleigh length of the Gaussian beam. The intensity threshold for sapphire modification
I;,= 10" W/cm? was used in the numerical calculations® 7.

Peak laser intensity versus orientation angle of a half-wave plate (HWP). The peak laser intensity
of the IR irradiation is proportional to the pulse energy and decreases with increasing HWP orientation angle by
the cosine law (Fig. 4b,d,f):

Tgsa(p) X Eqgea(ip) = E10064C052(2S0)> (5)

where ¢ - is the angle of HWP orientation with the reference (zero) orientation angle, corresponding to the whole
energy directed to the IR optical beam path, E° s, =20 ] and E° ¢, = 68 pJ - is the maximum pulse energy of the
fundamental harmonics of the first and second laser sources, respectively. The peak laser intensity of UV irradi-
ation is proportional to the pulse energy and increases with the orientation angle of the HWP by sinus function
(Fig. 4b,d,f):

Lss(¢) o< Esss(0) = Egsssin’(29), (6)
where E%s; = 141] and E%55 =21 ] - is the maximum pulse energy of the third harmonics of the first and second
laser sources, respectively. Equations (1) and (2) defining the absorbed energy for all three irradiation regimes
were combined with Equations (3) and (4) defining the size on the transverse and longitudinal sizes of the modi-
fied regions. The IR and UV pulse energy dependence on the orientation angle of the HWP taken from Equations
(5) and (6). All Equations were combined and numerically solved by using (Maple, Waterloo Maple) computing
software.

References
1. Yoshimoto, M. et al. Epitaxial diamond growth on sapphire in an oxidizing environment. Nature 399, 340-342 (1999).
2. Dragic, P,, Hawkins, T., Foy, P, Morris, S. & Ballato, ]. Sapphire-derived all-glass optical fibres. Nat. Photonics 6, 629-635 (2012).
3. Yamauchi, R. et al. Layer matching epitaxy of NiO thin films on atomically stepped sapphire (0001) substrates. Sci. Rep. 5, 14385
(2015).

SCIENTIFICREPORTS |7:5218 | DOI:10.1038/s41598-017-05548-x 8



www.nature.com/scientificreports/

10.
11.

12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.

25.
26.
27.
28.
29.
30.
31.
32.

33.

38.
39.
40.
. Gu, B. & Ji, W. Two-step four-photon absorption. Opt. Express 16, 10208-10213 (2008).
42.
43.
44.
45.
46.

47.

. Tanaka, A., Chen, R, Jungjohann, K. L. & Dayeh, S. A. Strong Geometrical Effects in Submillimeter Selective Area Growth and Light

Extraction of GaN Light Emitting Diodes on Sapphire. Sci. Rep. 5, 17314 (2015).

. Liu, H. & Chi, D. Dispersive growth and laser-induced rippling of large-area singlelayer MoS2 nanosheets by CVD on c-plane

sapphire substrate. Sci. Rep. 5, 11756 (2015).

. Li, G. et al. GaN-based light-emitting diodes on various substrates: a critical review. Reports Prog. Phys. 79, 56501 (2016).
. Vodenitcharova, T. et al. The effect of anisotropy on the deformation and fracture of sapphire wafers subjected to thermal shocks. J.

Mater. Process. Technol. 193, 52-62 (2007).

. Zhu, H. et al. Chemical mechanical polishing (CMP) anisotropy in sapphire. Appl. Surf. Sci. 236, 120-130 (2004).
. Dreyfus, R. W,, McDonald, E. A. & von Gutfeld, R. J. Laser energy deposition at sapphire surfaces studied by pulsed photothermal

deformation. Appl. Phys. Lett. 50, 1491 (1987).

Ashkenasi, D., Rosenfeld, a., Varel, H., Wahmer, M. & Campbell, E. E. Laser processing of sapphire with picosecond and sub-
picosecond pulses. Appl. Surf. Sci. 120, 65-80 (1997).

Horisawa, H., Emura, H. & Yasunaga, N. Surface machining characteristics of sapphire with fifth harmonic YAG laser pulses.
Vacuum 73, 661-666 (2004).

Wang, X. C. et al. Femtosecond pulse laser ablation of sapphire in ambient air. Appl. Surf. Sci. 228, 221-226 (2004).

Kumagai, M. et al. Advanced Dicing Technology for Semiconductor Wafer—Stealth Dicing. IEEE Trans. Semicond. Manuf. 20,
259-265 (2007).

Lei, W.-S., Kumar, A. & Yalamanchili, R. Die singulation technologies for advanced packaging: A critical review. J. Vac. Sci. Technol.
B Microelectron. Nanom. Struct. 30, 40801 (2012).

Fukuyo, F, Fukumitsu, K. & Uchiyama, N. chipping - Stealth dicing technology and applications. Proc. 6th Int. Symp. Laser Precis.
1-8 (2005).

Teh, W. H., Boning, D. S. & Welsch, R. E. Multi-Strata Stealth Dicing Before Grinding for Singulation-Defects Elimination and Die
Strength Enhancement: Experiment and Simulation. leee Trans. Semicond. Manuf. 28, 408-423 (2015).

Ohmura, E., Fukuyo, F, Fukumitsu, K. & Morita, H. Modified-layer formation mechanism into silicon with permeable nanosecond
laser. Int. J. Comput. Mater. Sci. Surf. Eng. 1, 677 (2007).

Dobrovinskaya, E. R, Lytvynov, L. A. & Pishchik, V. Sapphire: Material, Manufacturing, Applications. Sapphire (Springer US 2009),
doi:10.1007/978-0-387-85695-7_1.

Wang, Y. et al. Enhancement of laser-induced Fe plasma spectroscopy with dual-wavelength femtosecond double-pulse. J. Anal. At.
Spectrom. 31, 497-505 (2016).

Hohm, S., Rosenfeld, A., Kriiger, J. & Bonse, J. Laser-induced periodic surface structures on titanium upon single- and two-color
femtosecond double-pulse irradiation. Opt. Express 23, 25959-25971 (2015).

Gedvilas, M., Miksys, J. & Raciukaitis, G. Flexible periodical micro- and nano-structuring of a stainless steel surface using dual-
wavelength double-pulse picosecond laser irradiation. RSC Adv. 5, 75075-75080 (2015).

Hohm, S., Herzlieb, M., Rosenfeld, A., Kriiger, J. & Bonse, J. Femtosecond laser-induced periodic surface structures on silicon upon
polarization controlled two-color double-pulse irradiation. Opt. Express 23, 61 (2015).

Hohm, S., Herzlieb, M., Rosenfeld, A., Kriiger, J. & Bonse, J. Laser-induced periodic surface structures on fused silica upon cross-
polarized two-color double-fs-pulse irradiation. Appl. Surf. Sci. 336, 39-42 (2015).

Ho6hm, S., Herzlieb, M., Rosenfeld, A., Kriiger, ]. & Bonse, J. Dynamics of the formation of laser-induced periodic surface structures
(LIPSS) upon femtosecond two-color double-pulse irradiation of metals, semiconductors, and dielectrics. Appl. Surf. Sci. 374,
331-338 (2016).

Demange, P. et al. Understanding and predicting the damage performance of KD xH 2-xPO 4 crystals under simultaneous exposure
to 532- and 355-nm pulses. Appl. Phys. Lett. 89 (2006).

Yan, L., Wei, C., Zhao, Y., Yi, K. & Shao, J. Multiple wavelength laser induced damage of multilayer beam splitters. Proc. SPIE - Int.
Soc. Opt. Eng. 8530, 1-16 (2012).

Yan, L., Wei, C,, Li, D., Yi, K. & Fan, Z. Dual-wavelength investigation of laser-induced damage in multilayer mirrors at 532 and 1064
nm. Opt. Commun. 285, 2889-2896 (2012).

Lamaignere, L., Reyne, S., Loiseau, M., Poncetta, J.-C. & Bercegol, H. Effects of wavelengths combination on initiation and growth
of laser-induced surface damage in SiO2. Laser-Induced Damage Opt. Mater. 6720, 67200F-67200F-9 (2007).

Mrohs, M., Jensen, L., Giinster, S., Alig, T. & Ristau, D. Dual wavelength laser-induced damage threshold measurements of alumina/
silica and hafnia/silica ultraviolet antireflective coatings. Appl. Opt. 55, 104-109 (2016).

Guizard, S. et al. Ultrafast Breakdown of dielectrics: Energy absorption mechanisms investigated by double pulse experiments. Appl.
Surf. Sci. 336, 206-211 (2015).

Eaton, S. et al. Heat accumulation effects in femtosecond laser-written waveguides with variable repetition rate. Opt. Express 13,
4708-4716 (2005).

Nolte, S., Will, M., Burghoff, ]. & Tunnermann, A. Ultrafast laser processing: new options for three-dimensional photonic structures.
J. Mod. Opt. 51,2533-2542 (2004).

Solis, ., Fernandez, T. T., Hoyo, J., Siegel, J. & Zarate, P. M. Femtosecond-laser-induced compositional changes for high-performance
photonics. SPIE Newsrrom 1-4, doi:10.1117/2.1201511.006127 (2015).

. Kotomin, E. A. & Popov, A. I. Radiation-induced point defects in simple oxides. Nucl. Instrum. Meth. Phys. Res. B 141, 1-15 (1998).
. Dienes, G. J. et al. Shell-model calculation of some point-defect properties in a-Al203. Phys. Rev. B 11, 3060-3070 (1975).

. Evans, B. D. & Stapelbroek, M. Optical properties of the F+ center in crystalline A1203. Phys. Rev. B 18, 7089-7098 (1978).

. Evans, B. D. A review of the optical properties of anion lattice vacancies, and electrical conduction in a-A1203: their relation to

radiation-induced electrical degradation. J. Nucl. Mater. 219, 202-223 (1995).

Evans, B. D., Pogatshnik, G. J. & Chen, Y. Optical properties of lattice defects in - AI203. Nucl. Inst. Meth. Phys. Res. B 91, 258-262
(1994).

Evans, B. D. & Stapelbroek, M. Optical vibronic absorption spectra in 14.8 MeV neutron damaged sapphire. Solid State Commun.
33,765-770 (1980).

Tanaka, 1. et al. Theoretical Formation Energy of Oxygen-Vacancies in Oxides. Mater. Trans. 43, 1426 (2002).

Wu, S., Wu, D, Xu, J. & Wang, H. Absorption mechanism of the second pulse in double-pulse femtosecond laser glass microwelding.
Opt. Express 21, 68-72 (2013).

Liu, M. J. Simple technique for measurements of pulsed Gaussian-beam spot sizes. Opt. Lett. 7, 196-198 (1982).

Nathan, V. Guenther, a. H. & Mitra, S. S. Review of multiphoton absorption in crystalline solids. J. Opt. Soc. Am. B 2, 294 (1985).
Juodkazis, S., Mizeikis, V., Seet, K. K., Miwa, M. & Misawa, H. Two-photon lithography of nanorods in SU-8 photoresist.
Nanotechnology 16, 846 (2005).

Gamaly, E. G. et al. Laser-matter interaction in the bulk of a transparent solid: Confined microexplosion and void formation. Phys.
Rev. B73,214101 (2006).

von der Linde, D. & Schiiler, H. Breakdown threshold and plasma formation in femtosecond laser-solid interaction. J. Opt. Soc. Am.
B13,216-222 (1996).

SCIENTIFICREPORTS |7:5218 | DOI:10.1038/s41598-017-05548-x 9


http://dx.doi.org/10.1007/978-0-387-85695-7_1
http://dx.doi.org/10.1117/2.1201511.006127

www.nature.com/scientificreports/

Acknowledgements
The research leading to these results was funded by the Research Council of Lithuania under grant agreement
No. TEC-07/2015.

Author Contributions

G.R. conceived the presented idea of using dual-wavelength double-pulse combined irradiation for intra-
volume dicing of the sapphire wafer and supervised all the findings of this work. ].B., V.S., and J.M. designed and
constructed the experimental setup of the laser beam combining irradiation. J.M. found the zero inter-pulse time
delay position. M.G. performed the experiments of the multi-photon absorption enhancement by the combined
dual-wavelength double-pulse irradiation in the volume of sapphire, analysed the data and formulated the semi-
empirical theory which sustained the new experimental results. M.G. performed the efficient dicing of sapphire
experiments by the dual-wavelength double-pulse irradiation, optimised the process for the maximum dicing
speed and wrote the paper. All authors analysed the data, discussed the results and commented on the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
SE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:5218 | DOI:10.1038/s41598-017-05548-x 10


http://creativecommons.org/licenses/by/4.0/

	Multi-photon absorption enhancement by dual-wavelength double-pulse laser irradiation for efficient dicing of sapphire wafe ...
	Results and Discussion

	Laser-induced intra-volume modifications in sapphire. 
	Absorption model of the dual-wavelength double-pulse irradiation. 
	The theoretical angle of a half-wave plate (HWP) for maximum absorption. 
	Experimental verification of the half-wave plate (HWP) angle for maximum absorption. 
	Efficient intra-volume dicing of the sapphire wafer by combined laser irradiation. 

	Conclusions

	Methods

	Material. 
	Experimental set-up. 
	Irradiation regimes. 
	Characterization of laser induced modifications in sapphire. 
	Modification size in multi-photon absorption (MPA). 
	Peak laser intensity versus orientation angle of a half-wave plate (HWP). 

	Acknowledgements

	Figure 1 Laser-induced intra-volume modifications in sapphire.
	Figure 2 Absorption models of the dual-wavelength double-pulse irradiation.
	Figure 3 Absorbed laser power versus HWP orientation angle.
	Figure 4 Modification size and pulse energy versus HWP orientation angle.
	Figure 5 Image of a sapphire sidewall after laser dicing.
	Figure 6 Experimental setup for the cross-polarized dual-wavelength double-pulse combined laser irradiation.
	Figure 7 Principal scheme of the irradiation regimes.




