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Ultrashort pulse lasers are evidencing their benefits in the processing of transparent materials. Sapphire is one of
the most attractive engineering materials today. It is hard and, therefore, difficult to machine mechanically to the re-
quired shape. Laser dicing is one of the promising techniques for sapphire separation. Two-pulse two-colour irradia-
tion was applied to initiate free-shape cutting of the material. Two collinear laser beams with wavelengths of 1064
and 355 nm, pulse duration of 10 ps and inter-pulse delay of 0.1 ns were combined to induce intra-volume modifica-
tions (directional cracks) in sapphire for wafer separation. The photon energy of both beams is well below the band
gap, and various channels of the multi-photon excitation were involved in the process. Significant enhancement in
the modification area was experimentally observed when intensities of focused infrared and ultraviolet beams were
within narrow ranges. We discuss the resonant laser—sapphire interaction mechanisms, leading to up to four times
higher excitation of the material involving multiple photons and energetic levels of intrinsic defects in the band-gap.
The energy level schemes of colour centres involved in two-step multi-photon absorption in sapphire under intensive

laser irradiation have been prepared.
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1. Introduction

Sapphire is a hard and transparent material widely
used in industry. Due to superior physical, chemi-
cal and optical properties, sapphire is an excellent
material for a wide range of applications [], in-
cluding high-speed integrated circuit chips, light-
emitting diode substrates [E, E] , various electronic
and mechanical components and optical windows
for extreme applications. Sapphire is difficult to
machine mechanically because of its high hard-
ness [ﬂ]. Many of the potential applications are
suspended because of the high cost of sapphire
machining.

Laser scribing and ablation are used to separate
the sapphire wafer into dice in electronics produc-
tion []. However, the laser scribing contami-
nates the substrate surface. Intra-volume, stealth
dicing of sapphire is the most promising laser-

based technique []. Directional cleaving of
the material with a zero-cut width avoids debris
formation.

In the last decade, research activities related
to the light-matter interaction utilising the dual-
wavelength double-pulse laser irradiation have
emerged. The significant enhancement of laser-
induced plasma ejection has been reported in
dual-wavelength double-pulse femtosecond spec-
troscopy []. Laser-induced periodic surface
structure (LIPSS) formation on metals [, @],
semiconductors [] and dielectrics [@, ] has
been intensively investigated by the two-colour
(UV-IR) double-pulse femtosecond laser irra-
diation. The two-colour double-pulse irradiation
has been used for laser-induced damage thresh-
old (LIDT) testing of optical coatings [],
and has proved to reduce the damage threshold
by 71% for Al O, coating [@]. Better control in
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the energy deposition has been demonstrated
during dual-wavelength double-pulse laser ma-
chining of dielectrics [@].

Crystalline sapphire (a-Al O,) is a direct band-
gap insulator with E = 8.80 eV [], and
its transmission spectrum extends from about
145 nm to 5.2 ym. In this work, the two-colour
double-pulse irradiation was validated for ef-
ficient machining of sapphire wafers. Two col-
linearly combined laser beams with the 1064 and
355 nm wavelengths, pulse duration of 10 ps and
inter-pulse delay of 0.1 ns were utilised to induce
intra-volume modifications (directional cracks) in
sapphire [@]. The photon energy of both beams
was much below the band-gap, and various chan-
nels of the multi-photon excitation were involved
in the process. The higher photon energy of UV
light at 355 nm requires only three photons to ex-
cite an electron from the valence band to the con-
duction one. Such a multi-photon process should
have a much higher probability than eight-photon
absorption (8PA) of the fundamental IR radiation
from a laser (at 1064 nm).

We expected that the radiation of the third
harmonics pulse of low energy would be ab-
sorbed nonlinearly and thus would locally excite
the charge carriers from the valence to the con-
duction band. Subsequently, a high-energy first-
harmonic laser pulse that reaches the material with
some delay could be easily absorbed by electrons
in the conduction band, leading to impact ioni-
sation. The absorbed high-energy first-harmonic
pulse causes strained stresses in the sapphire. If
these stresses exceed the critical limit, cracks are
developing. During scanning a laser beam over
the sapphire wafer, the sequence of pulses initiate
overlapping directional cracks, and a continuous
cleavage of the hard material is achieved.

Significant enhancement in the modification
area was experimentally observed when intensi-
ties of focused infrared and ultraviolet beams were
within narrow ranges. Here, we discuss the most
likely mechanisms of the resonant laser-sapphire
interaction, leading to up to four times higher ex-
citation of sapphire involving multiple photons
and energetic levels of intrinsic defects in the band
gap. Various models of electron excitation by in-
tense laser light in sapphire were analysed based
on previous experience in multi-photon spectros-
copy. Energetic models of colour centres involved

in two-step multi-photon absorption in sapphire
under intense laser irradiation have been pre-
pared.

2. Experiment

Stealth dicing of sapphire using two wavelengths
was performed to improve the absorption of sap-
phire using the better-absorbed third harmonic
radiation and excitation of valence band electrons
into the conduction band. To realise the stealth
dicing of sapphire using two wavelengths, a laser
optical system for the two-colour double-pulse ir-
radiation with crossed polarisations, as shown in
Fig. El(a), was assembled.

Two different diode-pumped lasers (PL10100,
Ekspla) and (Atlantic, Ekspla) with pulse dura-
tions of 7 = 10 ps irradiation at a wavelength
of A = 1064 nm were used in the experiments.
The first laser provided pulses with energy up to
20 uJ at a 1 kHz repetition rate. The second la-
ser with the same laser pulse duration and radia-
tion wavelength but higher repetition rate and
pulse energy was chosen to upscale the process
throughput. The second laser source provided ra-
diation with a pulse energy of 68 yJ at a repetition
rate of 100 kHz with an average power of 6.8 W.

The beam of the picosecond laser was split into
two beams using a polarising beam splitting cube.
The third harmonics with a wavelength of 355 nm
was generated using the second and third harmonic
crystalsin one optical path using non-linear crystals.
The first harmonics was translated to the workpiece
by another optical path. For the second-harmonic
generation, an LBO type-I non-linear crystal with
a size of 5 x 5 x 10 mm?® was used (Eksma Optics).
For the third-harmonic generation, an LBO type-II
nonlinear crystal with a size of 5 x 5 x 8 mm’ was
used (Eksma Optics). Both beams were collinearly
combined by using a spectrally selective mirror. In
the experiments, it was essential to have sufficient
overlap of UV and IR laser beams. The combined
cross-polarised dual-wavelength double-pulsed
beam was focused in the volume of the sapphire
wafer by using an aspheric uncoated focusing ob-
jective with a focal length of 8.0 mm and a numeri-
cal aperture of 0.50 (A240TM, Thorlabs).

It is easier to focus UV light to a smaller
spot. Radiation of different wavelengths focuses
at various depths due to chromatic aberrations
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Fig. 1. (a) Experimental set-up for the cross-polarised dual-wavelength double-pulse combined laser irradia-
tion. LASER is the pulsed laser source; HWP is the half-wave plate; PBC is the polarisation beam splitter
cube; the delay line with movable retro-reflection prism RR; M1 is a high reflective mirror; SH and TH are
the second and third harmonic modules; both beams were combined by the spectrally selective mirror M3;
M2 is the harmonic beam splitter mirror; OL is the focusing objective; HM is a harmonics generation module;
FM is a focusing module with controllable focus position Z; SAMPLE is a sapphire wafer mounted on control-
lable positioning stage XY. Schematic representation of irradiation regimes: (b) single-pulse IR irradiation at
the wavelength of 1064 nm; (c) single-pulse UV irradiation at the wavelength of 355 nm; (d) dual-wavelength
double-pulse combined irradiation with the fixed inter-pulse delay of 0.1 ns. Coloured online.

in the focusing optics. Moreover, there is also
a difference in the refractive index of sapphire for
the light of different used laser wavelengths. A beam
expander and additional lens, pre-focusing the 1064
nm beam, were built in the optical path of the funda-
mental harmonics to equalise the position and size
of the waist in the sapphire as much as possible.

The laser spot sizes of the focused Gauss-
ian beams in the volume of sapphire were mea-
sured by the technique described by Liu [@]. For
the first laser (laser #1), the spot size radiuses were
w,(355) =3.5umand w,(1064) = 3.3 yum. The mea-
sured spot radiuses for the set-up with laser #2
were w, (355) = 4.4 ym and w_ (355) = 6.0 ym.

Three different irradiation regimes were exam-
ined in the experiments: the single-pulse irradia-
tion by IR or UV laser pulses (Fig. (b, ¢)) and du-
al-wavelength double-pulse combined irradiation
at a fixed delay between pulses (Fig. El(d)).

The single-pulse train irradiation was applied
using two laser wavelengths: either 1064 nm
(Fig. El(b)) or 355 nm (Fig. (c)). In the dual-
wavelength double-pulse irradiation scheme,

the time delay between laser pulses in the double-
pulse pairs was controlled by optical delay lines
with retro-reflector prisms. It was set to about
At = 100 ps. The UV pulse arrived at the sample
first. The temporal distance between repetitive la-
ser pulses or double-pulse pairs was 1/f_, where
1. o 18 the laser repetition rate.

The energy ratio between laser pulses of IR and
UV wavelengths was controlled by the orienta-
tion angle of the A/2 wavelength plate (HWP) be-
fore the polarisation beam splitter. The pulse en-
ergy dependences for the fundamental, third and
both harmonics combined on the rotation angle
of HWP are shown in Fig. . Solid lines represent
sin* (2¢) and cos? (2¢) functions and their sum
calibrated to the maximal measured value of pulse
energies at 0 deg. (1064 nm) and 45 deg. (355 nm)
orientation. The total sum of pulse energies of IR
and UV pulses decreases by increasing the HWP
angle in both cases due to limited conversion ef-
ficiency to the third harmonics.

Wafers of the synthetic single crystal sap-
phire (a-AlL O,, CrystalQ) were used as samples in
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Fig. 2. Pulse energy versus the HWP orientation angle. (a) System with laser #1. (b) System with laser #2.
Dots are experimental data: (=) IR pulse at the wavelength of A = 1064 nm; (®) UV pulse at the wavelength of
A =355 nm; (#) the dual-wavelength double-pulse at the wavelengths of A = 1064 nm and A = 355 nm. Adapted
with permission from reference [33] under CC BY license, Springer Nature. Coloured online.

the experiments. The sapphire wafers with a dia-
meter of 50.8 mm and thickness of 430 ym had
an orientation C-plane (0001), off-cut 0.30 deg.
to M plane. They were double-sided epi-polished
with the top surface roughness of Ra < 0.3 nm and
bottom surface roughness of Ra < 0.5 nm. Intra-
volume modifications of sapphire were investigated
using an optical microscope Eclipse LV100, Nikon.

3. Results

Sapphire wafers were irradiated by single laser puls-
es of IR (Fig. Iﬂ(b)) or UV (Fig. EI(C)) and the com-
bined double-pulse dual-wavelength irradiation
(Fig. (d)). The pulse energies of IR and UV beams
were varied in opposite directions by changing
the orientation angle of the half-wave plate (HWP)
(Fig. ).

The size of intra-volume modifications (cracks)
induced by laser irradiation is directly related to
the energy absorbed by the material. The optical
images of laser-induced transverse intra-volume
modifications in the sapphire wafer by a single
pulse and the dual-wavelength double-pulse irra-
diations are given in Fig. E

Experimental data were recorded in single-pulse
and double-pulse regimes. Dimensions of internal
modification were measured through the optical
microscope and plotted as a function of the orien-
tation angle of HWP (Fig. H). In the single-pulse re-

gime, intra-volume modifications appeared in bulk
when pulse energy of IR or UV pulses exceeded
some particular value.

Considering wide sapphire band-gap E =
8.80 eV and multiphoton excitation at high in-
tensity, three photons of UV laser at 355 nm
(3.493 eV) are required to transfer an electron
from the valence band to the conduction band
(3PA). In the case of IR laser radiation at 1064 nm
(1.165 eV), at least eight photons are needed for
inter-band transition (8PA). As excitation pro-
cesses 3PA and 8PA are independent (data of
separate experiments), we can deduct their input
to the total modification of sapphire at the joint
action of both laser beams (‘difference’ in Fig. H).
The enhanced modification (intra-volume crack
formation) was observed for the double-pulse re-
gime in a pretty narrow range of the HWP rotation
angles (5-25 deg). Those experimental results evi-
dence that the absorbed first UV pulse enhanced
the absorption of the second IR pulse in the dual-
wavelength double-pulse irradiation. The delay of
~100 ps between UV and IR pulses was found to
be optimal for enhanced modification of the ma-
terial [@]. In addition, UV luminescence was ob-
served in the focal area inside the sapphire wafer
during laser treatment with focused 10 ps laser
pulses (Fig. E).

The primary purpose of this work was to inves-
tigate what excitation mechanism is responsible for
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Fig. 3. Microscope images of intra-volume modifications in sap-
phire induced by laser #1. Series of the modifications were pro-
duced varying pulse energy of the laser by HWP rotation. Single-
pulse at 1064 and 355 nm, as well as double-pulse (355 + 1064 nm,
with a delay of 0.1 ns between pulses) irradiation regimes, were
applied. Enlarged are images of selected modification spots. Col-
oured online.
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Fig. 4. Size of lateral intra-volume modifications in the sapphire wafer induced at various irradiation regimes,
varying pulse energies by rotation of /2 wavelength plate. The enhancement in the modification size due to dou-
ble-pulse irradiation achieved by subtracting single pulse modification sizes: S(1064 + 355 nm) - $(1064 nm)-
S(355 nm). Adapted with permission from reference [33] under CC BY license, Springer Nature. Coloured
online.
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Fig. 5. CCD camera image of the photolumi-
nescence track in sapphire under excitation
with a focused picosecond laser beam. Col-
oured online.

enhanced intra-volume modifications of sapphire
in the combined double-pulse two-wavelength ir-
radiation regime.

4. Discussion

Intra-volume modifications and cracks observed
in sapphire after intense laser irradiation are re-
lated to the energy that was highly localised when
absorbed from laser pulses. The photon energy of
fundamental IR and even the third harmonics at
355 nm of an Nd:YVO, laser is too low for direct
single-photon excitation of the material. Therefore,
various channels of multiphoton excitation should
be considered.

Excitation of electrons from the valence band to
the conduction band can be expressed by the rate

equation [@]
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where n_is the electron concentration in the con-
duction band, n_ is the initial electron concen-
tration in the valence band, and W, and W, are
the rates of multi-photon ionisation and avalanche
(impact) ionisation, respectively. The last term ac-
counts for recombination of free electrons from
the conduction band with a characteristic time
7_(7_= 100 ps in sapphire [@]). The equation ade-
quately describes the behaviour of sapphire during
single pulse irradiation. Additional terms could be
considered when two pulses with different wave-
lengths are applied.

4.1. Multiphoton absorption of UV and IR

Considering the band gap of 8.80 eV, at least
the eight-photon absorption (8PA) is required to
generate free electrons using the 1064 nm radiation.
Meanwhile, only three photons (3PA) of 355 nm
radiation are enough to transfer an electron from
the valence to the conduction band.

For N-photon absorption, the rate at which laser
energy is absorbed by the unit volume of the mate-
rial is

dlj 0
— ==> al", 2
(dz - > )

N=1

with « defined as the N-photon absorption co-
efficient and I being the radiation intensity [@].
The dominant material dependence of a is
through the energy band-gap and the N-pho-
ton absorption coefficient decreases as E *".
The multi-photon absorption model of [@] was
extended to the sapphire case by Arola et al. [@].
Using the Arola data for N-photon absorption
coeflicients, the excitation processes of 8PA at
1064 nm (a,(1064) = 4.5 x 10 cm"/W’) and
3PA at 355 nm (a, (355) = 3.8 x 107 cm’/W?)
have equal rate dI/dz when the intensity is about
4 x 10" W/cm?®. However, according to our exper-
imental data, neither 1064 nor 355 nm pulse could
alone initiate crack formation in sapphire at that
intensity.

By tuning the half-wave plate, we vary the ra-
tio of initial pulse energy with the fundamental IR
wavelength of 1064 nm (1.165 eV), which directly
goes to the sample and to the part which is convert-
ed to the third harmonics at 355 nm (3.493 eV).
The intensity ratio of UV to IR laser radiation
grows up with the orientation angle, but a flux of
high-energy photons never exceeded 7% of the IR
photon flux within the range where the increased
modification was observed in sapphire for dual-
wavelength irradiation. A quite minor attendance
of UV photons provokes the significant increase
of multi-photon excitation probability and at least
four-time higher modification of the material.

At the used experimental conditions and ap-
plying multi-photon ionisation (MPI) coeflicients
according to simulation [@], the upper limit for
the free electron concentration was estimated. With
the maximum pulse energy used in the experiments
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of 68 uJ, the total number of photons per pulse
(at 1064 nm) was below 3.6 x 10'“. However, their
density in a focal volume was as high as 10” cm™.
In the case of 8PA at 1064 nm, the upper lim-
it for the free electron concentration could be
N® ., = 107-10* cm™, depending on the HWP
orientation (pulse energy). The cumulative action
of both wavelengths disappeared when the concen-
tration N°* _ fell below 10" cm™. In the case of 3PA
at 355 nm, the upper limit for free-electron con-
centration was N° = 10'°-10" cm™ depending on
the HWP orientation (pulse energy). At the maxi-
mum UV laser pulse energy (whole IR pulse energy
was converted to UV), the maximum free-electron
concentration N°,. - was not more than 10" cm™.
Delay between UV and IR laser pulses was set
to ~100 ps during the experiments. That eliminates
the virtual interaction of IR and UV laser pulses of
10 ps duration in the multi-colour multi-photon
absorption. The multi-photon inter-band excita-
tion through virtual intermediate states cannot ex-
plain the ‘resonant’ behaviour of the internal modi-
fications in sapphire observed in our experiments.
Therefore, other mechanisms than multi-photon
absorption should be considered to explain intra-
volume modifications leading to crack formation

in sapphire.

4.2. Critical plasma concentration and impact
ionisation

Athigh laser intensities, the effects of free-electron
absorption are expected to dominate the trans-
missivity. The intensity is high enough to create
the initial seed plasma regardless of the band-gap
value [@]. Transient transformation of dielectric
material to a highly-absorbing metallic state oc-
curs at intense laser excitation when the free-elec-
tron plasma reaches a critical concentration

2
€M_ Q)
n, =———, (3)

cr 2

€

where e is the electron charge, m_ is the elec-
tron mass, ¢ is the vacuum dielectric permittiv-
ity, w, = 27c/A, c is the speed of light, and A is
the laser wavelength. The critical electron plasma
density is 9.8 x 10 cm™ for a laser wavelength of
A, = 1064 nm and 8.8 x 10*' cm™*for a laser wave-
length of A, = 355 nm. The IR laser pulses were

close to reaching the limit, and we experimentally
observed internal modifications in sapphire using
only the IR beam. The intensity of 355 nm radiation
was much lower to get the critical plasma concen-
tration. However, modifications in sapphire were
produced as well at higher pulse energies using
only UV laser pulses.

The enhanced excitation of sapphire in the two-
colour regime could be a sequence of IR light ab-
sorption by free carriers (electrons in the conduc-
tion band) generated by three-photon absorption
of UV light, followed by impact ionisation of ad-
ditional free-carriers from the valence band.

Based on their modelling, Capuano et al. [@]
claim that sapphire could be modified by the laser
radiation only if avalanche ionisation is triggered in
bulk. According to their data, a sudden increase in
the electron density at the sapphire surface starts for
electron density above n_~ 5 x 10" cm™. Free elec-
trons gain their kinetic energy absorbing photons.
Free electron absorption leading to avalanche (im-
pact) ionisation is proportional to the seed electron
concentration and laser intensity and is described as

(%) Al= O-ccncl’ (4)

where o is the free electron cross-section, n_ is
the free electron concentration in the conduc-
tion band, I is the laser radiation intensity, and z is
the laser propagation direction.

Karras et al. [@] estimated the free-electron
cross-section in sapphire for the 800 nm wave-
length to be equal to 1.25 x 10”7 cm®. Depending
on the predominant electron-phonon scattering
mechanism (by acoustic phonons ~AE™? or ion-
ised defects AE*? [@]), the cross-section at the 1064
or 355 nm wavelengths could differ no more than
0.7-3.4 times. At our experimental conditions, con-
sidering the generation of seed electrons to the con-
duction band by 3PA of 355 nm pulse and later free-
electron absorption of 1064 nm photons, the upper
limit of electron concentration in the conduction
band could be 2 x 10" cm™. That value is signifi-
cantly less than the density of electrons generated by
multi-photon absorption 8PA, even though we did
not take into account the delay of ~100 ps between
UV and IR pulses, and the concentration, in reality,
would be much less due to relaxation. The insig-
nificance of the avalanche process in multi-photon
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excitation of wide band-gap dielectrics at similar
experimental conditions was shown in [@] using
a femtosecond pump-probe interferometry tech-
nique to measure the density of carriers excited by
ultrashort intense laser pulses.

4.3. Self-trapped excitons

The transient energetic levels in the band-gap could
work as intermediate states during multi-photon ab-
sorption. Free electrons from the conduction band
can be captured very fast (150 fs) in fused silica b
the formation of self-trapped excitons (STE) [¢4,
@]. From time-dependent THz probe measure-
ments, a typical carrier lifetime of 20 ps was ob-
served in a-AlLO,; the lifetime in the high-purity
sapphire was found to be close to 200 ps [@. Pump-
probe experiments in Al O, suggest that no trapping
occurs on the timescale of few tens of picoseconds
or that the electrons form very shallow traps [@].
Small binding energies of excitons in a-AlLO, are
confirmed by reflectivity measurement in [47]. Self-
trapping energy of 0.13 eV with a barrier for trap-
ping of 0.19 eV was calculated by [@] and confirmed
experimentally by [@]. Recombination of STE in
sapphire is responsible for the luminescence peak at
7.5eV [@]. The energy deficit due to localisation is
1.3 eV. For comparison, the exciton absorption en-
ergy is 9.3 eV in crystalline silica (SiO,), and the self-
trapped exciton emission takes place at 2.8 eV [@].

Temporal delay between UV and IR pulses of
100 ps was used in our experiments. It was selected
for the maximal intra-volume modification in sap-
phire using two-pulse two-colour irradiation [@.
The optimal delay corresponds well with the trap-
ping time in sapphire [@]. However, the Stokes
shift for self-trapped excitons in a-Al O, is much
less than in SiO,. The involvement of shallow en-
ergetic levels in multi-photon ionisation cannot
provide significant gain in the free-electron gen-
eration. Therefore, we exclude STE as a potential
channel of extraordinal excitation in sapphire un-
der our experimental conditions.

4.4. Multi-photon absorption involving deep local
energetic levels in the band-gap

3PA at 355 nm and 8PA at 1064 nm are multi-pho-
ton excitation channels that work separately and
are experimentally easy to test (data included).

Other options for multi-photon excitation using
both photon energies and the minimum num-
ber of photons could be 2PA (355 nm) + 3PA
(1064 nm) and 1PA (355 nm) + 6PA (1064 nm)
to bridge the band-gap of 8.8 eV. More options
also exist, but the probability of such processes
decreases rapidly with a larger number of pho-
tons involved. Such combined multi-photon ex-
citation, in principle, takes place through virtual
intermediate states. However, there was a 100 ps
temporal delay between the UV laser pulse (first)
and the IR laser pulse in our experiments. There-
fore, the real intermediate states (energy level in
the band-gap) should be considered. The two-step
absorption spectroscopy method was developed
in [@]) to investigate intrinsic and impurities de-
fects in semiconductors.

Intrinsic defects are usually present in all wide
band-gap materials like sapphire. Oxygen vacancies
V. * in various charge states (F centres) and oxy-
gen bi-vacances F, are the most convenient defects
in sapphire [@, @, @, @]. In addition, UV light,
similar to the action of more energetic photons 2]
or neutrons [@], is able to generate transient colour
centres in sapphire. A delay of 100 ps is long enough
for local arrangement transformation of a colour
centre after capturing an electron. IR light could be
step-wise absorbed more efficiently from the valence
band through colour centres to the conduction band.

In the case of two-step absorption through a real
deep energetic level (colour centre) in the band gap
of sapphire, two options, described above, were
analysed in details:

If the excitation process includes photons of
various energies, 1PA at 355 nm (3.493 eV) takes
place from the valance band to the colour centre
F1. The next step should consist of at least 6PA at
1064 nm (6 x 1.165 = 6.99 eV) to reach the conduc-
tion band by an electron. As real energetic levels
are involved as intermediate levels in multi-photon
absorption, the excitation channel efficiency is
limited to the concentration of particular kind of
colour centres. Intensive laser radiation could com-
pletely fill them by transferring a significant num-
ber of electrons from the valance band or making
colour centres vacant by transferring all captured
electrons to the conduction band.

The energy absorption rate for the transition be-
tween the upper valence band VB and colour cen-
tre F1 is
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d/
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dr
where I, is the intensity of UV laser beam at

355 nm [W/cm?], and « (355) is the linear (one-
photon) absorption (1PA) coefficient [cm™] for
the transition between the upper valence band and
the colour centre F1. The population of the colour
centre PFl is

n
p, =l (6)

F1

=

where N, is the concentration of colour centres
F1 [cm™], and n, is the concentration of colour
centres that captured electrons from the valence
band (‘occupied’) [cm™’]. The difference (1 - P,)) is
a measure of unoccupied colour centres F1.

The absorption rate from the centre to the con-
duction band could be described as

% =a,(1064)x I}, oc P,,, (7)

where I, is the intensity of the IR laser beam at
1064 nm [W/cm’], and « (1064) is the six-photon
absorption (6PA) coefficient [cm®/W?] for the tran-
sition between the colour centre F1 and the con-
duction band.

The whole 1+6 photon excitation process (chan-

nel) could be described by the excitation rate

A= «, (355)x1I

355

(1-P,)+a (1064)x I, x P, . (8)

Considering two-photon absorption (2PA) of
the 355 nm radiation from the valence band to
the colour centre F2, the next step should include
at least 3PA at 1064 nm (3 x 1.165 = 3.495 eV) to
reach the conduction band by an electron.

The energy absorption rate for the transition be-
tween the upper valence band VB and colour cen-
tre F2 is described as

dl355

=a,(355)x I, c1-P,,, (9)

where « (355) is the two-photon absorption (2PA)
coefficient [cm/W] for the transition between
the upper valence band and colour centre F2.
The population of the colour centre P_is

n
_ F2
PF2_ >

(10)
NF2

where N, is the concentration of colour centres
F2 [em™], and n_, is the concentration of col-
our centres electron-captures from the valence
band [cm™].

The absorption rate from the centre to the con-
duction band could be described as

d‘11 064

T:a3(1064)><]13064 o« P,,, (11)

where «,(1064) is the three-photon absorption
(3PA) coefhicient [cm?®/W?] for the transition be-
tween the colour centre F2 and conduction band
CB.

The whole 2+3 photon excitation channel could

be described as
A2’3:oc2(355)xP355(1—PP2)+0c3(1064) xP  xP_.(12)

As the initial laser beam was split into two beams
by HWP rotation with the later conversion of one
beam from IR to UV, an increase in the intensity of
one beam was related to a decrease in a portion of
the initial laser pulse directed to the second beam.
We can expect domination of VB > F-centre tran-
sitions when the UV beam is more intense, and
the opposite, F-centre > CB transfer should prevail at
high-intensity IR beam. The population of the centre
involved in the two-step multi-photon excitation of
free electrons varies with the ratio of intensities of IR
and UV pulses. Therefore, an experimentally ‘reso-
nant’ increase of multiphoton absorption and related
crack formation was observed in sapphire.

Based on the Arola simulation [B§], coefficients
of multi-photon absorption were selected, which
correspond to experimental data of [@]:

e« (355)=2.80cm™,

* a,(355) = 8.5 x 10°* cm/W,

e a,(1064) = 1.4 x 10 cm¥/W?,
. (x6(1064) =3.05 x 107 cm®/W>,

The energy absorption (excitation) rate was
calculated according to Eqs. (8) and (12) using
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the experimental data of pulse energies (Fig. E),
converted to intensities of the IR and UV beams for
both laser set-ups: laser #1 and laser #2.

The simulation results for 1PA+6PA and
2PA+3PA models are presented in Figs. E—E They
are compared to the modification area size gained
due to the combined use of two-colour laser pulses
(difference in Fig. 4). The size of modifications in-
side sapphire is directly related to the absorbed la-
ser energy when a particular threshold is exceeded.

We achieved a pretty good agreement in the ‘res-
onance shape’ of the absorbed energy dependences
on the HWP orientation angle (Fig. é) and intensi-
ties of IR and UV pulses (Figs. H é). In both cases,

—~
oS}
~

Laser #1

(;wur) 0UIAJIP BIIR PAYIPON

Absorbed power per unit volume (W/cm?)

A/2 waveplate orientation angle (°)

the input of the 1PA+6PA process prevails over that
of the 2PA+3PA process, indicating that the den-
sity of F1 centres is higher than that of F2 centres.
The enhanced absorption and modification size
were observed in a very narrow UV and IR pulse
intensities window. That indicates a complex inter-
play between multi-photon excitation by photons
on different energies.

The selection of colour centres that act as in-
termediate levels in the two-step multi-photon
excitation is not a trivial task. Sapphire possesses
a broad range of intrinsic defects, which also differ
in their charge states [@]. Significant differences
in excitation and emission spectra evidence large

~—

Laser #2

(;wur) 0UIJIP BIIR PAYIPOIN

Absorbed power per unit volume (W/cm?®) o

A/2 waveplate orientation angle (°)

Fig. 6. Absorbed power per unit volume [W/cm?’] for the two-step multi-photon 1PA(355)+6PA(1064) and
2PA(355)+3PA(1064) excitation channels in sapphire on the ratio of UV and IR pulse intensities, set by the ori-
entation angle of the 1/2 waveplate (HWP), compared to the experimental modified area size (dots), gained by
the combined action of both laser pulses from (a) laser #1 and (b) laser #2. Coloured online.
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Fig. 7. Absorbed power per unit volume [W/cm’] for the two-step multi-photon 1PA(355)+6PA(1064) and
2PA(355)+3PA(1064) excitation channels in sapphire on the intensity of UV (a) and IR (b) pulses, compared
to the experimental modified area size (dots), gained by the combined action of both laser pulses (laser #1).

Coloured online.
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Fig. 8. Absorbed power per unit volume [W/cm?] for the two-step multi-photon 1PA(355)+6PA(1064) and
2PA(355)+3PA(1064) excitation channels in sapphire on the intensity of UV (a) and IR (b) pulses, compared
to the experimental modified area size (dots), gained by the combined action of both laser pulses (laser #2).

Coloured online.

transformations in ion configuration with a cap-
tured charge (electron) [@]. Detailed spectro-
scopic investigations are needed to build and ap-
prove the configuration model of a centre with
the strong local electron-phonon interaction [@,
@]. The Stokes shift reflects self-compensation
of both the charge and local lattice deformations.
Therefore, even knowing excitation energy VB > F-
centre, it is impossible to directly distract from
the band-gap the energy distance to the opposite
conduction band at the I' point. The conduction
band for a-Al O, near the I point is localised on
Al 3s states. The upper valence bands are oxygen
non-bonding p states [@]. The symmetry selection
rules should be applied for optical transitions, as
well.

Oxygen vacancy is the intrinsic defect with
the lowest formation energy in «a-Al O, [@]. We
can expect the highest concentration of those de-
fects in the material. The V| defect creates energetic
levels deep in the band gap, and their position de-
pends on the charge state of the defect. A vacancy
with two captured electrons is neutral V > + > V
and is called F centre.

Position of V* at about 2.8-3.2 eV above the va-
lence band maximum is confirmed experimental-
ly [@, @] and by simulations [@, Q]. 5.6 eV dis-
tance to the conduction band is estimated, but at least
one-photon transitions from the ground state A1 of
the oxygen vacancy V_° (F centre) to the conduc-
tion band are forbidden. The transition to T2 state
6.3 eV above Al state overlapping with the conduc-

tion band is a way of free-electron generation [@].
The latter leads to excitation of photoluminescence
at3.85eV [@, @]. Such scheme of the F centre ener-
geticlevels in a-Al O, agrees well with the early work
of Evans et al. [@] just interpreting it as F* centre.
Based on our experimental results and data
available in the literature, the energy level scheme
and configuration model of the V_ centre involved
in the two-step multi-photon excitation process
1PA (355 nm) + 6PA (1064 nm) in sapphire were
prepared (Fig. E). The absorption of one photon at
355 nm leads to the electron transition from the val-
ance band to the V_* centre. The captured electron
recharges the centre to V_° with the corresponding
defect environment transformation in 100 ps delay
until the IR laser pulse arrives. Six-photon absorp-
tion of the 1064 nm radiation by the electron takes
place leading to an excited T2 state of the centre
V., energetically overlapping with the conduc-
tion band. Direct transfer to the conduction band
is symmetry-forbidden. The electron may escape
from the defect due to electron-electron scattering.
The charge status of oxygen vacancy is changed, and
ions around the defect relax again to the stationary
position of the V" centre. A free electron could be
radiatively captured from the conduction band to
the V' centre, emitting UV luminescence centred
at 3.85 eV, transforming the centre to the V _° state.
Mono-vacancies of oxygen V are primary de-
fects in sapphire generated by irradiation with
high-energy photons or ions [p1, @]. At high ir-
radiation doses, the concentration of single defects
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Fig. 9. Energy level diagram and configuration model of the V cen-
tre involved in the two-step multi-photon excitation process 1PA
(355 nm) + 6PA (1064 nm) in sapphire. Coloured online.

becomes large and neighbouring defects form more
complex F centre aggregates. Aggregate F,, F,* and
F** centres are oxygen divacancies that trap four,
three or two electrons, respectively []. Therefore,
we consider F, complexes as an additional group of
energetic levels in the band-gap acting as interme-
diate levels in the two-step multi-photon excitation
of the material.

F** centre is responsible for an optical absorp-
tion band at 2.75-2.8 eV []. That suggests
the minimum distance from the valence band of
6.05 eV. This energy gap could be covered by two
photons with an energy of 3.493 eV (355 nm).
The absorption band of 3.47 eV and photolumines-
cence at 380 nm (3.26 eV) are attributed to the F,*
centre [@, @, @].

Combining our experimental results and data
available in the literature, the energy level scheme of
the F, centre involved in the two-step multi-photon
excitation process 2PA (355 nm) + 3PA (1064 nm)
in sapphire was prepared (Fig. ).

Absorption on two photons at 355 nm leads to
electron transition from the valance band to the F,**
centre. The captured electron recharges the centre
to F," state with the corresponding defect environ-
ment transformation in 100 ps delay until the IR
laser pulse arrives. Three-photon absorption of
the 1064 nm radiation takes place and the electron
is transferred to the conduction band. The charge

status of oxygen divacancy is changed again, and
ions around the defect relax to the stationary po-
sition of F** centre. A free electron could be ra-
diatively captured from the conduction band to
the F,* centre, emitting UV luminescence centred

CB

3PA PL

F2+

2PA

VB

Fig. 10. Energy level scheme of
F, centre involved into the two-
step multi-photon excitation
process 2PA (355 nm) + 3PA
(1064 nm) in sapphire. Col-
oured online.
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at 3.26 eV (380 nm), close to the luminescence ob-
served during laser treatment of sapphire in our ex-
periments. Data available from our experiments and
literature are not sufficient to predict the configura-
tion scheme of the F, centre. Comparing the input of
1PA+6PA and 2PA+3PA processes into the two-step
multi-photon absorption rate (Figs. H—E), the first
one has higher efficiency, which is consistent with
a natural ratio in the density of mono- and divacan-
cies of oxygen in the material.

Why could intra-volume modifications of sap-
phire be enhanced more than four times if we
consider the two-step multi-photon absorption
through colour centres as intermediate levels in
the band gap? The effect to free-electron density
in the conduction band could not be stronger than
the concentration of F centres.

Defect level density as high as 1.6 x 10" cm™?
was measured at approximately 3.0 eV below
the conduction band in the bulk of AL O, films [@].
The high-quality epitaxy sapphire wafers are less
defective. However, as oxygen vacancy V_ has
the lowest formation energy in a-ALO,, they are
easily produced by irradiation with high-energy
photons. We can expect the generation of V| defects
irradiating with UV laser pulses. Absorption bands
related to oxygen monovacancies in sapphire are in
the UV spectral range, and that kind of modifica-
tion of the material cannot be visually inspected.
However, intense UV luminescence was observed
during laser processing, evidencing the existence of
V,, defects and their relaxation.

The experimentally measured and theoretical-
ly estimated lifetime of electrons on the localised
state, such as the F* colour centre, is a few nanosec-
onds [@], much longer than the pulse duration of
10 ps and the delay between UV and IR pulses of
about 100 ps. That facilitates the accumulation of
electrons trapped on F centres until more intense
IR pulses arrive at the material.

The modification enhancement effect is ob-
served in a narrow, limited range of intensities for
UV and IR laser pulses (Figs.%, E). Under these
conditions, the ratio of UV photons is no more than
10% of IR photons, which could not be explained
by the 1:6 and 2:3 ratio in the discussed two-step
excitation processes.

Therefore, the final picture of the sapphire exci-
tation using intensive two-colour, two-pulse laser
irradiation includes the following:

o three-photon (355 nm) generation of seed
electrons in the conduction band;

« part of that excitation leads to the formation of
transient colour centres (oxygen vacancies);

o recharging existing and new transient col-
our centres by UV photons lifting electrons from
the valence band to the V" and F,** centres, which
relax to the V _°and F," centres in ~100 ps;

o eight-photon absorption of IR laser pulses
(1064 nm) between the valence and conduction
bands;

» lifting electrons, captured at the V_° and F*
centres, to the conduction band by multi-photon
absorption of IR pulse;

o all the processes above facilitate high seed-
electron density to ignite the impact ionisation by
the remaining IR laser photons;

« irreversible modifications of the material re-
sults from the explosive growth of free-electron
density above the critical plasma concentration in
the focal volume of sapphire.

The minimal intensities of UV and IR pulses are
required to trigger the whole process. Our experi-
mental conditions tunning the IR and UV pulses
intensities in the opposite direction by the HWP
rotation lead to the ‘resonant’ behaviour of the ma-
terial response.

5. Conclusions

The two-colour (wavelengths of 1064 and 355 nm)
double-pulse (inter-pulse delay of 0.1 ns) combined
picosecond laser irradiation was used to initiate
intra-volume modifications (directional cracks)
in single-crystal sapphire wafers. A significant in-
crease of the modification area was experimentally
observed when intensities of combined IR and UV
laser beams were within a narrow window. The en-
ergies of IR (1.165 eV) and UV (3.493 eV) photons
are much below the band gap (8.8 eV) of sapphire,
and various multi-photon excitation mechanisms
responsible for the enhancement were analysed.

Besides the three-photon absorption of UV
pulses and eight-photon absorption of IR pulses be-
tween the valence and conduction bands, the two-
step multi-photon absorption through energy lev-
els of colour centres was investigated.

Two pairs of intrinsic defects in different charge
states could be responsible for the increased excita-
tion rate at particular experimental conditions with



137 M. Gedvilas et al. / Lith. ]. Phys. 61, 124-141 (2021)

a non-monotonous response to the ratio of UV to
IR intensities.

The two-step multi-photon absorption pro-
cess of 1PA(355 nm) + 6PA(1064 nm) through
V> V_ ? monovacancies of oxygen was modelled.
The scheme of energy levels involved in the excita-
tion and relaxation process and the corresponding
configuration model were built.

The two-step multi-photon absorption pro-
cess of 2PA(355 nm) + 3PA(1064 nm) through
F** < F,* divacancies of oxygen was modelled.
The scheme of energy levels involved in the exci-
tation was prepared. The 1PA + 6PA absorption
channel has higher efficiency than 2PA + 3PA, con-
sistent with a natural ratio in the density of mono-
and divacancies of oxygen in the sapphire.

All the excitation processes above facilitate high
seed-electron density to ignite the impact ionisa-
tion by the remaining IR laser photons, leading to
irreversible modifications in the focal volume of
sapphire. The minimal intensities of UV and IR
pulses are required to trigger the whole process,
evidencing the ‘resonant’ behaviour of the material
response on the IR and UV pulses intensities.
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SAFYRO KRISTALO SUZADINIMAS INTENSYVIA DVIEJU SPALVU
PIKOSEKUNDINIO LAZERIO SPINDULIUOTE

M. Gedvilas, V. Stankevi¢, G. Raciukaitis

Fiziniy ir technologijos moksly centras, Vilnius, Lietuva

Santrauka

Ultratrumpyjy impulsy lazeriai yra placiai taikomi
apdirbant skaidrias medziagas. Kristalinis safyras yra
viena placiausiai naudojamy skaidriy medziagy, tac¢iau
dél kietumo jj sunku apdirbti mechaniniais metodais.
Pasléptasis lazerinis raizymas yra vienas i§ perspekty-
viausiy safyro padékly perpjovimo budy. Siekiant ini-
cijuoti pasléptaji safyro raizymga, $iame darbe buvo nau-
dojama dviejy impulsy dviejy bangos ilgiy kombinuota
pikosekundinio lazerio spinduliuoté. Panaudotas koli-
nearus dviejy pluosty su 355 ir 1064 nm bangos ilgiais,
10 ps impulso trukme ir 0,1 ns vélinimu tarp impulsy
kombinavimas. Kadangi abiejy pluosty fotony energija
yra gerokai mazesné nei draustiniy energijy tarpas, buvo
iSanalizuoti jvairus daugiafotonio suzadinimo keliai.

Eksperimentiskai Zymus, iki keturiy karty modifikaci-
jos srities padidéjimas buvo stebimas, kai infraraudono-
sios ir ultravioletinés spinduliuociy intensyvumas kito
siaurame diapazone. Darbe iSanalizuotas labiausiai tiké-
tinas rezonansinis dviejy spalvy lazerio ir safyro kristalo
sgveikos mechanizmas, dél kurio pasiektas iki keturiy
karty didesnis suzadinimas, apimantis safyro defekty
energetinius lygmenis ir daugiafotonés sugerties kom-
binacijas. Remiantis ankstesne daugiafotoninés spekt-
roskopijos patirtimi buvo i$analizuoti jvairas elektrony
suzadinimo intensyvia lazerio $viesa safyre modeliai.
Parengti spalviniy centry, dalyvaujanciy dviejy pakopy
daugiafotoninéje sugertyje safyre, ap$vitinant jj intensy-
via lazerio spinduliuote, energetiniai modeliai.
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