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Abstract: We report control possibilities over ultrafast laser-induced periodic void lines in
porous glass. Instead of high intensity regime leading to filaments, multi-pulse irradiation with
high repetition rate (500 kHz) and various writing speed is used here in a transverse geometry.
The formation of a perfectly controlled periodic void structure is shown to rely on such parameters
as laser energy per pulse and scanning speed. In particular, both the threshold energy required for
this effect and the period of the fabricated void arrays are shown to rise linearly with the number
of the applied laser pulses per spot, or with a decreasing writing speed. To explain these results,
a thermodynamic analysis is performed. The obtained dependencies are correlated with linear
energy losses, whereas the periodicity of the observed structures is attributed to a static energy
source formation at the void location affecting both material density and laser energy absorption.

© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

The capacity of femtosecond laser systems to locally modify transparent materials has been used
for many promising applications in different areas ranging from photonics to microfluidics [1].
The main advantage of the ultra-short laser pulses is in an extremely high precision of the
energy deposition. Therefore, laser machining can be performed in volume of different glasses
enabling three-dimensional inscription of numerous structures, such as photonics crystals,
optical memories, waveguides, gratings, couplers, chemical and biological membranes and
other devises [2, 3]. Previous studies have already revealed major mechanisms of femtosecond
laser irradiation of typical glasses, such as fused silica, BK7 and calcium fluoride [4-9]. Such
phenomena as photoionization and avalanche ionization leading to laser-induced breakdown
were in focus of both experimental and theoretical studies starting from the invention of high-
power systems [4, 10]. It was shown that very small regions could be efficiently treated in a
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well-determined way by using only a central part of the Gaussian radial distribution of the laser
beam [11].

The results of laser machining can considerably differ if instead of a single laser pulse, trains
of high repetition rate ultra-short laser pulses are used [12, 13]. In fact, when time between
laser pulses is shorter than that required for energy diffusion outside laser-treated volume, a
considerable heat accumulation may lead to a pronounced enhancement in the size of the
laser-affected zone. This effect was observed in the experiments with nanojoule laser energy at
laser repetition rate as high as 25M H z. For such multi-pulse laser irradiation regime Miyamoto
et al. [13] calculated thermal fields revealing stationary regimes for several optical materials and
laser parameters. Moreover, it was shown that even upon a single ultra-short laser interaction
with glass, the induced thermal effects could last for a significant time up to nanoseconds in
dielectric materials [14].

Additionally, femtosecond laser-induced formation of nanopores and voids was investigated
for the initially non-porous optical materials [3, 15-17]. Such effects as strong explosion and
shock wave formation were shown to play a role in a single void formation for tightly focusing
conditions [9, 18-21], whereas cavitation and nanopores were found to play a role in volume
leading to nanograting formation when laser focusing was not so strong [17,22,23].

It was demonstrated, furthermore, that silica glasses with different densities including fused
silica, porous glass, and aerogel could be also successfully processed [23,24]. For porous glasses,
several regimes were identified [24] with different corresponding types of material modifications
ranging from densification and microvoid formation to wider channels appearance. In fact,
laser-induced densification is expected in the regime of lower energy deposition, whereas the
formation of channels was reported for larger laser absorbed energy. For intermediate absorbed
energy, the so-called "decompaction" regime was identified accompanying by microscopic void
formation during transverse laser scanning of porous glass in volume. We note that local control
of porosity also allows the formation of waveguides and other embedded elements. Additionally,
porous materials can be used for laser-assisted nanoparticle formation with promising photonic,
plasmonic or photochromic properties. These investigations also open up a way toward an easier
fabrication of optical sensors based on porous materials to monitor changes in the environment.

Ultrashort laser pulses
Z with high repetition rate ., v

b

Fig. 1. Illustration of transverse laser scanning geometry (a) and the final structure (b).

Previously, ultra-short lasers were shown to induce voids both in the direction of laser
propagation and in the laser scanning direction. The former structures were attributed to such
effects as self-focusing and filamentation [25], standing electron plasma wave [26] or spherical
aberration [27-29]. The transverse laser scanning of non-porous glass (Fig. 1) was performed only
in a few studies and mostly for non-porous glasses [3,8,30,31]. In particular, femtosecond-laser
pulses were shown to generate self-organized bubble patterns [3] in fused silica at repetition
rate as high as 9.4M Hz and scanning speed up to 31mm/s. A transition between chaotic and
self-organized patterns at high scanning rate (above 10mm/s) was revealed and attributed to
similarities with rather complicated non-linear dynamical systems.
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Thus, an efficient control over laser inscription is still puzzling, particularly for porous glasses.
In fact, no systematized control possibilities over threshold, size or period have been proposed so
far. That is why the present study is aimed at the identification of the major physical mechanisms
involved the ultra-short laser-induced void structure formation in volume of a porous glass. Such
parameters as structure periodicity, size and the required pulse energy will be explained.

2. Results and discussion
2.1. Experiments

A series of experiments have been performed for porous silica glass plates. Their chemical
composition is (mass fraction,%): 94.735i0,-4.97B,03-0.30Na; O and the expected trace content
(< 0.1 mass %) of Al,03. The average pore radius is ~ 2nm, the porosity 0.26¢m?*/cm?, and the
specific surface area of the pores is ~ 210m?/g. The transmission of the used porous glass is high
in the visible and near-IR range of wavelengths (0.2 — 2.5um). The experimental set-up is shown
in Fig. 2. Here, Satsuma Yb-doped fiber laser with wavelength 4 = 515nm at second-harmonic,
temporal pulse width 7 = 200 fs passes through a nonlinear optical crystal (3) and a plate (4)
placed at 45° angle to the laser beam direction (1). Material modifications are obtained by varying
sample moving speed, V;, from 0.0125 — 3.75mm /s with respect to the focused laser beam and by
changing laser pulse energy E), from 1.5 to 2.34 pJ at a constant repetition rate (v = 500kHz).

1
-

Fig. 2. Illustration of the experimental setup, where tightly focused (20X, NA = 0.4) ultra-
short laser pulses (200 f's, 500k Hz, 515nm) create decompaction region inside of the porous
glass.

In this case, around 5 percents of laser energy is reflected from the plate (4) and arrives at
the power measuring device (11). Then, the laser beam is focused by the objective (5) (LOMO,
20x, NA = 0.4) in volume of the glass film/plate (6) at the plane of the laser modified region
formation (MR). When laser (1) is turned on, the optical table (7) (Standa 8SMC1-USBhF) starts
moving along one of the axis X or Y. At the same time, a part of the transmitted laser radiation is
registered by the power-metter (9) located behind the collective lens (8) placed right after the
glass plate (6). Another part of the laser energy that is reflected by the place (4) is used to control
laser power. The control over the optical table (7) movement and its synchronization with laser
power supply (2) is provided by the personal computer (10).

At rather low laser energy and the number of laser shots per focusing spot, a moderate
densification, or, compaction is observed in the porous glass. In the intermediate range of laser
energy per pulse and of the number of laser pulses per spot, the decompaction structure is observed
(Fig. 3) and is typically characterized by a series of voids with a size up to ten micrometers,
which changes only slightly with the number of laser pulses per focusing spot. Importantly, the
observed microvoids appear with a periodicity from a few microns to several tens of micrometers
(Figs. 3 and 4(a)) in the considered laser irradiation regime. The distance between the voids can
be varied by the total laser energy delivered per focusing diameter, E),, or by the number of laser
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pulses per spot, N , determined by the scanning speed. Here, a couple of interesting observations
can be done.

Scan speed, FTUNTEN 10 um
pm/s —l 4

125

250

1875

2500
50 um

3125 e
cut-off

3750

Fig. 3. (a-c) Optical transmission microscopy of decompaction regions obtained for different
writing speeds; (d) image of periodic lines of voids formed inside of the porous glass at a
constant pulse energy (Ep = 2.2uJ) and with different number of pulses per focusing spot:
(1) 2600, (2) 3200, (3) 5330, (4) 32000 and (5) 80000.

Firstly, the period A ~ £N, increases almost linearly with N (or, decreasing scanning speed),
where £ is a constant length defined by the slope of the line in Fig. 4(a). Here, £ ~ 0.62nm.
Secondly, the performed experiments clearly demonstrate that the laser energy required for the
formation of the decompaction structures (energy threshold) also linearly increases with the
number of the applied laser pulses per laser irradiated spot (Fig. 4(b)). Here, E, = Ey X N, where
Ey depends on the focusing conditions and is on the order of 2.5 pJ.

50 200

(b)

40 |
150 |

30 |-
100 -

A [nm]
Eal)]

! ! ! ! 0 ! ! ! !
0 20000 40000 60000 80000 0 20000 40000 60000 80000
N N

Fig. 4. (a) The period of the decompaction regions as a function of the number of laser pulses
per spot at a constant pulse energy (E, = 2.2uJ); (b) the total threshold energy required to
obtain the decompaction of PG using mentioned experimental setup as a function of the
number of pulses per focusing spot.

2.2. Modeling and discussion

To explain the obtained experimental results, a thermodynamic analysis of the laser heating is
performed. Every applied femtosecond laser pulses generates and heats free carries inside the
glass. The subsequent electron-ion/matrix relaxation takes place on a picosecond time scale. In
the considered multi-pulse regime, however, material temperature, or "base temperature” [13,32]
rises during longer time, #;,, corresponding to the focal spot irradiation time and creating an
almost spherical region of the energy accumulation (Fig. 5(a)). This region can be then considered
as a static heat source which appears consecutively in addition to the moving laser. Note, that
the involved physical processes occur on very different time scales, where the energy relaxation
stage is much longer than the laser absorption and heating ones.
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The thermodynamic analysis is based on a modification of the procedure proposed by Miyamoto
et al. [13,26] for multi-pulse laser irradiation regime. In our model, both light propagation
and energy absorption per shot are calculated by using nonlinear Schrodinger equation (NLSE)
coupled with material ionization including photoinization, avalanche and electron trapping [32].
The effective optical index of the studied porous glass [24], ny, is estimated ~1.342 according to
the effective medium theory, e.g. Maxwell-Garnett theory. Moreover, the photoionization rate is
calculated by using Keldysh theory [33]. The NLSE equation used here is written as follows

v 02
j(%F —ﬁV%w 7&2—5 — kAng (1)
where ¢(x, y,z,t), Vz, k and vy = 361f s%/cm are the envelop function of the electric field,
the Laplacian operator in the XY plane, the wave number and the group velocity dispersion
coefficient, respectively. The term An includes the optical index change and photoinization,

WpiU, . neocol @) L TBP _ TBWTsp
) _
7’1806'0'(,0'2]( 2 2k 2k

where Wp; is the photoinization rate and the related to material properties, such as band gap
U, = 9eV, electromagnetic wave angular frequency w, effective mass of electron m ~ 0.86m,,
and the light intensity [33]. m, ~ 9.1 x 1073!kg is the free electron mass. The temporal
optical index during pulsed laser, 7, is estimated by Drude model, and n, ~ 3.5 x 107'6cm? /W,
g0 ~ 8.854 x 10712F /m, co ~ 2.9979 x 108m/s, 1, ~ 1.0fs are the Kerr-effect coefficient,
vacuum permittivity, light speed in vacuum and electron collision time, respectively. op is the
cross section for inverse Bremsstrahlung absorption, op = (e’7,/ m(wz‘rs2 +1)-(1/ncpey)), where
e ~ 1.6022 x 1071°C is the elementary charge. The free electron density is described by the
following single rate equation during photoionization [32]

An = j @)

dp/dt = (Wpr +nlp)(1 = p/pm) = p/7p )

which takes into account the multi-photon ionization, avalanche n = o /U.fr and electron
relaxation time 7,  150fs. Here, wo, A, pm ~ 2.2 X 102em™3, I = ncoeolel?/2 and Uepy =
(I +m/me) - (Ug + e?|¢|? /4mw?) [34] are the waist radius, maximum plasma density, laser
wavelength in vacuum, laser intensity and effective band gap, respectively.The solution of these
equations results in the following distribution of the total absorbed energy

4(2) = 71+ (—2p) / A imag(n) ;. s @)
T 0 t

2
wgh A

Finally, thermal behavior at time ¢ is considered as a heating by consecutive laser sources
separated along the scanning direction with distances of Vs/v. The analytical solution of the
thermal equation is derived by Green’s function method as follows [13]
I 1
AT(x,y,z,1) = Qi &)

TTpgCs ;\/ﬂa(t —i/v)
0; = / 4@ o HEA - imP 4y} @)

) w2+ 8at—ifv) w? + 8a(t —i/v) 4at

ldz’ (6)

where w, = wyq [1 + (7r Ljfn )2 is the estimation of laser beam radius along z axis. Thermal
0110

parameters such as mass density p,, heat capactiy ¢, and thermal diffusity o are shown in Table
1. With all these equations at hand, we estimate the temperature distribution and evolution during
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multi-pulse laser scanning. Fig. 5 shows the 2D base temperature distribution and evolution at
various scanning speed.

The formation of the periodic patterns in multi-pulse regime is often attributed to the heat
accumulation [2,31]. In ultra-short laser processing, heat accumulation is typically considered as
non-negligible when time between successive laser pulses, 6 = 1/v, becomes shorter than the
characteristic cooling time of the focal spot. When these times are comparable as in the present
study (laser repetition rate is 500k Hz), heat can escape from the focal region avoiding strong
thermo-mechanical effects.

Table 1. Parameters summary used in simulation

Parameter Description Value or definition  Reference
A Laser wavelength in vacuum 515 nm

no Effective optical index of porous glass  1.342

Vg Group velocity dispersion coefficient 361 fs?>/cm Ref( [32,35])
M Free electron mass 9.1 x 1073kg

m Effective electron mass 0.86m, Ref( [32])
ny Nonlinear refractive index 3.5x 1071 cm?/W  Ref( [32])
£0 Vacuum permittivity 9.954 x 10712 F/m

co Light velocity 2.9979 x 10% m/s

Tg Electron collision time 1.0 fs Ref( [32])
T, Electron relaxation time 150 fs Ref( [32])
e Elementary charge 1.6022 x 1071 C

Pm Maximum plasma density 2.2x 102 cm™ Ref( [32])
U, Material band gap 9eV

T Pulse duration 200 fs

v Repetition rate 500 kHz

Vs Scanning speed 0.125 — 100 mm/s

wo Laser beam waist radius 2.45 - 2.6pum

E, Pulse energy 1.5-23 ]

Pg Mass density of porous glass 2.1 -2.2 g/lem?

Cq Heat capactiy 0.8-1.6J/g/K

a Thermal diffusity 2.7x 1077 m?/s

In our case, laser source moves continuously in the direction transverse to the propagation one.
As aresult, laser beam passes the focal volume with lateral diameter dy = 2Ry during the heating
time #, = dy/V; by applying N = v% laser pulses. Thus, the linear dependencies revealed in
Fig. 3 can be presented as follows

A(N) = €N = ENg + E(N — No) = dy + €N, (7)

for the period of the void structure, and

E4(N) = EgN = EgNy + Eo(N = Ny) = E, + EgN; (8

for the threshold laser energy respectively, where N is the minimum number of laser pulses
per focusing spot in the decompaction regime; N; = (N — Np); d,, is the typical void diameter,
and E, = EyNy is the minimum laser energy per focusing spot required for decompaction. Thus,
these dependencies indicate that only a small fraction of energy goes to the void formation. When
the number of laser pulses overcomes Ny, then a large faction of energy is lost, and this amount
rises linearly with the number of laser pulses as well as structure period.
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Fig. 5. (a) XZ view of base temperature distribution (Ej, = 2.2uJ, Vg = lmm/s,v = 500kHz,
wo = 2.45um) after 10,000 pulses irradiated on the porous glass; (b) temporal profiles of
base temperature increase in positions of (1,0,0)um and (10,0,0) um at various laser scanning
speed; (c) 1D temperature increase along X axis at various scanning speed after 10,000
pulses illuminated on the material, as one can see, at speed lower than 10 mm/s the heat
front propagates faster than the laser scan; Note, in this calculation, the coordinate is moving
at speed of Vy; for simplicity, heat parameters are set as constants with ¢g = 1.6J/g/K,
pg = 2.2g/em? and @ = 2.7 x 107 m?/s.

Material decompaction occurs when the absorbed energy is high enough to heat material in
the focal region (at dr/2) up to a temperature exceeding the glass softening temperature and
when the energy source supplies enough energy for the void formation. It was estimated that
~ 2.5uJ per pulse is required for the tensile stress in the localized molten region of fused silica
to exceed several MPa, which is enough for a void formation (see Ref. [9]). As one can see in
Fig. 4(b), in our case ~ 2.2uJ is the laser energy per pulse, but at least E,, is required to create
a void structure and this energy rises with N. The energy losses include energy spent for light
reflection, scattering, and transmission. Additionally, laser energy is required for such effects
as material ionization (both field and avalanche ionization processes), plasma heating, phase
transitions (here, softening, densification, plasma formation), and it is also dissipated via pressure
waves, heat conductivity, convection and viscous flow motion, and even radiation. As a result,
only a very small fraction of the absorbed energy actually leads to the void formation.

Apparently, energy losses increase linearly with N, so that the most effective regime for void
structure formation is when N is rather small, or at the highest laser writing speed required for
the void structure formation (see Fig. 4(b)) . In this case, voids are closely packed and A = d,,.
The typical void size is & 10um corresponds to the radius of the molten and superheated region
and exceeding the diameter of the focal region (around 4um), where gas/plasma phase is formed.

To estimate void size, we define the temperature required for void formation for the corre-
sponding laser irradiation conditions by applying the Grady’s criterion for spall in liquid [36].
According to the viscoelastic energy conservation law, the elastic energy of the deformation
is defined as ~ Yot?, where ¢ is the deformation time limited by the time between two pulses
2us and o = A—’I’ is the laser-induced strain rate, should be sufficient to do the work against the
dissipation forces defined by no. The viscosity of porous glass is lower than that of the pristine
fused silica and its dependencies on the glass porosity have been previously reported [37,38].
For instance, for porosity of 26%, the viscosity is approximately ten times lower than it for the
pristine silica. This way, it is possible to derive the maximum viscosity required for cavitation as
follows 1uax = Yot? ~ 10°Pa - 5. These viscosities correspond to the temperature 7; of order
2500K, exceeding boiling temperature of the material. The results of the performed calculations
presented in Fig. 5 indicate that the thermo-affected zone with the temperatures exceeding 2500K
is around 10um, which agrees well with the experimental results (Fig. 3).

We note that for the solid material, another equation [18,23] can be derived based on the energy
conservation law as follows: assuming that the internal energy of the material with volume of

%ﬂr3 is around the absorbed laser pulse energy, one gets %KYVS ~ E4ps. The fact that voids grow
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only slightly with laser energy means that upon a certain laser energy above the densification
threshold, the absorbed fraction is almost constant, whereas energy losses should grow linearly.
3[6aE,

Then, for the diameter of a spherical void can be estimated as follows d = C , Where a

Y
is the fraction of laser energy E), absorbed by the material; Y is Young modulus; C = ﬂAp—p is
the compression ratio. For fused silica, Young modulus Y = 74.5G Pa, whereas for porous glass
it can be smaller, for instance Y = 17.5GPa was reported by Cerkauskaite et al. [23]. For the

absorbed energy on the order of 2/, the estimation gives void diameter ~ 10um, which is more
than twice larger than the focusing diameter dy.

1300-2000 K

Fig. 6. Schematics illustrating the void structure formation

It remains to explain structure periodicity, and, namely, the observed almost linear period
dependency on the number of laser pulses per focusing spot. Considering that cooling time is
rather long and a scanning heating source supplies energy all the time, a stationary regime is
expected in the absence of the void formation. In this regime, once void is formed, the temperature
field outside the void is induced by two heat sources: (i) a moving laser source; and (ii) a
static spherical heat source formed at the location of the previously formed void (Fig. 6). The
solution of a static thermodynamic problem is straightforward and gives T = Q/4nkr outside of
the void, where £ is thermal conductivity and Q can be considered to be proportional to EgN,
indicated by the revealed linear dependency of the decompaction threshold. Heat diffusion induces
densification and softening. The fronts of these phase transitions propagate longer distances when
more energy is absorbed, therefore A = ry = Q/4nkT,. Once laser overcomes the modified
region, again enough energy can be spent for the next void. When r is smaller than ry /2, we
get a closely packed void structure, otherwise the voids are spaced with a distance A that rises
linearly with N.

3. Conclusion

In conclusion, we have demonstrated that periodic void structures can be produced in a well-
controlled manner inside porous glasses by femtosecond laser pulses. Particularly, we have
demonstrated that trains of ultrashort laser pulses with a properly chosen energy per pulse
and writing speed not only provide the required energy deposition, but also allow an efficient
inscription of the periodic arrays of voids in these materials. Contrary to powerful single laser
pulses that are known to produce explosion-like effects, pulse trains can be used to considerably
reduce non-desirable effects, such as material cracking.

Both the obtained experimental results and the performed thermodynamic analysis have shown
that the possibility of an efficient control over laser micromachining in volume relies on a better
understanding of the physical mechanisms involved. For the given pulse repetition rate, the main
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controlling parameters being the laser scanning speed and the mean energy per pulse, while
the former defines both the structure period and the required laser energy per focusing spot.
The period has been found to depend on the size of the densified region induced by the created
almost static spherical heat source located at the void position. The final structure is induced by a
superposition of two energy sources: the moving laser and the created static heat source.

Additionally, the performed analysis has indicated that the void formation is more efficient
when the minimum number of laser pulses per focusing spot corresponds to the writing speed as
high as about 0.47mm/s. Under these conditions, a compact void structure has been written in
the porous glass, so that the structure period is equal to the void diameter. For lower scanning
speed, both threshold and period increase linearly as a result of the rising energy losses. The lost
energy goes mostly for material heating and densification thus leading to a reduced absorption at
the passages between the voids.

The performed study thus provides a way of a well-controlled laser inscription of void arrays
in the bulk of porous materials. The obtained results can be useful for advancing not only a wide
range of photonics applications, but also for many applications in micro-fluidics, biology and
other fields.
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