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Self-organized voids revisited: Experimental verification of
the formation mechanism*
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We conduct several experiments to further clarify the formation mechanism of a self-organized void array induced by
a single laser beam, including energy-related experiments, refractive-index-contrast-related experiments, depth-related ex-
periments, and effective-numerical-aperture experiment. These experiments indicate that the interface spherical aberration

is indeed responsible for the formation of void arrays.
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1. Introduction

Due to their powerful three-dimensional region-selectable
micromachining ability, femtosecond lasers have been widely
applied in preparation of micro-/nano-structures.!!'=3! Remark-
able research progress has been achieved in this field in the
past decades, such as polarization-dependent nanoripples, [+~7}
optically produced arrays of planar nanostructures,® nanos-
tructures inscribed by non-reciprocal ultrafast laser writing,"”!

10.11) 3nd so

axial dot arrays imprinted by a single pulse,!
on. These novel micro-/nano-structures have been employed
to develop new micro-optical devices, including radially po-
larized optical vortex converters,!'?! near-infrared photoelec-

s,[13:14] optical vortex generators,!!'3 etc. More-

tric detector
over, self-assembled polarization-dependent nanogratings in-
duced inside porous glass have recently been reported to be
reduced to a single sub-50-nm-wide nanochannel by the near-
threshold-ablation technique. This kind of single nanochan-
nel has been further employed as a building block of a
three-dimensional (3D) micro-nanofluidic device, which has

16.17] Thijg research

been used to demonstrate DNA analysis. !
progress opens new opportunities for self-assembled nanos-
tructures in 3D micro-nanofluidic applications. The precision
manufacturing of functional micro-devices by assembling var-
ious kinds of microstructures is based on the prerequisite that
the microstructures can be flexibly controlled and adjusted as
desired. Clarification of the formation mechanism is key to re-

fining the controlling factor. For example, self-organized void

DOI: 10.1088/1674-1056/23/7/077901

arrays, first reported by Kanehira ez al.,!'8] are expected to be
used as photonic crystals,[!”! diffraction devices!'’! and opti-
cal storage units,/'!! but the structure parameter (e.g., void—
void spacing, void diameter uniformity, and total length) of
the void array still cannot be accurately changed because of
the lack of a generally-accepted formation mechanism. The
void array is usually induced by tightly focusing ultrashort
pulses from the ambient environment (AE) into the sample.
In this light-propagation issue, the interface spherical aberra-
tion (ISA) and the nonlinear effects (NE) have both to be taken
into account. The ISA, which is caused by the AE/sample re-
fractive index mismatch, can destroy the concentricity of the
focused incident light and lead to multiple focuses in the sam-
ple. The NE includes Kerr self-focusing, electron plasma de-
focusing, multiple-photon absorption, as well as plasma ab-
sorption, and the balance and competition between them can
also result in multiple focuses. Although we proposed that
the AE/sample ISA but not NE led to the self-assembly ac-
tion of the voids,”! nothing but a simulated fluence has been
presented to support this viewpoint. In this paper, we attempt
to find some experimental evidence to figure out whether the
ISA or NE is the main reason for void array formation. As
is known, the NE is dependent on the laser peak power, and
the ISA amount is determined by the refractive index contrast
between AE and the sample, the focal depth below the sam-
ple surface, and the effective numerical aperture (NA) of the
objective lens. Four-group experiments related to the above
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factors were conducted to further clarify the formation mech-
anism.

2. Experiments

In our experiments, a pulse train containing pulses with
wavelength of 800 nm, duration of 120 fs, and repetition rate
of 1 kHz, launched from a Ti:sapphire regenerative amplifier
laser system (Spitfire, Spectra-Physics Co.), was focused by
an objective lens into the bulk of the glass sample mounted
on a three-dimensional motorized stage. The pulse energy and
pulse number were controlled, respectively, by a neutral filter
and an electronic shutter. The sample was a piece of fused sil-
ica glass that had four facets that were polished. In our study,
a dry objective lens with NA = 0.9 and an oil-immersed lens
with NA = 1.45 were both employed for comparison. An ad-
justable aperture was used for truncating the beam to obtain
the different effective NA of the lens. The details of our ex-
periments will be introduced in the following subsections. In
addition, since the void-array structures have been reported to
be fabricated by even a single pulse, and the period property
of the void array (e.g., void—void interval) is influenced not so
much and not so regularly by the pulse number,[!%?!] then the
pulse number effect is not a key issue for investigating the pe-
riodicity origin of the void array and will not be addressed in
the following experiments and discussions.

2.1. Energy-controlled experiments

Since femtosecond laser micromachining in the bulk of
the material involves nonlinear propagation issues of laser
pulses, it is tempting to ascribe the self-organization ac-
tion of the voids to a succession of the Kerr self-focusing
and plasma defocusing phenomena. The self-focusing phe-
nomena strongly depends on the peak power of the pulse.
Consequently, pulse energies of 15 pJ, 10 yJ, and 5 wlJ,
which have peak powers of 117 MW, 78 MW, and 39 MW,
severely exceeding the self-focusing critical power in fused
silica (2.7 MW), were chosen to investigate the influence of
nonlinear effects. The generated void arrays are displayed in
Fig. 1, where a train of 63 laser pulses was focused 100 um
beneath the sample surface through a 100x/NA =0.9 dry ob-
jective lens. The image shows that the laser beam with a
larger single-pulse energy inscribed a longer structure with
more void numbers.
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Fig. 1. (color online) Void arrays induced at the focal depth of 100 pm
with pulse energies of 15 pJ (a), 10 uJ (b), and 5 pJ (c). The arrow
indicates the laser propagation direction.

2.2. Refractive-index-contrast experiment

It is known that the ISA happens when light passes
through an interface of two media with different refractive
indices. Torok theoretically analyzed the diffraction of elec-
tromagnetic waves for light focused by a high-NA lens from
the first material into the second material.[??! In their the-
ory, the amount of ISA is expressed by an aberration function
v = h(npcos 6, — nj cos B;), which indicates that the refrac-
tive index difference of two media n;/ny, the focal depth &
and the convergence angle 0 of the focused light have a com-
bined effect on the ISA. In this subsection, the amount of re-
fractive index difference was first considered. A NA =0.9 dry
objective lens designed for working in air and a NA =1.45 oil-
immersion objective lens required to work in oil were used for
comparison. For the same fused silica sample, two different
lenses were used, which correspond to the two different inter-
face cases, namely, air-silica interface with 1/1.46 refractive
index contrast and oil-silica interface with 1.515/1.46 con-
trast. Figure 2 shows the microstructures ablated in the two
cases, where the pulse energy of 5 wJ, the irradiation pulse
number of 63, and the focusing depth of 100 um are set as the
same. It is apparent that the air-silica case induced a much

longer void array than the oil-silica case.

dry-lens

(a) g €

Fig. 2. (color online) Structures induced, respectively, by focusing 63
pulses at a depth of 100 pm inside fused silica through a dry lens with
NA=0.9 (a) and an oil-immersion lens with NA=1.45 (b). Pulse en-
ergy is 5 pJ in both cases.

2.3. Depth-related experiments

As listed above, the ISA is supposed to be also depen-
dent on the focal depth of the sample. For both the dry-lens
case and the oil-lens case, depth was adjusted to investigate
whether the structures were changed correspondingly. In con-
sideration of the significantly different working distance of the
two lenses (900 um for dry lens and 170 um for oil lens), fo-
cal depths of 100 pm, 200 um, and 300 um were chosen for
the dry lens, while focal depths of 20 um, 60 pm, and 100 pm
were set for the oil lens. The irradiation pulse number was kept
the same at 63. Pulse energy was, respectively, fixed at 15 pJ
and 0.5 pJ for the dry lens and the oil lens. The obtained struc-
tures are presented in Fig. 3. It is clear that the scale of the void
array increased significantly in terms of void array length and
void number for the dry-lens case, but the structures changed

little for the oil-lens case.
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d =300 ym
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Fig. 3. (color online) Effect of the focal depth on the structure: (a) the
void arrays generated by focusing laser pulses of 15 pJ at three depths
of 300 pm, 200 pm, and 100 pum; (b) the void arrays inscribed by fo-
cusing laser pulses of 0.5 pJ at depths of 100 um, 60 pm, and 20 um.
Number of pulse for irradiation in all subfigures is 63.

2.4. Tunable effective-NA experiments

To return to the aberration function, the convergence an-
gle of light has an innegligible impact on the ISA. Theoret-
ically, when the aperture of the objective lens is completely
filled with a light wave, the half angle of light cone com-
ing out from lens is determined by the nominal NA through
sin_l(NA/nmedium). In our experiments, an adjustable aper-
ture with its center aligned with the optical axis was inserted
in the light path to truncate the incident beam to change the
effective beam diameter incident on the lens. In this case, the
half angle of the light cone is calculated by effective NA rather
than nominal NA. The original beam diameter was 4 mm, and
the aperture was set as 0.8 mm, 1.6 mm, and 2 mm, respec-
tively, for our experiments. With a pulse energy of 15 puJ and
the irradiation pulse number kept fixed at 63, the void arrays
generated by focusing aperture-truncated laser beam 300 wm
beneath the sample surface are displayed in Fig. 4. It is clear
that a larger aperture, namely a higher effective NA, makes a
longer void array and a larger void number.

r=4 mm
r=2 mm

r=1.6 mm

r=0.8 mm

10 pm

Fig. 4. (color online) Void arrays induced at a focal depth of 300 pm
by the laser beam truncated with apertures of 4 mm, 2 mm, 1.6 mm,
and 0.8 mm. In all subfigures, the pulse energy is 15 pJ and the pulse
number is 63.

3. Discussion

It is generally accepted that the onset of self-focusing is
dependent on the laser power rather than the intensity. When
the laser peak power exceeds the self-focusing critical power,

the self-focusing caused by the Kerr effect and the defocus-
ing caused by plasma occur simultaneously in the fused sil-
ica. Although the structures in Fig. 1 show some correlations
with laser peak power, it is insufficient to draw a conclusion
that nonlinear effects result in the self-organization action. We
have proposed a physical model considering both the ISA the-
ory and the NE of pulse propagation and it is also adopted in
this paper.?%! Moreover, since the femtosecond laser pulse in-
herently contains a wide spectrum, ranging from about 790 nm
to 810 nm, group velocity dispersion (GVD) is also incorpo-
rated in our model. In addition to GVD effects, the wide spec-
trum characteristics may also cause interface chromatic aber-
ration. However, the relative refractive index change in the
whole spectrum is less than 5x10~* for either air or fused
silica, hence chromatic aberration can be ignored compared
to spherical aberration. Hence, in all of the following anal-
yses, an average refractive index in the 790-810 nm wave-
length range is used for the interface spherical aberration. Ac-
cording to the above model, the on-axis fluence distributions
were obtained for pulse energy of 5 uJ and 10 pJ, as presented
in the left-hand panel of Fig. 5. Obviously, the periodically
modulated fluence along the laser propagation axis is roughly
consistent with the structure features of the void arrays. The
fluence recalculated through the model with only nonlinear
effects considered are also displayed in the right-hand panel
of Fig. 5 for comparison.?*23! It may be that the combined
effects of defocusing caused by the natural diffraction and
plasma surpassed the Kerr self-focusing effect, so there are
no short-period multiple focuses, which are expected to result
from a succession of Kerr self-focusing and plasma defocus-
ing phenomena. Comparisons between two models clearly in-
dicate that the fluence periodicity is most probably caused by
ISA rather than NE. In addition, figures 5(a) and 5(b) show that
the fluence at pulse energy of 10 pJ are larger than the fluence
at pulse energy of 5 wJ. Taking into account the inherent mi-
croexplosion threshold for fused silica, our simulated results
predict that more microexplosions will happen for higher en-
ergies, which is in agreement with the experimental results of
Fig. 1.

To further verify the formation mechanism to be ISA, ex-
periments specially designed for ISA in Section 2.2, 2.3, and
2.4 are given more attention. From the view of geometrical op-
tics, the ISA can be interpreted as the multiple focuses caused
by different convergence degrees of peripheral rays and parax-
ial rays when the concentric convergent rays pass through an
interface, as shown in Fig. 6. The focus number and range
of focal region is totally determined by the refractive index
contrast between n; and ny, the focal depth 2 = |OA| below
the interface, and the half-angle 0.« of the maximum cone of
light striking on the interface. Theoretically, increasing either
of |ny —ny|/ny, |OA|, and Onax with other two kept fixed will
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obtain a longer focal region and focuses.
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Fig. 5. (color online) Simulated fluence distribution for pulse energy of
10 W (a), (c) and of 5 uJ (b), (d). Both nonlinear effects and interface
SA are considered in subfigures (a) and (b). Only nonlinear effects are
taken into account in (c) and (d).

&

Fig. 6. Geometrical interpretation of interface SA.

For the experiments in Section 2.2, the dry lens with
NA =0.9 and the oil lens with NA =1.45 were used to focus
the laser beam at the same depth. In consideration of the im-
mersion media in the two cases (air n = 1 and oil n = 1.45,
respectively), the half angle 0, of the maximum light cone
is calculated to be 1.20 rad and 1.25 rad, which can be approx-
imately seen as the same. The only notable difference is the re-
fractive index contrast of [1.46 — 1|/1 and |1.46 — 1.52|/1.46
for the two cases. The longer void array in the dry lens is
most probably ascribed to the higher refractive index contrast,
which is in agreement with the theoretical prediction.

The rigorous simulation results based on Torok’s ISA the-
ory are shown in Fig. 7. It is intuitive that, for the dry-lens
case, the focal region is much longer and the electrical field
strength difference between multiple periodically modulated

peaks is far smaller. These simulations show that a long void
array structure will be expected in dry-lens experiments. They
also provide a basic explanation for the difference between the
dry-lens and the oil-lens shown in Fig. 2. It is worth noting that
the periodic fluence distribution in oil-lens case seems to be
opposite to that in the dry-lens case in terms of the monotonic
change direction of the fluence peak. This possibly happens
because the slightly-aberrated but tightly-focused light ray in
the oil-lens case makes NE greatly adjust the fluence distribu-
tion modulated periodically by ISA. Specifically, on the one
hand, a higher fluence peak will generate more free electrons
and is then absorbed more by plasmas in contrast to the lower
fluence peak, the highest fluence peak may be converted to the
lowest peak. On the other hand, the Kerr self-focusing and the
plasma defocusing may lead to the rearrangement of the flu-
ence peak. These two reasons together lead to the inversion of
the monotonic change direction of the fluence peak.
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Fig. 7. Simulated axial electrical field strength for the dry-lens case and
the oil-lens case. In both cases, depth of 100 pm was adopted for the
simulation based on ISA theory.
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Fig. 8. Simulation results for investigating the impact of focal depth on
the axial electrical field strength. (a) Dry-lens case and (b) oil-lens case.

The effect of different focal depths in Fig. 3 can also be
qualitatively understood in the context of ISA since a larger
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focal depth naturally results in a wider focal region, as shown
in Fig. 6. The quantitative simulations for the impact of fo-
cal depths in dry-lens case are also given in Fig. 8(a), where,
for a deeper depth, the electric strength distribution spreads
over a wider axial range and the differences between adjacent
peaks become relatively smaller. For comparison, the simu-
lated results for oil lens are also displayed in Fig. 8(b). It is
obvious that, due to the far smaller refractive index contrast
in oil-lens case, the amount of ISA is much smaller, so that
the multi-focus phenomenon depends less on the focal depth.
Therefore, the experimental results can be well predicted by
the simulation results of ISA theory.

ISA means that peripheral rays and paraxial rays con-
tribute to different axial focuses. The blocking of peripheral
rays is supposed to reduce the focus number and focal region
length. In Section 2.4, controlling the amount of the blocked
rays through an adjustable aperture was expected to adjust the
void number as well as the void array length, and the experi-
mental results in Fig. 4 did verify that. In Fig. 9, the influence
of the adjustable aperture on the light field distribution was
quantified by Torok’s SA theory, by taking into account that
the aperture diameter of 2 mm, 1.6 mm, and 0.8 mm corre-
sponds to the half angle of light cone of 0.838 rad, 0.726 rad,
and 0.4182 rad. Clearly, the simulated electrical-field-strength
distributions are roughly consistent with the experiment re-
sults. However, truncating the beam with an adjustable aper-
ture may create doubt that it is power reduction rather than
NA shrinking that leads to the changing tendency of the void
arrays. Hence, with iris aperture fixed as 0.8 mm, laser pulse
energy striking at the iris was increased from 15 pJ to 45 pJ
to observe the effect of effective pulse energy on the void ar-
ray. The results are displayed in Fig. 10. Compared with the
void array induced by laser pulse energy of 15 pJ with the
adjustable aperture removed, with effective NA kept as a low
constant value of sin(arctan(0.8/0.9)), the structures change
little with the increase of pulse energy and there are no more
than a few voids around the top section. For the case of pulse
energy of 45 pJ where the effective pulse energy after the ad-
justable aperture is 9.6 pJ (Fig. 10(h)), its void array is roughly
equivalent in length to the void array produced by laser pulses
of 5 uJ (Fig. 1(c)). From the experiments in Figs. 1 and 3,
increase of pulse energy and focal depth among the parameter
range involved by us will definitely elongate the void array, so
the void array induced by the pulse energy of 9.6 wJ and the
focal depth of 300 um in Fig. 10(h) should have being longer
than the void array fabricated by the pulse energy of 5 puJ and
the focal depth of 100 um in Fig. 1(c). Therefore, the nearly
equivalent length of both cases is unexpected and may only re-
sult from smaller NA in Fig. 10(h). These experimental facts
convince us that effective NA has a significant effect on the
void arrays, which is just the conclusion of ISA.

2
£ o
~
- 2
300 400 500 600
2
Z o
~
=
-2
300 400 500 600
2
2 o
~
- 2
300 400 500 600
2 1.0
g 0 0.5
>~
=
—92 0
300 400 500 600

z/pm
Fig. 9. (color online) Simulation results of the effect of the adjustable
aperture diameter on the electrical field strength. The aperture diameter
is set to 4 mm (a), 2 mm (b), 1.6 mm (c), and 0.8 mm (d). The focal
depths used in simulation are all 300 pm.
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Fig. 10. (color online) Influence of different pulse energy on the void
arrays induced by a 0.8-mm-aperture-truncated laser beam. The focus
depth is 300 pm for all subfigures.

4. Conclusion

In this paper, the influence on the void array of the laser
pulse energy, the refractive index contrast between the lens-
immersion medium and the sample, the focal depth, and the
effective NA were investigated in detail. Energy-related exper-
iments and energy-related simulations indicate that NE plays
a little role in the self-organization action of voids. Experi-
ments specially designed for testing ISA effects are in reason-
able agreement with the theoretical simulation of ISA. This ex-
perimental evidence makes us believe that ISA resulting from
the refractive index mismatch is most responsible for the self-
formation of the void array. Obviously, it is promising to con-
trol the formation of the self-assembled void array by adjusting
the amount of the spherical aberration. This is very attractive
for the precision machining of micro-devices that use voids as
building blocks. A specific experiment is under way.
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