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Femtosecond-laser Nanostructuring in Glass
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We demonstrate the polarization-dependent anisotropy of the laser induced nanostructures inside
SiO, and GeO, glass. Such nanostructures show form birefringence which is controllable by the
femtosecond double-pulse configuration. In the case of SiO, glass, we have also demonstrate polari-
zation imaging filter based on the linear dichroism for the visible light ranging from 400 to 800 nm.
While, in the case of GeO, glass, the decomposition of constituent elements according to increase in

laser energy was also observed.
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1. Introduction

Material processing with ultrafast lasers has recently at-
tracted considerable interest [1] due to a wide range of ap-
plications including laser surgery [2], 3D micro- and nano-
structuring [3]. According to the relation between the laser
interpulse time and the thermal diffusion in materials,
thermal accumulation effect can be observed around the
focus, followed by the element distribution derived from
the temperature gradient [4]. An intriguing phenomenon
which currently attracts a lot of interest is self-assembly of
periodic nanostructures in the direction perpendicular to the
light polarization [3]. The observations suggest that, in a
certain intensity range, the interference between longitudi-
nal electron plasma waves leads to the formation of nano-
sized gratings with a pitch as small as 150 nm [3]. These
periodic nanostructures are ruled in the direction parallel to
the polarization of the writing laser and consist of thin re-
gions with a low refractive index characterized by a strong
oxygen deficiency [3], surrounded by larger regions with a
positive index change [5]. Uniaxial birefringence observed
after femtosecond laser irradiation of SiO, glass [6] has
been explained by induced nanogratings and referred as
self-assembled form birefringence [7]. More recently,
Bhardwaj et al. proposed the nanoplasmonic model for the
formation of the nanoplanes generated from local field en-
hancements caused by the inhomogeneous breakdown [8].
They proposed that the underdense nanoplasmas grow per-
pendicularly to the polarization into sheets, which is similar
to the light propagation in planar metallic waveguides.
While the predicted grating period of A = A/2n is agree-
ment with experimental results, the refractive index change
is not fully understood [9]. Such a periodic assembly be-
haves as a uniaxial negative birefringent material which is
consistent with a planar form birefringence, whose optical
axis is parallel to the direction of the polarization of the
writing laser. It has been shown that these self-assembled
nanostructures indicate the local refractive index change (~
-0.1) with respect to the unprocessed material, change due
to variation of the pulse duration [10]. More recently,
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nanogratings are shown to consist of mesoporous nano-
planes, assuming that the nanopore formation is due to
glass decomposition leading to the generation of molecular
oxygen [11]. In the case of SiO, glass, sclf-assembled
nanostructure has initially evolved from residual birefrin-
gence originated from internal stress distribution. Evolution
of optical anisotropy in glass can be controlled as a func-
tion of interpulse time due to thermal accumulation. Such
phenomenon is particularly prominent for the longer inter-
pulse interval corresponding to the lower thermal accumu-
lation effect, in spite of the same pulse energy [12]. Various
applications ranging from embedded micro-reflectors [13],
retardation plates [5], micro-fluidic channels [10], to re-
writable 5D optical storage [7] based on these nanostruc-
tures have been reported; however the mechanism includ-
ing dynamics of self-organized nanostructures formation is
still not fully understood. Here, by using SiO, glass, we
report that control of slow axis orientation and phase retar-
dation of form birefringence induced by femtosecond dou-
ble pulse configuration. We also demonstrate a polarization
imaging filter. We also discuss the formation of periodic
nanostructure inside GeO, glass. The decomposition of
constituent elements of GeO, glass, which includes genera-
tion of molecular oxygen [14, 15], can be also observed
according to increase in laser energy.

2. Control of form birefringence in SiO, glass using
temporally shaped femtosecond double pulse

The experiments were performed using a mode-locked,
regeneratively amplified Ti: Sapphire laser system (Coher-
ent; RegA 9000), operating at 800 nm with 70 fs pulse du-
ration and 250 kHz repetition rate. To understand the inter-
action between material and temporally shaped femtosec-
ond laser pulse, the linearly polarized double pulses were
produced from the reshaping of amplified pulses by using
acoustic optic phase dispersion filter (AOPDF, Fastlite Inc.;
Dazzler). The double-pulse train with various time delays
Tuelay (Fig. 1(a)) and intensity ratios 1"Y1" between double
pulses were obtained by tuning the second-order dispersion
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component (Fig. 1(b)). In this experiments, the interpulse
time, 7, was set to 0.1 ms. The double-pulse train was
focused inside a fused silica a microscope objective (Ni-
kon; LU Plan Fluor, 50x 0.80 N.A.) at a depth of about 100
pm below the sample surface. The pulse energy of double
pulses was about 0.68 pJ and the beam power measured
after microscope objective was independent on the orienta-
tion of light polarization. The modified regions are inspect-
ed by a polarization microscope (CRi Inc.; LC-Polscope)
for evaluation of the induced phase retardation.

(b)
Jud 15t
]slznd
15 l l 2nd
_ time  time time
[ . 25 d) B T —
[(c) ] E(
=20 '-( 4520k . ]
g ISk 1850 4 v
2 i 2 |/ ¥
SI10E IZ10E S
2t s E-0° {5 E--p} —
e 5 = + E-00°1% 5 2 r,'lIr-;inglu pulse (rair
U:I 1 1 1 1 1 (]:-"ll PR PR |l'.:
0 1 2 3 4 5 0.0 02 04 06 08 1.0
Time delay [ps] I

Fig. 1 (a) Schematic of temporally shaped double pulse configura-
tion: acoustic optic phase dispersion filter (AOPDF), half-wave
plate (A/2). 7y and 7yl indicate an interpulse time and a time
delay between double pulses, respectively. (b) Pulse diagrams of
linearly polarized double pulses with various intensity ratios.
Plots of the phase retardance versus (¢) z4ioy between double
pulses and (d) intensity ratios of the first-arriving pulse to the total
double pulse intensity I'/7° (I = ' + ") at 7401,y = 3ps.
Dashed purple and green lines in (d) indicate the retardance for
the single-pulse train and a quadratic fitting for eye guidance,
respectively.

The phase retardance induced by the double-pulse train
was larger than that of the single-pulse train, regardless of
polarization direction. Unexpectedly, no apparent differ-
ence in phase retardance can be observed in different time
delay (7gelay) between double pulses (Fig. 1(c)). On the oth-
er hand, it was found that there is a difference in the effect
on retardance value induced by the linearly polarized dou-
ble pulse with a different polarization (Fig. 1(c)). This phe-
nomenon could be interpreted in terms of the enhancement
of generation of free electron via the laser-plasma interac-
tion of inverse bremsstrahlung during relaxation time of
plasma excited by the first arriving pulse [16]. Interestingly,
the stress accumulation depends on the polarization direc-
tion in the case of the single-pulse train, which could be
explained by the anisotropy of electron plasma absorption
for p and s polarizations at the oblique interface produced
by the pulse with tilted intensity front. Heating anisotropy
in homogeneous medium could be also originated form the
correlation between a light polarization and a pulse front
tilt [7]. Such anisotropy affects the reciprocal evolution of
the material modification in isotropic medium, finally ex-
hibits a non-reciprocal quill writing effect [17]. In order to
control the effect of interaction between double-pulse train
and plasma, the intensity ratios between the first arriving
pulse (I'*) and the total intensity of double pulses (/' = I'*
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+ Iznd) were also varied (Fig. 1(d)). In the experiments,
Taelay and I of double-pulse train was fixed at 3 ps and
0.68 nJ, respectively. The maximum phase retardance was
induced by the one-to-one double-pulse configuration.
Symmetric variation of the induced phase retardance to the
intensity ratio (I'/I") could be as following. The energy
first-arriving pulse is transferred to the glass through mul-
tiphoton absorption followed by the formation of electron-
hole pairs (multiphoton ionization). Once the free electron
has become non-zero, further absorption leads the increase
of temperature (due to electron absorption) and electron
plasma density (due to avalanche). Such electron plasma
firstly relaxes by electron-phonon coupling, and then radia-
tive and/or non-radiative annihilation, followed transfor-
mation into point defects (e.g. SiE’ and NBOHC), finally
into an oxygen deficient center (ODC(II)). When the second
pulse arrives before the electron plasma induced by the
first-arriving pulse completely decays, the second pulse is
employed to assist avalanche ionization [18]. Due to a dif-
ference in the dominant electron excitation process, for
example, multiphoton ionization by the first-arriving pulse
and avalanche ionization by the second arriving-pulse,
symmetric variation of the induced phase retardance to the
one-to-one double-pulse train could be observed. Further
investigations will be required to fully understand the inter-
action between material and temporally shaped femtosec-
ond laser pulse.

3. Application to real-time polarization imaging filter

Based on the measurements of the Mueller matrix, the
modified region indicates the linear dichroism for the visi-
ble light ranging from 400 to 800 nm [19]. In order to esti-
mate the modification in silica glass induced by femtosec-
ond irradiation, we observed emission and excitation spec-
tra of femtosecond-laser modified regions in a synthetic
fused silica (Shin-Etsu Quartz; VIOSIL-SQ), containing
approximately 500 ppm OH. The measurements have been
performed at room temperature using the spectrofluorome-
ter (Horiba Jobin Yvon; Fluoro Max-3).
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Fig. 2 Emission excited at 258 nm (red line) and excitation moni-
toring emission at 470 and 620 nm (blue line) spectra of femto-
second-laser modified regions.

Fig. 2 indicates emission and excitation spectra of
femtosecond-laser modified regions. It should be noted that
no apparent emission was observed in the initial glass. The
peaks at about 283 and 470 nm can be assigned to ODC(II)
[20]. Furthermore, the emission peak of 620 nm which is
attributed to non-bridging oxygen hole center (NBOHC)
was also observed [21]. More recently, Poumellec et al.
have shown that the luminescence related to silicon oxygen
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deficient center (SiODC) is much stronger when the excita-
tion polarization is parallel to the sample scanning direction
and moved at low velocity, regardless of the writing polari-
zation direction. This indicates that the creation of the ani-
sotropic defects is oriented by the movement of the femto-
second laser beam [22]. We have demonstrated the polari-
zation imaging CCD sensor monolithically implemented
polarizer embedded in the SiO, cover glass.
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Fig. 3 (a) Diagram of the polarization imaging filter. Red arrows
indicate the femtosecond-laser polarization direction which is
perpendicular to the transmission axis of polarization imaging
filter. Optical microscope images of the polarization filter array
illuminated with (b) 0°, (c) 45°, (d) 90° and (e) 135° polarized
incident light.

Owing to the multiple array of the polarizer configured
with form birefringent nanostructures, the CCD pixels
show polarization-dependent sensitivity (Fig. 3). The polar-
ization filter array is composed of four distinct filters which
are offset by 45 degrees. Fig. 3(b)-(e) show optical micro-
scope images from the polarization filter array back illumi-
nated with four different angles of polarized light. In 0° and
90° polarized light illumination (Fig. 3(b), (d)), the 0° (90°)
filters are bright since the incident light is parallel to the
transmission axis of the filters, while the 90° (0°) filters
with a transmission axis perpendicular to the light polariza-
tion are dark. The attenuation of 45° and 135° filters appear
in the same brightness and are slightly small compared to
that of 0° and 90° filters. Fig. 3(c) and (e) also demonstrate
the extinction behavior for the 45° and 135° polarized light
illumination. The brightness of 0° and 90° filters is also
slightly different from the 45° and 135° filters. Ideally, the
attenuation of 0° and 90° filters under the 45° and 135°
polarized incident light should be half of the incident light
intensity. More detailed experiments are necessary to opti-
mize the sensitivity of the polarization imaging filter.

4. Polarization-dependent nanostructure in GeO, glass

The GeO, glass sample was prepared by melting the
starting powder at 1600 °C in a Pt crucible during 3 h and
rapidly quenching it to room temperature. Femtosecond
laser pulse operating at 800 nm with 70 fs pulse with vari-
ous energy (E;) from 80 nJ to 2.4 uJ was focused inside a
GeO, glass, via a microscope objective (Nikon; LU Plan
Fluor, 100x 0.80 N.A.). The pulse repetition rate and the
irradiation time were set to 250 kHz (7, =4 ps) and 1 s,
respectively. After laser irradiation, the modified structures
were inspected using optical and polarization microscopes.
A confocal Raman spectrometer (Tokyo Instruments; Nan-
ofinder 30) was used for structural identification of the
irradiated regions. Furthermore, to reveal nanostructure
formation inside GeO, glass, the sample surface was pro-
cessed by FIB (JEOL; JIB-4600F) to the depth of the beam
waist location. The surface of the FIB-processed sample
was analyzed by scanning electron microscope (JEOL,

JSM-6700F). Fig. 4(a) indicates optical micrograph of the
induced structures inside GeO, glass by focused femtosec-
ond laser pulses with various pulse energies (E;). The size
of the modified region inside GeO, glass dramatically
changes with increasing E,. Especially, when the E; is
higher than 400 nJ, the morphology of the induced struc-
ture has several circular structures due to the heat accumu-
lation. The inner structure has been attributed to the photo-
excitation and modification due to shock wave generation,
on the other hand, the outer structure has been attributed to
the temperature-dependent viscosity and the viscoelastic
behavior under a stress loading by thermal expansion [23].
Even though it is expected to be stronger heat accumulation
induced by higher pulse repetition rate, the size changes of
the modified region in SiO, glass with increasing number
of pulses were independent of the interpulse interval [24].
This phenomenon could be caused by a difference between
the thermal expansion coefficient of SiO, (~ 5 x 107 K™)
and GeO, (~ 8 x 10° K™") [25]. Fig. 4(b) indicates the phase
retardance as a function of pulse energy for SiO, and GeO,
glass. These results suggest that polarization-dependent
nanostructure was also induced inside GeO, glass, addi-
tionally indicate that the threshold for nanostructure for-
mation inside GeO, glass is lower than that of SiO, glass.
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Fig. 4 (a) Characteristic micrographs of the induced structures
inside GeO, glass by focused femtosecond laser pulses with vari-
ous pulse energy (E,). (b) Plots of the phase retardance versus
pulse energy for SiO, and GeO, glass.

— hefore
— 8lnl
— 120 mnl

b (a) —belore [ (b) A
o : — 80l I :
— 120nl B

=1 —oo0n1 | 2'F —200n)
st g00n1 | 3L 400 nJ
£ —600nl [ £ [ — 600 nJ
=T —800nl | =} — 800 nJ
z Z

=k —laoul |5 — L6l
g —24pl ; [ —24
R R

salaa gl P EPRPEPET W o n Fi

300 4000 500 600 700 1550 1560
Raman shifl [em”] Raman shift [em’']

Fig. 5 Sequential Raman spectra taken as a function of laser ener-

gy from 80 nJ to 2.4 pJ at (a) low and (b) high wavenumber re-

gion. Raman spectrum of initial GeO, glass is also shown. Dotted

arrows show the observed tendencies with increasing pulse energy.
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The Raman spectra of the modified region, taken as a
function of E,, have been also observed (Fig. 5). To im-
prove the data quality, each Raman spectra have been sub-
tracted a luminescence background and corrected for tem-
perature and frequency dependence of Raman scattering
[26]. All the Raman bands have been assigned [27]. For
example, the dominant band at 420 cm™ has been attributed
to the symmetric stretching of the Ge-O—-Ge linkages. The
344 c¢m™ band appears the motion of Ge (with little O-
motion) [15]. The D2 band at 520 cm™ has been attributed
to the breathing of three-ring tetrahedral-(GeQ), structures.
The broadband between 550 ~ 650 cm™ is due to Ge—-O—-Ge
bending motions. This band is important for obtaining the
structural information in the structural modification inside
GeO, glass, because this band comes from the compaction
of glass network structure. Indeed, Juodkazis et al. have
also observed a decrease of the bands at 420 cm™ and 344
cm’, an increase of the D2 band (520 cm™) after the femto-
second laser irradiation [15]. They have also observed a
generation of molecular oxygen confined in a void inside
GeO, glass [14]. In our case, we have also observed a de-
crease of the bands at 420 cm™ and 344 cm™. Although the
tendency of the D2 peak intensity according to laser energy
is apparently different from the previous work, we have
confirmed the decrease in the ratio of 520 cm™ to 420 cm™
(Fig. 5(a)). Additionally we have also observed molecular
0, peak at about 1550 cm™, indicating GeO, glass was
decomposed into Ge and O. The O, peak intensity also
increased with increasing in the pulse energy (Fig. 5(b)).
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Fig. 6 Raman spectral maps of modified structures inside GeO,
glass by the femtosecond laser pulses with a different pulse ener-
gy of 80 nJ (upper low) or 2.4 pJ (lower row).

Fig. 6 shows the Raman spectral maps of modified
structures scanned at the 420 cm™, 520 cm™ and 1550 cm™
band. In the case of low pulse energy (80 nJ), no apparent
variation of the peaks at 420 cm™ and 520 cm™ were ob-
served. In the central modified region, the peak at 1550 cm’
" indicating the generation of molecular oxygen was slight-
ly detected. On the other hand, in the case of high energy
(2.4 W), a distinct molecular O, peak was observed in the
focal point. Furthermore, the peak intensity at 520 cm’
decrease at the focal point and increased in a ring-shaped
region around the focal point. These results suggest that the
densification around the focus originated from the com-
pressive stress by the thermal expansion of the central re-
gion [23]. It should be noted that the peak intensity at 420
cm” was decreased monotonically from circumference to
center of focal point. To clarify the three-dimensional shape
of the modified region with the high pulse energy, we have
also observed Raman spectral maps of a cross-section
structure (Fig. 7). Fig. 7 clearly indicates that the O, was
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embedded inside the void structures in the center region.
Furthermore, a slight decrease in intensity of the 420 cm™
band and a slight increase in intensity of the defect band
D2 (520 cm™) around the center part including large voids
could be associated with the densification and/or increase
in fictive temperature [15].
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Fig. 7 Raman spectral maps of a cross-section structure inside
GeO, glass, induced by the focused femtosecond laser pulses of

2.4 ul. Arrow of k,, indicates the incident light wave vector.
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Fig. 8 Characteristic micrographs of the induced structure inside
GeO, glass by focused femtosecond laser pulses with various
pulse energy (E,), taken with optical (left) and polarization (right)
microscope (pseudo color indicates direction of the slow axis,
dgiow> S€€ polar legend). At the pulse energy of 0.2 pJ, two differ-
ent experiments by using the orthogonal polarized femtosecond
laser pulses (E = 0° or 90°) have been performed. Scale bars indi-
cate 5 um.

In order to reveal the origin of the birefringence in the
modified region, we observed the birefringence with a po-
larization microscope (Fig. 8). The form birefringence can
be observed within the focus area for the lower pulse ener-
gy than 0.2 pJ. As is the case with SiO, glass, the slow axis
orientation is also perpendicular to the laser polarization
(see E = 0° and 90° at 0.2 uJ in Fig. 8), suggesting the
nanograting structure could be self-organized inside GeO,
glass for lower pulse energy (< 0.2 pJ). On the other hand,
in the case of higher pulse energy (> 0.4 uJ), the residual
strain distribution was observed (in particular, > 0.6 pJ).
The slow axis orientation in the outer-modified region is
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distributed radially resulting from the compression by the
thermal expansion in the central high-temperature region
during laser irradiation.

To confirm the formation of form birefringent
nanostructures in the case of lower pulse energy experi-
ments, the GeO, glass surface was processed by FIB
(JEOL; JIB-4600F) to the depth of the laser beam waist
location. Then the FIB-processed sample surface was ana-
lyzed by scanning electron microscope (JEOL, JSM-
6700F). Fig. 9 shows backscattering electron images (BEI)
of the FIB-processed sample surface to the depth of focal
spot location inside GeO, glass. Since the BEI is sensitive
to the atomic weight of the elements or the density of mate-
rial constituting the observation surface, the BEI reveal a
periodic structure of striped dark regions with low density
of material and of 58 nm width which are also aligned per-
pendicular to the writing laser polarization direction. This
phenomenon is the same as the nanograting structures
formed inside SiO, glass. The period of self-organized
nanostructures was about 207 nm. The oxygen defects
could be also formed in the striped dark regions. In the
same way as SiO, glass, the striped dark regions could be
also interpreted in terms of the formation of the oxygen
defects created by the interaction between incident light
field and the generated electron plasma.

Fig. 9 Backscattering electron images of the FIB-processed sam-
ple surface to the depth of focal spot location inside GeO, glass.
The images are shown in two different scales. Low-magnification
image (a) and high-magnification image (b) of boxed region in (a)
are shown. ky; and E indicate the wave vector and the polarization
direction of the incidence, respectively. The nanograting struc-
tures induced by the femtosecond laser pulses with two different
polarization directions are also shown in (a).

5. Conclusion

In summary, the research using the temporally shaped
femtosecond pulses indicates that the induced phase retard-
ance is variable. Symmetric variation of the induced phase
retardance to the one-to-one double-pulse train could be
interpreted in terms of the individual electron excitation
processes, for example, multiphoton ionization by the first-
arriving pulse and avalanche ionization by the second arriv-
ing-pulse. Although the color center originated from the
point defects (e.g. SiE’ and NBOHC) and the oxygen-
deficient centers (ODC(II)) was induced, we have also
demonstrated that the nanograting can be applied to the
integrated polarization sensitive imaging filter which can
be expected to realize a new type of sensor capable of re-
cording the optical properties of partially polarized light.
Additionally, we have also confirmed the formation of the
nanograting structure inside GeO, glass in the case of low
pulse energy (< 0.2 pJ). Increasing in laser energy within
the focus volume leads the generation of molecular oxygen.
We anticipate that such unexpected light-matter interaction
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expands the possibilities for femtosecond-laser microm-
achining.
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