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11. Photosensitivity in Glasses

Yasuhiko Shimotsuma , Masaaki Sakakura, Masahiro Shimizu, Kiyotaka Miura, Kazuyuki Hirao,
Jianrong Qiu, Peter G. Kazansky

A photosensitive glass containing a small amount
of a photosensitive metal such as Au, Ag, or Cu,
and a sensitizer of CeO2, is expressed a function
of the redox reaction induced by the irradiation
of ultraviolet (UV) light. In particular, a photo-
sensitive glass is an indispensable material in the
photolithography technique, which is valuable in
the microprocessing of glass substrates. Here we
aim to discuss the photosensitivity of glass from
the perspectives of photochemical, photophysi-
cal, and photothermal mechanisms. In particular,
from three different points of view (photothermal,
photochemical, and photophysical interactions),
various intriguing phenomena induced by ultra-
short pulse lasers are addressed. Furthermore,
a new type of photosensitivity exhibiting non-
reciprocal characteristics is also discussed.
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The well-cited story of the origin of glass is an episode
in the Natural History by Pliny of ancient Rome. He
wrote a romance-packed story. His unintentional dis-
covery story is as follows [11.1]:

There is a story that once a ship belonging to some
traders in natural soda put in here and that they
scattered along the shore to prepare a meal. Since,
however, no stones suitable for supporting their
cauldrons were forthcoming, they rested them on
lumps of soda from their cargo. When these be-
came heated and completely mingled with the sand
on the beach a strange translucent liquid flowed
forth in streams; and this, it is said, was the origin
of glass.

Even now, thousands of years later, glass is used in our
life. Glass, including stained glass, gives us a beauti-

ful impression of light, but also acts as a functional
material with refractory properties, thermal shock resis-
tance, water resistance, and excellent chemical stability.
Besides, it is well known that various phenomena asso-
ciated with a change in optical properties of materials
can be caused by external energy. Table 11.1 shows typ-
ical physical phenomena that cause changes in optical
properties. The changes in refractive index and birefrin-
gence basically lead to the control of the polarization
characteristics. If these changes are large, the reflec-
tion characteristics are also changed. In addition, the
light scattering phenomenon can occur according to the
shape of the material, while the changes in the absorp-
tion coefficient are directly reflected in the absorption
characteristics of the materials.

Even now many studies are performed using such
interesting phenomena induced by external fields. In
particular, photosensitive glass is one of the key ma-
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Table 11.1 Typical physical phenomena that cause changes in optical properties

External energy Refractive index Absorption Reflection
Electric field Field Pockels effect Franz–Keldysh effect

Kerr effect Kern–Harbeke effect
Current Electrochromism Drude reflection

Magnetic field Cotton–Mouton effect
Faraday effect

Magneto-optic Kerr effect

Acoustic field Photoelasticity
Acousto-optic effect

Piezoreflectance

Photon Photochromism
Thermal Thermochromism Thermochromism Thermochromism

terials used to achieve the printing and reproducing
processes. Such a technique is suggestive of a photo-
graphic plate consisting of a glass plate covered by
the light-sensitive emulsion of silver salts. In 1937, R.
H. Dalton at Corning Glass Works found that certain
copper-containing glasses, when exposed to ultraviolet
light, would develop a more intense red color on sub-
sequent heat treatment than that produced in unexposed
glass. A few years later, in 1941, S. D. Stookey deduced
that the effect produced by ultraviolet exposure and heat
treatment was very sensitive to the oxidation state of the
copper in the glass and also showed that the process was
actually a combination of photochemical and thermal
reduction of cuprous ions to colloidal copper [11.2].
He also found that gold and silver are better photo-
sensitive agents than copper and that cerium acts as
a sensitizer material [11.3]. W. H. Armistead also pro-
posed silver-containing photosensitive glasses [11.4].
Such photosensitive glass typically includes chemical
components that cause the coloring and the opaque
crystallization by using UV light or x-ray irradiation
and the successive thermal treatment. Typical mech-
anisms of photosensitivity are interpreted as follows:
when the photons such as in UV light or x-rays are
irradiated, a portion of the electrons excited from the
sensitizer (e. g., Ce3C ions) is trapped by the photosen-
sitive metal ions, and then the metal ions are reduced to
metal atoms (e. g., Au, Ag, and Cu)

Ce3CC h ! Ce4C (11.1)

MC C e� !M0 (M: Au, Ag, and Cu) (11.2)

Further thermal treatment promotes aggregation of
metal atoms to colloids

nM0 !M0
n (11.3)

For example, in the case of the partial crystallization of
glass composed of a Li2O-SiO2 system, since such col-
loids act as the crystal nuclei [11.5], the photoirradiated
regions are colored. Since an etching rate of Li2O-
SiO2 crystals in hydrofluoric (HF) acid is significantly
higher than that of glass matrices, selective etching

is possible in the regions where Li2O-SiO2 crystals
are grown. Such glass is commonly called photosensi-
tive machinable glass. Of course, such photoreduction
based on irreversible photoinduced homogeneous nu-
cleation is included in the interactions between light
and glass, which have been widely studied in pho-
tochromic glass [11.6], polychromatic glass [11.7], and
photocatalytic glass [11.8]. In recent years, the studies
of photosensitive glass, such as the writing of a Bragg
grating into an optical fiber [11.9–14] and the persistent
spectral hole burning in glass [11.15–19] have been pur-
sued both in respect to understanding the mechanisms
and applying them to new devices. These reactions are
basically realized by the various photoinduced struc-
tural changes as a result of the optical absorption of
the glass. Therefore, since the excited photoreaction is
more active in the vicinity of the glass surface, it is more
difficult to induce directly inside a material. The exci-
tation is generally performed by using a laser source in
the ultraviolet or visible region owing to its high tem-
poral and spatial coherence [11.20–23]. It is difficult to
react the glass with a laser beam with a wavelength that
is not in the photon absorption region of the glass. On
the other hand, by using a subpicosecond pulse width
laser beam, even if its wavelength is not resonant with
a glass, it becomes possible to cause various interac-
tions based on the nonlinear optical phenomena [11.24].
Recent progress in producing intense ultrashort laser
pulses [11.25, 26] not only pushes the photosensitive
glass technologies towards the next stage, but it also
opens the door to precise and efficient direct-writing in-
side glass. The light-matter interactions using ultrashort
pulses provide many advantages including resistless
and maskless pattering, high flexibility, and high speed
machining, compared to other sources of UV light or
longer pulse lasers [11.27]. In particular, recent ultra-
short pulse laser sources with an average power in
excess of 10W [11.28] have become commercially
available and widely used in the field of material pro-
cessing. From the viewpoint of photosensitive glass
technologies, this chapter is focused on various inter-
actions between the material and the ultrashort laser
pulses.
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11.1 Photothermal Interaction in Glass

11.1.1 Suppression of Thermal Effects

In general, when considering light-matter interactions,
the material firstly absorbs a photon. In the case of
transparent materials such as glass, the excitation of
electrons from the valence band to the conduction band
is initiated through nonlinear processes such as multi-
photon or tunnel ionization [11.29, 30]. The electrons
can then further absorb the photon via the inverse
bremsstrahlung process leading to electron heating or
avalanche ionization. Although this situation can also
be achieved by nanosecond lasers, in this case the ini-
tial electrons are mainly generated by the contribution
of defects and impurities [11.27]. The fluctuation as-
sociated with the optical breakdown threshold can be
reduced by employing ultrashort lasers, which results
in high reproducibility and controllability [11.31, 32].
Since pulse width is shorter than the electron–phonon
coupling time (in the order of ps), the laser energy can
be injected into the material before the thermal dif-
fusion occurs [11.29, 32]. Since it is easy to achieve
the power density over TW=cm2 by a condensing lens,
the above-mentioned nonlinear optical effects can be
space-selectively induced in the vicinity of the focus
point [11.29, 33].

Based on the timescales of various electron and lat-
tice processes in laser-excited solids (Fig. 11.1) [11.34],
it is clear that the transition into the thermal process
occurs on the order of picoseconds. This is the border
between thermal and nonthermal processing. Thermal
diffusion length .Lth/ is defined by the pulse width
and the thermal diffusion coefficient of the material as

Carrier
excitation

Pulse duration
Pulse repetition rate

200 kHz 1 kHz

Thermalization

Carrier
removal

Thermal and 
sructural effects

Absorption of photons

Impact ionization

Carrier–carrier scattering

Carrier–phonon scattering

Auger recombination

Radiative recombination

Carrier diffusion

Ablation and evaporation

10–6

(μs)
10–9

(ns)
10–12

(ps)
10–15

(fs)
10–3

(ms)

Thermal diffusion

Resolidification Fig. 11.1 Timescales of various
electron and lattice processes in laser-
excited solids. Figure was rearranged
on the basis of [11.34]

follows

Lth D
p
2
�p ; (11.4)

where 
 (D ˛t�cp) is the thermal conductivity obtained
by the thermal diffusivity ˛t, the specific heat cp, and
the density �, and �p is the pulse width. Assuming the
electron–phonon coupling time is 1 ps, the Lth is consid-
ered to be about 10 nm at the boundary between thermal
and nonthermal processing. Since the pulse width is
shorter than a typical thermal relaxation time, more pre-
cise calculation using a two-temperature model should
be required. Thus, the photoinduced reaction by the
single femtosecond pulse or the low pulse repetition
rate is considered to proceed in the nonthermal process.
Since the thermal accumulation can occur according to
multiple-pulse irradiation, it is also possible to control
the thermal effect [11.35].

11.1.2 Material Modification

The propagation of intense ultrashort laser pulses in
transparent materials causes not only linear effects in-
cluding diffraction, dispersion, and aberration, but also
nonlinear effects such as self-focusing, filamentation,
and plasma defocusing [11.36]. The strength of such
effects depends on the experimental conditions and the
laser parameters. The synergetic contribution of these
nonlinear effects and the suppression of thermal effects
produces unique subdiffraction-limited processing at an
arbitrary location in the material. The intensity distribu-
tion in the focal spot of the ultrashort laser pulse will
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ideally have a Gaussian spatial profile. Thus, the modi-
fied region can be limited to only the central area of the
focal spot by adjusting the laser intensity to match the
threshold intensity (Fig. 11.2a). By adjusting the laser
intensity corresponding to the threshold intensity for
a reaction (Fig. 11.2b), in principle, the diffraction limit
does not put any constraint on the fabrication resolu-
tion. Assuming that thermal diffusion in ultrashort laser
processing is negligible, the combination of the high
numerical aperture (NA) objective and the multipho-
ton absorption effect enables subwavelength fabrication
resolutions beyond the diffraction limit of light [11.37].

Width processed by
three-photon absorbtion
(two-fifths of beam width)

Beam intensity

Multiphoton processing

Reaction
threshold

Threshold for reaction

Two-photon absorption

Beam width

Position (arb. u.)
20

0.5

0

1

–2 4–4

Three-photon absorption

Intensity (arb. u.)

Actual beam profile
(energy distribution for

single-photon absorption)

Objective

a)

b)

Fig. 11.2 (a) Schematic
illustration of
subdiffraction-limited
processing based on
multiphoton absorption.
(b) Beam profile (dotted
line) and spatial distri-
butions of laser energy
absorbed by materials via
two- (solid line) and three-
photon (line) absorption.
The solid horizontal line
indicates the reaction
threshold. After [11.27]

However, in practice, the deterioration of the inten-
sity distribution at the focus point also occurs. Since
many articles relating to such nonlinear effects includ-
ing self-focusing have been published [11.38], here we
focus on the spherical aberration owing to refractive in-
dex mismatch. Indeed, spherical aberrations influence
the propagation of ultrashort pulses inside a material,
leading to the elongation of the modified region in the
direction of the laser propagation [11.39]. To interpret
experiments with the presence of refractive index mis-
match, the electric field distributions near the focus of
an objective with NA inside a material (refractive index:
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n2) can be expressed as [11.40]

E.r; z/ D
�Z

0

p
cos'1 sin '1.�s C �p cos'2/

� J0.k0rn1 sin '1/

� exp.i˚ C ik0zn2 cos'2/d'1 ; (11.5)

where � D sin�1.NA/ is the half-angle of the light
convergence cone, k0 D 2 =� is the wave number in
a vacuum, rDp

x2 C y2 is the radial coordinate, and
'1 and '1 are the angles of the incident and refracted
ray respectively, which are related to each other through
Snell’s law,

'2 D sin�1
�
n1
n2

sin '1

�
: (11.6)

The coefficients ts and tp are the Fresnel transmission
coefficients for s and p polarizations

ts D 2 sin'2 cos'1

sin.'1 C '2/
; (11.7)

tp D 2 sin '2 cos'1

sin.'1 C '2/ sin.'1 � '2/
: (11.8)
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Fig. 11.3a–d Optical microscope
images of photoinduced structures
by femtosecond laser irradiation at
(a) 1 kHz and (b) 250 kHz. Time
profiles of the simulated temperature
at the focus for (c) 1 kHz and
(d) 250 kHz. The pulse energy
was 2:0 J in both cases. Reprinted
from [11.41] with the permission of
AIP Publishing

J0 is the zero-order Bessel function. The function is the
spherical aberration function caused by the mismatch-
ing of the refractive indices [11.42]

˚ D�k0d.n1 cos'1 � n2 cos'2/ ; (11.9)

where d represents the distance between sample sur-
face and geometrical focus. This term linearly increases
with the distance of d, leading to the increase of the
laser-induced damage threshold, owing to the spreading
of the laser energy along the laser propagation direc-
tion [11.40].

11.1.3 Thermal Accumulation

Figure 11.3a shows the shape changes in the photoin-
duced structures depending on the pulse repetition rate
.Rrate/ [11.41]. For lower Rrate than the thermal dif-
fusion timescale (e. g., 1 kHz), it is considered that
heat accumulation does not occur in the photoexcited
region. Therefore, even though the temperature ele-
vation is more than several thousand degrees higher
at the focus, the localized structural changes such as
a defect formation are observed only in a laser focal
region [11.43, 44]. Such a phenomenon is due to the
thermal energy diffusion out of the photoexcited re-
gion during the interpulse time (Fig. 11.3b). On the
other hand, when heat accumulation occurs by irra-
diation at 250 kHz, the modification volume is much
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a)

b)
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Fig. 11.4a,b BEIs and element maps on a CSA glass surface polished to the depth of focal spot location of the femtosec-
ond laser pulses. The laser parameters are (a) 4:27�103 J=cm2 at 1 kHz and (b) 8:12�101 J=cm2 at 200 kHz. Reprinted
with permission from [11.47]

larger compared to that for 1 kHz (Fig. 11.3c).When the
multiple pulses are focused at a high Rrate, the follow-
ing pulse excites the photoexcited region before heat
diffuses out, resulting in a larger heat-affected zone
(Fig. 11.3d). S. M. Eaton et al. have also observed cu-
mulative heating during direct waveguide writing in
glass using a high Rrate femtosecond laser [11.45, 46].
Typically, two boundaries are concentric-circularly ob-
served around the photoexcited region (Fig. 11.3c). The
formation of the outermost boundary can be explained
by a viscoelastic model [11.35]. On the other hand,
during the laser irradiation, convection of material was
observed in the region inside the inner boundary. As
a result, interesting phenomena ranging from the pre-
cipitation of crystals [11.48], the material composition
change [11.49, 50], to the phase separation [11.47], oc-
cur in this region.

11.1.4 Element Migration

Element migration and phase separation inside the inner
boundary can be space-selectively induced by fem-
tosecond laser pulses with high Rrate [11.47]. Since the
interpulse time at 200 kHz .�int D 5�s/ is much shorter
than the thermal diffusion obtained by (11.4), the pho-
toinduced structure in a glass sample is affected by the
thermal accumulation. Figure 11.4 shows backscatter-
ing electron images (BEIs) and electron probe x-ray
microanalysis (EPMA) spectra maps on the glass sur-
face polished to the depth of focal spot location. Typical

Table 11.2 Composition of calcium aluminosilicate glass
(mol%)

Glass sample CaO SiO2 Al

CSA 40 40 20

calcium aluminosilicate (CSA) glass was used in the ex-
periments [11.47]. The glass composition is shown in
Table 11.2.We have evaluated the difference in element
migration induced by femtosecond laser pulses with the
different Rrate. The laser fluence was 4:27�103 J=cm2

at 1 kHz and 8:12�101 J=cm2 at 200 kHz. Laser writing
with a speed of 50�m=s was performed in the parallel
direction to the optical axis from bottom to top surface.

In the case of Rrate D 200 kHz, the heat was dif-
fused only � 2�m during the �int of 5�s. Meanwhile,
in the case of 1 kHz .�int D 1ms/, the heat already dif-
fused away from the focal spot to � 30�m before
the arrival of the next pulse [11.47]. It is known that
modifying ions such as Ca2C and NaC in a glass ma-
trix can migrate according to a temperature gradient.
Indeed, for the 200 kHz case, Ca concentration was de-
creased (increased) in the center (surrounding) area of
the photoexcited region, while Si was concentrated in
the center part due to its characteristic strong network
former properties (Fig. 11.4b). On the other hand, no
apparent element migration was observed in the case of
1 kHz (Fig. 11.4a). We have confirmed that the temper-
ature at the focus exceeds 1000 ıC just after the laser
irradiation and a temperature gradient over several tens
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of ıC=m was formed throughout the inner boundary
corresponding to the element migration region. There-
fore, this element migration phenomenon might largely
be due to thermomigration (Soret effect) [11.51]. The it-
eration of the thermal expansion and the pressure wave
originating from pulse-to-pulse temperature elevation
may also be related to this phenomenon [11.52].

11.1.5 Phase Separation

Space-selective phase separation can be successfully in-
duced inside a sodium silicate (Na2O-SiO2) glass by
changing the local composition from a miscible do-
main to an immiscible one via femtosecond-pulsed
laser irradiation with high Rrate [11.53]. Previously, the
phase separation of the Na2O-SiO2 glass system has
been investigated [11.54, 55]. For example, in the case
of 12mol% Na2O concentration, three behaviors were
noted depending on the heat-treatment temperatures:
spinodal dome for temperatures below 700 ıC, immis-
cibility dome for treatments between 700 and 775 ıC,
and miscibility region above 800 ıC, in agreement with
the phase diagram of the Na2O-SiO2 system reported
by Haller et al. [11.56] and shown in Fig. 11.5.

To test the phase separation of the Na2O-SiO2

glass system, glass samples with Na2O concentrations
from 21 to 30mol% were prepared. Femtosecond laser
pulses operating at 250 kHz (�p: 80 fs, �: 800 nm, �int:
4�s) were irradiated inside a glass sample via ob-

Temperature (°C)

Spinodal
boundary

Immiscibility
boundary

700

600

800

500
20100 30

Na2O (mol%)

Fig. 11.5 Metastable immiscibility diagram for the Na2O-
SiO2 system from data of [11.56]. The dashed line indi-
cates the heat-treated temperature at 575 ıC

jective lens (20�, NA0:45). The pulse energy was
tuned to be 3�J by the neutral density filter. After the
laser irradiation, the glass samples were heat treated
at 575 ıC. At this temperature, the initial composi-
tions lie outside the immiscible region. The distribution
of the Na2O concentration in the photoexcited re-
gion was estimated by the peak shift of the Raman
band (Fig. 11.6). The Na2O concentration at the cen-
ter part increased approximately 10mol% compared
to the initial concentration, while the concentration at
the region approximately 30�m away from the cen-
ter slightly increased. This composition change means
that Na2O migrated toward the outside and SiO2 mi-
grated toward the center during laser irradiation. Con-
sequently, since the glass composition was changed
space-selectively from the immiscible region to the mis-
cible, the laser-induced element migration leads to local
phase separation.

Figure 11.7 shows scanning electron microscope
(SEM) images of the photoexcited region in the
26mol% Na2O glass sample. After laser irradiation,
the glass sample was treated with heat at 575 ıC, and
then polished to the depth of focal location. The ob-
servation surface was also etched with HF solution.
A granular surface was observed after 3 h of heat treat-
ment, suggesting that the relative volume fraction of the
Na2O-rich phase was sufficient for the phase separa-
tion (Fig. 11.7c). For heat treatment than longer 12 h,
a cocontinuous structure was observed (Fig. 11.7d,e). In
particular, pore size between the phase separated struc-
tures increased with increasing heat treatment time. It
is known that the pore size and specific surface area are

Na2O (mol%)

30 mol% sample
21 mol% sample

20

10

30

0

25

15

35

40

5

80400 1206020 100
Position (μm)

Fig. 11.6 Profiles of Na2O concentration as a function of
the distance from the center of focus area. It should be
noted that in the case of the 21mol% sample, the Na2O
concentration was separated into two at around the center.
After [11.53]
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a)
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30 μm
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1 2

12 hours 48 hours

100 nm

5 μm

Fig. 11.7a–e SEIs on the surface of the 26mol%Na2O sample polished to the depth of focal spot location and etched with
HF solution. (a) Low magnification SEI, and (b) high magnification SEI at around the center of (a). High magnification
SEIs for heat-treatment times of (c) 3 h, (d) 12 h, and (e) 48 h. The numbers 1 and 2 correspond to the locations in (b).
The magnifications in (c–e) are the same. With permission of Springer from [11.53]

proportional to the heat-treatment time [11.57]. These
results suggest that the pore size and specific surface
area are tunable.

11.1.6 Partial Crystallization

According to the effect of the thermal accumulation, the
precipitation of functional crystals inside glass can be
realized. In experiments, typical zinc-tellurite (ZT) and
niobium-tellurite (NT) glasses have been used [11.58].
Each glass composition is shown in Table 11.3.

The BEIs and the EPMA element maps of the pho-
toexcited region in ZT and NT glass samples are shown
in Fig. 11.8. The observation was performed after pol-
ishing to the depth of the focus location. It is known
that the thermal diffusivity of tellurite glass is typically
� 5�10�7 m2=s. Therefore, temperature at the pho-
toexcited region is increased by the irradiation of laser
pulses with the �int of 5�s. In the case of the ZT glass
sample, Zn concentration at the center part decreased,
while Te concentration increased, corresponding to the
brighter contrast in BEIs (Fig. 11.8a). The cracks sur-
rounding the modified region could be due to sample

Table 11.3 Compositions of tellurite glasses (mol%)

Glass sample ZnO Nb2O5 TeO2

ZT 20 – 80
NT – 15 85

polishing.Meanwhile, no apparent migration of oxygen
was observed. Although Nukui et al. reported crystal-
lization of ˛-TeO2 and Zn2Te3O8 in zinc-tellurite glass
at high temperatures .� 900 ıC/ [11.59], such crystal-
lization has not been observed in our experiments. We
assumed that higher temperature and/or longer laser
irradiation time were required to precipitate crystals,
despite the TeO2 rich region formed in the center of
the focal volume. On the other hand, in the case of the
NT glass sample, phase separation into two compounds
of Te- or Nb-rich phases were observed. In particu-
lar, the shape of the Nb-rich region was a needle-like
structure (Fig. 11.8b). It should be noted that the crys-
talline solid solution of Nb2Te4O13 (Nb2O5 C 4TeO2)
is precipitated for the NT glass with higher Nb2O5

concentration [11.60].

11.1.7 Ferroelectric Single-Crystal
Waveguide

We have also demonstrated local crystallization in glass
induced by femtosecond laser irradiation. The three-
dimensional (3-D) waveguides composed of single
crystals of LaBGeO5 can be space-selectively writ-
ten in glass [11.61]. The spherical aberration due
to varying the focal spot location inside the mate-
rial can be dynamically compensated for by switching
a hologram displayed on the spatial light modulator
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Fig. 11.8a,b BEIs on (a) ZT glass and (b) NT glass surfaces polished to the depth of focal spot location after 200 kHz
repetition rate femtosecond laser pulses irradiation. Reprinted with permission from [11.47]

Fig. 11.9a–d EBSD results for a LaBGeO5 single-crystal
track written by femtosecond laser pulses. The laser pa-
rameters are as follows: writing speed: 42�m=s, pulse
energy .Ep/: 1:2�J, pulse repetition rate .Rrate/: 250 kHz.
Spherical aberration correction was performed by SLM.
(a) Crystal orientation IPF maps, (b) color coding corre-
sponding to the crystal orientation parallel to each ref-
erence axis, (c) illustration of the lattice orientation for
a hexagonal crystal, and (d) the angular deviations from
the average orientation. From [11.61] I

(SLM) [11.62]. Figure 11.9 shows electron backscat-
ter diffraction (EBSD) results for the laser-crystallized
track of a ferroelectric LaBGeO5 single crystal. Al-
though faint scratches, surface debris, and transverse
cracks due to the polishing were observed, these crystal
orientation maps clearly indicate the single hexago-
nal crystal orientation (Fig. 11.9a–c). To confirm the
absence of low-angle grain boundaries, we have also
observed the angular misorientations with respect to the
average orientation (Fig. 11.9d). This result suggests
that the crystal orientation is uniform to within 1ı.
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11.2 Photochemical Interaction in Glass

11.2.1 Photo-Oxidation
of Transition Metal Ions

The space-selective and permanent valence state ma-
nipulation of transition and heavy metal ions inside
a silicate glass can be successfully induced by fo-
cusing femtosecond laser pulses [11.64]. In experi-
ments, Mn and Fe ion codoped silicate glass was used.

λ (nm)
700600500400300

Difference

2 mm

900
λ (nm)

800700600500400300

Absorbance

1000

Fig. 11.10 Absorption spectral change of the Mn2C and
Fe3C codoped silicate glass by femtosecond laser irradi-
ation (blue: before, red: after). The inset shows the dif-
ference in absorption spectrum. A purple butterfly image
colored by the laser writing is also shown. After [11.63].
Copyright 2005 The Japan Society of Applied Physics
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Fig. 11.11 (a) Photoluminescence
(PL) spectral change of Eu3C-doped
fluorozirconate glass by femtosecond
laser irradiation (blue: before, red:
after). Inset shows the picture
that emerged in the Eu3C-doped
fluorozirconate glass by laser writing
under UV illumination of 365 nm.
(b) ESR spectra of Eu3C-doped
fluorozirconate glass before (blue)
and after (red) femtosecond laser
irradiation. A reference ESR spectrum
for Eu2C-doped fluoroaluminate glass
fabricated in a reducing atmosphere
is also shown (green). After [11.63].
Copyright 2005 The Japan Society of
Applied Physics

The glass composition was 70SiO2-20Na2O-10CaO-
0:1MnO-0:05Fe2O3 (mol%). A 4�m focal spot was
formed inside the Mn and Fe ion codoped glass sam-
ple by the irradiation of femtosecond laser pulses via
10�, NA0:30 objective. The laser parameters were
as follows: wavelength, �: 800 nm; pulse width, �p:
120 fs; pulse repetition rate, Rrate: 1 kHz; pulse energy,
Ep: 0:4mJ; number of pulses, Npulse: 16 pulses. The
laser-irradiated area with a diameter of about 30�m
was colored purple. Although the initial glass did not
show apparent absorption in the wavelength from 400
to 1000 nm, the increase of the absorption in the wave-
length from 300 to 1000 nm was observed at the laser-
processed area (Fig. 11.10). The broad peak at 520 nm
is assigned to the absorption of Mn3C ions [11.65].
Furthermore, the peak at 320 nm is also assigned to
the absorption of hole-trapped centers as observed in
the x-ray-irradiated silicate glass [11.66]. It should be
noted that Mn2C ions in the initial glass were oxidized
to Mn3C by the femtosecond-laser-excited nonlinear
optical process. The mechanism of the observed phe-
nomenon have been proposed [11.29]: free electrons
are excited via the multiphoton absorption and the fol-
lowing avalanche ionization. Mn2C ions capture a hole
resulting in the formation of Mn3C ions, since Fe3C
ions, which are also active sites in glass matrix, may act
as electron trapping centers. Other mechanisms should
also be taken into consideration. It is well known that
the filamentation of ultrashort laser pulses is accom-
panied by the generation of a white-light supercontin-
uum [11.67]. Since such a white light includes a shorter
wavelength component, it is also possible to oxidize
Mn2C ions into Mn3C.



Photosensitivity in Glasses 11.2 Photochemical Interaction in Glass 379
Part

A
|11.2

11.2.2 Photoreduction of Rare-Earth Ions

The reduction reaction of rare-earth ions in fluo-
ride glass can also be photoinduced by irradiation by
the femtosecond laser [11.68]. The Eu3C-doped flu-
orozirconate glass of 53ZrF4-20NaF-20BaF2-3:9LaF3-
3AlF3-0:1EuF3 (mol%) was used in these experiments.
As the reference glass sample, the Eu2C-doped fluoroa-
luminate glass of 35AlF3-20CaF3-14:9YF4-10MgF2-
10SrF3-10BaF2-0:1EuF2 was also prepared in a reduc-
ing atmosphere. A 10�m focal spot was formed inside
the Eu3C-doped fluorozirconate glass sample by the ir-
radiation of femtosecond laser pulses via 10�, NA0:30
objective. The laser parameters were as follows: �:
800 nm, �p: 120 fs, Rrate: 200 kHz, Ep: 1:0 J, Npulse:
2�105 pulses. The photoluminescence (PL) spectra of
the Eu3C-doped fluorozirconate glass sample before
and after femtosecond laser irradiation are shown in
Fig. 11.11a. All PL peaks observed in the initial glass
sample can be assigned to the 5D0 ! 7Fj (jD 0, 1, 2)
transition of Eu3C. Since Eu ions are present in the
trivalent state in the initial glass sample, no apparent
emission of Eu2C was detected. After the laser irra-
diation, the PL peaks at 360 and 400 nm, which are
assigned to the 6P7=2 !8 S7=2 and 4f65d1 ! 4f7 tran-
sitions of Eu2C, respectively, were observed. To reveal
the valence number of Eu in glass, the electron spin
resonance (ESR) spectra of the Eu3C-doped fluorozir-
conate glass sample before and after laser irradiation
were measured (Fig. 11.11b). The ESR spectrum of
the Eu2C-doped fluoroaluminate glass sample was also
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Fig. 11.13 Typical radiophotolumines-
cence (RPL) emission and excitation
spectra of AgC-doped phosphate
glass after x-ray irradiation. Gaussian
peak fitting for RPL emission and
excitation spectra are also shown as
dashed lines. After [11.69]
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a)

Fig. 11.12a,b Radiophotoluminescence emission images
of AgC-doped phosphate glass as a function of x-ray ab-
sorbed dose: (a) under visible light, (b) under UV light.
Reprinted from [11.69], with permission from Elsevier

shown as reference. Although the initial Eu3C-doped
fluorozirconate glass did not show apparent signals,
the distinct signals similar to those of the Eu2C-doped
fluoroaluminate glass were detected after laser irradia-
tion. Two signals at about 330mT (splitting coefficient
g� 2:0) can be assigned to hole-trapped V-type centers
and to electrons trapped by Zr4C ions [11.70]. These re-
sults suggest that some of the Eu3C ions were reduced
to Eu2C by femtosecond laser irradiation.

11.2.3 Precipitation of Metal Nanoparticles

The photosensitivity of AgC-doped phosphate glass is
practically used in the individual monitoring of ioniz-
ing radiation as well as in monitoring of environmental
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Fig. 11.14 Profiles of RPL emission intensity at 560 nm
(brown circles) and 460 nm (gray circles) as a function of
elapsed time. After [11.69]

natural radiation. This phenomenon is based on radio-
photoluminescence (RPL). The mechanisms of RPL
have been proposed as follows. When the phosphate
glass containing AgC ions is exposed to ionizing radi-
ation, the excited electrons are captured into AgC and
the valence changes to Ag0. The holes are also captured
by PO4 tetrahedra, and then Ag2C ions are produced by
the interaction between holes and AgC ions. Such Ag0

and Ag2C ions act as fluorescent centers in the phos-
phate glass [11.71, 72]. The advantages of such glass
dosimeters are: (1) RPL intensity is proportional to the
amount of irradiation, and (2) the fluorescence center
can be eased by annealing at a high temperature of
400 ıC [11.73, 74]. However, details of the mechanisms
of the RPL excitation and emission in this glass have

b)a)

Fig. 11.15a,b Optical microscope
images of the photoinduced structures
in the AgC-doped phosphate glass by
femtosecond laser irradiation. Images
were taken under visible light (a) and
UV light (b). Reprinted from [11.69]
with permission from Elsevier

not been fully understood. In this section, we discuss
the mechanisms of RPL in AgC-doped phosphate glass
based on the observed phenomena [11.69, 75]. In these
experiments, the commercially available AgC doped
phosphate glass was used. The photoreduction was
performed by the x-rays emitted from an x-ray tube op-
erated at 30 kV and 20mA, or from femtosecond laser
pulses operating at 800 nm (�p: 120 fs, Rrate: 250 kHz,
Ep: 3�J) [11.63]. In the case of x-ray irradiation, the
orange (yellow + blue) color RPL emission was ob-
served and increased with increasing x-ray absorption
dose (Fig. 11.12). This result agreed with that of pre-
vious reports [11.76, 77]. Typical RPL emission and
its excitation spectra for x-ray-irradiated AgC-doped
phosphate glass could be fitted to two distinct peaks
(Fig. 11.13). The RPL emission and excitation peaks
were respectively deconvolved by two peaks of 460 and
560 nm, and 315 and 373 nm. The time decay of the
RPL emission intensity of two peaks of 560 nm (yel-
low) and 460 nm (blue) just after x-ray irradiation is
also shown in Fig. 11.14. Yokota, Imagawa and Perry
have reported that since many hPO4 are also photoin-
duced in the glass matrix, the Ag2C ions are produced
by the following reaction [11.76, 78]

AgCC hPO4 ! Ag2C : (11.10)

These results suggest that the yellow RPL emission at
560 nm is attributed to Ag2C ion generation.

Unlike in the x-ray, in the case of femtosecond laser
irradiation 20�m spots with fluorescence peaking at
460 nm were observed (Figs. 11.15 and 11.16). Such
a blue RPL emission peak at 460 nm originates from
Ag0 generation in the AgC-doped phosphate glass. In-
deed, the formation of Ag nanoparticles due to the ag-
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gregation of Ag atoms in AgC-doped silicate glass by
femtosecond laser irradiation and following an anneal-
ing process was reported [11.58]. The reason why RPL
emission from Ag0 is dominant for femtosecond laser
excitation is considered to be as follows. It is known that
the phosphorous-related radiation-induced defects are
typically classified into two structures, of phosphorous-
oxygen hole centers (POHCs) and phosphorous-oxygen
electron centers (POECs) [11.79]. POHCs are hole-
trapping defects characterized by an unpaired electron
shared by two nonbridging oxygen atoms. POECs con-
sist of unpaired electrons localized on the central P
atom in PO4 tetrahedra. In the case of x-ray, with much
shorter wavelength than that for laser light, two such
types of defects are induced. On the other hand, elec-
tron plasma via multiphoton absorption can be excited
by femtosecond laser irradiation. We assumed that the
formation of POECs would be suppressed because of
the competition between the reduction of AgC ions into
Ag0 and the generation of POECs.
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1.822.22.42.62.83

Wavelength (nm)
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Fig. 11.16 PL spectral change of the AgC-doped phosphate
glass by femtosecond laser irradiation (broken line: before,
solid line: after). After [11.75]

11.3 Photophysical Interaction in Glass

11.3.1 Classification of Photoinduced
Structures in Silica Glass

It is not only photothermal and photochemical modifi-
cations inside glass, which are presented in the previous
section, that can be induced by ultrashort pulse laser
irradiation. In addition, a permanent structural densifi-
cation of the glass structure can be induced by the irra-
diation of the intense femtosecond laser pulses, because
high-order nonlinear absorption allows energy depo-
sition predominantly within the focal volume [11.80].
Although the process during femtosecond laser inter-
action with a material is now well investigated, the
actual structural changes in various materials are not
fully understood [11.81]. According to irradiated fem-
tosecond laser intensity, the photoinduced structures
in silica glass can be classified into three different
types of modification or damage: a smooth positive
refractive-index change due to densification (type-I);
optical anisotropy of form birefringence due to self-
assembled nanostructure (type-II); and voids and cracks
due to Coulomb explosion (type-III) [11.82, 83]. Since
the photoexcited region at relatively low laser intensity
is homogeneously densified by fast cooling following
shockwave generation [11.84, 85], the refractive index
is increased (Fig. 11.17).

The type-I modification in refractive index with-
out cracks can be applied to various optical devices
such as waveguides and couplers [11.86, 87]. Based

on investigations regarding the structural change in
silica glass by femtosecond laser irradiation, the den-
sification of the photoexcited region within the focal
volume is suggested to be caused by shockwave gen-
eration [11.88]. Type-III modification including voids
and cracks (Fig. 11.18) has expected applications to
data storage and photonic crystals [11.89, 90]. Such
destructive modifications of type-III, induced by the
higher laser intensity, are derived from an electron-
ion plasma through avalanche ionization via inverse
bremsstrahlung [11.91, 92].

Permanent birefringence induced by femtosecond
laser pulses in fused silica was first observed by Sudrie
et al. [11.93, 94]. Such optical anisotropy is exhibited
by the type-II modification. Kazansky et al. have also
observed polarization-dependent anisotropic light scat-
tering during femtosecond laser irradiation in Ge-doped
silica glass [11.95]. Finally, we have also reported
the direct observation of an intermediate type-II struc-
ture composed of periodically varying oxygen defect
concentration by using electron microscopy [11.96,
97]. These periodic nanostructures with a pitch as
small as 200 nm were ruled in the direction paral-
lel to the laser polarization direction (Fig. 11.19).
Furthermore, since the concentration of the oxygen
defects were periodically changed according to such
nanostructures, low refractive index regions i. e., neg-
ative birefringence, also periodically appeared in the
nanoscale [11.98]. Until now, many types of optical
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Fig. 11.17a–c Refractive index profiles of the photoin-
duced structure by femtosecond laser irradiation in
(a,b) 3GeO2-97SiO2 glass and (c) pure SiO2 glass. The
laser parameters were as follows: �: 800 nm, �p: 120 fs,
Rrate: 200 kHz, Ep: 2:35�J, writing speed: 100�m=s, num-
ber of scans: (a,c) one time, (b) 10 times. The refractive
indices at near both ends of the profiles correspond to those
for the original glass samples. After [11.80]

devices ranging from retardation plates [11.98], mi-
croreflectors [11.99], to microfluidic channels [11.100]
based on such birefringent nanostructures have been
demonstrated. The mechanism for self-assembly of the
polarization-dependent periodic nanostructure is, how-
ever, still not fully understood [11.101].

11.3.2 Structural Densification (Type-I)

In this section, time-resolved observation of pressure
wave generation and propagation are described. This
shockwave, resulting from a rapid relaxation of ther-
moelastic stress, is a possible origin for the pho-

5 μm

Fig. 11.18 Void array produced by microexplosions inside
fused silica. The laser parameters were as follows: �:
780 nm, �p: 100 fs, Ep: 0:5�J. Reprinted from [11.85] with
permission of AIP Publishing
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Fig. 11.19a–d Secondary electron images (SEIs) and
backscattering electron images (BEIs) of SiO2 glass (a,b)
and GeO2 glass (c,d) polished close to the depth of focal
spot. kph and E are the laser propagation direction and the
polarization direction, respectively

toinduced refractive index change [11.102–104]. It is
known that a pure silica (SiO2) glass exhibits an anoma-
lous behavior in fictive temperature .Tf/ [11.105]. Tf is
one of the characteristic properties of the glass struc-
ture, providing the temperature for reaching a quasi-
thermal equilibrium state. Although the density of usual
glass is decreased at higher Tf, that of SiO2 glass is con-
versely increased with increasing in Tf. Therefore the
structure of SiO2 glass frozen by more rapid cooling be-
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Fig. 11.20 Schematic of experimental system for the TrL
method. After [11.88]

comes higher density [11.105, 106]. To reveal the effect
of the laser-induced shockwave on the structural mod-
ification, we observed a transient lens (TrL) effect by
using a pump–probe method. A detailed experimental
system for TrL observation (Fig. 11.20) has been re-
ported elsewhere [11.103].

Typical TrL signals obtained by tuning the pump
pulse energies are shown in Fig. 11.21a. The negative
signal at 0 ps delay time is interpreted in terms of an
optical Kerr effect and plasma formation [11.107, 108].
In the case of higher pump pulse energy, the TrL sig-
nals clearly oscillated with the passage of delay time.
Such oscillation of TrL signals indicates a shockwave
generation and propagation [11.103]. Furthermore, the
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Fig. 11.21 (a) TrL signals observed
with various pump pulse energies.
The baselines for the TrL signals are
shown by dashed lines. (b) Plot of the
oscillation amplitude as a function
of the pump pulse energy. The
oscillation amplitude was defined by
the difference in TrL signal intensity
between the first positive peak and the
second negative peak (arrow in inset).
After [11.88]

amplitude of the TrL oscillation was increased with
increasing pump pulse energy, and we confirmed that
the shockwave can be generated by pump pulse energy
more than 90 nJ (Fig. 11.21b).

Interestingly, when the pump pulse energy was
lower than the threshold of shockwave generation,
the TrL signal after the initial response temporarily
kept a constant negative value (Fig. 11.22a). This phe-
nomenon is considered to be caused by a refractive
index lens effect. In particular, such a positive refrac-
tive index change induced by femtosecond laser pulses
with a pulse energy lower than the threshold of shock-
wave generation can also be observed by changing the
distance (d) between focal positions of the pump and
probe (Fig. 11.22b). The positive (negative) TrL signal
in the case of the positive (negative) d clearly indi-
cates that the photoexcited region acts as a convex lens.
Such positive refractive index change reached a max-
imum at the pump pulse energy of about 85 nJ and
disappeared below 65 nJ. We speculate that this thresh-
old .� 65 nJ/ of the transient positive refractive index
change is the threshold of the type-I modification in
SiO2 glass.

We have also associated the TrL signals with the
structural changes revealed by the Raman measure-
ments (Fig. 11.23a). The measured Raman intensities
were subtracted from a luminescence background due
to the nonbridging oxygen hole center (NBOHC) at
650 nm [11.109], and corrected for temperature and fre-
quency dependence of the first order (Stokes) Raman
scattering [11.110]. Typical Raman peaks at about 450,
490, 600 and 800 cm�1 have been identified [11.111,
112]. The 800 cm�1 peak has been attributed to the
bending vibration of the Si�O bonds. In addition, the
sharp Raman peaks at 490 cm�1 (D1) and � 600 cm�1
(D2) have been respectively attributed to the oxygen
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Fig. 11.23 (a) Raman spectra of the
modified region induced by various
pump pulse energies. (b) Variation of
D2 peak intensity as a function of the
pump pulse energy. The intensities
were normalized by that of the initial
glass. After [11.88]

breathing modes in four- and three-membered rings of
SiO4 tetrahedra. The D2 peak intensity increased with
increasing laser pulse energy, which suggests structural
densification (Fig. 11.23b). The threshold shown in D2
peak intensity .� 90 nJ/ was similar to the threshold
of shockwave generation (Fig. 11.21b). From the com-
parison, we suggested that the structural densification
according to the formation of the smaller ring structure
could be caused by shockwave generation.

We proposed the mechanism of type-I modification
in SiO2 glass based on the elastic deformation [11.102,
113]. The absorbed laser energy via nonlinear optical
process is transferred into the lattice system in glass, re-
sulting in temperature elevation. Since this temperature
elevation occurs much faster than the elastic deforma-
tion [11.108], the thermoelastic stress is concentrated at

the photoexcited region. Such stress is relaxed through
shockwave generation, followed by structural densifi-
cation. Although it is not clear whether the generation
of the shockwave is triggered by the thermal expan-
sion and/or electron plasma formation, another group
has also argues for a cold defect-driven mechanism of
densification resulting from defect relaxation [11.114].
The photoinduced shock (i. e., pressure) can also be
estimated from the TrL signal fitted by the phase dis-
tribution (Fig. 11.24). From the maximum of the phase
shift .�� D 0:4 rad/ (Fig. 11.24b), the refractive index
change was estimated. The phase shift �� is expressed
by the formula using the refractive index change �n

�� D 2 
�nl

�probe
; (11.11)
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Fig. 11.24 (a) TrL signal observed at the pump pulse energy of 300 nJ (brown circles). The calculated curve (solid line)
from the time-dependent phase distribution of the probe pulse is also shown. (b) The phase distributions of probe pulses
at 450, 900, and 1500 ps. The phase distributions include the contributions from a laser-induced shockwave and the
refractive index change in the central region. After [11.88]

where l is the length of the photoexcited region along
the laser propagation direction. Assuming the l is 30�m
at 300 nJ, the refractive index change was estimated
to be 8:5�10�4. The refractive index change is also
expressed by the density change based on the Lorenz–
Lorentz relation [11.115]

�nD n40 � 1

4n0

�
��

�0

�
; (11.12)

where �0 and n0 are the density and the refractive index
of an initial SiO2 glass respectively. Finally. the follow-
ing formula is obtained

��

�0
D ��

�probe

2 l

4n0
n40 � 1

: (11.13)

Using the refractive index of a SiO2 glass at �probe D
400 nm .n0 D 1:47/, the density change for �� D
0:4 rad was estimated to be about 0:14%. Furthermore,
the stress associated with the density change is also
given by [11.116]

�PD K
��

�0
; (11.14)

where K is the bulk modulus of a SiO2 glass (D 37GPa
at 293K). The maximum stress induced by the shock-
wave was estimated to be about 50MPa at 300 nJ. From
the thermoelastic simulation, the initial stress induced

by the shockwave of 50MPa in the photoexcited region
must be 520MPa, corresponding to the stress gener-
ated by the thermal expansion of 1:4%. Meanwhile, it
has been reported that the pressure at the photoexcited
region estimated from Raman spectra reaches higher
than several GPa [11.112]. This difference suggests that
temperature elevation is also related to the structural
densification.

11.3.3 Self-Organization
of Structural Defects (Type-II)

In addition to the homogeneous densification (type-
I modification), the proposed mechanisms of the
polarization-dependent self-assembled periodic nano-
structure (type-II modification) are discussed in this
section. In these experiments, femtosecond laser pulses
operating at 250 kHz (�p: 80 fs, �: 800 nm, �int: 4�s)
were focused via an objective lens (100�, NA 0:80).
The depth of focal spot was located approximately
100�m below the sample surface and then a beamwaist
diameter was evaluated to be about 1�m. After laser ir-
radiation, the glass sample was polished to the depth of
focal location, then inspected by SEM (Fig. 11.19). It
is well known that the surface morphology and the den-
sity are reflected in the SEIs and the BEIs respectively.
Although slight striation generated during the polish-
ing process was visible on the SEIs of GeO2 glass, we
assumed that no apparent morphological changes such
as cracks exist in the focal position for SiO2 glass and
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GeO2 glass. On the other hand, the BEIs clearly indi-
cate that the stripe-like dark regions were periodically
aligned perpendicular to the laser polarization direction.
Previously, we have confirmed that such dark contrast
in BEIs was caused by the periodic modulation of the
oxygen defect concentration (Fig. 11.25).

In the case of SiO2 glass, the fact that the Auger
signal of oxygen in the dark contrast regions was low
compared to other regions evidently indicates that the
oxygen-deficient regions (SiO2�x; x� 0:4) were peri-
odically distributed. The diameters of the photoinduced
structures for SiO2 glass and GeO2 glass were about
2:0 and 1:0�m respectively (Fig. 11.19). We assumed
that the difference in the size of the photoinduced
regions, in which the polarization-dependent periodic
nanostructures are formed, is derived from the self-
focusing effect. Since the nonlinear self-focusing effect
is initiated by the Kerr effect, the intensity-dependent
refractive index is defined as [11.36]

nD n0 C n2I ; (11.15)

where n0 is the initial refractive index and I is the
laser intensity. The nonlinear refractive index (n2) in esu
units is also given by [11.117]

n2 D 12 2

n22c
�.3/ ; (11.16)

where c is the speed of light and �.3/ is the third-order
nonlinear susceptibility. The beam waist diameter .w0/
is inversely proportional to the refractive index .n0/
and the nonlinear index change .�n/ under the self-
focusing effect [11.118]

w0 / 1:22�0p
8n0�n

; (11.17)

where �0 is the laser wavelength. The laser pulse energy
.Ep/, w0, n0, and �.3/ for SiO2 glass and GeO2 glass are
listed in Table 11.4. The single bond strengths .BM�O/
for SiO2 glass and GeO2 glass are also shown [11.119].
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Table 11.4 Typical femtosecond laser-irradiated condition, the minimum beam diameter w0, the refractive index n0,
nonlinear susceptibility �.3/, and single bond strength BM–O from the literature for SiO2 glass and GeO2 glass

Material Ep

(�J)
w0

(�J)
n0 �.3/ BM–O

(kJ=mol)
References

SiO2 glass 1:0 � 2:0 1:45 2:8�10�14 443 Kim et al. [11.120]
GeO2 glass 0:2 � 1:0 1:61 4:5�10�13 343 Dimitrov and Sakka [11.121]

At the present, mechanistic explanations of the
polarization-dependent periodic nanostructure forma-
tion in glass have been proposed [11.96, 122–125]. The
first model was proposed by an extension of the sur-
face ripple formation theory and interpreted in terms
of the interference between the incident light field and
the bulk electron plasma longitudinal wave [11.96].
The initial model of photon–plasmon interference is
proposed as follows. Since the incident photon energy
.� D 800 nmD 1:55 eV/ is smaller than the energy gap
of the material .Eg D 9:1 and 5:4 eV for SiO2 glass
and GeO2 glass respectively [11.121]), the ionization
of the material at the focus of the intense femtosec-
ond laser pulses takes place via multiphoton absorption.
As a result, the multiphoton ionization under the suf-
ficiently high light intensity (i. e., � 1014 W=cm2) be-
comes dominant, followed by the formation of electron
plasma [11.126]. The excited electrons oscillate in the
electric field of the laser pulses, and then this oscillation
is damped through electron–ion collisions [11.127].
The oscillatory energy of the excited electrons is con-
verted into thermal energy by collisions with ions
(inverse bremsstrahlung heating), and the temperature
of the plasma also increases. The laser pulses can in-
teract with the plasma only at frequencies !ph > !p,
where !ph and !p are the light and plasma frequency
respectively

!p D
s

e2Ne

�0me
; (11.18)

where e is the electron charge, Ne is the electron den-
sity, and �0 is the permittivity of free space. The critical
density Ncrit .!p � !p/ is

Ncrit D
!2
ph�0me

e2
D 4 2�0mec2

e2
1

�2
0

; (11.19)

which gives Ncrit D 1:7�1021 cm�3 for �0 D 800 nm.
According to the theoretical calculation by the nonlin-
ear optical Schrödinger equation with additional plasma
generation terms, to reach the critical density, the ab-
sorption rate of laser energy about 10 times larger
should be required [11.128]. The pump–probe experi-
ments have also revealed that the permanent structural

modification was observed at least at the electron den-
sity of � 1019 cm�3 [11.129]. Furthermore, the 3-D
finite-difference time-domain (FDTD) simulation re-
sults based on the Drude model have indicated that
a plasma density of 5�1020 cm�3 is most reproducible
for the experimental observations [11.130]. Besides, the
numerical simulations using the nonlinear Schrödinger
equation show that an optical breakdown happens be-
fore the geometrical focus, leading to the formation of
voids (type-III modification) under electron density of
more than 1020 cm�3 [11.131]. Moreover, two-plasmon
decay and stimulated Raman scattering instabilities can
be observed in an underdense plasma at electron den-
sity .Ne � Ncrit=4/ [11.132]. Based on a mechanism
analogous to the parametric decay of stimulated Raman
scattering [11.133], assuming electrons with an electron
temperature .Te/ of 10 eV are excited by the laser pulses
with the intensity of 3�1014 W=cm2, the threshold in-
tensity for two-plasmon instability was estimated to be
approximately 2:5�1014 W=cm2. The intensity thresh-
old .Ith/ for two-plasmon decay instability is given
by [11.134]

Ith D 2:5�1016Te
�L

: (11.20)

Finally, the period .#/ of the polarization-dependent
nanostructure is obtained by following analytical ex-
pression

# D �0

2c
s

1

3v2
e

�
1�2 !p

!ph

�
� N2e

2c2

�
1� !p

!ph

�
; (11.21)

where ve .D 2
BTe=me/ is the thermal speed of elec-
trons and 
B is the Boltzmann constant. This expression
indicates that the period increases with increase of ve
and Ne. We believe that the generation of the 3=2!ph

harmonic observed in the experiments on femtosecond
direct writing in SiO2 glass is evidence for the two-
plasmon decay [11.135, 136]. The other mechanism at-
tempting to explain the polarization-dependent periodic
nanostructure formation is the transient nanoplasmonic
model [11.123, 124, 137]. This theory is the following:
When the intense ultrashort light pulses are focused
into transparent dielectrics, ionization hot spots can
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be created in the vicinity of the focus, due to local-
ized inhomogeneous nonlinear multiphoton ionization
at generated defects or color centers. Hot spots pro-
duced in a previous laser pulse can evolve into spherical
nanoplasmas [11.123, 124] during several subsequent
pulses by a feedback mechanism based on the memory
effect [11.138]. Due to such a memory effect, it is easier
to ionize material on the next laser pulse. It should be
noted that this effect does not cause any damage such as
reduction of light transmission [11.138]. The initial un-
derdense nanoplasmas .Ne < Ncrit/ grow gradually on
successive pulses. The local field enhancement at the
boundary of the nanoplasma promotes an asymmetric
growth from the initial spherical plasma via ellipsoidal
plasmas into plasma planes in the direction perpendic-
ular to the laser polarization. The asymmetric growth
of plasma accelerates as Ne approaches Ncrit. The local
electric fields at the equator .Eequator/ and poles .Epoles/
of the nanoplasma sphere for an overall electric field E
will be the following

Eequator D 3�dmE

�npC 2�dm
; (11.22)

Epoles D 3�npE

�npC 2�dm
; (11.23)

where �dm and �np are the real parts of the permittiv-
ity for dielectric medium and nanoplasma respectively.
The local field enhancement factor De is proportional
to the ratio between the dielectric material and plasma

a) b)

c) d)

E

k

Fig. 11.26a–d Transient nanoplas-
monic model based on the evolution of
plasma nanospheres into nanoplanes.
Randomly distributed plasma
nanospheres (size is a few tens
of nanometers) (a) grow asymmet-
rically in the presence of the laser
field over hundreds of laser pulses
(E and k indicate the polarization
direction and laser propagation di-
rection, respectively) (b) to become
ellipsoidal (c) and finally flatten and
merge to become micrometer-sized
nanoplanes (d). Reprinted with
permission from [11.137]

permittivities [11.139]

De D Eequator

Epoles
D �dm

�np
: (11.24)

For dielectric materials, the range of the subcritical
plasma permittivity is confined to 0 < �np < �dm. In
these conditions .De > 1/, the local field is enhanced
towards the equator and suppressed at the poles. The
plasma permittivity depends on the electron density

�np D 1� Ne

Ncrit
: (11.25)

As Ne increases, the plasma permittivity decreases
and reaches 0 at the plasma critical density. At these
conditions, (11.24) predicts that very high enhance-
ment factors are possible. The evolution of inhomoge-
neously localized nanoplasmas into plasma nanoplanes
is shown schematically in Fig. 11.26. Multiple plasma
nanoplanes in the focal volume are expected to affect
the field propagation in a similar way to planar metallic
waveguides, which leads to a prediction of nanostruc-
ture period equal to �=2n.

11.3.4 Control of Self-Assembled
Nanostructures (Type-II)

Up to now, several investigations regarding control of
the period of the self-assembled nanostructure in sil-
ica glass by the laser parameters have been performed
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[11.96, 100, 140, 141]. The grating periods against the
laser wavelength, pulse energy, and number of pulses
were linearly increased, decreased, and decreased, re-
spectively. Recently, Lancry et al. have shown that
such nanoplanes with oxygen defects are character-
ized by glass decomposition leading to nanovoid for-
mation [11.142]. Richter et al. have also confirmed
this nanoporosity using small-angle x-ray scatter-
ing [11.143]. The formation of these nanopores can
be expected to enable new applications ranging from
nanofluidics, chromatography and molecular sieves to
five-dimensional (5-D) optical storage [11.101, 144,
145]. Oliveira et al. have also reported the forma-
tion of SiOx nanocrystals within nanoplanes that is
in agreement with oxide decomposition [11.146]. Al-
though a significant birefringence in titanium silicate
glass [11.147] and borosilicate crown glass [11.148]
induced by femtosecond laser irradiation have been re-
ported, no apparent birefringence has been observed
in the case of BK7, Pyrex, soda-lime silicate glasses
or 16SnO2-84SiO2 [11.149]. In this section, polariza-
tion-dependent porous periodic nanostructures embed-

a) b)

c) d)

e) f)

g) h)

y

zx

E
S

kw

5 μm

5 μm

5 μm 500 nm

500 nm

500 nm

500 nm

5 μm

Fig. 11.27a–h SEIs of the cleaved surfaces including the laser traces written by femtosecond laser pulses with the Ep

of (a–d) 0:2�J or (e–h) 2:4�J. The laser parameters were as follow: �: 800 nm, �p: 70 fs, Rrate: 250 kHz, writing
speed: 250�m=s, objective: 0:80 NA. The polarization direction (E) was perpendicular (a,b,e,f) or parallel (c,d,g,h)
to the writing direction .S/. kw indicates the laser propagation direction. High-magnification SEIs in the dashed area
in (a,c,e,g) are also shown in (b,d,f,h), respectively. Reprinted with permission from [11.150]

ded in SiO2 glass and GeO2 glass are demonstrated.
We also discuss the origin of the birefringence in-
duced by creation of oxygen deficiencies and the
nanopores [11.150]. To confirm the details of nanograt-
ing structures induced by femtosecond laser irradiation
in SiO2 glass and GeO2 glass, we observed the cleaved
surface along the nanoplanes with oxygen defects using
a field emission scanning electron microscope (FE-
SEM) [11.151]. It is possible to characterize the original
cleaved surface without a conductive coating by apply-
ing a low accelerating voltage and very low current.
Figure 11.27 shows SEIs on the cleaved surface of the
writing regions in GeO2 glass by femtosecond laser
pulses with different pulse energy for each polarization.
In the case of pulse energy of 0:2�J, these appar-
ently show periodic nanostructures corresponding to
areas of density contrast (Fig. 11.27a,b). Nanopores
with diameters of approximately 10 nm were observed
within the nanoplanes when the laser polarization was
parallel to the writing direction (Fig. 11.27c,d). Ev-
idently, these nanogratings consisting of mesoporous
nanoplanes were self-aligned perpendicular to the laser
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polarization. Such periodic nanostructures consisting of
mesoporous nanoplanes cause the strong refractive in-
dex contrast, leading to the form birefringence. In the
case of pulse energy of 2:4�J, hollow structures with
multiple large voids of several micrometers were cre-
ated (Fig. 11.27f,h). Based on the fact that the molec-
ular O2 was detected by Raman spectroscopy [11.142,
152], these voids are filled with O2 generated by the
decomposition of GeO2 to GeO2�x C x=2O2. This phe-
nomenon is similar to SiO2 glass [11.96].

We compared the mesoporous nanoplanes for SiO2

and GeO2 glass (Fig. 11.28). Superficially regarded,
the average size of nanopores in GeO2 glass .<
10 nm/ [11.150] was slightly smaller than that in SiO2

glass .1030 nm/ [11.142], though their packing den-
sity seems to be higher. The magnitude of birefrin-
gence can be expressed by the grating periodicity, the
layer thickness, and the refractive indices of these two
layers. The birefringence of the periodic nanostruc-
ture for ordinary .no/ and extraordinary .ne/ waves
is [11.115]

�nD ne� no

D
q
fn21 C .1� f /n22�

n1n2q
fn22 C .1� f /n21

;

(11.26)

where f is the filling factor, and n1 and n2 are the refrac-
tive indices for the platelets constituting the periodic
nanostructure.

As shown in Fig. 11.29, these periodic nanostruc-
tures, in which thin regions of refractive index n1 and
larger regions of index n2 are alternately formed, are
aligned in the direction parallel to the laser polarization
direction. In addition, based on the Maxwell–Garnett
theory, the effective refractive index .n1/ of the meso-

a) b)

c) d)

0.2 μJ 0.4 μJ

0.2 μJ 0.4 μJ

GeO2 glass

SiO2 glass

200 nm

200 nm

200 nm

200 nm 200 nm

200 nm

200 nm 200 nm

Fig. 11.28a–d SEIs of the cleaved
surfaces including the laser traces
in (a,b) GeO2 glass and (c,d) SiO2

glass written by femtosecond laser
pulses with the Ep of (a,c) 0:2�J
or (b,d) 0:4�J. Insets show the
high-magnification SEIs in the dashed
areas, respectively. Reprinted with
permission from [11.150]

L

E

npore

ndefect

n1

nbg

n2

Λ

kw

t1

Fig. 11.29 Schematic of the nanograting structure photoin-
duced in the focal region. nbg: refractive index of the
initial glass, n1, n2: local refractive indices of nanoplane,
f D t1=#: filling factor, #: period of the nanograting, t1:
width of the region with index n1, npore D 1: refractive in-
dex of the nanopore, ndefect : refractive index of the region
surrounding the nanopores

porous nanoplanes is [11.153]

n21 D n2defect

�
"
1� 3�.n2defect� n2pore/

2n2defectC n2poreC �.n2defect� n2pore/

#
;

(11.27)

where � is the porosity, and npore .D 1/ and ndefect are
the refractive indices for the nanopores and for the sur-
rounding oxygen defect regions, respectively.

We have evaluated the birefringence from the phase
retardation measured by polarization microscopy .� D
L B/, where � is the measured phase retardation and
B is the birefringence. The thickness .L/ of the pho-
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Fig. 11.30 (a) Phase retardation and (b) birefringence in
GeO2 and SiO2 glass induced by femtosecond laser pulses
as a function of the Ep. After [11.150]

toinduced periodic nanostructure along the laser prop-
agation direction was determined by crossed-Nicols
observation from the side of the sample. Initially, de-
pending on the pulse energy, the � for both GeO2 and
SiO2 glasses was increased, then decreased at 0:4 or
0:8�J, respectively (Fig. 11.30). On the other hand,
the birefringence for GeO2 glass was monotonically
decreased, while in the case of SiO2 glass, the bire-
fringence was increased and then gradually changed to
a decrease depending on the pulse energy. For SiO2

glass, the maximum of birefringence was obtained at
about 0:2�J. The higher birefringence for GeO2 glass
achieved by the lower pulse energy compared to SiO2

glass is considered to be due to the ease of defect for-
mation. Indeed, the birefringence of 0:005 for GeO2

glass was obtained at a pulse energy of 0:12�J, com-

Table 11.5 Parameters for calculation of local refractive index change in SiO2 glass and GeO2 glass

Parameters SiO2 glass GeO2 glass Parameters SiO2 glass GeO2 glass
nbg 1:454 1:645 npore 1 1
ta1 30 nm 50 nm ndefect 1:454 1:645
#b 200 nm 250 nm � 0:20 0:15
f D t1=# 0:15 0:20 n1 � nbg � 0:092 � 0:098
�n 0:003 0:005 n2 � nbg C 0:035 C 0:048

a The width of the region with index of n1, b The period of nanogratings

pared to that of 0:003 for SiO2 glass at the same pulse
energy. Neglecting the effect on the refractive index
change by the oxygen defects [11.154], our results are
in good agreement with previous studies [11.98]. The
parameters for calculation and the results are listed in
Table 11.5.

It is known that GeO2 glass is more thermo-
dynamically unstable than SiO2 glass, therefore two
types of oxygen defects, such as the neutral oxygen
monovacancy (NOMV; Ge–Ge) and the neutral oxy-
gen divacancy (NODV; Ge2C), are easily generated.
Furthermore, it is also known that the structural relax-
ation of glass at about the glass transition temperature
changes dramatically depending on impurities such as
OH ions. We confirmed the decrease of birefringence
associated with the annihilation of photoinduced de-
fects by isochronal annealing experiments [11.150].
Figure 11.31 shows Arrhenius plots of the photoin-
duced phase retardation inside GeO2 and SiO2 glass by
femtosecond laser pulses with a pulse energy of 0:2 and
0:4�J, respectively, as a function of the annealing tem-
perature for 1 h. The amount of phase retardation after
annealing at various temperatures are plotted against in-
verse temperature based on the Arrhenius equation

�0 ��

�0
D A exp

�
� Ea


BT

�
; (11.28)

where �0 and � are the phase retardation of the bire-
fringent structure before and after successive annealing
at various temperatures, respectively. Symbols of Ea, A,
T , and 
B are the activation energy for birefringence re-
laxation, the frequency factor, the absolute temperature,
and the Boltzmann constant respectively. In the case of
GeO2 glass, the birefringent structures composed of the
oxygen defects and nanopores were relaxed completely
by annealing temperature, which is about 100K higher
than the glass transition point .Tg � 823K/. In good
agreement with previously reported results [11.155,
156], the best linear fit was obtained with activation en-
ergy of 0:2 or 1:9 eV for GeO2 or SiO2, respectively.
These results imply that the birefringence relaxation
originates from oxygen vacancy annihilation.
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Fig. 11.31 Arrhenius plots of photoinduced phase retarda-
tion in GeO2 and SiO2 glass by femtosecond laser pulses
as a function of the annealing temperature for 1 h. The Ep

for GeO2 and SiO2 glass was 0:2 and 0:4�J, respectively.
After [11.150]

Table 11.6 Anion concentration in SiO2 glass samples

Sample OH
(ppm)

Cl
(ppm)

F
(ppm)

Refractive
index

HO100 100 0:1 < 1 1:457
HO500 500 < 1 < 1 1:457
HO1000 1000 100 < 1 1:457
CL6300 < 1 6300 < 1 1:458
F9400 < 1 < 1 9400 1:453

We have also confirmed the effect of the impuri-
ties in SiO2 glass on the annihilation of photoinduced
� by thermal treatment [11.157]. In these experiments,
we used SiO2 glass samples doped with anions of Cl,
F, and OH (Table 11.6). After birefringent structure for-
mation by femtosecond laser irradiation inside various
anion-doped SiO2 glasses, we observed annihilation of
the photoinduced � under annealing at various tem-
peratures (Fig. 11.32). The temperature at the steep
decrease of the � was affected by the doped anion
species in glass, which were approximately their Tg
(Fig. 11.32a). The differences in the temperature at
the relaxation of birefringent structure, including the
oxygen defects and nanopores, were considered to be
caused by the difference in the amount of oxygen de-
ficiency defects brought by the doped anion species in
glass. Although the size of nanopores and the poros-

150

100

OH100
OH1000
CL6300
F9400

OH100
OH1000
CL6300
F9400

50

0

Annealing temperature (K)
500 15001000

Г (nm)a)

1.0

0.8

0.6

1.2

0.4

0.2

0.0

Annealing time (min)
102101100 103 104

1 – Г/Г0b)

Fig. 11.32 (a) Phase retardation .� / of birefringence ex-
hibited by the nanogratings after annealing at various
temperatures for 1 h. (b) Plots of the change ratio of the
photoinduced � in SiO2 glass samples including vari-
ous anion dopants. Dotted lines show fitting curves with
yD 1� exp.�ax/. Dashed line shows the half value of the
initial phase retardation .�0/. After [11.150]

ity in the nanoplanes with oxygen defects did not
change below the glass transition temperature, we as-
sumed that nanopores in glass start to be eliminated
at about the glass transition temperature, where the
� began to decrease steeply [11.157]. We have also
confirmed that the thermal stabilities became higher in
various anion-doped SiO2 glass in the order OH100 >
Cl6300' OH1000 > F9400 (Fig. 11.32b). From these
results, we can conclude that the doped anion species
and their concentrations are dominant factors in the for-
mation of the photoinduced birefringent structure.

11.3.5 Evolution of Optical Anisotropy

To expand the application of polarization-dependent
photosensitivity in glass, we focus on the controlla-
bility of birefringence induced by femtosecond double
pulses using three different experimental configura-
tions. First, to reveal the effect of the temporally
shaped femtosecond laser pulses, the double pulses
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Fig. 11.33a–f Schematic of three different experimental configurations: (a) time-delayed double pulses with the same
linear polarization direction, (b) time-delayed double pulses with various intensity ratios (polarization direction: E 90ı),
and (c) time-delayed double pulses in mutually orthogonal polarization directions. AOPDF: acoustic optic phase disper-
sion filter, �=2: half-wave plate, BS1, BS2: polarizing beam splitters, delay: optical delay line. (d) Plots of the phase
retardation .� / versus �delay induced by the linearly polarized double pulses (light brown: E 0ı, dark brown E 90ı). The
� values for single pulses .Ep D 0:68�J;Npulse D 100/ with each polarization direction are also shown. (e) Plots of the
� versus E1st

p =Etot
p induced by the linearly polarized double pulses (E 90ı, �delay D 3 ps, Ep D 0:68�J). Dashed green

line in (e) indicates the quadratic fitting for eye guidance. (f) Plots of the � versus delay induced by the orthogonally
polarized double pulses (Ep D 1:0�J, Npulse D 250 000). The � values for single pulses with each polarization direction
are also shown. Beige dotted line in (f) indicates the fitting curve by Gaussian integral function

in parallel polarization direction with each other with
the time delay .�delay/ up to 5 ps were produced us-
ing an acousto-optic phase dispersion filter (AOPDF)
(Fig. 11.33a). The total pulse energy and the irradi-
ated number of pulses .Npulse/ were fixed at 100 shots
and 0:68�J, respectively. In the second experiments,
the pulse energy ratios of the first pulses .E1st

p / to the
total pulse energy .Etot

p D E1st
p CE2nd

p D 0:68�J/ were
changed (Fig. 11.33b). The polarization direction, �delay
and the Npulse were set to be vertical .E 90ı/, 3 ps and
100 shots, respectively. The double pulses with var-
ious �delay and E1st

p =Etot
p were produced by changing

the second-order dispersion component of pulse shape.
The interpulse time .�int/ was fixed at 0:1ms. We also
performed the experiments using double pulses with
various �delay and the mutually orthogonal polariza-

tion direction on each other (Fig. 11.33c). The detailed
optical system has been reported elsewhere [11.101].
The Ep of orthogonally polarized double pulses and
the Npulse were fixed at 1:0�J .D 0:5�JC 0:5�J/ and
250 000 shots, respectively. In the all experiments, the
laser power was independent of the polarization di-
rection. The photoinduced birefringent structures were
inspected by a polarization microscope to measure the
phase retardation .� /. From the results of the first ex-
periments (Fig. 11.33d), interestingly, the � induced
by the single pulses with horizontal .E 0ı/ or vertical
.E 90ı/ polarization direction was apparently differ-
ent regardless of the same pulse energy. Meanwhile,
there was no big difference in the � in the case of the
double pulses [11.144]. Furthermore, the � induced by
the double pulses was larger than that for single pulses
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in �delay up to 5 ps. This phenomenon is interpreted in
terms of the enhancement of electron excitation via the
laser-plasma interaction during the lifetime of plasma
excited by the first pulses [11.158]. From the results of
the second experiments (Fig. 11.33e), the � reached
a maximum at the one-to-one double pulses. In addi-
tion, the � was symmetrically changed with respect
to the equally divided double pulses. The enhance-
ment effect on the generation of free electrons excited
by the first pulses was remarkable for the E1st

p =Etot
p

ranging from 0:2 to 0:8. The origin of the symmet-
ric variation of the � to the E1st

p =Etot
p is considered

to be as follows. The electron-hole pairs are produced
through multiphoton absorption by the first pulses.
The excited electrons absorb even more laser energy
leading to the increase of electron temperature and den-
sity (avalanche ionization). Such an electron plasma is
relaxed first by electron–phonon coupling, then via ra-
diative and/or nonradiative transition, and eventually
an oxygen-deficient center is formed. If the second
pulses arrive before the lifetime of electron plasma,
the second pulses are employed to assist the avalanche
ionization [11.159]. Assuming that the ionization pro-
cesses for the first pulses and the second pulses are
independent from each other as multiphoton ionization
and avalanche ionization, respectively, in a series flows
of the electron excitation by double pulses, the � to
the E1st

p =Etot
p could change symmetrically. On the other

hand, the asymmetric evolution of � was also unam-
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Fig. 11.34 Variation of the � as
a function of the �delay for each �int.
Inset shows the � versus �int at
�delay D 10 ps. Dashed and dotted
lines are the � values induced by the
single pulses with the same or half
energy, respectively

biguously induced by the orthogonally polarized double
pulses on each other, regardless of the fact that the
pulse energy and pulse duration were set at the same
conditions (Fig. 11.33f). In the case of single pulses,
a small difference in the � existed depending on the
polarization direction; however, the difference for the
orthogonally polarized double pulses was several times
larger. Such asymmetric change of � for orthogonally
polarized double pulses could be interpreted as follows.
Assuming that horizontal and vertical polarized pulses
produce different heating, and vertical pulses produce
more heating than horizontal pulses, the horizontally
polarized first pulses in the next double pulses may not
completely erase the birefringent structure produced by
the vertically polarized second pulses in the previous
double pulses. In contrast, when the pulse sequence is
reversed, the vertically polarized first pulses in the next
double pulses will erase the birefringent structure pro-
duced by the horizontally polarized second pulses in
the previous double pulses. Finally, such asymmetric
photosensitivity of glass induced by the orthogonally
polarized double pulses is considered to be derived
from femtosecond pulses with tilted intensity fronts ex-
hibiting a nonreciprocal quill writing effect [11.101,
160].

We have also inferred the formation dynamics of
the periodic nanostructure based on the � change in-
duced by the double pulses with longer delays up to
1700 ps. In these experiments, the Etot

p and the Npulse
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were fixed at 0:5�J and 100 shots respectively. Fig-
ure 11.34 shows the variation of the � as a function
of the �delay for each �int. As the reference, the single-
pulse experiments with the same or the half Ep were
also performed. The � initially slightly increased and
then reached the maximum at about 10 ps. Despite the
same Etot

p , the � for double pulses were up to twice
as large as those for single pulses. Thereafter, the �
asymptotically approached the � induced by the single
pulses with the half-pulse energy .Ep D 0:25�J/. The
decrease of � suggests that the free electrons excited by
the first-arrival pulse in double pulses have been relaxed
before the arrival of the delayed second pulse. Further-
more, the asymptotic behavior could be interpreted in
terms of the memory effect arising from metastable
color centers or permanent changes in electronic struc-
ture associated with chemical reorganization [11.123].
The � also depended on the pulse repetition rate,
i. e., interpulse time .�int/. The optimal �int to obtain
the maximum � was 20�s corresponding to Rrate of
50 kHz [11.161]. As mentioned in the previous sec-
tion, since the excessive thermal accumulation occurred
when �int < 20�s, we speculate that the structural re-
laxation of oxygen defects and/or nanopores temporar-
ily formed makes the � value smaller [11.101]. On the
other hand, the reason for the smaller � for �int > 20�s
is considered to be caused by the decrease in non-
linear absorptivity depending on the thermally excited
electrons.

Considering the energy levels of SiO2 glass ex-
cited by femtosecond double pulses (Fig. 11.35), the

Conduction band

Valance band

1st pulse
multiphoton
absorption

2nd pulse
multiphoton
absorption

Excitons

Self trapping

Radiative
relaxation Non-radiative

relaxation

Oxygen defects

Self-trapped
excitions

Fig. 11.35 Schematic of the dynamics model of oxygen de-
fect generation in SiO2 glass

maximum � value obtained at 10 ps suggests that this
timescale is similar to the nonradiative relaxation life-
time from the self-trapped excitons (STEs) [11.162].
Since the electrons once excited by the first-arrival
pulse are trapped at STEs, it becomes easy to interact
with the second-arrival pulse. Finally, the enhancement
effect of the interaction between the electrons trapped at
STE level and the second-arrival pulse continues during
several hundred picoseconds, which corresponds to the
STE decay time.

11.4 Anisotropic Photosensitivity of Glass

As mentioned in the above sections, photosensitivity,
the term given to describe an object’s response to light,
is a material property that is relevant to many phenom-
ena and applications ranging from photosynthesis, pho-
tography and optical data storage to ultrafast laser writ-
ing. It has been a common belief that, in the case of an
isotropic medium such as glass, if you change the polar-
ization of an isotropic laser beam, the photosensitivity
and the corresponding photoinduced material modifi-
cations would not change. However, a single intense
ultrashort pulse laser beam with a tilted pulse front can
interact with the glass differently depending on the light
polarization. Typically, optical anisotropy manifests it-
self as differing responses of the material to light with
different polarizations [11.163]. Optical anisotropymay
have a microscopic origin being attributed to mate-
rial structure (e. g., crystal [11.164]). In addition, the
external stress or polarized light (photoinduced birefrin-

gence) can also produce such a phenomenon [11.165].
Furthermore, optical anisotropic phenomena may orig-
inate from gradients, or macro- or subwavelength scale
interfaces (form birefringence) [11.115]. Apparently,
in an isotropic medium including a glass, the opti-
cal anisotropy is forbidden by symmetry, i. e., such
a medium responds equally to light with different polar-
izations. Therefore, photosensitivity of glass, including
nonlinear optical phenomena such as multiphoton ab-
sorption and optical Kerr effect, is not affected by the
light polarization direction. Recently, two remarkable
phenomena relating to nonreciprocal photosensitivity
induced by femtosecond laser pulses have been re-
ported. The first is a nonreciprocal response that is
a material modification depending on light propaga-
tion direction in a noncentrosymmetric crystal [11.166].
The second is a quill writing effect that is a mate-
rial modification depending on the laser writing di-
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rection in glass [11.160, 167, 168]. Such nonreciprocal
photosensitivities are considered to relate to the mu-
tual orientation of the light polarization azimuth and
the pulse front tilt (PFT) [11.169]. The PFT is a tilt
between the pulse front and a direction perpendic-
ular to the beam, which is particularly notable for
broadband pulses such as femtosecond laser pulses.
Femtosecond laser pulses with different polarization
directions were focused in a dot shape inside alu-
minosilicate glass via 50�, NA 0:80 objective. The
glass composition was 67:8SiO2-17CaO-10:6Al2O3-
4:6B2O3 (mol%). The laser parameters were as follows:
�: 800 nm, �p: 70 fs, Rrate: 250 kHz, Ep: 2:4�J. To re-
veal the effect of the PFT on the photoinduced structure
in glass, the beam shape and the power were set as the
same after passing through the microscope objective
for all polarization directions. Although there was no
apparent asymmetry in the laser intensity distribution
in focal plane, unexpectedly, the intensity of the white
light emission from the focal region depended clearly
on the polarization direction (Fig. 11.36a). Further-
more, despite the time-integrated intensities of white
light being almost the same, the temporal light intensity
at 615 nm during laser irradiation was apparently differ-
ent according to the laser polarizations (Fig. 11.36b).

The photoinduced structures were also different ac-
cording to the polarization directions. In particular, at
a certain polarization, strong coloration regions sur-
rounded by asymmetrically distributed bubbles were
observed (Fig. 11.37a,b). Such colored regions cor-
respond to the element migration region caused by
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Fig. 11.36 (a) Emission
spectra from focus in SiO2

glass during exposure of
femtosecond laser pulses
with mutually orthogonal
polarization directions.
The pump laser power
at 800 nm was reduced
by a factor of 105 using
a notch filter. The re-
sults of two independent
measurements for each
polarization show good
reproducibility. (b) Tem-
poral changes of light
intensity at 615 nm as
a function of irradiation
time

the high fluence and heat accumulation [11.35, 41,
45]. The Raman spectra of the photoinduced struc-
tures were also different according to the polariza-
tion directions (Fig. 11.37c,d). Line profiles along the
photoinduced structures clearly indicated the differ-
ence in the peak intensities at about 150190 and
500 cm�1. These are assigned to the coupled tetrahedral
SiO4 groups [11.170, 171] and the bending vibration
modes of Si.Al/�O�Si.Al/ bridges in glass [11.172],
respectively.

We have also observed light absorption at the
coloration region, indicating that the absorbance was
changed in a cosine-like dependence on the polar-
ization azimuth angle ˛ (Fig. 11.38a). The refractive
index changes were also observed by using a quanti-
tative phase imaging (Fig. 11.38b). The refractive index
change .�n/ is estimated from

�nD �'�

2 d
; (11.29)

where �' is the phase shift at wavelength � and d is
the thickness of the structure along the light propagation
direction. The map of the phase shift at � D 550 nm cor-
responding to the refractive index change is also shown
in Fig. 11.38c. Assuming d� 20�m, the minimum
value of about �n� �2�10�2 was obtained at the po-
larization azimuth ˛ D 90 and 270ı. From these results,
since all the laser parameters except polarization direc-
tion were set the same, the photosensitivities of glasses
induced by femtosecond laser pulses are clearly aniso-
tropic according to the laser polarization direction.
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By using the GRENOUILLE device, we have char-
acterized the spatiotemporal properties of our fem-
tosecond laser pulses (Fig. 11.39). This indicated that
our laser pulses have Gaussian intensity profiles and
a small PFT of about 1:8 fs=mm. We believe that such
a small PFT was derived from a slight misalignment
of the prism pair or a slight beam divergence [11.173,
174]. Since the PFT is proportional to the beam diam-
eter and can be significantly increased in the vicinity
of the beam waist, we estimated that PFT reaches
� 180 fs=mm 10�m before the geometrical focus in
air.

395
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–200 –100 0 100 200
Delay (fs)

Fig. 11.39
Typical measured
GRENOUILLE
trace. The black
dashed line
indicates zero
delay. The shift
of the trace center
in delay axis
indicates the PFT.
From [11.169]

11.5 Nonreciprocal Photosensitivity of Glass

The control of the quill writing effect caused by the
anisotropic trapping of the electron plasma by the
PFT enables the formation of the individual photoin-
duced structures, i. e., type-II or type-II modifications
in silica glass [11.160]. To visualize the effect of the
PFT, we have observed the photoinduced structure by
switching the sign of the PFT [11.167]. The four laser-
written traces with alternating writing directions were
induced by scanning the focus spot with pulse energy
of 1:4�J and writing speed of 50�m=s (Fig. 11.40).
The laser-written traces clearly indicate the directional
dependence (i. e., traces in right-to-left: type-II mod-
ification, traces in left-to-right: type-III modification)
(Fig. 11.40a). By adding a mirror in the experimen-

kph

kph

25 μm

a) b)

Fig. 11.40a,b Microscope images
inspected without polarizers (bright
images) and with crossed polarizers
(dark images) of the laser traces
written by femtosecond laser pulses.
To switch the sign of the PFT,
experimental configurations with
(a) two mirrors or (b) three mirrors
were employed. Red lines show the
PFT. kph is the laser propagation
direction. Reproduced from [11.167],
with the permission of AIP Publishing

tal configuration, we reversed the direction of the PFT
(Fig. 11.40b). The directional dependence was clearly
changed in reverse. Comparing these results, the pho-
toinduced structures written by the opposite direction
of the PFT provide evidence that the PFT is responsible
for the directional dependence in the photosensitivity
induced by the femtosecond laser.

Such directional dependence of structural modifica-
tion provided by the direction of the PFT is also related
to the previously mentioned polarization-dependent
heating phenomenon. We have also observed weak de-
pendence of the absorbed laser power, and in contrast,
strong dependence of the hot plasma emission on the
polarization direction. From these results, we specu-
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Nonreciprocal struc-
tural changes in silica
glass. The top schematics
indicate the direction of
laser polarization .E/ and
propagation .kph/. Images
in Nomarski-DIC (a,e)
and crossed-polarizers
(b,f) of the lines written
with orthogonally polar-
ized femtosecond laser
pulses. Blue arrows show
the writing directions.
The laser parameters were
as follows: �: 800 nm,
�p: 70 fs, Rrate: 250 kHz,
Ep: 2:0 J, writing speed:
100�m=s, objective:
0:80NA. (c,g) Profiles of
Raman spectra along the
green dotted lines in (a,e).
Raman intensity profiles
at 492 cm�1 (D1) are also
shown in (d,h)

lated that two different types of excitation are photoin-
duced, despite the absorbed laser energy not changing
in the polarization direction. One is an isotropic heat-
ing by electron acceleration via inverse bremsstrahlung
and the other is an anisotropic strong heating pro-
vided by the mutual direction of the polarization and
the PFT [11.169]. Such nonreciprocal photosensitiv-
ity of glass induced by the femtosecond laser with
suitable PFT can effect the structural change in glass
(Fig. 11.41a,b,e,f). A series of laser traces were pho-

toinduced in silica glass by alternately switching the
writing direction. Similar to the previously mentioned
experiments in Fig. 11.37, all the laser parameters ex-
cept the polarization direction were set the same. The
pulse energy and the writing speed were 2:0�J and
100�m=s respectively. The laser-written traces were
observed by optical microscope under a Nomarski-DIC
illumination (back-illumination) or a crossed-polarized
(CP) configuration. These images indicate that the non-
reciprocal photosensitivity appearing as the difference
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in the structural modification is tunable by the polar-
ization direction. Indeed, the structural densification
was also effected by the nonreciprocal photosensitivity
(Fig. 11.41c,d,g,h). For a certain polarization direction
to the laser writing direction, the intensity distribution
of the characteristic Raman peak at 492 cm�1 (D1),
suggesting structural densification, became asymmet-
ric. Detailed analysis of these Raman shifts towards
higher frequency revealed that a large stress of about
3:2GPa was applied in the birefringent structures. This
is in good agreement with the calculation from the

phase retardation .� D �dP/, where � is the photoe-
lastic constant of silica glass .� 3:5 nm=.cmMPa//,
P is the internal stress, and d D 4�m is the length
of the photoinduced structure. On the other hand, the
structural densification was observed at the edge of the
collateral damage. We attribute this new type of light-
matter interaction to the spatiotemporal couplings in
ultrashort light pulses. We anticipate that the nonre-
ciprocal photosensitivity of glass induced by ultrashort
laser pulses will open the door for a novel light-matter
interaction.
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