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1 Introduction

1.1 Glass material
1.1.1  Glass network

Glass is a solid obtained by supercooling a melt without crystallization. By rapid
quenching a liquid, glass keeps random structure like melt. In addition, glass shows
specific thermal characteristic called “glass transition”: When the solid glass is heated
from room temperature, second derivative thermodynamic properties suddenly change
at glass transition temperature Tg. The glass transition temperature is not fixed for each
glass composition, contrary to first-order phase transition temperature in equilibrium
state. It depends on how the configuration of glass network structure is frozen, so Tg
varies with melting and cooling condition. The variation of Tg can amount to hundreds
of degrees[1].

The oxide glass consists of 3-dimensional network formed by network former oxide
(SiO2, B203, P20s, GeOy, ...) forming polyhedral or plane polygon surrounded by
oxygen. Network modifier cations (Alkali, alkali earth, transition metals...) exist in
between those polyhedral and change the connectivity of network. Glass network is
extensive (continuous), but lacking periodicity (random). The number of oxygens
bonded to the respective cations is typical for each atom, and such a connectivity and
configuration (bonding angle/length) of those network strongly affects fundamental
characteristics such as density[2], thermal expansion rate[3][4], thermal conductivity[5],
electric conductivity[6], and so on.

Such a network structure strongly depends on composition, temperature[7][8], and
pressure. The network connectivity of silicate glass is characterized by distribution of
structural unit Q", where n is the number of bridging oxygen in SiO4 tetrahedra (n=4).
The distribution of Q" shows the equilibrium 203 < Q2 + Q*, with equilibrium shifts
toward right side as temperature increases [9][10]. On the other hand, borate glass also
has temperature-dependent equilibrium BOs— BO3z + Onso , where NBO represents
non bridging oxygen. The equilibrium shift toward right hand side as temperature
increases. In both silicate and borate oxide glasses, amount and kind of network
modifier also affect glass properties by changing network connectivity besides
temperature [11][12].

The glass structure at room temperature strongly depends on thermal history before
the structural modification stop below Tg [13]. When the glass melt is cooled down
without crystallization, firstly glass is supercooled under melting temperature. The



supercooled liquid has extremely high viscosity, and it will take very long time to
approach equilibrium, but still the glass network gradually keeps moving to follow
equilibrium, where this phenomenon is so-called relaxation. In order to control the
glass properties, the glass structure at high temperature is important as well as how the
structural change proceeds under transient temperature.

1.1.2  Silica glass synthesis

The oxide glass has several characteristics which cannot be achieved by other
materials. Its high optical transparency with high chemical and thermal resistance
enables various applications. Silica glass has outstanding characteristics even compared
to other oxide glass systems. Silica glass with high purity over 99.5% or more has
excessive high thermal and chemical resistance, wide optical window and high purity.
On the other hand of high stability, fabrication and modification of silica glass require
specific methods compared to other oxide glasses containing additive components to
lower its melting temperature. Usually, silica glass is fabricated by melting quartz and
silica containing minerals in an electric furnace or oxyhydrogen flame or deposited from
SiCls and oxygen gas in plasma generated by radio frequency heating. Such high-purity
silica is used in optical components, semiconductor devices, and sample cells used in
spectroscopy.

In some practical usages, purity of silica glass is not required to fulfill 99% such as
experimental glassware, heat-resistant glass. Silica glass with purity around 96% can
easily be fabricated by spontaneous phase separation of borosilicate glass into silica-rich
phase and alkali borate-rich phase. There are two different types of phase separation:
spinodal (interconnected) and binodal (droplet). In the case of spinodal phase separation,
phases are interconnected so borate-rich phase can easily be washed away by acid
leaching through inside of the bulk glass. After acid leaching, nano porous silica glass
can be obtained. By heating such a glass above 800°C, the porous structure is lost by
sintering effect and bulk silica glass with high purity can be produced[14]. Contrary,
binodal phase consists of precipitated droplet in continuous base, and the droplet
consists of minor component of either silica-rich or borate-rich composition. When
silica is main component in borosilicate glass, borate-rich droplet precipitate in silica
rich-continuous phase. So the phase separated glass shows similar properties
(viscosity[15], refractive index[16], chemical durability[17]) to those of silica glass.

1.1.3  Porous silica glass fabrication through phase separation in borosilicate glass
Phase separation is the nature of the glasses with certain composition in metastable



condition [18]. Low alkali containing borosilicate glass like Na>0O-B203-SiO2 glass
separates into two different interconnected glass phases in nano scale under heat
treatment; SiO.-rich phase and B»Os-rich phase. Acid leaching after heat treatment
washes away only soluble B203 rich phase, and nano porous structure consisting of
96 % SiO> is obtained [19][20]

Morphology after phase separation depends on its initial composition and heat
treatment temperature [21][22]. The phase separation occurs in case there are two
different metastable compositions when mixing two different components, as illustrated
in Figure 1.1. When the free energy curve (dependent on T: temperature and Xx:

02%AG

composition ratio) at initial glass composition gives e

<0, two phases show

interconnected structure called “spinodal separation” driven by amplification of

0%AG
0x2

concentration fluctuation[23][24]. On the other hand, when > 0, glass would show

one phase precipitated in droplet form in continuous another phase, so-called “binodal
separation”, which is driven by nucleation growth [25][22]. Actual phase development
depends on both the thermodynamic driving force and the kinetics diffusion. Both of
these factors are strongly dependent on temperature, with opposite tendency: at low-
temperature, thermodynamic driving force is larger than at high temperature but the
viscosity is too high to proceed phase separation. In this way the maximum rate of
phase separation is expected to be found in middle temperature range[26]. Phase
separation starts with chemical segregation together with emerging interface for phase
formation, and phase development proceeds until it reaches asymptotic
equilibrium[27][25]. The time dependence of phase development at respective
temperatures had been investigated using various observation methods. The dominant
diffusion factor in phase separation can be approximated from time dependence of
specific surface area decay [27][28]. The time dependence of phase development had
been observed either by quenching the heat-treated glass specimen, or directly
measuring during heating. The former method enables us to use various measurement
techniques such as refractive index[16], viscosity[29][30], Atomic Force Microscope
(AFM) [25], Scanning Electron Microscope (SEM) [31], BET analysis on isothermal
nitrogen adsorption measurement [27], and so on. For the latter, in-situ measurement
during heating is available butlimited method such as light or Small-Angle X-ray
Scattering measurement[28][32].
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Figure 1.1 Composition and temperature dependence of phase separation in binary system.
When the glass with certain composition is exposed under temperature located inside the
illustrated dome in (a), glass shows immiscibility to give two different compositions A and B
spotted on the dome line. In case of ternary system, it can approximated as binary phase
separation by fixing one component which has small effect on phase separation behavior,
indicated as “C” in (b) [33]

1.2 Laser processing on glass
1.2.1 High energy density generation by laser
The photon energy absorption in materials can affect their characteristics of absorbing
material through physical and chemical reactions. Light, or electromagnetic waves
conduct numbers of photons depending on their frequency. Laser is able to emit high

energy density due to coherent properties: high directionality, spectral purity, and

intensity.

Laser is the common technology used in various fields in society as lighting on stage,
light source of projection, sensing and measurement. In material processing using laser
enables designing of structure in high dimension. The important laser parameters to
induce the changes in materials are wavelength, oscillation method, output power,
exposure time, optical system to focus the light, and so on. There are numerous
variations in exposure of laser lights, so one has to optimize the parameters based on
objective material processing.

The choice of laser oscillation is the most effective to determine the types of induced
phenomena in material. There are laser oscillation methods: continuous wave (CW) and



short pulse laser. The power density of short pulse laser can be 5 orders of magnitude
higher than CW laser. With several hundred of 10 (femto) second pulse oscillation,
the monochromatic light with several Giga-Watt energy density of peak value can be
generated. Each oscillation method has its own distinctive characteristics, so they are
used in different occasions depending on objective and requirement of laser processing.

CW laser requires simple optical system, consisting of incident laser light source,
collimator, and objective lens. Scanning of CW-laser on material provides continuous
modification lines in an irradiated material. Laser energy is deposited continuously heat
to be accumulated at focal point with its diffusion to the surrounding. CW laser
irradiation is suitable for heating process in large area. On the other hands, pulse laser is
emitted in short period of time by inserting shutter, optical switch, or modulator in
optical system. Compared to CW laser, pulsed laser provides highly densified energy as
a flashlight. So, the modification spot in exposed material would form structural
patterns depends on repetition rate and pulse duration. When the pulse duration
becomes in femtosecond order, power density reaches high intensity enough to observe
multiphoton absorption. In this time scale, the effect of thermal diffusion is negligibly
small, and the temperature increase will occur in very limited space at focal point.
Energy deposition with short pulse laser enables spot modification in high precision.

The laser processing on material had been developed since late 1960s, when the high-
power CW-CO; laser and YAG laser started to be supplied in commercial. In the
beginning, the laser oscillation was unstable, and the spot size was large, due to
diffraction limit depending on wavelength of the laser. For improvement on precise
processing, laser with shorter wavelength with high output power had been developed
such as excimer laser which emits ultraviolet rays.

The use of laser in material processing had been developed in commercial use in the
field of metalworking. Metals such as Ni, Cr and Al absorbs YAG laser (A=1064 nm)
efficiently and have good thermal conductivity[34]. The laser processing provides
advantage in welding and drilling, which requires the heating of the material up to
melting temperature and let the liquid melt to flow and remove from focal point. The
heat affects the surrounding of laser irradiated surface. The heat conduction to
surrounding space should be avoided, since phase transformation or crystallization
might occur and affects the strength of the material. Phase transition on the metal
surface by laser heating and cooling causes hardening of the metal plate.

Femtosecond pulse laser exposure causes various physical changes which can never
be achieved by CW laser irradiation. The energy density is up to 10 TW/cm?, which
means that the photon flux has high electric field to remove the valence electron in atom.
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The research on material processing started in early 1990s, using the stable material
which cannot be modified by previous CW lasers, such as diamond, ceramics, and glass.
Due to highly complexed alignment of optical system and its high cost, commercial use
became popular in 2000s, after the further technological development for stable, low-
cost laser emission. The versatile use of the femtosecond laser is expected to enhance
quality of micro to nano processing of semiconductor, glass, optical components, and
even protein analysis and medical applications.

By adapting laser processing suitable for the material properties, further
functionalization of the material is possible. With advances in laser technology, the
material processing using laser is still developing along. Attosecond laser, first
demonstrated in 2001[35], is now being developed to supply stable, continuous
output[36]. When attosecond laser exposure is applied on silica glass, the insulating-to-
conducting state transition is reported to be found in. enhancing electron conductivity
from 60-Si02<10-18 Q'm™ up to cerr (0wL)=5 Q-1m™, where ® is carrier angular
frequency of the optical field) [37]. On the other hand, improvement of output power
and the aperture size have been significantly enhanced in recent year. It is important to
understand the phenomena and mechanism of structural modification in material, in
order to discover a new value in material processing with new method[38].

1.2.2 The photon absorptions in glass

The glass is apparently transparent in visible light region, because it has the
fundamental absorption edges in UV and IR regions, which reflect atomic bonding
inside the glass.

Absorption of UV light is due to defect in Si-O bonding. The defect merely exists in
silica glass after fabrication, but it increases when the glass is exposed under strong
electromagnetic field such as lasers[39] or X-ray. The point defect absorbs light in near
infrared to vacuum UV range, even some of the defects absorb visible light so called
“color center”[40]. Figure 1.2 shows the list of defects and its absorption energy, with
corresponding laser with the wavelength in same region[41]. The absorption of UV light
and X-rays in glass is serious problem for optical window of X-ray or neutron
experiments set-ups [42].

As noted in the left side of Figure 1.2, excimer laser wavelength (KrF: 248 nm, ArF:
193 nm, F2: 157 nm) matches the strong absorption bands due to several defects such as
non-bridging oxygen (=Si-O"), divalent Si/ O vacancy (SiODCII), and peroxy radicals
(=Si-0-0"). The excimer laser has highest spatial resolution, with its shortest laser
wavelength in existing laser. Excimer lasers are used for photolithography, and silica
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glass substrate is used as a mask of photoresist. For such a purpose, the defect in silica
glass which may absorb the UV light must be eliminated [43].

nm _:‘ 1. Fluoride groups =Si-F
F,=> it 2. Hydride groups =Si-H
3. Chloride groups =Si-Cl
] 4. Oxygen vacancy (SiODC(l))
Arf = 200 — 5. Hydroxyl groups =Si-O-H
6. Peroxy linkage Si-O-O-Si
Ndljtr: z 250 — 7. E’ centers: =Si* Si= or =Si*
Gt el S0 8. Peroxy radicals =Si-O-O*
XeF 9. SiODC(ll)(divalent Si/ O vacancy )
Nd 3rd h. 400 — 10.0zone Oy
Nd2nd _, 500 — 11. Interstitial Cl,
harm. 12. Non-bridging oxygen =Si-O*
Nd-YAG " 13. Interstitial oxygen O,
Ndglass =107 14. Self-trapped holes
4000 —
Verified Tentative = I:’

Figure 1.2 Energy dependence of emission from respective laser and absorption in silica
defects [41].

The absorption bands in IR region are mainly due to resonant vibration of Si-O
bonding in various dynamic modes [44]. Those absorption behavior reflect bonding
length, angle, and species of network formers, which are affected by temperature[2],
pressure[45], and even water content inside the glass [46][47]. Changes in bonding is
often directly correlated to macroscopic material properties such as density, Young’s
modulus, refractive index[48], and so on. The absorption band of CO> laser is located at
1=10.6 um, where the Si-O-B bonding absorbs. SiO glass have very weak absorption
tail at A2=10.6 um, though it absorbs CO: laser especially when the temperature
increased. The shoulder of Si-O absorption band shift toward 12 um [49]. Taking
advantage of relatively large spot size and high output power, so CO laser was used for
surface modification in large area such as polishing and marking on silica glass[50][51].

In visible-near IR wavelength region, most of silicate glasses are colorless but doping
of transition metal (TM) ions etc. induces color because they act as color center in glass.
In detail, TM ion doped in a glass absorbs light due to d-d electric transitions in visible-
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near infrared wavelength region[53]. The d-orbitals have strong interaction with ligand
and emission probability is generally low, and non-radiative relaxation process is major
in the ground state. Therefore, heat generation can be controlled by changing the
amount of additive TM ion.

Laser is beneficial to excite TM ion using selected d-d transition by wavelength of
light. Taking advantage of the local heat generation around laser focal point, phase
transformation can be introduced in glass. For example, laser heating using doped TM
ions in monolithic glass has been used to draw crystalline lines on glass [12][54][55]. In
this way, we can expect partial heat treatment and modification of glass substrate by
TM ion doping and laser irradiation. Comparison with CO> laser is shown in Figure 1.3.

CO, LASER Fiber LASER+TM ion

2=10.6 um A=1064 nm

§I\/\/LS
[SiO,] ﬁ»BO_;] B-O %_B

Figure 1.3 Schematic illustration of laser absorption behavior of glass. CO- laser is absorbed

by Si-O and B-O bonding, which is most common component of the commercial glass. Most of
the laser light is absorbed at the surface (left). Laser with NIR wavelength is mostly
transmitted by silicate and borosilicate glass, but additive transition metal (TM) ion absorbs
visible to NIR light by d-d transition.

Combination of the laser irradiation and absorption enables various physical and
chemical modification in glass. When a photon is absorbed by specific elements or
bonding in the glass, the absorbed energy mostly transferred to heat. The generated heat
at laser focal point diffuses to surrounding volume and increase the temperature at larger
area than laser spot size. These are the resonant absorption of light by elements in glass.
Multiphoton absorption can be induced by laser irradiation to cause modification of
glass. The probability of multiphoton absorption is very low at the photon density of
CW laser. However, if a number of photons are given to the glass for a short period of
time, multiphoton absorption occurs with high probability. In this case, the utilized
photon does not have large hv comparable to the transition of bandgap. The sum of the
energies of the multiple photons satisfy the band gap energy.
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Multiphoton absorption does not always require coherence and can be described by
simple rate equations. As long as the population densities of the involved lower states of
transitions are sufficiently high, further absorption to higher state will occur [56]. As it
is non-linear interaction, the absorbance of N-photon absorption is proportional to I N,
where | is intensity of the laser field. The wavelength dependence is less significant.

Multiphoton absorption can be achieved with high-power CW laser with short
wavelength, or short pulse laser with wavelengths lower than the band gap. It is suitable
for processing transparent materials that do not have absorption bands in the visible
region. The reported structural change in fused silica shows smooth refractive index
change[57], micro voids[58], and birefringent zone which may introduced by either
laser-induced stress or formation of self-ordered nanograting of subwavelength
periodicity perpendicular to the laser light polarization [59]. The permanent, highly
localized modification depends on exposure repetition rate, pulse duration, intensity,
and even polarization[60].

1.3 Glass device fabrication with laser processing

Laser irradiation has great benefit to allow us spatial design and fabrication of
complex structure integrated in glass monolithically. With selected glass composition
and laser parameters, functional glass had been developed in various applications such
as optical devices[57], microfluidics [61][62], high resolution 3D micro-structuring
[63][64], and surface treatment[65][66]. Laser irradiation induces physical and/or
chemical changes in the glass structure. Understanding their critical mechanisms in
atomistic level gives significant keys for finding better irradiation condition and
development of further advanced processing on glass.

1.3.1 Nanoscale structural modification of glass by CW laser partial heating

“Laser heating” is one of the fundamental processes to realize high temperature
treatment above glass transition temperature in local region without total deformation of
glass sample. Glass is frozen-in certain metastable condition determined by previous
thermal history. Laser heating moves the glass towards another condition by giving
rapid and drastic temperature changes around a focal point of the laser. Crystallization
by laser heating has been well examined and crystalline phase control has been realized
and various functionalities have been reported[67][54][68].

The porous silica has nanoscale empty volume inside the glass substrate. By
partitioning the porous glass substrate, fluidics pathway with large area can be easily
fabricated, as illustrated in Figure 1.4. The formation of partitioning requires partial
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closure of porous structure. However, densification of porous structure for pore closure
will cause excessive shrink of volume. On the other hand, partial homogeneous region
in phase separated borosilicate glass will turn to closed-pore region in porous glass after
acid leaching. Laser heating process to control phase separation of glass has not been
investigated, and detailed progress and mechanism are still unclear.

Microfluidics fabrication using glass plate had been developed extensively by laser
processing. Microfluidics, or microreactor is hand-on-chip technology which contains
chemical flow inside the plate[69]. The chemical flow in microreactor is suitable for in-
situ observation such as microscopy or Raman measurement. Also, temperature and
flow control are much easier in microreactor due to its large specific surface area, which
may also enhance reaction efficiency. High transparency and chemical and thermal
resistance make a silica glass favorable for microreactor material. Although silica glass,
the laser processing to crave the fluidics inside the glass substrate requires high cost
including high power exposure using femtosecond pulse laser and longer irradiation
time for the reactor with larger area (numbering up). Microfluidics made of porous glass
plate is expected to have higher specific surface area and cheaper processing cost. For
porous fluidics, laser irradiation is used for partitioning, and larger fluidics area can be
obtained with shorter irradiation time than making hollow fluidics by laser irradiation,
as illustrated in Figure 1.4. Therefore it is important to establish the

Craving fluidics

volume by laser

=More time and \
cost for larger .}
reactor.

Hollow fluidics
Fluidics=Laser exposed

Aass film

i

Figure 1.4 Schematics of microreactor fabrication process by laser irradiation on glass
substrate.
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1.3.2 3D micromachining on silica glass by combination of femtosecond laser
irradiation and wet etching

Laser irradiated fused silica shows various modification nonlinearly depends on laser
intensity and pulse duration[70][59], triggered by multiphoton absorption[71][72]. Band
gap of fused silica is about 8.9~9.3 eV, which is larger than energy capable of obtaining
from continuous or long pulse light beam[73][74]. But femtosecond pulse beam excites
multiple electrons before heat transfer to surroundings by electron-phonon energy
transfer. This consequence of light absorption enables transparent materials to be
modified inside the material, with small heat-affected zone around focal point[75][76].

After femtosecond laser irradiation, physical and chemical changes in highly
localized area remain in fused silica. Visible textures such as nano gratings[59][77],
bubbles with crystals[78][79], micro voids[80], and so many distinctive changes[81]
remain after irradiation. On the other hand, there are invisible changes such as refractive
index[57][82], stress and strain [83], and mechanical properties such as thermal
expansion coefficient[84], Young’s modulus[85][86] and density[87][88]. The local
volume change is primitive cause of various modifications[89]. The entire profile of
local volume change is observable when modified property is measurable. Though it is
difficult to see detailed gradation of material properties after writing complex design
inside the material.

Many applications of fused silica processing using femtosecond laser have been
investigated in past decades[90]. 3D micro processing of fused silica is one of the
unique fabrication processing which cannot be realized in other method, as the
schematic of processing flow illustrated in Figure 1.5. When femtosecond laser is
irradiated to fused silica in particular condition, point defects are generated[39]. These
defects change chemical durability significantly. Compared to non-irradiated fused
silica, laser irradiated zone has more than 100 times faster etching rate[91][92]. Since
femtosecond laser irradiation only affect localized focal point inside the glass, direct
writing of hollow channel is possible after etching[93]. Complex monolithic micro
structure made of fused silica can be obtained with 2 steps fabrication process[62]. This
technique enables fabrication of micro-scale complex structures without any additive
material and boundary. Taking advantage of transparency and high chemical durability
of silica, 3D micro structures fabrication process are mainly used in the field of bio
micro devices[94][61], MEMS[95][96], and even as a 3D printing plat form for fused
silica[63].

During the process, etching seems to wash away all laser irradiated area. But surface
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of laser irradiated area has slightly different texture and properties compared to normal
fused silica without processing. Laser irradiation effect is significantly high at center of
focal point, so surrounding, which has twice deeper effect zone than focal point[97][76],
were not focused in the past researches. Though it is important to evaluate how material
changed after processing, because volume fraction of modified material in
microstructures is significantly larger compared to macroscale objects. Femtosecond
laser machining is becoming more familiar both in laboratory and industry[98][90], it is
necessary to understand material properties change and how those affect to both static
and dynamic behavior.

Ultra-short pulse

Glass property changes
a atirradiated area

Ly~10 pum

Non-linear absorption

Comb-array drive

Figure 1.5 Schematics showing 3D micro-processing of silica glass using femtosecond laser
irradiation and acid leaching. [62] The laser exposed volume shows lower chemical durability.
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1.4 Focus of this study

This study gave focus on the nano-micrometer size structural modification of glass
materials using laser processing. When the light with high power density from laser is
absorbed in the glass, the physical and chemical reaction occurs at exposed volume and
causes structural modification. By selecting the combination of glass composition and
laser irradiation method, various structural control at exposed area could be expected. In
order to realize desirable nano-microstructure implementation on a glass substrate,
understanding of interaction between laser light and glass material is necessary.

Control of nano-micro structural change by laser irradiation including spatial
distribution of the modification is important to design monolithic integrated devices.
Miscible/immiscible phase transformation of glass is chosen to be controlled using local
rapid heating and cooling by CW laser to develop microreactor device in borosilicate
glass. The chemical and physical reaction during laser heating was estimated by high
temperature in-situ spectral measurement on glass and melt.

Also, the effect of defect formation on the dynamic functionality of glass is given
focus to be controlled using multi-photon absorption of femto-second pulse laser to
develop micrometer size vibration device of silica glass implementing Acoustic Black
Hole effect.

1.5 Objective

The objective of this research is to understand the mechanism of nano-microstructural
modification via laser absorption in glass. High energy density exposure in localized
time and space by laser irradiation would transform the glass structure into unique
metastable state and results in permanent modification at room temperature. The laser-
absorbed energy diffusion at surrounding of the focal point and response of the glass
structure to those given energy were investigated.

In order to control the local glass nano-microstructure by laser processing,
modification mechanism should be clarified and investigated through structural analysis
by spectroscopy and physical reaction estimation by calculation using finite element
method. Two different approaches with different laser oscillation method were focused
on this study for purpose of monolithic glass device designing: Heat introduction
borosilicate phase separated glass substrate by CW laser and defect formation in silica
glass substrate by femtosecond pulse laser. Through understanding respective topic, the
possibility of laser processing on glass material by nano-micro structural modification
had been discussed.
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2 Space selective porous/non-porous design on silicate glass
substrate by CW laser

2.1 Introduction

In this section, non-porous region was introduced to porous silica glass substrate by
single laser scanning as illustrated in Figure 2.1. Since porous glass has ability to pass
through the fluids and gas, the partition made of non-porous region would enable
fabrication of monolithic porous silica microreactor with large fluidics area by simple
process. Monolithic porous/non-porous designed silica glass substrate would realize
highly transparent, chemical and thermal resistant microreactor with large specific
surface area. In order to realize the glass substrate with porous/non-porous area
designed on the same plane, CW laser heating was used to partially modify the glass
structure.

Phase separated
borosilicate Leaching Porous silica

[
[\ ! Laser
| \

Figure 2.1 Schematic illustration of porous/ non-porous designed glass substrate fabrication

process. In phase separated region, borate rich phase including additive transition metal ion is

washed away by acid leaching.

Na>0-B203-SiO2 (NBS, or sodium borosilicate) glass turns into nano porous silica
glass, taking advantage of spontaneous phase separation and acid leaching[99].
Borosilicate glass with low alkali content separates into SiOz rich phase and B2Oz3 rich
phase interconnected in nanoscale, so called spinodal phase separation. By acid leaching,
B.O3 rich phase can be washed away and SiO- rich phase remains as porous silica. The
size, specific surface area, and pore size depends on morphology and composition of the
immiscible nano phases in borosilicate glass[14]. Those characteristics of phase
separation strongly depends on the thermal history of heat treatment including
temperature and time. As shown in Figure 2.2, below miscible temperature there are
two distinctive compositions where Gibbs free energy AG is minimized. With certain
diffusivity of chemical component, glass start to show these metastable compositions by
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separating into different nano phases. The phase separation develops faster in higher
temperature due to lower viscosity, though the contrast of chemical composition
between two phases become less significant at higher temperature. The porous glass
consists of 96% silica can be obtained from borosilicate glass heat treated under
500~600°C for few hours[100]. On the other hand, it can be assumed that the mixture
will take place in very short time above miscible temperature, due to its low viscosity.
Considering that the laser light has high power density, homogenization of phase
separated glass by laser heating appears to be suitable for designing porous/non-porous
region on the glass substrate.

Viscosity
T,|. Miscible @ AGT) [ oy
. )
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3D-interconnected Droplet

Figure 2.2 Composition and temperature dependence of Gibbs free energy. When the
composition of the glass show high Gibbs energy as marked with %, phase separation proceeds

to minimize the Gibbs energy by turning into two different composition marked with @.

For fabrication of the porous/non-porous designed glass substrate, the homogeneous
region is required to be penetrated from top to bottom surface to show function as a
partition, as explained in Figure 1.4. It also requires clear boundary between porous and
non-porous volume to avoid uneven distribution of the flow inside porous fluidics. The
formation of partition inside porous silica glass had been tried with combination of
contour made of femtosecond laser affected volume with height of 10 to 100 pm and
surface densification by CO> laser [101]. This partition showed certain permittivity
against water through interstitial between laser-drawn lines. In order to fabricate
partition with enough quality, homogenized volume should have continuous and
uniform volume.

Although, homogenization process of phase separated glass in high temperature has
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not been focused and detailed mechanism is not clear. Even more, CO> laser heating is
difficult to penetrate through the modified volume through substrate and femtosecond
laser focal spot is too small to form uniform volume. Homogenization of phase
separated borosilicate glass by single laser scan had never been realized previously.

In this chapter, phase separated NBS glass substrate were partially homogenized by
laser heating using transition metal ion as a heat source. With few additive transition
metal ions which absorbs laser with NIR wavelength, the glass matrix transmits the
laser and moderate temperature increase would be possible by heat emitted from d-d
transition. As a laser absorbing heat source, NiO or CuO was added to absorb
continuous-wave laser with A=1064 nm. Laser was irradiated on phase separated
borosilicate glass plate with various scanning speed. By acid leaching the laser
irradiated glass sample, porous /non-porous region was expected to be formed through
top to bottom surface of the porous glass substrate.

2.2 Experimental
2.2.1 Synthesis

Glasses with  composition 6.8Na,0-31.1B»03-62.1Si0, (in molar ratio,
R=Na>0/B,03=0.22, K=Si02/B203=2) containing x=0.2, 0.4, 0.8, and 1.0 mol% NiO
(NBS-xNiO) and x=0.2, 0.4, 0.8 mol% CuO (NBS-xCu) were fabricated with
conventional melt-quenching method. Reagent grade materials (FUJIFILM Wako Pure
Chemical Co.) were wet-mixed using ethanol. After drying, powders were melted in a
platinum crucible at 1000°C for 1 hour and then in 1550°C for 2 hours. For achieving
higher glass homogeneity, the quenched bulk glasses were crushed and melted again at
1550°C for 2 hours 1-2 times. After melting, the glasses were finally poured into a pre-
heated glassy-carbon mold. These glasses were immediately put into the furnace at
450°C and cooled to room temperature at -1 K/min (Hereafter named As-melt sample;
AM). Annealing temperature was set lower than phase separation growing temperature.
The obtained bulk glasses were sliced into plate with the thickness of 0.5~0.8 mm and
polished.

2.2.2 Optical absorption spectroscopy

The optical absorption spectra were collected at room temperature with UV-Visible
spectrometer (V-570, Jasco) with resolution of 2 nm. The thickness of the samples was
about 2 - 3 mm for the glasses heat-treated at different temperatures followed by water
quenching. The spectra were normalized by sample thickness to obtain absorption
coefficient. The target composition for laser processing were decided based on the
absorption behavior and apparent transparency of the fabricated glass.
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2.2.3 Thermal analysis
The differential thermal analysis of powdered NBS glasses. Thermomechanical
analysis (TMA) was conducted on the rectangular sample with a compressive stress of
49 mN by TMA8310 (Rigaku) at rate of 5°C/min on heating from room temperature to
melting point of respective glass. For NBS-0.8NiO, TMA was measured for 6 different
points cut put of melt-quenched glass block in order to confirm the homogeneity.

2.2.4 Laser scanning on glass plate

For laser irradiation test, high-power continuous-wave (CW) Yb fiber laser with a
wavelength of 1064 nm was irradiated on PS glass sample (before leaching) with an
objective lens of 5X (NA: 0.13, spot size: 10.8~16.3 um). Irradiation power was fixed at
4.3 W, 5.7 W, and 7.2 W and scanning speed was changed; 1.0 mm/s, 0.5 mm/s and 0.1
mm/s. Scanning position was controlled by 2-axis (XY) stepping motor stage. The focal
point was set at the surface of the glass plate. The glass was pre-heated at 100°C. Laser
was scanned along X-axis direction in Figure 2.3, and laser incident was done along
with Z-axis direction. More than 10 lines were drawn in parallel, with 300~500 pm
spacing between the lines.

Yb fiber laser
(a) (A=1064 nm) (» 1.0 mm/s

Infinity corrected or 0.5 mm/s

tube lens

Objective Lens y §O=10~14 um
5X (NA: 0.13,) x)"

Glass sample

100°C Spacing: 600 um

Stage

+Heater

Figure 2.3 (a) Optical system set up for laser irradiation (b) Schematic figure showing laser

scanning procedure

2.2.5 Post processing for porous structure formation
Both laser-irradiated and non-irradiated glass pieces were leached in the 95% H>SO4
at 98 °C for 3 days to remove B2Os-rich phase. The glass samples were put in 1.3%
KOH for an hour to remove silica-gel layer covering pore surface. After taking out from
leaching bath, glass pieces were put into ethanol for a day to remove leaching liquid
inside porous structure.
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2.2.6 Evaluation of porous structure

The porous structure of leached glass piece was evaluated by N> gas adsorption test
(Belsorp 28, Bel Japan Inc.) for obtaining pore properties. Before BET measurement,
the sample was crushed into powder and dried under vacuum at 100 °C for 24 hours.

For checking the amount of residual NiO after leaching, X-ray fluorescence (XRF,
M4 TORNADO, Bruker) with spot size=25 um was used to analyze 8~20 points each
on the sample surface. Measurement spot was set at a random point with similar
appearance within 0.25 mm?,

2.3 Results
2.3.1 Optical absorption behavior at room temperature after fabrication

Figure 2.4 shows UV-vis-NIR absorption spectra of NBS-xNiO and NBS-xCuO
glass and (b) appearance of each AM (as-melt) glass after slicing into 1.5~2 mm. The
coloration of glass pieces with NiO showed various colorations due to drastic
absorption coefficient change in visible region. That color center is originated from d-d
transition of Ni?* ion surrounded by ligand oxygen. NBS-0.2NiO showed the most
significant absorption band at 420 nm, but absorption at 1064 nm was unobservable. For
x=0.5-1.0 in NBS-xNiO glasses, several absorption bands were observed at UV-vis-NIR
region until 1700 nm, with the highest absorption at 420 nm. Although, the intensity
was not proportional to the NiO concentration, and the base line was different among
compositions. The apparent absorbance was independent of NiO concentration at
A=1064 nm, which is same as laser wavelength, without considering the scattering effect.
As shown in Figure 2.4 (b), the transparency was lost above x=1.0. NBS-4.0NiO
showed opaque appearance due to strong phase separation development during melt-
quenching process. Considering the purpose of homogenization by laser heating, NBS-
0.8NiO was selected as the target composition for laser processing.

The right side in Figure 2.4 shows the result of NBS-xCuO glasses. The intensity of
the most significant absorption band at 780 nm was proportional to the CuO
concentration. NBS-0.4CuO was chosen as the laser processing glass composition since
the glass composition had shown similar absorption coefficient as NBS-0.8NiO.
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Figure 2.4 (a) UV-vis-NIR absorption spectra and (b)appearance of NiO and CuO containing
NBS glasses.

2.3.2 Thermal properties

The DTA curve of the NBS glasses are shown in Figure 2.5, in which the glass
transition (Tg) could be assigned. The Tg of each glass samples are shown in Table 2.1.
The crystallization of NBS could not be found in all the NBS glasses. The effect of
crystallization is neglected in the later analysis. The melting point was difficult to
define with gradual decrease of heat absorption. TMA curve was plotted Figure 2.4 (b).
The coefficient of thermal expansion (CTE) at 100-400°C was calculated from TMA
curve and shown in Table 2.1. The results were compared with NBS glass without
additional TM ion. The T4 increased when 0.8 mol% of NiO was added to NBS glass by
17.5°C. Increase of Ty was less significant with NBS-0.4CuO by 5.6°C. Contrary, CTE
decreased by addition of TM ion, at most 11 % reduced from NBS glass.
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Figure 2.5 (a) UV-vis-NIR absorption spectra and (b)appearance of NiO and CuO containing

NBS glasses.

Table 2.1 Glass transition temperature Tg obtained from DTA and TMA measurement.

Coefficient of thermal expansion (CTE) was obtained from line slope at the range of

100~400°C.
Tg (DTA) Tg (TMA) CTE *10%/K
(100~400°C)
NBS-0.8NiO 370°C 473.5 3.48
(£1.3) (+0.08)
NBS-0.4Cu0 310°C 461.6 3.67
(£1.7) (+0.09)
NBS 350°C 456.0 3.92
(£2.1) (0.17)
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2.3.3 Glass plate appearance after laser irradiation

Figure 2.6 shows the comparison between CO: laser and Yb-fiber laser irradiated
sample on the NiO-containing phase separated glass plates. The cross section of laser
irradiated glass was observed by optical microscope after acid leaching. The numbers in
left top of each photo shows proportion of residual NiO after leaching at irradiated line
center surface: all the NiO would be washed away when the glass is phase separated due
to selective distribution of TM ion in borate rich phase, and 100% of NiO (Ni?*) will
remain when the silica rich and borate rich phase are miscible (homogeneous). In any
laser irradiation condition shown in Figure 2.6 shows certain amount of residual Ni?*
ion, indicating homogenization due to laser exposure. The amount of residual Ni?* was
higher in Yb-fiber laser irradiated glass compared to CO- laser irradiated.

The laser penetrated depth is the most significant difference among different lasers
used for irradiation. The irradiation with CO> laser gives observable modification at
most 100 um below the surface. When the exposed energy is relatively high with high
laser power and slow scanning speed, the glass surface was ablated at the center surface.
Contrary, the glass modification after Yb-fiber laser irradiation had deep penetration
depth more than 300 um below the top surface. By preparing thin glass plate (<~800 pum,
depends on irradiation condition), the partial glass modification from top to bottom
surface was possible. The slight ablation could be observed at the surface when exposed
energy was high, still the apparent glass modification penetrated well. For the purpose
of porous/non-porous designing for microreactor, consistent modification of glass plate
from top to bottom surface is necessary. In this paper, we focus on laser irradiation
using Yb-fiber laser.

Figure 2.7 shows the typical sample appearance of laser irradiated NBS-0.8NiO and
NBS-0.4CuQ glass plates before and after acid leaching. In both samples, the glass
turned from colored-transparent to opaque by acid leaching, which indicates the
removal of B2Os rich phase with color-center TM ions. The color due to presence of TM
ion was remaining selectively at laser irradiated area. The partial homogenization of
phase separated borosilicate glass could apparently achieved with additive TM ions
(Ni?* and Cu?") as a heat source for laser absorption. The porous structure
characterizations are shown in Table 2.2. The porous silica has average pore diameter of
6~10 nm soon after acid leaching, and 30~40 nm after silica gel removal by KOH
treatment. Most of the porous characterization merely showed difference among
different additive TM ion in either As-melt and 580°C-4 hour treated samples.
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Figure 2.6(a) Schematic showing laser scan direction and cut line for cross section observation.
(b) The cross-section image of laser irradiated glass plate with CO; laser (left 2 columns) and

Yb-fiber laser (right 2 columns).
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Figure 2.7 Before and after leaching of laser irradiated glass plates (®=7 mm) with 5.7 W,1

mm/s, pre-heating at 100°C.

Table 2.2 The porous structure characterization by BET analysis

Initial condition and As-melt (AM) AM—580°C 4h AM—H,SO,

leaching process —H,S04 —H3S0, —KOH

Composition NBS- NBS- NBS- NBS- NBS-0.8NiO
0.8NiO 0.4Cu0O 0.8NiO 0.4Cu0O

N2 adsorption volume | 23.205 22.866 26.249 26.827 6.256

[cm3/g]

Specific surface area | 101.00 99.525 114.25 116.76 27.23

[m?/g]

Total pore volume | 0.1675 0.1676 0.1827 0.2025 0.1872

[cm3/g]

Average pore size | 6.6355 6.7375 6.3973 6.9359 27.50

[nm]
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2.3.4 Laser induced modification at glass surface

The glass modification by laser irradiation would give various results depend on how
the laser was irradiated. Firstly, the pre-heating temperature of the glass plate during
laser irradiation was considered as shown in Figure 2.8. The glass plates tend to show
cracks and collapsed without pre-heating. We assumed that the fracture was caused by
residual stress dur to partial volume expansion by laser heating. The major cracks could
be avoided by heating the glass plate above 100°C. Although the bubbles were found
inside the laser exposed volume when the pre-heating temperature was above 200°C. In
order to avoid secondary damage starting from those bubbles, the pre-heating
temperature was set as 100°C in the following experiments.

Further details of laser heating mechanism were considered by focusing on
dependence of laser output power and scan speed. Firstly, the laser modification effect
at surface was analyzed by microscopic images and residual TM ion distribution
observed by XRF. Figure 2.9 shows the sample appearance of laser irradiated samples
before (a) and after (b) acid leaching. magnified image of laser irradiated lines are
shown below overview photo, e is shown, with concentration profile measured across
the lines are plotted in (b). For NBS-0.8 NiO, slight color change was observed from
green to brown at laser exposed area. The color change was significant with 7.2 W,
especially the one with slower scanning speed. Although as shown in Table 2.3, the
residual amount of Ni?* ion at laser irradiated area decrease when the laser irradiation
power is too strong, or scan speed is slow. On the other hand, NBS-0.4CuO showed less
coloration change at laser irradiated area. Though after acid leaching, the residual Cu?*
ions were observed selectively at laser irradiated area. The amount of residual Cu?* was
higher with lower irradiation power. Table 2.4 shows the line widths of laser irradiated
area obtained from spatial distribution of residual TM ions. The apparent line width was
matched to TM ion remaining width in Table 2.5 within £20%, where intrinsic error due
to XRF plot resolution (x25um) was from 3 to 20 %. The consistence of the results
indicates that the apparent laser modification shows the certain degree of
homogenization on phase separated glass. Though the concentration on residual TM
ions was decaying with distance from focal point. Compared to the size of laser spot
size (10~13 um), the modified line width was 20 to 100 times wider. The heat generated
by laser absorption seems to be diffused to the surrounding and induced the
modification in wide area. The wider modified width by higher laser power indicates the
further heat diffusion by higher input energy.
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Figure 2.8The appearance of laser irradiated lines with different pre-heating temperature.

Table 2.3 The maximum amount of residual TM ion at laser irradiated lines compared
to glass plate before leaching.

Residual [NBS-0.8NiO NBS-0.4Cu0O

TM ion

(%) 43W  57W  T2W 43W  57W  T2W
1.0 mm/s 95 110 92 89.5 99 81.2
0.5 mm/s (100 95 72 103 775 738
0.1 mm/s |73 62 47 - - -
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Figure 2.9 Laser irradiated samples with laser power and scan speed as parameters (a) before
and (b) after acid leaching. The bottom row at each parameter shows the XRF
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Table 2.4 The line width of laser irradiated lines analyzed from residual TM ion existing

area.

1.0 mm/s

NBS-0.8NiO

NBS-0.4Cu0O

43W 57W 7.2W

43W S57W 72W

A. Ni?* existing line width
(nm)

B. Ni?* existing more than 80%
(nm)

Cut off region width A-B

(m)

258.68 318.42 716.43

119.39 159.2 358.21

139.29 159.22 358.22

358.7 883.51 678.42

239.12 622.47 438.98

119.58 261.04 239.44

0.5mm/s

NBS-0.8NiO

NBS-0.4CuO

43W 57W 72W

43W 57W 72W

A. Ni?* existing line width
(nm)

B. Ni?* existing more than 80%
(nm)

Cut off region width A-B

(um)

562.49 398.02 1591.08

120.54 218.91 59.7

441.95 179.11 1531.38

441.75 1445.74 1638.44
341.43 843.9 199.8

100.32 601.84 1438.64

0.1mm/s

NBS-0.8NiO

4.3W S57W 72W

A. Ni?* existing line width
(nm)

B. Ni?* existing more than 80%
(nm)

Cut off region width A-B

(um)

299.26 656.72 795.7

119.71 796 O

179.55 577.12 795.7

Table 2.5 The apparent line width measured from optical microscope images.

Apparent NBS-0.8NiO NBS-0.4CuO

line width

(nm) 43W  57W  72W 43W  57W  T72W
1.0 mm/s [219 315 662 315 963 528
0.5 mm/s [286 489 741 437 1600 1588
0.1 mm/s 413 625 796 - - -
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2.3.5 Laser induced modification inside the glass plate

The laser modification inside the glass plate was observed by optical microscope and
SEM on the cross-section vertical to laser scanned lines. Figure 2.10 shows the laser
irradiated NBS-0.8NiO with different laser power and scan speed. The top view and
cross section the laser irradiated lines are shown in the table. SEM images were
observed at boundary where the color contrast due to phase with /without TM ion. The
clear boundary between porous/ non-porous region was obtained with 4.3W - 1.0 mm/s
and 4.3 W - 0.5 mm/s. The Laser modified volume was reaching from top surface to the
bottom using glass plate thickness of 400~600 um. The modification along with z-axis
(laser incident) direction was observed in detail as shown in Figure 8.2 (a)~(c). (a)
4.3W - 1.0 mm/s had clear boundary from top to bottom. (b) 4.3 W - 0.5 mm/s also
showed clear boundary at top surface, but the porous structure gradually closed as the
depth from the top surface get deeper. In order to obtain partially homogenized
borosilicate region in porous glass substrate through top to bottom surface, laser
scanning with 4.3 W — 1.0 mm/s with sample thickness of ~400 pum, or 4.3W — 0.5
mm/s with sample thickness less than 300 um appeared to be suitable.

Contrary, the slow laser scan speed (4.3 W — 0.1 mm/s) lost the clear boundary
around homogeneous region, with gradual appearance of porous structure as getting
apart from the irradiation center. Both 4.3 W and 5.7 W showed laser irradiated cross
section with widest homogeneous width at the middle point of the sample along laser
incident direction. Figure 2.11 (c) shows distribution of nanoscale structure along
horizontal direction (y-axis) against laser incident. When the overview of cross section
was observed by SEM, the darkness volume containing Ni%* ion was straight along z-
axis direction, and the homogeneous region was surrounded by porous structure (1) with
different silica volume compared to non-exposed area (2). Optical microscopic image
could not distinguish homogeneous and porous region (1), showing Ni?* coloration in
both areas. The irradiated structure with same scan speed and different laser power (5.7
W — 0.1 mm/s) showed similar nanostructure distribution, with slight ablation at the top
surface of glass plate.

When the laser power was increased up to 7.2 W — 1.0 mm/s, the width of laser
irradiated area turned more than 6 times wider than the line irradiated with 4.3 W. The
cross-section images showed more significant volume growth in horizontal (y-axis)
direction inside the glass plate. The irradiated line with 7.2 W — 0.5 mm/s was wider
than the interval between the lines and the homogeneous volumes sticked to each other,
with 20~80 um bubbles at 100 um away from surroundings of laser irradiation center.
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Figure 2.12 shows the results of laser irradiation on phase separated NBS-0.4CuO
glass plates. The clear boundary between porous/ non-porous region was found with
4.3W- 0.5 mm/s. Contrary to NBS-0.8NiO, the irradiation with 4.3W — 1.0 mm/s on
NBS-0.4CuO did not show clear boundary. The irradiation effect with 5.7 W was also
significantly different between two different compositions. NBS-0.4 CuO showed 550
um width by 5.7 W-1.0 mm/s, which is 3.5 times wider than the result of NBS-0.8NiO.
Similarly, 5.7 W-0.5 mm/s and 7.2 W-1.0 mm/s showed much wider irradiated line on
NBS0.4CuO than NBS-0.8NiO, though all the lines did not have clear boundary
between porous/ non-porous structure.

NBS-0.8NiO | 4.3 W 57W 7.2W

1.0 mm/s Top view

Top view Cross section Cross section Top view Cross section
A1 ¢ R - \ [m

SEM

(Cross section)

0.5 mm/s

SEM

(Cross section)

0.1 mm/s

SEM

(Cross section)

* SE 95600 100

Figure 2.10 Top view and cross section of laser irradiated NBS-0.8NiO glass plates after acid

leaching, with laser power and scan speed as parameters. SEM images were observed near the

boundary between homogeneous region and nano-scale phase appearing region.
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Figure 2.11 The porous/ non-porous boundary at top
incident direction. The phase separated glass plates were irradiated with 4.3 W with different
scanning speed. (a) 1.0 mm/s, (b) 0.5mm/s, and (c) 0.1 mm/s.
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leaching, with laser power and scan speed as parameters.

2.4 Discussion
2.4.1 The selection of glass composition
From Figure 2.4, absorption spectra of all NBS-xNiO showed similar absorption
behavior as 6-coordinated (Ni?* ion coordinated by 6 oxygen ions in octahedral
configuration)[53]. Although due to slight spectral change in visible region, the color
varied from yellow to green. Above x=1.0, the glass could not homogeneously mix after
melt-quenching, showing unevenly distributed color. For x=0.2~0.8, the absorption
coefficient at A=1064 nm was independent of NiO concentration in NBS glass.
Although under the actual laser irradiation with 10 W, both glass plate with x=0.2 and
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0.4 did not show apparent modification even after exposure for several seconds. NBS-
0.8 NiO showed different absorption behavior by changing laser power from 2~10 W,
starting from slight modification to too intense absorption where the glass cracks soon
after exposure. Such differences besides same apparent absorption coefficient may be
due to effect of Rayleigh scattering observed 380-1500 nm, considering the decrease of
transmittance at shorter wavelength (200~700 nm). NBS-0.8NiO was chosen for target
composition, due to its homogeneity and it could be expected to adjust the effect of laser
by changing the power.

For NBS-xCuO, absorption coefficient was almost proportional to the CuO
concentration. NBS-0.8CuO showed too intense absorption at 10 W exposure. NBS-0.4
CuO showed similar absorption behavior to NBS-0.8NiO. Also, the absorption
coefficient of A=1064 nm of both compositions were 0=2.0 cm™.

2.4.2 Absorption behavior with different doped ions species

By both NBS-0.8NiO and NBS-0.4CuO could successfully fabricate porous/ non-
porous structure by partial homogenization of phase separated glass plate. As shown in
Figure 2.10 and 2.11, the same laser power and scanning speed affected differently
depends on doped ion species. The heat affected volume was larger in NBS-0.4CuO
than NBS-0.8NiO, especially above 5.7 W. The laser irradiated volume inside the
substrate expanded to horizontal direction toward beam incident direction as laser
power increased. The irradiated lines next to each other started to be connected inside
the glass, even when the lines are apparently separated at surface. And such a
connection between lines could be observed with 5.7 W in NBS-0.4CuO and 7.2 W in
NBSO0.8NiO.

The absorbed laser light turns to heat and transferred to the surrounding volume as
shown in Figure 2.13. There are two possibilities that may changes the laser
modification effect in the glasses with similar absorbance: temperature dependence of
absorption behavior and phase separation tendency. Firstly, the absorption coefficient
depends on both wavelength and temperature. The absorption of laser is mostly due to
d-d transition of additive TM ion in the glass. The temperature dependence of d-d
transition behavior might be less significant at 1064 nm from previous report[102].
Further consideration will be in next chapter.

In addition to the absorbance of laser at 1064 nm, absorption behavior especially in
visible to IR region directly affects radiative heat transfer inside the glass based on
Rayleigh Jeans law, since oxide glass has high emissivity up to 0.9. It is reported that
colored glass shows less radiative heat transfer [103]. The different absorption behavior
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in visible region might have caused change in heat transfer behavior.

Another factor that may affect the laser modification is temperature dependence of
phase separation. The typical phase separation behavior in ternary Na>O-B203-SiO»
system is reported in detail[104], and also the addition or alteration of glass components
iIs known to change both the thermal properties and critical temperature[105]. The
thermal properties from DTA and TMA measurement did not show significant
difference between two different compositions, the effect at high temperature above Tg
is still unclear.

The difference in phase separation behavior with temperature dependence will further
discussed in chapter 4. The mechanism of clear boundary formation between porous/
non-porous structure will be discussed in chapter 5, based on the properties of glass and
melt shown in following chapters.

Beam in
h) Heat convection to air
< T
Heat radiation | 1 mm
\ Heat conduction
Beam out

(Transmittance~0.8 X /)

Figure 2.13 Schematic diagram showing laser absorption and heat transfer in the glass plate.
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2.5 Summary

The phase separated sodium borosilicate (NBS) glass plate could be partially
homogenized by CW-laser heating using transition metal ions as a heat source. Acid
leaching on such a glass substrate washed away borate rich phase selectively realized
glass substrate with porous silica/ non-porous borosilicate region exist on the same
plane.

The CW laser with wavelength in NIR region could moderately be absorbed by Ni?*
or Cu?* ion doped in borosilicate glass. NBS glass matrix has high transparency in NIR
region, so the laser could pass through inside the glass substrate with slight absorption
due to Ni%* or Cu?*ions. The homogenized region along the laser incident direction was
penetrated through the glass substrate, beside using CO. laser where most of photon
energy being absorbed at surface due to excessively high absorbance.

With fast laser scanning, the distinctive boundary between porous/ non-porous
volume could be observed. This result indicates the possibility on microreactor
fabrication by porous glass substrate consists of porous silica fluidics and borosilicate
glass partition implemented with clear boundary.
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3 Evaluation on phase miscibility in borosilicate glass probed by Ni?
ion

3.1 Introduction

In chapter 2, the nanostructure of laser irradiated area was evaluated by FE-SEM
observation. Although, direct observation of fabricated sample at ambient temperature
only gives information after processing. Taking advantage of color change of Ni?* after
laser irradiation, miscibility of NBS-0.8NiO glass was evaluated by considering Ni%*
speciation as structural probe.

Since Ni2* ion is sensitive to electron donor ability of its ligand, the change of oxide
glass matrix would be reflected in its speciation. The speciation change of Ni?* ion in
glass is strongly dependent on its composition; 4-coordinated (Td) is dominant in glass
composition with high optical basicity such as aluminosilicate glass[106]. 5-coordinated
is dominant in most of the case with silicate glass[107]. In alkali borate glass,
coordination number of Ni?* ion is 5 to 6- coordinated (Oh) and it even forms Ni-
enriched nanodomain when alkali concentration is low[108][109]. These compositional
dependence can be expressed in theoretical optical basicity[106][110][111][112], which
indicates electron donor ability of oxygen atoms in the glass system[113].

In order to understand the relationship between Ni?* ion speciation and phase
separation, the UV-visible-NIR  absorption and Ni K-edge XAFS spectra were
measured while glass sample was heating up to 1200°C. XAFS spectra was measured
under high temperature in-situ, in order to avoid structural relaxation during cooling
process. For further understanding on high temperature in-situ analysis, room
temperature measurement with various heat treatment and direct nanostructure
observation was practiced.

3.2 Experimental
3.2.1 Sample synthesis
NBS-0.8NiO glass with the composition of 6.8Na>0-31.1B>03-62.1SiO, containing
0.8 mol% NiO (in molar ratio, R=Na>0/B,03=0.22, K=Si0O2/B,03=2, M=63.26,
Coefficient of thermal expansion=3.4 /107 K at T<473°C, 13.8 /107K at T>473°C)
were fabricated with conventional melt-quenching method. Reagent-grade materials
(FUJIFILM Wako Pure Chemical Co.) were wet-mixed using ethanol. After drying,
powders were melted in a platinum crucible at 1000°C for 1 hour and then in 1550°C
for 2 hours. These glasses were immediately put into the annealing furnace held at
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450°C and cooled to room temperature at -1 °C/min. Further details of synthesis and its
properties are on previous chapter. Hereafter the glass after above fabrication process
was named “As-melt (AM)” sample. The glass showed light greenish transparency with
spinodal decomposition which had already developed during annealing.

In order to consider the effect of phase separation on Ni%* speciation, Al.Oz-added
glass with same R and K values, NABS-0.8Ni, was fabricated to be used as non-phase
separated samples: composition 6.4 Na>O-29 B»>03-6.4 Al,03-58.1 SiO> containing 0.8
mol% NiO (R=0.22, K=2, M=65.73, CTE=5.5x10" K at T<480°C, 2.0x10° K at
T>480°C) . Synthesis process was same as that for NBS-0.8NiO.

3.2.2 Room temperature measurements on water quenched glasses

The glasses synthesized in section 3.1 was heat treated at various temperatures and
water-quenched, to make the glass with frozen structure at elevated temperature.
Hereafter these water-quenched glass is called WQ. The bulk glasses of both NBS-
0.8Ni and NABS-0.8Ni were sliced into thickness of 0.5~0.8 mm and wrapped in Pt foil.
These were heat-treated at temperature (in the range of 400~1000°C with 100°C step)
for 20 minutes in the electric furnace. Soon after heat treatment, the glass piece in Pt foil
was quenched in water.

These glass pieces were evaluated at room temperature and compared with spectral
information obtained from high temperature measurements. XRD, optical absorption
spectra, XAFS and SAXS were measured on WQ samples at room temperature. For
checking the amount of residual NiO after leaching, X-ray fluorescence (XRF, M4
TORNADO, Bruker) with spot size=25 um was used to analyze 5~10 points each on the
sample surface. Measurement spot was set at a random point with similar appearance
within 0.25 mm?.

3.2.3 High temperature in-situ XAFS measurement

High temperature X-ray absorption fine structure (HT-XAFS) was measured at
BL14B1 in SPring-8 (Hyogo, Japan). XAFS spectra were measured in transmission
mode, from 8000 to 9250 eV using a Si (111) double crystal monochromator. Ni metal
foil was used for energy calibration of absorption edge, E=8331.7 eV.

The NBS-0.8NiO glass rod (®=2 mm) was embedded in platinum ring (outer
diameter =3 mm, inner diameter =2mm) and thickness was set to 0.8 mm. Before the
measurement, the sample was heat treated at 1000°C for 20 minutes to erase phase
separated structure once and water quenched in order to start the measurement with the
sample glass more homogeneous.
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Temperature program of the high-temperature measurement is shown in Figure 3.1.
The sample was heated by the original compact furnace with a couple of SiC heaters
located at 5 mm each from sample center. The platinum thermocouple in alumina
protective tube (®=3 mm) was set 3 mm from sample center. The temperature was
heated at 10°C/min and held at 600°C, 800°C, and 1000°C for 60 minutes and 1200°C
for 45 minutes for XAFS measurement of 45 min.

Preparation i Temperature In-situ measurement
(Glass/Pt ring adhesion)
1200°C
1000°C,10h 20min 1000°C
-10°C/min E Water
E quench
i -20°C/min
i +10°C/min
Time
’0
XAFS e SAXS Measurements every 2 minutes ot
/// (1 minute exposure) *
+10°C/min/"| Hold |Measurement +10°C/min ¢ Hold
7 Hold R
20 min 20 min\\ 45 mjn/ 20 mjn\ 60 min -

Figure 3.1 Temperature profile during high temperature in-situ measurement. Before the
measurement, NBS-0.8NiO glass was heat-treated at 1000°C for 20 minutes and water-
guenched immediately after taking out from furnace. XAFS signals were obtained in 45
minutes each, after holding at same temperature for 20 minutes. SAXS spectra was recorded

every 2minutes during heating, including 1 minute exposure and 1 minute interval.
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3.3 Results
3.3.1 Phase immiscibility evaluation of water-quenched glass by SEM images

Figure 3.2 shows SEM images of water quenched (WQ) samples after acid leaching
and KOH treatment. The inset shows the appearance of each sample after leaching
treatment. When the heat-treatment temperature was below 700°C, the visible color
originated from Ni?* ion (as shown in Figure 3.4 (a)) disappeared in WQ samples and
turned to porous silica glass. Both 800°C-WQ and 900°C-WQ showed opaque
appearance, and Ni2* ion remained after leaching. 1000°C-WQ had transparent body
and Ni?* ion also remained. The quantitative amount of residual Ni?* ion after leaching
is on Table 3, measured by XRF. NBS-0.8NiO 700°C-WQ samples showed loss of
most of Na" and Ni** after acid leaching as well as As-melt sample, while
800°C~1000°C-WQ samples still contained most of them. These results indicate the
existence of Ni%* ion in interconnected borate rich-phase below 700°C, and transfer to
different immiscible phase above 800°C. The most of NABS-Ni glass showed few
components loss through acid leaching.

From SEM images of NBS-0.8NiO(WQ) in Figure 3.2, As-melt sample showed
clear porous silica structure with average pore diameter of 50 nm. The 600°C-WQ glass
showed silica network in nanoscale which was similar as As-melt glass, though silica
rich phases were more aggregated, and the pore structure could not be observed clearly.
Similar nano scale structure was found in 700°C-WQ sample, with slightly larger scale
of silica rich aggregations than 600°C-WQ. In 800°C~1000°C-WQ, it was difficult to
obtain SEM images of fine structures probably due to low composition contrast. Still
some nanostructure could be observed in NBS-0.8NiO 800°C-WQ as shown in Figure
3.2 (d-1), showing several dark spots about 600 nm, which might be the trace of
residual borate rich phase, without interconnected structure in spinodal. Also, the small
spherical dots with average diameter of 32 nm. The SEM image was clearly different
from WQ samples treated under lower temperature, similar to fitting model change in
SAXS spectra. 900°C-WQ sample showed similar nanostructure as 800°C-WQ, with
larger number of dark spherical dots. The size of spherical dots appeared larger than
800°C-WQ up to diameter of 150 nm.

Figure 3.3 shows USAXS and SAXS spectra of WQ samples measured in ambient
temperature. The NBS-0.8NiO glass soon after annealing (As-melt) showed typical
spectra with spinodal phase-separation, similar to the spectra found in 600°C in-situ.
Below 700°C-WQ, the spectra showed similar Bragg like peak with different peak
position depends on heat treatment temperature. The spectra appearance significantly
changed above 800°C. Convex curve was observed at low-q region (q=0.05~0.1 nm™)
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for 800 and 900°C-WQ. The 900°C-WQ sample even showed small sequential peaks at
high-q region due to interference between scatterers. The 1000°C-WQ sample was
totally different from other spectra and showed scattering intensity over entire g region.
The residual scattering below g=0.1 nm™* may be due to scatter from glass itself or air in
the path.

On the other hand, all NABS-NiO(WQ) glass samples had similar low scattering
intensity as that of NBS-0.8NiO(1000°C-WQ). The scattering intensity of all samples
showed a linear decrease with increasing q, showing similar spectra among all heat
treatment temperature. The part of slight shoulder seems to be appearing at 900°C-WQ.
From Figure 3.4 (c), the appearance of NABS-WQ sample from 800°C~1000°C-WQ
showed inhomogeneity in milli-scale, diverged into transparent, orange area and totally
opaque, green area. The transparent area was mainly used for evaluation, but opaque
volume might have contaminated during sample preparation. A small peak at g=0.5 nm-
1 is due to capton tape in beam line, which was not observed in the spectrum of NABS-
NiO(1000°C-WQ) without capton tape.
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Figure 3.2 SEM images of NBS-Ni (WQ) samples after acid leaching and KOH treatment.

Inset photos show the appearance of each sample.
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Figure 3.3 Room temperature SAXS + USAXS spectra of NBS-Ni(WQ) and NABS-Ni(WQ).
As-melt glass pieces were heat-treated at respective temperature for 20 minutes and water-
qguenched. Spectra of NABS samples were affected by capton tape in sample holder, due to its

low scattering intensity in high-q region.
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3.3.2 Optical absorption of water quenched glass after heat treatment

As shown in Figure 3.4, NBS-0.8NiO and NABS-0.8NiO glass showed color and
opacity variation depending on the temperature before water quenching. Coloration due
to Ni%* ion revealed significant change in high temperature treatment followed by rapid
quenching. The color gradually turned from green, yellow, to brown as treatment
temperature increased. The samples quenched from 800 °C and 900 °C were totally
opaque and easily collapsed. Figure 3.4 (b) shows the absorption spectra of the water
quenched target glass after various heat treatment temperature.

NBS-Ni(WQ) showed sequential spectral change as the heat-treatment temperature
increased. The most significant peak around 24,000 cm shifted to lower wavenumber
side with the heat-treatment temperature. NABS-Ni(WQ) showed no peak shift
irrespective of the heat-treatment temperature with less visible color change in Figure
3.4 (a). The NABS-Ni(WQ) samples showed high inhomogeneity in macroscale
including transparent part and opaque part randomly distributed, which can visually
observed. The measurement on NABS-Ni(1000°C-WQ) glass was practiced selectively
on transparent part.

The strongest band n; located around 24000 cm™ shifted to lower energy side and its
intensity grew as treatment temperature increased, as the band position plotted against
treatment temperature in Figure 3.4 (c). NBS-0.8NiO had main absorption band at
higher position at lower temperature. Its position gradually shifted towards to lower
wavenumber and shows similar peak position as NABS-0.8NiO as getting closer to
1000°C-WQ. Doublet band around n; also shifted to lower energy side with modifying
its shape into single band. n3 band, which is strongly related to laser absorption, stayed
at constant wavenumber, independent of temperature before water quenching.
Assignment of absorption bands in visible region can be done based on the electronic
state diagram of TM ion. Since Ni?* has d® electron configuration, the ground state
corresponds to F state. °F and higher levels of D and 3P in free ion separate into
several states depending on strength of ligand field mainly generated by first
coordination atoms in condensed system. From absorption spectra obtained in this work,
there is no contribution of Td coordination states. 5 coordinated states of square
pyramid (SP; Cav) and trigonal bipyramid (TBP; Dan) should be taken into account as
the most intense bands at slightly lower energy range in addition to octahedral (Oh)
coordination. So the shifting toward lower energy of main band v, seems to be due to
the coordination change from 6 to 5.

In Figure 3.5, absorption spectra were fitted with several Gaussian functions,
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considering coexistence of Oh and SP, with absence of Td originated absorption. Fitted
functions could be attributed to respective configuration based on similar absorption
energy value in reference sample[106][114][115]. Table 3.1 summarizes the band
parameters. AM sample contains the largest contribution of bands due to Oh symmetry.
Absorption of Ni?* in SP symmetry also contributes to the AM spectrum and became
larger with increasing heat treatment temperature before water quenching. Main band v,
shifted to lower energy side apparently due to the increase of the bands SP1 and SP»
(*B1—3E transition). Increasing SP3 accompanied with remarkable change in spectral
shape of doublet band, v,, because SP3 shifted to lower energy side with increasing
temperature while Oh, and Ohs did not shift and decreased in their intensities. Ohs and
SP4 would give same peak positions insensitive to the heat-treatment temperature.
Finally, Peaks area of Oh; reduced to 4/9 and SP1 increased almost twice.

Ni%* in oxide glasses has been extensively investigated. Compared with the previous
report of NiO absorption in other glass systems[116][117], the peak position of bands
Opjy: 3T2g(F) < 3A2g , Opa: 3T1g(F) < 3Aqu ., Opz: 'E (D) « 3A2g ,
Opat 3Tlg(P) « 3Azgcan be expressed using optical parameter Dg and B as followings
[118]:

Ops = 10Dg (3.1)
1

Oy, = 15Dq + 7.5B — 0.5(225B2 + 100Dg? + 180DgB)2 (3.2)
1

On; = 15Dq + 7.5B + 0.5(225B2 + 100Dg? + 180DgB)2 (3.3)

From the relationships above, Racah (inter-electronic repulsion) parameter B in Oh
symmetry was obtained using the peak position of Ohy, Oh2 and Ohs with following
equation:

(On1 + Onz) — 3 Opg
15

Obtained Dg and B (Racha) were also shown in Table 2. Since Ohs band was
insensitive to the heat treatment, the same Dq was given to all sample. On the other
hand, Oh; and Oh, were weakly sensitive, and B(Racha) decreased with increasing
temperature before quenching, indicating the decrease of ionicity of interaction between
Ni-O. When Ni?* is totally free from ligand field, Bsee= 1080 cm™, and the B value
decreases as covalency of Ni-O interaction increases. However, Dg/B(Racha) value
increased from AM to WQ samples by only 1.7%. The effect of the heat treatment on
Ni2* in Oh symmetry is very small. This small change of covalency of Ni-O is also

B(Racha) =

(3.4)
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consistent with very small shift of peak positions of SPi (i=1,2,3,4), which are sensitive
to Dg. The spectral change due to the heat-treatment temperature does not reflect the
change of symmetricity of Oh, but balance between Oh and SP coordinated Ni2*

existence.
“SB . YR
L BEmt ¢ i
As melt 600 800 1000°C  As melt 600 800 1000°C
(b) 8 14 -
- |NBS-Ni(WQ) 12  NABS-Ni (WQ)
=6 P I l
z s L | Phaer £ 10 700°C-W(
E 700°C-WQ separated |l "= QL 600°C-W(Q
§ 4 600°C-WQ E 6
£’ £
2 s 4
=1 < 2
O I I 0 L 111 I [ R N | I T
5000 15000 25000 35000 5000 15000 25000 35000
Wavenumber /cm! Wavenumber /ecm-!
(C) "‘E 24500 r As-melt NBS 24500 cm'l
Fi* Phase-separated LQ
i 24000 + _ CaNiSi20s [6]
3523500 promet 0ow
[=] v
=9
'S 23000 + |
3
= 22500 +
= g *22100 cm™
22000 A KNiPO; [5]
0 400 800 1200

Treatment temperature /°C

Figure 3.4 (a) Outlook of the glass pieces with various heat treatment temperatures before

water quenching. Sample thickness was about 2~3 mm. (b) Absorption coefficient spectra of

0.8 mol% NiO bearing borosilicate (NBS) and aluminoborosilicate (NABS) glass with various

heat treatment temperatures before water quenching.

(c) Peak position of main absorption

band. (d) Absorption spectra in visible region fitted with several Gaussian functions.
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(d) NBS-0.8Ni
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Figure 3.5 UV-vis absorption spectra with peak deconvolution based on absorption band of d-d

transition of Ni?* ion in square pyramid (SP, plotted in orange) and octahedral (Oh, green)
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8,360
1.5
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6.8
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8,200

SP,

B,

8360
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9.1

8.360

5.6

8,360

2.6

8,300

SP;

A,

6.300

0.8

6,030

0.7

5,930

0.7

5,839

0.7

4,800

Dq

836

836

836

836

830

820

964

965

953

048

527

083

Dq/B

0.867

0.874

0.877

0.882

0.834

Calculation of Dg and B for spectra assigned to 5 coordination SP is derived assuming
similar electronic state to Oh. Data of the reference values are from L. Galoisy et al

Table 3.1 Assignment of absorption band as octahedral coordination of 0.8 mol% NiO
(1993)[114]

NBS glass with various heat treatment temperatures before water-quenching.
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3.3.3 RT-XAFS spectra of water-quenched glasses

Figure 3.6 (a) shows results of RT-XAFS spectra of water quenched (WQ) samples
in order to compare two different compositions NBS-Ni(WQ) (solid lines) and NABS-
Ni(WQ) (dotted lines) which were heat-treated at same temperatures before water-
quenching. The edge jump of NBS-Ni(WQ) was always higher than those of NABS-
Ni(WQ) and a clear small peak was found at 3861 eV in NBS-Ni(WQ). Exceptionally,
NBS-Ni(1000°C-WQ) and NABS-Ni(1000°C-WQ) absorption spectra were very
similar even though certain amount of Al>Oz was contained in NABS-Ni glass.

The k% weighted spectra in the range of 3< k <9.5 was processed with Hanning
window. The two significant peaks were observed within all spectra. As a reference, the
spectrum of NiO crystal (6-coordinated) is plotted on the top with black line, and the
spectra from high temperature measurement is plotted below. The most significant peak
near 1.4 A indicates correlation between nickel and ligand oxygen (Ni-O). The peak
around 2.6 A indicates correlation between target nickel and the atoms in second
coordination shell. NiO is cubic crystal consist of Ni?* and O, so coordination number
of second neighbor is 12. The target glass had noticeable peak due to scattering from
second neighbors, especially below 800°C.

By fitting the EXAFS signal by equation below, EXAFS parameters were derived for
every temperature. All fitting parameter results are calculated with S, = 1.

4
kROZ exp(—2052k?) sin (ZkRO ~3 C3k3)
x(k) = S*{"° (3.5)
Ni

+
kRy;*

exp(—20y;?k?) sin(2kRy;)

where S, is the attenuation factor, N; (i = O, Ni) is the coordination number, R; is the
atomic distance, o;2 is Debye Waller factor, and C; is the coefficient of third cumulant.
Two different path was used to fit two significant peaks explained above. The initial
value of the parameters was taken after single scattered path from oxygen (R.ss =
2.084 A) and nickel (Resr = 2.947 A) in NiO crystal. C, is considered to be indicating
the anharmonicity of potential[119].

The fitting results of RT-EXAFS signals are shown in Table 2.2. The obtained CNO
was plotted in Figure 3.11 by small open marks with those obtained by HT-XAFS on
NBS-Ni. NBS-Ni (1000°C-WQ) sample at RT has CNO~4. 600°C-WQ sample has
almost same CNO and Ni-O distance as those of As-melt sample, because WQ samples
were heat-treated using As-melt sample, and low temperature treatment still contained
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the effect of thermal history of As-melt glass. However, higher-temperature treatment
than 800 °C is free from the effect of As-melt, showing higher scattering intensity over
whole k-range. Details are shown in section 3.3.

With increasing the heat-treatment temperature, CNO gradually decreased below
CNO=3.5, which was almost same as CNO of HT-XAFS measurement. On the other
hand, CNO of NABS-Ni(WQ) samples showed almost constant CNO around 3.5 with
any heat-treatment temperature. Addition of Al.Oz is known to decrease phase
separation tendency. Ni?* in this glass has low CNO irrespective of thermal history.
There was very similar temperature dependence between peak shift of UV-vis main
band plotted in Figure 3.4 (c) and CNO from RT-EXAFS (Figure 3.11) against the
heat-treatment temperature in NBS-Ni(WQ) and NABS-Ni(WQ) samples.

Interatomic distance of Ni-O of WQ samples are also plotted. Ni-O distance of NBS-
Ni(WQ) showed a slight increase with the heat-treatment temperature up to 800° C, and
dopped to lower value to that NABS-Ni(WQ) samples had. NABS-Ni(WQ) also
showed constant low Ni-O distance, and longer than those of NBS-Ni(1000 and
1200 °C) of HT-XAFS.

Ni-Ni correlation was also observed at NBS-Ni(600 and 800 °C-WQ) samples. Ni
coordination number in second shell was high as much as those obtained from HT-
XFAS analysis. Agglomeration of Ni?* ions in this temperature region are also
suggested in WQ samples.
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Figure 3.6 (a) XANES spectra of water-quenched samples after 20 minutes heat treatment at
each temperature. (b) R-space plot of high temperature in-situ measured XAFS signals, after

Fourier transformation on k?-weighted k-space plot (3<k<9.5) with Hanning window.
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3.3.4 Ni-K edge XAFS measurement in borosilicate glass and melt

Figure 3.7 shows the Ni K-edge HT-XAFS spectra obtained from high temperature
in-situ measurement, with those of crystals at room temperature, whose coordination
number of first coordination shell is known. All the spectra were normalized using the
base line drawn for the energy range below the absorption edge and that well above it.
The acquisition time of each spectrum of HT-XAFS was 45 minutes following 20
minutes waiting time after the temperature reached the intended temperature. Below
800°C, the absorption spectra were much more similar to crystalline reference with 5
and 6 oxygen coordinated Ni?*, with higher jump at absorption edge at 8331 eV and
distinctive signals at following energy values, around 8362 eV. Significant spectral
change was observed between 800 °C and 1000 °C; the edge jump height (Aut) became
lower by 25~30% compared to those of the spectra collected at 600~800 °C; Aut
~1.0+0.01 for spectra below 800 °C and 0.7+0.06 for above 1000 °C in average. The
reference spectrum of 4 oxygen coordinated crystal has a lower edge jump similar to
that at 1000 °C.

The pre-edge peak around 8328 eV was enlarged in Figure 3.8, here the peak
intensity was converted to molar absorption coefficient & (L/mol-cm) using the sample
thickness t and Ni concentration in glass. Considering total absorption u(E)d from
XAFS signal (after substruction of the baseline drawn below absorption edge),

e=u(E)X M/(wy; X p X 103 X d) (3.7)

where M is atomic weight of Ni [g/mol], wy; is weight proportion of Nickel atoms in
glass, p is density [g/cm?], and d is actual thickness of the sample[cm]. The density at
room temperature is 2.22 g/cm®. When the temperature increases, the volume of glass
expands; p decreases and d increases. The glass sample was held in a small Pt cylinder
with internal diameter of 2 mm and thickness d. This means that the cross term of pd
cancels the decrease of p and increase of d, so RT data can be used for pd term in the
denominator of equation (3.2). Pre-edge peak indicates the transition 1s—3d which is
spin-forbidden electron transition[120], so increase of its intensity reflects the
symmetricity of ligand field. Figure 3.8 summarized the pre-edge peaks of NBS-
Ni(HT), NBS-Ni(WQ) and NABS-Ni(WQ). As the references, the pre-edge peaks of
standard crystals are shown in Figure 3.8 (b) where the peak intensity was not
converted into molar absorption coefficient strictly. From these, the pre-edge peak
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intensity varied much depending on the glass composition and measurement condition
of temperature. NBS-Ni(HT) spectra showed intense and strong dependence on the
condition, measurement temperature. At high temperature above 1000 °C, the pre-edge
peak was intensified significantly, and showed the most intense peak at 1000 °C. At the
ambient measurements on the water-quenched samples, NBS-Ni(WQ) and NABS-
Ni(WQ), the relatively low pre-edge peaks were observed. However, heat-treatment
temperature dependence was stronger in NABS-Ni(WQ) than in NBS-Ni(WQ). As
found in the reference spectra Figure 3.8 (b), pre-edge peak intensity is strongly
dependent on the coordination number. The spin-forbidden transition of Ni?* in glass
reflected the surrounding coordination (the number and types of oxygens) and dynamics
(at high temperature). Figure 3.8 (c) plotted the peak height against the measurement
temperatures for NBS-Ni(HT) and the heat-treatment temperatures for NBS-Ni(WQ)
or NABS-Ni(WQ). Changes due to the temperature is clearly significant in NBS-
Ni(HT) samples. The dependences of peak height and peak position of the pre-edge
peak of WQ samples on the heat-treatment temperature are also plotted in Figure3.8 (b)
and (c). Compared with the pre-edge peaks of high temperature measurement in Figure
3.8 (a), those of WQ samples varied quite small.

Figure 3.9 shows Fourier transform of respective spectra measured at different
temperature. The obtained fitting parameters for HT-EXAFS are given in Table 1 and
their temperature dependences are plotted in Figure 3.10. The effect of C; become
significant at elevated temperature and severely affect the result of atomic distance. Cs
was applied to the first coordination shell.  Coordination number of ligand
oxygen(CNO) was closed to 4 in NBS-0.8NiO(1000°C-WQ) at room temperature, and
increased to 5 with temperature above the glass transition temperature up to 800 °C. For
in-situ measured 1000°C and 1200°C, there were two different possible fitting results,
as plotter by rectangle (CNO=4) and triangle (CNO=2). Those two fitting results have
similar atomic distance and Cs, but lower Debye Waller factor for CNO=2. In both cases,
CNO showed rapid decrease from 800°C to 1000°C. Very similar temperature
dependence was observed in the trend of the atomic distance Ni-O. The decrease of
atomic distance was consistent with shorter atomic distance in 4-coordinated crystal
compared to in 6-coordinated one [120][106]. Debye Waller factor shows thermal and
structural disorder via decay of the amplitude of EXAFS oscillation as wavenumber
increase in k-space. The fitting results showed the gradual increase of this factor above
the glass transition temperature region. For fitting results with CNO=4, Debye Waller
factor of the first coordination increased up to 1000°C and kept similar value at 1200°C.
On the other hand, fitting with CNO=2 showed decrease of the Debye Waller factor
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above 1000°C. It may seem unreasonable if Debye Waller factor only indicates thermal
disorder, though NBS-0.8NiO showed decrease of the factor by increasing the treatment
temperature from 800°C-WQ to 1000°C-WQ. Considering NABS-0.8NiO showed
similar Debye Waller factor as NBS-0.8NiO 1000°C-WQ for all heat treatment
temperature, lower CNO may have lower Debye Waller factor as structural disorder.
Those results will be further discussed at Discussion.

Third cumulant C5 also increased along with temperature, taking highest value at
1200°C. Above two fitting parameters related to temperature condition developed as
temperature increased. The second peaks in R-space were also fitted without C5 as in
equation (3.2). As shown by the significance of the peak in R-space in Figure (a), the
coordination number in second coordination shell increased by 800 °C, but peak itself
became less significant above 1000 °C. For simplification, the second coordination shell
was assumed to be consisting of Ni ion only, the number of Ni?* ion increased up to 8 in
second shell at 800 °C, but at 1000 °C, the correlation between Ni?* ions disappeared,
and other members (Si, B) came in the second shell.

Fitting range
L

a : =1 (b) | [
(a) In-situ (NBS-Ni) Ni-O Ni-Ni
2z 1200°C "
ki 1000°C Lo
g { [s] | s ﬁ\ ‘J l| Tl R
SN — 800 AR VAR AR CINT)
-1 7"- O, [ - )
El 600°C In-situ (NBS-Ni)
z RT :ﬁ_,_/\,x_,\_
(1000°C-WQ) | 1200°C
J I l i { ‘ I i l { J I I i 5’—/\’\’—_’—\_
o<
8315 8365 8415 8465 X 1000°C
(c) 2 Reference crystals
2 800°C
k= ~ WINiCr,0, . o
g ___KIIiPO,j 600°C
Ei _—1INiSO, 6H,0
% J/‘ 6INiO (1000°C-WQ)
8315 8365 8415 8465 o 1 2 3 4 5
Photon energy /eV R/A

Figure 3.7 (a) XANES spectra and (b) R-space plot of high temperature in-situ measurement at
Spring-8, BL19B1. (c)The 4 spectra from reference crystals were measured at room
temperature, in BL14B2.
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Figure 3.8 Pre-edge peak spectra of (i) NBS-Ni glass measured in high temperature and water-
quenched samples after heat treatment at respective temperature (WQ) of (ii) NBS-Ni and (iii)
NABS-Ni. Background (Linear + Lorentzian) was subtracted. (b) Temperature dependence of
pre-edge peak intensity. Red filled triangle shows HT-NBS, (c) Pre-edge spectra of reference
crystals shown in Figure 3.7 (c).
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Table 3.2 Fitting parameters obtained from EXAFS analysis, using function shown in

Eq. (3.2).
Ni-O Ni-Ni
CN (O) distance o?/A2 Cs CN (Ni) distance o?/A?
/A /A

High temperature in-situ (NBS-Ni)
Room
temperature,; , 1.993 0.007 00001 (1.849) (2.971) (0.010)
(1000°C-
WQ)
600°C 4.33 2.034 0.011 0.0009 7.957 3.066 0.029
800°C 4,94 2.052 0.016 0.0011 9.021 3.064 0.031
1000°C  3.79 1950 0020 00009 (0.148) (2.897)  (0.004)
1200°C 3.87 1930 0.016 0.0020 - - -
A 1000°C 2.27 1.940 0.011 0.0008 - - -
A 1200°C 2.35 1.961 0.009 0.0024 - - -
\Water-quenched (WQ) samples at room temperature
NBS-Ni(WQ)
Asmelt  5.61 2011 0010 - (6.341) (3.062) (0.020)
600°C-WQ 5.50 2.018 0.010 - 7.919 3.068 0.022
700°C-WQ 5.30 2.022 0.011 - 5.151 3.102 0.019
800°C-WQ 5.15 2.024  0.010 - 5.672 3.011 0.021
900°C-WQ 4.70 2.030 0.008 - 8.236 3.051 0.023
\1/\(/)800(:- 450 1994 0009 - : i i
NABS-Ni(WQ)
As melt  3.58 2.000 0.006 - - - -
700°C-WQ 3.29 1994 0.006 - - - -
900°C-WQ 3.37 1.996 0.007 - - - -
\1/8%00(:- 325 1994 0006 - i i i
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3.3.5 Ni-K edge XAFS measurement in laser irradiated NBS glass plate

Figure 3.10 (a) shows the K-edge Ni XANES spectra of 0.8 mol% NiO bearing NBS
glass with different treatments such as water quenching and laser irradiation with
leaching. The first three spectra show the XANES spectra of reference crystals from
[106]. The spectra indicating Ni?* in KNiPOs is 5 coordinated and NiSO4-6H0 is 6
coordinated. 5 and 6 coordination can hardly distinguish from XANES spectra, with
slight peak modification around 8360 eV. The spectra of glasses were apparently similar
except a shallow peak around 8360 eV, highlighted with a dotted line. After laser
irradiation, this peak became flat. Comparing AM and PS (580 °C, 4h) samples, the PS
sample showed more clear shoulder around 8360 eV. The samples water-quenched from
high temperature (1000°C-WQ) showed further flattened peak compared to AM sample.
This difference indicates the Ni?* coordination modification by phase separation
progress. The laser was irradiated on PS samples and the XANES spectra were
measured after leaching, so XAFS signals of Ni?* exclusively in laser-irradiated part
could be collected. The spectrum of sample irradiated with 1.0 mm/s showed
smoothening of the shoulder at 8360 eV.

Figure 3.10 (b) shows Fourier transforms of respective samples. Observed peaks
indicate the correlation between center Ni?* ion and other elements. The first strongest
peak at 1.5 A is attributed to the correlation with oxygen atoms which are forming
ligand field around center Ni?* ion. The second neighbor peak showed unique variation
for each sample. As noticed in Figure 3.10 (b), AM and PS was showing distinctive Ni-
Ni correlation. This Ni-Ni correlation was observed in the laser-irradiated sample with
0.1 mm/s. On the other hand, sample water-quenched from high temperature (>1000 °C)
and laser-irradiated sample with 1.0 mm/s showed Ni-B correlation in second neighbor.

Approximate coordination number can be obtained by EXAFS analysis. Table 3
shows the EXAFS derived parameters of samples and reference crystals with consistent
coordination number[106]. Compared to AM and PS glasses, both coordination number
(CN) and Ni-O distance are lower in the WQ samples. The laser irradiated samples also
showed decrease in CN and Ni-O distance, indicating similar Ni?* local environment
with WQ sample.

EXAFS results from laser-irradiated area show average Ni* state of laser affected
area with high etching durability (Spot size of x-ray was 1 mm x 3 mm). Under
existence of several Ni?* coordination states, EXAFS detects the average coordination
number considering abundance ratio [107]. So Ni?* in laser irradiated area possibly
consist of either average CN everywhere, or much lower CN in heating center and
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higher CN in surrounding of the laser irradiated area.
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Figure 3.10 (a) XAFS spectra of NBS-0.8NiO after various heat treatment including water-
guenching from 1000°C and laser scanning. (b) R-space plot of XAFS signals, after Fourier

transformation on k2-weighted k-space plot.

Table 3.3 Ni K-edge EXAFS derived parameters by fitting 1<r<3 (A) region of Figure
3.10 (b).

NI-O Ni-Ni
CN (0) distance o?% /A2 CN (Ni) : A o?/A?
/A distance /
AM 5.56 2.0034 0.0103 4.99 3.0862 0.01643
1000°C-WQ 4.18 1.9923  0.0091 - - -
6W 0.1
mm/s 5.22 2.0099 0.0098 3.07 3.0469 0.0157
leached
6W 1.0
mm/s 4.60 1.9987  0.0092 1.265 3.0458 0.0119
leached
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3.4 Discussion
3.4.1 Homogeneity of phase separating NBS glass and Ni?* environment

From previous report[122][123], transition metal ions such as Ni?* are mostly
distributed in B20s rich phase and does not remain in SiOz rich phase. It can also be
confirmed by loss of Ni?* after leaching of PS sample. Since Ni?* is highly sensitive to
composition or optical basicity of glass, various parameters that change absorption of
Ni%* ions had been reported [106][124][125][126][127]. Considering that end-member
composition of each phase depends on heat treatment temperature[128], Ni?*
coordination in phase separated glass will reflect structural information of borate rich
phase which may be even smaller than nanoscale. Local environment of Ni?* ion can be
one of the indicators of homogeneity in NBS glass, as borate rich phase disappears in
total homogeneous borosilicate glass.

The target glass shows strong tendency on phase separation, which even shows high
opacity when water-quenched after treatment even at 900 °C. NBS glass with high
phase-separation tendency is difficult to control its homogeneity in nanoscale. Even
when the certain melt is rapidly quenched using steel twin-roller (-10° K/s), it still
shows spinodal decomposition[24]. Although, sample which was quenched by water (~-
50 K/s)[129] soon after heat treatment at 1000 °C showed distinctive color change from
green to brown, and no reduction of NiO after acid leaching, which indicates Ni%*
presence in chemically durable phase such as homogeneous borosilicate, or phase
containing silicate network.

3.4.2 Ni?* coordination analysis

The coordination state of Ni?* is sensitive to ligand field which changes its color
depending on host glass structure[53]. Depending on field strength given by electron
donating ligands next to transition metal, five-fold degenerated ground state of d-orbital
split into several states for further stability. In the case of common field strength Dq, 6
coordinated neighbors (electron donating ligand; oxygen atoms in oxide glass) with
octahedral structure shows higher Ligand Field Stabilization Energy (LFSEon=12Dq),
compared to 4 coordinated with tetrahedral structure (LFSET¢=10Dq). Each of the scture
shows different band energy dependence on absorbance due to respective energy
splitting behavior and symmetricity of configuration. As intermediate state between
octahedral and tetrahedral configuration; 5 coordination in trigonal-bipyramid Dz, or
square pyramid Casy shape can be found and it also shows different specification
[114][115]. Besides apparent high stability of octahedral site, nickel divalent ion were
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found in tetrahedral site in some cases.

The ligand field strength around TM ion in glass matrix is affected by several factors:
composition, temperature and nano-scale inhomogeneity. The strength of field generated
by ligand oxygens is mainly affected by composition, especially by nature and amount
of alkali and alkaline ions, which have characteristic cationic field depending on its size
and charge [116][53][130]. In the case of oxide glass, average electron donor ability of
whole glass network can be evaluated by theoretical optical basicity Aw. Average optical
basicity of the glass matrices was defined by Duffy and Ingram[131][132] to evaluate
the electron donating ability of anions. Average optical basicity of the glass matrix can
be calculated from composition as additive property, so it is a useful way to evaluate the
field strength with different composition.

Octahedral sites are often found in host glass matrices with low electron-donation
ability, which is often evaluated as having low optical basicity. As plotted in Figure 3.11
(a), coordination number of Ni?* shows correlation to optical basicity. Borate glasses
tend to have low optical basicity compared to silicate glasses, though its basicity
increases with increasing amount of alkali content [109]. Silicate glass is plotted among
CN=4~5 and does not show octahedral sites [120][107]. Aluminosilicate glass with
various nature of alkali/ alkaline earth cation [106] had high optical basicity with low
coordination number, varying depending on its cation field strength. Considering
potentially existing error in EXAFS analysis, it may be difficult to compare absolute
value of coordination number obtained from different XAFS measurement and fitting
procedure. Still, most of the results are consistent with configuration analysis by optical
absorption spectra of d-d transition. There was inversed linear correlation between
optical basicity and Ni?* coordination number.

As shown in Figure 3.11 (a), theoretical optical basicity of the sodium borosilicate
glass in this study is 0.451. The expected optical basicity change considering
compositional transition due to phase separation is not enough to earn distinctive
basicity change. (SiO.: 0.443, 6.8 Na O - 31.1 B»Oaz: 0.458). Such a coordination
number variation within same glass composition had not been observed. Ni?* in
homogenization of phase separated glass reflected not simply merging of two phases
with different compositions.

Considering insignificance of optical basicity change by phase separation, transition
of Ni?* ion might be indicating more local environmental reconstruction. Ni?* ion might
initiatively pull NBO to ligand in NBS glass with high homogeneity. This effect might
particularly be enhanced by strong cation field strength of Ni%*, due to its relatively
small atomic radius. In such a case, Ni** with lower CN would be considered as
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network former, as similar effect observed with Mg?*, showing higher bonding
covalency with tetrahedral coordination[133][134].

3.4.3 Ni?" as structural probe in phase separated glass

The significant speciation changes of Ni?* ion with different heat treatment were
observed in sodium borosilicate (NBS-Ni) glass with nanoscale phase immiscibility. On
the other hands, there was few speciation change in sodium aluminoborosilicate
(NABS-Ni) glass, which has homogeneous body in nanoscale, observed by SAXS
measurement. In this section we discuss about the origin of speciation change in Ni?*
ion and what it indicates in the glass with phase separation.

The relationship between Ni?* speciation and phase immiscibility are clear from the
plot of CNO depending on its treatment temperature as shown in Figure 3.11 (b) with
green open circle for NBS-Ni(WQ). The orange open diamond shows the result from
NABS-Ni(WQ) where phase separation is avoided, showing almost constant value
independent of treatment temperature. The coordination number tend to be around 4-
coordinated when the glass turns to miscible, such as 1000°C and 1200°C melt,
1000°C-WQ of NBS-Ni glass and NABS-Ni glass with any heat treatment temperature.
In addition, the size of the phase in NBS-Ni(WQ) glass increased as heat treatment
temperature increased. Similarly, coordination number of oxygen CNO in NBS-Ni(WQ)
samples decreased with heat treatment temperature increase. CNO of NBS-Ni from in-
situ measurement in 600°C, where the scatterer size was still developing from miscible
to immiscible, was plotted in between 4-coordinated and 6-coordinated.

When the CNO obtained from laser irradiated area are plotted in Figure 3.11 (b), the
degree of immiscibility can be roughly estimated. Both laser-scanned sample with 1.0
mm/s and 0.1 mm/s had CNO value in between miscible and immiscible. The result that
faster scanning (1.0 mm/s) showed higher miscibility was consistent with the result
from chapter 2. The slower scanning might introduce further heat transfer with gradual
cooling, which causes the phase separation development after homogenization by laser
exposure.
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Figure 3.11 (a) R-space plot of XAFS signals, after Fourier transformation on k*weighted k-
space plot. (b) CNO of NBS-0.8NiO after various heat treatment including water-quenching
from 1000°C and laser scanning, with homogeneous NABS-0.8NiO as reference

3.4.4 Thermal effect on Ni?* ion local environment

XAFS measurement using advantage of a monochromatic high intensity X-ray beam
has great benefit on characterizing the elements in materials under extreme condition.
Its application to glass under non-ambient condition has been gathering much attention,
because the glass structure in nanometer size and larger are dependent on the
preparation history and their properties have been controlled based on these knowledges.
High temperature measurement, of course, had been focused in several previous reports
on glass melts[135][136].Thermal history from melting temperature above liquidus
temperature down to the glass transition via super-cooling condition, is the picture of
glass forming materials. Phase separation of NBS system proceeds at super-cooling
condition below liquidus temperature. Thanks to its very low crystallization tendency,
nanometer-size structural modification is possible by controlling temperature and
treatment time to which the initial glass or melt is subjected. Phase-separation progress
diffusion and resulted structural evolution have been investigated on the quenched
samples, but very few by in-situ analysis.

The EXAFS analysis on spectra collected in-situ at high temperature, however, has
several difficulties due to two main reasons. One is the treatment of anharmonicity in
the interatomic potential appeared at high temperature. At room temperature,
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distribution function can be expressed simply by gaussian, because the most of elements
are located at the potential minimum formed by the surrounding elements. At high
temperature, cumulant should sufficiently describe anharmonicity of potential due to
thermal expansion [137]. As shown in Eq.(3.5), Cs is included in the phase of sine
function in k-space, together with atomic distance. These two parameters, C3 and atomic
distance, are highly correlated to each other in the fitting procedure. It have been
reported that without contribution of Cs to the temperature dependence, atomic distance
does not coincide with  the result obtained from high temperature XRD
measurement[119]. From high temperature in-situ EXAFS analysis results in Figure 3.9
and Table 3.2, Cs value increased as temperature increased. Thanks to the introduction
of anharmonicity in potential, trends of local environments of Ni?* at high temperature
were evaluated well.

Another difficulty is due to low XAFS signal intensity at high temperature. Similar
trend is observed in high-temperature or high-pressure measurement independent of
focused atomic species [137][107]. From Eq. (1), the signal amplitude is expressed by
coordination number, and its decay along with k value is expressed by Debye Waller
factor o2 The effect from these parameters could hardly distinguish when the signals
are weak and the phase of k-space signals are unclear in high k-region, in our case after
k=7 A So, it was difficult to validate the fitting result, which is reasonable; CNO=4
with high 6? or CNO=2 with relatively low c°.

Though there are other two factors which may help to understand coordination of Ni%*
ion: pre-edge peak in XAFS spectra and the main band in UV-vis spectra. Pre-edge peak
IS attributed to transition from 1s orbital to empty 3d orbital, which is quadrupolar and
parity forbidden[138]. When d-orbital lose its inversion center by effect of ligand field,
the transition is allowed and pre-edge peak start to increase its intensity and shift toward
lower energy side[107]. So, it had been probed that both peak intensity and position is
reflecting the coordination number of first coordination shell; lower intensity with the
shift of peak position to higher energy side for octahedral and higher intensity with the
shift of peak position to lower energy side for tetrahedral coordinated [139]. From
Figure 3.8 (c), pre-edge peak intensity of 1000°C and 1200°C measured in-situ showed
excessive high molar absorbance compared to the results from lower temperature and
WQ samples. It indicates lower symmetricity in high temperature above 1000°C than
other samples showing 4-coordinated such as NABS-0.8NiO(WQ) and 1000°C-WQ of
NBS-0.8NiO. For high temperature in-situ measurement above 1000°C, pre-edge
position shifted toward lower energy, indicating low coordination number, similarly, to
NABS-0.8NiO(WQ) samples. Considering the structural information obtained from
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pre-edge peak of XAFS spectra, coordination above 1000°C might show 4-coordinated,
but with lower symmetricity of ligand field. The ligand configuration above 1000°C
might be highly random or dynamic due to thermal energy, observed as average of few
ligand atoms with low symmetricity.

The other factor showing coordination of Ni?* is the peak position of main band in
UV-vis region. The several bands extended in UV-vis-NIR region are associated to d-d
transition, where the absorption behavior can be explained by ligand field theory.
Although UV-vis spectra were not obtained at high temperature in-situ, the results of
WQ samples will help to understand relationship between coordination number from
EXAFS analysis and ligand field configuration from UV-vis spectra. The spectral
analysis of NBS-0.8NiO(WQ) on UV-vis spectra with ligand field theory is detailed in
our previous report [110].

Another difference of two fitting results with different CNO, is Debye Waller factor.
The fitting with CNO=4 had higher Debye factor than the results from lower
temperature. It might seem unreasonable that fitting with CNO=2 has lower Debye
Waller factor at higher temperature, though series of NBS-0.8NiO(WQ) also showed
decrease of Debye Waller factor as heat treatment temperature increased. It may indicate
the dominance of structural disorder, strongly affected by the coordination number.
When compared to other reports of Ni K-edge EXAFS signals from Ni containing
glasses in ambient condition[120][106], Debye Waller factor was much lower than the
results of NBS-0.8Ni either for WQ samples and high temperature and in-situ
measurement, while NABS-0.8NiO showed similar Debye Waller factor as other reports.
It may be considered that NBS had several Ni%* ion coordination site due to nanoscale
clustering. Since EXAFS data shows the average coordination number when there are
several different Ni?* coordination state, with higher Debye Waller factor than single
coordination site[107].

Recently, Galoisy et al. reported that 4-coordinated Ni?* ion with planar-square will
show specific peak in edge jump and such a feature could not be found in case of alkali
borate glass [138]. Considering this fact, the highest pre-edge peak from spectra
measured above 1000°C appeared to show relatively higher symmetricity compared to
planar square coordination. Still, it is difficult to conclude that CNO=4 above 1000°C,
since there is possibility of CNO=2 appeared in tetrahedral coordination. Stability of
such a local structure might be low, though it may be accomplished instantaneously and
XAFS spectra had been observing the average structure during entire measurement time.

In addition, XANES spectra above 1000°C showed lower Aut than that of lower
temperature. The similar feature was found with Ni?* ion coordinated by 4 oxygen
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atoms[138] or ligand with higher electron donor ability such as S?[140]. Although, the
peak shape of spectra above 1000°C in-situ are totally different from those spectra from
reference crystals, with no wrinkle on the edge jump peak. This wrinkle, or dispersive
peaks in XANES appear due to existence of several unoccupied orbitals such as
conductive material or distorted crystal. Smooth, single wide peak in XANES region
may indicate spatial expansion of d-orbital in high temperature.

3.5 Summary

The high-temperature in-situ transformation of phase separation in NiO doped NaO-
B203-SiO2 (NBS-0.8NiO) glass could be observed from viewpoint of morphology and
composition. The coordination number and atomic distance could be obtained from
EXAFS analysis. The signals at high temperature could be obtained clearly by
transmission mode XAFS measurement, the thermal effect on XAFS signal was clearly
distinguished by fitting procedure. Since Ni%* ion also works as laser absorbent, the
light absorption behavior could be estimated considering UV-vis-NIR spectra with
similar coordination number at room temperature.

The speciation of Ni?*ion drastically changed along with phase separation
development and homogenization, changing its coordination number from 6-
coordinated to 4-coordinated. Starting with green coloration in phase separated glass, it
turned to brown when the glass turned homogeneous above 1000°C. The Ni?* ion is
known to stay selectively in borate rich phase and is sensitive to local environment.
Since the optical basicity calculated from oxide glass composition has strong correlation
with coordination number of Ni%* surrounded by oxygen, Ni* ion speciation might
reflect composition of surrounding glass matrix changing from borate rich phase to
borosilicate phase as temperature increases. The color change of Ni?* containing glass
after laser irradiation indicates the mixture of borate rich phase and silica rich phase had
maintained at room temperature.
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4 Time resolved in-situ observation of dynamic transition behavior of
phase miscibility during heat treatment

4.1 Introduction

In chapter 3, the immiscibility due to phase separation in NBS glass was evaluated by
speciation change of NiZ* ion. The local environment of Ni?* ion is sensitive to the
electron donor ability of ligand oxygen, so temperature dependence of compositional
change in respective phases effectively caused the coordination change in Ni%* ion.
Although, the morphology such as spinodal / binodal could not be detected and phase
separation behavior of NBS-0.4CuO is still unknown.

In this chapter, Small Angle X-ray Scattering was measured to evaluate the detailed
nanoscale morphology after various heat treatment, with comparison between several
compositions to see the effect of each atomic component. In addition, time-resolved in-
situ measurement during heating and cooling process was achieved observing transient
behavior toward homogenization during laser heating and development of phase
separation in homogeneous glass during cooling process.

4.2 Experimental
4.2.1 Sample preparation

The NBS glasses were prepared by melt-quenching method as explained in chapter 2.
These two compositions were suitable for laser processing in chapter 2. For room
temperature measurement, water-quenched (WQ) samples were fabricated for NBS-
0.4CuO, NBS (without additive TM ion), and NBS-0.2NiO glasses in order to
consider the effect of additive TM ions to phase separation behavior. In addition, 0.8
mol% NiO doped NBS glass with different K=SiO2/B,03 ratio (K=3: 5.2 Na.O- 23.7
B-O3- 71.1 SiO; and K=1.5: 8.0 Na2O- 36.8 B2O3- 55.2 SiO,) were prepared by melt-
quenching method and WQ samples were prepared, while the composition of the target
glass NBS-0.8NiO has K=2,

For high temperature in-situ measurement, glass pieces with composition of NBS-
0.8NiO and NBS-0.4CuO were embedded in Pt-ring as explained in chapter 3. Two
different initial states before in-situ measurement were prepared: 1000°C-WQ and PS
(phase separated: after 1000°C-WQ, kept in 580°C for 4 hour and cooled in ambient
condition).

4.2.2 High temperature in-situ SAXS measurement.

High temperature in-situ measurement of SAXS spectra with different thermal

histories were measured for NBS-0.8NiO and NBS-0.4CuO glasses at BL19B2 at
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SPring-8. X-ray energy was 18 keV, with the exposure duration time of 1 minute for
every measurement with 1 minute interval. Camera length was set as 3 m. The
transmittance of X-ray was in the range of 0.68~0.71.

The glass specimen in Pt ring were treated under three different thermal history to
obtain initial glass condition with different miscibility before measurement. The
temperature profile during measurement was controlled as explained in Figure 4.1.
Before the heat treatment, glass was cooled down gradually (-1°C/min) from 1000°C to
confirm adhesion between Pt zig and the glass sample. The glass pieces were totally
greenish opaque at this point (as photo shown in Figure 4.7).

The temperature profile I is reproduced from high temperature in-situ XAFS
measurement in chapter 2. Before the measurement, the glass samples were water-
quenched from 1000°C to realize homogeneous state under room temperature
(Hereafter represented as (D). In temperature profile II, sample was heated up to
1200°C. Two different initial glass states were used to observe homogenization
behavior: O homogeneous (1000°C-WQ) and @ phase separated (580°C for 4 hours
and air-cooling). For NBS-0.8NiO glass, SAXS spectra were obtained under heat
treatment as temperature profile III starting with totally opaque state soon after
gradual cooling. After reaching 1200°C and hold for 20 minutes, the glass was cooled
down to 700°C and hold for 20 minutes. The sample was heated up to 1200°C again.
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Preparation In-situ measurement
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Figure 4.1 Thermal history of time-resolved high temperature in-situ SAXS measurement. The
spectra were obtained every two minutes with exposure time of 60 seconds.

I. The same thermal history as high temperature in-situ XAFS measurement. In addition to
NBS-0.8NiO, NBS-0.4CuO was measured. (Hold at 600, 800, 1000°C for 1 hour at each
temperature,+10°C/min)

II. The sample with two different initial phase miscibility (D Miscible=1000°C-WQ and @
Immiscible ) were observed during heated up to 1200°C by +10°C/min.

III. The slowly cooled (-10K/min from 1000°C) NBS-0.8NiO glass was heated up t01200°C and
cooled down to 700°C, then again heated up to 1200°C afterward. The difference of

homogenization behavior depends on different initial condition.
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4.3 Results
4.3.1 Immiscibility of water-quenched glasses with varying compositions

Firstly, the SAXS spectra of WQ samples of NBS-0.8NiO and NBS-0.4CuQO were
plotted in Figure 4.2 (a) and (b). The WQ samples of NBS-0.8NiO showed more
distinctive difference depends on heat treatment temperature. Contrary to NBS-0.8NiO
which showed significant scattering intensity increase above 800°C, the scattering
intensity started to decrease above 800°C in NBS-0.4CuQ. The broad peak was
observed near 0.3 nm? and it gradually shifted to higher g-region as treatment
temperature increase. It indicates lower homogenization temperature in NBS-0.4CuO
than NBS-0.8NiO.

In order to evaluate the effect of additive amount of NiO in NBS glass, WQ samples
with NBS-xNiO (x=0, 0.2, and 0.8) were compared as plotted in Figure 4.2 (a), (c), and
(d). The composition of NBS-0.2NiO and NBS was similar to NBS-0.4CuO, showing
decrease of scattering intensity above 800°C. The 800°C-WQ of NBS-0.2NiO showed
slight increase of scattering intensity over wide g-range, indicating the increase of NiO
might be the cause of binodal formation at 800~900°C. From the results,
homogenization of phase separated glass expected to start from lower temperature with
glass composition of NBS-0.4CuQ. As shown in (e), the WQ samples of NBS-0.8MgO
was prepared to compare with NBS-0.8NiO, where NiO in NBS-0.8NiO is substituted
to MgO. Since Mg?* ion has similar cation field strength to Ni%* ion, it was expected to
observe similar phase separation behavior as NBS-0.8NiO. Although, NBS-0.8MgO
showed almost same behavior as NBS without additive ion.

Figure 4.3 shows water-quenched samples with varying SiO2/B;0s ratio (K) heat
treated under different temperature before quenching. With highest SiO. content (K=3),
1000°C-WQ sample showed high scattering intensity at low g-region, with effect of
interference among scattering objects indicated by continuous several peaks observed
around 0.1 nm™. Such interference is mainly due to high population of droplet s. On the
other hand, 1000°C-WQ samples of composition with lower SiO> contents (K=2, 1.5)
showed low scattering intensity compared to other heat treatment temperature,
indicating relatively homogeneous states. In addition, 800°C-WQ and 900°C-WQ
sample of K=1.5 showed highest scattering intensity similarly to other compositions,
though without effect of interference. Overall, higher SiO., content contributed to
observation of immiscibility at high temperature and higher population of droplet
precipitation at 800~900°C.
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Figure 4.2 SAXS spectra of NBS glass (K=2) with varying additive ion species and amount. The

samples were water-quenched after heat treatment at respective temperature for 20 minutes.
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Figure 4.3 SAXS spectra of WQ samples with varying SiO./B,Os ratio (K).

4.3.2 Effect of Ni?* and Cu?" ion on temperature dependence of immiscibility
change in NBS glass observed by high temperature in-situ SAXS
measurement

Figure 4.4 (a) shows the overview of time-resolved high temperature in-situ SAXS
spectra of NBS-0.8NiO and NBS-0.4CuO obtained under temperature profile 1 (1
spectrum/ 2minutes), started with relatively homogeneous condition at room
temperature (1000°C-WQ). Compared to NBS-0.8NiO, the changes in spectra
appearance were less significant when the temperature is increased. Figure4.4 (b) shows
the time dependence of correlation length Lcorr Obtained from SAXS spectrum. The
rapid and significant increase of Lcor Were not observed at 800°C in case of NBS-
0.4CuO. Contrary, the Lcor Started to decrease above 800°C.

Figure 4.5 shows the SAXS spectral change at each temperature region, comparing
changes in NBS-0.8NiO and NBS-0.4CuO. The difference of dynamic behavior of
phase separation were significant in wide temperature range. From room temperature to
600°C, the slight shoulder observed at room temperature showed totally opposite
development in each composition. This shoulder in NBS-0.8 NiO showed shift toward
lower q region around g=0.4~1.0 nm, indicating the size increase as temperature
increase. Contrary, the shoulder in NBS-0.4CuO became less significant as temperature
increase. While holding at 600°C, NBS-0.8NiO kept developing the size of scatterer,
while spectra showing typical spinodal phase separation. NBS-0.4CuO at 600°C
showed slight emergence of peak at new region, around g<0.1 nm™ including USAXS
region, which was not obtained for in-situ measurement. After 1-hour hold at 600°C,
NBS-0.8NiO and NBS-0.4CuO showed opposite change during heating up to 800°C.
While NBS-0.8NiO significantly increased its scattering intensity in wide g-range,
NBS-0.4CuO started to decrease the scattering intensity and reached to bottom at 800°C,
where no further decrease of intensity could be observed in higher temperature up to
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1200°C. The homogenization temperature of NBS-0.4CuO appeared to be around
700~800°C, without showing binodal phase separation. NBS-0.8NiO started to decrease
its scattering intensity above 800°C and showed spectra with stable and low intensity.
Although, its intensity started to decrease again during heating up from 1000°C to
1200°C.

In the cooling process from 1200°C melt, both glasses kept homogeneous until
reaching to specific temperature. It started to increase scattering intensity below 933°C
(x20°C) for NBS-0.8NiO and 780°C for NBS-0.4CuO. The major phase separation
development stopped at 690°C for NBS-0.8NiO and 500°C for NBS-0.4CuQO. The
temperature range where homogenization started in heating process and phase
separation develop started in cooling process were very similar in both glasses. From
these results, NBS-0.8NiO apparently had much higher homogenization temperature
compared to NBS-0.4CuO, consistent with the results obtained from WQ samples with
different treatment temperature. There was slight peak around 0.4~1.0 nm? in
800~1000°C-WQ samples in NBS-0.4CuO, even though these temperature range
appeared to be in miscible region from in-situ measurement. Considering the phase
separation during cooling process in NBS-0.4CuO start with intensity increase around
0<0.1 nm, the residual peak in WQ samples had not been developed during cooling
process.
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Figure 4.4 (a) Overview of time-resolved high temperature in-situ SAXS spectra of TM ion

doped sodium borosilicate glass (NBS-0.8NiO and NBS-0.4CuQ). Sample were kept under

constant temperature at 600, 800°C, 1000°C (30 minutes), and 1200°C (30 minutes) respectively.

(b) Time dependency of correlation length development observed from spectra shown in (a).
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Figure 4.5 SAXS spectra of NBS-0.8NiO and NBS-0.4CuO obtained during high temperature

in-situ measurement with temperature profile I shown in Figure 4.1.

77



4.3.3 Time-resolved observation of phase separation behavior during heating
up to miscible temperature

Figure 4.6 shows SAXS spectra of NBS-0.8NiO and NBS-0.4CuO glasses measured
during heating following temperature profile 1I explained in Figure 4.1. For NBS-
0.8NiO, additional measurement was practiced on different immiscibility: homogeneous
(1000°C-WQ, shown in (a)) and phase separated in spinodal (after 1000°C-WQ, heat
treated at 580°C for 4 hours and cooled in room temperature, shown in (b)). The glass
with composition of NBS-0.4CuQ was started with spinodal phase separation as initial
immiscibility, shown in (c).

The most significant difference by changing initial immiscibility appeared in
temperature range below 600°C, by comparing Figure 4.6 (a) and (b). When the
homogeneous NBS-0.8NiO (1000°C-WQ) glass were heated up from room temperature,
the Bragg-like peak started to appear from 560°C and the peak shifted toward low-q
region. Contrary when phase separated NBS-0.8NiO were heated from room
temperature, the existing Bragg-like peak kept decreasing its intensity at same peak
position with increasing temperature. Although above 600°C, both initially
homogeneous and phase separated NBS-0.8NiO glasses showed similar spectral
transition while heating up to 800°C. In both cases, the Bragg-like peak started to shift
toward low-q region while increasing its intensity, and the intensity got saturated at
765°C (£5°C). Afterwards, temperature dependence of dynamic behavior was very
similar including the critical temperature where homogenization started, 940°C.

As shown in Figure 4.6 (c), the phase separated glass with composition of NBS-
0.4CuO showed different SAXS spectrum appearance at room temperature, but showed
similar dynamic behavior when heating up from room temperature to 600°C. The
Bragg-like peak is less significant in NBS-0.4CuQ, though its intensity kept decreasing
as temperature increase. Above 600°C, the scattering intensity started to decrease where
Bragg-like peak existed, besides slight increase of intensity at high-q region. The
developed scattering intensity in high-q region until 600°C started to decrease above
800°C. Above 1000°C, no significant change in spectra was observed.

Figure 4.7 shows explanation and results of time-resolved high temperature in-situ
SAXS measurement with temperature profile III. Before the measurement, NBS-
0.8NiO glass was cooled down from 1000°C with rate of -1°C. The sample were totally
opaque and coloration of Ni?* was green, both indicating highly immiscible structure.
After acid leaching, Ni%* ion was washed away, and FE-SEM image showed porous
structure with larger silica rich phase volume and smaller pore volume compared to
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Figure 3.2. These results indicate spinodal phase separation, though the SAXS
spectrum appearance were different from spinodal phase separation formed after heat
treatment at 580°C, without showing Bragg-like peak in the range of g=0.1~0.3 nm™.

When this highly opaque glass is heated from room temperature up to 800°C, no
spectral change was observed. Above 800°C, the scattering intensity gradually started to
decrease and its decay rate from 1004°C, and gradually stopped decreasing above
1070°C. The scattering intensity at high-g region (g>1 nm) kept constantly low before
and after heating, indicating the unavailability of phases smaller than 1 nm.

By cooling down the homogeneous melt at 1200°C down to 700°C, the phase
separation developed again and showed increase of scattering intensity in entire g range
observed in SAXS measurement (q=0.07~3 nm™). When it heated up to 800°C, the
intensity a low q range increased and decreased at high- q range, showing similar
spectrum appearance as binodal phase separation observed in chapter 3. Above 810 °C
scattering intensity started to decrease again, starting homogenization. The significant
change appeared from 975°C, and the decay stopped around 1076°C.

In case of temperature profile III, homogenization behavior of NBS-0.8NiO was
clearly different depending on initial immiscibility. Slow cooling from 1000°C resulted
in highly opaque phase separated glass, with stability of the immiscibility up to 800°C.
Binodal phase separation growth was not observed at temperature range around 800°C.
But once the glass turned homogeneous at high temperature melt, it started to similar
homogenization behavior as temperature profile II. On the other hand,
homogenization behavior of temperature profile I was totally different from the other
temperature profiles.

79



(a) NBS-0.8NiO (b) NBS-0.8NiO (¢) NBS-0.4Cu0

1000°CWQ Phase separated(spinodal) Phase separated(spinodal)
=, 10000 10000 10000
= RT RT
E (Spinodal) l (Spinodal)
E 600°C o
Rate heating 100 A 100 100 { ©00%¢
RT-600°C |
=
£
™
s L 1 S— 1
0.01 0.01 0.1 | 10 001 0.1 1 10
1
& 1000000 P 1000000 ST . ToaC 000000
8 X T8
Rate heating = 10000 A W\ 10000 - \ 10000 o 600
600-800°C 'é NS\ 600°C AN
S 100 - \ 100 N 100 4 57°C
=3 \\ | N
E N ]
2 ‘l L L ] L L ] L I
001 0.1 1 10 0.01 0.1 1 10 0.01 10
. 1000000 1000000 1000000
"é 940°C
3 | | va0°C |
Rate heating = 10000 10000 10000
800-1000°C G K0 960°C
= 100  1ooo°C ™ 100 100 A
=1
£ T
= |
2 ‘l TR IR TTIT B R TIT IR AT I PRI R TTI R SRR TT 11 M SN T l L L
0.01 0.1 1 10 0.01 0.1 1 10 0.01 10
- 1000000 1000000 1000000
2
£ 10000 A 10000 - 10000 A
Rate heating i
1000-1200°C € g . 100 - 100 |
Hold at 1200°C '3 ‘ ‘ J
E 1 FEPETTITHE I TTIT SR ¥ 1 PRI IR TTTTT M 18 1 " L
~ 00l 01 1 10 001 01 1 10 001 01 1 10
q /nm! q/nm! q/nm!

Figure 4.6 SAXS spectra of NBS-0.8NiO (green back) and NBS-0.4CuO (blue back) obtained
during high temperature in-situ measurement with temperature profile II, with different heat

treatment before measurement.
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Figure 4.7 (a) The sample appearance of NBS-0.8NiO glass before in-situ measurement
(Cooled down from 1000°C in rate of -10°C/min). In comparison, sample heat treated in
1000°C -WQ afterwards is shown in right. Images below show the microstructure of 1000°C -
10°C /min sample after acid leaching. The sample were totally opaque-white without residual
NiO, indicating porous silica remained after borate rich phase was washed away. (b)
Temperature profile before and during high temperature in-situ SAXS measurement.(c)
(d)SAXS spectra of NBS-0.8NiO obtained during high temperature in-situ measurement with

temperature profile III.

4.3.4 Time-resolved observation of phase separation behavior during cooling

down from miscible temperature
Figure 4.8 shows time resolved SAXS spectra obtained during cooling process down
from 1200°C melt, with varying cooling rate. For NBS-0.8NiO glass, cooling rate of -50,
-30, -20, -10 °C/min were measured. With any cooling rate, it was common that the
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scattering intensity started to increase from high-q region, which might indicate that the
phase separation growth started with abrupt appearance of relatively large scatter (>10
nm), besides gradual expansion starts from fluctuation. In addition, the temperature
where scattering intensity growth started was almost independent of cooling rate, by
most of the measurement observed intensity growth around 950°C. The scattering
intensity at low g-region started afterwhile, from 760°~800°C. After reaching room
temperature, all the samples showed high scattering intensity in entire g-range observed
in SAXS measurement with no Bragg-like peak observed, which was very similar to the
spectrum obtained after cooling down from1000°C by -1°C/min as shown in Figure 4.7.
The glass cooled in -50°C/min showed slightly lower scattering intensity compared to
other cooling rates.

The SAXS spectra obtained from NBS-0.4CuO showed less significant change, but
the temperature where phase separation started could be observed. With cooling rate of -
30°C/min, the scattering intensity development started below 694°C, and for -20°C/min
development could be observed below 780°C. Those temperature were relatively lower
compared to NBS-0.8NiO. The results are consistent with homogenization temperature
in heating process, where NBS-0.4CuO showed lower critical temperature without
showing binodal phase separation at 800°C. Contrary to NBS-0.8NiO, the scattering
intensity of homogeneous NBS-0.4CuQO glass showed slight decrease in high-q range
(g>1 nm™) during cooling down. The temperature where the peak intensity reached
lowest were marked in right column of Figure 4.8 with yellow lines. The scattering
intensity increase at this region was also observed when the NBS-0.4CuO glass was
heated up from 600°C to 800°C, while scattering intensity at low-gq region were
decreasing as shown in the right column of Figure 4.6.
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Figure 4.8 Time resolved high temperature in-situ SAXS spectra observed during cooling down

from melt at 1200°C with varying cooling rates. In each plot, the temperature where the

drastic increase started in high-g region (red) and low-q region (green). For NBS-0.4CuO,

temperature where scattering intensity in high-q region was lowest is marked (yellow).
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4.4 Discussion
4.4.1 Effect of additive transition metal ion on phase separation

The temperature dependence of phase separation behavior could be observed
including size of the phases and their morphology from SAXS measurements. The
approximate temperature dependence of phase separation in respective composition
could be observed by room temperature measurement of WQ samples after various heat
treatment temperature.

The effect of additional transition metal ion on phase separation behavior was much
significant than difference observed in thermal properties below glass transition
temperature. As shown in chapter 2, Tg and thermal expansion showed few changes
within £10°C and CTE +0.5 -10°m™. Considering that further addition of NiO in NBS
(K=2) glass had resulted in further difference, amount of NiO can be the dominant
factor which decides the temperature dependence of phase separation, especially the
critical temperature of homogenization. Since Ni?* ion has similar cation field strength
as Mg?* ion[106], phase separation behavior of MgO-containing NBS glass.

The expansion of immiscible region and higher miscible temperature is reported by
additive network modifier components[141]. Although NBS-0.8MgO glass did not
show similar phase separation behavior as NBS-0.8NiO above 800°C, rather resembling
to NBS glass without additive ion by scattering intensity decrease started from 800°C.
In addition, the homogenization temperature of 1000°C observed with NBS-0.8NiO was
higher than other reports of Na>O-B203-SiO2 (755°C [104]) system and Na>O-MgO-
B203-SiO2 (790°C [142]) system. Considering these results and facts, significant change
of phase separation behavior by additive of NiO more than 0.8 mol% is due to complex
effect of strong cation field strength and higher molecular weight than MgO.

The NBS glass with higher SiO2 content showed immiscibility even in higher
temperature, as shown in Figure 4.3. The results indicate NBSk=2-0.8NiO is located in
right side of the phase separation dome with increasing homogenization temperature as
SiO2 contents increases, as illustrated in Figure 4.9. The reference ternary diagram of
Na2,0-B203-SiO, system without NiO is shown in the left of Figure 4.9 (a).
Comparison of temperature dependence of phase separation with different additive TM
ion is shown in (b). NBS-0.8NiO with K=1.5~3 showed binodal phase separation, with
increasing population of droplet as silica contents increased. On the other hand, NBS-
0.4CuO directly turned homogeneous after spinodal phase separation.

From chapter 2, both NBS-0.8NiO and NBS-0.4CuO successfully showed clear
boundary between porous/ non-porous volume boundary by CW-laser scanning.
Although the width of laser irradiated line was different: NBS-0.4CuO showed wider
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homogenized volume, as shown in Figure 2.10. The lower homogenization temperature
might have broadened the homogenization area at farther point away from laser focal
point with lower accumulation temperature.

(b)
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Figure 4.9 (a)(b) Approximate phase separation domain marked in ternary diagram of Na,O-
B.0s-Si0O; after doping NiO. The main composition is marked with star. The reference diagram
of Na,0-B,03-SiO; without NiO is from [104].

4.4.2 Homogenization behavior during heating process of glass with various
initial immiscibility

The effect of initial immiscibility on dynamic transient behavior toward
homogenization could be observed by time-resolved high temperature in-situ
measurement. These phase separation characteristics under non-isothermal treatment
may give important clue on understanding the mechanism of partial homogenization in
phase separated glass plate with heat introduction by laser absorption.

The time-resolved in-situ measurement showed different homogenization behavior
depends on thermal history and initial immiscibility. Figure 4.10 shows time-dependent
change of correlation length Lcorr in NBS-0.8NiO during heating up to 1200°C. There
were 3 different types of homogenization behavior, with varying apparent
homogenization temperature. Heating rate was +10°C/min for all temperature profile.

The lowest homogenization temperature was 960°C, shown as A in Figure 4.10. was
observed when the 1000°C-WQ and PS (580°C for 4 hours, cooled in air) samples were
heated straight up to 1200°C in +10°C/min (temperature profile II). Just before
homogenization indicated by rapid decrease of Lcorr, the time-resolved development
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behavior of binodal phase separation was matched exactly. Only difference among these
two different time-resolved measurements was initial immiscibility and phase
separation development behavior below 800°C. Although two sample showed different
initial immiscibility, both samples had passed high temperature range in fast cooling
rate and never exposed to that temperature range of 1000~800°C before heating for in-
situ measurement.

The second lowest homogenization temperature was 1080°C as shown in B,
observed by heating up the SC (slowly cooled, -1°C/min from 1000°C) sample from
room temperature to 1200°C (temperature profile III-D®) and the sample which was
cooled down from 1200°C to 700°C in -10°C/min and hold at 700°C for 20 minutes
(temperature profile III-(®)), heated from 700°C to 1200°C. The major difference
between the samples showed lower homogenization temperature as marked A, was that
both samples in B had exposed to temperature range of 1000~800°C in slow cooling
rate below -10°C/min before in-situ measurement.

Temperature profile I showed different homogenization behavior compared to A and
B. The decrease of Lcor was started soon after heated above 800°C, and stopped
decreasing few minutes after reaching at 1000°C. While isothermal heating at 1000°C,
no change was observed in Lcor and spectral appearance. Although by further
temperature increase up to 1200°C, further decrease of Lcorr and scattering intensity at g
range of 0.08~0.4 nm™, as shown in Figure 4.5. This temperature profile had longest
exposure time to 800°C before homogenization. It indicates the homogenization of
phase separated NBS-0.8NiO glass is affected by binodal phase development under
800°C. Since binodal phase separation in this glass system yields silica-rich droplet as
discussed in section 4.4.1, the diffusion process of silica might have been the last step
which was rate-controlling the homogenization. Similarly, dissolution of quartz particle
in borosilicate glass was reported to start dissolve from 600°C, and the size of quartz
particle keep decreasing when heated up to 1200°C in 5°C/min [143]. For example, the
dissolution of 45 um quartz particle completed at 1100°C, besides the dissolution
temperature become higher as particle size increases. Temperature difference of
homogenization may be due to size of binodal silica droplets.
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Figure 4.10 Time dependence of correlation length Lcorr (Dots with line) during heating up
NBS-0.8NiO glass to miscible temperature (1000°C or 1200°C). Solid line shows temperature
profile. All profiles are set to be 6000 seconds when the temperature reached to 1200°C.

4.4.3 Phase separation development in cooling process from miscible melt

Figure 4.11 shows time resolved change of Lcorr during cooling process from 1200°C,
with varying cooling rate. Since all sample showed similar and lowest Lcor at 1200°C,
the both NBS-0.8NiO and NBS-0.4CuO was considered as completely homogenized.

The glass composition of NBS-0.8NiO started to show phase separation at 940°C,
independent of cooling rate. There were two different phase separation development
behavior. One is observed with -50 K/min and -30 K/min: increase of Lcor rapidly
grown from 940°C. Another behavior is observed with -20 K/min and -10 K/min: Lcor
started to gradually increase at 940°C, then it changed growth rate rapidly increased at
810°C. This common temperature of growth rate change may indicate the clear
boundary between miscible/ immiscible shown in phase separation dome and boundary
of binodal/ spinodal, as the green line and bottom of gray shaded drawn in Figure 4.9

(b).
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With glass composition of NBS-0.4CuO, the Lcor growth retention was observed
during cooling process, though the observed temperature range was different among
respective cooling rates. Since the faster cooling rate showed lower boundary
temperature, such differences may be due to delay of phase separation appearance due
to lower viscosity.

The different immiscibility development behavior was observed in NBS-0.4CuO. The
growth of Lcorr in NBS-0.4CuO once stopped soon after the increment started with same
increase rate. While Lcorr apparently stopped increasing, g-range of major increase of
SAXS spectra intensity changed from low-q to high q region. In higher temperature
range, the scattering intensity increment was observed at q<0.6 nm, while intensity at
0>0.6 nm-1 kept decreasing. When the Lo Started to increase again, the scattering
intensity at g>6 nm start to increase slightly. The decrease of scattering intensity at
high-q range during with phase separation development was not observed with NBS-
0.8NiO. This result indicates residual scatterer at 1200°C. Since the size of scatterer is
approximately 1 nm, it could be due to either phase separation or other atomic
clustering.

Overall, the phase separation development could not be avoided with cooling rate of -
50°C/min. Although faster cooling would help to avoid significant phase separation
development before reaching room temperature. There was remarkable difference
between NBS-0.8NiO and NBS-0.4CuO: the homogenization temperature was lower in
NBS-0.4CuO by 200°C. The effect of this difference in phase separation behavior will
be considered in next chapter, reflecting critical temperature value to thermal history
obtained from calculation.

88



NBS-0.8NiO

1200 12
: -30 K/min
1000 -
8 800 T
R
2
g
g 600
(=%
E !
& 400 -
200 -
0 e e N L 0
0 1000 2000 3000 4000
Time/second
NBS-0.4Cu0O
1200 3
! R it
1000 + y 25
B [ Ak kA
A & ‘_.‘l
I | A
200 4 779°C [ _'.l." 7
BEECRN A

i A l%
L 690°C Val N |
yodwe ooy N
- AN

Temperature /°C
o
(e}
S

£
B
e i 1.5 &
450°C =
400 T -20 K/min ]
200 L 05
I 30 K/min
0- """"" ] ()
0 1000 2000 3000 4000

Time /second

Figure 4.11 Time dependence of correlation length Leorr (Dots with line) during cooling down

NBS-0.8NiO and NBS-0.4CuO glass from 1200°C, where all the samples showed high
miscibility.
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45 Summary

Morphology of nanoscale immiscibility due to phase separation could be evaluated
by SAXS spectra. Both the effect of composition and thermal history on phase
separation behavior could be observed by SAXS measurement on various composition
and time-resolved high temperature in-situ measurement respectively.

The addition of NiO in NBS glass drastically changed phase separation behavior
compared to other additive components. The homogenization temperature increased by
200°C compared to the NBS glass without additive ion. Also, binodal phase separation
were observed with addition of 0.8 mol% NiO, which was not available in the NBS
glass without additive ion, and also NBS with other additives such as CuO and MgO.

Time-resolved high temperature in-situ measurement of SAXS spectra revealed
dynamic behavior of homogenization of phase separated glass during heating and
development during cooling from miscible melt. The homogenization of phase
separated glass in NBS-0.8NiO was dominated by dissolution of silica rich phase
droplet developed under exposure of 800°C. The glass with composition of NBS-
0.4CuO turned directly from spinodal phase separation to homogeneous glass.

In cooling process, the temperature where phase separation start was independent of
cooling rate when homogenization temperature is high enough to show low viscosity.
When phase separation started to develop from low temperature near glass transition
temperature, phase separation development was too slow to follow -30K/min. The
actual temperature range of active phase separation development was obtained from
time resolved SAXS measurement under isothermal heat treatment in respective glass
composition.
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5 Computer simulation on spatial distribution of thermal history and
phase separation in glass substrate by laser heating

5.1 Introduction

In chapter 4, the homogenization behavior during heating and phase separation
development from miscible melt during cooling down were obtained from time-
resolved high temperature in-situ SAXS measurement. From analysis, specific
temperature of boundary between miscible and immiscible was obtained for respective
composition. Considering these actual phase separation behavior, mechanism of
boundary formation between porous /non-porous volume by laser heating process on
glass is expected to be clarified.

In this chapter, thermal history in glass substrate during laser scanning were
calculated by finite element method using COMSOL. By comparing thermal history
distribution with actual laser irradiated and acid leached sample, how the clear boundary
was formed and required thermal history was considered.

5.2 Theory
5.2.1 Heat transfer and laser absorption in a glass substrate
The heat transfer in the solid material obeys the following equation [144]:

aT
Pl +V-q=10Q (5.1)
q = —kVT (5.2)

where p is the density (SI unit: kg/mq), C, is the specific heat capacity (J/(kg-K)), k is
thermal conductivity (W/(m-K)), T is absolute temperature (K), q is the heat flux by
conduction (W/m?), and Q contains additional heat source (W/m?®). There were two
different heat sources considered in this laser heating model in glass:
Q = Quaser + Qraa (5.3)
Laser absorbed heat Qiaser and radiative heat from higher temperature volume Qrad.
Since glass substrate is highly transparent toward laser light, the transmitted light on the
surface is absorbed by the inner volume underneath. The intensity I; (W/m?) of i"" beam
through the material decreases as the beam propagates and is absorbed by the medium.
This is described by the Beer-Lambert Law equation:

IIZ_II VI; = = (kDL + &(Tepa(1LT)) G

where e; is the orientation of the i"" beam, A(2) is the absorption coefficient (m™) of the
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medium with A is wavelength of the incident laser light (nm), &, (T) is material
emissivity depends on temperature, and ej, , (4, T) is black body emissive power (W/m?)
depends on wavelength and temperature. The blackbody emissive power is defined as:

2nn,2hey?

hCO
A5 (em - 1>

where n,. is refractive index of the media, h is Planck constant (J-s), ¢, is the speed of
the light in vacuum (m/s), kg is the Boltzmann constant (J/K), and A is considered as
laser wavelength to be absorbed. Here, the laser absorption due to thermal radiation is
also included. From the conservation law of energy, material reflectivity Ro and
absorptivity Ao has relation of 1 = Ry + A,. Kirchhoff’s law states that the material
emissivity g, at thermodynamic equilibrium is equal to the absorptivity; A, = &,. So
when the material shows radiation in wavelength of laser light, the laser is absorbed as
much as radiated. Here x(A)I; can be considered as laser absorption due to additive TM
ion and &,(T)e(A, T) is due to heat radiation in glass network.

Assuming the total laser absorbed intensity I, in glass substrate with thickness L
under incident laser intensity I,

€pA (A’ T) =

(5.5)

Iy = Iye FLaserl (5.6)
equation (5.4) can be simplified as
&(T)ep (4.T)
I
The heat introduces by laser absorption correspond to the energy deposited by laser
beam:

e.
||el|| VI = — (K(A) + )Ii = KLaser(l; T)Ii (5_4)1
i

Qlaser = Z Kraser (A' T)Ii (57)

L
Here the laser incident direction is defined as e; = (0,0, —1). When the gaussian laser

beam is exposed by scanning velocity of v (m/s) along x-axis on the glass substrate
surface in x-y plane,

2P, —2((xo+vt)?+y?)
——9° w(z)? 5.8
0) T[W(Z)Z € ( )

2
where Pq is laser power (W), w(z) = w /1 + (njvzz) IS spot size at z (m) away from
0

surface, beam spot size wo (m) at focal point, and x, (m) is the beam location at t=0 (s).
Focusing on the surface boundary between solid and air, the heat conduction and
radiation from surface to ambient radiation is considered [145]:
q = h(Tomp — T) + €055 (Tamp* — T*) (5.10)

L =(1-
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where h is heat transfer coefficient , € is surface emissivity, o5z is Stefan-Boltzmann
constant (W/(m?-K*) and T,,,,;, is temperature of ambient air surrounding the solid.

5.2.2 Radiation model in thin transparent media

Radiative heat transfer is highly dominant in transparent materials compared to
opaque materials [146]. Here let I; be the monochromatic intensity of radiation. When
the beam traverses distance ds, its attenuation due to absorption —dI, is given by:

—dl; = k1 ds
I, = Iye7 "8 (5.7)
where k; is monochromatic absorption coefficient.

The radiation regime depends on the optical thickness t,; = k;L of absorbing
medium[147]. In optically thick media t,, > 1, radiative heat transfer is approximated
as heat flux q,. expressed by Rosseland approximation:

2 3

q, = —%w (5.8)
where S is extinction coefficient. Although when t,; > 1, in a case such as sample
thickness is thin with high transparency, mean free path of the photon 1/x; become
longer than sample thickness. In such a case, temperature calculation accuracy would be
discarded. To obtain more accurate result with high resolution, the general radiative

transfer equation can be written as:
Q- VI(Q) = k(1,(T) — 1(Q)) (5.9)

Without effect of scattering, including blackbody radiation intensity I, (T) = M.

T

The radiation incident G = fml(ﬂ)dﬂ where 1(Q) is the radiative intensity at given

position following Q direction, should be considered. Based on P1 approximation [148],
radiative heat can be expressed as
Qradiation = V' (Dp1VG) = k(G — 4mly) (5.10)

Where Dp; = 1/3k is P1 diffusion coefficient. Assuming gray body radiation ( € <1,

wavelength dependence is neglected), k was defined as average of spectral

absorption coefficient.
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5.3 Experimental
5.3.1 Apparent Laser absorbance measurement
The apparent laser absorbance of the glass substrate was measured to obtain the
material parameter to be used in calculation. The glass substrate of NBS, NBS-0.8NiO,
NBS-0.4CuQO with sample thickness of 0.1, 0.2, and 0.4 mm were prepared. The laser
was irradiated with 4.2 W, 5.7 W, and 7.2 W by 0.5 mm/s, during heating at 100°C. The
transmitted laser light intensity was directly measured by power meter.

Ry Ry

Sample thickness | NBS NBS.0.4Cu0

Figure 5.1 Schematic of laser absorbance measurement setup

5.3.2 Thermal history calculation by finite element method

A multi-physics model-based 3D finite element (FE) heat transfer model on
COMSOL™ platform was developed to predict the thermal histories during laser
scanning on the glass substrate. The solid with heat transfer (ht) model was built with
radiation in participating media (rpm) module. As illustrated in Figure 5.2, radiative
beam in absorbing media (rbam) was applied on the separate volume with width of
laser beam waist. The ambient temperature was set as 100°C, considering the sample
was heated while laser was exposed. The sample thickness was 0.5 mm, with cubic
sample of 5 mmx13 mm, with thermal insulation at all side surface parallel to z-axis.
The time dependence of temperature profile was calculated, with laser scanning started
from laser focal position of (-5, 0, 0) in mm.

The parameters used in the calculation are shown in Table 5.1 and Figure 5.3. For
heat capacity and emissivity, temperature dependence of their value was included in the
calculation. The density of the target glass was experimental value obtained by
pycnometer at 27°C. Laser absorbance due to d-d transition were obtained from UV-vis
measurement at room temperature. Spectral absorbance k was less dominant for result
temperature in range of 2~100 m™.
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Figure 5.2 (a) Geometry of the heat transfer calculation model. The inset shows the laser
exposed volume separately built with its width of laser beam waist at focal point. (b) Example
of temperature profile plot. The calculation was simplified by considering the symmetricity of

laser heat transfer shows against x-z plane, parallel to laser scanning direction.
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Table 5.1 The parameters used in calculation. Temperature dependence was considered
for dominant parameters.

Properties Value unit ref
Density p 2219 kg/m3 Measured
Specific heat Cp (T) Figure J/kg'K Data of Pyrex
capacity 5.3 glass from [149]
Heat conductivity — k 0.835 W/m-K [150]
Emissivity e (T) Figure - Data of window
5.3 glass (thickness:
0.1cm)
[103]
Laser absorbance A (>=1064 nm) 80 1/m Figure 2.2
(Absorption due to Measured
d-d transition at
1064 nm)
Refractive index nr 1.5 - [150]
Spectral K 27 1/m [151]
absorption
coefficient
Heat transfer h 10 W/m?K [145]

coefficient to air
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Figure 5.3 Temperature dependence of some parameters used in the calculation. The value of
Cp(T) is data of Pyrex glass from [149]. Emissivity is data of window glass with thickness of
0.1 mm [103]. The value of e p,2 (1064 nm, T) was calculated from equation (5.5).
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5.4 Result
5.4.1 Apparent laser absorbance measurement

The transmitted laser (A=1064 nm) intensity of glass substrate was measured directly.
In the glass substrate with composition of NBS, there were no absorption of the light
with wavelength of 1064 nm as shown in Figure 5.4 The peaks in visible range are due
to d-d transition of additive transition metal ion. Both NiO and CuO added glass had
similar absorbance at A=1064 nm. The difference among NiO and CuO was dominance
of absorbing band. For NBS-0.8NiO, the main absorption band was around 400 nm and
its position shifted when the coordination number changed from 6-coordinated (as-melt)
to 4-coordinated (1000°C-WQ). Considering the high-temperature in-situ measurement
in chapter 3, the absorbance of main absorption band may increase at high temperature.
Considering that absorbance value of NBS glass at 1064 nm was 20 m™, absolute
absorbance of NBS-0.8NiO and NBS-0.4CuQ were approximated by subtracting 20 cm-
! from the indicated value in Figure 5.4.

The apparent laser absorbance was obtained from the ratio between transmitted laser
intensity | and initial intensity lo (I /1,=Transmittance), as shown in Figure 5.5. Without
glass substrate, the ratio was always 1, with any laser intensity. From laser irradiation on
the NBS glass without additional TM ion, the ratio was independent of the sample
thickness and 0.94. This result indicate there were no absorption in NBS glass and the
reflectivity at the surface was about R=0.06. By setting NBS-0.8NiO or NBS-0.4CuQO
glass, the intensity was further decreased as the sample thickness increased. The
thickness dependence of absorbance in NBS-0.8NiO was approximately following the
Lambert-Beer law. Absorption coefficient of A=2.1 cm™ could be obtained. Contrary,
NBS-0.4CuO showed different thickness dependence.

Based on the results obtained from apparent laser absorbance, I, in equation (5.4) was
approximated as

2P,

nw(z)?

L(z)=(1-R) exp(Az) (5.11)

Where the surface of glass substrate relies on x-y plane and has thickness in negative
direction along z-axis.
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Figure 5.4 UV-vis absorption spectra of the glasses with target composition.

NBS-0.8NiO NBS-0.4CuO
1 1
09 r 09
08 F 0.8 F
0.7 r 07 r =
0.6 0.6 F TW
=0.5 =05
04 42 W 04
0.3 03 t 4.2W o
0.2 y=0.856e>13% 56W 0.2 F 56W
0.1 - R2=0.8987 0.1 F
0 ' ' ' ' 0 ' ' ' '
0 01 02 03 04 05 0O 01 02 03 04 05
thickness /cm thickness /cm

Figure 5.5 Laser (A=1064 nm) intensity ratio (transmittance) in NBS-0.8NiO and NBS-0.4CuQO
glass substrate during heating at 100°C with different thickness.
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5.4.2 Temperature calculation in laser absorbing media

The temperature distribution in y-z plane at x=0 calculated by FE method is shown
Figure 5.6 (a). The laser irradiation with 4.3 W with different scanning speed (1.0 mm/s
and 0.5 mm/s) and 1 mm/s with varying laser power (4.3 W, 5.7 W, and 7.2 W) was
focused, since the clear boundaries between porous and non-porous region were
observed with some of these scan speed and laser power combinations. Each color is
attributed temperature range from 100 to 940°C as shown in the bar, where 940°C was
found to be homogenization temperature of NBS-0.8NiO. The temperature above 940°C
indicated by same color. The vertical dot line representing the location of boundary
between porous and non-porous region observed in actual NBS-0.8NiO substrate. By
comparing with cross section of laser-irradiated glass substrate, these dot lines were
always located at the boundary between temperature range of 900°C (plotted in red) and
higher temperature above 940°C (dark red). These coincidences indicate the certain
validity of the calculated results. NBS-0.4CuO showed much wider affected volume,
especially laser irradiation above 5.7 W. The result was reasonable considering NBS-
0.4CuO had lower homogenization temperature.

The temperature profile along the laser incident direction (z-axis) was distinctive
from simple Lamber-Beer law, which would usually become narrower as the penetration
depth become deeper. The width of high temperature (T>940°C) distributed volume
became widest at very middle of sample thickness. This result was very similar to the
actual laser affected volume observed in chapter 2, showing barrel-like shape along z-
direction.

By the laser irradiation with 4.3 W and 0.5 mm/s, both NBS-0.8NiO and NBS-
0.4CuO. The temperature at surrounding of the laser scanning center reached above
940°C for about 1 second. The apparent laser affected line width was almost same
among two compositions. Though for NBS-0.4CuO, the homogenized volume was
surrounded by different porous structure compared to original porous structure. The
temperature range of surrounding volume approached up to 800~900°C foe 0.5 seconds
and remained around 600°C for a while after laser focal point passed away. The
irradiation with 4.3 W 1.0 mm/s showed similar result, with shorter duration at
temperature above 940°C (0.1 second). NBS-0.8NiO showed clear boundary of porous /
and non-porous volume, though NBS-0.4CuO showed gradual appearance of porous
structure as distance increases in y-axis direction.
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Figure 5.6 (a) Temperature distribution in y-z plane at x=0. The center of laser focal point pass
by at t=5 seconds. The temperature above 940°C (homogenization temperature of NBS-0.8NiO)
are plotted in same color (dark red). The vertical dot lines show the position where the

boundary of TM ion remaining and washed away after acid leaching.
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By increasing laser power from 4.3 W up to 5.7 and 7.2 W, heating duration above
940°C prolonged by 4 times. The boundary started to be blurred in NBS-0.8NiO.In
NBS-0.4Cu0, the laser affected line width started to significantly increase above 5.7 W.
With 5.7 W, clear boundary was observed in the horizontal direction to laser incident
due to highly expanded laser affected volume at the middle of sample thickness.

Figure 5.7 shows the temperature profile before and after laser focal point is
approached at x=0 and z=-0.3 The temperature profiles were plotted every 0.02 second
for 1.0mm/s and 0.5 mm/s, and 0.2 second for 0.1 mm/s. The temperature changing
behavior was different in heating and cooling process. In the heating process, the
temperature increment was fastest, and the increment rate became slower as distance
from focal point increased. On the other hand, cooling process of 1.0 mm/s and 0.5
mm/s showed different behavior: while temperature is decreasing at focal point, the
temperature keep increasing at about 0.6 mm away from focal point. Overall, the
appearance of thermal history strongly depended on laser scanning speed. The
accumulation temperature was different depending on both scanning speed and laser
power.
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Figure 5.7 Temperature profile when laser focal point is approaching (heating) and passing by
(cooling) at canter of top surface (0, 0, 0) in laser absorbing media. The plot was shown 0.02

seconds each for 1.0 mm/s and 0.5 mm/s, and 0.2 seconds each for 0.1 mm/s.

5.4.3 The thermal history distribution at porous/ non-porous boundary

The temperature range where phase separation development was significant could be
observed by time resolved high temperature in-situ SAXS measurement during cooling
process from homogeneous melt as shown in Figure 4.11. The phase separation
development behavior was different depending on cooling rate, though the immiscibility
always started to appear from 940°C in NBS-0.8NiO glass. The phase separation
development rate was different depending on the temperature range below 940°C: from
940°C to 810°C, the increase rate of Lcorr Was relatively slow and this phase separation
was considered to be due to nucleation growth scheme in binodal (droplet) development.
From 810°C to 600°C, the increase rate of Lcorr Was much faster and considered to be
spinodal development, caused by amplification of fluctuation. On the other hand, NBS-
0.4Cu0O showed different phase separation temperature depending on cooling rate. In
average, the homogenization started around 800°C and development behavior changed
below 600°C, then the growth mostly stopped at 500°C.

In Figure 5.8, the cooling rate in respective temperature range was calculated at each
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point and plotted as maps. In addition, the heating duration above homogenization
temperature (940°C for NBS-0.8NiO and 800°C for NBS-0.4CuQO) was calculated and
plotted below the cooling rate maps. The cross-section images of laser irradiated
sample are shown together and their porous/ non-porous boundary location is marked
by dot line in vertical direction.

Most of these boundary lines in NBS-0.8NiO glass matched to the edge of the region
where temperature increased above 940°C. The laser scanning with 0.1 mm/s showed 2
different boundaries from microscopic observation; inner boundary was not apparent in
optical microscope, but SEM image showed distinctive color gap with straight boundary,
marked in red dot line. The outer boundary, where color change was observed in optical
microscope, matched to the edge of the region heated above 940°C. The cooling rate
was always faster from in higher temperature range. Contrary, the boundary position in
NBS-0.4CuO glass could not be reproduced by the mapping of region where
temperature was heated above 800°C. The color-remaining volume was much larger
compared to the region where temperature was heated up to 500~600°C, as shown in
cooling rate map in 600~500°C.

Phase separation development was faster and most significant in temperature range
around 600°C. This is probably due to relatively low viscosity with high composition
contrast in phase separation dome. Although, cooling rate slow downed as temperature
decreases. Table 5.2 shows the calculated cooling rate and heating duration above
homogenization temperature at the point where porous/ non-porous boundary was
observed in the fabricated sample. The laser irradiation condition which could fabricate
clear porous/ nonporous boundary was colored in red. When the porous structure
gradually appeared and the boundary was ambiguous, the results are colored in blue.
There was distinctive difference in cooling rate between the laser irradiation condition
which could and could not fabricate the clear boundary in NBS-0.8NiO. When the
cooling rate in the range of 810~600°C is faster than 16800°C/min, the clear boundary
was successfully observed. On the other hand, duration above homogenization
temperature was not affecting the possibility of clear boundary formation. This result
suggests that 0.05 second was enough to make phase separated glass to be homogenized,
with temperature increasing up to 1000 to 2000°C. Considering that phase separation
never shows homogenization below homogenization temperature, enough fast cooling
rate at the point temperature reaches above homogenization temperature could realize
the porous/ non-porous boundary.

The laser irradiation with 5.7 W and 0.5 mm/s apparently fulfill the requirement for
clear boundary formation. Although, the crack between porous/ non-porous was
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dominant and difficult to evaluate. The fragility is another factor which should be taken
account to fabricate the porous / non-porous glass substrate for microreactor. Apparently,
NBS-0.8NiO showed higher fragility due to cracks generated at surrounding of the
homogenized volume, due to narrower width by laser irradiation.
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Table 5.2 Simulated value of cooling rate and heating duration above homogenization temperature at porous/ hon-porous boundary

WHWMHO 1 3W Simulated values 5. 7TW Simulated values 72W Simulated values
|Boundary . . . Boundary . . . Boundary . . .
osition Cooling rate Cooling rate Hold time osition Cooling rate Cooling rate Hold time osition Cooling rate Cooling rate Hold time
P & 040~810°C 810~600°C above P f 040~810°C 810~600°C above P & 040~810°C 810~600°C above
IO 40 /min /°C/min 940°C /sec | IO bocmin /°C/min 940°C /sec | HOM boc/min /°C/min 940°C /sec
center center center
1.0 mm/s [0.1 27000 21600 0.05 0.12 24000 16800 0.2 0.16 14400 14400 0.2
0.5mnvs  0.17 21600 18000 03 0.11%* 21600 18000 0.7 0.28 0000 10800 02
0.lmm/s  J0.15 4800 1800 >] 0.1 4200 1200 >] - - - -
*The crack between porous/ non-porous region was dominant
NBS- . . .
0.4Cu0 1 3W Simulated values 5. 7TW Simulated values 7.2W Simulated values
|Boundary . . . Boundary . . . Boundary . . .
osition Cooling rate Cooling rate Hold time osition Cooling rate Cooling rate Hold time osition Cooling rate Cooling rate Hold time
P & 800~600°C 600~500°C above P f 800~600°C 600~500°C above P & 800~600°C 600~300°C above
IO 4o /min /°C/min 800°C /sec | HOM Yor/min /°C/min 800°C /sec [ HHOM o min /°C/min 800°C /sec
center center center
1.0 mm/s  [0.1 32400 25200 0.25 0.36 4800 4800 0 0.78 0 0 0
0.5mmv/s  [0.18 14400 9000 0.7 0.24 10800 9000 0.5 - - - -
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5.5 Discussion
5.5.1 Validity consideration on material properties in calculation

In order to take into account unmeasured physical properties and their temperature
dependence in the calculations, data on glasses with similar properties were cited from
the literatures. This section will examine the validity of the approximations used in this
study by considering the effect of each property value on the thermal history of the laser
heating on glass.

Density was actually measured twice in NBS-0.8NiO glass using a pycnometer. The
obtained value was 2219+58 kg/m®. For NBS-0.4CuO was 2326+80 kg/m3. When
measuring NBS without additive TM ion with same method, the density was 2203+36
kg/m?. and the reference 2147 kg/cm?, The measurement might have overestimated the
density by 2.6 %. In addition, the density decreases at high temperature due to thermal
expansion. The NBS-0.8NiO glass has CTE=3.48x10° /K below Tg and the expansion
rate further increase at higher temperature. The decrease of density below Tg is less
significant: about 0.5 % decrease at 500°C. Though further difference is expected in the
melt. From the reference, the density of the glass composition 7 Na,O-25 B203-68 SiO»
was 2054 kg/m? at 1500°C [147] decreasing 7.6 % from the room temperature density
of 2203 kg/m®. Considering measurement error and temperature dependence, the
density would be varied within 10 %. When temperature is calculated with p=2147
kg/m?, laser irradiation with P=4.2 W, v=1.0 mm/s resulted in about 600°C lower
accumulation temperature and 50 pum narrower region of homogenization. The
temperature dependence of density should be considered in the calculation appropriately
for higher accuracy.

The temperature dependence of heat capacity has been measured in a variety of glass
systems. Borosilicate glass the SiO2/B.Oz ratio has a strong influence on the heat
capacity, especially above the melt [152]. In the borosilicate glass containing 15 Na,O-
10 CaO, the heat capacity hardly changes with compositional change when the amount
of B2Oz is more than SiO, but the heat capacity begins to decrease as the ratio of SiO-
increases above K = SiO2/B,03 = 0.5 [153]. In this study, the temperature dependent-
heat capacity data of Pyrex glass (R=0.5, K=7.6) measured by Richet et al. was sued in
the calculation. In the report, there were few differences in heat capacity value of Pyrex
and BB glass (R=0.1, K=3.9). The Tg of Pyrex glass was 598°C, which was about
120°C higher than the apparent Tg of target glasses (NBS-0.8NiO and NBS-0.4CuO) in
this study. Since the heat capacity value significantly increase at Tg. Although phase
separated glass has two compositions with distinctively different thermal properties
(SiO2: 1200°C, 20Na20-80B.03: 450°C), and the DTA measurement in chapter 1
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showed too ambiguous curve to find critical Tg point. The calculated thermal history at
the temperatures before and after Tg should be considered with caution. The
homogenization temperature, which was dominant temperature to decide the porous/
non-porous boundary, was enough higher

Thermal conductivity due to heat conduction due to phonon (Lattice vibration) and
photon (Radiation) effect is difficult to distinguish in the measurement value. Hence, the
appeared in equation (5.2) can be expressed as following :

1
k = DpC, = §Cusl (6.12)

Where D is the thermal diffusivity, p is the density of the material, C,, is the specific
heat, C is the volumetric specific heat, u, is the velocity of sound in the solid, and [ is
the mean free path of the phonon. The mean free path for phonons is limited by
geometrical effects associated with the disordered nature of the structure. Below Tg,
heat capacity Cp is defined only by configuration of the glass structure, so mean free
path is expected to change with temperature in the same proportion as the specific heat.
Therefore, considering equation (6.12), temperature dependence of thermal conductivity
only depends on u, which may decrease as temperature increase [154].

There are few measurement data on the temperature dependence of emissivity. The
composition dependence is poorly reported. It is difficult to measure the emissivity
accurately because the radiation generated inside the glass is absorbed by surrounding
volume of the glass. Emissivity shows temperature and wavelength dependence, and
even varied by sample thickness[146]. Different temperature dependence of heat
conductivity due to radiation was calculated depending on the visible color of the glass
[103]. Specifically, the green glass showed lowest radiative conductivity and the
radiative conductivity was 10 times smaller than window glass at 1400°C. Such
differences of temperature dependence in material properties might have affected laser
absorption behavior.

Laser absorbance was highly dominant parameter on deciding accumulation
temperature. The absorbance of 1064 nm light was similar for both NBS-0.8NiO and
NBS-0.4CuQ at room temperature. Although above laser irradiation with 5.7 W, NBS-
0.4CuO showed much wider laser affected volume and this region could not be
reproduced by FE calculation. There are two possible reasons for this mismatch:
different laser absorbance or radiative heat transfer. From Figure 5.4, the absorption of
wavelength of 1064 nm is located at shoulder of main absorption band ion. This band
might show strong temperature dependence, especially when Cu?* ion is in borate phase
[102]. Ni?* ion speciation also shows temperature dependence, though the absorption
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band containing 1064 nm appeared to be dependent of coordination. Such a difference
in temperature dependence of laser absorption behavior would significantly affect the
temperature profile. Although, NBS-0.4CuO was difficult to evaluate how to obtain
clear porous/ non-porous boundary. This may be due to inaccuracy of temperature
calculation result. For further improvement, temperature dependence of laser
absorbance should be considered to obtain the thermal history distribution in higher
accuracy.

The spectral absorption coefficient k to express radiative heat transfer was less
significant to the highest accumulation temperature and thermal history, by varying
from 2 to 500 cm™. It would show spectral dependence especially 0.8 to 4.0 um where
the wavelength region where radiation intensity develops in high temperature[151].
Further consideration is necessary to evaluate the dominance of this factor and its
reliable value.

5.5.2 Mechanism of porous/ non-porous clear boundary by laser irradiation

The temperature at the boundary between phase separation and homogeneity is
clearly defined as illustrated in Figure 1.1. It could be observed by time-resolved in-situ
SAXS measurement, by showing exactly same temperature to start phase separation
from homogeneous melt. Such distinctive boundary temperature to show different glass
state might be one of the reasons why the clear boundary between porous/ non-porous
volume could be observed. In addition, the cooling process after laser scanning enabled
the glass to pass through the significant phase separation development range as quickly
as possible. Since the NBS glass shows metastability with phase separated state under
room temperature, it was difficult to obtain homogeneous bulk glass. Quenching of the
melt to obtain homogeneous glass often crash the bulk glass due to different cooling rate
at surface and inner side. Quenching by twin roller is also limits sample shape to thin
flakes. Afterall, partial laser heating on glass plate was possible to maintain a stable
phase at high temperatures at room temperature, on the glass plate without major
collapse.

The transformation from phase-separated to homogeneous state during heating was
dominated by the diffusion of chemical components, similarly to dissolution of quartz in
the glass melt as discussed in chapter 4. CW laser irradiation with heat source of TM ion
bearing in the glass was able to heat the glass substrate sufficiently higher than
homogenization temperature in the phase-separated glass substrate from the top surface
to the bottom. In addition, rapid heating by laser irradiation might have avoided further
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phase separation development before the glass is homogenized and realized
homogenization in short heating duration time.

The FE calculation revealed the two major questions on the structural change by laser
irradiation. The first question is how the clear boundary between porous/non-porous
region by laser irradiation. From the calculation results, the volume where temperature
increased above homogenization temperature and actually homogenized regions were
well matched. At this boundary, the cooling rate was faster than certain value. This
cooling rate is equivalent to water quenching or steel plate quenching [129] on the glass melt. With
laser processing, the shape of the glass. When the cooling rate is slower, gradually distributed
phases with various morphology. Such requirement could be sufficiently fulfilled by
either NBS-0.8NiO and NBS-0.4CuO, even though each composition had different
temperature dependence on their material properties including phase separation
behavior, light absorption spectra, density, and so on. The important factor to realize the
porous/ non-porous boundary was the accumulation temperature by laser irradiation and
the enough-fast cooling rate at the location of homogenization limit. In practical,
thickness of the sample will change the temperature profile and its spatial distribution.
The accurate validation will enable prediction when changing parameters in material
processing.

The second question was the reason why the cross section of homogenized volume
was barrel-like shape. Usually when the laser absorption is only due to Lambert-Beer
law, the photon absorption decays as the depth become deeper. In order to maximize the
absorption width in the center of glass plate, laser absorption behavior would have to be
considered carefully. The effect of radiation was reflected in the absorption coefficient
of the laser, taking into account that the radiation coefficient of the glass is high, and
that the laser intensity propagated to the deep inside the glass plate due to the high
transmittance of the glass for the laser wavelength of 1064 nm. In addition, low thermal
conductivity by phonon propagation in the glass at low temperature might have hold
back the heat in the limited volume, helped to show sharp temperature distribution at
surrounding of the focal point.

5.5.3 The dominance of heat generated by respective source
The most significant factor on the calculated temperature was temperature
dependence of laser absorbance. Laser absorbance determines the amount of energy to
be used for temperature increment, and also temperature distribution along laser
incident direction. In this study, temperature dependence of laser absorbance was given
based on radiative emission at high temperature. The temperature dependence of laser
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absorbance could reproduce the formation of barrel-like laser affected volume observed
in cross section of laser irradiated samples, the widest laser affected volume in middle
of the glass substrate. Temperature dependent model of laser absorbance given in this
study is assumption was one of the ways to show barrel-like temperature distribution,
but it shows less dependence on additive atomic species. And even more, emissivity
used in the calculation was not accounted to show wavelength and temperature
dependence as shown in equation. (5.4). For further improvement in the calculation,
direct measurement on laser absorbance of the glass under high temperature is necessary.
The difficulty in such a measurement is effect of radiative emission at high temperature
and temperature change due to laser absorption. It is important to prepare the setup with
appropriate light source for absorbance measurement.

The laser absorption behavior was significantly different depending on additive
transition metal ion, even though Ni** and Cu?* ion showed similar absorption
coefficient for 1064 nm at room temperature. The results suggest two possible causes
for much wider affected volume for Cu?* ion. One is different temperature dependence
of phase separation behavior as shown in chapter 4, and the another is different
temperature dependence of respective transition metal ion. Temperature dependence of
absorption coefficient would affect both laser absorption behavior and radiative heat
transfer inside the glass. As shown in chapter 3, Ni?* ion showed significant
coordination change when the glass is transferred from phase separated to homogeneous
glass. Although, it showed less significant change in absorbance for 1064 nm, which is
located at absorption band of 3F-*T; transition. This transition is less significant against
major band and the similar absorption band is available in 5-coordinated Ni?* ion.
Contrary, absorbance of 1064 nm in Cu?* ion located in major absorption band and the
temperature dependence of its peak position and intensity is reported [102]. Although it
strongly depends on the composition of glass matrix, so measurement on specific
composition focused in this study is necessary.

Another factor which was not accounted in the calculation was enthalpy change due
to transformation from phase separated to homogenized glass. Considering phase-
mixing enthalpy of borosilicate glass with similar composition, 8.7 Na;O- 34.8 B,Oz-
56.5 SiO; has A,,,H®* = —6.25 kJ /mol at 1050°C [155]. Approximate heat generation
through homogenization is -0.213 kJ/m?3, calculated with density: 2219 kg/m? and molar
weight 65 g/mol. On the other hand, the heat given by laser irradiation with 1~0.5 mm/s
is about 2~8 kJ/m3. The heat due to miscibility change due to phase separation would
have been negligible.
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5.6 Summary

The thermal history distribution inside the glass substrate before and after laser
irradiation was calculated based on heat transfer model including radiation by finite
element method. In addition to temperature dependence of several material properties
(heat capacity and emissivity), laser absorption due to radiative heat emission was also
considered in the model.

In the glass with composition of NBS-0.8NiO, the thermal history distribution could
reproduce the homogenized volume in the glass sample obtained in chapter 2.
Considering the temperature of homogenization and phase separation development
obtained from chapter 4, the cooling rate in the temperature range of significant phase
separation development could be calculated. By comparing with the location of clear
boundary between porous/ non-porous region, the cooling rate requirement for such
boundary formation could be revealed. Although it was difficult to reproduce the results
of glass composition of NBS-0.4CuO. Further improvement on simulation model is
required, by considering temperature dependence of laser absorbance and emissivity.

Overall, the requirement for formation of clear boundary between porous/ non-porous
structure in sodium borosilicate glass was fast enough cooling rate (18000 °C/min~) at
the temperature range of active phase separation development at the location where
highest temperature reaches above homogenization temperature. The location, or
distance from laser focal point and laser penetration depth depends on the scanning
speed and output power of the laser irradiation.
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6 3D micro processing and microstructure control of silica glass by femtosecond
laser irradiation
6.1 Introduction

Fused silica has outstanding physical characteristics, such as high transparency, low
intrinsic loss and outstanding elastic properties for micromechanical devices. Thanks to
the microfabrication technique based on femtosecond laser-induced selective etching
[62], highly complex 3D micro-structures can be carved out of single glass substrate
[95][63][93]. This manufacturing process brings great opportunities in the field of
micro-devices such as MEMS, microfluidics system, and so on. One of the advantages
of this fabrication process is its ability to combine, not only structural elements of
various kinds, but also optical ones in a single monolith. This process circumvents the
separating the bonded layers by mechanical damages such as repetitive vibration.
Control of static and dynamic behavior of the entire MEMS structure takes an important
role[156].

6.1.1 Vibrational damping function on silica glass cantilever by Acoustic Black
Hole structure

Mechanical vibrations at the resonance may compromise the stability of a device,
when it is undesired and uncontrolled as a result of extrinsic noise excitations. To
broaden their usable frequency ranges, notably by reducing the vibration amplitude for a
given set of frequencies, the concept of ‘acoustic black hole’ (ABH) was proposed
[157][158]. There, it was shown that a plate with an acute angle wedge has less
frequency dependence on vibrations [157][159]. In particular, it was theoretically
proven that a wedge with a profile defined by a power law shows effective damping. V.
V. Krylov demonstrated this effect experimentally with a ‘meter-sized’ steel plate [160].
This approach is particularly attractive in aeronautics and for automotive applications
[161], as in both cases, excitations of resonant modes can have dramatic effects if
undamped. Likewise, applying this method at the micro-scale will enable noise
attenuation from resonant vibrations in various types of microsystems without the need
for additional processing steps to add damping material.

Scaling ABH phenomenon down to the micro-scale is not just a matter of size, since
slight inhomogeneity or defects of material as well as fabrication imperfections, most
often negligible at meter-scale may have dramatic consequences at the micro-scale.
Therefore, implementing ABH at the microscale requires a detailed analysis of the
material properties after the fabrication process as well as high fabrication dimensional
resolution and accuracy. While 3D microfabrication using femtosecond laser may
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realize enough preciseness according to numerous optimization reports for irradiation
conditions [92][162][91][163], the effects of the laser at the atomic-level are not fully
understood as it is difficult to see the detailed gradation of material properties after
writing complex patterns inside the material [164]. In addition, the effects on material
properties, such as thermal expansion coefficient [84], Young’s modulus [85][86] and
density [87][88] after the etching process are not revealed.
6.1.2 Theory of Acoustic Black Hole effect

The followings are a brief review of the theoretical aspects behind the ABH

phenomenon. Flexural waves in a beam are governed by the following equation:

2 2
d <D(x)a w

ax? 0x?

where W stands for the displacement along the z-axis (see Figure6.1), p for the

density of the material of the vibrating beam, w for the angular frequency, and finally,

D(x) for the bending stiffness. The bending stiffness of the beam with a rectangular
cross-section is further expressed as:

> — w?ph(x)W =0 (6.1)

D(x) = Eh(x) 62
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where E is Young’s modulus, h(x) is the thickness of cantilever at a position x along
the beam, v is the Poisson’s ratio, and m is an exponent that defines the slenderness of
the edge. In this experiment, cantilever with the tapering edge, which ABH effect can
theoretically be obtained, was designed and fabricated. A solution of Eq. (6.1) can be
expressed as follows:
W(x) = A(x)e!®™ (6.4)
where A(X) is the displacement in each point of the beam and &(x) is the phase
difference between the excitation wave and the propagating wave in the beam. In the
case of a cantilever in vacuum, the local wavenumber k is further defined by:

1@ﬂ—v%f< 1)”2 (6.5)

k&”0=< E wh(x)

In practice, it is difficult to achieve a zero thickness at the tip. To a certain extent, the
beam edge is always truncated with a minimum tip thickness hrip. The phase increment
¢ (x) between 0 and x, writes:
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p(x) = f k(x)dx (6.6)
0

For a coefficient m > 2 (see Eq. (6.3)), the phase difference increment diverges as x
increases. This means that a flexural wave propagating in the beam never reaches the
edge[159]. As the energy is dissipated through dynamic deformation, a phase difference
between stress and strain is observed. In such a case, the Young’s modulus is expressed
in a complex form: E* = Ey(1 — in,). Consequently, the reflection coefficient R will
decrease and result in an ABH effect.

R = exp <—2 fxlm k(x)dx) (6.7)
0

where Im k = ﬁRe k and 7, is the intrinsic loss factor of the material.
0

The ABH theory assumes that the wave fully propagates towards the edge, without
partial reflection. This assumption is valid for a slowly varying thickness profile at the
tip of the cantilever. In practice, fabricating such slender profiles are difficult to achieve
at the microscale with conventional manufacturing processes, such as lithographic ones,
as this design is intrinsically three-dimensional. To overcome this challenge, we took
advantage of the femtosecond laser micromachining of glass substrates. The design of
the silica glass cantilever is shown in Figure. 6.1.

Writing
order

Figure 6.1 Dimension of cantilever and position inside silica glass substrate. Laser irradiated

surface in red line and actual surface in green line.

Based on Eg. (6.3), (6.5), and (6.7), the increase of m seems to be the most efficient
way to have a greater attenuation effect. A larger m in the profile function generates an
abrupt change in the thickness at the start point of ABH design. In our design, m = 2 is
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chosen and we assume that the obtained geometrical profile has enough smoothness to
avoid counter-propagating waves at the boundary between the tapered and the flat part.
In such conditions, the design is fulfilling the normalized wavenumber variation given
in [165] :

—— K1 (8)

This criterion indicates that the change in wavenumber must be smaller over
distances comparable to the wavelength. In this way, the incident wave fully propagates
toward the tip of the cantilever without loss at the beginning of the tapered section of
the profile.

6.2 Experimental
6.2.1 Cantilever fabrication

The principle is to sequentially use a non-ablative femtosecond exposure process and
a chemical etching step [166] [50]. The cantilever were fabricated out of a 500 um-thick
silica substrate (Corning 7980-0F). The substrate contains 1000-ppm OH and traces of
Cl in the order of 100 ppm (Class-111 fused silica). For femtosecond laser irradiation, we
used a Yb-fiber amplifier (A\=1030 nm) emitting at a rate of 800 kHz, 230 nJ pulses of
duration 270 fs. Scanning velocity was 10 mm/s (corresponding to 80 pulses deposited
in 1 pm distance along the writing direction). The polarization was always set
perpendicular to the writing direction. To focus the laser beam, we used an objective
with a numerical aperture of 0.4. The focal spot volume has an approximated ellipsoidal
shape with a short axis width of 1.6 pum, and 10 pum for the long axis, oriented toward
the beam optical propagation axis (i.e. the z-axis direction) [166]. The contour of the
cantilever was defined with a set of adjacent straight lines, as shown in Figure 6.2.
Spacing between lines was 1 um in the x-axis direction and 10 um along the z-axis
direction. Those distances were optimized for efficient etching [162]. After exposure,
the specimen is immersed in a low-concentration HF bath (2.5 %) until all the
previously exposed volume dissolved, and the surrounding bulk falls off. Soak time was
about 10 hours for cantilever without tapered profile and 40 hours for the one with a
tapered end.

Cantilever Clamping . .. .
Z L, base Figure 6.2 Schematic illustration
100 le ] | of laser scanning process to
: ; j00um k. [500 pm ‘ picked out the tapered cantilever
0 T l o of the silica glass substrate.
) LTaper IL i
hy; ’ '
Tip Exposed area Non-ggposed



6.2.2 Vibration tests
The resonant frequency can be expressed as function of material constants. In the
case of a planar cantilever without tapered end, the resonant frequency fn writes:

1 ,h |E
fo = 5=PBn - (6.9)

2" 12 |12p

where n is the vibration order for a given mode n, £3,, is a constant depending on the
mode, h and L are thickness and length of the cantilever, respectively, E is the Young’s
modulus, and p is the density of the cantilever material. In the case of the cantilever
with a taper design, the resonant frequency cannot simply be obtained from the
analytical formula of Eq. (6.9), but rather through simulation.

Here we focused on the first mode of vibration for each cantilevers. A triangulation
laser sensor (Keyence LK-H022K) was used to measure the cantilever tip deflections at
a sampling frequency of 50 kHz. The cantilevers were set on a plate itself mounted on a
piezoelectric actuator (Noliac, NAC2003). An AC voltage of 100 mVpp was applied to
the actuator, and its frequency was swept from 2000 to 3700 Hz for n = 1 (primary
mode) in Eq. (9). The dynamic behavior of the cantilever with a tapered-end at the
resonant frequency was simulated by the Finite Element Method using COMSOL®
using the measured dimensional parameters of the actual, fabricated cantilevers, and
compared with the experimental values. In our simulations and calculations, the relevant
material constants were E = 72.5 GPa, p = 2201 kg/m?, and v = 0.17.

Ring down measurements consisting of exciting the cantilever to its resonant
frequency and subsequently turning off the vibration source, followed by monitoring
vibration amplitude decay were performed to further evaluate the vibration damping
behaviors. The measurement of the decay time provides an estimate of the ABH-
induced attenuation. The amplitude decay curves showed a single exponential decay in
early stage.

6.2.3 Static properties observation of the cantilever after processing

Surface profile h(x) of the fabricated cantilever was measured by a stylus profiler
(Dektak) to evaluate the precision of the micromachining. The stylus radius was set to
12.5 um and scan speed was 0.133 um/s. The center of the cantilever was scanned along
the x-axis. The front and backside were measured separately. The measured profile of
the tapered part was fit by a function of h(x)=ax m+b, where a is a proportional constant
of the power function, m is the exponent of fit function. As a pre-programmed design, m

122



= 2 for all designs.

The surface roughness of the cantilever surface was observed and measured by a laser
microscope (VK-8510, Keyence Corporation). Roughness was evaluated using the
Arithmetical mean deviation Ra value of the horizontal and vertical direction of the
cantilever.

Fourier transform infrared (FTIR) reflection spectra for the sample surface were
measured at room temperature in the wavenumber range 600-4500 cm-1 by a micro-
FTIR spectrometer (JASCO, FT/IR-6100, IRT-5000). The aperture size was 50 pmx50
um and resolution was 4 cm™. Spectra were obtained from 3 different cantilevers.

6.3 Results
6.3.1 Glass cantilever fabrication

The thickness of tip at the end of cantilever hTip and flat part hc were measured by
observing the cross section in an optical microscope. The thickness profile of the
tapered cantilever was fit with the Least-square method to compare the profile function
of the exposed pattern with the end-product, i.e. the fabricated cantilever. Results are
shown in Table 1. Tapered part thickness was designed to decrease quadratic function
(m = 2). All cantilevers had almost the same thickness at the tip and flat part, and m
value after fitting was found in the range of 1.86~2.01. The change of thickness at the
base (Non-exposed) before and after etching, was less than 10 um. The profile result
shows a good agreement of the surface profile between the design and the fabricated
cantilever. The typical thickness hrip and hc were always about 25 pum smaller than the
laser-irradiated line for all samples, regardless of the etching time.

To check the quality of the surface smoothness, the roughness of the cantilever
surface was observed. The bottom of Figure 6.3 shows the optical microscope images
of the sample surface. In the laser exposed area, the periodic texture is similar to a
texture reported in [93]. In contrast, the non-exposed area showed a clear flat surface.
Table 6.2 shows the Ra of the flat part of the cantilever (laser-exposed), and the base
part of the sample (unexposed) respectively. These values were in good agreement with
microscopic image in Fig. 3, showing that the exposed surface has rough surface due to
laser exposure even after etching.

Table 6.2 Typical values of the surface roughness Ra (in um) measured on the cantilever.

Non-exposed| Exposed

123



Along x-axis
0.097
50 pm
AI( ) _ 0.02
ong y-axis
(50 1) 0.107
Exposed Non-exposed (Clamp
(Cantilever) base)

Figure 6.3 Appearance of the fabricated cantilever with tapering. Top: Side view of fabricated
cantilever (Ltaper=5 mm), Bottom: Microscopic photographs of laser exposed surface (left) and

non-exposed one (right) of cantilever.

6.3.2 Vibration test on cantilever

The resonant frequency was measured and compared with the simulation results. The
results are shown in Figure 6.4. The calculated values are the frequencies of the
primary vibration mode (n = 1 in Eq. (6.9)), which corresponds to a deflection aligned
along the z-axis, with a static-node at the fixed end. The dependence of Ltaper ON the
resonant frequency showed the same trends in both experimentally measured and
simulated values. The simulations with three different models were done in order to find
out the most effective parameters affecting the values of the resonant frequency.

The first model, shown with a smooth line in Figure 6.4, had average dimensions
among fabricated cantilever as follow: hrip = 55 pum, he = 250 um and m = 2 (Model Al).
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To account for the error due to the profile function change during the fabrication process,
m = 1.8 with the same dimension (Model A2) was also simulated. The resonant
frequency difference between these 2 models was within 4%, which is smaller
compared to the difference between the simulated frequencies of two models (Model Al
and A2) and their experimental values. The experimental frequency was 3~10 % lower

Lraper /Mmm hrip /Um he /um m

0 - 250 -
3.33 54.2+1.0 251+1 1.86
5.00 53.9+0.8 250+3 2.00
5.65 56.1+0.4 249+2 1.99
8.57 58.8+0.8 252+1 2.01

compared to simulation. Model B with the dimensions shown in Table 6.1 were plotted
with asterisk mark for Lraper= 3.3, 5.0, 5.7, 8.6. Although, the fabricated Model B had
more accurate dimensions compared to the desired profile, the resonant frequency was
still estimated higher compared to its experimental value.

Table 6.1 Measured dimensions of the fabricated cantilevers with different Lrager.

4000
Model A2 Model Al
N m=2
= 3500
s
=
*]
=
= 3000
=
s
£
2
& 2500 :
(OExperimental

* Model B
{Model C

0 5 10

LTaper / mm

2000

Figure 6.4 Experimental and simulated resonant frequency of each cantilever with various

taper length. Model A1, A2 show simulation results using average cantilever dimensions with
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different function parameter m. Model B is simulated with the measured dimensions for each
cantilever with uniform Young’s modulus. Model C shows the simulation results on the

cantilever with lower Young’s modulus surface layers of Esurface=60 GPa of 10 um thickness.

Figure 6.5 shows the results of the vibration test for a tapered (Ltaper=5.0 mm) and a
non-tapered cantilever, respectively. (a) is the Fourier transformed spectrum of the
amplitude obtained by the frequency sweep test. The frequency is normalized with the
resonant frequency fo. The tapered cantilever shows a broader resonant peak; The
FWHM of each resonant peak was 1.5 Hz (Af/f, = 4.6 X 10~*) for tapered cantilever
and 0.8 Hz (Af/f, =3.5x107*) for cantilever without taper. This means the
cantilever amplitude had a lower resonant frequency dependence.

Figure 6.5 (b) shows the typical result of ring down measurement. The deflection
amplitude decay after the resonant vibration of the non-tapered cantilever and the
tapered cantilever (Ltaper= 5 mm), respectively. The cantilever with an ABH effect
attenuated over a shorter period compared to the non-tapered one. The tapered
cantilever showed a damping effect without any additive absorbing material,

—nla
demonstrating the concept of ABH. A fitting function A-e "o was applied on the

decay curves to extract the Q factor, which indicates the acuity of a resonant vibration
peak. The Q factors obtained for each cantilever with different Ltaper (0~ 8.6 mm) are
plotted in Figure 6.6. The Q factor decreases as the tapered length gets longer, which
shows an increase of attenuation efficiency with a larger proportion of ABH design.
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Figure 6.5 (a) Frequency spectra obtained by Fourier-transformation of vibration amplitude
wave form in Sweep test. (b) Decay curves of vibration amplitude after resonant vibration in

Ring down measurement.
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Figure 6.6 Experimental Q factor obtained by fitting decay curve from Ring down
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6.3.3 Chemical properties of the surface after processing
The FTIR reflectance spectrum of the one cantilever surface out of three different
samples is shown in Figure 6.7. The spectrums from the three different cantilevers

showed the same trends.
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The absorption spectra were obtained using the Kramers-Kronig transformation
applied to the corresponding reflectance spectra. A significant peak around 1110 cm™
shows the asymmetric stretch band of Si-O-Si bonding [2]. The average position of peak
around 1100 cm™ showed distinctive dependence on surface condition. Original silica
substrate before etching had the peak at 1109.5+0.3 cm™. After etching, 1108.9 +0.5 cm
! for non-exposed and 1111.4+0.7 for exposed surface. Although average peak position
were almost constant for non-exposed surface before and after etching, peak position of
exposed surface shifted to higher wavenumber side.

The peak around 3600 cm™ is related to the presence of OH groups. This peak gets
emphasized on the exposed surface. Peak around area | (2000 cm™) and area 1l (2233
cm?) was also detected only on exposed surface, which is assigned to Si-H bond
[167][168].
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Figure 6.7 Micro IR spectra before and after etching. (a)Specular reflection spectra,

(b)Absorption spectra obtained by Kramers-Kronig transformation. Green and red solid lines

are the laser-exposed and non-exposed surface after etching, respectively. Blue broken line

indicates the initial sample before treatment. Insets represent the expanded spectra of the

respective vibration regions.
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6.4 Discussion
6.4.1 Structural modification distribution in glass after fs laser exposure

Silica glass cantilever with various taper length showed vibrational attenuations in the
frequency range around 2.5~3.5 kHz. The ABH design was successfully implemented
by taking advantage of the precise control of the thickness profile at the microscale
using femtosecond laser and wet etching micro-processing. To date, the experimental
investigations of ABH had been limited for meter-scale structure in metal or in
composite materials. The result shown in this report broadens the capability of the ABH
effect.

To handle the vibrational behavior of microstructures, it is necessary to control both
the preciseness of the structural profile and the materials properties. Therefore, a
particular attention was paid on the effects of the fabrication process on fused silica for
further understanding possible factors affecting vibrational behaviors. Here we analyze
the vibration characteristics, such as resonant frequency and energy dissipation factors
by comparing experimental and calculated results.

The actual surface of cantilever after etching was always below the programmed
design, though the reduction rate was nearly constant among all samples. Typical
dimension values, such as tip thickness hrip were 53.9 ~ 58.8 um, cantilever thickness at
flat part hc was 249 ~ 252 um, as shown in Table 6.1. There were always about 40 ~ 50
pum in total thickness reduction compared to the original design. The function of
thickness profile was kept as a quadratic function within 93~100 % accuracy based on
m value obtained from surface profile scanning. Vibrational behavior supports the
accuracy of the 3D cantilever outline. The ABH effect was observed for the cantilever
with the tapered thickness profile since this effect is only attainable with a smooth and
accurate profile, as shown in Eq. (6).

Even though with an accurate outline profile of the fabricated cantilever, the
measured resonant frequency could not be obtained from simulation. As shown in Fig. 4
with several models, a frequency difference degree of 100 Hz that cannot be related to
the deviations from the designed profile was observed. Therefore, material properties
used in the simulation, such as Young’s modulus, Poisson’s ratio, and density, can be the
reasonable factor that may cause such difference.

6.4.2 Modification effect on dynamic behavior of glass cantilever
As shown in Figure 6.4, the experimental values for the resonant frequency were
always lower compared to the simulated ones. As shown in the result comparing both,
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the gap between design and actual profile would not make such a significant difference.
Here we consider the origin of this disagreement as a residual material property change
due to laser exposure, as the change was observed only at the exposed surface after
processing.

First of all, the femtosecond laser irradiation condition in the fabrication process
leads to the formation of nanograting that consists of self-organized texture parallel to
one another as can be observed in SEM images [89] [166]. A significant change of
refractive index (consisting on a periodic modulation of its value in the laser-affected
zone) is generated in highly localized ellipsoidal volume, that are 10-um high along the
laser-induced direction, and about 2-um wide along the waist [62]. The critical
mechanism of high aspect ratio-etching of fused silica is not fully understood
[91][164][82]. Intense irradiation of femtosecond laser induces defects in silica such as
NBOHC and ODC (II) [169] that show broad fluorescence in the visible wavelength
region. However, no fluorescence was found after the etching process by Raman
spectrum measurement using an excitation laser with a wavelength of 532 nm. This
observation suggests that the exposed volume containing these defects have been
dissolved or chemically changed. The material property profile in higher resolution
compared to laser focal point is not yet measured. Residual effect after etching is not yet
figured out in detail.

In the case of the same micro-fabrication process reported in a previous study [162],
the laser drawing spacing in z-axis direction is less than 18 pm results in a higher
etching rate of over 90 pum/hour. The etching rate decreases by 99 % when the spacing
is more than 21 um. Similarly, in this report, etching always stopped at 20~25 pm
below the laser irradiation line (About 50 pm reduction in thickness, 20~25 pm
respectively for top and bottom side), and this reduction was independent of etching
time. These results indicate that laser affected modification around 20 um away from
the focal point has essential effect on etching mechanism.

We now turn our attention to the results obtained in this study. The surface condition
was different among laser exposed and non-exposed surface after processing. From the
FTIR measurement shown in Fig. 7, spectrum differences between exposed and non-
exposed surface after etching can be clearly observed. Reflectance spectra of exposed
surface showed noticeable shoulder at 2000 cm-1 as shown in Fig. 7 (a). The same trend
was found on both taper and flat part of 3 different cantilevers’ surface, but never found
on non-exposed surface.

As shown in absorbance spectrum from Figure 6.7 (b), OH group and Si-H bond
were detected only on the cantilever surface after laser exposure and etching. Si-H
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bonding are reported to show different peak position depends on the connectivity of Si
atom; the peak at area | shows Si-H with Si atom connected to 3 oxygen (O3SiH), and
another slight peak around area 11 shows Si3SiH [170]. On the other hands, the defects
such as NBOHC (=Si—0+-), ODC (Il) (= Si-) and ODC (I)( = Si — Si =) structure
were found at femtosecond laser irradiated spot [169]. Furthermore, silicon nano cluster
could be generated with relatively low pulse energy with kilohertz repetition [171].
Considering these facts, these defects might be the precursor and combined with H+
during etching to generate OH groups and Si-H bonding. As a result, residual effect of
laser exposure might remain after etching and formed distinctive surface compared to
non-exposed. Higher roughness on exposed surface may also bring increment of OH
groups, though extra modification was suggested by significant effect on reflection
around 2000 cm™.

In addition to generation of functional groups, absorption peak around 1110 cm-1
shifted to higher wavenumber side at the cantilever surface. This peak can be correlated
to the fused silica density. Generally, the upshift of this peak is due to an increase in the
Si-O-Si bond angle. Moreover, this increment indicates a density decrease of silica glass
[172]. The shift was 2.5 cm™, and this is enough to induce 500 ppm reduction of silica
density [173], ending up in a decrease from 2201 to 2200 kg/m3. In the case of fused
silica, a lower density has a correlation with lower etching rate [44].

In this experiment, FTIR measurements were observing the chemical bonding state
down to 10 pum under the surface of the cantilever. These chemical properties change at
the exposed surface indicates the generation of a silica layer with different material
constants such as density and Young’s modulus, consecutive to the micromachining
process. As increment of OH contents in fused silica lowers the Young’s modulus [174],
we considered the same effect is occurring on the cantilever surface containing terminal
bondings like Si-OH and Si-H.

These material properties change affect the vibration characteristics, as shown in Eq.
(2~8). Experimental results for all cantilever showed a lower resonant frequency
compared to the simulation, as shown in Figure 6.4. This difference can be explained by
having a lower Young’s modulus layer at the surface, as if an absorbing layer covers the
cantilever. Model C in Figure 6.4 was plotted with empty diamonds has lower material
constants (Esurface= 60 GPa) in a region of 10 um below the exposed surface,
supposing a residual effect of laser exposure and etching. Partial decrease of material
constants lowered the resonant frequency more than the dimensional error.

The surface of silica glass after femtosecond laser micro-machining was modified,
and this effect was analyzed qualitatively. At this point, the measurement of density and
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Young’s modulus profile inside the glass sample was difficult. With further
understanding of surface properties, quantitative analysis of damping effect based on
ABH theory given in Krylov’s report[158] will be possible.

However, it seems clear that a key factor for ABH damping of micro-scale structure is
not only the design of the shape, but also the material properties change during the
fabrication process. Lower Young’s modulus provides a damping effect by lowering the
reflection coefficient R as given in Eq. (5) and (7). In the case of ABH effect
implementation, this femtosecond laser-induced modification effectively enhanced the
damping effect.

6.4.3 Possibility of femtosecond laser processing on glass

An Acoustic Black Hole effect was observed in a fused silica micro-scale cantilever.
It successfully showed the ABH effect with double-sided tapering taking advantage of
micro-scale accurate machining using a femtosecond laser. In addition, the effect was
realized in the lower frequency range compared to previous reports. It is now possible to
attenuate desirable frequency depends on structural design with a wide variety of
materials. Furthermore, additional damping layer of different material is unnecessary to
enhance the ABH effect and to keep the optical transparency of the cantilever. In this
way, the ABH effect can be applied in the field of micro-optical devices by combining
factors such as micro-dimension and transparent material. This study is the first
approach of ABH (vibration dynamics) toward micromechanical and optical systems.

It seemed all laser affected area was washed away after etching, though residual
exposure effects were observed through vibration test with various tapered length
cantilevers. This modified layer affects the dynamic behavior of the microfabricated
structural object and gives an additional damping effect on micro 3D structural objects.

This highly accurate 3D micro processing by femtosecond laser irradiation is only
applicable for fused silica. The cause is clear by considering the absorption band of
respective glass and photon energy given by single and multi-photon absorption, as
illustrated in Figure 6.8 Femtosecond pulse laser often Ti: Sapphire laser with photon
energy of 1.55 eV (A=800 nm) in continuous emission. In multi photon absorption,
about 7.5~9 eV (137~165 nm) photon energy is given at focal point[169]. Contrary to
fused silica, most of the commercial glass including silicate (containing alkali content),
borosilicate [175], and aluminosilicate [176] glasses have smaller optical window,
which indicates absorption of photon energy at outside of focal point with lower
deposited energy. Often femtosecond laser exposure on the glass except fused silica
results in surface ablation. From this study, possibility of partial material properties
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control on the glass surface. Irradiation of femtosecond laser on multicomponent glass
can introduce various changes on the surface morphology by introducing ablation ,
nanograting, phase separation, and so on. By further investigation on material
properties distribution of the surroundings of laser focal point, function implementation
on glass substrate can be expected.

=8i—0—Si=
B —
ry
=Si—0OH =51—8i=
» ' F 3
P F 3 Y
f ‘: F 3 F k
14 I
-~ i‘* F Py 3 =l
o 3 fo n
|| > < % e
2 2 2 <
o o
*e r
r b
l_]: - b -
. o

Ti:Sapph
1.55eV
—_—

Figure 6.8 Schematic representation of the computed electronic transitions of defect precursors,

from reference [169]

6.5 Summary

3D micro processing on fused silica glass by combination of Femtosecond laser
enabled micro-scale thickness profile control of silica glass cantilever. By tapering the
cantilever tip following quadratic function, damping effect was observed in resonant
vibration frequency, which is so called Acoustic Blackhole effect.

The residual effects of the laser exposure were observed at the surface of the
specimen that have noticeable influence on the dynamic behavior of the device. Besides
fused silica mostly consisting of Si-O bonding, there were higher Si-OH and Si-H
observed at laser exposed surface after leaching. In addition, the difference in
experimental and calculated dynamic behavior indicated the change in Young’s modulus
inside the silica glass cantilever. Such material properties change at surrounding of the
laser focal point would give possibility of giving additional function in fabricated glass
sample.
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7 Nano-micrometer size structural control by laser irradiation on glass

7.1 Possibility of functional designing in monolithic glass substrate

By designing material properties contrast deliberately by laser irradiation, various
functionalities can be implemented on glass substrate. The monolithic combination of
different nanostructure was easily realized by single CW-laser scanning, without
complicated process. The porous/ non-porous glass substrate would have function as
2D-designed filter, space-selective wettability control, and so on. With further precise
thermal history control by local laser heating, the phase size and morphology would be
possible including consideration of the glass composition. Femtosecond laser irradiation
enabled highly accurate thickness control in microscale. The acid leaching washes away
most of the laser exposed area, though some residual chemical and physical changes
were observed in the silica glass sample after fabrication process. This residual change
had not been focused, though it had given certain effect on dynamic behavior of the
glass substrate, vibration behavior in specific. Including such material property change
will give additional dimension in designing and implementing function inside
monolithic glass substrate.
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Usually, combining two different materials requires bonding process. The bonding
process on material surface involves surface treatment (cleaning, surface activation,
adhesive coating) and temperature control. The local property change by laser
irradiation would yield two different ‘materials’ in continuous volume. For example,
optical fiber consists of core fiber surrounded by another material with different
refractive index. Similarly, femtosecond laser irradiation can introduce refractive index
gap inside the glass substrate, which is so called optical waveguide for light propagation.
Material processing by laser irradiation can reproduce and give further development to
the function designed by bonding of different materials.

High intensity exposure by laser will cause ablation in the material. The cutting or
drilling of plate by material ablation is one of the most popular processes using laser.
Most of the laser processing to date has been investigated for the cross section of the
workpiece. In order to utilize the laser not only as a material cutter, but also as a painter
that can freely create structures, it is necessary to understand the physical properties and
reactions at the irradiated area. In recent year, adaptive optics have been developed to
modify the beam profile in higher variation, including shape and focal depth. This has
begun to progress contribute to improve the processing accuracy of pulsed lasers.[177]

There are numerous combinations of materials, laser oscillation method, and
irradiation conditions. In order to realize desirable processing, it is essential to
understand the phenomena and to predict the response of the material to the laser
exposure. The simulation model developed in this study will enable prediction of the
homogenized volume by giving material properties, laser wavelength, power, scanning
speed, and specimen dimensions. The thermal history is spatially distributed by heat
transfer due to laser absorption. In case the laser absorber is the material with phase
immiscibility, the development and homogenization of phase separation can be
predicted based on the results of time-resolved high temperature in-situ measurement.
The accuracy of calculation model would be achieved by considering the temperature
dependence of the material properties with a heat conduction model that includes glass-
specific transmission and radiative heat transfer.

The absorption behavior of lasers varies greatly depending on the combination of
reflectivity + absorptivity + transmittance = 1, which varies with the material, light
wavelength, and incident direction. For example, metals, which have been the subject of
much research on laser local melting, have high reflection and most of the absorption
takes place at the surface, with little transmission. Glass materials often show little
reflection on its surface and allows a wide range of light to pass through. In this study,
we took advantage of this property and succeeded in heating the glass by weak
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absorption of transition metal ion doped in the glass. By this heating, the two separated
phases were miscible at high temperatures and remained at room temperature by rapid
cooling. The precise temperature control by laser, combined with the understanding of
material properties at high temperatures, enables the material processing would
introduce phase transformation which may involves more variation in properties and
nano-microstructures.

7.2 Spatial distribution of laser effect in surroundings of focal spot

The analysis on laser affected material is mainly focused on focal point. It is difficult
to evaluate the slight contrast in limited volume of the surroundings of focal point. It
requires local material properties evaluation in high resolution, although not every
material property is yet adopted to be measured locally. For example, the measurement
of Young’s modulus requires specimen size larger than 40 mm 5 mm with thickness of
1.0 mm at least defined for metallic materials in JIS Z 2280-1993. The measurement
gives average value of whole specimen, usually considered to be homogeneous. In order
to evaluate local Young’s modulus change introduced by laser irradiation, it is necessary
to interpret the measurement results from a mechanical model approximated as a
composite material with regions of different physical properties[86]. Although, the
accurate spatial distribution of the physical properties are difficult to evaluate from such
approximation. It is essential to establish a high-resolution local property evaluation
method in order to understand the effect of laser exposure in the material. In this study,
temperature change in the material by laser irradiation could be visualized through
calculation by FE method. Consideration of the temperature dependence of the physical
properties enabled the prediction of the distribution of properties after laser irradiation.

In this study, fluidity due to viscosity decrease above the melting point, heat of
vaporization was not taken account in the simulation. By incorporating these factors, the
morphology of the laser irradiation traces will also be more accurately determined [145].

7.3 The effect of thermal history on glass structure

The glass structure is frozen in the atomic configuration apparently same as in high
temperature [178]. In this study, sodium borosilicate glass was quenched from melt to
room temperature, with remaining stable structure at melt by CW laser scanning. This is
the first try in this study to control thermal history after the laser exposure, as illustrated
in Figure 7.2. The most frequent use of the laser processing is for cutting using ablation.
In the ablation process, the glass volume under laser exposure is evaporated and beside
temperature distribution, thermal history does not affect the processing quality (pulsed
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laser is preferable). Crystallization introduced by laser irradiation on the glass is
reported previously with same heating method using additive TM ions as heat source,
though crystal phase is stable under room temperature and the obtained structure was
not modified during the cooling process[67]. In case of phase separation, homogeneous
(miscible) state is unstable at room temperature and difficult to be obtained in the bulk
glass. Although, the sufficient heating for homogenization of phase separated glass and
quenching for remaining melt structure was compatible by fast scanning of CW-laser.
Further development on glass processing would be possible by considering entire
thermal history given by laser irradiation, e.g., pore size modification by phase
separation control, precipitation of bearing metal ion, and expansion of glass forming
region by homogenization on the glass which was insoluble by former melt-quenching
method.
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Figure 7.2 Schematic illustration of T-T-T (Time-Temperature-Transformation) diagram with
thermal history given by CW laser exposure for respective purpose. The red line indicates
heating and quenching effect of laser scanning developed in this study. The other two lines are
previously established laser processing for comparison; the green line for ablation for glass

cutting and blue line for partial crystallization in glass substrate.
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In addition, some of the material properties remain similar as the properties in melt,
for example density and heat capacity[179]. The material properties under high
temperature are necessary to understand the possible material change during laser
exposure. The in-situ measurements of material properties at high temperatures provide
very important information for understanding and predicting reactions and structural
changes induced by laser irradiation. However, the difficulty with laser irradiation is
that the glass structure is non-equilibrium, and the structure may always show non-
equilibrium state during the reaction after a short period of irradiation. Therefore, the
measurement of time-resolved changes in material properties may give further
development in the field of laser light and matter interaction. In particular, it is
necessary to clarify the physical properties that have a large influence on the structure
(light absorbance, emissivity, and so on) and the regions with a noticeable temperature
dependence, such as the glass transition and melting temperature.
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8 Conclusion

Laser absorption in the glass locally introduced in nano-microscale structural change.
Taking advantage of spatial gap in material property, monolithic glass devices were
designed to add further function on glass substrate. The mechanism of Laser introduced
structural change could be understood through temperature dependence of the glass and
melt structure. This thesis focused on two different combinations of laser and glass.

The first combination was continuous wave (CW) laser and borosilicate glass. In
chapter 2, non-porous borosilicate region could be designed on the nano porous silica
glass substrate, with clear boundary between two different nanostructures after acid
leaching on . By taking advantage of liquid and gas flow capacity inside porous region,
fluidics or gas channel with high transparency and durability would be able to be
fabricated using such substrates. In the fabrication process, CW-laser with NIR
wavelength was successfully absorbed by bearing transition metal ion (Ni* or Cu?*) in
sodium borosilicate glass. Those transition metal ion transferred absorbed energy into
heat. The heat enabled phase separated borosilicate glass to turn into homogeneous
condition.

After laser irradiation on Ni%* doped glass, the coloration change was observed from
green to brown, with higher acid leaching durability selectively at laser irradiated area.
In chapter 3, the speciation change of Ni?* ion doped in sodium borosilicate glass was
observed during heating up to 1200°C. Ni?* ion was originally doped as laser absorber
to generate heat inside the glass. The coordination number of Ni?* ion changed from 6-
to 4-coordinated when the glass turned from phase separated to homogeneous at 1000°C.
Such transformation of Ni?* ion probed the immiscibility change in laser irradiated glass
plate.

The phase separation behavior in the glass kept changing during heating and cooling
process. In chapter4, time resolved change of nanoscale immiscibility in sodium
borosilicate glass was observed by high temperature in-situ SAXS measurement to
clarify the phase separation . Addition of transition metal ion changed the temperature
dependence of phase separation development. While heating the phase separated glass,
further phase separation development affected the homogenization temperature. The
critical temperature where phase separation starts to develop could be observed during
cooling process from homogeneous melt.

The homogenization of phase separated borosilicate glass was achieved within short
heating time under laser irradiation. In chapter 5, the time-dependent temperature
profile during laser irradiation could be calculated by finite element method based on
heat transfer and radiation inside the glass plate. The critical cooling rate required to
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obtain clear boundary between porous/ nonporous structure observed in chapter 2 was
observed, considering the temperature dependence of phase separation obtained in
chapter 4.

The effect of femtosecond laser absorption in silica glass was focused in chapter 6.
3D micro processing technique of silica glass by combination of femtosecond laser
irradiation and wet etching could realize precise control of silica glass cantilever
thickness profile in microscale. By comparing vibration test and calculation, the residual
effect of the laser exposure was suggested. Such structural modification might have
caused by change of the amount of Si-OH and Si-H.

Prospects on laser absorption in glass material was summarized in chapter 7. From
this thesis, the new precise thermal history control could be achieved by CW laser
irradiation on borosilicate glass to realize sub-nano to micro scale structural
modification. The importance of structural understanding under high temperature
exposure and its in-situ observation was confirmed through clarification of laser-
induced modification mechanism. Further control and designing ability of glass
property will be possible by revealing laser absorption mechanism and clarifying the
distribution of structural modification around laser focal point.
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