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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.

24



Exo.

DTA

Endo.

Temperature /°C

0.005

0.004 |

0.003

di1

0.002

0.001 |

NBS-0.4CuQ _'

200 400 600
Temperature /°C

800

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 - - -

30



NBS-0.8NiO

NBS0.4-CuO

5.TW

72W

5.7TW

NBS-0.8NiO

NBS0.4-CuO

43 W

57W

43 W

72W

XRF line plot
-Si -Ni -Cu

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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(a) 1.0 mm/s (b) 0.5 mm/s
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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.
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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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5.1
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8,360
1.5
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6.8
8,360
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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