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Abstract

Nonlinear absorption of femtosecond-laser pulses
enables the induction of structural changes in the
interior of bulk transparent materials without affecting
their surface. Features are generated by focusing the
femtosecond laser pulses in the interior of a single
glass piece to investigate change in morphology,
mechanical properties, and ring structures of the
modified region. Detailed characterization of the effect
of laser irradiation is accomplished using differential
interference contrast optical microscopy, spatially
resolved Raman spectroscopy, and spatially resolved
nanoindentation. A numerical model is also developed
to predict an absorption volume inside transparent
dielectric materials. After the better understanding of
effects of optical and laser processing parameters on
the resultant features is developed, the femtosecond
laser pulses are finally focused on the interface of two
glass specimens to implement transmission welding.
The weld formation and geometry are discussed and
indentation fracture analysis is used to investigate the
strength of the weld seams.

Introduction

One of main advantages of femtosecond lasers in
comparison to nanosecond ones is that they induce
much less collateral damage due to heat conduction
[1]. Furthermore, non-linear absorption, an unique
property of femtosecond lasers, makes them
particularly suitable for treatment of transparent
dielectric materials [2]. Over the last decade, several
research groups have studied the use of femtosecond
lasers to process transparent materials. Davis et al. [3]
and Glezer et al. [4] reported on the femtosecond laser
induced changes in the interior of transparent
materials, and discussed the potential for fabrication of
photonic devices for telecommunication applications
and three-dimensional optical data storages. These
early reports prompted further investigation into the
laser-matter interactions and the mechanisms for
feature formation in transparent materials. When a
femtosecond laser pulse is focused into the interior of

* currently on faculty of Bucknell University

ICALEO 2013 Congress Proceedings

the transparent dielectric materials, the laser intensity
around the focal volume is extremely high and causes
nonlinear  absorption. Consequently, permanent
structural modification occurs locally at the location of
the laser focus. A study of the morphology of these
structural changes showed that laser energy governs
the size and the numerical aperture (NA) of the
objective lens governs the shape of the affected region
[5]. It was also shown that the features can be induced
through mechanisms dominated by localized melting
or explosive plasma expansion, depending on the laser
and focusing parameters [6,7]. Bellouard et al. [8]
studied fs-laser induced changes in morphology of
fused silica through its effects on etching selectivity,
increase of internal stresses and densification.
Kucheyev and Demos [9] used photoluminescence
(PL) and Raman spectroscopy to characterize defects
created in the amorphous fused silica irradiated by
nanosecond and femtosecond lasers with different
wavelengths. Their PL results have shown that laser
irradiation causes forming of non-bridging oxygen
hole centers (NBOHC) and oxygen-deficiency centers
(ODC). Raman spectroscopy revealed densification of
the irradiated area. Chan et al. [10] used Raman
scattering to investigate the effects of femtosecond
laser irradiation on the interior of fused silica. They
showed that ultrafast laser treatment causes a relative
increase in intensity of the 495cm™ and 606 cm™ bands
with respect to the main peak (440 cm™), and showed
that this increase is a function of the incident laser
energy. The area under the increased peak is
qualitatively associated with densification of the
material.

Laser assisted transmission welding using conventional
nanoseconond (ns) lasers can be utilized when the top
material is transparent to the laser and the bottom
material is opaque to it [11]. The laser beam transmits
through the top layer and is absorbed by the opaque
material beneath. The subsequent heat accumulation
helps to create the weld. When using an ultrafast laser,
however, non-linear absorption enables structural
changes in the interior of the target material without
affecting the surface and thus the bottom material no
longer needs to be opaque. Tamaki et al. [12] first
demonstrated welding between two silica glass plates
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without a light-absorbent intermediate layer using a
low repetition rate femtosecond laser. Watanabe et al.
[13] subsequently reported the welding of dissimilar
transparent materials using a femtosecond laser with
similar characteristics. Further Watanabe et al. [13]
investigated the parameters that resulted in joining of
dissimilar samples by varying the laser pulse energy
and the translation velocity. Tamaki et al. [14]
conducted tensile tests to determine the joint strength;
however, the testing procedure was not precise because
of inability to continuously increase the applied load.
Further studies [15—17] on the possibility of ultrashort
pulsed laser welding of borosilicate glass substrates in
the high repetition rate regime have been reported;
however, there has been no quantitative evaluation of
joint strength and no studies on the mechanical
properties of the weld seam. There are many attempts
to simplify the problem by characterizing mechanical
properties of the molten region irradiated by an
ultrashort pulse laser inside a single piece of
transparent material. Miyamoto et al. [18] evaluated
the mechanical strength of the laser-melt zone using a
three-point bending test, and showed that the strength
in that zone was as high as in the un-irradiated base
material; however, the sample had to be polished to
locate the laser induced feature on the bottom surface
of the test sample in order to maximize the tensile
strength. Borrelli et al. [19] performed a double torsion
test to measure fracture toughness, and revealed that
the apparent fracture toughness is increased within the
laser-treated area. Bellouard et al. [20] used
nanoindentation tests to show an increase in Young’s
modulus within the laser treated zones of fused silica
irradiated by femtosecond pulses with high repetition
rate; however, these measurements were not
constrained to within the treated regions.

Studies referenced above address changes in properties
and morphology which are a consequence of structural
alterations due to the ultra-fast laser irradiation of the
interior of transparent materials, explain the physical
process that leads to those changes, and demonstrate
the feasibility of transmission welding using
femtosecond lasers. However, further investigation is
still required. An important advancement in
understanding of the changes in morphology,
mechanical properties, and structure of glass subject to
femtosecond laser irradiation is reviewed here. In order
to simplify characterizations, experiments are
conducted using single-piece specimens. Diffraction
interference contrast (DIC) microscopy is employed to
study morphology, a numerical model is developed to
predict the feature shape, spatially resolved
nanoindentation is used to investigate the change in
mechanical properties. Spatially resolved confocal
Raman spectroscopy is employed as a non-destructive

characterization technique to examine structural
changes of the fused silica glass within the affected
region. The results have revealed local densification
and relative volume fraction changes of the ring
structures within the laser-irradiated and in the
surrounding regions. Transmission welding using a
femtosecond laser at a low repetition rate has been
done to investigate the morphology and mechanical
properties of the weld zone, and indentation fracture
analysis is performed to study the fracture toughness
and fracture strength of the material in the weld seams.

Femtosecond Laser Irradiation of Transparent
Dielectric Materials

When femtosecond laser pulses are focused in the
interior of a transparent material, the laser intensity
within the focal volume becomes extremely high
resulting in nonlinear absorption. When the laser
intensity (photon flux) is above 10"” W/cm® [2]
multiphoton ionization takes place as N photons of
same wavelength 4 with energy /v simultaneously hit a
bound electron. If the absorbed energy is greater than
the atomic ionization potential ¢ the electron is freed
from the valence. Free electrons produced by
multiphoton ionization serve as seeds for subsequent
avalanche ionization, through which a substantial
number of free electrons will be produced. The
probability of multiphoton ionization per atom per
second, w,,,;, and that of avalanche ionization per unit
time w,,;, are written as [21] :
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where @ is the laser frequency, v,y is the electron-
phonon collision frequency, n,, is the number of
photons necessary for the electron to be transferred
from the valence to the conduction band, E; is the
ionization energy, and epgsc is the electron quiver
energy in the laser field. gpgc has units of el and is
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where « is the coefficient for beam polarization, I is
the laser intensity in units of W/cm’, and A is the laser
wavelength in units of gm. The density of free
electrons, n,, from the two major mechanisms,
multiphoton and avalanche ionization is [21] :
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where n, is the density of initial seed electrons, 7, is
the density of neutral atoms, and ¢ is time. When the
free electron density reaches the critical value, n.,, the



ionization threshold is achieved, and plasma is created
in the material. This critical free electron density is
described as [22]:
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where m, is the electron mass, c is the speed of light, e
is the electron charge, and A is the laser wavelength.
The free electron density is saturated in a few
femtoseconds at the beginning of the laser pulse.
During the remaining part of the pulse, plasma strongly
absorbs the laser pulse energy, which creates a region
of high energy density. Subsequently after the end of
laser pulse, the transfer of the energy from the hot
plasma to the lattice results in structural changes in the
bulk transparent material [22].

Depending on the optical and laser processing
parameters, the bulk transparent material can be
modified through the micro-explosions or thermal
accumulation mechanisms [23]. The micro-explosion
occurs when a single laser pulse is deposited into the
target material; high laser intensity is created either by
tight focusing (NA > 1) of low energy laser pulse or
relatively loose focusing (NA > 0.4) of high energy
laser pulse resulting in a shock wave generation. The
shock wave carries matter and energy away from the
focal volume, compressing the surrounding material
while a rarefaction wave behind the shock front
propagates into the opposite direction, creating a
rarified central region or void [24]. As a result a void
surrounded by densified shell is generated. The
thermal accumulation mechanism occurs, when
multiple pulses either with low energy and high
repetition rate or with high energy and low repetition
rate are irradiated at same location or at low scanning
speed. Due to short time between two consecutive
pulses the heat produced by the single pulse does not
have enough time to disperse into the surrounding
material causing heat accumulation inside of the focal
volume which effectively behaves as a point heat
source. The localized melting of the material in the
immediate vicinity of the heat source takes place and
this is followed by heat conduction into the
surrounding material. Due to rapid resolidification the
melted region subsequently solidifies into a higher
density phase [25]. In the latter mechanism, the feature
size is determined by a combination of pulse energy
and repetition rate, the stage translation speed, and the
NA of the objective lens.

Experimental Setup and Characterization

Experiments have been conducted utilizing a chirped
amplified Ti:Sapphire laser system which outputs high

energy ultrashort pulses with 800 nm wavelength and
130 fs pulse duration at a 1 kHz repetition rate. The
laser beam was focused by 40x objective lens with NA
0.60 into the interior of 1.0 or 1.6 mm thick SI1-UV
grade fused silica specimen and at the interface
between 1.0 mm thick commercial grade borosilicate
glass (BK7) plates. Samples were mounted on an
Aerotech motorized linear stage. Different conditions
of laser processing parameters were applied by varying
the feed rate of the stage and the energy of the laser
pulses.

After the femtosecond laser treatment, the samples
were then sectioned, ground and polished with cerium-
oxide and a leather polishing pad. Due to the
transparency of the sample, transmitted-light
differential interference contrast (DIC) optical
microscopy was utilized to increase contrast and reveal
the feature morphology. The affected region was
examined via confocal micro-Raman spectroscopy to
characterize structural changes. Nanoindentation was
utilized to analyze mechanical properties of the laser
treated region. For this purpose a three-sided
Berkovich indenter tip was employed, which has
advantage that the edges of the pyramid are more
easily constructed to a sharper point than the four-
sided Vickers geometry, and is generally used in small-
scale indentation [26]. Shallow depth spatially resolved
nanoindents with it correspondent minimum spacing in
the x and z directions were conducted to cover both the
affected and unaffected regions of the cross-section.
High load nanoindents were also performed on the
treated areas to induce cracks in order to investigate
the fracture toughness and fracture strength.

Experimental Morphology by Transmission
DIC

Morphology of the feature created via a single pulse
with an energy of 30 pJ can be observed from the side
view via DIC optical micrograph, shown in the Fig. 1.

Figure 1: DIC optical microscope side-view (y-z plane) of
features created via single femtosecond laser pulses in fused
silica sample. Pulse energy is 30 uJ [23].
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Figure 2: (a) Transmission DIC optical microscopy of cross
section view (x-z plane) of femtosecond laser-irradiated
fused silica (beam diameter of 1.5 pum, scanning speed of
0.04 mm/s, and repetition rate of 1 kHz) and (b) height,
width, and height/width ratio of the features in Fig.2 (a) in
femtosecond laser-irradiated fused silica at laser scanning
speed of 0.04 mm/s. Error bars denote standard deviation
[28].

The feature appears to be long and narrow with the
very bright cylindrical region in the middle. High
contrast between the inner region and the surrounding
material suggests steep changes in refractive index
which originates from differences in density. Thus it
appears that high contrast features are actually voids,
and the mechanism responsible for this feature
generation is explosive plasma expansion. The cross
sections of features created by different laser pulse
energies with a scanning speed of 0.04 mm/s and by 30
wJ laser pulses at various feed rates are seen clearly
with the use of DIC optical microscopy as shown in
Fig. 2 (a) and Fig. 3 (a) respectively. These features
have a long and narrow teardrop shape with an
ellipsoidal dark core in the center. The distinctive color
of this region could be a consequence of the high level
of interaction of a material with laser pulses, which
repeatedly deposits energy into this region with large
overlap. The outer regions show some discoloration
and are expected to have experienced a temperature
equal or greater than the softening point of fused silica,
and the mechanism responsible for this feature
generation is thermal accumulation. The asymmetric
shape of outer regions is considered to be the result of

focusing effects [22] and different temporal slices of
the energy above the threshold [5,16]. The irregular
profile near the top area of the features is probably
caused by the inhomogeneous distribution of the laser
intensity rather than material properties. Due to the
nature of the process, the focal volume can be seen as
heat source. The inner region is darker and can be
associated with focal volume where laser energy is
directly deposited and the presence of the outer region
is due to heat conduction between the focal volume
and surrounding material [18,23,25]. From Fig.2 (a)
and Fig. 3 (a), it can be seen that the feature size is
strongly dependent on the scanning speed and laser
pulse energy. The higher the laser pulse energies and
lower feed rates correspond to formation of larger
features. This is particularly important for transmission
welding of the glasses in flat panel display industry
where components inside of the enclosure can be
thermally sensitive and highly localized weld is
desired.

Figures 2 (b) and 3 (b) show the feature heights,
widths, and aspect ratios (height/width) as a function
of laser pulse energy and laser scanning speed
respectively. The feature heights and widths are
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Figure 3: (a) Transmission DIC optical microscopy of cross
section view (x-z plane) of femtosecond laser-irradiated
fused silica (beam diameter of 1.5 um, pulse energy of 30 pJ,
and repetition rate of 1 kHz) and (b) height, width, and
height/width ratio of the feature in Fig.3 (a) in femtosecond
laser-irradiated fused silica at pulse energy level of 30 pJ.
Error bars denote standard deviation [28]1.



respectively defined from the longest and the widest
portions of both regular and irregular features. For
higher laser pulse energies, the temperature in the focal
volume is higher, and when it is conducted to the
surrounding area, the affected region which
experiences the temperature above the softening point
is bigger in both directions as shown in Fig. 2 (b). On
the other hand, the higher the speed, the less time there
is for heat to accumulate inside the focal volume. As a
result, the temperature is lower, and the affected region
is smaller both in height and width as shown in Fig. 3
(b). At same laser scanning speed, 0.04 mm/s, the
aspect ratios are more-or-less constant with the laser
pulse energy in the range of this study as shown in Fig.
2 (b). This suggests that each area of the material is
processed for the same amount of time and there is no
change in the focal volume ratio, suggesting that the
percentage of increase in size in each direction due to
different pulse energies is about the same. However,
from Fig. 3 (b) the aspect ratios are decreased when the
laser scanning speed is decreased similarly as observed
by Vukelic et. al. [23]. Since the temperature gradients
between the focal volume and the surrounding material
in the axial and lateral directions are different due to
the Gaussian ellipsoidal shape of the focal volume,
heat flux will be greater and conduction will be
stronger in the lateral direction. Thus, the percentage
of increase in size in this direction is higher than
another direction as a function of time, resulting in the
decreased aspect ratios.

Absorption Volume Modeling

To model the absorption volume shape, one should
consider both temporal and spatial distribution
characteristics of femtosecond laser pulses, and also
account for the focusing characteristics of a collimated
laser beam through transparent materials. In a
transparent material, significant absorption is not
achieved below a specific intensity threshold. This
model aims to determine the locations within the
material that achieve this intensity as a function of time
within the laser pulse duration. Based on the
fundamentals of laser beams and optics, in order to
accurately capture the shape of the absorption volume,
a numerical model should be constructed by
considering the Gaussian temporal distribution of laser
power, P(#), within the laser pulse duration as given in
Eq. (4) as well as the Gaussian spatial distribution of
the laser intensity, /(x,y,t), as given in Eq. (5).
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where E, is the laser pulse energy, #, is pulse duration,

r=V¥+¥"is the distance from the center of laser
beam, R, is the 1/¢” radius of the unfocused beam, and
¢t is time. A laser beam with an intensity profile
corresponding to Eq. (5) will converge to a diffraction-
limited spot radius, w,, and the beam waist as a
function of distance from the focal plane, w(z), can be
calculated as
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where z is the distance from the laser focal plane, O is
the half-convergence angle of laser beam coming into
the focus, M’ is the laser quality factor, A is the laser
wavelength, and N4 is the numerical aperture of an
objective lens. At each point in time during the pulse
duration, the spatial distribution of the laser intensity is
described by Eq. (5). As the beam propagates into the
sample, the width decreases as described by Eq. (6),
and at some point, the laser intensity is absorbed at
various locations forming a plasma when it reaches the
intensity threshold, 7, of the material given by [27]
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where n. is the electron critical density, n, is the
density of neutral atoms, f,,; is the field ionization
coefficient, and 7, is the number of absorbed photons.
The breakdown will start closest to the focal plane and
move upwards along the beam axis during the first half
of the pulse duration due to the Gaussian temporal
distribution of the laser power. This requires a smaller
beam spot to reach the threshold intensity at lower
powers and a larger beam spot at higher powers. The
absorption volume is determined by combining all of
the points where absorption occurred during the first
half of the laser pulse. The energy deposited in the
second half of pulse will generate a high-density
plasma in the absorption volume.

Figure 4 (a) shows the simulated cross sections of the
absorption volume at different laser pulse energies.
The cross section shape of the absorption volume
indeed looks like the teardrop shape. The width and
height of cross section increase with increasing laser
pulse energy corresponding to experimental results
reported in other studies [5,16,28]. Higher laser pulse
energy leads to higher peak power, which generates
higher local intensities at the same spot size.
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Figure 4: (a) Cross section view and (b) height, width, and
height/width ratio of modeling absorption volume at different
laser pulse energies (NA 0.6) [43].

Consequently, the material breakdown locations will
be farther from the center in the radial axis, and will
also be farther from the focal plane in the optical axis.
Therefore, the height and width of the absorption
volume for high laser pulse energies are greater than
for low laser pulse energies as shown in Fig. 4(b). The
aspect ratios of the absorption volumes at different
laser pulse energies are more-or-less constant; a similar
trend was observed for features created in single-piece
specimen in a previous section. This trend agrees well
with the focal volume aspect ratio calculated using
the illumination point spread function, for which the
ratio is constant and independent of laser pulse energy
[29].

Figure 5 (a) shows the simulated cross sections of the
absorption volume using different numerical aperture
(NA) objective lenses for a fixed laser pulse energy.
For high NAs, the teardrop shape of the absorption
volume tends to have more-or-less equivalent size in
height and width corresponding to the experimental
results of Schaffer et al. [5]. Each point within the
Gaussian intensity distribution of the unfocused laser
beam requires a specific magnification to reach the
intensity threshold of the material. This magnification
defines the radius of the focused beam at which
absorption will occur and is dependent of the NA of
the objective lens. Therefore, the widths of absorption
volumes are constant and independent of NA as shown
in Fig. 5 (b). However, the corresponding breakdown
locations of the material along the optical axis depend
on the diffraction-limited spot size and the converging
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Figure 5: (a) Cross section view and (b) height, width, and
height/width ratio of modeling absorption volume at different
NAs (laser pulse energy of 20 pl) [43].

angle of the focused laser beam. For higher NAs, the
unfocused laser beam is converged at a greater rate;
therefore the focused beam will achieve the required
magnification and radius at a location closer to the
focal plane along the optical axis. The heights of the
absorption volumes are thus decreased with higher
NAs as shown in Fig. 5(b). The aspect ratio of the
absorption volume decreases with higher NAs, which
corresponds well with the feature aspect ratio of the
experimental results studied by Schaffer et al. [5].

Changes in Mechanical Properties by
Nanoindentation

Nanoindentation or depth-sensing indentation testing is
a modern technique which can be used to characterize
the mechanical properties of materials at small length
scales. An analysis of a load-displacement curve gives
hardness and the elastic modulus of the indented
material. An array of 200nm depth nanoindentation
measurements were performed over the cross section
of femtosecond laser-modified fused silica with spatial
resolution of 5 um as shown by the reflection DIC
optical micrograph in Fig. 6. The load-displacement
curves of indents on both modified and unmodified
regions in Fig. 6 were measured, and the representative
curves of these two regions were compared as
illustrated in Fig. 7. Hardness and Young’s modulus
are extracted from the loading and unloading curves
respectively.



Figure 6: Representative reflection DIC optical microscopy
of spatially resolved nanoindentation array (200 nm depth
and 5 um spacing) on the cross section (x-z plane) of fused
silica irradiated by femtosecond laser (30 pJ pulse energy
and 0.04 mm/s scanning speed). The circle locates the
weakest point in Young’s modulus and hardness corresponds
to Fig.8 [28].

The contour maps of two basic material properties,
Young’s modulus and hardness, correspond to the
array of nanoindents in the optical micrograph were
plotted as shown in Fig. 8 (a) and (b). It is observed
that the Young’s modulus and hardness in the
femtosecond laser-irradiated region are reduced, and
that the size and shape of these contours look similar to
the morphology of the affected region in Fig. 6. The
reduction in modulus and hardness confirms presence
of structural modifications inside the affected region.
The region undergoes irreversible densification which
is a consequence of high pressures created by the
plasma expansion. At the same time the presence of
breaks in the linkage within a structure due to the
nature of the process also allows easier displacement
of the atoms and reduces the elastic modulus [30].
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Figure 7: Representative load-displacement curves for 200

nm indentation in untreated and irradiated regions of fused

silica sample [28].
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Figure 8: Spatially resolved determination of (a) Young’s
modulus, (b) hardness, and (c) normalized dissipated energy
(ductility index) on the cross section of laser-irradiated
region (30 pJ pulse energy and 0.04 mm/s scanning speed).
The maps correspond to the array of 200 nm depth
nanoindents with 5 um spacing shown in Fig. 6 and are
constructed based on the load-displacement measurement
results shown in Fig. 7 [28].

Young’s modulus should be proportional to the
number of bridging bonds per unit volume of glass
[31], and the hardness relates to the connectivity of the
structure [32]. Fluorescence microscopy has shown
that in fused silica nonbridging oxygen hole centers
(NBOHC) are formed in the regions exposed to
femtosecond laser irradiation especially in high pulse
energy regime [33]. NBOHC are considered as defects,
and cause the connectivity of glass network structure
to be decreased. Therefore, the combination of high
pressure and high temperature generated by
femtosecond laser pulse trains cause the material in the
affected region to become more flexible (lower E) and
softer (lower H).

An energy-based analysis is another approach that is
used to determine elastic recovery, densification
energy [34], and ductility [35] from load versus
displacement curves obtained through indentation
testing. Ductility is typically defined as the degree of
plastic strain at fracture. The ductility index, D, is
defined in terms of the indentation energy ratio as the
following [35].
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Where U, is the irreversible hysteresis energy, U, is the
total applied energy, U, is the elastically-recovered
energy, z, is the residual indentation depth, z,, is the
maximum indentation depth, Py, is the indentation load
during loading, and P,, is the indentation load during
unloading. The ratio of the irreversible hysteresis loop
energy U, to the total energy U, is defined as the
degree of plastic flow [35]. The ductility index D
varies from 0.0 for a purely elastic to 1.0 for a purely
plastic material. With the “open” network structure of
fused silica, it is considered that the main mechanism
for plastic deformation is densification rather than
plastic flow [36], and that the irreversible hysteresis
loop energy U, can also be defined as the energy
consumed for the densification [34]. A mapping of the
results from this approach is illustrated in Fig. 8 (c).
The contour map showed that ductility index of
femtosecond laser-irradiated region is increased up to
25%.

Changes in Ring Structures and Their Volume
Fractions by Raman Spectra

One of the main characteristics of amorphous solids is
the lack of regularly repeating groups of atoms which
are native to crystalline materials. Amorphous fused
silica belongs to the group of so-called associated
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Figure 9: (a) Ball and stick model of the random network in
the fused silica, showing three-fold and four-fold ring
structures (encircled) and (b) typical Raman spectra of as
received fused silica sample [39].

liquids [37] which form bonds in definite vectorial
positions in space, leading to the formation of ring
structures that connect molecules. In the case of
amorphous solids, these rings then form a random
network. A random network of atoms in fused silica is
illustrated in Fig. 9 (a). In fused silica, most of the ring
structures contain five or six ring members. This is due
to the fact that the angle between O-Si-O bonds is
approximately 133°, suggesting that larger ring
structures are formed from almost perfect tetrahedrons
which require minimal strain energy for their
formation. In contrast, the formation of three and four
member rings requires smaller O-Si-O angles (around
102° and 109°, respectively) [38] which has the
consequence of distorting the tetrahedrons that create
these ring structures. Thus, the strain energy required
for the formation of these rings is higher than for the
formation of n > 5 membered rings. Each of the n-fold
ring structures present in the random network has a
particular vibration frequency, or more precisely
narrow band, due to the angle 6 between tetrahedral
components of the ring. Therefore, the main band in
the Raman spectra of fused silica as shown in Fig. 3,
denoted as @; can be resolved into a peak located at
440 cm™ which corresponds to the molecular vibration
of the five and six-fold ring structures [37] and two
subpeaks located at 495 cm™ and 606 cm™ and denoted
as D; and D, in Fig. 9 (b). D; and D, peaks correspond
to the molecular vibration of the four-fold (6=109°)
and three-fold (6=102°) ring structures [38],
respectively. Moreover, broadening of the band is
associated with the presence of higher order rings [37].

Decomposition of the Raman spectra in the region
between wavenumbers 300 cm” and 630 cm’', where
three distinctive peaks corresponding to the different
ring structures were observed, was performed through
a curve fitting process [39]. It is assumed that within
the volume of interest four different structures coexist
three-, four-, five- and six- membered rings. The ratio
between the integrated intensity of a particular n-fold
ring and the total integrated intensity represented the
percentage of that ring structure in the probed volume.
Figure 10 (a), (b), and (c) depict cross section contour
maps of the change in volume fraction of the five- and
six-, four- and three-fold ring members for laser-
irradiated region with pulse energy of 30 pJ and
feedrates of 0.04 mm/s, respectively. From Fig. 10 (a),
it can be seen that the content of higher membered
rings decreases sharply from the untreated region
towards the center of the focal volume where laser
intensity is highest. Also it should be noted that two
regions can be distinguished, an inner region where the
content of the five- and six-fold ring members is
lowest and constant and an outer region where it
gradually increases to the equilibrium value. The inner
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Figure 10: Volume fraction distribution of (a) five- and six-
membered rings based on the 440 cm-1 peak, (b) four-
membered rings based on the 495 cm-1 peak, and (c) three-
membered rings based on the 606 cm-1 peak in Raman
spectra of cross section of laser-irradiated region (pulse
energy of 30 pJ and federates of 0.04 mm/s) [39].

region might be associated with the focal volume,
where change is abrupt due to rapid solidification,
leaving material frozen and the outer region would in
that case be the surrounding affected region. On the
other hand, the content of four-fold ring structures,
associated with the 495 cm™ peak, and that of three-
fold ring structures, associated with the 606 cm™ band
increase from the untreated region towards the center
of focal volume as seen in Fig. 10 (b) and (c). A
similar trend to the one observed in Fig. 10 (a) is seen
here. Two regions are formed: an inner region with a
high and constant content of newly formed three- and
four-fold rings and an outer one in which the amount
of the rings decrease gradually with distance from the
center. The change of random network structure from
five- and six-fold rings to become three- and four-fold
rings, which have smaller intertetrahedral angles and
thus are more densely packed, suggested that fused
silica irradiated by femtosecond laser pulses undergoes
densification.

Weld Formation and Geometry

While other studies [17,18,40] have wused high
precision flatness glass plates and required the gap
between the plates to be less than A/4 in order that the
welding to succeed, BK7 glass plates with standard

Figure 11: Reflective DIC optical microscopy of cross
section view (xz-plane) of a weld seam (laser pulse energy of
10 wJ, scanning speed of 0.02 mm/s, and repetition rate of 1
kHz) [43].

flatness of 3-5 waves/inch were used in this study.
Figure 11 shows the transmission welded cross section
(xz-plane) of two BK7 glass plates with the processing
condition of 10 pJ laser pulse energy and 0.02 mm/s
laser scanning speed from reflective DIC optical
microscopy. There is continuity of the material from
the top piece to the bottom piece in the processed
region. From this figure, it can also be observed that
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Figure 12: (a) 3D AFM topography on the cross section (xz-
plane) of a weld seam (laser pulse energy of 10 pJ and
scanning speed of 0.02 mm/s) and (b) AFM line profiles
across glass interface near and on the weld seam [43].



Figure 13: Reflective DIC optical microscopy of cross
section view (xz-plane) of a multiple-line weld seam (laser
pulse energy of 10 pJ, scanning speed of 0.02 mm/s, and
repetition rate of 1 kHz, 5 scanning lines with 6 um spacing
between lines) [43].

the shape of the affected region is a teardrop shape and
it looks similar to the morphology of femtosecond
laser modified regions inside a single piece of a
material. AFM topography was also carried out to
image cross section profiles across both welded and
reference regions as shown in Fig. 12 (a) and Fig. 12
(b). Although the gap between the plates is not as low
as M4 due to the standard flatness of the plates, it is
very clear that the two borosilicate glass plates were
joined. In order to investigate the possibility of
connecting multiple weld lines to have a larger weld
seam, transmission welding of multiple laser scanning
lines with the spacing between lines less than the weld
width from the single line case was performed. Figure
13 shows the cross section view (xz-plane) of a sample
processed with five overlapping weld lines. The
individual weld lines cannot be distinguished, and it
can be concluded that the transmission welding of
large areas may be performed by automatically
controlling the movement of a positioning stage and
overlapping welds with a spacing less than the width of
a single-line weld seam.

Fracture Toughness and Fracture Strength of
the Weld Seam

The material in transmission welded region possesses
properties different from that in the initial state.
Nanoindentation is a non-destructive test capable of
extracting elastic modulus and hardness of the
specimen, and in addition to those properties, it is
widely accepted that K;c can also be obtained by
measuring the post-indentation radial crack size
emanating from the indent as a function of load [41].

EV? p
Kczk(gj = ©)

where £ is an empirical constant which depends on the
geometry of the indenter, E and H is the indentation
modulus and hardness, respectively, P is the indenter
maximum load, and ¢ is the crack length. For
triangular pyramid indenters such as a Berkovich or
cube comer, the profile of the radial crack is more
likely a semi-elliptical geometry [42] rather than
halfpenny shape observed for Vicker indenters. From
the post-indentation radial crack, if the material is
under a tensile load, fracture will occur when the stress
intensity factor at the crack tip, Kj, reaches the critical
stress intensity factor, K;c, which is a physical
characteristic of the material. The tensile fracture
stress, o, of the material corresponding to semi-
elliptical surface cracks can be obtained as [43]

.- K AZ[175/256+10377/256 — 271 /256 + 5 /256]
/ 2er{1+0.1215(1 - )]

(10)

where K¢ is the fracture toughness from indentation, »
is depth-to-length ratio of surface semi-elliptical cracks
induced by a Berkovich indenter. Due to the presence
of the crack, the residual strength of the structure
decreases progressively with increasing crack size.

Fig. 14 shows a DIC optical image of cracks induced
by a high load nanoindentation test. The bottom corner
of the nanoindentation imprint is within the welded
region, and the crack at the bottom corner extends
across the weld at the interface between the two
borosilicate glass plates. Comparing the crack lengths
at the three corners of the nanoindentation imprint in
Fig. 14, it is clear that the crack length in the welded
region is shorter than those in unaffected region. Due
to higher E/H ratio [43] and shorter crack length in the
transmission welded region, it can be confirmed that
the fracture toughness of material inside the welded
region is increased which agrees with the fracture
toughness increase observed in ultrafast laser-treated

Figure 14: Reflective DIC optical microscopy of indentation
fracture on cross section (xz-plane) of a weld seam (laser
pulse energy of 30 pJ, scanning speed of 0.02 mm/s, and
repetition rate of 1 kHz) [43].



areas of glasses obtained using double torsion tests by
Borrelli et al. [19].

Figure 15 shows the indentation fracture toughness of
material inside the weld seam compared to the
reference material, and also shows the effect of laser
pulse energy on the fracture toughness. In the ultrafast
laser-treated region, there are more nonbridging
oxygen hole centers (NBOHCs) [33] and the
connectivity of the structure is decreased, and at the
same time the remaining connected ring structures of
material become more compact [39]. The presence of
NBOHCs may help branch the main crack while a
higher driving force is required to propagate the main
crack through the more compact ring structure.
Therefore, the fracture toughness of material in the
weld seam is greater than in the reference material as
shown in Fig. 15. The higher the laser pulse energy,
the stronger the laser-matter interaction is inside the
focal volume. It has been shown that there are more
NBOHCs and more compact ring structures when
processing is performed using higher pulse energies
[33]. The presence of micro cracks are initially
observed in the 30 uJ case and very distinctive in even
higher laser pulse energy case [43]. Each of these
micro cracks is a fracture surface which aids crack
propagation, reducing the toughness of the material
[44]. Therefore, there is an increasing trend in fracture
toughness with pulse energy in the energy range of 10
— 25 pJ and the fracture toughness begins decreasing at
a pulse energy of 30 pJ as shown in Fig. 15.

Figure 16 shows the tensile fracture stress of material
in the reference and welded regions as a function of
initial crack length. Due to the higher fracture strength
at the same crack length, for a given crack size, the
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Figure 15: Fracture toughness of the material in welded
regions with different laser pulse energy levels (10 pJ — 30
wl) at fixed laser scanning speed of 0.02 mm/s and in a
reference region from indentation fracture measurements at
different loads. Error bars denote standard deviation [43].
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Figure 16: Fracture Strength as a function of crack size of the
material in welded regions with different laser pulse energy
levels (10 pJ — 30 pJ) at fixed laser scanning speed of 0.02
mm/s and in a reference region [43].

tensile stress required to fracture the weld seam is
higher than the reference material. To obtain high
fracture energy, it is necessary for glass to utilize
energy absorbing processes [45]. It has been shown
that several processes can toughen glass resulting in an
energy absorbing process around the primary crack
front and non-linear behavior prior to fracture [44].
The ultrafast laser-treated region, including the weld
seam, could be analogous to a toughened processed
zone; therefore, a higher stress is required to fracture
the weld compared to the reference regions. This is
consistent with concepts that suggest that toughening
(increase Kjc) leads to strengthening (increase of)
especially for brittle solids such as glass [32]. The
effect of the laser pulse energy on the fracture strength
is also illustrated in Fig. 16. Due to the presence of
micro cracks at sufficiently higher laser pulse energies
as mentioned earlier in this section, it can be seen that
the fracture strength does not monotonically increase
with laser pulse energy, rather there is an optimum
pulse energy beyond which the resultant fracture
strength will decrease. However, the detrimental effect
of the micro cracks is smaller than the beneficial effect
of the compact ring structure (3-member rings) which
has the highest barrier to fracture of all ring
configurations [46]; therefore, the fracture strengths in
welded regions for all laser pulse energy conditions in
this study are still higher than the reference region.

Conclusions and Future Perspectives

It has been demonstrated that femtosecond laser
irradiation is capable of modifying the morphology,
mechanical properties, and ring structures of glass. The
morphology of the structural alteration created via a
single pulse as well as pulse trains with different laser



pulse energy and different feedrates has been
investigated, and two different mechanisms (explosive
plasma expansion and thermal accumulation) based on
process conditions have been explored. A decrease in
the Young’s modulus and hardness were observed due
to higher content of the NBOHC in treated regions that
cause lower connectivity of the atomic structure caused
by energetic pulse interaction with the material.
However, the new structural material exhibits greater
plastic behavior, and the ductility increases. A new
quantitative method for analysis of the structural
rearrangement of ring structures has been proposed.
The method consists of spatially resolved identification
of the volume fraction of ring structures within the
probed volume through examination of Raman spectra.
Upon irradiation with femtosecond lasers, the random
network of fused silica reconfigures and the initially
low presence of energetically unfavorable three- and
four-membered rings increases at the expense of five-
and six-membered rings, which leads to the
densification of a modified area.

Transmission welding of two glass plates with standard
flatness was successfully performed by using low
repetition rate femtosecond laser irradiation. The weld
morphology was investigated, and it was observed that
the affected region is a teardrop shape similar to the
features created by femtosecond laser irradiation of the
interior of single piece transparent samples. A
numerical model was developed to investigate the size
and shape of the absorption volume as a function of
laser pulse energy and numerical aperture of the
objective lens. The model was able to predict the
teardrop shape of the absorption volume, and the initial
results suggest that higher laser pulse energies and
higher numerical apertures are more desirable for
transmission welding due to their wider weld widths
and smaller affected regions. Large area transmission
welding seams can also be formed by applying a
multiple-line overlap welding process. The material
inside the welded region revealed an increase in
fracture toughness; therefore, a higher stress may be
required to fracture the weld compared to the reference
region. The geometry and mechanical properties of the
weld seam obtained in this study suggest that
transmission welding using low repetition rate
femtosecond laser irradiation is a promising technique
for spatially selective joining of glasses. In the future,
it could be envisioned that with further investigation to
improve the experimental controllability and
reproducibility, to directly evaluate the joint strength,
and to confirm impermeability, many applications can
benefit from transmission welding of glass by
femtosecond laser.
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