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Panjawat Kongsuwan

Y. Lawrence Yao

Department of Mechanical Engineering,
Columbia University,
New York, NY 10027

Ultrafast Laser Induced Structural
Modification of Fused
Silica—Part I: Feature Formation
Mechanisms
Nonlinear absorption of femtosecond-laser pulses enables the induction of structural
changes in the interior of bulk transparent materials without affecting their surface. This
property can be exploited for transmission welding of transparent dielectrics, three di-
mensional optical data storages, and waveguides. In the present study, femtosecond-laser
pulses were tightly focused within the interior of bulk fused silica specimen. Localized
plasma was formed, initiating rearrangement of the network structure. Features were
generated through employment of single pulses as well as pulse trains using various
processing conditions. The change in material properties were studied through employ-
ment of differential interference contrast optical microscopy and atomic force micros-
copy. The morphology of the altered material as well as the nature of the physical
mechanisms (thermal, explosive plasma expansion, or in-between) responsible for the
alteration of material properties as a function of process parameters is discussed.
�DOI: 10.1115/1.4002767�
Introduction
In recent times, advances in femtosecond-laser development

ave led to explorations of new applications �1�. One of main
dvantages of femtosecond lasers in comparison to nanosecond
nes is that they induce much less collateral damage due to heat
onduction �2�. Furthermore, nonlinear absorption, a unique prop-
rty of femtosecond lasers, makes them particularly suitable for
reatment of dielectric materials �3�.

Laser assisted transmission welding using conventional nano-
econond lasers can be utilized when the top material is transpar-
nt to the laser and the bottom material is opaque to it �4�. The
aser beam transmits trough the top layer and is absorbed by the
paque material beneath. The subsequent heat accumulation helps
o create the weld. When using an ultrafast laser, however, non-
inear absorption enables us to induce structural changes in the
nterior of the target material without affecting the surface and
hus the bottom material no longer needs to be opaque. Miyamoto
t al. �5� used femtosecond-laser irradiation to simulate fusion
elding by inducing damage within the interior of borosilicate
lass. Watanabe et al. �6� investigated conditions for joining two
ubstrates using a femtosecond laser. A laser beam was focused on
he interface of two transparent substrates resulting in melting and
uenching of the surrounding material. Rapid solidification was
esponsible for joining. Tamaki et al. �7� studied the effect of
ocalized heat accumulation in transmission microwelding. Efforts
escribed above mainly dealt with problems specifically related to
elding from a parametric point of view and did not go into
etails of structural changes that take place within the affected
egion. To gain insight into the transmission welding process, a
ore fundamental study of the glass-ultrafast laser interaction is

eeded. Previous studies on this topic are reviewed in the follow-
ng paragraph.

The potential of creating three dimensional optical storages �8�
as led to the study of the interaction of various transparent ma-
erials with ultrafast laser pulses. Glezer and Mazur �9� showed
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that femtosecond-laser pulses tightly focused into the interior of
the glass with an energy level near the threshold produce submi-
cron cavities or voxels. These structures are characterized by a
change in refractive index and consist of a centrally placed void
accompanied by a denser surrounding region. Bellouard et al. �10�
studied the change in morphology of fused silica through its ef-
fects on etch selectivity, increase of internal stresses, and densifi-
cation. Schaffer et al. �11–13� explored different aspects of ul-
trafast laser fused silica interaction. Topics covered included the
potential of micromachining bulk glass with use of nanojoule en-
ergy laser pulses, bulk heating of transparent materials, and the
morphology of structural changes induced by femtosecond lasers.
Kucheyev and Demos �14� used photoluminescence �PL� and Ra-
man spectroscopy to characterize defects created in the amor-
phous fused silica irradiated by nanosecond and femtosecond la-
sers with different wavelengths. The induced damage was related
to changes in other properties obtained for vitreous silica using
different treatments.

The work reviewed above addresses changes in properties and
morphology, which are a consequence of structural alterations due
to the ultrafast laser irradiation of the interior of transparent ma-
terials. It also somewhat explains the physical process that leads
to those changes. In the study presented here, the focus is on the
contribution of different mechanisms in feature formation under
more complex process conditions and much higher laser intensi-
ties. In particular, thermal and explosive plasma expansion mecha-
nisms, as well as the transition between the two, are studied.

2 Femtosecond-Laser Irradiation of Transparent Di-
electric Materials

In order for interaction to occur between a transparent material
and an incident ultrafast laser beam, nonlinear absorption has to
take place. The laser energy is deposited into the focal volume and
due to short pulse duration, the intensity is high enough to ionize
material. Laser induced breakdown �3� then occurs in which the
target material in the focal volume is transformed into absorbing
plasma with metallic properties. In this way, optically transparent
materials become opaque to the incoming laser wavelength as
plasma absorbs incoming photons. Further, the plasma is respon-

sible for the damage of the transparent dielectric. Two different
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echanisms are known to cause absorption of femtosecond-laser
rradiation: photoionization and avalanche ionization �3,11,15,16�.

2.1 Photoionization. Photoionization is the process directly
nitiated by the laser field in which several photons collide with an
lectron resulting in its excitation. Two regimes are possible de-
ending on the laser frequency and intensity: multiphoton and
unneling ionization. When the laser intensity �photon flux� is
bove 1013 W /cm2 �3�, multiphoton ionization takes place as N
hotons of same wavelength � with energy h� simultaneously hit
bound electron, as shown in Fig. 1�a�. If the absorbed energy is
reater than the atomic ionization potential �, the electron is freed
rom the valence. In the case where the intensity is higher than
015 W /cm2 �3�, the electric field generated by the laser represses
he Coulomb well and an electron becomes free by tunneling
hrough deformed valence, as shown in Fig. 1�b�. Foundations for
hese processes are laid by Keldysh �15� who established the
heory and introduced parameter adiabatic �, which determines
hich of two regimes will take place. The parameter � represents

he ratio between the frequency of the laser light � and the fre-
uency of an electron tunneling through a potential barrier �t:

� =
�

�t
=

�

e
�mc�0Eg

I
=

1

2K0F
�1�

here m is the mass of an electron, c is the speed of light, e is the
harge of an electron, n and Eg are the material’s refractive index
nd bandgap, and I is the laser intensity; F represents the reduced
lectric wave field and K0 is a process parameter. In the case of a
inearly polarized monochromatic wave, the ionization probability
n the differential form, w, is given in the following form �15,16�:

dw�p� = P exp�− 2Ko�f��� + c1���q�
2 + c2���q�

2 ��
d3p

�2��3 �2�

here P��� is a pre-exponential factor satisfying the assumed
onditions F�1 and K0�1, p= �p� , p�� is the photoelectron mo-
entum with components along and perpendicular to the direction

f the electric field, q=p /k, f��� is the Keldysh function, and c1
nd c2 are coefficients describing the photoelectron momentum
istribution. In the case of ionization via an ultrashort laser pulse,
he coefficients and Kelydish function are

f��� =	
0

�

	�u�
1 −
u2

�2�du

c1��� = c2 − �c2 =	�

�	�u� − 	����du

Fig. 1 Schematic diagram of ionization
photoionization as function of Keldysh ad
tion, „b… tunneling ionization, and „c… ava
0
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c2��� =	
0

�

	�u�du �3�

where 	�u� is a function defined by the shape of the laser pulse.
Tunneling ionization takes place when ��1. An electron that is
originally bound to an atom via a Coulomb well tunnels through
the barrier and becomes free as a consequence of the laser induced
electric field that suppresses the Coulomb field. At higher laser
frequencies ���1� an electron absorbs several quanta simulta-
neously and gains enough energy to break through the band gap of
the material into the free state.

2.2 Avalanche ionization. This type of ionization is active
when free electrons produced by multiphoton ionization are
heated by the laser pulse and subsequent collisions with the elec-
trons from the valence band results in the generation of multiple
free electrons. The process iterates producing a critical density of
free electrons in the cloud necessary for plasma formation and the
ablation process. Avalanche ionization is schematically repre-
sented in Fig. 1�c�. Collisional ionization is governed by the
Fokker–Planck equation �2�:

�N�EK,t�
�t

+
�

�EK
�RJ�EK,t�N�EK,t� − 
�EK�EPN�EK,t�

− D�EK,t�
�N�EK,t�

�EK
 = S�EK,t� �4�

where N is the electron density distribution, EK is the kinetic
energy of an electron, EP is the phonon energy, t is the time, 
 is
the electron-phonon energy transfer to the lattice, RJ is the elec-
tron heating rate, D is the diffusion coefficient, and S represents
sources and sinks of electrons. More details about avalanche ion-
ization can be found in Refs. �3,17�.

3 Numerical Aperture Dependence on Feature
Generation

The nonlinear nature of ultrafast laser pulse absorption enables
the structural alteration of internal areas of transparent bulk ma-
terials. The mechanism of feature formation is strongly dependent
on the way laser energy is deposited into the target material. Scha-
fer et al. �12,13� discussed qualitatively the role of numerical ap-
erture on the nature of structural changes. When laser pulses with
energy well above the damage threshold are tightly focused
�NA�0.4� into the transparent material, small regions with large
refractive index changes are formed. These regions consist of a
hollow or less dense center surrounded by a densified shell. This
is a consequence of the explosive expansion of highly energetic
plasma created in the focal volume. On the other hand, loose

uced by femtosecond-laser irradiation:
atic parameter �: „a… multiphoton ioniza-

che ionization
ind
iab

lan
focusing will produce larger affected volume with a smaller re-
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ractive index change. Schaffer et al. �12� argued that plasma pro-
uced under loose focusing conditions is not energetic enough to
reate explosive expansion.

Quantification of the focal volume is done primarily in the field
f fluorescence correlation spectroscopy �FCS�, where nonlinear
bsorption properties of ultrafast lasers are utilized for imaging
he interior of biological systems. The theoretical basis comes
rom the theory of electromagnetic diffraction in optical systems
17,18�.

Electric and magnetic vectors of a monochromatic point source
f frequency � at point P in the object space are as follows:

E�P,t� = R�e�P�e−i�t�

H�P,t� = R�h�P�e−i�t� �5�

ymbol R denotes the real part. Vectors e and h are generally
omplex and are the functions of two plane wave functions. It is
onvenient to define optical coordinates as

u = kz sin2 


v = kr sin 
 �6�

here k=2�n /� is the wave number, � is the wavelength, and
2=x2+y2. The focal plane is located at u=0, the longitudinal axis
t v=0 and in addition to these two parameters the azimuthal
ngle � around the longitudinal axis is used as well. From the
iffraction theory �17,18�, the complex integral representations of
lectric and magnetic vectors in the image field can be obtained.
nergy densities are then defined as

�we�u,v,�� =
1

8�
�E2� =

1

16�
�e . e��

�wm�u,v,�� =
1

8�
�H2� =

1

16�
�h · h��

�w�u,v,�� = �we�u,v,�� + �wm�u,v,�� =
A2

8�
��Io�2 + 2�I1�2 + �I2�2�

�7�

here e� and h� denote complex conjugates of electric and mag-
etic vectors, we and wm are the energy densities of the electric
nd magnetic fields, respectively, and Io, I1, and I2 are

I0 =	
0




cos1/2 � sin ��1

+ cos �� · J0�v sin �P�exp�ikr cos � cos �P�d�

I1 =	
0




cos1/2 � sin2 � · J1�v sin �P�exp�ikr cos � cos �P�d�

I2 =	
0




cos1/2 � sin ��1 − cos �� · J2�v sin �P�

�exp�ikr cos � cos �P�d� �8�

here Ji are the Bessel functions of ith order and A is a constant.
ntegration of the energy density function is the intensity distribu-
ion in the vicinity of the focal point that comes from the mono-
hromatic light point source.

Experimental Setup and Characterization
An amplified Ti:sapphire laser system �Spectra-Physics Hurri-

ane� with pulse duration of 120 fs at 1 kHz repetition rate and
00 nm wavelength was used to conduct experiments. A Zeiss
lan Neofluar 40� objective lens with a NA of 0.6 was employed
o focus the laser, providing approximately a 1.5 �m spot size.
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The beam was focused into the interior of a 1.6 mm thick,
20 mm2 S1-UV grade fused silica glass specimen mounted on an
Aerotech motorized linear stage to create localized structural
changes. A schematic diagram of the experimental setup can be
seen in Fig. 2. A number of different conditions were applied by
varying the feedrate of the stage and the energy of the laser pulses.
Pulses were applied at energies ranging from 2 �J to 35 �J and
stage velocities varied from 0.04 mm/s to 3 mm/s.

Side view optical micrographs were obtained using diffraction
interference contrast �DIC� in conjunction with a 1.4 NA oil im-
mersed objective. The sample was then sectioned and polished. In
order to preserve perpendicularity between the sectioned plane
and the top plane of the specimen, the sample was mounted onto
a auxiliary fused silica glass block and two are then polished
together. Fused silica glass is chosen for auxiliary block so that
both pieces have the same polishing rates. Polishing is done in
two stages: First, 1200 grit sand paper was employed to remove
cracks due to sectioning. Second, a cerium-oxide powder was ap-
plied onto the polishing cloth and paste created by adding distilled
water. Specimen is then manually polished. The cross section is
observed with transmission optical microscopy. The cross section
surface was then mapped using atomic force microscopy �AFM�.

5 Results and Discussion

5.1 Feature Morphology and Its Dependence on the Fo-
cusing Parameters. In the case when laser pulses with energies
well above the damage threshold are deposited into the target
material, the morphology of the induced damage is a function of
focusing parameters and NA, in particular. Prior to this study, the
correlation between NA and the feature morphology has been
qualitative. Here an attempt to provide a quantitative correlation
between the two is made.

Morphology of the feature created via a single pulse with an
energy of 30 �J can be observed from the side view via DIC
optical micrograph, as shown in Fig. 3. 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 surround-
ing material suggests steep changes in refractive index, which
originates from differences in density. Thus it appears that high
contrast features are actually voids. Results obtained employing
lower energy but still well above damage threshold under two

Fig. 2 Schematic illustration experimental setup. The shad-
owed plane „cross section… shows that the laser beam is fo-
cused to the interior of the fused silica sample. Laser beam
scanning direction is along y axis.
different focusing conditions in borosilicate glass have been re-
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orted by Schaffer et al. �13�.
Laser intensity in the vicinity of the focal point can be calcu-

ated through employment of the of an illumination point spread
unction �IPSF�, which comes from the work of Richards and

olf �18�. From energy density expressed by Eq. �7�, longitudinal
nd lateral radii of the focal volume can be obtained. Hess and
ebb �19� obtained estimates of the radii assuming that the focal

olume has the shape of a Gaussian ellipsoid:

�z =
0.532�

�2

 1

n − �n2 − NA2�
�xy =

0.32�

�2NA
,NA � 0.7

�xy =
0.325�

�2NA0.91
,NA � 0.7 �9�

here n is the refractive index. Taking into account the assump-
ion that the affected volume is proportional to the focal volume,
ne can compare the ratios of longitudinal and lateral radii calcu-
ated from Eq. �9� and those obtained experimentally. This com-
arison is shown in Fig. 4, where experimental findings include
eatures generated by Schaffer et al. �13� with 500 nJ pulse energy
nd NAs of 0.45 and 1.2, respectively, and ours, which are pro-
uced with 30 �J pulse energy and 0.6 NA. The figure suggests
hat the proposed estimates are in good agreement. The theoretical
rediction underestimates the ratio of the features radii created
ith 500 nJ pulse energy in borosilicate glass, whereas the ratios
f the features produced with pulses of 30 �J energy in fused
ilica are slightly smaller than the theoretical estimate. Also it
hould be noted that the discrepancy becomes smaller as the NA
ncreases. Also, although the ratios are close, the theoretically
redicted major and minor radii of the focal volume ellipsoid are
en times smaller than the radii of the affected volume observed
xperimentally. This is indicative that the focal and affected vol-

ig. 3 DIC optical microscope side view „y-z plane… of features
reated via single femtosecond-laser pulses in fused silica
ample. Pulse energy is 30 �J.
mes are indeed in proportion.
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5.2 Structural Changes Produced via Line of Overlapping
Pulses. Figure 5 shows a cross section of the femtosecond irradi-
ated fused silica sample. Ten different sets of energy levels start-
ing from 2 �J at the far left to 35 �J at the right side have been
introduced into the specimen interior. Within each set there are 12
different scanning speeds from 0.04 mm/s to 1 mm/s. The distance
between adjacent lines is about 35 �m and there is no interfer-
ence between treated regions. It can also be seen that the structural
modifications induced are within the interior of the sample about
400 �m away from the top surface and the material between the
surface and the features is not affected. Figures 6�a� and 6�b�
depict cross sections of the features produced with 30 �J laser
pulse energy at various feedrates and ones made at a 1 mm/s
feedrate with different pulse energies, respectively.

These features display a teardrop shape, as shown in Fig. 6�a�,
similar to those observed elsewhere �5�. The shape of the features
can be attributed to the geometry of the focal volume, which
follows the Gaussian ellipsoid. From Fig. 6�a�, it can also be seen
that at this fixed pulse energy level, the feature width is strongly
dependent on the scanning speed which is proportional to the
amount of overlapping between pulses. A similar conclusion can
be drawn for the case when the feedrate is fixed and the pulse
energy is varied, as shown in Fig. 6�b�.

At lower feedrates, two regions within the feature can be dis-

Fig. 4 Comparison between numerical and experimental ob-
servations of focal and affected volume longitudinal and lateral
radius ratio

Fig. 5 Optical microscopy of cross section view „x-z plane… of
femtosecond-laser-irradiated fused silica at different energy
levels „from 2 �J up to 35 �J… and scanning speeds „from
0.04mm/s up to 1mm/s for each energy level…. Scanning is
along the y direction, perpendicular to the cross section x-z
plane. In order to improve the image quality, the sample was
diced and polished after experiment. The rectangle region of

30 �J pulse energy is magnified in Fig. 6„a….
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inguished �5�. The inner region corresponds to the material
elted within the focal volume �12�, which is based on the as-

umption that femtosecond-laser energy deposited within the focal
olume at low stage velocities behaves as a moving heat source.
he formation of the outer region is a consequence of heat con-
uction between the inner region and surrounding material. At
igher feedrates, the feature is much narrower, and instead of a
elatively broad inner region, only a sharp line in the middle of the
eardrop is observed. One explanation is that as the stage speed
ncreases, the amount of overlapping decreases, and as a result,
he feature generating mechanism is less thermal in nature. The
mount of heat transfer between the focal volume and surrounding
rea decreases resulting in a narrower feature. Further, explosive
lasma expansion upon a single femtosecond-laser pulse creates
oids surrounded by densified material �11,12�. When overlapping
s not significant, explosive plasma expansion mechanism might
e responsible for the feature generation. This implies that the
harp lines in the middle of the features observed at higher scan-
ing speeds are actually voids. This will be shown in Secs. 5.3 and
.4.

Figure 7 shows the width to height ratio of these interior fea-
ures as a function of feedrate. Note that at each feed rate, there
re ten energy levels and their effect on the ratio is represented by
n error bar. Three regions attributed to the mechanism respon-
ible for the feature formation are observed. The ratio between
ateral and longitudinal radii decreases from lower feed rates
where the thermal mechanism dominant� to higher feed rates
where the explosive plasma expansion mechanism dominant�.

ith the medium feed rates, both mechanisms co-exist. This trend
s understandable as the low feed rates lead to more overlapping
nd thus the thermal mechanism dominates. As a result, the fea-
ure is widened and the ratio increases. At high feed rates, there is
ess overlapping and thus the explosive plasma expansion domi-

ig. 6 Optical microscopy of cross section view „x-z plane… of
emtosecond-laser-irradiated fused silica sample: „a… energy
evel of 30 �J with various scanning speeds, „b… feedrate 1

m/s and different energy levels; both extracted from Fig. 5
ates. As a result, the ratio at high feed rates more or less follows

ournal of Manufacturing Science and Engineering

ded 09 Feb 2011 to 128.59.151.169. Redistribution subject to ASM
Eq. �9� and is equal to about 0.15, as seen in Fig. 4 for NA
=0.65 used in this study. Please note the effect of feed rate on the
ratio that is more pronounced than that of the energy level. In
other word, overlapping plays a major role in determining which
mechanism is more dominant.

5.3 Discussions of the Mechanisms Responsible for Fea-
ture Generation and the Periodic Nature of the Induced
Structures. In addition to the analysis above, more detailed one is
presented here based on side-view micrographs. The features pro-
duced in the bulk specimen with overlapping laser pulses appear
to have the shape of the continuous line. However, its structure at
higher feedrates are rather periodic. Figure 8 shows side views of
femtosecond-laser generated features in the interior of samples
captured using transmission DIC optical microscopy. Three differ-
ent conditions are shown in the figure, created with the same laser
pulse energy �30 �J�, but different feedrates, 1 mm/s, 0.5 mm/s,
and 0.04 mm/s, respectively. The slight discrepancy in feature size
between the cross section and side views comes from the fact that
at high magnification, the depth of field of objectives is very small
and since the feature is three dimensional it is possible to focus on
a fraction of its size. All the structures are formed using laser
energy orders of magnitude above the threshold intensity with
tight focusing, which implies creation of cavities within the focal
volume.

Figure 8�a� shows the case with 1 mm/s feedrate. Here there is
33% �repetition rate of 1 kHz and approximate beam spot size
1.5 �m� overlapping between consecutive pulses, which lead to
complicated morphology. Two distinctive regions can be seen:
The lower of which corresponds to the wider portion of the tear-
drop shape in cross section and the upper one corresponds to the
tail of the teardrop. Similar to the single pulse features, as shown
in Fig. 3, narrow, elongated, bright regions can be seen. These are
regions of very different refractive indices and are probably voids.
At the lower portion of the affected area, the material appears to
be cracked. It is also observed that the cylindrical bright regions
are highly irregular, which is a consequence of the overlapping of
laser pulses. A single pulse creates a void and alters the structure
of the irradiated material and therefore, the subsequent pulse hits
already modified material that contains voids.

A sample for which the stage feedrate was lowered to 0.5 mm/s
is shown in Fig. 8�b�. Here it can be seen that toward the lower
edge of the affected zone, the material appears to be homoge-
neously altered, possibly through a thermal mechanism. The inter-

Fig. 7 Experimental measurement of ratio between lateral and
longitudinal radii of affected volume. Error bars represent stan-
dard deviation.
mediate zone has contrast similar to the untreated region suggest-
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ng that there is not much refractive index change and it is filled
ith bubblelike features, which might be very small voids. In the

ailing edge of the feature �upper portion�, crack formation is ob-
erved. As feedrate is reduced, transition between explosive
lasma explosion and thermal accumulation occurs, manifested
hrough change in morphology and reduction of the voids. This is
robably a result of both gradual build-up of thermal accumula-
ion and influence of subsequent pulse hits on already altered ma-
erial. In addition, this interesting phenomenon, which is to the
uthors’ best knowledge observed for the first time, will be subject
f future studies.

At the slowest stage velocity, as shown in Fig. 8�c�, the feature
s quite homogeneous and appears to be created via melting and
apid resolidification. The change in contrast between the affected
egion and the surrounding material is not as pronounced and thus
he refractive index alteration is smaller than in the densified area
resent in the case of explosive plasma explosion.

If we assume that the laser intensity at a certain spatial position
ollows the Gaussian distribution of the laser beam waist, in the
ase of a 1 mm/s feedrate, due to the partial overlapping of the
aser pulses, the pitch is about 1 �m, which corresponds to the
istance between the dark lines above the cavity area. Due to the
uperposition of the intensities produced by the laser pulses, there
s a threshold intensity that every point in the laser path receives.

ith a decrease of scanning speed, this threshold increases and
he spikes, which are a consequence of the Gaussian intensity
istribution, decrease, leaving the spatial distribution of energy

Fig. 8 DIC optical microscope side
irradiated fused silica sample at ene
scanning speeds: „a… with scanning
speed of 0.5 mm/s, and „c… with sca
taken using „a… 100� and „„b… and „c
eceived by the sample flat. Furthermore, the total amount of en-
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ergy received by a point on the laser path increases significantly
from a 33% overlap between pulses to a 95% overlap. For a 1
mm/s feedrate, spiked regions receive the least pulse overlapping
and that is where cavities are likely to be formed.

5.4 Voids Creation in the Inner Region. As discussed in
Sec. 5.3, at higher feedrates the mechanism responsible for feature
generation is explosive plasma expansion. This mechanism is
athermal in nature and as a result it creates cavities surrounded by
densified material within the interior of bulk specimen. If overlap-
ping between pulses is smaller than a certain critical threshold, the
above mechanism will apply and femtosecond-laser pulses will
generate cavities. Figure 9 shows the cross sectional area of the
fused silica sample scanned via AFM. Features shown are created
with 30 �J laser pulse energy and feedrates ranging from 1.0
mm/s to 0.6 mm/s. Other conditions have been scanned as well
but they have not revealed presence of the cavities, which sup-
ports the hypothesis of the thermal nature of the structure forma-
tion at lower feedrates.

From the Fig. 9, it can be seen that laser pulses actually created
trains of cavities along the longitudinal axis of the feature, corre-
sponding to the features seen on the DIC side-view optical micro-
graphs. Several different sections have been scanned and trains of
cavities have been observed in most of them. The affected region
is slightly depressed with respect to the untreated material and that
is probably due to the different polishing rate of the material al-
tered by the laser irradiation, so a teardrop shape similar to those

w „y-z plane… of femtosecond-laser-
level of 30 �J with three different

peed of 1 mm/s, „b… with scanning
ng speed of 0.04 mm/s. Images are
0� oil immersed objective lenses.
vie
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s
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observed in the cross section optical micrographs can be seen in
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FM scans as well. As feedrate decreases at constant laser pulse
nergy, the size of the cavities decreases. Due to the periodic
ature of the generated structures, it is not meaningful to quanti-
atively compare depths of the features because they are depen-
ent on the cross section and it is practically impossible to pre-
isely control the sectioning of the sample. However, it should be
oted that the maximum depth of the cavities decrease with de-
rease in feedrate leading to the total absence of voids at stage
elocities lower than 0.6 mm/s, as seen in Fig. 10.

Conclusion
The interior of amorphous fused silica was subjected to ul-

rafast laser irradiation with pulse energies higher than the thresh-

Fig. 9 AFM cross section „x-z plane… topography of
left to right… shown in the figure correspond to three d
to right 0.6, 0.7, 0.8, 0.9, and 1.0 mm/s with the same

ig. 10 Maximum depth of the cavities found via AFM topog-
aphy of the cross section. Voids are created by the 30 �J
ulse energy at different feedrates. The comparison is qualita-
ive and similar trend is observed at various cross section.
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old for multiphoton/avalanche ionization. The morphology of the
structural alteration created via a single pulse as well as a number
of partially overlapping laser pulses, which form pulse trains with
different federates, has been investigated. To quantitatively inves-
tigate the single pulse response, the electromagnetic diffraction
theory of optical systems has been employed. The focal volume
size, obtained from the illumination point spread function, is com-
pared with experimental findings in terms of lateral and longitu-
dinal radii and a qualitative agreement is seen. Further, in the case
when pulse trains were used for feature generation, two different
mechanisms �thermal and explosive plasma expansion� based on
process conditions have been explored and potential explanation
for transition between two regimes given. It is concluded that
pulse energy has a dominant influence on the feature size, whereas
feedrate is predominantly responsible for the type of mechanism
that will take place. Irregular cavity formation in the form of
trains in the regime when partial overlapping takes place is ob-
served via DIC optical micrographs and AFM. This phenomenon
is likely to occur due to the interaction between voids, as well as
the different responses of the material that has already been al-
tered by a previous pulse.
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